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2 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

producing part of these engines that makes their design and operating character-
istics fundamentally different from those of other types of engine.

Practical heat engines have served mankind for over two and a half cen-
turies. For the first 150 years, water, raised to steam, was interposed between the
combustion gases produced by burning the fuel and the work-producing piston-
in-cylinder expander. It was not uniil the 1860s that the internal combustion
engine became a practical reality.’- 2 The early engines developed for commercial
usc burned coal-gas air mixtures at atmospheric pressure—there was no com-
pression before combustion. J. I. E.. Lenoir (1822-1900) developed the first mar-
ketable engine of this type. Gas and air were drawn into the cylinder during the
first half of the piston stroke. The charge was then ignited with a spark, the
pressure increased, and the burned gases then delivered power to the piston for
the second half of the stroke. The cycle was completed with an exhaust stroke,
Some 5000 of thesc engines were built between 1860 and 1865 in sizes up to six
horsepower. Efficiency was at best about 5 percent.

A more successful development—an atmospheric engine introduced in 1867
by Nicolaus A. Otto (1832-1891) and Eugen Langen (1833-1895)—used the pres-
sure rise resulting from combustion of the fuel-air charge early in the outward
stroke to accelerate a free piston and rack assembly so its momentum would
generate a vacuum in the cylinder. Atmospheric pressure then pushed the piston
inward, with the rack engaged through a roller clutch to the output shaft. Pro-
duction engines, of which about 5000 were built, obtained thermal efficiencies of
up to 11 percent. A slide valve controlled intake, ignition by a gas flame, and
exhaust.

To overcome this engine’s shortcomings of low thermal efficiency and
excessive weight, Otto proposed an engine cycle with four piston strokes: an
intake stroke, then a compression stroke before ignition, an expansion or power
stroke where work was delivered to the crankshaft, and finally an exhaust stroke,
He also proposed incorporating a stratified-charge induction system, though this
was not achieved in practice. His prototype four-stroke engine first ran in 1876. A
comparison between the Otto engine and its atmospheric-type predecessor indi-
cates the reason for its success (sce Table 1.1): the enormous reduction in engine
weight and volume. This was the breakthrough that effectively founded the inter-
nal combustion engine industry. By 1890, almost 50,000 of these engines had
been sold in Europe and the United States.

In 1884, an unpublished French patent issued in 1862 to Alphonse Bean de
Rochas (1815-1893) was found which described the principles of the four-stroke
cycle. This chance discovery cast doubt on the validity of Otto’s own patent for
this concept, and in Germany it was declared invalid. Beau de Rochas also out-
lined the conditions under which maximum efficiency in an internal combustion
engine could be achieved. These were:

I, The largest possible ¢ylinder volume with the minimum boundary surface
2. The greatest possible working speed
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4  INTERNAL COMBUSTION ENGINF. FIINDAMENTALS

popular oil engine in Britain, and was also built in large numbers in the United
States.? '

In 1892, the German engineer Rudolf Diesel (1858-1913) outlined in his
patent a new form of internal combustion engine. His concept of inibiating com-
bustion by injecting a liquid fuel into air heated solely by compression permitted
a doubling of efficiency over other internal combustion engines. Much greater
expansion ratios, without detonation or knock, were mow possible. However,
even with the efforts of Diesel and the resources of M.A.N. in Ausburg combined,
it took five years to develop a practical engine.

Engine developments, perhaps less fundamental but nonetheless important
to the steadily widening internal combustion engine markets, have continued ever
since.>™ One more recent major development has becn the rotary internal com-
bustion engine. Although a wide varicty of experimental rotary engines have been
proposed over the years,” the first practical rotary internal combustion engine,
the Wankel, was not successfully tested until 1957, That engine, which evoived
through many years of rescarch and development, was based on the designs of
the German inventor Felix Wankel.%- 7

Fuels have also had a major impact on engine development. The earliest
engines used for generating mechanical power burned gas. Gasoline, and lighter
fractions of crude oil, became available in the late 1800s and various types of
carburetors were developed to vaporize the fuel and mix it with air. Before 1905
there were few problems with gasoline; though compression ratios were low (4 or
less) to avoid knock, the highly volatilc fuel made starting easy and gave good
cold weather performance. However, a serious crude oil shortage developed, and
to meet the fivefold increase in gasoline demand between 1907 and 1915, the yicld
from crude had to be raised. Through the work of William Burton (1865-1954)
and his associates of Standard Oil of Indiana, a thermal cracking process was
develaped whereby heavier oils were heated under pressure and dccomposed into
less complex more volatile compounds. These thermally cracked gasolines satis-
fied demand, but their higher boiling point range created cold weather starting
problems. Fortunately, electrically driven starters, introduced in 1912, came
along just in time.

On the farm, kerosene was the logical fuel for internal combustion engines
since it was used for heat and light. Many early farm engines had heated carbu-
retors or vaporizers to enable them to operate with such a fuel.

The period following World War I saw a tremendous advance in our
understanding of how fuels affect combustion, and especially the problem of
knock. The antiknock effect of tetraethyl lead was discovered at General
Motors,* and it became commercially available as a gasoline additive in the
United States in 1923, In the late 1930s, Eugene Houdry found that vaporized
oils passed over an activated catalyst at 450 to 480°C were converted to bigh-
quality gasoline in much higher yields than was possible with thermal cracking.
These advances, and others, permitted fuels with better and better antiknock
propertics to be produced in large quantitics; thus engine compression ratios
steadily increased, improving power and cfficiency.
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6 (NTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 1.2

The automotive urban air-pollution problem

Automobile emissions

Truck emissionstf

Mobile
source Reduction
emirsions Uncanirolled  in new s1
ax % of  vehicles, vehicles, cagines, Diesel,
Pollucant Impact totalt gfkmi % T g/km g/km
Oxides of Reactant in 40-60 2.5 75 7 12
nitrogen photochemigal
(NO and NO,) smog; NO, is
toxic
Carbon Toxic 90 €5 95 150 17
monaoxide
(CO) :
Unburned Reactant in 30-50 10 90 1711 3
hydrocarbons photochemical
(HC, many smog
hydrocarbon
compounds)
Particulates Reduces 50 0.5§ 408 n 0.5
{soot and visibility;
absorbed some of HC
hydrocarbon compounds
compounds) mulagenic

+ Depends on type of urban area and source mix.

1 Average values for pre-1568 automobiles which had no eniitsion controls, determined hy U.S. test procedurc
which sirnulates typical urban and highway driving. Fxhaust emissions, except for HC where 55 percent are cxhanst
emissions, 20 percent nze evaporative emussions (rom fuel tank and carburetor, and 25 percent are crankcase
blowby gascs.

§ Diesel cogime automobiles only. Parlicalatc emissions from spark-ignition engines are negligible.

1 Compares emissions from new spark-ignition engine automohiles with uncontrolled automobile levels in previous
column. Yaries (rom country o couniry. The United States, Canada, Western Europe, and Japan have standards
with different degrecs of severity. The United States, Europe, and Japan have different test procedures. Standards
are sizictest in the United Stales and Japan.

1t Represcniative average emission levels for trucks.
11 With 95 percent exhaust emissions and 5 pereent evaporalive ¢missions.
n = negligible.

combustion engine has reached its peak and little potential for further improve-
ment remains. Such is not the case. Conventional spark-ignition and diesel
engines continue to show substantial improvements in efficiency, power, and
degree of emission control. New materials now becoming available offer the pos-
sibilities of reduced engine weight, cost, and heat losses, and of different and more
efficient internal combustion engine systems. Alternative types of intcrnal com-
bustion engines, such as the stratified-charge {which combines characteristics nor-
mally associated with either the spark-ignition or diese]) with its wider fuel
tolerance, may become sufficiently attractive to reach large-scale production. The
engine development opportunities of the future are substantial. While they
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B INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 1.3
Classification of reciprocating engines by application
Approximate Predominant type
cngine power

Class Service range, k'W D or 81 Cycke Cooling

Road vehicles Motorcycles, scooters 0.75--70 SI 2,4 A
Small passenger cars 15-75 SI 4 AW
Large passenger cars 75-200 SI 4 W
Light commercial 35150 SL D 4 W
Heavy (long-distance) 120400 D 4 w

commercial
Off-road vehicles Light vehicles (factory, 1.5-15 SI 2,4 AW
airport, elc.}

Agriculiural 3-150 SILD 2,4 AW
Earth moving 40-750 D 2.4 w
Milttary 402000 D 2,4 AW

Railroad Rail cars 150400 D 2,4 w
Locomotives 4003000 D 2,4 w

Mzrine Qutboard 04-75 St 2 W
Inboard motorcrafts 4-75Q SILD 4 w
Light naval craf\ 30-2200 D 2,4 w
Ships 3500-22000 D 2,4 w
Ships’ auxiliaries 75-750 D 4 w

Aitborne Aicplanes 45.-2700 Si 4 A

vehicles Helicopters 45-1500 st 4 A

Home use Lawn mowers 0.7-3 1| 2,4 A
Snow blowers 2-5 81 2,4 A
Light tractors 2-R 81 4 A

Stationary Building service 7400 D 2,4 w
Electric power 35-22.000 D 2,4 w
Gas pipeline 7505000 sl 2,4 w

3I = spark-ignition; D = diesel; A = air cooled; W = water cooled,

Source - Adapted from Taylor.®

characteristics of internal combustion engines from a fundamental point of view,
the method of ignition has been selected as the primary classifying feature. From
the method of ignition—spark-ignition or compression-ignitiont—foliow the
important characteristics of the fuel used, method of mixture preparation, com-
bustion chamber design, method of load contrel, details of the combustion
process, engine emissions, and operating characteristics. Some of the other classi-
fications arc used as subcategories within this basic classification. The engine
operating cycle—four-stroke or two-stroke—is next in importance; the principles
of these two cycles are described in the following section.

