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In this section we study about the heat engine.
Heat engine is an engine which can convert heat
energy to kinetic energy.

There are two types of heat engine. One is the
internal combustion engine like those used in
cars. The other is the external combustion
engine like the steam engine.

First let me explain about internal combustion
engines. Internal combustion engine is a
machine which can produce power by burning
fuel internally.

A piston engine (a reciprocating engine) and a
gas turbine engine utilize fuel as their power
source.

In terms of burning, a piston engine uses
“intermittent firing” and a gas turbine engine
uses “continuous combustion”.

A piston engine burns fuel inside of the cylinder
and uses the pressure of the combustion for its

power.
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Next, I will talk about external combustion.

An external combustion engine converts heat
energy to kinetic energy by expanding or
contracting the inside gas using an outside heat
source.

Representatives of them are a steam turbine and

a Stireling engine.

In steam turbine, water is boiled and steam is
used to turn the turbine and make kinetic
energy.

In this case, we call the steam working fluid.

Characteristics of a external combustion engine
are : we can use many forms of fuel (gas, liquid,
solid) since the heat source is outside, we can
reduce the exhaustion of air contaminants
because it is easy to control the burning
condition, and we can use not only fossil fuel
but also many other kinds of energy sources
such as nuclear power, ground heat and solar
light.

The external combustion engine was the driving
force of the industrial revolution, but it was
replaced by the internal combustion engine
mainly in vehicles because it is difficult to
downsize and reduce weight.

However, large steam engines are still using a
external combustion engine now.

For example, thermal and nuclear energy power

stations use steam turbines to generate
electricity, and have very high thermal
efficiency.

In heat engines, a theoretical cycle describes a
flow of energy from a high heat source to a low

heat source when system transfers heat to work.
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In this section, we learn about the Carnot cycle.

First of all, let’s think about the piston and
cylinder system containing a certain amount of
ideal gas.

It is assumed that the piston is made of adiabatic
materials and can move with no friction.

The cylinder wall is also adiabatic, however,
through the bottom, the heat is absorbed in the
process of isothermal expansion, exhausted in
the isothermal compression, and does not pass in
the other two processes.

The Carnot cycle is a cycle including four steps
of quasi static change and returning to the first
stage.

Quasi static change is a process where the state
is changed infinitely slowly and steadily,
keeping the thermal equilibrium condition.

In other words, this is a change which is ideally
executed at slow speed.

an infinitely

However, we can consider the real change as a
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quasi static if it is slower in comparison to the
speed that the system reaches the thermal

equilibrium state.

8 7 % E](‘ 2@{%( Lfcg E I, %@]Eﬁ’;; »F+ 8 It is an important characteristic that the quasi
‘L}Mgb é%a:i%:f:g 5;&%%& i) “Cji{zgﬁ L %% static change is a reversible process where the
%%‘g%uﬁéﬁgaz%g A gﬁrc%@ﬁif@%gf system can return to the first state by taking the
HAHZEL iijm % lﬁa):ofj—_ same route in the opposite direction.

9. ;;jﬂfws}jéf ﬂ'%%o}jﬁ @ﬁiéﬁjfcﬁﬁ: ﬁ;#?jﬁ 9. In the isothermal expansion step, we expand an
TY ﬁ;%é% _?**Q%E%% Og—kj—ij” ideal gas quasi statically by making contact

with the high thermal source.

10. ?%ﬁm 7“( I, j{zt_v‘ff*h m %ﬁmaéﬂ-iﬁ, 10. In the adiabatic expansion step, we expand the

gas adiabatically.

11. %%bﬂ:%fﬁfli, Gk iﬁ%\o‘({ﬁﬁittﬁiﬁéﬂi‘, 11.  In the isothermal compression step, the gas is
%%“@V%ﬂ Eﬁ:? Mffgi%%gﬁij— compressed isothermally by making contact

with a low heat source.

12. ;%b‘?;ﬁ:, [ﬁ%ﬁ j:;ﬂ“i“C e W{ZIS i %Olﬁgb:b;l:%fﬁgﬁb 12. Finally, in the adiabatic compression step, we
T%%ﬁ@%:?%EGZ% E0ET. compress the gas adiabatically and the gas

returns to the first state.

