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Preface to the First Edition

This volume is mainly intended for the use of students, preparing for the final year 
diploma .examinations in Mechanical Engineering of the Universities and State Technical 
Education Boards.

Despite the fact that, several books on this subject of Heat Engines have been written 
and published, the long-felt need of many Indian diploma students for a book covering 
completely the Heat Engines Syllabus written in a simple style, has led authors to bring 
out this volume in the form most suitable for Indian students preparing for the above 
examinations.

This book which is an outcome of a very long experience of the authors, in the 
teaching of the subject, has a special feature. Neat and simple diagrams to be found 
herein have gone a great way in simplifying the subject-matter and have made its 
presentation instructive and interesting.

Another useful feature of this book is a large number of examples at the end of 
each chapter, which are fully worked out to inspire faith and. confidence in the students, 
who otherwise cram theory, without understanding and fail to apply theory rightly and 
correctly in solving examples. These worked out examples may help the students not 
only to understand clearly the basic principles underlying them, but may also lead them 
to attempt without frustration the solution of problems of varied types, appearing in 
examination papers. The practice problems added at the end of each chapter are for the 
benefit of students and the teachers who may use the book.

The authors found it more convenient to cover the entire Heat Engin- s Syllabus in 
three volumes (Volumes I, II and III). This has prevented the volume fiu iri being too 
bulky. Volume I is mainly intended for the use of students preparing for the second year 
diploma examination in Mechanical & Electrical Engineering, Volume II for the final year 
diploma examination in Electrical Engineering & Volumes II & ill for the final year diploma 
examination in Mechanical Engineering.

Utmost care has been taken in making calculations. They are made with the aid of 
slide rule, and no pains have been spared to avoid errors. And yet, it is too much to 
be sure that all slips and errors have been detected and rectified. Authors w ill, therefore, 
very thankfully appreciate comments and suggestions from readers for the improvement 
of the book.

The authors will feel delighted and more than compensated if the book satisfies the 
end in view and meets with the needs of students.

Before concluding, the authors feel it their duty to thank Sarvashri M .C. Karamchandani
B .E . (Mech.) Hons. D .S. Tamhne, D .M .E. and A.D. Dongre, D .M .E. for solving the problems. 
Our thanks are due to Shri Parmar for preparing the sketches.

The authors also take this opportunity of expressing their thankfulness to Shri Jayantilal
C . Shah of M/s. Acharya Book Depot, Baroda.for getting the volume published so nicely 
and in time.
Baroda,
10th March, 1963

R . C . Patel
C . J . Karam chandani



Preface to the Fourteenth Edition

This edition has been rewritten to introduce S I Units. The major part of this volume 
is overhauled to enhance the usefulness of the book by making it lucid in expression, 
more simplified in its subject-matter and by suitable modification in the general arrangement 
and addition of subject-matter at some places. All diagrams and charts are redrawn for 
clarity and better understanding.

The chapter on G as Turbine and Jet Propulsion is split in two chapters to extend 
the coverage on G as turbine and Jet propulsion engines. Topics on Free piston gasifier, 
Ram jet, Pulse jet and Rocket motors are added. A new chapter on Nuclear Power 
Plants is added to make subject-matter up to date.

We sincerely thank Prof. A .A . Patel, M .E. (Mech.) Mechanical Engineering Department, 
Faculty of Technology and Engineering, for checking the calculations and reading through 
the proofs. Our sincere thanks are due to Shri A .S . Karkhanis for drawing neat diagrams 
for block making and Shri R .R . Shah, M iss Maria and Miss D .K. Patel for typing the 
manuscript. /

Our sincere thanks are also due to the publishers.
Vadodara R . C . Patel
24th August, 1989 C . J . Karam chandani

\

Preface to the Sixteenth Edition
It is a matter of great satisfaction to the author of this book that he is required to' 

bring out the Sixteenth Edition of this Volume in such a short span of time. This by itself 
speaks in favour of this book in regard to its usefulness and popularity among 
engineering students throughout the country.

The author will very thankfully appreciate suggestions from readers for the improvement 
of the book.

The authors thanks Shri J . C . Shah of Acharya Publications, Baroda and Surendra J . 
Shah of Parijat Printery, Ahmedabad, for getting the book printed so nicely and in time.

C . J . Karam chandani

Baroda
2 3 -5 -1 9 9 6
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1
HEAT TRANSFER

1.1 Introduction
Heat is defined as a form of energy in transition which flows under the* driving 

influence of a temperature difference. Once the transfer of heat energy is completed, it 
is stored in one or more forms of energy of storage -  potential, kinetic, or in general 
as internal energy. It is worth noting that the heat as energy in transition is never 
measured as such but is  determined in terms of observed changes in other forms of 
energy and the relevant physical properties. Strictly speaking the heat transfer occurs only 
at boundaries of system while heat transfer anywhere else in a system is merely 
redistribution of internal energy within the system . There are three basic mechanisms of 
heat transfer — conduction, convection and radiation. In engineering application they may 
occur separately, or simultaneously.

. 1.1.1 Modes of Heat Transfer : Heat is transferred by conduction, convection and 
radiation.