Table 1.3 shows the most common applications of internal combustion

t In the remainder of the book, these terms will often be abbreviated by S1 and CI, respectively.
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10  INTERNAL COMBUSTION ENGINE FUNDAMENTALS
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The four-stroke aperating cycle.'*

FI R P XY wras

piston, the difference between the maximum or total volume ¥, and the clearance
volume, is called the displaced or swept volume V,. The ratio of maximum
volume 10 minimuvm volume is the compression ratio r,. Typical values of r, are
8 to 12 for SI engines and 12 to 24 for CI engines.

The majority of reciprocating engines operate on what is known as the
four-stroke cycle. Fach cylinder requires four strokes of its piston—two revol-
utions of the crankshaft—to complete the sequence of events which produces one
power stroke. Both SI and CI engines use this cycle which comprises (sec Fig.
1-2):

1. An intake stroke, which starts with the piston at TC and ends with the piston
at BC, which draws fresh mixture into the cylinder. To increase the mass
inducted, the inlet valve opens shortly before the stroke starts and closes after
it ends.

2. A compression stroke, when both valves are closed and the mixture inside the
cylinder is compressed to a small fraction of its initial volume. Toward the end
of the compression stroke, combustion is initiated and the cylinder pressure
rises more rapidly.

3. A power stroke, or expansion stroke, which starts with the piston at TC and
ends at BC as the high-temperature, high-pressure, gases push the piston down
and force the crank to rotate. About five times as much work is done on the
piston during the power stroke as the pistan had to do during compression.
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12 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

2, A pawer or expansion stroke, similar to that in the four-stroke cycle until the
piston approaches BC, when first the exhaust ports and then the intake ports
are uncovered (Fig. 1-3). Most of the burnt gases exit the cylinder in an
exhaust blowdown process. When the inlet ports are uncovered, the fresh
charge which has been compressed in the crankcase flows into the cylinder.
The piston and the ports are generally shaped to deflect the incoming charge
from flowing directly into the exhaust ports and to achieve effective scavenging
of the residval gases.

Each engine cycle with one power stroke is completed in one crankshaft
revolution. However, it is difficult to fill completely the displaced volume with
fresh charge, and some of the fresh mixture flows directly out of the cylinder
during the scavenging process.t The example shown is a cross-scavenged design;
other approaches use leop~-scavenging or uniflow systems (see Sec. 6.6).

1.4 ENGINE COMPONENTS

Labeled cutaway drawings of a four-stroke SI engine and a two-stroke CI engine
are shown in Figs. 1-4 and 1-5, respectively. The spark-ighition engine is a four-
cylinder in-line automobile engine. The diesel is a large V ¢ight-cylinder design
with a uniflow scavenging process. The function of the major components of
these engines and their construction materials will now be reviewed.

The engine cylinders are contained in the engine block, The block has tradi-
tionally been made of gray cast iron because of its good wear resistance and low
cost. Passages for the cooling water are cast into the block. Heavy-duty and
truck engines often use removable cylinder sleeves pressed into the block that can
be replaced when worn. These are called wet liners or dry linrers depending on
whether the sleeve is in direct contact with the cooling water. Aluminum is being
used increasingly in smaller SI engine blocks to reduce engine weight. Iron cylin-
der liners may be inserted at the casting stage, or later on in the machining and
assembly process. The crankcase is often integral with the cylinder block.

The crankshaft has traditionally been a steel forging; nodular cast iron
crankshafts are also accepied normal practice in automotive engines. The crank-
shaft is supported in main bearings. The maximum number of main bearings is
one more. than the number of cylinders; there may be less. The crank has eccen-
tric portions (crank throws); the connecting rod big-end bearings attach to thc
crank pin on each throw. Both main and connecting rod bearings wnse steel-
backed precision inserts with bronze, babbit, or aluminum as the beazing
materials. The crankcase is sealed at the bottom with a pressed-steel or cast
aluminum oil pan which acts as an oil reservoir for the lubricating system.

1 It is primarily for this reason that two-stroke SI engines are at a disadvantage because the lost fresh
charge contains fuel and air.
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14 NTERNAL COMBUSTION ENGINE FUNDAMENTALS
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' FIGURE 1-5

" Cross-section drawing of an Electro-Muative two-stroke cycle diesel engine. This engine uses a uniflow
scavenging process with inlet ports in the cylinder liner and four exhaust valves in the cylinder head.
Bore 230.2 mm, stroke 254 mm, displaced volume per cylinder 10.57 liters, rated speed 750500
rev/min. (Courtesy Electro-Motive Division, General Motors Carporation.)

The oscillating motion of the connecting rod exerts an oscillating force on
the cylinder walls via the piston skirt (the region below the piston rings). The
piston skirt is usually shaped to provide appropriate thrust surfaces. The piston
is fitted with rings which ride in grooves cut in the piston head to seal against gas
leakage and control oil flow. The upper rings are compression rings which are
forced outward against the cylinder wall and downward onto the groove face.
The lower rings scrape the surplus oil from the cylinder wall and return it to the
crankcase. The crankcasc must be ventilated to remove gases which blow by the
piston rings, to prevent pressure buildup.

The cylinder head (or heads in V engines) seals off the cylinders and is made
of cast iron or aluminum. It must be strong and rigid to distribute the gas forces
acting on the head as uniformly as possible through the engine block. The cylin-
der head contains the spark plug (for an SI engine) or fuel injector (for a CI
engine), and, in overhead valve engines, parts of the valve mechanism.
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the intake system is controlled by mixing ambient air with air heated by contact
with the exhaust manifold. The ratio of mass flow of air to mass flow of fuel must
be held approximately constant at about 15 to ensure reliable combustion. The
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FIGURE -7

Schematic drawing of L-Jetronic port electronic fuel-injection syster.’? (Courtesy Raobert Bosch
CmbH and SAE.)
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18 INTERNAL COMBUSTION ENGINE FUNDAMENTALS
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FIGURE 18

Sequence of events in four-stroke spark-ignition engine operating cycle. Cylinder pressure p (solid
line, firing cycle; dashed line, motored cycle), cylinder volume V/F, ... and mass fraction buraed x,
are plotted against crank angle.

across the mixture of air, fucl, and residual gas in the cylinder, and extinguishes
at the combustion chamber wall. The duration of this burning process varies with
cngine design and operation, but is typically 40 to 60 crank angle degrees, as
shown in Fig. 1-8. As fuel-air mixture burns in the flame, the cylinder pressure in
Fig. 1-8 (solid line) rises above the level due to compression alone (dashed line).
This latter curve—called the motored cylinder pressure—is the pressure trace
obtained from a motored or nonfiring engine.t Note that due to differences in the
flow pattern and mixture composition between cylinders, and within each cylin-
der cycle-by-cycle, the development of cach combustion process differs somewhat.
As a result, the shape of the pressure versus crank angle curve in each cylinder,
and cycle-by-cycle, is not ¢xactly the same.

