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LECTURE NOTES

1.0 GASEOUS MIXTURES

1.1 DEFINITION
1.1.1 Pure Substance

A pure substance is defined as a substance having a constant and uniform chemical
composition.

1.1.2 Homogeneous Mixture of Gases

Any mixture of gases in which the constituents do not rennet chemically with one
another and they are in a fixed proportion by weight is referred to as homogeneous mixture of
gases and is regarded as a single substance. The properties of such a mixture can be
determined experimentally just as for a single substance, and they can be tabulated or related
algebraically in the same way. Therefore, the composition of air is assumed invariable for
most purposes and air is usually treated as a single substance.

1.1.3 Mixture of Gases

Mixture of gases is generally imagined to be separated into its constituents in such a
way that each occupies a volume equal to that of the mixture and each is at the same
temperature as the mixture.

12 EMPIRICAL LAW FOR MIXTURES OF GASES

Consider a closed vessel of volume V at temperature T, which contains a mixture of
perfect gases at a known pressure. If some of the mixture were removed, then the pressure
would be less than the initial value. If the gas removed was the full amount of one of the
constituents then the reduction in pressure would be equal to the contribution of that
constituent to the initial total pressure. This is not only applicable to pressure but also to
internal energy, enthalpy and entropy.

1.2.1 Dalton’s Law

In a mixture of gases, each constituent contributes to the total pressure by an amount
which is known as the partial pressure of the constituent. The relationship between the partial
pressures of the constituents is expressed by Dalton’s law, as follows:
The pressure of a mixture of gases is equal to the sum of the pressures of the individual
constituents when each occupies a volume equal to that of the mixture at the temperature of
the mixture.

Dalton’s law is based on experiment and is found to be obeyed more accurately by gas
mixtures at low pressures. By the conservation of mass:

m=ma+mg+mc+....... orm=>m; (1.1)
By Dalton’s law
P=Pa+Pg+Pc+....... orP=2P; (1.2)

where m; = mass of a constituent; and P; = partial pressure of a constituent.

1.2.2 GIBBS-DALTON LAW

Dalton’s law was reformulated by Gibbs to include a second statement on the
properties of mixtures. The combined statement is known as the Gibbs-Dalton law, and is
stated as follows:
The internal energy, enthalpy and entropy of a mixture of gases are respectively equal to the
sums of the internal energies, enthalpies and entropies of the individual constituents when
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each occupies a volume equal to that of the mixture at the temperature of the mixture. This
statement leads to the following equations.

MU = MaUa + MgUg + McUc + ....... or mu = Xmju; (1.3)
mh = maha + mghg + mche + ... or mh =XYmh; (1.4)
and ms = maSa + MgSg + McSc + ... or ms = > m;s; (1.5)

1.3 VOLUMETRIC ANALYSIS OF A GAS MIXTURE.

The analysis of a mixture of gases is often quoted by volume as this is the most
convenient for practical determinations. Considered a volume V of a gaseous mixture at a
temperature T, consisting of three constituents A, B and C. Let each of the constituents be
compressed to a pressure P equal to the total pressure of the mixture, and let the temperature
remain constant.

Partial pressure of A, P, _MaRAT or ma _Pav.
RAT
Also, the total pressure, P _MaRAT or mp _PVa
Va RAT
Therefore, PaAV =PVp or Va :%Av
P, Vi P
In general, v; =—v or L1 1.6
g = 1= (L6)
and >, =V32 P, since 2Pi=P,
2Vi=V (1.7)

Therefore the volume of a mixture of gases is equal to the sum of the volumes of the
individual constituents when each exists alone at the pressure and temperature of the mixture.

Mixtures of Perfect Gases
Each of the constituents in the mixture is assumed to obey the perfect gas equation of state:

for the mixture, PV =mRT or P= m
for the constituent, PV = mRiT or P, = m‘\fiT
From dalton’s law, P=3"P, :zmivﬂ
mRT T
vy MR
that is, mR = X miR; (1.8)
since R; :% and R:%, therefore, MRy =Zm|\‘/|—R° and Eq. (1.8) becomes:
i i
m m;
VZZM_I (1.9)
|

The ratio of mass (m) of a gas to its Molar mass (M) is defined as number of moles contain by

the volume ot the gas, that is m/M = n and mi/M; = n;. Substituting these in Eq. (1.9) we have:
n=>n; or nN=na+ng+nc+...... (1.10)

Therefore, the number of moles of a mixture is equal to the sum of the moles of the

constituents.
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1.4  THE MOLAR MASS AND SPECIFIC GAS CONSTANT

PV = miRiT or PV = niR, T (1.11)
V2Pi = RoT 2n; (1.12)
since >Pi=P, and Xni=n
therefore, PV = nR,T (1.13)

This is a characteristic equation for the mixture, which shows that the mixture also
acts as a perfect gas. It can be assumed that a mixture of perfect gases obeys all the perfect
gas laws. The relationship between the volume fraction and pressure fraction is obtained from
ratio of Eq. (1.12) to Eq. (1.13):

PV _miReT R_nm (1.14)

PV nR,T P n '
Combination of Eq. (1.14) with Eq. (1.6) gives:

P_m Vi (1.15)

P n V '

In order to find the specific gas constant for the mixture in terms of the specific gas constants
of the constituents, consider the following equations both for the mixture and for a
constituent:

for mixture, PV = mRT
for a constituent PV =mRiT or 2PV =2>mRT
then V2YP; = TXmiR;
since XP;=P, PV=TYXmiR; or mMRT =T XmiR;
therefore, mR = >mjR;
R= z% R, (1.16)

where mi/m is the mass fraction of a constituent.

15 SPECIFIC HEAT CAPACITIES OF A GAS MIXTURE
From the Gibbs-Dalton law, mu = Ymjy;
at constant volume, u = CyT
Therefore, mCyT =2>m;Cy;T
mCy =2mCyi or Cv = 2[(m;i/m)C.i] (1.17)

Similarly, mh = >mjh;
at constant pressure, h = CpT
Therefore, mC, =2miC,  or Cp = Z[(m;i/m)Cpi] (1.18)
From Egs. (1.17) and (1.18)

Cp —Cv = X[(mi/m)Cpi] = Z[(mi/m)Cyi]

Cp —Cv = 2[(mi/m)(Cpi - Cui)]
Also, C, —Cyv =R, therefore,

Cp -Cy = Z[(mi/m)Ri

Recall Eq. (1.16), R :Z% R; , therefore, for the mixture:

Ch-Cv =R
This shows that the following equations can also be applied to a mixture of gases:
C R
; Cy=

y=—; c,=—: and c,="~
Cy y—1 -1

v
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2.0 FUELS AND COMBUSTION
In practical engines and power plants the source of heat is the chemical energy of
substances called fuels. This energy is released during the chemical reaction of the fuel with
oxygen. During combustion, the fuel elements combine with oxygen in an oxidation process
which is rapid and is accompanied by the evolution of heat.

21  FUELS

A fuel is any substance which when ignited in the presence of oxygen or a substance
containing oxygen such as air will liberate an appreciable quantity of heat energy. A fuel can
be a solid, a liquid or a gas. It should be obtainable in abundant quantity, it should be
relatively easy to handle and its combustion should allow satisfactory control.

The vast majority of fuels are based on carbon, hydrogen or some combination of
carbon and hydrogen called hydrocarbons. These C-H combinations occur as solids liquids
and gases. Coal, oils and natural gas are natural fuels that were laid down many millions of
years ago, so they are often called fossil fuels.

2.1.1 Solid Fuel

Coal is the most important solid fuel and the various types are divided into groups
according to their chemical and physical properties. Most solid fuels are obtained by mining;
they consist mainly of carbon, together with hydrogen, sulphur and some incombustible ash.
According to their chemical and physical properties, those fuels are called anthracite,
bituminous coal, brown coal, or peat.

Analysis of Solid Fuels: A solid fuel is analyzed on a mass basis. In practice two types of
analysis of a solid fuel such as coal are employed. They are ultimate analysis and proximate
analysis. The ultimate analysis expresses the percentage by mass of the individual chemical
elements in the solid fuel. These elements usually include hydrogen, carbon, sulphur and
nitrogen. The proximate analysis gives the percentage composition by mass of coal into three
main constituents namely: moisture, volatile matter and fixed carbon.