Conduction is recognised as the transfer of heat within a substance from high 
temperature regions to low temperature regions. Conduction in solids other than metals 
is due to longitudinal oscillations in metals due to diffusion of free electrons and in gases 
due to elastic impacts of molecules. As kinetic energy of motion is proportional to the 
absolute temperature, it is logical to imagine conduction as occurring by collisions of faster 
with slower moving molecules. This idea seem s to be quite correct. In the case of gases, 
molecular interaction is responsible for energy transfer; however, in metals an electron 
gas rather than the molecules is the primary medium of energy transfer.

Convection involves the gross motion of the fluid (liquid and gas) itself with the result 
that fresh fluid is continually available for energy transfer. The physical movement of fluid 
generally involves sm aller eddies which help in distributing heat energy. The state and 
nature of fluid flow is of great importance in convective heat transfer. The fluid is set in 
bodily motion either due to

. . difference in density due to heating, i.e . buoyancy forces, this is the case of a 
free convection, or

. . external force such as fans, blowers, pumps, etc. giving rise to forced convection.
Convection is not actually a separate process, as conduction to or from the fluid is 

really what constitutes the heat transfer, and the movement of the fluid carries heat 
transferred to another location. A household water heating system is a good example of 
this type of heat transfer.

Radiation is transfer of heat energy by temperature excited electromagnetic waves 
emitted by vibrating electrons in the molecules of a material at the surface of a body. 
The quantity of heat radiated depends on the absolute temperature of the body.

All bodies at temperatures above absolute zero emit electromagnetic waves of different 
wave lengths. Radiation differs from conduction and convection in this respect and is

HE3—1



2 ELEM ENTS OF HEAT ENGINES Vol. Ill

distinguished by double transformation of energy-thermal energy is first converted into 
radiant energy by an emitter and then radiant energy into thermal energy by an absorber.

An interesting example of combined mode of heat transfer is a steam boiler. Here, 
heat is transferred from the flue gases to the outer surface of the water tubes through 
all the three modes of the transfer - conduction, convection and radiation. From the outer 
surface of a water tube to its inner surface, heat is transferred only by conduction through 
a layer of soot, metal wall and a layer of deposited scale. Finally, from the inner surface 
of the tube to the water, heat is transferred only by convection. Individual modes of heat 
transfer are, therefore, met with various combinations in the course of heat flow, and it 
is very difficult to separate them. In practical calculation, it is sometimes, desirable to 
consider such complex process as a whole.

Fig. 1-1
1.1.2 Irreversib ility  in Heat Transfer : It may be noted that transfer of heat is on 

account of temperature gradient existing between two bodies, which makes the process 
irreversible, i.e . flow of heat cannot be reversed of its own. Thus, heat transfer in the 
direction of temperature gradient is a natural and spontaneous process. As it happens in 
all natural processes, entropy increases in the system of bodies among which heat transfer 
takes place. Let there be two bodies A  and B  at temperatures Tj and 7 j T\ > Tz as 
shown in fig. 1-1. If dQ is the quantity of heat lost by A  and that gained by B, entropy

lost by A is ~  and that gained by B  is Thus, in the system of two bodies due 
M r2

to heat transfer there is net increase of entropy ^  =̂~. The gain in entropy during
72 M

heat transfer indicates fall in quality of heat energy. It is desirable to minimise irreversibility 
and also gain in entropy in any process in thermodynamics as it renders the process 
inefficient. This is accomplished by limiting temperature difference ( Ty -  T2 ) in the 
process of heat transfer. However, with the decrease of temperature gradient, the rate 
of heat flow decreases and eventually ceases when temperature equalization is attained. 
Further, with the system of bodies at different temperatures, on attainment of equalization 
heat transfer stops and the system attains uniform temperature. If the plot of increase in 
entropy of the system is plotted with time, it indicates decreasing rate of increase in
entropy. On equalization, entropy of the system becomes maximum and no further increase
in entropy of the system is feasible.

1.1.3 Fie ld s of Applications : The importance of heat transfer analysis lies in a very 
wide range of applications connected with power plant engineering, chemical and process 
engineering, manufacturing and metallurgical industries, refrigeration and air conditioning
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practices, cooling problems associated with electrical and electronic equipments, space 
technology, low temperature technology and many other applications. Condensers, 
evaporators, coolers, heat dissipating surfaces such as fins, prevention of heat losses 
through insulating m aterials, controlled release of heat energy from fossil and nuclear 
fuels, aerodynamic heating, combustion processes, thermally operated controls, etc. are 
some of the examples of heat transfer applications.

In the design of a plant which incorporates heat exchange with its surroundings, the 
size of the heat transfer equipments, selection of materials of construction connected with 
them, and the auxilliary equipment required for their utilization, are basic considerations 
being faced by a designer. The equipment should fulfil its required objectives and at the 
same time should be economical to purchase and operate. Th is requires thorough 
understanding of the basic mechanisms of heat transfer and analysis so as to be able 
to evaluate quantitatively heat transfer rates and other related quantities. Unfortunately, 
heat transfer analysis involves many variables and it is impossible to separate them and 
treat one at a time, e .g ., the flow of heat through a condenser involves nine variables. 
This clearly requires detailed knowledge of the principles governing heat transfer.