There is an optimum spark timing which, for a given mass of fuel and air
inside the cylinder, gives maximum torque. More advanced (eatlier) timing ot
retarded (later) timing than this optimum gives lower output. Called maximum

t In practice, the intake and compression processes of a firing engine and a motoresd engine are not
exactly the same due 10 the presence of burned gases from the previous cycle under firing conditions.
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20  INTERNAL COMBUSTION ENGINE FUNDAMENTALS

cylinders per engine. An upper limit on cylinder size is dictated by dynamic con.
siderations; the inertial forces that are created by accelerating and decelerating
the reciprocating masses of the piston and connecting rod would quickly limit the
maximum speed of the engine. Thus, the displaced volume is spread out amongst
several smaller cylinders. The increased frequency of power strokes with a multi-
cylinder cngine produces much smoother torque characteristics. Multicylinder
cngines can also achieve a much better state of balance than single-cylinder
engines. A force must be applied to the piston to aceclcrate it during the first half
of its travel from bottom-center or top-center. The piston then exerts a force as it
decelerates during the second part of the stroke. It is desirable to cancel these
inertia forces through the choice of number and arrangement of cylinders to
achieve a primary balance. Note, however, that the motion of the piston is more
rapid during the upper half of its stroke than during the lower half (a conse-
quence of the connecting rod and crank mechanism cvident from Fig. 1-1; see
also Sec. 2.2). The resulting inequality in piston acceleration and deceleration
produces corresponding differences in inertia forces generated. Cerlain com-
binations of ¢ylinder number and arrangement will balance out these secondary .
inertia force effects. |

Four-cylinder in-line engines are the most common arrangements for auto- 1
mobile engines up to about 2.5-liter displacement. An example of this in-line :
arrangement was shown in Fig. 1-4. It is compact—an important consideration ,
for small passenger cars. It provides two torque pulses per revolution of the :
crankshaft and primary inertia forces (thougb not secondary forces) arc balanced.
V engines and opposed-piston engines are occasionally used with this number of -
cylinders.

The V arrangemcnt, with two banks of cylinders set at 90° or a more acutc
angle to each other, provides a compact block and is used extensively for larger
displacement engines. Figure 1-9 shows a V-6 engine, the six cylinders being
arranged in two banks of three with a 60° angle between their axis. Six cylinders .
are usually used in the 2.5- to 4.5-liter displacement range. Six-cylinder engines
provide smoother operation with three torque pulses per revolution. The in-line
arrangement results in a long engine, however, giving rise to crankshaft torsional
vibration and making even distribution of air and fuel to each cylinder more
difficult. The V-6 arrangement is much more compact, and the example shown !
provides primary balance of the reciprocating components. With the V engine,
however, a rocking moment is imposed on the crankshaft due to the secondary ;
inertia forces, which results in the engine being less well balanced than the in-line
version. The V-8 and V-12 arrangements are also commonly used to provide
compact, smooth, low-vibration, larger-displacement, spark-ignition engines. |

Turbochargers are used to increase the maximum power that can be:
obtained from a given displacement engine, Thc work transfer to the piston per-
cycle, in each cylinder, which controls the power the engine can deliver, depends
on the amount of fuel burned per cylinder per cycle. This depends on the amount ;
of fresh air that is inducted each cycle. Increasing the air density prior to entry
into the engine thus increases the maximum power that an engine of given dis-
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22  INTERNAL COMBUSTION ENGINE FUNDAMENTALS

placement can deliver. Figore 1-10 shows an example of a turbocharged four-
cylinder spark-ignition engine. The (urbocharger, a compressor-turbine
combination, uses the energy available in the engine exhaust stream to achieve
compression of the intake flow. The air flow passes through the compressor (2),
intercooler (3), carburctor (4), manifold (5), and inlet valve (6) as shown. Engine
inlet pressures (or boost) of up to about 100 kPa above atmospheric pressure are
typical, The exhaust flow through the valve (7) and manifold (8) drives the
turbine (9) which powers the compressor. A wastegate (valve) just upstream of the
turbine bypasses some of the exhaust gas flow when necessary to prevent the
boost pressure becoming too high. The wastegate linkage (11) is controlled by a
boost pressure regulator. While this turbocharged engine configuration has the
carburetor downstream of the compressor, some turbocharged spark-ignition
engines have the carburetor upstream of the compressor so that it operates at or
below atmospheric pressure. Figure 1-11 shows a cutaway drawing of a small
automotive turbocharger. The arrangements of the compressor and turbine

FIGURE 1-10
Turbocharged four-cylinder automolive spark-ignition engine. (Couriesy Regie Nationale des Usines.)
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FIGURE 1-14
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FIGURE 1-15

Sequence of events during compression, combtistion, and expansion processes of a naturally agpirated
compression-ignition engine operating cycle. Cylinder volume/clearance volume F/¥,, rate of fuel
injection th,, cylinder pressure p (solid line, firing cycle; dashed line, motored cycle), and rate of fuel
burning (or fuel chemical energy release rate) iy, are plotted against crank angle.

nozzles are used. In one common fuel pump (an in-line pump design shown in
Fig, 1-17) a set of cam-driven plungers (one for each cylinder) operate in closely
fitting barrels. Early in the stroke of the plunger, the inlet port is closed and the
fuel trapped above the plunger is forced through a check valve into the injection
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FIGURE 1-17
Diesel fucl system with in-line fuel-injection pump (type PE).}* (Courtesy Robert Bosch GmbH )

pressure above the plunger is then released (Fig. 1-18). The amount of fuel
injected (which controls the load) is determined by the injection pump cam design
and the position of the helical groove. Thus for a given cam design, rotating the
plunger and its helical groove varies the load.

Distributor-type pumps have only one pump plunger and barrel, which
meters and distributes the fuel to all the injection nozzles. A schematic of a
distributor-type pump is shown in Fig. 1-19. The unit contains a low-pressure
fuel pump (on Icft), a high-pressure injection pump (on right), an overspeed gov-
ernor, and an injection timer. High pressure is generated by the plunger which is
made to dcscribe a combined rotary and stroke movement by the rotating ecccn-
tric disc or cam plate; the rotary motion distributes the fuel to the individual
injection nozzles.
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FIGURE 1-19
Diesel fuel system with distributor-type fuel-injection pump with mechanical governor.'? (Courtesy
Robert Bosch GmbH)

cycle engines. Small- and medium-size engines use the four-stroke cycle. Because
air capacity is an important constraint on the amount of fuel that can be burned
in the diesel engine, and therefore on the engine’s power, turbocharging is used
extensively. All large engines are turbocharged. The majority of smaller diesels
are not turbocharged, though they can be turbocharged and many are. The
| details of the engine design also vary significantly over the diesel size range. In
n particular, different combustion chamber gcometries and fuel-injection character-
B istics are required to deal effectively with a major diesel engine design problem—
| achieving sufficiently rapid fucl-air mixing rates lo complete the fuel-burning
| process in the time available. A wide variety of inlet port geometries, cylinder
head and piston shapes, and fuel-injection patterns are used to accomplish this
over the diesel size range.

Figure 1-20 shows a diesel engine typical of the medium-duty truck applica-
tion. The design shown is a six-cylinder in-line engine. The drawing indicates that
diesel engines are generally substantially heavier than spark-ignition engines
because stress levels are higher due to the significantly higher pressure levels of
the diesel cycle. The engine shown has a displacement of 10 liters, a compression
ratio of 16.3, and is usually turbocharged. The engine has pressed-in cylinder
liners to achieve better cylinder wear characteristics. This type of diesel is called a
direct-injection diesel. The fuel is injected into a combustion chamber directly
above the piston crown. The combustion chamber shown is a “bowl-in-piston™
design, which puts most of the clearance volume into a compact shape. With this
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Dicsel engines are turbocharged to achieve higher power/weight ratios. By
increasing the density of the inlet air, a given displaced volume can induct more
air. Hence more fuel can be injected and burned, and more power delivered, while
avoiding excessive black smoke in the exhaust, Ail the larger diesels are turbo-
i charged:; smaller diesels can be and often are. Figure 1-22 shows how a turbo-

charger connects to a direct-injection diesel.
! All the above dicsels are water cooled; some production diesels are air
coaled. Figure 1-23 shows a V-8 air-cooled direct-injection naturally aspirated

* Dis-

ighly
, and
and
d air
rapid
1 the
vhich
If the
splies
lug is
» and
e fuel | FIGURE 1-22

is 23. | Turbocharged altercaoled direct-injection four-stroke cycle Caterpillar six-cylinder in-line heavy-duty

irect- truck diesel engine. Bore 137.2 mm, stroke 165.1 mm, rated power 200-300 kW and rated spced of
' 1600-2100 rev/min depending on application. (Caurtesy Caterpiilur Tructor Company.)
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FIGURE 1-23

V-8 air-cooled direct-injection naturally aspirated diesel engine. Displacement 13.4 liter, bore 128 mm,
sicoke 130 mm, compression ratio 17, maximum rated power [88 kW at rated speed of 2300 rev/min.
(Cowrtesy Klicker-Humbolde Deutz AG.'?)

diesel. The primary advantage compared to the water-cooled engines is lower
cngine weight. The fins on the cylinder block and head are necessary to increasc
the external heat-transfer surface area to achicve the required heat rejection. An
air blowcr, shown on the right of the cutaway drawing, provides forced air con-
vection over the block. The blower is driven off the injection pump shaft, which
in turn is driven off the camshaft. The in-lin¢ injection pump is placed between
the two banks of cylinders. The injection nozzles are located at an angle to the
cylinder axis. The combustion chamber and fuel-injection characteristics arc
similar to those of the engine in Fig. 1-22. The nozzle shown injects four fuel
sprays into a reentrant bowl-in-piston combustion chamber.

