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Basic terms and definitions

An ideal gas is a theoretical is a theoretical gas is a theoretical gas composed of
a set of randomly moving, non-interacting point particles is a theoretical gas
composed of a set of randomly moving, non-interacting point particles. The ideal
gas concept is useful because it obeys the ideal gas law is a theoretical gas
composed of a set of randomly moving, non-interacting point particles. The ideal
gas concept is useful because it obeys the ideal gas law, a simplified equation of
state is a theoretical gas composed of a set of randomly moving, non-interacting
point particles. The ideal gas concept is useful because it obeys the ideal gas
law, r? simplified equation of state, and is amenable to analysis under statistical
mechanics.

Enthalpy is a measure of the total energy is a measure of the total energy of a
thermodynamic system is a measure of the total energy of a thermodynamic
system. It includes the internal energy is a measure of the total energy of a
thermodynamic system. It includes the internal energy, which is the energy
required to create a system, and the amount of energy required to make room
for it by displacing its environment is a measure of the total energy of a
thermodynamic system. It includes the internal energy, which is the energy
required to create a system, and the amount of energy required to make room
for it by displacing its environment and establishing its volume is a measure of
the total energy of a thermodynamic system. It includes the internal energy,
which is the energy required to create a system, and the amount of energy
required to make room for it by displacing its environment and establishing its
volume and pressure.

An isentropic process or isoentropic process is one in which, for purposes of
engineering-analysis-and-calculation,-one-may-assume-that the process-takes
place from initiation to completion without an increase or decrease in the entropy
of the system, i.e., the entropy of the system remains constant. It can be proven 2
that anv rever<ible is one in which for nurposes of enaineerina analvsic and




Basic terms and definitions

specific volume of gas - yaenbHbI 06beM rasa;
specific enthalpy - yoenbHaa aHTanbNus;

specific internal energy - yaenbHasi BHyTPEHHSSI S3HEPIUS;
specific heats — TennoemMkocTy;

specific work — yaenbHasi paborTa;
mass flow rate - egenbHbIM MAacCOBLIN pacxop;

heat transfer rate for unit mass - TennonponsBogNTENBHOCTL ANA €AUHULBI
MaccChl;

heat transfer rate - ckopocTb Tennonepenayu;

WOT (Wide-Open Throttle) — nonHOCTbIO OTKPbLITLIM APOCCESb;
Bottom-Dead-Center (BDC);

Top-Dead-Center (TDC);

When an occurrence in a cycle happens before TDC, it is often abbreviated
bTDC or bTe;

When the occurrence happens after TDC, it will be abbreviated aTDC or aTe;

During an engine cycle things can happen before bottom-dead-center, bBDC or
bBC, and after bottom-dead-center, aBDC or aBe;

crevice flow — weneson NOTOK;
blowby — npopbIB rasos,;



ENGINE CYCLES

This chapter studies the basic cycles used in reciprocating
iInternal combustion engines, both four stroke and two stroke.

The most common four-stroke Sl and Cl cycles are analyzed in
detail using air-standard analysis.



WORK

Work is the output of any heat engine, and in a reciprocating IC engine this work is
generated by the gases in the combustion chamber of the cylinder. Work is the result
of a force acting through a distance. Force due to gas pressure on the moving piston
generates the work in an IC engine cycle.

W= f Fdx = f PA, dx (2-18)

where: P = pressure in combustion chamber
Ap = area against which the pressure acts (i.e., the piston face)
x = distance the piston moves

and:

A, dx =dV (2-19)

dV is the differential volume displaced by the piston, so work done can be written:

W = f PdV (2-20)



Pressure, P

Volume, V

Figure 1 Indicator diagram for a typical four stroke cycle SI engine. An indicator

diagram plots cylinder pressure as a function of combustion chamber volume over a
720° cycle

Figure 1 , which plots the engine cycle on P-V coordinates, is often called an
indicator diagram. Early indicator diagrams were generated by mechanical plotters
linked directly to the engine. Modern P-V indicator diagrams are generated on an
oscilloscope using a pressure transducer mounted in the combustion chamber and
an electronic position sensor mounted on the piston or crankshaft.



Because engines are often multicylinder, it is convenient to analyze engine
cycles per unit mass of gas m within the cylinder. To do so, volume V is replaced
with specific volume v and work is replaced with specific work:

w=W/m v=V/m (2-21)
w = f P dv (2-22)

Specific work w is equal to the area under the process lines on the P-v coordi-
nates of Fig. 2.
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Figure2  Four-stroke cycle of typical SI
engine plotted on P-v coordinates at (a)
wide open throttle, and (b) part throttle.
The upper loop consists of the compres-
sion stroke and power stroke and the area
represents gross indicated work. The low-
er loop represents negative work of the
intake stroke and exhaust stroke. This is
called indicated pump work.
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If P represents the pressure inside the cylinder combustion chamber, then

equation (2-22) and the areas shown in Fig. 2 give the work inside the
combustion chamber. This is called indicated work. Work delivered by the
crankshaft is less than indicated work due to mechanical friction and
parasitic loads of the engine. Parasitic loads include the oil pump,
supercharger, air conditioner compressor, alternator, etc. Actual work
available at the crankshaft is called brake work w, . Units of specific work
will be kJ/Kkg:

W, =W, -w, (2-23)
where: w ;= indicated specific work generated inside combustion chamber;
w , = specific work lost due to friction and parasitic loads.