Heat exchangers are very important parts for many thermal system s. Their first cost 
and the cost of their operation and maintenance are of great importance for economic 
plant installation. As stated earlier heat transfer is an irreversible process, hence it is 
desirable to reduce the irreversibility that always accompanies heat transfer by reducing 
temperature difference between the bodies that exchange heat. With the reduction of 
temperature difference, the rate of heat transfer decreases and in order to maintain the 
given rate of heat transfer, area of heat transfer is to be increased. Thus, cost of heat 
exchanger increases rapidly with the reduction in temperature difference employed for 
heat transfer. Hence, designers should make a decision regarding economic limit to which 
temperature difference can be reduced.

The popular examples of heat exchangers are :
(i) Surface condenser of a steam plant, (ii) Air preheater and economiser for a boiler,

(iii) Intercooler for an air compressor, (iv) Heat exchanger for gas turbine plant, (v) 
Condenser and evaporator for a refrigeration unit, (vi) Heat exchanger for chemical plant, 
automobile radiator, etc.

In these classes of heat exchangers, the fluids are kept separate and heat transfer 
takes place through the, intervening walls. This is often the only possible type as the 
fluids differ in their chemical composition and at least one is to be recirculated through 
the plant cycle so that they cannot be allowed to mix. Thus, in such case the rate of 
heat transfer between fluids is limited to the capacity of the separating wall to transfer 
heat. This capacity of heat transfer is the basis of the design for this type of heat 
exchanger.
1.2 Therm al Conduction

Heat transfer between a hot body and a cold body by conduction may take place 
through material substance such as metal wall, but conduction may take place also through 
fluids (either gases or liquids). In process of conduction, there is no physical movement, 
of molecules. At the hot end of the material, random movements (activities) of the 
molecules is increased. As a result of this increased activity of the molecules, collisions 
with adjacent molecules along the material takes place imparting increased momentum to 
these adjacent molecules, resulting in increased temperature. This is transfer of heat by 
conduction. In gases, heat conduction occurs by molecules, and atomic interaction, in 
metals, the flow of energy is due mainly to the diffusion of free electrons. Here, crystal 
lattice vibrations are of secondary importance.
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1.2.1 B a sic  Equation : The basic equation for rate of heat transfer by conduction 
for an elementary thickness dx of the plate is -

where, H  — rate of heat transferred,
A  — area of heat flow normal to the direction of heat flow,
K  — coefficient of thermal conductivity, and 

dT
— temperature gradient.

For positive value of x ,  in the direction of heat flow, temperature decreases, making 

—̂  negative. Hence, a negative sign is employed in eqn. (1.1) so that heat quantity 

becomes positive.
This basic equation although introduced by Biot in 1804, is usually attributed to Foerier 

because of his outstanding contribution to the field. This law was formulated from the 
study of experimental observations.

1 .2.2 Therm al Conductivity : The thermal conductivity of the material, K  is the 
quantity of heat passing between opposite faces of a unit cube in unit time when 
temperature difference is maintained across the faces. Thermal conductivity is a physical 
property of a substance and characteristics the ability of the substance to conduct heat.

The thermal conductivity, when expressed in S .l. units, is

H/A ’ Watts Jo u le s '
dT/dx m C or sm °C

This is the system of units which will be used throughout this chapter. In many cases 
(particularly for insulating materials) the temperature gradient is expressed in °C/cm, so
that the unit of K  becomes watts cm/m2°C. In MKS system of units, K  may be expressed 
in kcal/hr m°C.

The thermal conductivity varies with temperature. Experiments show that for most 
m aterials, this dependence is linear, i.e .

where, a is a constant and Ko is the value of thermal conductivity at 0°C. The constant 
"a" is positive for insulating materials and negative for metallic conductors. Magnesite, 
brass and aluminium are exceptions to this rule.

From vajues of the thermal conductivities of a few substances — solids, liquids and 
gases given in Table-1, it is seen that silver is the best conductor of heat. Mercury, 
though placed among liquids should be classified with metals on account of its comparatively 
high value. Liquids have low conductivity, but gases have extremely low values. Hydrogen 
appears to be the best conductor among gases; but helium has a slightly higher value.

... (1.1)

K  = Kb (1  + a 7 ) ...(1 .2 )
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Table - 1 : Coefficient of therm al conductivity

5

Substance Thermal conductivity 
K  (watts/m *C)

Substance Thermal conductivity 
K  (watts/m *C)

Air 0 02 -  0 022 Hydrogen 0.1 -  0.15
Alcohol 0-14 -  0-16 Iron 3 0 - 6 0
Aluminium 170 -  196 Lime stone 0.6 -  0.9
Asbestos 0-2 -  0-22 Lead 28.5 -  31.5
Asphalt 0-6 -  0 65 Magnesite brick 3 -  5.25
Brass (70% Cu. 30% Zn) 90 -  120 Mercury 7 - 8
Brick 155 -  165 Mica 0.6 -  0.65
Bonded silicon carbide 12 -  15 Monel 2 7 - 3 0
Carbon dioxide 0-01 -  0-012 Nickel 45 -  675
Chrome brick 0-9 -  1-9 Oxygen 0 02 -  0-025
Corrugated asbestos 0 045 -  0 075 Platinum 6 0 - 7 5
Concrete dry 0-9 -  1-0 Plaster 0-75 -  0-90
Copper 300 -  330 Rubber 0-15 -  0-30
Chromium steel 2 0 - 2 4 Silver 320 -  365
Chromium-nickel steel 13-5 -  19-5 Silica brick 0.09 -  1.9
Ebonite 0-15 -  0-18 Water 0-4 -  0-5
Glass wool 0-025* -  0 045 Wrought iron 30 -  52 5
Glass 0.75 -  0.90 Zinc 82-5 -  97-5
Hair, felt 0.3 -  0.45