Diesels are also made in vecry large engine sizes. These large engines are
used for marinc propulsion and electrical power generation and operate on the
two-siroke cycle in contrast to the small- and medium-size dicscls illustrated
above. Figurc 1-24 shows such a two-stroke cycle marine engine, available with
from 4 to 12 cylinders, with a maximum bore of 0.6-0.9 m and strokc of 2-3 m,
which opcrates at speeds of about 100 rcv/min. These engines are normally of the
crosshead type to reduce side forces on the cylinder. The gas exchange between
cycles is comtrolled by first opcning the exhaust valves, and then the piston
uncovering inlet ports in the cylinder liner. Expanding exhaust gases Jeave the
cylinder via the exhaust valves and manifold and pass through the turbocharger
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(and thereby avoid the fucl ignition-quality requirement of the diesel); (3) control-
ling the engine power level by varying the amount of fue! injected per cycle (with
the air flow unthrottled to minimize work done pumping the fresh charge into
the cylinder). Such engines are often called stratified-charge engines from the nced
to produce in the mixing process between the fuel jet and the air in the cylinder a
“stratified ” fuel-air mixture, with an easily ignitable composition at the spark
plug at the time of ignition. Because such engines avoid the spark-ignition engine
requirement for fuels with a high antiknock quality and the diesel requirement
for fuels with high ignition quality, they arc usually fuel-tolerant and will operate
with a wide range of liquid fucls.

Many different types of stratified-charge engine have been proposed, and
some have been partially or fully developed. A few have even been used in prac-
tice in automotive applications. The operating principles of those that are truly
fuel-tolerant or muitifuel engines are illustrated in Fig. 1-25. The combustion
chamber is usually a bowl-in-piston design, and a high degree of air swirl is
created during intake and enhanced in the piston bowl during compression to
achieve rapid fuel-air mixing. Fuel is injected into the cylinder, tangentially into
the bowl, during the latter stages of compression. A long-duration spark dis-
charge ignites the devcloping fuel-air jet as it passes the spark plug. The flame
spreads downstream, and envelopes and consumes the fuel-air mixture. Mixing
continues, and the final stages of combustion are completed during expansion.
Most successful designs of this type of engine have used the four-stroke cycle.
This concept is usually called a direct-injection stratified-charge engine. The
engine can be turbocharged to increase its power density.

Texaco M.A.N.

Injector \' Spark plug Injector ! | Spark

\ ] v Plug

Late

injection
Plsmn cup / Piston cup
ALY

FIGURE 1-28

Two multifuel stratified-charge engines which have been used in commercial practice: the Texaco
Controlled Combuslion System (TCCS)'® and the M.AN.-FM System.!’
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FIGURE 1-27
Schematic of three-valve torch-ignition stratified-charge spark-ignition engine.

carbureted version of the concept.!® A separate carburctor and intake manifold
feeds a fuel-rich mixture (which contains fuel beyond the amount that can be
burned with the available air) through a separate small intake valve into the
prechamber which contains the spark plug. At the same time, a very lean mixture
(which contains excess air beyond that required to burn the fuel completely) is fed
to the main combustion chamber through the main carburetor and intake mani-
fold. During intzke the rich prechamber flow fully purges the prechamber
volume. After intake valve closing, lean mixture from the main chamber is com-
pressed into the prechamber bringing the mixture at the spark plug to an easily
ignitable, slightly rich, composition. After cambustion starts in the prechamber,
rich burning mixture issues as a jet through the orifice into the main chamber,
entraining and igniting the lean main chamber charge. Though called a stratified-
charge engine, this engine is really a jet-ignition concept whose primary function
is to extend the operating limit of conventionally ignited spark-ignition engines
to mixtures leaner than could normally be burned.

PROBLEMS

1.1. Describe the major functions of the following reciprocating engine components:
piston, connecting rod, crankshaft, cams and camshaft, valves, intake and exhaust
mamfolds.

1.2. Indicate on an appropriate sketch the different forces that act on the piston, and the
direction of these forces, during the engine's expansion stroke with the piston, con-
necting rod, and crank in the positions shown in Fig. 1-1.

1.3, List five important differences between the design and operating characteristics of
spark-ignition and compression-ignition (diesel) engines.

1.4. Indicate the approximate crank angie at which the following events in the four-stroke
and two-stroke internal combustion engine cycles occur on a line representing the [ull
cyele (720° for the four-stroke cycle; 360° for the two-stroke cycle): bottom- and top-
center crank positions, inlet and exhaust valve or port opening and closing, start of
combustion process, end of combustion process, maximum cylinder pressure.
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CHAPTER
3

THERMOCHEMISTRY
OF FUEL-AIR
MIXTURES

3.1 CHARACTERIZATION OF FLAMES

Combustion of the fuel-air mixture inside the engine cylinder 1s one of the pro-
cesses that controls engine power, efficiency, and emissions. Some background in
relevant combustion phenomena is therefore a necessary preliminary to under-
standing engine operation. These combustion phenomena are different for the
two main types of engines—spark-ignition and diesel—which are the subject of
this book. In spark-ignition engines, the fuel is normally mixed with air in the
engine intake system. Following the compression of this fuel-air mixture, an clec-
trical discharge initiates the combustion process; a flame develops from the
“kerpal” created by the spark discharge and propagates across the cylinder to
the combustion chamber walls. At the walls, the flame is “quenched” or extin-
guished as heat transfer and destruction of active species at the wall become the
dominant processes. An undesirable combustion phenomenon—the
“spontaneous” ignition of a substantial mass of fuel-air mixture ahead of the
flame, before the flame can propagate through this mixture (which is called the
end-gas}—can also occur. This autoignition or self-cxplosion combustion
phenomenon is the cause of spark-ignition engine knock which, due to the high
pressures generated, can lead to engine damage. ‘

In the diese] engine, the fuel is injected into the cylinder into air already at
high pressure and temperature, near the end of the compression stroke. The
autoignition, or self-ignition, of portions of the developing mixture of already

52
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time. The final characterizing feature is the initial phase of the rcactants—gas,
liquid, or solid. '

Flames in engines are unsteady, an obvious consequence of the internal
combustion engine’s operating cycle, Engine flames are turbulent. Only with sub-
stantial augmentation of laminar transport processes by the turbulent convection
processcs can mixing and burning rates and flame-propagation rates be made fast
enough to complete the engine combustion process within the time available.

The conventional spark-ignition flame is thus a premixed unsteady turbu-
lent flame, and the fucl-air mixture through which the flame propagates is in the
gaseous state. The diesel cngine combustion process is predominantly an
unsteady turbulent diffusion flame, and the fuel is initially in the liquid phase.
Both these flames are extremely complicated because they involve the coupling of
the complex chemical mechanism, by which fuel and oxidizer react to form pro-
ducts, with the turbulent convective transport process. The diesel combustion
process is even morc complicated than the spark-ignition combustion process,
because vaporization of liquid fuel and fuel-air mixing processes are involved too.
Chapters 9 and 10 contain a more detailed discussion of the spark-ignition
engine and diesel combustion processes, respectively, This chapter reviews the
basic thermodynamic and chemical composition aspects of engine combustion,

3.2 IDEAL GAS MODFEL

The gas specics that make up the working fluids in internal combustion engines
(e.g., oxygen, nitrogen, fuel vapor, carbon dioxide, water vapor, etc.) can usually
be treated as ideal gases. The relationships between the thermodynamic proper-
ties of an ideal gas and of ideal gas mixtures are reviewed in App. B. There can be
found the various forms of the ideal gas law:

pVamRT——-m%Tr—‘nﬁT (3.0)

where p is the pressure, ¥ the volume, m the mass of gas, R the gas constant for
the gas, T the temperature, R the universal gas constant, M the molecular weight,
and n the number of moles. Relations for evaluating the specific internal energy u,
enthalpy h, and entropy s, specific heats at constant volume ¢, and constant
pressure ¢, on a per unit mass basis and on a per mole basis (where the notation
it, b, 3, ,, and &, is used) of an ideal gas, are developed. Also given are equations
for calculating the thermodynamic properties of mixtures of ideal gases.