The upper loop of the engine cycle in Fig. 2 consists of the compression
and power strokes where output work is generated and is called the gross
indicated work (areas A and C in Fig. 2). The lower loop, which includes
the intake and exhaust stroke, is called pump work and absorbs work from
the engine (areas B and C).

Net indicated work is:

Wpey = Wypoes + W (2-24)

gross pump



Pump work w,,,, is negative for engines without superchargers:
Wy, = (Area A) — (Area B) (2-25)

Engines with superchargers or turbochargers can have intake pressure greater
than exhaust pressure, giving a positive pump work (Fig. 3 ). When this occurs:

W, = (Area A) + (Area B) (2-26)

Superchargers increase net indicated work but add to the friction work of the
engine since they are driven by the crankshaft.
The ratio of brake work at the crankshaft to indicated work in the combustion

chamber defines the mechanical efficiency of an engine:
Mm = Wy [w; = Wy | W, (2-27)

Mechanical efficiency will be on the order of 75% to 95%, at high speed for
modern automobile engines operating at wide-open throttle.
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It then decreases with
decreasing engine speed to zero
at idle conditions, when no work :
is taken off the crankshaft. I

Care should be taken when :
using the terms "gross work" and |
"net work". In some older 'l—Po—- -

|

Pressure, P

literature and textbooks, net work
(or net power) meant the output
of an engine with all components,
while gross work (or gross

— — -

TODC DC
Specific Volume, v

Figure 3 Four-stroke cycle of a SI

power) meant the output of the engine equipped with a supercharger or
engine with fan and exhaust turbocharger, plotted on P-v coordinates.
system removed. For this cycle intake pressure is greater

than exhaust pressure and the pump work
loop represents positive work.
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AIR-STANDARD CYCLES

The cycle experienced in the cylinder of an internal combustion
engine is very complex.

First, air (Cl engine) or air mixed with fuel (S| engine) is ingested
and mixed with the slight amount of exhaust residue remaining from
the previous cycle. This mixture is then compressed and combusted,
changing the composition to exhaust products consisting largely of
CO2, H20, and N2 with many other lesser components.

Then, after an expansion process, the exhaust valve is opened and
this gas mixture is expelled to the surroundings. Thus, it is an open
cycle with changing composition, a difficult system to analyze. To
make the analysis of the engine cycle much more manageable, the
real cycle is approximated with an ideal air-standard cycle which
differs from the actual by the following:

12



AIR-STANDARD CYCLES

1. The gas mixture in the cylinder is treated as air for the entire cycle, and property
values of air are used in the analysis. This is a good approximation during the first
half of the cycle, when most of the gas in the cylinder is air with only up to about
7% fuel vapor. Even in the second half of the cycle, when the gas compo-sition is
mostly CO,, H,0, and N, using air properties does not create large errors in the
analysis. Air will be treafed as an ideal gas with constant specific heats.

2. The real open cycle is changed into a closed cycle by assuming that the gases
being exhausted are fed back into the intake system. This works with ideal
air-standard cycles, as both intake gases and exhaust gases are air. Closing the
cycle simplifies the analysis.

3. The combustion process is replaced with a heat addition term Q. of equal
energy value. Air alone cannot combust.

4. The open exhaust process, which carries a large amount of enthalpy out of the
system, is replaced with a closed system heat rejection process Q_ . of equal
energy value.

5. Actual engine processes are approximated with ideal processes.

(a) The almost-constant-pressure intake and exhaust strokes are assumed to
be constant pressure. At WOT (Wide-Open Throttle), the intake stroke is
assumed to be at a pressure Po of one atmosphere. At partially closed throttle
or when supercharged, inlet pressure will be some constant value other than
one atmosphere. The exhaust stroke pressure is assumed constant at one
atmosphere.

13



AIR-STANDARD CYCLES

(b) Compression strokes and expansion strokes are approximated by
isentropic processes. To be truly isentropic would require these strokes to be
reversible and adiabatic. There is some friction between the piston and cylinder
walls but, because the surfaces are highly polished and lubricated, this friction
is kept to a minimum and the processes are close to frictionless and reversible.
If this were not true, automobile engines would wear out long before the
150-200 thousand miles which they now last if properly maintained. There is
also fluid friction because of the gas motion within the cylinders during these
strokes. This too is minimal. Heat transfer for anyone stroke will be negligibly
small due to the very short time involved for that single process. Thus, an
almost reversible and almost adiabatic process can quite accurately be
approximated with an isentropic process.

