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8.6 Entropija idealnog plina
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C H A P T E R  6

when two stones are rubbed together under water, the work done against tJ
force of friction is transformed into internal energy tending to produce a ri
of temperature of the stones. As soon as the temperature of the stones
above that of the surrounding water, however, there is heating of the water.
the mass of water is large enough, then there will be no appreciable rise
temperature, and the water can be regarded as a heat reservoir, as discussed i
sec.4.l0. Since the state ofthe stones is the same at the end ofthe process as'
at the beginning, the net result of the process is merely the conversion of
mechanical work into heat. Similarly, when an electric current is maintained
in a resistor immersed either in running water or in a very large mass of wate{
there is also a conversion of electrical work into heat, without any change in
the thermodynamic coordinates of the wire. In general, work of any kind II(

,i by the system ls tne lnpul. LAe tttr

, I (Greek letter eta), is de{ined as
may be done on a system in contact with a reservoir, causing heat e to leavri
the system without altering the state of the system. The system acts merely as

6.1
CONVERSION OF WORK INTO HEAT AND VICE VERSA

an intermediary. It is apparent from the first law that the work is equal to the
heat, W : Q; in other words, the transformation of work into heaf is accom-
plished with 100 percent efliciency. Moreover, this transformation can be
continued indefinitely.

To study the opposite process, namely, the conversion of heat into work,
we must also have at hand a process, or series of processes, by means of which
such a conversion may continue indefinitely without involving any resulting
changes in the state of the system. At first thought, it might appear that thi
isothermal expansion of an ideal gas might be a suitable p.ocesJto consider in
discussing the conversion of heat into work. In this case, there is no change
of internal energy, since the temperature remains constant, and, therefore,
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n - Iil- or heat has been converted completely into work. This process, how-

Y,-l 
'lrruotu.r 

a change of state of the gas. The'volume increases and the

::"G decreases until atmospheric pressure is reached, at which point the

llllrr1,"pr. Therefore, the piocess of isothermal expansion cannot be used

indefinitelY'
what rs neeoeo rs a serres of processes in which a system is brought back

,^ ;r.'initiul state, that is, a cycle. Each of the processes that constitute a cycle

,'iuJu.t either the performance of work or a flow of heat between the system
','nJit, 

rut.oundings, which consist of a heat reservoir at a higher temperature

ifru'o ,t " 
system 1i "trigtr+emperature reservoir") and a heat reservoir at a

ioirt t.*i..ature than the system (a "low-temperature reservoir")' For one

cornPlete cYcle, let
' 

the symbol lQpl represent the heat exchanged between the high-tempera-

ture reservoir and the sYstem;

the symbol lQll represent the heat exchanged between the low-tempera-

ture reservoir and the sYstem; and

the symbol lIZl represent the work exchanged between the system and the

surroundings.

(6 .1 )

Att thr.. quantities lQnl,lQrl, and lwl, are expressed as absolute values, that

i. positivi numbers only. in ait ctrapters of this book, except this chapter and'iln 
n r, one, the symbols Q and VI/ arc algebraic quantities that may take on

positive or negative values. In these two chapters, we shall deal with engines

and refrigerators, so we shall know at all times the direction of flow of Q and

W and *. ut interested only in the absolute values of Q and W '
' . 

It lQul is larger than lQTl and if lvl is done by the system, then the

nactrine itrat cauies the system to undergo the cycle is called a heat engine'

Th, purpor. of a heat .ngitt" is to deliver work continuously to the surround-

ings ty performing the sime cycle over and over again' The net work in the

.uil. is the output, and the heai absorbed from the high-temperature reservoir

1 uy ttre system is the input. The thermal efficiency of the engine, symbolized by

work outPut
Thermal efliciency: 

l.ut irrpua,

lw l' :  re;l '
where lwl and lQsl are meaasured in joules. Applying the first law to one

complete cycle, remembering that there is no change of internal energy' we get

lQn l  -  lQd:  lw l ,

lQu l - lQ t l,t -- -- 
leul 

,

The Second Law of Thermodvnami

rii

i

i l

and. therefore.
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, : t -  wQ{l
(6.2\

It is seen from this equation that 17 will be unity (efficiency 100 percent) if
Q7 is zero- In other words, if an engine could be buiit to opeiate in a cycle in
which there is no outflow of heat from the working substance to the low-
temperature reservoir, then there would be 100 percent conversion of heat
from _the ligh-temperature reservoir into work. But, as we shall see in
Sec. 6.6, there must always be an outflow of heat from an engine, so the
effrciency of a heat engine is always less than 100 percent.