33 COMPOSITION OF AIR AND FUELS

Normally in engines, fuels are burned with air, Dry air is a mixture of gases that
has a representative composition by volume of 20.95 percent oxygen, 78.09
percent nitrogen, 0.93 percent argon, and trace amounts of carbon dioxide, neon,
helium, methane, and other gases. Tablc 3.1 shows the relative proportions of the
major constituents of dry air.”
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Olefins
(alkenes)

Acetylenes
(alkynes)

H—C=C—H

C.Hyu-s

Aromatics

H

J’C\

H? CH
I
HC /CH
H
CnHZH-ﬁ

Alcohols

Monohydric
alcohols

H—(E—-OH
H
CnH2n+ IOH

Open-chain bydrocarbons containing a double bond;
hence they are unsaturated, Examples are: C,H,, ethene
(or ethylene); C,H4., propene (or propylene); C,H,,
butene (or butylene), . ... From butene upwards several
structural isomers are possible depending on the location
of the double bond in the basic carbon chain. Straight-
and branched-chain structures exist. Diclefins contain two
double bonds.

Open-chain unsaturated hydrocarbons containing one
carbon-carbon triple bond. First membcr is acetylene,
H—C=C—H. Additional members of the alkync scrics
comprise open-chain molecules, similar to higher alkenes
but with each double bond replaced by a triple bond.

Building block for aromatic hydrocarbons is the benzene
(Ce¢Hg) ring structure shown. This ring structure is very
stable and accommodates additional —CH, groups in side
chains and not by ring expansion. Examples: C,H,,
toluene; CgH;q, xylene (several structural
arrangements); .. .. More complex aromatic hydrocar-
bons incorporate ethyl, propyl, and heavier alkyl side
chains in a variety of structural arrangements.

In these organic compounds, on¢e hydroxyl (—OH) group
is substituted for ome hydrogen atom. Thus methane
becomes methyl alcohol, CH;OH (also called methanol);
ethane becomes ethyl alcohol, C,H;OH (ethanol); etc.

34 COMBUSTION STOICHIOMETRY

This section develops relations between the composition of the reactants (fuel and
air) of a combustible mixture and the composition of the products. Since thesc
relations depend only on the conservation of mass of each chemical element in
the reactants, only the relative elemental composition of the fuel and the relative
proportions of fuel and air are needed.
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Assume # fuel composition C, H,. The molecular weight relation gives
(14,15 =12.011a + 1.008b
The gravimetric analysis of the fuel gives

b 159/1.008

2= =225
a  84.1/12.011

Thus
a=28 b = 181
The fuel is octane CgH, 4. Equation (3.5) then becomes

Fuel Alir Products
C,Hyg + 12.5(0, + 3773N,) = 8CO, + 9H,0 + 47.16N,

In moles:
1 + 12.5(1 + 3.773} =849 +47.16
1 + 59.66 = 64.16
Relative mass:
114.15 + 59.66 x 28.96 =8 x 4401 + 9 x 18.02 + 47.16 x 28.16
1145 + 17278 = 18423

t Note that for fuels which are mixtures of hydrocarbons, a and b need not be integers.
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For fuel-lean mixtures: p<l,i>1
For stoichiometric mixtures: ¢g=A4=1
For fuel-rich mixtures: p>14<1

When the fuel contains oxygen (e.g., with alcohols), the procedure for deter-
mining the overall combustion equation is the same except that fuel oxygen is
included in the oxygen balance between reactants and products. For methyl
alcohol (methanol), CH,OH, the stoichiometric combustion equation is

CH,0H + 1.50, + 3.773N,) = CO, + 2H,0 + 5.66N, (3.10)

and (A/F), = 6.47. For ethyl alcohol (ethanol), C,H;OH, the stoichiometric com.-
bustion equation is

C,H,OH + 30, + 3.773N,) = 2CO, + 3H,0 + 11,32N, (3.11)

and (A4/F), = 9.00.

If there are significant amounts of sulfur in the fuel, the appropriate oxida-
tion product for determining the stoichiometric air and fuel proportions is sulfur
dioxide, SO, .

For hydrogen fuel, the stoichiometric equation is

H, + 40, + 3.773N,) = H,0 + 1.887N, (3.12)

and the stoichiometric (4/F) ratio is 34.3.

Note that the composition of the products of combustion in Egs. (3.7) and
(3.10) 1o (3.12) may not occur in practice. At normal combustion temperatures
significant dissociation of CO, and of H,O occurs (see Sec. 3.7.1). Whether, at
low temperatures, recombination brings the product composition to that indi-
cated by these overall chemiical equations depends on the rate of cooling of the
product gases. More general relationships for the composition of unburned and
burned gas mixtures are developed in Chap. 4,

The stoichiometric {4/F) and {F/A) ratios of common fuels and representa-
tive single hydrocarbon and other compounds are given in App. D along with
other fuel data.

35 THE FIRST LAW OF
THERMODYNAMICS AND COMBUSTION{

3.5.1 Energy and Enthalpy Balances

In a combustion process, fuel and oxidizer react to produce products of different
composition. The actual path by which this transformation takes place is under-
stood only for simple fuels such as hydrogen and methane. For fuels with more
complicated structure, the details arc not well defined. Nonetheless, the first law

t The approach used here follows that developed by Spalding and Cole.”
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internal energy at constant volume, and —(AU)y - is known as the heat of reac-
tion at constant volume at temperature T,

Next, consider a constant pressure process where the initial and final tem-
peratures are the same, T'. For a constant pressure process

P
We_p = I pdV = p(Ve — Vg (3.15)

R

so Eq. (3.13) becomes

i Qur— oVs — Vid = Up — Us
or Qnor = (Up + pV) — (Ux + p¥3)
= Hy — Hy = (AH), 1. (3.16)

The enthalpy of the system has changed by an amount (AH), 7., which can be
measured or calculated. Again for combustion reactions, (AH), ;- is a negative
quantity. If Eq. (3.16) is written per mole of fuel, (AH), r- is called the increase in
enthalpy at constant pressure and —(AH), 5 is called the heat of reaction at
constant pressure at T,

These processes can be displayed, respectively, on the internal energy or
enthalpy versus temperature plot shown schematically in Fig. 3-5. If U (or H) for
the reactants is arbitrarily assigned a value Uy (or Hg) at some reference tem-
perature T, then the value of (AU)y, r[or (AH), 7] fixes the relationship
between U(T) or H(T), respectively, for the products and the reactants. Note that
the slope of these lines (tbe specific heat at constant volume or pressure if the
diagram is expressed per unit mass or per mole) increases with increasing tem-
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curves and relationships apply for enthalpy:
|(AH),;. T*, HaO liq‘ - | (AH)p. T',H;Ovap1 = My.o h}gH;o (3.20)

For some fuels, the reactants may contain the fuel as either liquid or vapor,
The U-T {or H-T) line for the reactants with the fuel as liquid or as vapor will be
different, as indicated in Fig. 3-6b. The vertical distance between the two reactani
curves is my ey, - (OF myhy, ) where the subscript f denotes fuel.

3.5.2 Enthalpies of Formation

For fuels which are single hydrocarbon compounds, or where the precise fuel
composition is known, the inlernal energies or enthalpies of the reactants and the
products can be related through the enthalpies of formation of the reactants and
products.

The enthalpy of formation ARS of a chemical compound is the cnthalpy
increase associated with the reaction of forming one mole of the given compound
from its elements, with each substance in its thermodynamic standard state at the
given temperature.

The standard state is the state at one atmosphere pressure and the tem-
perature under consideration. We will denote the standard state by the super-
script °.

Since thermodynamic calculations are made as a difference between an
initial and a final state, it is necessary to select a datum state to which all other
thermodynamic states can be referred. While a number of datum states have been
used in the litcrature, the most common datum is 298.15 K (25°C) and 1 atmo-
sphere. We will use this datum throughout this text. Elements at their reference
state are arbitrurily assigned zero enthalpy at the datum temperature. The refer-
ence state of each element is its stable standard state; e.g., for oxygen at 298.15 K,
the reference state is O, gas.

Enthalpies of formation are tabulated as a function of temperature for ali
commonly occurring species. For inorganic compounds, the JANAF Thermoche-
mical Tables are the primary reference source.® These tables include values of the
molar specific heat at constant pressure, standard entropy, standard Gibbs free
energy (called free energy in the tables), standard enthalpy, enthalpy of formation
and Gibbs free cnergy of formation, and log,, equilibrium constant for the for-
mation of each species from its elements. Some primary references for thermody-
namic data on fuel compounds are Maxwell,® Rossini et 2l.,'® and Stull et al.'!
Enthalpices of formation of species relevant to hydrocarbon fuel combustion are
tabulated in Table 1.2. Selected values of thermodynamic propertics of relevant
species arc tabulated in App. D.