(c) The combustion process is idealized by a constant-volume process (Sl
cycle), a constant-pressure process (Cl cycle), or a combination of both (Cl
Dual cycle).

(d) Exhaust blowdown is approximated by a constant-volume process.

(e) All processes are considered reversible.

14



In air-standard cycles, air is considered an ideal gas such that
the following ideal gas relationships can be used:

Pv= RT
PV = mRT
P = pRT
dh = cpdT
du = ¢, dT

Pv¥ = constant  isentropic process
Tvk~! = constant  isentropic process
TP(1-k)/k = constant  isentropic process

w,_, = (P,u, — P;v;)/(1 — k) isentropic work
in closed system

il

R(T, — T1)/(1 — k)
¢ = VKRT  speed of sound

(a)
(b)
(c)
(d)
()
(f)
()
(h)
@)

()

where: P = gas pressure in cylinder
V = volume in cylinder
v = spexific volume of gas
R = gas constant of air
T = temperature
m = mass of gas in cylinder
p = density
h = specific enthalpy
u = specific internal energy

¢p, ¢, = specific heats

k=c¢p/c,
w = specific work

¢ = speed of sound
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In addition to these, the following variables are used in this chapter for cycle
analysis:

AF = air-fuel ratio

mass flow rate

3.
I

heat transfer per unit mass for one cycle

-
I

g = heat transfer rate per unit mass
Q = heat transfer for one cycle
Q = heat transfer rate
Quv = heating value of fuel
r. = compression ratio
W = work for one cycle
W = power
ne = combustion efficiency
Subscripts used include:
a = air
f= fuel
ex = exhaust

m = mixture of all gases




For thermodynamic analysis the specific heats of air can be treated as
functions of temperature, which they are, or they can be treated as constants,
which simplifies calculations at a slight loss of accuracy.

In this chapter, constant specific heat analysis will be used. Because of the high
temperatures and large temperature range experienced during an engine cycle,
the specific heats and ratio of specific heats k do vary by a fair amount (see
Table A-l). At the low-temperature end of a cycle during intake and start of
compression, a value of k = 1.4 is correct. However, at the end of combustion
the temperature has risen such that k = 1.3 would be more accurate. A constant
average value between these extremes is found to give better results than a
standard condition (25°C) value, as is often used in elementary thermodynamics
textbooks. When analyzing what occurs within engines during the operating
cycle and exhaust flow, this book uses the following air property values:

¢, = 1.108 kJ/kg-K

¢, = 0.821 kJ/kg-K

k= cp/c,=1108/0.821 = 1.35
R = ¢cp — c, = 0.287 kJ/kg-K
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TABLE A-1 THERMODYNAMIC PROPERTIES OF AIR

Temperature Cp Cy k=cp/c, Gas Constant
R=c¢ — ¢,
K “C (kJ/kg-K) (k)Vkg-K) (kJ/kg-K)
273 0 1.004 0.717 1.40 0.287
298 25 1.005 0.718 1.40 0.287
300 27 1.005 0.718 1.40 0.287
300 227 1.029 0.742 1.39 0.287
850 517 1.108 0.821 1.35 0.287
1000 727 1.140 0.853 1.34 0.287
1500 1227 1.210 0.923 131 0.287
2000 1727 1.249 0.962 1.30 0.287
2500 2227 1.274 0.987 1.29 0.287
3000 2727 1.291 1.004 1.29 0.287
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Air flow before it enters an engine is usually closer to standard temperature,
and for these conditions a value of k = 1.4 is correct. This would include processes
such as inlet flow in superchargers, turbochargers, and carburetors, and air flow
through the engine radiator. For these conditions, the following air property values
are used:

¢, = 1.005 kJ/kg-K
c, = 0.718 kJ/kg-K

k= c,/c,=1.005/0.718 = 1.40
R= ¢, — ¢,= 0287 klJ/kg-K
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OTTO CYCLE

The cycle of a four-stroke, Sl, naturally aspirated engine at WOT is shown in
Fig. 4. This is the cycle of most automobile engines and other four-stroke Sl engines.
For analysis, this cycle is approximated by the air-standard cycle shown in Fig. 5.
This ideal air-standard cycle is called an Otto cycle, named after one of the early

developers of this type of engine.

The intake stroke of the Otto cycle starts with the piston at TDC and is a
constant-pressure process at an inlet pressure of one atmosphere (process 6-1 in

Fig. 5).

This is a good approximation to the inlet
process of a real engine at WOT, which
will actually be at a pressure slightly less
than atmospheric due to pressure losses
in the inlet air flow. The temperature of the
air during the inlet stroke is increased as
the air passes through the hot intake
manifold. The temperature at point 1 will T
generally be on the order of 25° to 35°C

hotter than the surrounding air
temperature.

N

Wide Open
Throttle

Exhaust

Ignition Opens

Pressure, P

/

B

TDC 8DC
Specific Volume, v

Figure 4 Indicator diagram for a typical four stroke cycle SI engine. An indicator
diagram plots cylinder pressure as a function of combustion chamber volume over a
720° cycle. The diagram is generated on an oscilloscope using a pressure transducer
mounted in the combustion chamber and a position sensor mounted on the piston or
crankshaft.