2.1.2 Liquid Fuels

Most liquid fuels are hydrocarbons, either saturated or unsaturated, which exist in the
liquid phase at atmospheric conditions. There is no clear-cut boundary between gaseous and
liquid fuels, because the one can be transformed into the other by changing the temperature
and pressure. Also, petroleum oils are complex mixtures of sometimes hundreds of different
fuels, but the necessary information to the engineer is the relative proportions of carbon,
hydrogen, etc as given by the ultimate analysis. Examples of liquid fuels are petrol, kerosene
and diesel oil.
Analysis of Liquid Fuels: The ultimate analysis is used to determine the various constituents
of a liquid fuel. The analysis gives the percentage content by mass of the liquid fuel in terms
of chemical elements such as carbon, hydrogen, sulphur and ash.

2.1.3 Gaseous Fuels

Gaseous fuels are chemically the simplest of the three groups. The main gaseous fuel
in use occurs naturally but other gaseous fuels may be manufactured by the various
treatments of coal. Examples of gaseous fuels are methane, butane, propane, ethane and
producer gas.
Analysis of Gaseous Fuels: The constituents of a gaseous fuel are usually analysed on a
volume basis. Such analysis is called volumetric analysis. Since by Avogadro’s Hypothesis,
equal volumes of all gases contain the same number of molecules, under the same conditions

5
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of temperature and pressure, it follows that analysis by volume (volumetric analysis) is the
same as analysis by mole (Molar analysis).

Pi_m_Vi 21

P n V (2.1)
where V; = volume of each constituent; V = total volume of all the constituents; n; = number
of moles of each constituent; n = total number of moles of all the constituents, P; =

partial pressure of each constituents; and P = total pressure of all the constituents.

22 AIR

For most combustion process, the oxygen is usually provided by atmospheric air. Air
is mainly composed of oxygen, nitrogen and argon. The composition of air on a volume basis
(or molar basis) is approximately 21% oxygen (O), 78% nitrogen (N2) and 1% argon (Ar),
the corresponding analysis on mass basis is 23.2% O, 75.4% N, and 1.4% Ar. For all
combustion calculations, it is customary to treat the argon and other traces of inert gases as
nitrogen so that the composition of air is as shown in Table 2.1:

Table 2.1: The composition of air

Air VVolume/Molar Mass basis
content basis (%)
(%)
Oxygen 21 23.3
Nitrogen 79 76.7

1 mol O, + 3.76 mol N, = 4.76 mol air
1 kg O, + 3.29 kg N3 = 4.29 kg air

2.3 COMBUSTION EQUATIONS
The first step in the description of a combustion process is the formulation of the

chemical equation which shows how the atoms of the reactants are re-arranged to form the
products. A chemical equation expresses the principle of the conservation of mass in terms
of the conservation of atoms. Consider the chemical equation expressing the complete
combustion of carbon and oxygen to carbon dioxide

C+ 0, —> CO,.
Then, 1 kmol of C + 1 kmol of O, — 1 kmol of CO,

12 kg of C + 32 kg of O, — 44 kg of CO,
0 volume of C + 1 volume of O, — 1 volume of CO;

The volume of carbon is written as zero since the volume of a solid is negligible in
comparison with that of a gas. Consider incomplete combustion of carbon, which occurs
when there is an insufficient supply of oxygen to burn the carbon completely to carbon
dioxide.

2C+0, —» 2CO
or 2C + Oz + (79/21)N2 — 2CO + (79/21)N2
i.e., 24 kg of C + 32 kg O, + 105.3 kg of N, = 56 kg of CO + 105.3 kg of N»
If a further supply of oxygen is available, then the combustion can continue to completion.

2CO + Oy + (79/121)Ny — 2CO; + (79/21)N;
By mass, 56 kg of CO + 32 kg of O, + 105.3 kg of N, = 88 kg of CO; + 105.3 kg of N,
or 1 kg of CO + (32/56)kg of O, + (105.3/56)kg of N, = (88/56)kg of CO, + (105.3/56)kg of
\P)
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24  STOICHIOME TRIC AIR- FUEL RATIO

A stoichiometric mixture of air and fuel is one that contains just sufficient oxygen for
the complete combustion of the fuel.
Stoichiometric air fuel ratio (SAF): is the ratio of the amount of stoichiometric air to the
amount of fuel in a combustion process.
Amount of stoichiometric air

(2.2)
Amount of Fuel

Stoichiometric Air: This is the quantity of air which contains the minimum amount of
oxygen theoretically required for complete combustion of the fuel.

Excess Air: Any air in excess of the stoichiometric air is regarded as excess air.

Actual Air: This is the sum of the stoichiometric air and excess air supplied to the fuel for
complete combustion.

Actual Air-Fuel Ratio (AAF): This is the ratio of this amount of actual air to the amount of
fuel in a combustion process.

Weak Mixture: A mixture of air and fuel which has excess supply of air is referred to as a
weak mixture.

Rich mixture: This is a mixture of air and fuel in which less than the stoichiometric air is
supplied, that is, there is a deficiency in the amount of air hence some un-burnt fuel elements
appear as products. In this case, the combustion is said to be incomplete.

Percentage of Excess Air: The percentage of excess air is given by this following:

Percentage of Excess Air = % x100% (2.3)

SAF =

For example, a 20% excess air is equivalent to 120% stoichiometric air or 1.20 of
stoichiometric air.

For gaseous fuels the ratios are expressed by volume and for solid and liquid fuels the ratios
are expressed by mass. Eqg. (2.3) gives a positive result when the mixture is weak and a
negative result when the mixture is rich.

Mixture Strength: The mixture strengths is define as the ratio of stoichiometric air-fuel ratio
to actual air-fuel ratio

Mixture Strength = SAF L 100% (2.4)
AAF

The result of Eq. (2.4) is less than 100% when the mixture is weak and greater than 100%
when the mixture is rich.

25  EXHAUST AND FUEL GAS ANALYSIS

The analysis of the products of combustion may be quoted on a volume or a mass
basis. In either case, if the water vapour is assumed to be present as it is in the hot exhaust
gases from an engine, the analysis is called a wet analysis. When the vapour is assumed to be
condensed and removed, it is called a dry analysis.

2.6 CALORIFIC VALUES OF FUELS

The calorific value (also called heating value) of a fuel is the amount of heat energy
liberated by the complete burning of a unit quantity of the fuel in air. Calorific values are
normally expressed as kJ/kg of fuel, k/m*® of fuel or ki/mol of fuel as may be found
convenient. Two types of calorific value namely: the higher (or gross) calorific value and the
lower (or net) calorific value are defined depending on the phase the H,O is present in the
products of combustion.
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The Higher Calorific Value: Is the calorific value of the fuel when the H,O in the products
of combustion is present in the liquid phase. The higher calorific value is designated by the
symbol HCV (kJ/kg) for solid and liquid fuels, and HCV (kJ/m®) for gaseous fuels.

The Lower Calorific Value: Is the calorific value of the fuel when H,O in the products is
present in the vapour phase. The lower calorific value is represented by the symbol LCV
(kJ/kg) for solid and liquid fuels, and Lcv (kI/m®) for gaseous fuels.
If m; = mass of a solid or liquid fuel (kg); and Vi = Volume of a gaseous fuel (m?), then the
total heat liberated is given as:
(1 For solid and liquid fuels: Qg = ms(HCV) and Q, = m;(LCV)
(i)  For gaseous fuels: Qg =Vf(HCV ) and Q, = Vi(LCV)
The higher calorific value is determined for a solid or liquid fuel in a bomb calorimeter where
combustion occurs at constant volume and for a gaseous fuel, it is determine in a gas
calorimeter at constant pressure by burning the gas in a stream of air under steady flow
conditions. Both the higher calorific value and lower calorific value are related by the
following equations.
0] At constant volume (for solid and liquid fuels)

Qg = M (HCV)y = m¢ (LCV), + mcUyg
(i) At constant pressure (for gaseous fuels)

Qgp = Vi(HCV )p = Vi(LCV )y + Mehyg
where m. is the mass of condensates/condensed water vapour per unit quantity of fuel (kg);
Usy and hyy are the latent heats of moisture formed by combustion at constant volume and
constant pressure, respectively.
Values of Uy and heg are retrieved from steam tables at a standard reference temperature of
25°C.

2.7 POWER PLANT THERMAL EFFICIENCY
2.7.1 The Overall Efficiency
This is a criterion of performance used to measure the proportion of the latent energy in the
fuel that is converted to mechanical work. It is defined as the ratio of the net work output to
latent energy of fuel.