The transformation of heat into work is usually accomplished, in practice,
uv ty.o general types of heat engine: the internal-combustioi engrre, such as the
gasoline engine and the diesel engine; and the external-combuslion engine, such
as the s.team engine and the Stirling engine. In both types of heat 

"ng'i.r", 
u gu,

or a mixture of gases is contained in the space between a cylinderlclosed at
one end, and a piston. The gas in the confined space is the system, which
undergoes a cycle, thereby causing a reciprocating pistott to imiart a motion
of rotation to a shaft, which acts against in oppoJing force. It is necessary, in
all engines, that the gas in the confined space, at some time in the cycli, be
raisedlo a high temperature and a high pressure, the pressure providing the
force that performs external work. In the gasoline and diesel 

"ngin"r, 
the rapid

burning of the fuel and oxygen from the air tukes place in the 
"confined 

spice
called the combustion chamber,-thereby raising the temperature and pd;;;
of the system. In the steam and stirling engiries, the increase in temperature
and pressure of the gas is accomplisGd bt high-temperature suiroundings
that transfer heat to the system iniide the clamb"r.

6.2
TIIE GASOLINE ENGINE

In the gasoline engine, the cycle involves the performance of six processes,
four of which require vertical motion of the piiton and are called itrokes:
l. Intake stroke. The system is a mixture of gasoline vapor and air, which

moves.into the cylinder due to suction as thi recediog pirton enlarges the
accessible volume. The outside pressure is greater ttrai ihe pressure in the
cylinder, so the mixture is pushed into the iombustion chamber.

2. compression stroke.. The mixture of gasoline vapor and air is compressed
until its pressure and temperature rise considera-bly. This is uccomplished
b-v th9 advancing piston, which decreases the volume of the combustion
chamber.

3. combustion. Burning of the hot mixture occurs very rapidly after ignition
by an electric spark. The resulting combustion products attain a veiy high
pressure and temperature, but the volume remains unchanged during this

cHAprER 6: The Second Law ofThermodvnamics 143

very short time interval. The piston remains essentially motionless during
this very rapid process.

4. Power stroke. The hot combustion products expand and push the piston
away, thus increasing the volume and decreasing the pressure and tempera-
ture. The system, acting through the piston, performs work on the sur-
roundings (crankshaft, transmission, etc.).

5. Exhaust. The combustion products at the end of the power stroke are still
at a higher pressure and temperature than the surroundings. An exhaust
valve allows some gas to escape until the pressure drops almost to atmo-
spheric pressure. The piston remains essentially motionless during this pro-
cess.

6. Exhaust stroke. The piston pushes almost all the remaining combustion
products out ofthe cylinder by exerting a pressure significantly larger than
atmospheric pressure.

In the above processes, there are several phenomena that render an exact
mathematical analysis quite difficult. Among these are friction, turbulence,
loss of heat by conduction, and the chemical reaction between gasoline vapor
and oxygen. A drastic but useful simplification is provided by neglecting these
troublesome effects. When this is done, we have an idealized gasoline engine
that performs a cycle known as an Otto cycle. The cycle is named after the
German engineer Nikolaus Otto for his invention in 1876, but the idea for a
four-stroke engine came from the Frenchman Alphonse Beau de Rochas in
t862.

The behavior of a gasoline engine can be approximated by assuming a set
of ideal conditions as follows: (l) the working substance is at all times air,
which behaves like an ideal gas with constant heat capacities; (2) all processes
are quasi-static; (3) there is no friction or turbulence; (4) there is no loss of
heat through the walls of the combustion chamber; and (5) the processes are
reversible. These assumptions then lead to the idealized air-standard Otto
cycle, which is composed of six simple processes of an ideal gas; these pro-
cesses are plotted on a PV diagram in Fig. 6-l and described below.

Process 5 -- I represents a quasi-static intake stroke, isobaric at atmo-
spheric pressure. The volume of the combustion chamber varies from zero to
h as the number of moles varies from zero to n, according to the equation

PsV :  nRT1,

where Ps is atmospheric pressure and ?'1 is the temperature of the outside air.
Process I ---+ 2 represents a quasi-static, adiabatic compression stroke.

There is no friction, and no loss of heat through the cylinder wall. The tem-
perature rises from the ambient T1 to 72, according to the equation

rt4-t :  Tz4-1,
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Pressure P

Y2 l/r
Volume Z

FIGURE GI
Idealized Otto cycle for gasoline
engines shown on a PV diagram.

where tr! is the larger volume when the piston is at the bottom of the com-
pression stroke and Z2 the smaller volume when the piston is at the top. The
ratio of heat capacities is assumed to be constant.

Process 2 -' 3 represents a quasi-static isochoric increase of temperature
and pressure of n moles of air, imagined to be brought about by an absorption
of heat lQyl from a series of external high-temperature reservoirs whose
temperatures range from T2 to 7]3. If there were only one reservoir at the
temperature 13, then the flow of heat would not be quasi-static, because
there would be a substantial difference in temperature between the system
apd the single reservoir at 7:3. This process is meant to approximate the effect
of the combustion in a gasoline engine when the piston is essentially motion-
less at the top of the stroke.