The second stroke of the cycle is the compression stroke, which in the Otto cycle is
an isentropic compression from BDC to TDC (process 1-2). This is a good
approximation to compression in a real engine, except for the very beginning and the
very end of the stroke. In a real engine, the beginning of the stroke is affected by the
intake valve not being fully closed until slightly after BDC. The end of compression is
affected by the firing of the spark plug before TDC. Not only is there an increase in
pressure during the compression stroke, but the temperature within the cylinder is
increased substantially due to compressive heating.

The compression stroke is followed by a constant-volume heat input process 2-3 at
TDC.

This replaces the combustion process of the 3
real engine cycle, which occurs at close to
constant-volume conditions. In a real engine
combustion is started slightly bTDC, reaches its
maximum speed near TDC, and is terminated a little
aTDC. During combustion or heat input, a large
amount of energy is added to the air within the
cylinder. This energy raises the temperature of the

Pressure, P

air to very high values, giving peak cycle 2
temperature at point 3. This increase in temperature y
during a closed constant-volume process resultsina [ = & > ¢ B ]

large pressure rise also. Thus, peak cycle pressure
is also reached at point 3.

Volume, V

Figure 5 Ideal air-standard Otto cycle, 6-1-2-3-4-5-6, which approximates the
four-stroke cycle of an SI engine on P-V coordinates.



The very high pressure and enthalpy values within the system at TDC generate the
power stroke (or expansion stroke) which follows combustion (process 3-4).
High pressure on the piston face forces the piston back towards BDC and produces

the work and power output of the engine.

The power stroke of the real engine cycle is
approximated with an isentropic process in the Otto
cycle. This is a good approximation, subject to the
same arguments as the compression stroke on being
frictionless and adiabatic. In a real engine, the
beginning of the power stroke is affected by the last
part of the combustion process.

The end of the power stroke is affected by the
exhaust valve being opened before BDC. During the
power stroke, values of both the temperature and
pressure within the cylinder decrease as volume
increases from TDC to BDC.

Near the end of the power stroke of a real engine
cycle, the exhaust valve is opened and the cylinder
experiences exhaust blowdown. A large amount of
exhaust gas is expelled from the cylinder, reducing the
pressure to that of the exhaust manifold. The exhaust
valve is opened bBDC to allow for the finite time of
blowdown to occur. It is desirable for blowdown to be
complete by BDC so that there is no high pressure in
the cylinder to resist the piston in the following
exhaust stroke.

Pressure, P

Volume, V

Figure 5  Ideal air-standard Otto cycle, 6-1-2-3-4-5-6, which approximates the
four-stroke cycle of an SI engine on P-V coordinates.



Blowdown in a real engine is therefore almost, but not quite, constant volume. A
large quantity of enthalpy is carried away with the exhaust gases, limiting the
thermal efficiency of the engine. The Otto cycle replaces the exhaust blowdown
open-system process of the real cycle with a constant-volume pressure reduction,
closed-system process 4-5. Enthalpy loss during this process is replaced with heat
rejection in the engine analysis. Pressure within the cylinder at the end of exhaust
blowdown has been reduced to about one atmosphere, and the temperature has
been substantially reduced by expansion cooling.

The last stroke of the four-stroke cycle now
occurs as the piston travels from BDC to 3
TDC. Process 5-6 is the exhaust stroke that
occurs at a constant pressure of one
atmosphere due to the open exhaust valve.
This is a good approximation to the real
exhaust stroke, which occurs at a pressure
slightly higher than the surrounding pressure
due to the small pressure drop across the
exhaust valve and in the exhaust system.

At the end of the exhaust stroke the engine 2
has experienced two revolutions, the piston
is again at TDC, the exhaust valve closes,
the intake valve opens, and a new cycle °
begins.

Pressure, P

Volume, V

Figure 5 Ideal air-standard Otto cycle, 6-1-2-3-4-5-6, which approximates the
four-stroke cycle of an SI engine on P-V coordinates.



When analyzing an Otto cycle, it is more convenient to work with specific
properties by dividing by the mass within the cylinder. Figure 6 shows the Otto
cycle in P-v and T-s coordinates. It is not uncommon to find the Otto cycle shown
with processes 6-1 and 5-6 left off the figure. The reasoning to justify this is that
these two processes cancel each other thermodynamically and are not needed in

analyzing the cycle.
Thermodynamic Analysis of Air-Standard Otto Cycle

Process 6-1—constant-pressure intake of air at P,.
Intake valve open and exhaust valve closed:

Py=Ps=P, (3-2)
We—1 = Po(v; — vg) (3-3)

Process 1-2—isentropic compression stroke.
All valves closed:

T; = Ti(v,/v))* 1 = Ty (V1 /V2)k~1 = Ty (r. )% (3-4)
= P1(v/v))* = Py (V1/V2)k = Py(r.)k (3-5)
q1-2 =0 (3-6)