13. ZovA4r7L7T i,%i{mm{}rﬁybxgé j‘Hyof_iﬁa) 13. In this cycle, not all of the heat given by the
#4|3¢‘fﬁ:$gbf;1t mbij—_ high heat source is used for work.

14. *L7¢, ﬁ@é’g@:@jlﬁ]@ﬂ-{ 7/1%‘5%@%“@%,@7@@ 14. In principle, this cycle is done repeatedly,
é%j”:kﬂi‘(‘%é:kﬁ NSy %ﬁﬁg%&%jbij— therefore this is a heat engine.

15, *7=, ,ﬁ{m%i({% 75:{ ﬁbf:%ﬂﬁﬁxi Mj:% 15.  The ratio of the heat used for work to the heat
ALY LIV RS EASE :@%ﬁ%@ﬁqﬁ%@:ﬁj@h given from the high heat source is defined as
HEIB A D BGEE > B F . the thermal efficiency of this engine.
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In this section, we learn about the Carnot
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¥ - g 2. The figure on the left is called a pV
E@J X 1% pV PN %E% . .

diagram. In a pV diagram, pressure p
o

(EJ)), Mtz v (ki) % %2 L=/ 57 ¢

is shown in the ordinate and volume V 1is

shown 1n the abscissa.

Lz 2 3. Work is represented by dW = pdV ,
ﬁ$ XdW = pdV “C/Tézhiﬁﬁ 5 PV#IXT
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areain pl) diagram.

When the arrow in the figure goes from
left to right, the system is expanding and
doing work to the outside.

On the contrary, when the arrow goes
right to left, the system 1is being
compressed and receiving work from the
outside.

Such a plV diagram is often used
because it shows the work visually when
the state changed.

The figure on the right is called a TS
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diagram where temperature is shown in
the ordinate and entropy is shown in the
abscissa.

Since heat quantity is represented by
dQ =TdS , heat quantity is shown by the
areaina 7§ diagram.

Also if the change occurs in the same
direction as the increase of entropy, it
shows that the system is being heated.
The change in the opposite direction
shows that the system is wasting heat.
Next we discuss a cycle in a TS
diagram.

In the case of a clockwise direction, since
the heat absorption is larger than heat
discharged, the net work done by the
system is positive and this cycle describes
a heat engine.

On the other hand, when the cycle is
traced in a counterclockwise direction,
heat discharge 1is larger than heat
absorption, so the net work from system is
negative and this cycle describes a heat
pump or a refrigerator.

The ratio of the work to the heat absorbed is

W _0-0
o ¢

QZ VZ

Since the relation == =—
1 1

holds in the

Carnot cycle of ideal gas, the thermal efficiency
Tl -T. 2
T .

In conclusion, the

becomes 7] =

thermal efficiency is
determined only by the temperature of the heat
sources.

Here let’s consider an example.
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17. 100 C((ﬁgﬂgb“@ \57j{ : E'hll {%:g[/, 0°C 17. Suppose that the high heat source is boiling
1@ I3 TUNB 7}< %f&ymj“‘({i\gbi#_ water at the temperature of 100 °C and the low
heat source is melting ice at 0°C.
18. —oHh /~@%ﬁ%ﬂ§%0)fﬁj?ﬁ@j 18. Then the thermal efficiency of this Carnot heat
_ 371322713 273 =0.27 L0 ET engineis 71 = 3732273 =0.27.
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The Otto cycle is the main cycle used in the gas
engine, the gasoline engine and so on. Otto

first applied this cycle to make engines..

The Otto cycle is also called the equal volume
cycle since the combustion is done keeping the
volume constant.

Next look at the figure. New gas is being sucked
into a cylinder during isobaric change from a,to
a. After adiabatic change from a to b, the gas is
ignited causing an explosion and pressure
increases from b to ¢ under the constant volume.
Then adiabatic expansion from ¢ to d is done
and the gas is exhausted during the change from
d to a to a,.