1.2.3 Conduction through a Plane W all : Consider steady conduction through 
homogeneous wall of material of constant cross-sectional area and uniform thickness (fig. 
1-2). The value of conductivity K  of the material is assumed constant. Constant temperatures 
Ti and T2  are maintained on the boundary surfaces of the wall. Temperature varies in 
the direction of x  axis perpendicular to the wall.

For steady conduction (refer eqn. 1.1), 
dT

Fig. 1-3

H  -  -  K A ^ - = Const 
dx

H = C Cx + DdT  ___
”  dx "  "  KA

If S  is the thickness of the wall and measuring the distance from left hand face of
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the w all,

at x  ■ 0, T  = T j and at x  *  S, T  = t 2 ;
Inserting these boundary values, the constants C  and D are evaluated as

(7i -  72)
S

D = T i and C  = -

T  (T i -  r2 )
-  1  S —  x  x

.. (1.3)

This indicates that if the conductivity of the material is constant, temperature distribution 
is linear over the wall thickness as shown in fig. 1-2.

Now, consider conduction through a slab of material of constant cross-section area 
(fig. 1-3). Allowing for the variation in the value of K  with temperature as per eqn. (1.2) 
for a layer of thickness dx located at the distance x  from the outer surface,

Hdx -  -  (1  + a T )d TH - K A §dx - K o {1  + a T ) A ^
"  AKo

Integrating both the sides, 

H S
Kq A

H

H
AKo

a

s  t2
f d x  -  -J* (1  + a 7 ) dT  
o r,

(72 - Ti j + |(r22 - Ti2) . ( 7i - T2y  |(r,2 - r22)

» (T i -  T J K o
1 ♦ f ( 7’1 + r2 )

» ( T , -  r 2 >
x /<mean ...(1 .4 )

where, K'mean -  Ko a1 + | / . 7i + 7j>)

Hence, it is customary to work in conduction of heat transfer with arithmetic mean 
value of K  corresponding to the boundary wall temperatures.

Another way of writing eqn. (1.4) is
Ti -  Tz 7i -  Tz . . .   _  SH  = where, R

A K  mean
A K  mean

R  is termed the thermal resistance to heat flow. This is analogous to Ohm’s law in 
electricity, viz.

Potential differenceCurrent =
resistance

I A K
Thus, — = G « — , also known as the thermal conductance of the material. It

represents the amount of heat conducted for a unit temperature drop.
The equation of the curve showing temperature distribution in the wall may be

expressed as

7 =  -

1 1
+

2Hx
aKoA ...(1 .5 )

This equation reveals that temperature in the wall actually changes along a curved
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line. It factor a is positive, the convexity of the curve faces upward and downward if it 
is negative.

Problem  -  1 : The interior o f an oven is maintained at a temperature o f 860°C by 
means of suitable control apparatus. The walls o f the oven are 45 cm thick and are 
constructed from material whose thermal conductivity is 0.261 watts/m°C. Estimate the 
heat loss for each square metre of wall surface per hour. The outside wall temperature 
is 250°C. Estimate also the resistance to heat flow.

Substituting the given values and dimensions in eqn. (1 .4),
K A (T \  -  7~2 ) 0 - 261 x 1 x ( 860 -  250)

H
45
100

354 w atts/m 2

This indicates that 354 watts of heat will flow through each square metre of the wall
area.
The resistance to heat flow, R  = -  1.721m “C/watts

T2 _  860 -  250 
H 354

Problem — 2 : Calculate the heat loss per square metre o f surface area for a 
furnace wall 23 cm thick. The inner and outer surfaces are at temperature o f 310‘C  
and 40°C respectively. The thermal conductivity varies with temperature and is  given by
K  » 0*4 + 10* *  T 2, where T  is in °C and K  is in watts/m°C.

Here, H m -  from eqn. (1.1)

For one square metre area, Hdx = -  KdT = -  (0-4 + 
Integrating over the wall thickness,

10 T 2) dT

HS 0 .4 / 7 2 -  7*1 \  1 0  /  

) +  — (

23 
100 "

100 
23

1.2.4 Conduct

H

i.e ., H

0.4 (7-1 -  7a ) f

0 *4 (3 1 0  -  4 0 ) +

T •2 - r'3)

'3  <;r,3 -

10-6
3

(3103

-  t f )

40 = 512.6 watts/m

on through Com posite Plane W all : W alls of several heterogeneous 
layers are called composite. Such are the walls of dwelling houses in which the bricks
are covered with a layer of plaster on either aside. Thus, walls of furnaces, boilers and

other heat devices usually consist of several layers, v iz ., a 
layer of refractory, a layer of conventional bricks and a layer 
of heat insulation. Let us derive the calculation formula of 
conduction for such a composite wall.