24



Pressure, P

Temperature, T

Entropy, s

Specific Volume, v
(a) {b)

Figure 6 Otto cycle, 6-1-2.3-4-5-6, on (a) pressure-specific volume coordinates, and
(b) temperaturc-entropy coordinates.
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Wiy = (P20, — Pro)/(1 — k) = R(T, — T1)/(1 — k)
= (1 =) = c(Ty — T»)

Process 2-3—constant-volume heat input (combustion).
All valves closed:

Vs = U, = V1DC

w, ;=10

Q2-3 = Qin = meQuvn. = m,c,(T3 — Tz)

= (mg + mg)c, (T3 — T>)
Ouvne = (AF + 1) (T3 — T>)

q2-3 = gin = ¢,(T3 — T2) = (u3 — uy)
T3 = Tax
P3 = Pryay

(3-7)

(3-8)
(3-9)
(3-10)

(3-11)
(3-12)
(3-13)
(3-14)

26



Process 3-4—isentropic power or expansion stroke.
All valves closed:

q3-4=10
Ty = T3(va/v)* 71 = T3(V3/Va)*k-1 = T3 (1 /r,) %1
Py = P3(v3/v,)% = P3(V3/Vy)k = P3(1/r.)*
ws_y = (Pav, — Pv3)/(1 — k) = R(Ty — T3)/(1 — k)
=(u3 —wg) = c,(T3 — Ty)

Process 4-5—constant-volume heat rejection (exhaust blowdown).
Exhaust valve open and intake valve closed:

Us = Uy =4 = Uppc
wy_s=10
Q45 = Qowt =m,,c,(Ts = Ty) = m,c,(Ty — Ty)
qa—s = Qout = C,(T5 — T4) = (us ~ uq) = c (T} — T4)

Process 5-6—constant-pressure exhaust stroke at P,
Exhaust valve open and intake valve closed:

Ps=Ps =P,

Ws-6 = Py (vg — v5) = Py(vs — vy)

(3-15)
(3-16)
(3-17)
(3-18)

(3-19)
(3-20)
(3-21)
(3-22)

(3-23)
(3-24)
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Thermal efficiency of Otto cycle:

(M)or10 = 1Wetl/1gin] = 1= (Iqoucl/1gin 1) (3-25)
=1~ [c,(Ts — T1)/c, (T3 — T1)]
=1~ T4 - TV/T; — T»)]

Only cycle temperatures need to be known to determine thermal efficiency.
This can be simplified further by applying ideal gas relationships for the isentropic
compression and expansion strokes and recognizing that v, =y, and v, = vy

(T2/Th) = (v/v)* 71 = (vy/v;)* L = (T3/Ty4) (3-26)
Rearranging the temperature terms gives:
Ty/T1 = T3/T; (3-27)
Equation (3-25) can be rearranged to:
(m)orro = 1~ (T1/T2){[(T4/Th) — 1)/[(T3/T2) — 1]} (3-28)

Using Eq. (3-27) gives:
(m)orro =1 — (T1/T>) (3-29)
Combining this with Eq. (3-4):



Figure 7 Indicated thermal efficiency

Y WL Y W Y W— as a function of compression ratio for SI
4 86789510121 engines operating at WOT on air-stan-
Compression Ratio, r. dard Otto cycle (k = 1.35).

12 3
(m)orro =1 - [1/(v,/v)* "] (3-30)

With v,/v, = r., the compression ratio:
(m)otro =1 = (1/rc)*"! (3-31)

Only the compression ratio is needed to determine the thermal efficiency of
the Otto cycle at WOT. As the compression ratio goes up, the thermal efficiency
goes up as seen in Fig. 7 . This efficiency is the indicated thermal efficiency, as the
heat transfer values are those to and from the air within the combustion chamber.
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REAL AIR-FUEL ENGINE CYCLES

The actual cycle experienced by an internal combustion engine is not, in the
true sense, a thermodynamic cycle. An ideal air-standard thermodynamic cycle
occurs on a closed system of constant composition. This is not what actually
happens in an IC engine, and for this reason air-standard analysis gives, at
_be?t,donly approximations to actual conditions and outputs. Major differences
include:

1. Real engines operate on an open cycle with changing composition. Not
only does the inlet gas composition differ from what exits, but often the mass
flow rate is not the same. Those engines which add fuel into the cylinders after
air induction is complete (Cl engines and some Sl engines) change the
amount of mass in the gas composition part way through the cycle. There is a
greater gaseous mass exiting the engine in the exhaust than what entered in
the induction process. This can be on the order of several percent. Other
engines carry liquid fuel droplets with the inlet air which are idealized as part of
the gaseous mass in air-standard analysis. During combustion, total mass
remains about the same but molar quantity changes. Finally, there is a loss of
mass during the cycle due to crevice flow and blowby past the pistons. Most of
crevice flow is a temporary loss of mass from the cylinder, but because it is
greatest at the start of the power stroke, some output work is lost during
expansion. Blowby can decrease the amount of mass in the cylinders by as
much as 1% during compression and combustion.
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2. Air-standard analysis treats the fluid flow through the entire engine as air and
approximates air as an ideal gas. In a real engine inlet flow may be all air, or it may be
air mixed with up to 7% fuel, either gaseous or as liquid droplets, or both. During
combustion the composmon is then changed to a gas mixture of mostly CO,, H,0, and
N,, with lesser amounts of CO and hydrocarbon vapor. In Cl engines there will also be
solid carbon particles in the combustion products gas mixture. Approximating exhaust
products as air simplifies analysis but introduces some error.