Among these changes, the changes from a, to a,
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and a to ay do not appear in 7S diagram. So
we can ignore these changes when discussing
the Otto cycle.

6. Namely, we think that a certain amount of gas
repeats the cycle a—b—c—d—a.

7. In the Otto cycle, the heat quantity QI is
supplied during change from b to c, and heat
quantity Q2 is released during change from d to
a.

8. Since both changes are equal volume changes,

the thermal efficiency can be described as

0,

n=1-==
1
9. When we define the compression ratio as
v .
& =—, the thermal efficiency becomes
V)
1
n=1l-—- Therefore, we see that the
&
thermal efficiency becomes bigger as the

compression ratio increases.
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In this section we learn about the diesel cycle.

The diesel cycle was proposed by Rudolf Diesel,
and the first test model of the Diesel engine

using this cycle was made in 1897.

Since the fuel is burned in a constant pressure in
this Diesel cycle, it is also called a constant
pressure cycle.

In PV diagram shown in the figure, the isobaric
changes from a, to a and from a to a, describe a
processes of sucking new air and exhausting
combustion product gas, respectively.

These processes do not appear in the 7§
diagram.

In this cycle, air is compressed by the adiabatic
change from a to b causing the temperature to
rise to the ignition temperature.

At the end of compression b, fuel injection
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starts.  Since the pressure is extremely high at
this point, in order to avoid any more pressure
increase, we need to control the fuel supply to
realize burning in an isobaric condition shown
from b to c.
At point c, fuel injection is stopped. Then,
similar to the Otto cycle, the combustion
product gas expands from c to d adiabatically,
heat is exhausted to the outside of the cylinder
during the equal volume change from d to a, and
finally the gas is exhausted to the outside.
There are two types of the diesel cycle: a
four-stroke engine and a two-stroke engine.
I will explain them in the next section.
In this cycle, if we assume that the specific
heats are constant, the supplied heat quantity
and the released heat quantity are expressed as
O =c,(I.-T) and Q,=¢/(T,-T)).

Therefore, the thermal efficiency is described as

QZ I—L pk_l

n=1-=== .
0 K&'(p-1)
V3

In this expression, p is defined as p =—
V2

which is called the constant pressure expansion

ratio.

It is seen that the thermal efficiency of the

diesel cycle is influenced by not only & but

also p when the specific heat is constant.

But since there is no fear of knocking in the
diesel cycle, we can make & of the Diesel
cycle much higher than that of the Otto cycle,
resulting in a higher thermal efficiency.

However, if the compression ratio is very high,
the maximum pressure also increases. Therefore,
the weight of the engine must be increased to

assure its strength. It is uneconomical.
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Now the compression ratio of the Otto cycle
engine is about 5 to 10, while that of the Diesel

cycle engine is about 13 to 18.
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As explained before, there are two kinds of
engines in the Otto cycle and the diesel cycle:
the 4-stroke engine and the 2-stroke engine.

In this section we learn about the 4-stroke
engine.

The 4-stroke engine has 4 steps including (1)
intake, (2) compression, (3) combustion and (4)
exhaust.

To execute these 4 strokes, a cylinder has paths
for the intake of air-fuel mixture and exhausting
combustion gas controlled by an inlet valve and
an exhaust valve.

A spark plug used to ignite fuel is also equipped.

Although there are many kinds of engine
regarding its construction and arrangement,
here we discuss a vertical cylinder type where a
piston moves up and down.

In this case, the uppermost position of piston is
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called the top dead point and the lowermost
position is called the bottom dead point.

In real engines, the timings of starting each
process and the method of fuel supply are
different depending on the kinds of engines.
Here, I will explain about the most basic
movement of four-stroke engine.

The intake stroke starts when the piston is at the
top dead point.

Keeping the intake valve open, the piston
moves downwards, then a mixture of air and
fuel is sucked in the cylinder.

When the piston reaches the bottom dead point,
the cycle moves on to the compression stroke.
Both valves are closed and the piston moves
upwards compressing the gas.