For a given combustion reaction, the enthalpy of the products at the stan-
dard state relative to the enthalpy datum is then given by

Rp= Y n ARG, (3.21a)

producis
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Use Eq. (3.18) to find (AU),, . With H,O gas, the number of moles of reactants and
products are equal, so

(AU) = (AR)? = —802.3 MJ/kmol CH,

For H,0 liquid;
(AU); = —890.33 — 8.3143 x 10731 — 3)298.15 MJ/kmol CH,
(AU)y = —B854 MJ/kmol CH,

Note that the presence of nitrogen in the mixture or oxygen in excess of the stoi-
chiometric amount would not change any of these calculations,

3.5.3 Heating Values

For fuels where the precise fuel composition is not known, the enthalpy of the
reactants cannot be determined from the enthalpies of formation of the reactant
species. The heating value of the fuel is then measured directly.

The heating value Qyy or calorific value of a fue! is the magnitude of the
heat of reaction at constant pressute or at constant volume at a standard tem-
perature [usually 25°C (77°F)] for the complete combustion of unit mass of fuel.
Thus

Quv, = —(AH),, 1, (3.22q)

and Quy, = —([BU)y, 1, (3.22b)

Complete combustion means that all carbon is converted to CO,, all
hydrogen is converted to H,0, and any sulfur present is converted to SO, . The
heating value is usnvally expressed in joules per kilopram or joules per kilomole of
fuel (British thermal units per pound-mass or British thermal units per pound-
mole). It is therefore unnecessary to specify how much oxidant was mixed with
the fuel, though this must exceed the stoichiometric requirement. It is immaterial
whether the oxidant is air or oxygen.

For fuels containing hydrogen, we have shown that whether the H,O in the
products is in the liquid or gaseous phase affects the value of the heat of reaction.
The term higher heating value Qyuv (ot gross heating value) is used when the
H,;O formed is all condensed to the liquid phase; the term lower heating value
Q. uv (or net heating value) is used when the H,O formed is all in the vapor
phase. The two heating values at constant pressure are related by

Qunv, = Ounv, + (m;{“_af)hn H20 (3.23)
where (my,/m,) is the ratio of mass of H,O produced to mass of fuel burned. A
similar expression with u, ., replacing hy, 4,0 applies for the higher and lower
heating value at constant volume.

The heating value at constant pressure is the more commonly used; often
the qualification “at constant pressure” is omitted. The difference between the
heating values at constant pressure and constant volume is small.
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The enthalpy of the products per kilogram of mixture is found from the
enthalpies of lormation (with H,O vapor): '

1{—393.52) + 1{—241.83)
P 2214

= 2.87 MJ/kg

The enthalpy of the reactants per kilogram of mixture js then

43.1 % 14
2214

hg = hy — (AR), = 287 + = 5.59 MJ/kg

3.54 Adiabatic Combustion Processes

We now use the relationships developed above 1o examine two other special
processes important in engine analysis: constant-volume and constant-pressure

adiabatic combustion. For an adiabatic constant-volume process, Eq. (3.13).

becomes
Up — UR = 0 (3.24)

when Up and Uy are evaluated relative to the same datum (e.g., the enthalpies of
C, O,,N,, and H, are zero at 298.15 K, the datum used throughout this text).

Frequently, however, the tables or graphs of internal cnergy or enthalpy for
species and reactant or product mixtures which are available give internal ener-
gies or enthalpies relative to the species or mixture value at some reference tem-
perature Ty, ie., U(T) — U(T) or H(T) — H(T,) are tabulated. Since

Up(Ty) — Up(Ty) = (AU)y +,
it follows from Eq. (3.24) that
[UHT) — Up(To)] — [URT) ~ Ur(To)] = — (AU 1, (3.25)

relates the product and reactant states. Figure 3-7 illustrates the adiabatic
constant-volumc combustion process on a U-T diagram. Given the initial state of
the reactants (7}, ¥) we can determine the final state of the products (75, F).

For an adiabatic constant-pressure combustion process, Eq. (3.13) gives

Hp - HR = 0
which combines with Eq. (3.16) to give
[(HLT) — H)(Ty)] — [HR(T) — HR(1p)) = —(AH), 1, (3.26)

Figure 3-7 illustrates this process also. Given the initial reactant state (Tg, p) we
can determine the final product state (73, p).

Note that while in Figs. 3-5, 3-6, and 3-7 we have shown U and H for the
reactants and products to be functions of T only, in practice for the products at
high temperature U and H will be functions of p and T. The analysis presented
here is general; however, 10 determine the final state of the products in an adia-
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efficiency—the fraction of the fuel energy supplied which is released in the com-
bustion process—is given by'?

_ Hy(T) — Hy(T))
el (3.27)

Note that m and m, could be replaced by the average mass flow rates /1 and i,
Figurc 3-9 shows how combustion efficiency varies with the fucl/air cquiva-
lence ratio for internal combustion engines. For spark-ignition engines, for lean
equivalence ratios, the combustion efficiency is usually in the range 95 to 98
percent, For mixtures richer than stoichiometric, lack of oxygen prevents com-
plete combustion of the fuel carbon and hydrogen, and the combustion efficiency
steadily decreases as the mixture becomes richer. Combustion efficiency is little
affected by other engine operating and design variables, provided the engine com-
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FIGURE 3-9

Variation of engine combustion efficiency with fuel/air equivalence ratio.
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TABLE 33
Enthalpics and free energies of combustion reactions
ne.ctioﬂf Ai‘igg, MJ{kmﬂ! ﬂg‘;gg, lekmo]

C+0,;,—+C0O, —393.52 —394.40
H: + i‘Og —+ H:O — 24091 —23278
CH, + 20, +CO,; + 2H;0 —802.30 —B00.76
CH,O{) + 30, +CO, + 2H,0 —638.59 —685.35
C,Hylg) + 50; +300; + 4H,0  -20440 —2074.1
CoH() + '#0; -+ 6C0O, + 3H,0  ~31352 —1175.1
CeH s + 30, = 8C0; + 9H,0  =5074.6 — 52199

t H,O (gas) in products,

Under these conditions,
AWy < —[(H—TS), —(H—T8e, 1=-(AGr,,,
or &Wum = —(AG)TA. PA (3428)

G is the Gibbs free energy, H — TS, and (AG)r, ,, is the Gibbs free encrgy
increase in the reaction of the fuel-air mixture to products at atmospheric tem-
perature and pressure. —(AG)y,, ,, Will be a maximum when combustion is com-
plete.

A fundamental measure of the effectiveness of any practical internal com-
bustion engine is the ratio of the actnal work delivered compared with this
maximum work. This ratio will be called the availability conversion efficiency 1,:

AW AW

= AleJ max - _-(AG)T‘. Pa

The property availability is the maximum useful work transfer that can be
obtained from a system atmosphere (or control-volume atmosphere) combination
at a given state. This efficiency therefore defines the fraction of the availability of
the unburned fuel and air which, passing through the engine and interacting only
with the atmosphere, is actually converted to useful work. Availability analysis of
engine operation is proving valuable in identifying where the significant irrevers-
ibilities or losses in availability occur. This topic is discussed more fully in Scc.

57.

(3.29)

(AG)r, p,> of (Ag)r,, p,, 15 MOL an easy guantity to evaluate for practical
fuels; it is the heating value, —(Ah)y,, which is usually measured. Values of
(Ag)ies and (Ah)3.y for selected fuel combustion reactions are given in Table 3.3,
For the pure hydrocarbons they are closely comparable because at 298 K, A5° <€
AW*/T. For hydrogen and methanol the differences are larges, however. Because
for practical fuels —(Ah)3qg is measured directly as the heating value of the fuel, it
is standard practice to use the following definition of efficiency:

- (3.30)
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37.1 Chemical Equilibrium

It is a good approximation for performance estimates in engines to regard the
burned gases produced by thc combustion of fuel and air as in chemical equi-
librium.t By this we mean that the chemical reactions, by which individual
species in the burned gases react together, produce and remove each species at
equal rates. No net change in species composition resuits.

For example, if the temperature of a mass of carbon dioxide gas in a vesscl
is increased sufficiently, some of the CO, molecules dissociate into CO and O,
molecules. If the mixture of CO,, CO, and O, is in equilibrium, then CO; mol-
ecules are dissociating into CO and O, at the same rate as CO and O, molecules
are recombining in the proportions required to satisfy the equation

CO + 10, = Co,

In comhustion products of hydrocarbon fuels, the major species present at
low temperatures are N,, H,0, CO,, and O, or CO and H,. At higher tem-
peratures (greater than about 2200 K), these majer species dissociate and react to
form additional species in significant amounts. For example, the adiabatic com-
bustion of a stoichiometric mixture of a typical hydrocarbon fuel with air pro-
duces products with species mole fractions of: N, ~ 0.7; H,0, CO, ~ 0.1; CO,
OH, O,,NO, H, ~ 0.01; H, O ~ 0.001; and other species in lesser amounts.