Process I ---+ 4 represents a quasi-static adiabatic power stroke, involving a
drop in temperature from T3 to Ta, according to the equation

rt4-t  :  Tq4-t ,

where Z1 is larger than V2. This process represents the power stroke.
Process 4 -' I represents a quasi-static isochoric drop in temperature and

pressure of n moles of air, brought about by a rejection of heat lQr,l to a series
of low-temperature external reservoirs ranging in temperature from Ta to 71,
where T1 is the temperature of the outside air. This process is meant to
approximate the drop to atmospheric pressure upon opening the exhaust
valve, but, in reality, the temperature does not actually drop to the tempera-
ture of the outside air as it leaves the exhaust port.

Process 1 -* 5 represents a quasi-static exhaust stroke, isobaric at atmo-
spheric pressure. The volume varies from Vt to zero as the number of moles of
exhaust gas varies from n to zero, the temperature remaining constant at the
value Z.
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The two isobaric pro@sses J + I and I ---+ 5 obviously cancel each other

and need not be considered further. Of the four remaining processes, only two

involve a flow of heat. There is an absorptionof lQnl units of heat at high

tenperatures from 2 * 3, and a rejection of lQrl units of heat at lower tem-

Deratures from 4 ---+ l, as indicated in Fig. 6-l'' 
Assumin g Cy to be constant along the line 2 * 3, we find for heat enter-

ing the system,

lQnl Cv dT : Cv(Tz - Tz).:r;
Similarly, for process 4-. I, we find for heat leaving the system,

lTr

lQt l :  -  
) r , "  

dr  :  Cv(T+ -  Tr) '

The thermal efficiency is, therefore,

'  l Q d  '  T q - T r
, , :  |  -' ' ' 

lQnl rt - Tz
(6.3)

and

which yield, after division,

The two adiabatic processes during the compression stroke and power stroke
are given bY

rr4-' : Tzvl-',

ro4-' :  Ttv]-t,

T1 T2- :  - .
Ta, Tz

Change signs and add unity to obtain

T c - T r  T t - T z
i I 4 : m '
T+- Tr Ta

Combine this result with Eq. (6.4) and Eq. (6.3)
ciency 4 of an idealized gasoline engine,

(6.4)

to obtain the thermal effi-

(6.s)

i :

, 7 1q : r -8 ,

where I1 and T2 are the temperatures at the beginning and end of the com-
pression stroke. This is the most important expression in connection with the
gasoline engine. It shows that the thermal efficiency of a gasoline engine
working in the Otto cycle depends on the temperature before and after com-
pression. [n a gasoline engine with temperatures Z1 : 300 K and T2: 580 K,

the efficiency is 48 percent.
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This is the optimum efficiency for a gasoline engine operating in an idea-
lized quasi-static Otto cycle for the temperatures cited. All the troublesome
effects present in an actual gasoline engine, such as friction, turbulence, and
heat conduction through the engine walls, are such that they make the effi-
ciency much lower than that of the idealized Otto cycle. The actual operating
thermal efficiency of a gasoline engine is in the range of 20-30 percent.

6.3
THE DIESEL ENGINE

In the diesel engine, only air is admitted on the intake stroke. The air is
compressed adiabatically until the temperature is high enough to ignite oil
that is sprayed into the cylinder after the compression. The rate of supply of
oil is adjusted so that combustion takes place approximately isobarically, the
piston moving out during combustion. The rest of the cycle, namely, power
stroke, exhaust, and exhaust stroke, is exactly the same as in the gasoline
engine. The usual troublesome effects take place in the diesel engine as in
the gasoline engine. Eliminating these effects by making the same assumptions
as before, we are left with an idealized diesel engine that performs a cycle
known as the air-standard Diesel cycle, named after Rudolf Diesel who con-
structed the first successful diesel engine using liquid fuel in 1897. If the line
2 - 3 in Fig. 6-l is imagined horizontal instead of vertical, the resulting cycle
is shown in Fig. 6-2.

The line 2 -- 3 in Fig. 6-2 represents the quasi-static isobaric absorption
of heat from a series of external reservoirs ranging in temperature from Z2 to
?n3. This proc€ss is meant to approximate the isobaric burning of the oil. All
the other curves have the same meaning as in the case of the air-standard Otto
cycle.

Assuming Cp to be constant along the line 2 -- 3, we get

tTt

lQnl: I crar : Cr(Tt _ Tz),
Jrz

and, as in the case of the Otto cycle,

lQrl :  Cv(74 - Tt) .