When the piston reaches top dead point, the
cycle changes to the combustion stroke, and the
air-fuel mixture is ignited by a spark plug.
The combustion gas expands and presses the
piston downwards.

When the piston reaches the bottom dead point,
it transfers to the exhaust stroke and opens the
exhaust valve.

Then combustion gas is exhausted by the piston
moving upwards.

Namely, the piston moves downward in
the intake process, moves upward in the
compression process, moves downward
again in the combustion process and
moves upward in the exhaust process.
Piston moves back and force twice and
this four-stroke process is completed.

In a practical engine, a loss due to
incomplete burning of a fuel occurs during
the process of changing from fuel energy

to heat energy.
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19.  xBiTiE, %it:r_z\ﬂ/ﬂ% AR 5 @J:]:Z\}I/ﬂ% 1z 19. Furthermore, a cooling loss occurs during

gﬁmﬁ‘éﬁ%? b, J;ﬁﬂ:}gfjjx ZhoTZuULY the process of changing from heat energy
T B, TR A2 K g A to kinetic energy because the engine itself
LET. is heated due to combustion gas.

20. ﬂﬁ _%ﬁj /)—?ﬁé O, z]<°‘/7°12?f§§, ﬁg}}é“@g 7 20. In addition, a exhausting loss, a pump
HVET. loss, a friction loss, and so on occur.

2. Foi=w, 95[3”}0):1:/ T j%ﬁ;}]@bx 30% 21. Due to these losses, most of the practical
%;EL,#%;I/ N, j?,a\ﬁafgﬂﬁ‘éfoaﬁﬁ@ﬁz%ﬁ”\_ 1z engines have the efficiency about 30% at
FoT (iﬁ%“ﬂj 35%&“@%&5 ST ubhbh maximum. However, by eliminating
NET. losses as much as possible, engines which

have the efficiency of 35% appeared
recently.
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Next, we will study a two-stroke engine.

In a four-stroke engine, one cycle finishes after
two round movements of the piston, however
the cycle is completed in one round movement

in a two-stroke engine.

The cycle is represented by a pV-diagram which
is obtained by eliminating the steps a,—a and
a—ay from that for the Otto cycle mentioned
before. The exhaust starts a little earlier and
the successive absorption finishes a little after
state 1.

The cycle is composed of two strokes. In the

upwards stroke, the gas is absorbed and

compressed successively. In the downwards
stroke, the gas is ignited and expands causing
the piston to be pressed down. Then the gas is

exhausted in the latter half of this stroke.
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Although, when compared to the four-stroke
engine, the two-stroke engine has larger power
because the consumption of the kinetic energy is
smaller (the number of stroke is smaller), the
efficiency is lower and the exhausted gas is
dirty.

Since the compression ratio is small and the
explosion occurs with small intervals, the
occurrence of stall is reduced.

As seen from the figure, cams and valves are
not used in this engine.

This simple structure

with  comparatively small number of

components produces several advantages such

as, a low production cost and light weight.
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BOWRAZE N A [FLLwD

8. NIARRADHE H 1R

ARFENME
NOx, CO, E{bKFELE Ia"ﬁ

e EEMEAREL
N O\ ERREREICERE

HIRRRIZELE

;%Lf ‘ &:m‘?‘:i ing% EZ%%%Z U: ;E'Lb ZoOWNWT }%ﬁ?ﬁbi 1. Finally, we will study the environmental issues
7. relating to combustion engines.
;}{% ;;“—(é %) {t/\tlt@ ThbH J;%{:/[» R Jg% 2hHE 2. When a fuel which is a composite of hydrogen
S fj{% (CO,) LK (7k717§/§k) INTEA £ and carbon burns, carbon dioxide (CO,) and
s, I Jgfé*mrﬁié J:o“( i%ﬁria);ﬁ)égfé‘%ﬁéf [{% water (steam) are emitted. Depending the
(NO, )«%oL @g;{ [g (CO) Kyk,ﬁ (HC) 23 burning condition, poison gas such as nitrogen
PisnEs oxide (NO,), carbon monoxide (CO), and
hydrocarbon (HC) , are emitted.
:hﬁ;&j%%;gf@i@’ﬁ %’] q; ﬁ;ﬂéx%yﬁ“f; 3. These gases cause air pollution in the form of
g@%i KNz 720E4. photochemical smog.
*ZT, j( )—Qﬂﬁ(ﬁa% 0)@]3 mﬁzﬁ >t 4. In order to decrease the emission of air pollution
N “/“/O)iééj(}% jj?t @Eﬁ(%%&, j()ﬁﬁ;yéqc@ E’i’ materials, the condition of the combustion in
50 fixﬁ«m%ﬁlﬁf Oﬂééﬂéiﬂliﬁbibf:. engines has been improved and devices which