The second law of thermodynamics defines the criterion for chemical equi-
librium as follows. Consider a system of chemically reacting substances under-
going a constant-pressure, constant-temperature process. In the absence of shear
work (and electrical work, gravity, motion, capillarity), the first law gives

8Q = dH
The second law gives
Q=<TdS
Combining these gives
dH-TdS <0

Since we are considering constant-temperature processes, this equation holds for
finite changes:

AH —-TAS=AG<0

Thus, reactions can only occur (at constant pressure and temperature) if G
(= H — TS) for the products is less than G for the reactants. Hence at equilibrium

(4G),,r =0 (3.33)

t This assumption is not velid late in the expansion stroke and during the exhaust process (see Sec.
4.9). Nor does it 1ake account of poltutant formation processes (see Chap. 11).
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It is obtained from the Gibbs free energy of the reaction which can be calculated
from the Gibbs free energy of formation of each species in the reaction, as indi-
cated in Eq. (3.39) above. 1t is a function of temperature only.

In the JANAF tables,?® to simplify the calculation of equilibrium constants,
values of log,, (K,);, the equilibrium constants of formation of one mole of each
species from their elements in their standard states, are tabulated against tem-
perature. The equilibrium constant for a specific reaction is then obtained via the
relation

10510 (Kp)reaclian = z‘: vy loEm (Kp)i (3-41)

With the JANAF table values of (K,);, the pressures in Egs. (3.40) and (3.41) must

be in atmospheres.
The effect of pressure on the equilibrium composition can be deduced from

Eq. (3.40). Substitution of the mole fractions X; and mixture pressure p gives

p; v (,. p)v! B ( p)im v
ay (s} =(£ =K
U (Po) H Po Po l:l ’

If ¥, v, = 0, changes in pressure have no effect on the composition. If }; v; > 0
{dissociation reactions), then the mole fractions of the dissociation products
decrease as pressure increases. If >, v, < 0 (recombination reactions), the con-

verse is true.
An equilibrium constant, K, , based on concentrations (usually expressed in

gram moles per cubic centimeter) is also used:
K. =] M (3.42)

Equation (3.40) can be used to relate K, and K, :
K, = K (RT)tt~ (3.43)
for po = 1 atmosphere. For Y, v; = 0, K and K, are cqual.

Example 3.4, A stoichiometric mixture of CO and O, in a closed vessel, initially at
1 atm and 300 K, is exploded. Calculate the composition of the products of com-
bustion at 2500 K and the gas pressure.

The combustion equation is

CO + 40, = CO,

The JANAY tables give log,;, K, (equilibrium constants of formation from the ele-
ments in their standard state) at 2500 K of CO,, CO, and O, as 8.280, 6.840, and 0,
respectively, Thus, the equilibrium constant for the CO combustion reaction above

is, from Eq. (3.41),
nglo K,, = $.280 — 6840 = 1.440

which gives K, = 27.5.
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A carbon balance gives: at+c=8§
A hydrogen balance gives: 2b+2d =18
An oxygen balance gives: 2a +b+c=2033

The equilibrium relation gives (bc)/(ad) = 3.388 (since the equilibrated reac-
tion has the same number of moles as there are reactants or products, the moles of
each specics can be substituted for the partial pressures).

These four equations can be solved to obtain

2 —193c+473=0

which gives ¢ = 2.89, a = 5.12, b = 7.72, and d = 1.29. The total number of moles of
products is

a+h+c+d+393 =563
and the mole fractions of the species in the burned gas mixture are

CO,,00908; H,0,0137; CO,0051; H,,0023; N,,0698

Our development of the equilibrium relationship for one reaction has
placed no restrictions on the accurrence of simultancous equilibria. Consider a
mixture of N reacting gases in equilibrium. If there are C chemical elements,
conservation of elements will provide C equations which relate the concentra-
tions of these N species. Any set of (N — C) chemical reactions, each in equi-
librium, which includes each species at least once will then provide the additional
equations required to determine the concentration of each species in the mixture,
Unfortunately, this complete set of equations is a coupled set of C linear and
(N — €) nonlinear equations which is difficult to solve for cases where
(N — C) > 2. For complex systems such as this, the following approach to equi-
librium composition calculations is now more widely used.

Standardized computer methods for the calculation of complex chemical
equilibrium compositions have been developed. A generally available and well-
documented example is the NASA program of this type.'* The approach taken is
to minimize explicitly the Gibbs free energy of the reacting mixture (at constant
temperature and pressure) subject to the constraints of element mass conserva-
tion. The basic equations for the NASA program are the (ollowing.

If the stoichiometric coefficients a,; arc the number of kilomoles of clement
per kilomole of species j, b¥ is the number of kilomoles of efement i per kilogram
of mixture, and n, is the number of kilomoles of species j per kilogram of mixture,
element mass balance constraints are

Za”rlj-—bf=0 rO['!'-l,Z,..,I (344)
i=1
The Gibbs free energy per kilogram of mixture is
g= Y Jn - (3.45)
=1
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=a11nT+a2T+%T2+%ﬁT3+-‘-'fT“+a, (3.50¢)
The coeflicients are obtained by least-squares matching with thermodynamic
property data from the JANAF tables. Usnally two sets of coefficients are
included for two adjacent temperature intervals (in the NASA program these are
300 to 1000 K. and 1000 to 5000 K) (sce Sec. 4.7).

[n some equilibrium programs, the species to be included in the mixture
must be specified as an input to the calculation, In the NASA program, all allow-
able species are included in the calculation, though species may be specifically
omitted from consideration.

For each reactant composition and pair of thermodynamic state variables,
the program calculates and prints out the following:

=l 4

1. Thermodynamic mixture properties (obtained from the equilibrium composi-
tion and the appropriate gas mixture rule; see App. B). p, T, p, h, 5, M,
(8 In V/8In p)y, (@10 ¥/2In T),, c,, y,,and a (sound speed)

2. Equilibrium composition. Mole fractions of each species {which are present in
significant amounts), X,

Figure 3-10 shows how the equilibrium composition of the products of
combustion of ispoctanc-air mixtures at selected temperatures and 30 atm pres-
sure varics with the equivalence ratio. At low temperatures, the products are N,,
CO,, H,0, and O, for lean mixtures and N,, CO,, H,0, CO, and H, for rich
mixtures. As temperature increases, the burned-gas mixture composition becomes
much more complex with dissociation products such as OH, O, and H becoming
significant.

Figure 3-11 shows adiabatic flame temperatures for typical engine condi-
tions as a function of the equivalence ratio, obtained with the NASA program
using the methodology of Sec. 3.5.4. The isooctane-air unburned mixture state
was 700 K and 10 atm. Flame temperatures for adiabatic cambustion at constant
pressure (wherc py and Hy are specified) and at constant volume (where Vz and
U, are specified) are shown. Flame temperatures at constant volume are higher,
because the final pressure is higher and dissociation is less. Maximum flame tem-
peratures occut slightly rich of stoichiometric.

3.7.2 Chemical Reaction Rates

Whether a system is in chemical equilibrium depends on whether the time con-
stants of the controlling chemical reactions are short compared with time scales
over which the system conditions (temperature and pressure) change. Chemical
processes in engines are often not in equilibrium. Tmportant examples of non-
equilibrium phenomena are the flame reaction zone where the fuel is oxidized,
and the air-pollutant formation mechanisms. Such nonequilibrium processes are
controlled by the rates at which the actual chemical reactions which convert
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FIGURE 311

Equilibrium product temperatutes for constant-volume (T, ) and constant-pressure (T, ) adiadatic
combustion of isooctane-gir mixture initially at 700 K and 10 atm, as a function of fuel/air equiva-
lence ratio. Pressure (p, )i equilibrium pressure for adigbatic constant-velume combustion,

reactants to products occur. The rates at which chemical reactions procced
depend on the concentration of the reactants, temperature, and whether any cata-
lyst is present. This ficld is called chemical kinetics and some of its basic relations
will now be reviewed.?