Net work output Wiet Whet

= = or
Toverall =" atent energy of fuel Qg Qn.p

The overall efficiency can also be expressed as a product of combustion efficiency, #com» and
the cycle efficiency, rcycte.

2.7.2 The Combustion Efficiency

The combustion efficiency, n.m, determines the proportion of latent energy of the
fuel which is transferred as heat energy to the working fluid and is defined as the ratio of heat
input to latent energy of fuel.

Heat transferred to working fluid  Q Q

= or
Latent energy of fuel Qgp  Qnp

Tcomb =

2.7.3 The Cycle Thermal Efficiency
It is often called the thermal efficiency is a criterion of performance which determines
how much of the heat input to a system undergoing a thermodynamic cycle is converted to
net work output. It is defined as the ratio of the net work output to the heat input.
Net work output Whet

Heat transferre d to working fluid - Q

Meycle =

8
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Therefore, 7overall = 7comb X Teycle

3.0 AVAILABILITY OR EXERGY

3.1 INTRODUCTION

Availability or Exergy is a measure of the maximum useful work that can be done by
a system interacting with an environment which is at a constant pressure P, and temperature
To. The simplest case to consider is that of a heat reservoir (i.e. a heat source of infinite
capacity and therefore invariable temperature) of temperature T. The maximum efficiency
with which heat withdrawn from a reservoir may be converted into work is the Carnot
efficiency. Therefore, the availability of a reservoir at T providing a rate of heat transfer Q, in
surroundings at Ty, is Q(T — To)/T.

3.2  AVAILABILITY OF NON-FLOW SYSTEMS

Consider a system consisting of a fluid in a cylinder behind a piston, the fluid
expanding reversibility from initial conditions of P, and T; to final atmospheric conditions of
Po and To. Imagine also that the system works in conjunction with a reversible heat engine
which receives heat reversibility from the fluid in the cylinder such that the working
substance of the heat engine follows the cycle 0-1-A-0 as shown in Fig. 3.1, where s; = sa and

To = TA.
Piston
-— Py T Y
SyStem 3 - Wﬂuid T
<P, 17
Q
To A

To (S1S0)
Fig. 3.1: A reversible heat engine receiving heat from a cylinder

The work done by this engine is:
-W= Q—To(Sl—So)

The heat supplied to the engine is equal to the heat rejected by the fluid in the cylinder.
Therefore for the fluid in the cylinder undergoing the process 1 to 0, we have:

Q = (U1 = Uo) + Whyig
Wiluig = — (U1 — Uo) + Q
Wiig = (Uo — U1) + Q
Therefore the total work output is given by (Fig. 3.1):

- Waia =W = —(Uo—U1) — Q+Q—To(S1—So)

9
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or — Wi =W = (U1 - Uo) -To (51 - So) (3.1)

The work done by the fluid on the piston is less than the total work done by the fluid, ~-Wsyid,

since there is work done on the atmosphere which is at the constant pressure Po. That is,
Work done by fluid on atmosphere,

Watm = - PO (VO - V]_) (32)
Therefore, work done by fluid = — Wyig + Watm.

Maximum work available work done by fluid + Work done by engine

— Whyig + Wagm =W
= Whiig = W + Wam (3.3)

or Max. work available
Substituting Egs. (3.1) and (3.2) in Eq. (3.3) we have:

Max. work available = (uy + Po Vi — ToS1) = (Ug + Po Vo — To So)
= a; —ag (3.4)
Where a = u + PoV — Ty s and is called the specific non-flow exergy.

3.3  AVAILABILITY AND STEADY-FLOW SYSTEMS
Let fluid flow steadily with a velocity v; from a reservoir to which the pressure and
temperature remain constant at P, and T; through an apparatus to atmospheric pressure Py.
Let the reservoir be at a height z; from the datum, which can be taken at exit from the
apparatus, i.e., zo = 0. For a maximum work output to be obtained from the apparatus the exit
velocity, vo, must be zero. It can be shown as for non-flow systems above that a reversible
heat engine working between the limits would reject To (S1 — So) units of heat, where Ty is the
atmospheric temperature.
Therefore, we have:
Specific exergy = (hy + Yavi® +219) — ho — To (51 — So)
In many thermodynamic systems the kinetic and potential energy terms are negligible,
therefore,
Specific exergy = (hy — To S1) — (ho — To So) (3.5)
= bl - bo (36)
where: h—Tps
Specific exergy can be written as; hy —ho + To(So — S1)

3.4  EFFECTIVENESS

Instead of comparing a process to some imaginary ideal process, as is done in the case
of isentropic efficiency, it is a better measure of the usefulness or effectiveness of the process
to compare the useful output of the process with the loss of exergy of the system. The useful
output of a system is equal to the increase of exergy of the surroundings. Therefore,
expansion or cooling process, the effectiveness (&) of the system is the ratio of the increase of
exergy of the surroundings to the loss of exergy of the system:

oo increase of exergy of the surroundi ngs (3.7)
loss of exergy of the system '

For a compression or heating process the effectiveness (&) becomes

10
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= increase of exergy of the system (3.8)
loss of exergy of the surroundi ngs '

40 THE HEAT ENGINE CYCLES

41 INTRODUCTION
A cycle

If a substance passes through a series of processes such that it is eventually returned to
its original state, the substance is said to have been taken through a cycle. During a cycle
there will be some heat transfer and some work transfer to and from the substance. After
performing a cycle, the substance is returned to its original state, so by the first law of
thermodynamics.

Net heat transfer = Net work done

Net work done
The net work transfer can be determined by an analysis of the net heat transfer for a
cycle. Net work done (g ) is the difference between net heat received and net heat rejected,

or the difference between positive work done and negative work done therefore,
pw = net heat received — net heat rejected 4.2)

or pw = positive work done — negative work done

The net work done can also be determined from pressure-volume (P-V) diagram. The area
under a P-V diagram is equal to the work done, therefore, the net work done of a cycle is
equal to the net area of a P-V diagram of the cycle.

Theoretical or ideal thermal efficiency
The theoretical or ideal thermal efficiency () for a cycle is the ratio of the net work

done to the net heat transfer and is given as:

Net work done

Thermal efficiency, - R
Yo T Net heat received

(4.2)
B f.)W _ Heat received — Heat rejected

or ==—-=
Tth $Q Heat received

Actual thermal efficiency and Relative efficiency

The actual thermal efficiency (7.cuar) OF @ practical cycle is the ratio of the actual work
done to the thermal energy from fuel and is given as:

Actual work done
= (4.3)
Thermal energy from fuel

This is always less than theoretical thermal efficiency. The ratio of the actual thermal
efficiency to the ideal thermal efficiency is called the relative efficiency (7re) or efficiency

T actual

ratio, thus
Actual thermal efficienc
Mrel = — Y (4.9
Ideal thermal efficiency
Work Ratio

Work ratio is defined as the ratio of net work done to the positive work done.

Work ratio = N.eF work done (4.5)
Positive work done

11
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Specific steam consumption
Specific steam consumption (SSC) is the mass of steam used per unit power output in
kg/kWh. Therefore,
ssC - Mass flow of ste_am kg/h (4.6)
Power output in kW

In the case of internal combustion engines, such as the gas turbine and the petrol or diesel
engine, the specific fuel consumption (SFC) is used, therefore,
SEC - Mass flow of fu_el kg/h (4.7)
Power output in kW
The cycle which has a lower specific steam or fuel consumption indicates that it has better
energy conversion performance than a cycle with a higher specific steam or fuel
consumption.

42 THE CARNOT CYCLE

It can be shown from the second law of thermodynamics that no heat engine can be
more efficient than a reversible heat engine working between the same temperature limits.
Carnot showed that the most efficient possible cycle is the one in which all the heat supplied
is supplied at one fixed temperature, and all the heat rejected is rejected at a lower fixed
temperature. Therefore, the cycle is sometimes referred to as the constant temperature cycle,
since heat is received and rejected during isothermal operations only. The cycle consists of
two isothermal processes joined by two adiabatic processes. Since all processes are
reversible, then the adiabatic process in the cycle are also isentropic, that is, frictionless or
reversible adiabatic (Fig. 4.1).
Process 1 to 2 is isentropic expansion from Ty to T,
Process 2 to 3 is isothermal heat rejection T, = T3
Process 3 to 4 is isentropic compression from T3 to T, or T, t0 Ty
Process 4 to 1 is isothermal heat addition T; = T4
No practical engine was ever built to run on this cycle.