Consider the heat conduction through composite wall of 
the two dissim ilar substances in intimate contact (no contact 
resistance) having thermal conductivities K i and K2 and 
thicknesses S i and S2  as shown in fig. 1-4. Let T ' be the 
interface temperature.

K\A
Considering first wall, H *  -^r- / 7i -  ^

Sim ilarly, as the same quantity of heat flows through the
, second wall,

f ig. 1-4 Temperature distribution in 
. a composite wall.
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HSi
•• 0*0 

••(iv)

H - ™ ( T ' - T* )

From (i) and (ii), 7i -  V

and T '  -  72

Adding (iii) and (iv), 7 i -

*’* H “  Ŝ  Sz -(1 .6 )
AK\ *  AKz

This relationship is used in determining the rate of heat flow through composite w alls. 
The analysis can be extended for a composite wall consisting of more than two w alls, 
say n w alls.

K\A
HSz
KzA

H (S1 S2
“  A [« + Kz

, ( T1 - 72)

For such a composite wall, H (7 i -  72)
n

S  Sn/AK„
1

As each term of the denominator of eqn. (1 .6), and eqn. (1 .7), represents the thermal 
resistance of a respective layer, it follows that the total thermal resistance of a composite 
wall is the sum of individual resistances.

Having obtained rate of heat flow (H) from eqn. (1 .6), or (1 .7), the interface temperatures 
can then be obtained from (i) or (ii), i.e . equation for an individual wall.

Sometimes, to simplify calculations, a composite layer is considered as homogeneous 
plane wall of a thickness A, and calculations are performed with the aid of the so called 
equivalent thermal conductivity Ke, whose value is determined by the following relation :

7 *1 -7 2  A Ke , ^ -n s
“  1 7 T " ~ ( ’ '  }

A K

Thus, Ke = - ^ 5  [w atts/m '°C] ***1,8)
y —

K
where, A -  Z S  = S i + S2 + S3 + . . . . +  S n
For a rH ayer composite wall, we can write the following formula for equivalent

conductivity :
n

I s
K . - n

2 #1
Equivalent thermal conductivity depends only on the thermal resistance and thickness 

of individual layers.
Problem  — 3 : A furnace wall is made up of a steel plate 1 cm thick, lined on the 

inner surface with silica bricks 15 cm thick, and on the outer surface with magnesite
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bricks 15 cm thick. The temperature on the inner edge of the wall is  700°C and on the 
outer edge is  150mC. Find the quantity o f heat lost in Joules per second per sq . metre 
and the temperature at interface o f steel and magnesite bricks. Take the value o f thermal 
conductivities for steel, silica brick and magnestie brick as 1&86, 1-74 and 5 2 3  J/m s°C  
respectively.

It is required that heat flow be maintained at 3,500 J/s rr? by means of an air-gap 
between steel and magnesite bricks. Estimate the width o f this air-gap, if  K  for air is  
0033 J/m s 'C .

Using eqn. (1 .7 ), H
A (7i -  r2)

K

where, 1 S / K

Heat flow

1/100 15/100 15/100
16-86 1-74

= 000059 + 00862 + 

1 x (700  -  150)

5-23

00286 = 0-11548 

4,762.72 J/m 2S

m 2s ° C

0.11548

Temperature drop in magnesite bricks = 4,762.72 x
t “L a

= 4,762.72 x 0.0286 -
Interface temperature between steel and magnesite bricks 
= 150 + 136-21 = 286-21*C

136.21 °C

In order to maintain the heat loss at 3,500 J/m s , the value of 2 — should be increasedK

to
K

f f i  -  M  _  (700 - I ? ) )  _  » ;
3 ,500

s 'C

— for the

H  3 ,500  J

air gap = 0-15714 -  0-11548 = 0-04166 m s °C

Air gap thickness = 0-04166 x 0-033 x 1,000 = 1-3748 mm.

I?  1.2.5 Radial Flow  through a Th ick Cylinder W all :
Numerous cases arise in practice, of heat flow from one 
fluid to another through the walls of a tube the temperature 
along the tube, being regarded as constant.

Consider a cylindrical wall (tube) I m long with inner 
raidus r1 m and outer raidus r2 m. The thermal conductivity 
of the material K  is constant. The inner and outer faces 
are held at constant temperature 7 j and T2 under the 
condition that T1 > T2 (fig. 1 -  5). Temperature varies
only radially in r  direction. Hence, the temperature field is
one-directional. Take within the wall, an annular layer of 
thickness cfr at a radius r, bound by two cylindrical isothermal 
surfaces. The quantity of heat flowing through this layer 
per hour is,

H = -  K 2 x r l dT  ^  —  watts 
dr

Separating the variables and Integrating between the 
radii r* and r2,
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r2 T2
dr

ELEM ENTS OF HEAT ENGINES Vol.