Even if all fluid in an engine cycle were air, some error would be introduced by
assuming it to be an ideal gas with constant specific heats in air-standard analysis. At
the low pressures of inlet and exhaust, air can accurately be treated as an ideal gas,
but at the higher pressures during combustion, air will deviate from ideal gas behavior.

A more serious error is introduced by assuming constant specific heats for the
analysis. Specific heats of a gas have a fairly strong dependency on temperature and
can vary as much as 30% in the temperature range of an engine (for air, cp = 1.004
kJ/kg-K at 300 K and ¢p = 1.292 kJ/kg-K at 3000 K.

3. There are heat losses during the cycle of a real engine which are neglected in
air-standard analysis. Heat loss during combustion lowers actual peak temperature and
pressure from what is predicted. The actual power stroke, therefore, starts at a lower
pressure, and work output during expansion is decreased. Heat transfer continues
during expansion, and this lowers the temperature and pressure below the ideal
isentropic process towards the end of the power stroke. The result of heat transfer is a
lower indicated thermal efficiency than predicted by air-standard analysis. Heat transfer
is also present during compression, which deviates the process from isentropic.
I-rlwowever, this is less than during the expansion stroke due to the lower temperatures at
this time.
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4. Combustion requires a short but finite time to occur, and heat addition is not
instantaneous at TDC, as approximated in an Otto cycle. A fast but finite flame
speed is desirable in an engine. This results in a finite rate of pressure rise in the
cylinders, a steady force increase on the piston face, and a smooth engine cycle.
A supersonic detonation would give almost instantaneous heat addition to a
cycle, but would result in a.rough cycle and quick engine destruction. Because of
the finite time required, combustion is started before TDC and ends after TDC,
not at constant volume as in air-standard analysis. By starting combustion
bTDC, cylinder pressure increases late in the compression stroke, requiring
greater negative work in that stroke. Because combustion is not completed until
aTDC, some power is lost at the start of the expansion stroke (see Fig. 1).
Another loss in the combustion process of an actual engine occurs because
combustion efficiency is less than 100%. This happens because of less than
perfect mixing, local variations in temperature and air-fuel due to turbulence,
flame quenching, etc. Sl engines will generally have a combustion efficiency of
about 95%, while Cl engines are generally about 98% efficient.

5. The blowdown process requires a finite real time and a finite cycle time, and
does not occur at constant volume as in air-standard analysis. For this reason,
the exhaust valve must open 40° to 60° bBDC, and output work at the latter end
of expansion is lost.

6. In an actual engine, the intake valve is not closed until after bottom-dead
center at the end of the intake stroke. Because of the flow restriction of the
valve, air is still entering the cylinder at BDC, and volumetric efficiency would be
lower if the valve closed here. Because of this, however, actual compression
does not start at BDC but only after the inlet valve closes. With ignition then
occurring before top dead-center, temperature and pressure rise before
combustion is less than predicted by air-standard analysis.
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7. Engine valves require a finite time to actuate. ldeally, valves would open and close
instantaneously, but this is not possible when using a camshaft. Cam profiles must
allow for smooth interaction with the cam follower, and this results in fast but finite valve
actuation. To assure that the intake valve is fully open at the start of the induction
stroke, it must start to open before TDC. Likewise, the exhaust valve must remain fully
open until the end of the exhaust stroke, with final closure occurring after TDC. The
resulting valve overlap period causes a deviation from the ideal cycle.

Because of these differences which real air-fuel cycles have from the ideal cycles,
results from air-standard analysis will have errors and will deviate from actual
conditions. Interestingly, however, the errors are not great, and property values of
temperature and pressure are very representative of actual engine values, depending
on the geometry and operating conditions of the real engine. By changing operating
variables such as inlet temperature and/or pressure, compression ratio, peak
temperature, etc., in Otto cycle analysis, good approximations can be obtained for
output changes that will Occur in a real engine as these variables are changed. Good
approximation of power output, thermal efficiency, and mep can be expected.