eliminate these materials have been equipped.

%%%ﬂ%ﬁ%“ﬂi, EOV AT NMIZEBNTY, 491 5. Although the components are different between

INTL R A 7L T BE% H A four-stroke and two-stroke engines, every
0)%}% e h;@j;@ijﬁbx@t ,ﬂ LET. combustion engine exhausts combustion gas.
Higit E E SHTNDDNA, :Eﬁ{jljfﬁ%% < 6.  Recently, the carbon dioxide has attracted much
7. attention.

LL‘J\H*/” j%é*@&;égﬁ%ﬁ Z 5V TWELA 1990 Although it was considered harmless before, in
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the 1990s it was found that it may be a cause of

global warming.

7. %nb\:ﬁé, %%%ﬁg“ﬂj, 57‘;1, \j;@ht?{éﬁ*cf:<g 7. Since then, research on engines which work
/u?ﬁj{, Y] @5}%@%0) v \%ﬂéfﬁ@%% 753‘%&5 well consuming a small amount of fuel has been
DILTVET. carried out.

8. ﬂﬁ iif oFr 44—+ /I/%gﬁ'gjyj ggtmg ns4 8. In addition, there are also concerns that soot
j‘%%’%jé(ﬁ% ZLLT %{»ﬁgnf WET. emitted mainly from Diesel engines is an air

pollutant.

9. j” j” %, i@\/\gm D é:%ﬁ/}é j;iﬁht?é )] %&i&f_ L, 9 Soot appears from the incomplete burning of
ndyE 1‘} %t L“CZ??L,‘? B RIEF T gijl,?j/,j\ fuel and worried to cause harm to respiratory
nTEy, uﬁ”ﬁ %<J§3%75>/1/0)(1Mﬁ bl % zZ 5 organs. It is considered to be a cause of
ATNET. asthma and lung cancer.

10. j”j—@ @: ij L%, 7 7S —1 /W%&% 10. Concerning the soot elimination process, the
[&%z‘% VAT LIRED &@Lij!iﬁgm J:D;jtbﬁjg emission is suppressed to some extent by
ﬂﬂzghfl, YETS, U \if:‘ﬁiﬁzﬁ,ﬁézﬂgzi(vg post-processing technology, such as a filter
NQAYY \0)753‘%%5“6#_ system on a diesel engine. However, at the

moment, it cannot eliminate everything.

11. Zokoiz, i@@ﬁ@:*}b?~%%§i*/bﬁ?»— 11. In this way, heat engines, which change fuel
e W?ﬁ;b %@33‘_? JLF—|T %%ﬁj“é%ﬁ%%ﬁ energy into heat energy and then kinetic energy,
iF%O)%}Zj %Zfﬁz_ )\/z 0)%&%?‘5; LT have contributed to the development of industry

TEL. and to the enrichment of people’s lives.
12.  L»L, f@fi}%jﬁfﬂéﬁ%f;k @%%f;%ﬁ%%fﬂfg}é 12. However, it is true that it has been a cause of
R QAYAY)S %L%“C WoUR %0)4:973:{?/‘5{ f jﬁé?j& big environmental problems such as global
‘ﬁ”é/\<%\%%‘(%ﬁm F,'E]gﬁ X ﬁ j/)j’b‘(l, vE warming. Much research is being executed in
7. many fields to solve these problems.
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