Therefore, the thermal efhciency of an idealized diesel engine is given by

. -  i  t ( 7 4 - T t ), r t :  r  _  
1 7 . : T j

Notice that, unlike the thermal efficiency of the Otto cycle expressed in
Eq. (6-3), the efficiency of the Diesel cycle depends upon 7, the ratio of
heat capacities. This expression may be transformed into

Pressure P

cHAprER 6: The Second Law of Thermodynamics l4'1

FIGURE 62
Idealized Diesel cycle for oil-
frred engines shown on a PIl
diagram.

(6.6)

Y,
Volume Z

.  l ( r ] - l )  T 1
T t : t - l 1 r r : q 'Z2 ,

where the expansion ratio rs (also called the "cutoffratio" in engineering) is
given by

Yt
rz :  

Vs

and Tr and T2 are the temperatures at the beginning and end of the compres-
sion stroke, respectively. Interestingly, the efliciency of the Diesel cycle

expressed in Eq. (6.6) does not depend on the compression ratio rs given by

Taking, for example, tE:5, ''l:1.4, ?"r : 300K, and T2:990K' we
obtain

, (5t '4 - l)  3ooKTt:r-na(s:T ee0K
: 54 percent.

The thermal efficiencies of actual diesel engines are, of course, lower, for the
reasons mentioned in connection with the gasoline engine, typically being in

the range of 3G-35 percent.
In ihe diesel etrgine just considered, four strokes of the piston are needed

for the completion of a Cycle, and only one of the four is a power stroke' Since
only air is iompressed in the diesel engine, it is possible to eliminate the

exhiust and intike strokes and thus complete the cycle in two strokes. In

the two-stroke-cycle diesel engine, every other stroke is a power stroke, and

Vt,c:  vz
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thus the power is doubled. The principle is very simple: At the conclusion of
the power stroke, when the cylinder is full of combustion products, the valve
opens, exhaust takes place until the combustion products are at atmospheric
pressur€, and, then, instead of using the piston itself to exhaust the remiining
gases, fresh air is blown into the cylinder, replacing the combustion products.
A blower, operated by the engine itself, is used for this purpose, and thus it
accomplishes in one simple operation what formerly required two separate
piston strokes.

6.4
THE STEAM ENGINE

The steam engine is historically quite important, because it was the hrst engine
driven by heat, rather than animals, water, or wind. The initial function of the
steam engine was to pump water out of mines in England. The first practical
and safe steam engine, a reciprocating piston-+ylinder device, was invinted by
Thomas Newcomen in l7l2 and had the greatest impact in bringing about th!
Industrial Revolution. James watt greatly improved the steam e-ngine in 1j64,
and william Rankine was the first to describe the thermodynamic cycle for
adiabatic steam engines in 1859. currently, steam engines arl used in electric
power plants, and in nuclear-powered aircraft carriers and submarines.
- _A rjlt.-atic diagram of an elementary steam engine is shown in Fig.
6'3(a). The operation of such an engine can be underslood by following the
pressure and volume changes of a small constant mass of water as it ision-
veyed from the condenser, through the boiler, into the expansion chamber,
and back to the condenser. The water in the condenser is at a pressure less
than atmospheric and at a temperature less than the normal boiling point. By
means of a pump, it is introduced into the boiler, which is at a muitr highei
pressure and temperature. In the boiler, the water is first heated to its boiiing
point_and then vaporized, both processes taking place approximately at con-
stant high pressure. The steam is then raised to a temperiture greateithan the
normal boiling point at the same pressure. It is then allowed to flow into a
cylinder, where it expands approximately adiabatically against a piston or a
set of turbine blades, until its pressure and temperature drop to ihat of the
condenser. In the condenser, finally, the steam condenses intoihe water at the
same temperature and pressure as at the beginning, and the cycle is complete.
- In the actual operation of the steam engine, there are slveral processes

that render an exact analysis diffrcult: turbulence caused by the pressure dif-
ference required to cause the flow ofthe steam from one puit of the apparatus
to another, friction, conduction of heat through the wa[J during expansion of
the steam, and heat transfers due to a finite temperature differenie between
the furnace and the boiler.
, A first approximation to the discussion of the steam engine may be made
by introducing some simplifying assumptions which, althou-gh in no way rea-
lizable in practice, provide at least an upper limit to the eficiency of such a

Feed-water
pumP

Pressure P
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FIGURE 63(a)
Schematic diagram of a simple steam
engine.

TTGURE C3(D)
PV diagram of the Rankine cYcle

for a steam engine. Process I + 2

is not an isochoric comPression of

steam, but an adiabatic
compression of water, which Yields
a nearly vertical line. Process 3 - 4

is an adiabatic expansion of steam'

For more detail, see Fig- 7-2.
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