Mast of the chemical reactions of interest in combustion are binary reac-
tions, where two reactant molecules, M, and M, with the capability of reacting
together collide and form two product molecules, M, and M,; ie.,

M, + M, = M, + M, (3.51)

An important example of such a reaction is the rate-controlling step in the
process by which the pollutant nitric oxide, NO, forms:

This is a second-order reaction since the stoichiometric coefficients of the reac-
tants v, and v, are cach wnity and sum to 2. (The only first-order reactions are
decomposition processes.) Third-order reactions are important in combustion,
also. Examples are the recombination reactions by which radical species such as
H, O, and OH combine during the final stage of the fuel oxidation process: ¢.g.,

H+H+M=H, + M* (3.52)

Page 84 of 237 FORD 1221



Page 85 of 237 FORD 1221



96 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

and the net rate of production of product species Mg, s

d[l::m] —vp(R* —R") (3.58h)

The rate constants, k, usually follow the Arrhenius form:

, k= Aexp (— ﬁ;) (3.59)

where A4 is called the frequency or preexponential factor and may be a (moderate)
function of temperature; E, is the activation energy. The Boltzmann factor
exp (—E,/RT) defines the fraction of all collisions that have an energy greater
than E ,—i.c., sufficient energy to make the reaction take place. The functional
dependence of k on T and the constants in the Arrhenius form, Eq. (3.59), if that
is appropriate, are determined experimentally.

At equilibrium, the forward and reverse reaction rates are equal. Then, from
Eq. (3.55), with R* — R~ =0:

MM
k™ [Mu][Mb] ¢

where K_ is the equilibrium constant based on concentrations defined by Eq.
(3.42). It can be related to K, the equilibrium constant based on partial pres-
sures, by Eq. {3.43).

The chemical reaction mechanisms of importance in combustion are much
more complex than the above illustrations of rate-controlled processes. Such
mechanisms usually involve both parallel and sequential interdependent reac-
tions. The methodology reviewed above still holds; however, one must sum alge-
braically the forward and reverse rates of all the reactions which produce (or
remove) a species of interest. In such complex mechanisms it is often useful to
assume that (some of) the reactive intermediate species or radicals are in steady
state, That is, these radicals react so quickly oncc they are formed that their
concentrations do not rise but are maintained in steady state with the species
with which they react. The net rate at which their concentration changes with
time is set equal to zero.

PROBLEMS

3.1. Isooctane is supplied to a four-cylinder spark-ignition engine at 2 g/s. Calculate the
air flow rate for stoichiometric combustion. If the engine is operating at 1500 rev/
min, estimate the mass of fuel and air entering each cylinder per cycle. The engine
displaced volume is 2.4 liters. What is the volumetric efficiency?

32. Calculate the exhaust gas composition of a butane-fueled spark-ignition engine oper-
ating with equivalence ratio of 0.9. Assume the fuel is fully burned within the cylin-
der. Butane is C,H,,.-
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() Calculate the fuel/air equivalence ratio at which this engine is operating.

{c) Is the interpal combustion engine a conventional spark-ignition or a diesel
engine? Explain.

{d) The engine has a displaced volume of 2 liters. Estimate approximately the per-
centage by which the fuel flow rate would be increased if this engine were oper-
ated at its maximum load at this sume speed (2000 rev/min). Explain briefly what
limits the equivalence ratio at maximum load.

The following are approximate values af the relative molecular mass {(molecular

weights): oxygen O,, 32; nitrogen N, 28; hydrogen H,, 2; carbon C, 12. Determine

the stoichiometric fuel/air and air/fuel ratios on a mass basis, and the lowcr heating
value per unit mass of stoichiometric mixture for the following fuels:

Methane (CH,), isooctane (CgH,;), benzene (CgHgy), hydrogen (H,), methyl
aleobol (CH,OH)

Heating values for these fuels are given in App. D.
Liquid petroleum gas (LPG) is used to (uel spark-ignition engines. A typical sample
of the fuel consists of

70 percent by volume propane C,H,
5 percent by volume butane C H,,
25 percent by volume propene C;Hy

The higher heuating values of the fuels are: propane, 50.38 MJ/kg; butane, 49.56
MIJ/kg; propylene (propene), 48.95 MJ/kg.
(@ Work out the overall combustion reaction for stoichiometric combustion of 1
mole of LPG with air, and the stoichiometric F/A4 and A/F.
(b} What are the higher and lower heating values for combustion of this fuel with
excess air, per unit mass of LPG?
A spark-ignition engine is operated on isooctane fuel (CzH,). The exhaunst gases are
cooled, dried to remove water, and then analyzed for CO,, CO, H,;, O,. Using the
overall combustion reaction for a range of equivalence ratios from 0.5 to 1.5, calkeu-
late the mole fractions of CO,, CO, H,, and O, in the dry exhaust gas, and plot the
results as a function of equivalence ratio. Assume:
(@) that all the fuel is burnt inside the enginc (almost true} and that the ratio of
moles CO to moles H, in the exhaustis 3:1, and
(b} that there is no hydrogen in the exhaust for lean mixtures.
For high-power engine aperation the air/fuel ratio is 14 : 1. What is the exhaust gas
composition, in mole fractions, before the water is removed?
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0.15 mm so that fuel can flow through the calibrated annular passage around the
valve stem. The front end of the injector spindle is shaped as an atomizing pintle
with a ground top to atomize the injected fuel. The relatively narrow spray cone
of the injector, shown in the photo in Fig. 7-11, minimizes the intakc manifold
wall wetting with liquid fuel. The mass of fuel injected per injection is controlled
by varying the duration of the current pulse that excites the solenoid coil. Typical
injection times for automobile applications range from about 1.5 to 10 ms.!!

The appropriate coil excitation pulse duration or width is set by the elec-
tronic control unit (ECU). In the speed-density system, the primary inputs to the
ECU are the outputs from the manifold pressure sensor, the engine speed sensor
(usually integral with the distributor), and the temperature sensors installed in the
intake manifold to monitor air temperature and cngine block to monitor the
water-jacket temperature—the latter being used to Indicate fuel-enrichment
requirements during cold-start and warm-up. For warm-cngine operation, the
mass of air pcr cylinder per cycle m, is given by

Vip;
o = 1N T, PV = T2 (1.13)

wherc 1, is the volumetric cfficiency, N is engine speed, p, is the inlet air density,
and V, is the displaced volume per cylinder. The electronic control unit forms the
pulse which excites the injector solenoids. The pulse width depends primarily on
the manifold pressure; it also depends on the variation in volumctric efficiency 7,
with speed IV and variations in air density due to variations in air temperature.
The control unit also initiates mixturc enrichment during cold-engine operation
and during accelerations that are detected by the throttle scnsor,

FIGURE 7-11
Short time-exposure photograph of liquid fuel spray Irom Bosch-type injeclor. {Courtesy Robert

i Bosch GmbH.)
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() 45° throttle plate engle - (d) 60° throutle plalc angle

FIGURE 7-21
Photographs of flow in two-dimensional hydraulic analog of carburetor venturi, throttle plate, und
manifold plenum floor at differemt throitle plate angles.!®

platc geometry and paramcters arc illustrated in Fig. 7-20. A throttle plate of
conventional design such as Fig. 7-20 creates a three-dimensional flow field. At
part-throttle operating conditions the throttle plate angle is in the 20 to 45° range
and jets issuc from the “crescent moon ”-shaped opcn arcas on either side of the
throttle plate. The jets are primarily two dimensional. Figure 7-21 shows pho-
tographs taken of a two-dimensional hydraulic aralog of a typical carburetor
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628 INTEKRNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE 11-38
Photomicrographs of dicsel particulates: cluster (upper left), chain (upper right), and collection from

fitier (bottom).”™
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14 now

L FIGURE 11-4
lattice-imuging micrograph of a diesel particulate,””

c olefins, and aromatics—contributed to the particulate cmissions; as a group, aro-
e matics were the greatest contributors. Eighty percent of the carbon-14 used to tag
F c individual fuel compounds was found in the insoluble fraction and 20 percent in
the soluble particulate fraction.™

In addition to the elements listed in Table 11.8, trace amounts of sulfur,
zine, phosphorus, calcium, iron, silicon, and chromium have been found in parti-
culates. Sulfur and traces of calcium, iron, silicon, and chromium are found in
dicsel fuel; zinc, phosphorus, and calcium compounds are frequently used in
lubricating oil additives.”®

A lattice image of a diesel particle is shown in Fig. 11-40; it suggests a
concentric lamellate structure arranged around the center of each spherule. This
arrangement of concentric lamellas is similar to the structure of carbon black.
This is not surprising; the environment in which diesel soot is produced is similar
to that in which oil furnace blacks are made. The carbon atoms are bonded
together in hexagonal face-centered arrays in planes, commonly referred to as
platelots. As illustrated in Fig. 11-41, the mean layer spacing is 0.355 nm (only
slightly larger than graphite). Platelets are arranged in layers to form crystallites.
Typically, there are 2 to 5 platelets per crystallitc, and on the order of 10° crys-

ER

Eﬁiﬂ

,’/ ol ,# ﬂ

1 f

; Ziv FIGURE 11-41

Platelet Crystallil2 Particle Substructure of carbon particle.”?
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