T
Ti=Ts4 -p----- >

T2=T3 _-___é_: - : 2

S3 =S4 S1=S) S

Fig. 4.1: Carnot cycle.

Carnot cycle is important because it is composed of reversible processes, which are
the most thermodynamically efficient processes, so its thermal efficiency establishes the
maximum thermal efficiency possible within the temperature limits of the cycle. From the T-
S diagram (Fig. 4.1):

Heat received from 4 to 1 = Ty(S; — S4) or Area Under 4 -1
Heat rejected from 2 to 3 = T,(S, — S3) or Area under 2-3

12
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Heat received — Heat rejected
Heat received
Therefore, thermal efficiency for Carnot cycle is:
Ty(s1 —54)-To(52 = 53)

Thermal efficiency, ny, =

Mcarnot = T1(51 _34)
(Ty =Tp Ns1 = 54) :
=1 "2 24 since s; =Sy, and s3=§
M carnot T, (Sl — 34) 1 2 3 4
T -T T
Mcarnot = lTl 2 or 1_% (4.8)

max .abs.temp. — min .abs.temp.
max .abs.temp.

Net work done = heat received — heat rejected
ﬁW = (Tl - T2)(S;|_ - S4)

Ncarnot =

43 THE CARNOT CYCLE FOR A PERFECT GAS

A Carnot cycle for a perfect gas is shown on both P-V and T-s diagrams in Fig. 4.2. It
consists of four reversible processes.
(@) 1-2 Adiabatic Expansion

Pressure falls from P; to P

Volume increases from V; to V;

Temperature falls from T, to T,

Work done = V1= P2 _ mR(Ty T, )

y-1 7-1

No heat transfer during adiabatic process, therefore, Q =0

A

P A 4 T 4 1

Py - y

Py 1

Py o1

e e 3 12
e R . K —
V4 V3 V]_ V2 V S3 =354 $1=%

Fig. 4.2: Carnot cycle for a perfect gas.

(b) 2-3 Isothermal compression (Heat rejection)
Pressure increases from P, to P3
Volume reduced from V; to V3
Temperature remains constant at T, = T3
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Work done =P,V, In(V3 /V2) =-P,V, |n(V2 /V3)
= —mRT, |n(V2N3)
For an isothermal process, Q = W
Heat rejected = mRT; In(V2/V3)
Note that P,V = P3V3 = C during this process

(©) 3-4 Adiabatic Compression
Pressure increases from Pz to P4
Volume reduced from V3 to V4
Temperature increases from T3 to Ty
Work done — 3¥a —PaVa _ PaVa—PVs mR(T, ~T3)
r-1 r-1 r—1
No hear transfer during adiabatic process, therefore, Q =0

(d)  4-1 Isothermal Expansion (Heat supply)

Pressure falls from P4 to P;
Volume increases from V, to V;
Temperature remains constant at T, = T,
Work done = P4V, |n(V1 /V4) =mRT, |n(V1 /V4) =mRT, |n(V1 /V4)
For an isothermal process Q =W

Heat supply = mRT4 In(V1/V,)

Note that P,V4 = P1V; = C during this process

The net work done during this cycle may be determined by summing the work done in the
various processes, taking the expansions as positive work and the compressions as negative
work. Therefore,

Net work done/cycle = fw

j}w :m_mm'z |nV_2_M+ mRTlan—l
7_1 V3 7_1 V4
Now mR(Ty ~Tp) = MR(Ty ~Ts) since Ty=Tsand T, =Tz
y—1 y—1
Vi Vo
Hence, §W =mRT; In—L —mRT,In-% (4.9)
V, Vs

From adiabatic process 1-2
T_l = (V_ZJ}/_]- — r7/_1
- — v
T, 1
(4.10a)
From adiabatic process 3-4

-1
T3 Vg Y
(4.10b)
where r, = adiabatic compression and expansion volume ratio
B T4 Gince T, =T,and T, = Ts
T, T
Therefore, from Eqgs. (4.10a) and (4.10b)
Vo Vs oo Vi_Va
Vi Vy oV, Vg
(4.11)
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Substituting Eq. (4.11) in Eq. (4.9):

W =mRT, In VL _ mRT, In VL
V, V,
Net work done, §w =mR In\\//—l(Tl -T,) (4.12)
4

The positive work done (W..e) during the Carnot cycle occurs during processes 4-1 and 1-2:

Positive work done, W,,, =mRT; In \\//—1 + METZ) (4.13)
4 7=

Net work done W
Positive work done W,

Work ratio =

_ Heat received — Heat rejected
Heat received

Tcarnot =
Vi/ \Z
mRTlln(%J mRT, In( %3)
Tcarnot = Y
1
mRT; In( %4)
V.
mRIn( %4)(T1—T2)

since YL _ V2
Mcarnot = VEEVE
mR In(V%4 j—l-l V4 V3
T, -T T T
Nearnot = ————2 or 1-—% and from Eq. (4.10a), _2:%
T Ty T 1)
\
1
Therefore, |7camot =1— pc) (4.14)
rV

44  MEAN EFFECTIVE PRESSURE

For internal combustion engines work ratio is not such a useful concept; since the
work done on and by the working fluid takes place inside one cylinder. In order to compare
reciprocating engines another term is defined called the mean effective pressure. The mean
effective pressure (Pn) is defined as the height of a rectangle having the same length and

area as the cycle plotted on a P-V diagram.

P A
Area of cycle = jw
P, Shaded area = w
/)
V2 V1 V
Fig. 4.4: Mean effective pressure
From Fig. 4.4, shaded area = area of cycle

therefore, PaX (V1—V2) = §W
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$W  Net work done
Vi-V,  Sweptvolume
where (V1 — V;) = swept volume of the cylinder
Therefore, Mean effective pressure (Pn,) can also be defined as the work done per unit swept
volume.

Mean Effective pressure, P, =

4.5 THE CONSTANT PRESSURE CYCLE (JOULE CYCLE)

In this cycle the heat supply and heat rejection processes occur reversibly at constant
pressure. The expansion and compression processes are isentropic. The cycle is shown on a
P-V and T-s diagrams in Fig. 4.5. This cycle was at one time used as the ideal basis for a hot-
air reciprocating engine, and the cycle has known as the Joule or Brayton cycle.

P T A

P2 = P3 -

P-\ diagram

Pl = P4 S

Fig. 4.5: Constant pressure (Joule) cycle.

Referring to Fig. 4.5, the following is the analysis of the four processes:
Assume that P4, V4, T1 and the volume ratio V1/V> or r, are known

Process 1-2: Adiabatic compression
PV'=C,ands; =s;

-1 -1
T (Vo) o T (W)
T, (M L (V2
vi )™ 41
TZ =T1 — =T1rV7 (415)
\Z
where r, = V1/V, = adiabatic compression volume ratio
Also, P;|_V1Y = Pszy
P2 = Pl(VlNz)Y = Plr\,y (416)

_PVo - RV, (4.17)

Work done (compression), Wy, = n
v

Heat rejected, Q1= 0

Process 2-3: Constant pressure expansion (heat addition)

P, =P3 and V—2 :V—3
T, T3
Substitute for T, (Eq. 4.15). Hence,
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= V_3 - V_3 7-1
T3 = T2 [VZ j (VZ jTer (418)
Work done = P5(V3 — V) (4.19)

Heat received, Q.3 = mCp(Ts - T2)

Process 3-4: Adiabatic expansion
PV’ = C,and s3=s4
For adiabatic processes 1-2 and 3-4, both have the same pressure ratios

V4 V4
i:ﬁ i: V_l and E: V_4
PR P PV, P, V3
Hence, V—1=V—4=rV (4.20)
2 V3
and Ye_Ys (4.21)
Vi V;

71 71
Ty _[VsJ T, 2T {Vsj
Ao IR T, =T
T3 V4 Vy

Substitute for ry (Eq. 4.20)
T, =Tar, 7Y

Substitute for T3 (Eqn. 4.18)
T4 = rv=(r-1)

Heat received, Q3.4 =0

Process 4-1: Constant pressure heat rejection, P4 = P;
Work done = -P1(V4 - V1)

Heat rejected = mCp(T4 - Ty)

The net work-done during the cycle will be the sum of the work done during these
processes, taking expansions as positive work and the compressions as negative work.
Alternatively, the work done may be obtained from:

= Heat received — Heat rejected

In this cycle, heat is received during constant pressure process 2-3 and rejected during

constant pressure process 4-1. No hear is received or rejected during the adiabatic processes.