H j  — -  - K 2 x l  f  dT
r\

Hloge 2 n K I(T2  -  7 i)

i.e. H =
2 jtK 7 (7 '1 -  r 2)

I r. \
loge

r i -  t 2 .. (1.10)

2 n K I
When dealing with thick-walled pipes, calculations may sometimes be simplified by 

finding the equivalent radius, rm also termed as logarithmic mean radius such that,
_  K 2 n r ml(T\ -  7g) 

r2 -  ri
W hereas for the actual (thick-walled) pipe, using eqn. (1.10),

2 j i K 7 (7 i -  72)
H  =

log© [ ^

Equating these two values of H  we have, rm = / r~\
loge

... (1.11)

For composite cylindrical walls or pipes with lagging, equation (1.10) can be written
as

H =
2 71/(7, -  T2) ... (1.12)

loge

If A ; and >A2 are the inner and outer surface areas respectively of the cylinder, the 
appropriate mean area An is evidently,

A v -  A , ...(1 .1 3 )
"  log*(A>/Ai)

This is called the logarithmic-mean area in terms of which the heat flow rate through 
a cylindrical wall is,

Ti - 72 ...(1.14)
H  -  K A m ■

Ay + A2 .
When the value of A^/A) does not exceed 2, the arithmetic mean area — ^—  is

accurate to within 4 per cent of the logarithmic-mean area. Thus, the use of arithmetic 
mean area in place of logarithmic-mean area in such cases, gives sufficiently accurate 
value of heat flow rate in engineering practice.

The temperature T  of the cylindrical shell at the radius r can be shown to be given
by
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T  -  |oge (r2/r^  {(7 i log® f2 + 72log .ro  -  (7 i -  r2 )loge /} .. (1.15)

If K  is assumed to vary linearly as K  = Kq  ( 1 + aT ), the heat flow rate works out 
to be,

H
2 x  Kol

loge (ft / f l)

7i -  72

1 + f  (7 i + 7j>) (7 i -  T2)

loge
... (1.16)

2 ji K  mean I

1.2.6 Radial Heat Flow  through a Th ick Sphere : Using the same notations as for 
the cylinder, heat flow rate for an elementary sphere of radius r and thickness dr is,

rz '2
H  -  -  K A k  H f  ^  -  -  4 jc K j  dT

ry T\

H  =
( 1_ 

'1

4 x K(T2  -  7 i)

An K r\ r2[TA — 7j>)
= r2 _  n

(7~i -  r 2) 
(̂ 2 -  1̂)

(1.17)

The temperature 7  of spherical surface of radius r is given by

1
(/•2 -  r i) ' fc72 -  f |7 l) +

(7~1 -  72) n T2 (1.18)

Problem — 4 : A steam pipe 10 cm outer diameter, is covered with two layers of 
insulating material, each 2 5  cm thick, the thermal conductivity of one being three times 
that o f the other.

Working from first principles, show that the effective conductivity of the two layers is 
157% less when the better insulating material is on the inside than when it is on the 
outside. Assum e same overall temperature difference in both the cases.

Consider a thick cylinder to be made up of a number of elementary concentric cylinders 
of thickness dr. If I is length of cylinder and K, the thermal conductivity of material, rate 
of heat transmitted through elementary layer at radius r is,

H .  -  K ( 2 x r l ) ^

Integrating between limits r/ and r2
f2 Tz

H / y  -  - 2  n K l f  dT
.  r\ Ti '

Z-tK7(7i -  72)
rz
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For composite cylinder, H

K
Let conductivity of the better insulating material be K  and that of the .other is 3K  

With better insulating material on the inside,
2 jc /(7"i -72) 2 jc /(7 i -  7j>)

l09e| ~<*) “-(V)
K  3 K  K  3 K

With better insulating material on the outside
2 rc/(7 i -T 2) 2 k /(7 i -  72)

Hz

s - ( ! )iio g a  ^ + log,  J

l°o*(i) + 3l09s( l)

3 K  K

-  0.843 -  1 -0 -1 5 7

/. By putting better insulating material inside, the heat conducted is reduced by 15-7% 
than that conducted by placing it on outside.

Problem  — 5 : A sphere of radius 40 cm is lagged to a radius o f 50 cm, the inner 
and outer surface temperatures of lagging being 230°C and 65°C respectively.

Find the rate o f heat leakage, if coefficient of thermal conductivity is 5-5 watts per 
m 2 per °C difference per cm thickness.

Using eqn. (1-17),
- 4 ji K(T\ -  72) n rz

M * -----------------------
"  f|

. 4 » x ^ ( 2 3 0  -  6 5 ) x ^ x ^ x ^ 2 _ .  228 w att,

Problem  — 6 : A pipe having 16-5 cm external diameter and carrying brine, is lagged 
with 3-5 cm thickness o f lagging for which coefficient o f conductivity is 0-04 J/m s*C. 
Outer surface temperature of the lagging is 35°C and brine temperature at a section 
inside the pipe is -  21 °C. Find the rise in temperature of the brine per metre length 
at this section, if the brine flow rate is 0.32 kg/sec. Specific heat o f brine is 3-6 kJ/kg°C.

Now, d2 = 16-5 + (2 x 3-5) -  23-5 cm, and d̂  -  16-5 cm.
Neglecting the thermal resistance of the pipe and using eqn. (1*10),

, ,  2 *K 7 (7 i -  72)
M  = ----------- ;---- ------
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2k K7(7i - 72)
H

2 x it x 0.04 x 1 x ( -  21 -  35)
. / 23.5 \
^ ( 16 .5 )

= -3 9 .7 9  J/s per metre length of pipe.
Negative sign indicates that heat flows from outer radius r2 to inner radius r* of the 

lagging.
Heat gained by the brine is 39.79 J/S per metre.