Indicated thermal efficiency of a real four-stroke Sl engine is always somewhat less
than what air-standard Otto cycle analysis predicts. This is caused by the heat losses,
friction, ignition timing, valve timing, finite time of combustion and blowdown, and
deviation from ideal gas behavior of the real engine. Reference shows that over a large
range of operating variables the indicated thermal efficiency of an actual Sl four-stroke
cycle engine can be approximated by:

(TH)actual = 0.85 (TAHOTTO (3-32)

This will be correct to within a few percent for large ranges of air-fuel equivalence
ratio, ignition timing, engine speed, compression ratio, inlet pressure, exhaust pressure,
and valve timing.
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DIESEL CYCLE

Early Cl engines injected fuel into the combustion chamber very late in the
compression stroke, resulting in the indicator diagram shown in Fig. 8. Due to
ignition delay and the finite time required to inject the fuel, combustion lasted
into the expansion stroke.

This kept the pressure at
peak levels well past TDC.
This combustion process is
best approximated as a
constant-pressure heat inpui
in an air-standard cycle,
resulting in the Diesel cycle
shown in Fig. 9. The rest of
the cycle is similar to the
air-standard Otto cycle. The
diesel cycle is sometimes
called a Constant Pressure
cycle.

Pressure, P

Volume, V

Figure 8 Indicator diagram of a historic CI engine operating on an early four-
stroke cycle.
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Thermodynamic Analysis of Air-Standard Diesel Cycle

Process 6-1—constant-pressure intake of air at P,.
Intake valve open and exhaust valve closed:

We_1 = Po(v) — )

Process 1-2—isentropic compression stroke.
All valves closed:

T2 = Ti(vy/v))* ! = T1 (V1 /V2)* 1 = Ty (r.)% !
Py = P1(v/v,)* = Py(V1/Va)k = Pi(r.)*
V2 = Vipc
q1-2 =0
2 =(Pv, — Piv))/(1 — k) =R(T, — T1)/(1 — k)
= —u) =c,(Ty — Tr)

(3-51)

(3-52)
(3-53)

© (3-54)

(3-55)
(3-56)
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Pressure, P

6
~~Po- 511
| !
| |
- 1
TDC BDC

Specific Volume, v
(a)

Temperature, T

Entropy, s

(b)

Figure 9  Air-standard diesel cycle, 6-1-2-3-4-5-6, which approximates the four-
stroke cycle of an early CI engine on (a) pressure-specific volume coordinates, and

(b) temperature-entropy coordinates.
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Process 2-3—constant-pressure heat input (combustion).
All valves closed:

Q2-3 = Qin = mQuv e = Mmcp(T3 — T2) = (Mg + my)c, (T3 — T?)
Quvne = (AF + 1)ep(T3 — T2)
q2-3 = qin = (T3 — T2) = (h3 — hy)
Wy3=q2-3 — (U3 — u2) = Pr(v; — v,)
T3 = Tmax

Cutoff ratio is defined as the change in volume that occurs during combustion, given

as a ratio:
B=V3/Vy = 'U3/7)2 =T5/T,

Process 3-4—isentropic power or expansion stroke.
All valves closed:

q3-4 =0
Ty = T3(v3/v)* 71 = T3(V3/V4)k-1
Py = P3(vs3/v,)k = P3(V3/Vy)k
wy_, = (P4v, — P3v;)/(1 — k) = R(Ty — T3)/(1 — k)
= (u3 —us) = ¢,(T3 — Ty)

Process 4-5—constant-volume heat rejection (exhaust blowdown).
Exhaust valve open and intake valve closed:

Vs = Uy = V) = Ugpc

wy_s=10

(3-57)
(3-58)
(3-59)
(3-60)
(3-61)

(3-62)

(3-63)
(3-64)
(3-65)
(3-66)

(3-67)
(3-68)
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Qi-5 = Qout = My, (Ts — T4) = mpc,(T1 — T4)
ga-5 = Gout = C,(Ts — Ts) = (us — us) = c,(T1 — Ty)

Process 5-6—constant-pressure exhaust stroke at P,,.
Exhaust valve open and intake valve closed:

Ws_g = Po(V5 — vs5) = Po(Vs — vy)
Thermal efficiency of diesel cycle:

(M)DIESEL = [Woel /1Gin| = 1 — (1g0ut|/1Gin )
=1—-[c,(Ts — T1)/c,(T5 — T3)]
=1~ (Ty — T1)/[k(T5 — T2)]

With rearrangement, this can be shown to equal:
(m)pese = 1 — (1/r)*~1(B* — D)/{k(B — D]

where: r, = compression ratio
k=cp/c,
B = cutoff ratio

(3-69)
(3-70)

(3-71)

(3-72)

(3-73)
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With rearrangement, this can be shown to equal:

(m)pieseL = 1 = (1/re)*71(B* — 1)/{k(B — 1)}] (3-73)
where: r. = compression ratio
k=cy/c,

B = cutoff ratio

If reptesentative numbers are introduced into Eq. (3-73), it is found that
the value of the term in brackets is greater than one. When this equation
is compared with Eq. (3-31), it can be seen that for a given compression
ratio the thermal efficiency of the Otto cycle would be greater than the
thermal efficiency of the Diesel cycle. Constant-volume combustion at
TDC is more efficient than constant-pressure combustion. However, it
must be remembered that Cl engines operate with much higher

compression ratios than Sl engines (12 to 24 versus 8 to 11) and thus
have higher thermal efficiencies.
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TWO-STROKE CYCLE