Heat received — Heat rejected

Thermal efficiency, =
Heat received

Work done ( W) = Heat received x Thermal efficiency,

Also heat received or rejected = change of enthalpy

Heat received = hz — h;

and Hear rejected = hy - hy

46 THE AIR STANDARD CYCLES

Air standard cycles are theoretical power cycles which form the theoretical basis for
the analysis of reciprocating internal combustion (I,C) engines. Although, in the actual
power cycle, the working fluid consists of air and fuel, for simplicity of analysis, the fluid is
assumed to be air which is used respectively in the theoretical cycle. There are several air
standard cycles which may engines, some of the cycles are: Otto, Diesel and dual-combustion
cycles. The related efficiencies of these cycles are called air standard efficiencies.
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47 THEOTTO CYCLE (CONSTANT VOLUME CYCLE)

The Otto cycle is the ideal air standard cycle for the petrol engine (Spark-ignition
engine), and high speed oil engine (compression —ignition engine), The four non-flow
processes comprising a complete cycle are shown in Fig. 4.5. The swept volume is equal to
m (vl -V2), where m is the mass of fluid in the cylinder. The processes are as follows:

Fig. 4.5: The Otto Cycle.

Process 1-2: Air is compressed adabatically through a volume ratio V1/V, known as the
compression ratio, rv.
Process 2-3: Constant volume heat addition V, = V3.
Process 3-4: Air is expanded adiabatically to the original volume
Process 4-4: Constant volume heat rejection V4= Vi.
The work done during the cycle maybe obtained as follows
(1 The workdone during the constant volume processes, 2-3 and 4 -1 are zero
(i) The work done during adiabatic expansion 3 — 4 is positive
(iii)  The work done during adiabatic compression is negative
(iv)  The net workdone is the sum of the work done by these two adiabatic processes.
Alternatively, the cycle work done can be determined using
Heat received — Heat rejected.
In this cycle heat is received and rejected only during constant volume processes.
Heat received = mC,(T3-T,) and
Heat rejected = mCy(T4 — Ty)

4.8 THE DIESEL CYCLE
The air standard Diesel cycle forms the theoretical basis for the analysis of
compression ignition (IC) engines (Diesel engines). The Diesel cycle is quite similar to the
Otto cycle except that the heat addition occurs at constant pressure instead if constant
volume. The cycle (Fig. 4.6) consists of two adiabatic processes, 1-2 and 3-4, one constant
pressure process, 2-3, and one constant volume process, 4-1.
The work done during the cycle may be determined as follows:
(i)  Processes 2-3 and 3-4 are expansions and hence give positive workdone
(i) Process 1-2 is a compression and hence will give negative workdone
(iti)) ~ The net work done during the cycle will be the sum of the workdone during these
processes, addition of eqns. (4.34), (4.34) and (4.36).
Alternatively, the work done may be obtained from the difference between the heat received
during constant pressure process, 2-3 and the heat rejected during constant volume process 4-
= Heat received — Heat rejected

50 REFRIGERATION CYCLES

The vapour compression cycle is the most widely used refrigeration cycle in practice.
In this cycle, a compressor compresses the refrigerant to a higher pressure and temperature
from an evaporated vapour at low pressure from an evaporated vapour at low pressure and
temperature. The compressed refrigerant is condensed into liquid form by releasing the latent
heat of condensation to the condenser water. Liquid refrigerant is then throttled to a low-
pressure, low temperature vapour, producing the refrigeration effect during evaporation.
Vapour compression is often called mechanical refrigeration, that is, refrigeration by
mechanical compression.
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5.1 CARNOT REFRIGERATION CYCLE

Heat rejection

2
CONDENSER

COMPRESSOR
EXPANDER

EVAPORATOR

Heat addition
Fig. 5.1 Carnot Refrigeration cycle

The Carnot cycle is one whose efficiency cannot be exceeded when operating between
two given temperature. The Carnot heat engine receives energy at a high of temperature,
converts a portion of the energy into work, and discharges the remainder to a heat sink a low
level of temperature.

The Carnot refrigeration cycle performs the reverse effect of the heat engine, because
it transfers energy from a low level of temperature to a high level of temperature. The
diagram of the equipment and the temperature-entropy diagram of the refrigeration cycle are
shown in Figs 5.1 and 5.2.

T(K)

T 3/\2
. <
/I NET WORK '
T “ . ' il

e / : USEFUL
! REFRIGERATION :

a=p S (kJ/KgK)
Fig. 5.2: T-s diagram of the Carnot refrigeration cycle
The processes which constitute the cycle are:
Process 1 - 2: Isontropic compression, S; =S,

Process 2 — 3: Isothermal rejection of heat Tc= constanti.e. T,=Ts
Process 3 — 4: Isentropic expansion S3 = Sy
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Process 4 — 1: Isothermal addition of heat (heat absorption from the cold reservoir) at Te —
constanti.e. Ty =Ty

All processes in the Carnot cycle are thermo dynamical reversible. Processes 1-2 and 3-4 are
consequently reversible adiabatic (isentropic).

The withdrawal of heat from the low temperature source in process 4-1 is the
refrigeration step and is the entire purpose of the cycle. All the other processor in the cycle
functions so that the low temperature energy can be discharged to some convenient high-
temperature sink.

The Carnot cycle, consist of reversible which make its efficiency high than could be
achieved in an actual cycle. Although Carnot cycle is an unattainable ideal cycle, it necessary
to study the cycle because of the following reason:

0] It serves a standard of comparison, and
(i) It provides a convenient guide to the temperatures that should be maintained to
achieve maximum effectiveness.

5.3 COEFFICIENT OF PERFORMANCE (COP)

The index of performance is not called efficiency, because that term is usually
reserved for the ratio of output to input. The ratio of output to input would be misleading
applied to a refrigeration system because the input in process 2-3 (Fig. 2) is usually wasted.
The performance term in the refrigeration cycle is called the coefficient of performance,
(COP), defined as
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\tab Liquid refrigerant at condensing pressure pc flows through expansion value where its
pressure falls to pc, which is the pressure in the evaporator and at compressor suction. At the
expansion value part of the liquid refrigerant flashes into vapour (about 10-20%) vapour
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point 2. Work of compression W}{\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 c}{\rtlch\fcs1 \af0
\ltrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
is given as: __ \par }\pard \ltrpar\qj
\fi720\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
101323348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
WH{\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 c}{\rtIch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
\tab = h}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 2 }{\rtich\fcsl
\af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 -
h}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 1 }{\rtich\fcs1l
\af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
(kJ/kg)__\par F\pard \Itrpar\qj
\liO\riO\widctlpar\tx360\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d1323348 {\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 \tab \tab
W H\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 c}{\rtlch\fcs1 \afO
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
\tab = m"(h}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 2 }{\rtich\fcsl
\af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 =
h}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 1}{\rtlch\fcs1 \afO
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
)\tab \tab \tab \tab \tab ~ (}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid936790 5}{\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 .7)__ \par
Hpard \Itrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 Where m”
= mass of refrigerant circulated in kg/s.__\par }{\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe1033\nosupersub\langnp2057\insrsid9777861\charrsid15550219 _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
Condensation process 2-3:__ \par H\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 \tab The
refrigerant vapour loses its super heat and latent heat of evaporation. At constant pressure pc
all vapour will turn to liquid. The total amount of heat rejected to the condenser is given
as__\par }\pard \ltrpar\qgj
\liO\riO\widctlpar\tx720\tx1440\tx2160\tx2880\tx3600\tx4320\tx6585\wrapdefault\aspalpha\as
pnum\faauto\adjustright\rinO\linO\itapO\pararsid1323348 {\rtlch\fcs1 \af0 \Itrch\fcsO
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\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 \tab
QXH{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 c}{\rtlch\fcs1 \af0
\ltrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
= h}{\rtich\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 2 }{\rtich\fcsl
\af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 -
h}{\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 3 }{\rtlch\fcsl
\afO \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
(kJ/kg)\tab \tab or \tab Q" }H{\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 c}{\rtlch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
= m’(h}{\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 2 }{\rtlch\fcs1
\af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 -
h}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 3}{\rtlch\fcs1 \afO
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid936790 ) kW\tab
(5H{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 .8) _ \par
Hpard \Itrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 This cycle
as described is called the simple saturation cycle. In practice:__ \par }\pard \ltrpar\qj \fi-
720\i720\ri0\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\lin720\itapO\par
arsid1323348 {\rtlch\fcs1 \af0 \Itrch\fcs0
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 (i)\tab The
liquid entering the expansion value is usually several degrees cooler than condensing
temperature.__\par (ii)\tab The gas entering the compressor, on the other hand, is several
degrees warmer than the temperature of evaporation.__\par Hpard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 (iii)\tab
There are pressure drops in the suction, discharge and liquid pipelines.__ \par (iv)\tab The
compression process is not truly isentropic.__\par }\pard \ltrpar\qj \fi-
720\i720\ri0\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\lin720\itapO\par
arsid1323348 {\rtlch\fcs1 \af0 \Itrch\fcs0
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 (v)\tab
The actual power required to drive the compressor is somewhat greater than Wc on account
of frictional losses.__\par }\pard \ltrpar\gj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 All these
factors have to be taken into a more exact quantitative treatment of the subject. }{\rtich\fcsl
\af0 \ltrch\fcsO \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219 _ \par
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H\rtlch\fcs1 \afO \ltrch\fcsO \lang2057\langfe1033\nosupersub\langnp2057\insrsid936790
__\par }{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe1033\nosupersub\langnp2057\insrsid936790 5.6\tab }{\rtlch\fcs1 \af0
\Itrch\fcs0
\b\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
SYSTEM CAPACITY__ \par Hpard \ltrpar\qj
\fi720\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d1323348 {\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 The
capacity of a system is usually expressed as “the rate at which heat is removed from the
refrigerated space” usually expressed in KW. For a mechanical refrigerating system the
capacity depends on two factors:__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 (i)\tab the
mass of refrigerant circulated per unit of time__\par (ii)\tab the refrigerating effect per unit
mass of refrigerant circulated. \par }\pard \ltrpar\gj
\liO\riO\widctlpar\txO\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid
1323348 {\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 \tab