39 79Thus, rise of temperature of brine = —— — ~ — — —  = 0.0345#C
Utdfe X 0.0 x 1 |UUu

1.3 Therm al Radiation
When heat exchange between any two bodies, situated at a distance apart, takes 

place even when no material substance fills the space between them, the process is 
called heat transfer by radiation. This transfer of heat takes place with the help of 
electromagnetic waves. These waves can also pass through material substances. The 
perfect transmitter of radiant heat is a vacuum; the ability of matter, whether sojid or 
fluid, to transm it the wave motion tends to increase with the transparency of the material 
body. The intensity of the radiation emitted by the matter, and its distribution among the 
different wave lengths (X) depends on the nature and temperature of the matter.

Radiation from a heated body may extend over a wide range of wave lengths, from 
short ultraviolet, through the visible range and into the long infrared heat rays. The 
properties of these rays are different. We are interested most in rays which are absorbed 
by substances and energy of which turns into heat energy in the course of absorption. 
Visible light rays and infrared rays (0.8 to 100 microns) possess such properties in the 
greatest measure. These rays are known as heat rays and the process of their propagation

as thermal radiation or radiation.

Fig. 1 -6

Since, the nature of heat and visible 
light rays is one and the sam e, their 
physical properties are essentially sim ilar 
too. The only difference is in their wave 
lengths. The wave length of visible rays 
ranges from 0.4 to 0.8 microns and that 
of heat rays ranges from 0.8 upto 100 
microns, which includes ultraviolet rays 
and infrared rays as well.

The total radiant energy emitted per 
unit time per unit surface area from the 
body is defined as the total emissive power 
and is denoted by E  It is the quantity 
which is directly proportional to the fourth 
power of the absolute temperature. In view 
of the complexity of the phenomenon of 
radiation, the fact that the overall effect 
can be simply represented as a fourth 
power function of the absolute temperature, 
stands as one of the wonders of nature.



As stated above, the amount of energy E  X, emitted by body generally varies with 
wave length or frequency in the manner shown in fig. 1 - 6 .  This variation can be 
described by defining a monochromatic emissive power E  X, such that the amount of 
energy emitted per unit time per unit area in the spectral range X. to \  + d \  is given 
by E  \  • d \ . Thus, the total rate of energy emission at any temperature is given by 
area under the curve for that temperature, i.e .,

00

E  -  J  E k - d \  ... (1.19)
o

1.3.1 Reflection , Absorption and Transm ission of Radiation: Radiation is the 
property of all substances, and each continuously emits energy. In general, radiation falling 
on a body is partially reflected (scattered) at 
the surface. W aves that are not reflected, 
penetrate into the material and are progressively 
absorbed thereby producing heat. The 
remainder are transmitted through the body.
This is illustrated in fig. 1-7.

For a given wave length X, the portion 
reflected at the surface depends on the material, 
the surface finish, and the angle of incidence, 
while for a given body and surface finish, the 
portion reflected also differs for different wave 
lengths. Aiso out of the radiation penetrating 
the surface, the amount absorbed depends on 
the material and the wave length of radiation.

For example, when thermal radiation from 
an electric fire (comprising of red light waves,
Xi and infrared heat wave^, X2 ) on a 
slab of glass, the light waves are transmitted virtually undiminished while the heat waves 
are largely absorbed. Thus, reflection and absorption are both selective.as regards wave 
lengths.

Now, in general the reflected energy impinges upon other (surrounding) bodies and 
forms the part of incident radiation on these bodies. This also happens to the fraction 
of the incident radiation transmitted through the body. Thus, after a series of absorptions, 
radiant energy is fully distributed among the surroundings bodies. Hence, each body not 
only emits radiant energy continuously but also absorbs it continuously.

The process of radiant heat exchange is the result of these phenomena linked with 
the double reciprocal transformation of energy (thermal-radiant-thermal). The amount of 
heat emitted or absorbed is determined by the difference between thermal energy radiated • 
and absorbed by the substance. This difference always exists if the bodies participating 
in the inter-change of radiant energy are at different temperatures.

At equal temperature, entire system is in the so-called dynamic or mobile thermal 
equilibrium. In this case, all the bodies in the system also emit and also absorb, but the 
amount of energy absorbed is equal to that emitted for each body.

Thus, when radiant energy falls on a body, part may be absorbed, part reflected, 
and the remainder transmitted through the body. In other words,

a  + p + y = 1 * 0  -20)
where, a  = absorptivity or the fraction of the incident radiant energy absorbed,
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Transmitted

Fig. 1 -7  Distribution of incident 
radiation.
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p = reflectivity or the fraction of the incident radiant energy reflected, and
y s  transmissivity or the fraction of the incident radiant energy transmitted 

through the body.
Above fractions are dimensionless and vary from 0 to 1. If a  = 1, then p = 0 and 

Y *  o, which means that incident energy is entirely absorbed by the body. Such a body
is defined as a black body. In practice, most solid bodies are such strong absorbers of
the thermal radiation penetrating the surface, that none of the original radiation is transmitted. 
This is so because the absorption of radiation by liquids and solids occurs in a very 
narrow region near the surface. For good conductors of electricity, this is of the order of
1 micron (1CT6 m). In electrical insulators, this thickness may be as much as thousand 
microns. However, this is still such a short distance that, in all cases, practically y = 0. 
Such bodies are called opaque bodies.