Two-Stroke S| Engine Cycle

An air-standard approximation to a typical two-stroke SI engine cycle is shown in
Fig. 10 |

Process 1-2—isentropic power or expansion stroke.
All ports (or valves) closed:

T, = T\(V1/V2)*1 (3-95)
P, = Py(V1/V2)* (3-96)
g2 =0 (3-97)
wy_, = (P2v, — P1v)/(1 — k) = R(T2 — Th)/(1 — k) (3-98)

Process 2-3—exhaust blowdown.
Exhaust port open and intake port closéd:

40



—

I
I
i
I
A |

————

B e

—— ——— ————— —

--__Po___

d ‘einssaiy

BDC

TDC

Volume, V

Figure 10  Air-standard approximation for a two-stroke cycle Sl engine, 1-2-3-4-

5-6-7-1.
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Process 3-4-5-intake, and exhaust scavenging.
Exhaust port open and intake port open:

Intake air entering at an absolute pressure on the order of 140-180 kPa
fills and scavenges the cylinder. Scavenging is a process in which the air
pushes out most of the remaining exhaust residual from the previous
cycle through the open exhaust port into the exhaust system, which is at
about one atmosphere pressure. The piston uncovers the intake port at
point 3, reaches BDC at point 4, reverses direction, and again closes the
intake port at point 5. In some engines fuel is mixed with the incoming air.
In other engines the fuel is injected later, after the exhaust port is closed.

Process 5-6- exhaust scavenging.
Exhaust port open and intake port closed:
Exhaust scavenging continues until the exhaust port is closed at point 6.
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Process 6-7—isentropic compression.

All ports closed:
T; = Te(Vs/V7)* ! (3-99)
P; = Ps(Vs/V7)* (3-100)
ge-7 =0 (3-101)
We_ = (P1v; — Psvg)/(1 — k) = R(T7 — Te)/(1 — k) (3-102)

In some engines, fuel is added very early in the compression process. The spark plug
is fired near the end of process 6-7.

Process 7-1—constant-volume heat input (combustion).

All ports closed:

V. = Vi = Vipe (3-103)
Wo_y =0 (3-104)
Q71-1 = Qin = MQuv e = mmc,(T1 — T7) (3-105)

T = T (3-106)

Py = Puax = P7(T1/T7) (3-107)
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TWO-STROKE CI ENGINE CYCLE

Many compression ignition engines-especially large ones-operate on
two-stroke cycles. These cycles can be approximated by the
air-standard cycle shown in Fig. 11. This cycle is the same as the
two-stroke Sl cycle except for the fuel input and combustion process.
Instead of adding fuel to the intake air or early in the compression
process, fuel is added with injectors late in the compression process,
the same as with four-stroke cycle Cl engines. Heat input or
combustion can be approximated by a two-step (dual) process .
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Air-standard approximation for a two-stroke cycle Cl engine, 1-2-3-4-

Figure 11

5-6-7-x-1.
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Process 7-x—constant-volume heat input (first part of combustion).

All ports closed:

Vs =V, =Vmc (3-108)

Wiy =0 (3-109)

Q71-x = Mpmc,(Tx — T7) (3-110)

Py = Ppax = P7(T:/T7) (3-111)

Process x-1—constant-pressure heat input (second part of combustion).

All ports closed:

Py = Py = Prmax (3-112)

Wyi-1 = Pi(V1 — Vy) (3-113)

Qx-1 = Mmcp(T1 — Tk) (3-114)

T1 = Tmax (3-115)
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SUMMARY

This chapter reviewed the basic cycles used in internal combustion engines.
Although many engine cycles have been developed, for over a century most
automobile engines have operated on the basic Sl four-stroke cycle developed
in the 1870s by Otto and others. This can be approximated and analyzed using
the ideal air-standard Otto cycle. Many small S| engines operate on a
two-stroke cycle, sometimes (erroneously) called a two-stroke Otto cycle. Early
four-stroke Cl engines operated on a cycle that can be approximated by the
air-standard Diesel cycle. This cycle was improved in modern Cl engines of the
type used in automobiles and trucks.

Most small Cl engines and very large Cl engines operate on a two-stroke
cycle. At present, most automobile engines operate on the four-stroke Otto
cycle, but major research and development is resulting in two additional cycles
for modem vehicles. Several companies have done major development work to
try to create an automobile engine that would operate on an Sl two-stroke
cycle. Throughout history, two-stroke cycle automobile engines have
periodically appeared with varying success. These offer greater power per unit
weight, but none would pass modem emission standards. Recent development
has concentrated on producing an engine that would satisfy pollution laws. The
major technological change is the input of fuel by injection directly into the
combustion chamber after exhaust and air intake are completed. If this
development work is successful, there will be automobiles on the market with
two-stroke cycle engines.
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