Q H\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 e}{\rtIch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
= m Q}{\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 e}{\rtIch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
H\rtlch\fcs1 \afO \ltrch\fcsO \lang2057\langfe1033\nosupersub\langnp2057\insrsid936790
\tab \tab \tab \tab \tab (5}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 .9) _\par
Hpard \Itrpar\qj
\liO\ri0\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 where \tab
\tab Q" }H{\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 e}{\rtIch\fcs1 \afO
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
= refrigerating capacity in kW or kJ/s__\par \tab \tab Q}{\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\sub\langnp2057\insrsid15550219\charrsid15550219 e}{\rtlch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
= refrigerating effect in kJ/kg__\par \tab \tab m” = mass flow rate in kg/s__\par }\pard
\Itrpar\qj
\liO\ri0\widctlpar\tgc\txO\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\para
rsid1323348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid936790 \tab VV = m“v\tab \tab \tab \tab
\tab \tab \tab (5}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 .10) _ \par
Hpard \Itrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 where V =
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total volume of vapour generated in the evaporation in m}{\rtich\fcs1 \afO \Itrch\fcsO
\lang2057\langfe1033\langnp2057\insrsid15550219\charrsid15550219 3}{\rtlch\fcs1 \af0
\ltrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
Is__\par Hpard \ltrpar\qj
\fi720\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
101323348 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219 v =
specific volume of the vapour at the vaporizing temperature in m}{\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe1033\langnp2057\insrsid15550219\charrsid15550219 3}{\rtlch\fcs1 \af0
\Itrch\fcs0 \lang2057\langfe1033\nosupersub\langnp2057\insrsid15550219\charrsid15550219
/kg__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
3348 {\rtich\fcs1 \af0 \ltrch\fcsO \nosupersub\insrsid9777861 _ \par }{\rtlch\fcs1 \af0
\ltrch\fcsO \nosupersub\insrsid3238141 _ \par _ \par }{\rtlch\fcs1 \af0 \ltrch\fcsO
\nosupersub\insrsid9785483 _ \par _ \par _ \par _ \par }{\rtlch\fcs1 \afO \Itrch\fcsO
\nosupersub\insrsid3238141 _ \par }\pard \ltrpar\qc
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \Itrch\fcsO \b\nosupersub\insrsid3238141\charrsid3238141 6.0\tab
OTHER METHODS OF ENERGY CONVERSION__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang1078\langfe1033\nosupersub\dbch\af37\langnp1078\insrsid3238141 _ \par
\hich\afO\dbch\af37\loch\fO 6\hich\afO\dbch\af37\loch\f0 .1\tab }{\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang1078\langfe1033\nosupersub\dbch\af37\langnp1078\insrsid3238141\charrsid3238141
\hich\afO\dbch\af37\loch\fO FUEL CELL__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid219
5442 {\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang1078\langfe1033\nosupersub\dbch\af37\langnp1078\insrsid5252503 _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang1078\langfe1033\nosupersub\dbch\af37\langnp1078\insrsid2195442
\hich\afO\dbch\af37\loch\f0 6.1.1\tab Introduction}{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang1078\langfe1033\nosupersub\dbch\af37\langnp1078\insrsid2195442\charrsid3238141
\hich\afO\dbch\af37\loch\fO __ \par }\pard \ltrpar\qj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
103238141 {\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Fuel Cell is a device in which the energy of a chemical reaction is converted directly into
electricity. Unlike a battery, a fuel cell does not run down\'3b it operates as long as fuel and
an oxidant are supplied continuously from outside the cell. Several studies have been carried
out to develop fuel cells that can replace conventional internal-combustion engines in
H\rtlch\fcs1 \afO \Itrch\fcsO
\cf1\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid525
2503 automobiles. Energy cell a device that generates electricity by converting the chemical
energy of a fuel and an oxidant to electric energy__ \par }\pard \ltrpar\gj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid219
5442 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442 _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442\charrsid12538
656 6.1.2\tab Research }{\rtlch\fcs1 \afO \ltrch\fcsO
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\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid1253
8656 a}{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442\charrsid12538
656 n}{\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid1253
8656 d}{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442\charrsid12538
656 }{\rtich\fcs1 \af0 \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656
I}{\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid3238
141 nnovation}{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid1253
8656 }{\rtlch\fcsl \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442\charrsid12538
656 _ \par }\pard \Itrpar\gj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d2195442 {\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442\charrsid323814
1 Fuels\~and\~propulsion\~technology are other important areas of research and innovation.
Most modern transportation systems rely on petroleum for energy, but this source of energy
is finite and creates serious environmental effects when used in the internal-combustion
engine. Research into alternative fuel sources, such as electrical storage, natural gas,
methanol, ethanol, fuel cells, and solar energy, will continue in order to ensure a reliable
supply of energy for the transportation systems of the world. Several new forms of propulsion
are also being investigated. For example, magnetically levitated trains, in which magnetic
forces lift, propel, and guide a vehicle over a guide-way, are being developed in Germany and
Japan. Such trains have achieved speeds up to 500 km/h (300 mph).}{\rtlch\fcs1 \afO
\Itrch\fcs0 \lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid2195442
_\par H{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Active research continues in fuel cells. A fuel such as coal, petroleum, or some product
easily derived from these is made to release its chemical energy, not by the cumbersome
process of burning and using the heat to run a heat engine, but by converting the chemical
energy directly into electricity, in the manner of a lead-acid storage battery. Much higher
efficiencies are potentially obtainable by this method. In one form of fuel cell, hydrogen and
air or oxygen are brought onto opposite sides of a membrane, which must be permeable to
hydrogen ion in solution, but not to molecular hydrogen. An improvement has been made by
making the membrane of an interesting inorganic polymer, zirconyl dihydrogen phosphate,
ZrO(H}{\rtlch\fcs1 \af0 \Itrch\fcsO
\lang2057\langfe2057\sub\langnp2057\langfenp2057\insrsid3238141\charrsid3238141
2H{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 PO}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\sub\langnp2057\langfenp2057\insrsid3238141\charrsid3238141
43{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 )H{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\sub\langnp2057\langfenp2057\insrsid3238141\charrsid3238141
2}H{\rtlch\fcs1 \af0 \Itrch\fcsO
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\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1, which is able to stand temperatures up to 100°C.__\par }\pard \ltrpar\gj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid125
38656 {\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656 _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656
6.1.3}{\rtich\fcs1 \af0 \Itrch\fcsO
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141 Principles of Operation}{\rtlch\fcs1 \afO \ltrch\fcs0
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid32381
41 _ \par Hpard \ltrpar\gj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d12538656 {\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 A fuel cell consists of an anode, the negative end of an electric circuit, and a cathode, the
positive end of an electric circuit, separated by an electrolyte. Electrolytes are substances that
allow ions (particles formed when a neutral atom or molecule gains or loses one or more
electrons) to pass through them. Fuel flows to the anode, and an oxidant flows to the cathode.
The chemical reaction bet\ltrpar ween the fuel and the oxidant produces an electric current.
Various fuels may be used, but research and development in recent years has focused on
hydrogen fuel cells.__\par }F\pard \ltrpar\gj
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1 In a hydrogen fuel cell, hydrogen is supplied to the fuel cell\rquote s anode, and an oxidant,
commonly the oxygen present in air, is supplied to the cathode. The fuel cell strips electrons
from the hydrogen atoms. These electrons move from the anode through the electric circuit to
the cathode, creating an electric current that can be tapped to provide power. The electron-
deficient hydrogen atoms meanwhile pass through the electrolyte to the cathode. There the
electrons that passed through the circuit recombine with the electron-deficient hydrogen
atoms. Oxygen (from the air) reacts with this reformed hydrogen, producing water. Water
produced at the cathode has to be removed continuously to avoid flooding the cell.__\par
Hpard \Itrpar\qj
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\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Hydrogen fuel cells hold great promise as low-pollution automobile engines if certain
difficulties can be overcome. Water, the only waste product of a hydrogen-oxygen fuel cell,

is non-polluting and can be used to cool the engine. The oxygen the cells need is readily
available in air. Hydrogen, however, is not so readily available, and there is no existing
delivery system to convey hydrogen to all the places people would need it to power their cars.
In addition, pure hydrogen is not abundant enough to provide power for all the cars on the
road today. Instead, hydrogen would need to be extracted from other substances, a process
that requires energy. This energy could conceivably be provided by non-polluting and
sustainable energy resources, such as wind or solar power.}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141 _ \par
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1 Many\~large\~automakers are now adapting fuel cell technology for automobiles. Fuel cells
are cleaner, quieter, and more energy efficient than internal-combustion engines. Fuel cells
combine hydrogen and oxygen electrochemically without combustion to supply electricity.
Fuel cell engines will likely run on conventional gasoline, but with a fraction of the emissions
of a normal engine. The Ford Motor Company announced in December 1997 that it was
investing $420 million in fuel cell research.__\par }\pard \ltrpar\qj
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1 From\~1995\~to\~1997\~Mazda Motor Corporation experimented with a low-pollution
hydrogen rotary engine vehicle, which burns hydrogen fuel that will not emit carbon dioxide.
Japan reportedly aims to have a hydrogen fuel distribution network in place to support that
fuel\rquote s use in transportation by 2010. Scientists are also trying to reduce emissions of
existing vehicles and are testing a device that uses electrons to nullify the noxious
components of diesel exhaust.__ \par __ \par }{\rtlch\fcs1 \afO \Itrch\fcs0
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1 The thermoelectric effect makes use of the thermocouple phenomenon, producing a voltage
at the heated junction of two dissimilar metals. Recent advances in the understanding and
construction of semiconductors have led to heightened voltage differences and improved
efficiencies of such devices. __ \par }\pard \ltrpar\gj
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1 If the power source is to be made as light as possible and have no moving parts, the most
likely possibility is to make use of 'thermoelectric conversion.' This effect, known since the
early 19th century, takes place in a loop composed of two electrically conducting wires or
bars of dissimilar materials, joined end to end. If one of the two junctions is maintained at a
higher temperature than the other, a current will flow in the loop. In all the early experiments
the efficiency of this conversion process was impossibly low, not more than 3 per cent, as
compared with 30 per cent for a typical combination of steam turbine and generator. But with
the development of the materials called semiconductors in recent years it has been possible to
increase the efficiency to about 10 per cent. This is still low, and it is so for two reasons:
because the thermoelectric process is inherently not very efficient and because the bars of
metal or semiconductor short-circuit the heat, so to speak, transmitting it directly without
utilizing it from the hot junction to the cold. It would, then, be advantageous to isolate the
two junctions from each other, and this is now being achieved by what has been called
H\rtlch\fcs1 \ai\afO \Itrch\fcsO
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1 Of the four possibilities mentioned, by far most promising for large-capacity, fixed-station
use is magneto hydrodynamics. In an MHD generator, the same basic phenomenon is used as
in the present rotating generators. A conductor is moved through a magnetic field resulting in
the production of electric energy. The primary difference between the conventional generator
and an MHD generator is in the conductor and the means by which it is moved through the
magnetic field. In MHD, the conductor used is a gas, while compression and expansion of the
hot gas serve as the means of propulsion. To obtain a conductivity high enough for efficient
generation, the gas must be highly ionized. This is accomplished by heating the gas to a very
high temperature and by 'seeding' it with certain chemicals such as cesium or
potassium.__\par Although MHD is particularly attractive from an engineering viewpoint
because of its large power in proportion to physical size and capital investment, the primary
disadvantage is the difficulty of obtaining materials which will withstand the erosive and
corrosive effects of the cyclone of extremely hot gases through the stack._ \par }\pard
\Itrpar\qj
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1 Plasma (physics), in physics, usually gaseous state of matter in which a part or all of the
atoms or molecules are dissociated to form ions (}{\rtich\fcs1 \ai\af0 \ltrch\fcsO
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1 lonization). Plasmas consist of a mixture of neutral particles, positive ions (atoms or
molecules that have lost one or more electrons), and negative electrons. A plasma is a
conductor of electricity, but a volume with dimensions greater than the so-called Debye
length exhibits electrically neutral }{\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656\charrsid32381
41 behaviour}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1. At a microscopic level, corresponding to distances shorter than the Debye length, the
particles of a plasma do not exhibit collective }{\rtlch\fcs1 \af0 \ltrch\fcs0
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1 but instead react individually to a disturbance, for example, an electric field__\par On the
earth, plasmas usually do not occur naturally except in the form of lightning bolts, which
consist of narrow paths of air molecules of which approximately 20}{\rtlch\fcs1 \af0
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1 are ionized, and in parts of flames. The free electrons in a metal can also be considered as a
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plasma. Most of the universe, however, consists of matter in the plasma state. The ionization
is caused either by high temperatures, such as inside the sun and stars, or by radiation, such as
the ionization of interstellar gases or, closer to the earth, the upper layers of the atmosphere,
producing the aurora.__\par Plasmas can be created by applying an electric field to a low-
pressure gas, as in neon or fluorescent tubes. A plasma can also be created by heating a
neutral gas to very high temperatures. Usually the required temperatures are too high to be
applied externally, and the gas is heated internally by the injection of high-speed ions or
electrons that collide with the gas particles, increasing their thermal energy. The electrons in
the gas can also be accelerated by external electric fields. lons from such plasmas are used in
the semiconductor industry for etching surfaces and otherwise altering the properties of
materials.__\par In very hot plasmas the particles acquire enough energy to engage in nuclear
reactions with each other during collisions. Such fusion reactions are the heat source in the
sun's core, and scientists are trying to create artificial plasmas in the laboratory in which
fusion reactions would produce energy for the production of electricity._ \par }\pard
\Itrpar\qj
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1 Laser,\~a\~device\~that\~produces and amplifies light. The word laser is an
acronym\~for\~Light\~Amplification by Stimulated Emission of Radiation. Laser light is
very pure in H\rtlch\fcs1 \af0O \Itrch\fcsO
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1, can be extremely intense, and can be directed with great accuracy. Lasers are used in
many modern technological devices including bar code readers, compact disc (CD) players,
and laser printers. Lasers can generate light beyond the range visible to the human eye, from
the infrared through the X-ray range. Masers are similar devices that produce and amplify
microwaves. }{\rtlch\fcs1 \afO \Itrch\fcsO
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1 Lasers\~generate\~light by storing energy in particles called electrons inside atoms and then
inducing the electrons to emit the absorbed energy as light. Atoms are the building blocks of
all matter on Earth and are a thousand times smaller than viruses. Electrons are the
underlying source of almost all light. Light\~is\~composed\~of\~tiny packets of energy called
photons. Lasers produce coherent light: light that is monochromatic (one color) and whose
photons are “in step” with one another._ \par Hpard \Itrpar\qj
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1 Lasers\~are\~generally\~classified according to\~the\~material, called the\~medium, they
use to produce the laser light. Solid-state, gas, liquid, semiconductor, and free electron are all
common types of lasers. \par F\pard \Itrpar\qj
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1 Solid-state\~lasers\~produce light by means of a solid medium.
The\~most\~common\~solid laser media are rods of ruby crystals and neodymium-doped
glasses and crystals. The ends of the rods are fashioned into two parallel surfaces coated with
a highly reflecting nonmetallic film. Solid-state lasers offer the highest power output. They
are usually pulsed to generate a very brief burst of light. Bursts as short as 12 x
10H{\rtIch\fcs1 \af0 \ltrch\fcsO
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\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
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1 sec have been achieved. These short bursts are useful for studying physical phenomena of
very brief duration.__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 One\~method\~of\~exciting the atoms in lasers is to illuminate the solid laser material with
higher-energy light than the laser produces. This procedure, called pumping, is achieved with
brilliant strobe light from xenon flash tubes, arc lamps, or metal-vapor lamps__\par __ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 (ii)\tab Gas laser __\par }\pard \ltrpar\gj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1012538656 {\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 The\~lasing\~medium\~of\~a gas laser can be a pure gas, a mixture of gases, or even metal
vapor. The medium is usually contained in a cylindrical glass or quartz tube. Two mirrors are
located outside the ends of the tube to form the laser cavity. Gas lasers can be pumped by
ultraviolet light, electron beams, electric current, or chemical reactions. The helium-neon
laser is known for its colour purity and minimal beam spread. Carbon dioxide lasers are very
efficient at turning the energy used to excite their atoms into laser light. Consequently, they
are the most powerful continuous wave (CW) lasers\emdash that is, lasers that emit light
continuously rather than in pulses.__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 (iii)\tab Liquid lasers__\par }\pard \ltrpar\qj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d12538656 {\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 The\~most\~common\~liquid laser media are inorganic dyes contained in glass vessels.
They are pumped by intense flash lamps in a pulse mode or by a separate gas laser in the
continuous wave mode. Some dye lasers are tunable, meaning that the colour of the laser
light they emit can be adjusted with the help of a prism located inside the laser cavity._ \par
Hpard \Itrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 _ \par H{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 (iv)\tab Semiconductor\~lasers\~__\par }\pard \Itrpar\qj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d12538656 {\rtlch\fcs1 \af0 \Itrch\fcs0
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Semiconductor\~lasers\~are the\~most\~compact\~lasers. Gallium arsenide is the most
common semiconductor used. A typical semiconductor laser consists of a junction between
two flat layers of gallium arsenide. One layer is treated with an impurity whose atoms
provide an extra electron, and the other with an impurity whose atoms are one electron short.
Semiconductor lasers are pumped by the direct application of electric current across the
junction. They can be operated in the continuous wave mode with better than 50 percent
efficiency. Only a small percentage of the energy used to excite most other lasers is converted
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into light. Common\~uses\~for\~semiconductor lasers include compact disc (CD) players and
laser printers. Semiconductor lasers also form the heart of fiber-optics communication
systems__\par }\pard \ltrpar\gj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtich\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid5252503 __ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 (v)\tab Free\~electron\~lasers\~__\par }\pard \Itrpar\gj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d12538656 {\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Free\~electron\~lasers\~employ an array of magnets to excite free electrons (electrons not
bound to atoms). First developed in 1977, they are now becoming important research
instruments. Free electron lasers are tunable over a broader range of energies than dye lasers.
The devices become more difficult to operate at higher energies but generally work
successfully from infrared through ultraviolet wavelengths. Theoretically, electron lasers can
function even in the X-ray range__\par Hpard \Itrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid12538656 _ \par
6.5.4\tab }{\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Lasers Application}{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 \par }pard \Itrpar\gj
\fi708\li0\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\parars
1d12538656 {\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 The\~use\~of\~lasers\~is\~restricted only by imagination. Lasers have become valuable
tools in industry, scientific research, communications, medicine, the military, and the

arts__ \par Hpard \Itrpar\gj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid323
8141 {\rtlch\fcs1 \af0 \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid5252503 __ \par
H\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Industry:}{\rtich\fcs1 \af0O \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Powerful\~laser\~beams\~can be focused on a small spot to generate enormous
temperatures. Consequently, the focused beams can readily and precisely heat, melt, or
vaporize material. Lasers have been used, for example, to drill holes in diamonds, to shape
machine tools, to trim microelectronics, to cut fashion patterns, to synthesize new material,
and to attempt to induce controlled nuclear fusion. Highly\~directional\~laser beams are used
for alignment in construction. Perfectly straight and uniformly sized tunnels, for example,
may be dug using lasers for guidance. Powerful, short laser pulses also make high-speed
photography with exposure times of only several trillionths of a second possible__\par _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Scientific research}{\rtlch\fcs1 \afO\afs22 \ltrch\fcsO
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\b\fs22\lang1078\langfe1033\nosupersub\loch\af37\hich\af37\dbch\af37\langnp1078\insrsid3
238141\charrsid3238141 \hich\af37\dbch\af37\loch\f37 :}{\rtich\fcs1 \afO\afs22 \ltrch\fcsO
\fs22\lang1078\langfe1033\nosupersub\loch\af37\hich\af37\dbch\af37\langnp1078\insrsid323
8141\charrsid3238141 \hich\af37\dbch\af37\loch\f37 }{\rtich\fcs1 \af0 \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Because\~laser\~light\~is highly directional and monochromatic, extremely small amounts
of light scattering and small shifts in color caused by the interaction between laser light and
matter can easily be detected. By measuring the scattering and color shifts, scientists can
study molecular structures of matter. Chemical reactions can be selectively induced, and the
existence of trace substances in samples can be detected. Lasers are also the most effective
detectors of certain types of air pollution. Scientists\~use\~lasers to make extremely accurate
measurements. Lasers\~are\~used\~in this way for\~monitoring small movements associated
with plate tectonics and for geographic surveys. Lasers have been used for precise
determination (to within one inch) of the distance between Earth and the Moon, and in
precise tests to confirm Einstein\rquote s theory of relativity. Scientists also have used lasers
to determine the speed of light to an unprecedented accuracy _ \par }{\rtich\fcs1 \af0
\Itrch\fcsO \b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid5252503
_\par H{\rtlch\fcs1 \afO \Itrch\fcs0
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Communications: }{\rtlch\fcs1 \afO \ltrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Laser\~light\~can\~travel a large distance in outer space with little reduction in signal
strength. In addition, high-energy laser light can carry 1,000 times the television channels
today carried by microwave signals. Lasers are therefore ideal for space communications.
Low-loss optical fibers have been developed to transmit laser light for earthbound
communication in telephone and computer systems. Laser techniques have also been used for
high-density information recording. For instance, laser light simplifies the recording of a
hologram, from which a three-dimensional image can be reconstructed with a laser beam.
Lasers are also used to play audio CDs and videodiscs__\par }{\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid5252503 _ \par
H\rtlch\fcs1 \afO \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Medicine:}{\rtlch\fcs1 \afO\afs22 \ltrch\fcsO
\fs22\lang1078\langfe1033\nosupersub\loch\af37\hich\af37\dbch\af37\langnp1078\insrsid323
8141\charrsid3238141 \hich\af37\dbch\af37\loch\f37 }{\rtich\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Lasers\~have\~a\~wide\~range of medical uses. Intense,\~narrow\~beams of laser light can
cut and cauterize certain body tissues in a small fraction of a second without damaging
surrounding healthy tissues. Lasers have been used to “weld” the retina, bore holes in the
skull, vaporize lesions, and cauterize blood vessels. Laser surgery has virtually replaced older
surgical procedures for eye disorders. Laser techniques have also been developed for lab tests
of small biological samples__\par }{\rtich\fcs1 \af0 \Itrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid5252503 __ \par
H\rtlch\fcs1 \afO \ltrch\fcsO
\b\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid32381
41 Military applications:}{\rtlch\fcs1 \afO \Itrch\fcsO
\lang2057\langfe2057\nosupersub\langnp2057\langfenp2057\insrsid3238141\charrsid323814
1 Laser\~guidance\~systems for missiles, aircraft, and satellites have been constructed. Guns
can be fitted with laser sights and range finders.__\par }\pard \ltrpar\qj
\liO\riO\widctlpar\wrapdefault\aspalpha\aspnum\faauto\adjustright\rinO\linO\itapO\pararsid132
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