Thus, for opaque bodies
a  + p -  1 . . . ( 1 .21 )

If p *  1 , a  = 0 and -y = 0; which means that all the incident radiant energy is
reflected* e.g ., in case of a mirror, and the body is called white body.

if 7 = 1 , ot = 0 and p = 0; which means that the entire incident radiant energy 
passes through the body, e .g ., in case of glass. Such bodies are called transparent or 
diathermanous.

There are no absolutely black ( a  = 1), white (p ■ 1) and transparent (7 = 1) bodies
in nature, and these conceptions are conditional when applied to real bodies.

1.3.2 Concept of B lack Body: A black body is one which absorbs all radiation 
incident upon it, whatever be the wave length A.. The implication is that a black body is 
perfectly non-reflecting and non-transmitting at all wave lengths. Actually no material with

a  = 1 and p = y = 0 exists. Even the blackest surfaces
occurring in nature have reflectivity of about 1 per cent
(p = 0 0 1 ).

Thus, although a black body must be black in colour, 
this is not a sufficient condition. Kirchhoff, however, conceived 
the following possibility of making a practically perfect black 
body: If a hollow body is provided with only one very small 
opening and is held at uniform temperature, then any beam 
of radiation entering by the hole is partly absorbed, and partly 
reflected inside. The reflected radiation will not be able to
find the outlet, but will fall again on the inner wall. There

Fig. 1 - 8  Black body concept again, it will be partly absorbed and partly reflected and so
on. By such a sequence of reflection, the entering radiation

will be almost completely absorbed by the body, and none will be able to come out 
though the opening. Thus, a small opening provided in a hollow body of any shape acts 
as a black body as shown in fig. 1 - 8.

All substances emit radiation, the quality and quantity depending upon the absolute 
temperature and the properties of the material comprising the radiating body. It may be 
shown that, at a given temperature, good absorber of any particular wave length is also 
the good emitter at that wave length. Thus, since by definition a black body is a Complete 
absorber of radiation at all wave lengths, it is also the best possible emitter of thermal
radiation, i.e., it is a perfect radiator.

1.3.3 P lanck’s  law  of Em ission of Radiant Heat : Planck formulated a law regarding 
emission of radiation from black bodies which states that, the total heat loss by radiation



from a black body depends only upon its absolute temperature. The distribution of radiation 
energy among the different wave lengths for various temperatures is as shown in fig. 
1-9.
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Solar

Fig. 1-9intensity of radiation for a black body at various temperatures

According to Planck’s law, the magnitude of intensity of radiation depends on the 
temperature of the radiating surface and the wave length of radiation. The peak wave
length, km (i.e ., that most strongly emitted) becomes shorter with increase in temperature.
Th is is indicated by the dotted curve passing through the peak of all curves.

Wien’s law relates T  and Xm by the following expression :

\ m T  = 2.898 mm-°K ... (1.22)

Planck introduced the quantum theory, which enabled him to express the following 
relationship between E X  and X for a black body in such a manner that it satisfactorily 
fits the experimental results :

a  -  01 *  5 ... p .23)

where, X m wave length, m,
T  = absolute temperature of body, K ,

C1 = constant = 3-74 x 10 '16 W/m2,

C2 = constant = 1-4388 x 1CT2, mK, and



E k = monochromatic em issive power, W/m3,

Planck’s formula has been checked experimentally and theoretically and is accepted 
as an exact relationship for black body radiation.

When the right hand term of eqn. (1.23) is multiplied by dX and integrated between
lim its X m 0 and X = a , it yields the Stefan-Boltzmann law.

1.3.4 Stefan-Boltzm ann’s  Law  of Total Radiation: In 1879, Stefan concluded from
experimental data that the total radiation by the black body per unit area per unit time
is proportional to the fourth power of the absolute temperature of the body. Few years 
later, Boltzmann derived the same law from a thermodynamical reasoning. It, likewise, 
can be derived from Planck’s  law of radiation of black body as suggested earlier. For a 
black body the total energy E, radiated per unit surface area per unit time is represented 
by areas under curves of fig. 1-9. These areas vary as fourth power of absolute 
temperature, I 4. In honour of its discoverers, the law has been called the Stefan-Boltzmann 
law. The law is expressed as

E = o T 4 ...(1 .2 4 )
where, E  -  heat energy radiated per unit time per unit area in W/m ,

T  = absolute temperature in K , and

o = Stefan-Boltzmann’s constant = 5-67 x 10"8 W/m2 K4
The value of the constant cr is arrived at by using Stefan’s experimental results.
For convenience eqn. (1.24) may be written as

E  5 , 6 7  ( t ® )  w / m 2  • • •  < 1 2 5 )

Equations (1.24) and (1.25) hold good for black surfaces only.
1.3.5 Radiation from  Non-Black Bodies : For non-black bodies (i.e ., those which 

either reflect or transmit part of the incident radiation), the amount of radiation emitted, 
when heated, falls short of that given by the Stefan-Boltzmann law. For such bodies 
Kirchhoff’s  law states that

Emissive power of a body at a given temperature and at a given wave length
 ..................................      - -  I I . . .    . . —  H  ^

Emissive power of a similar black body at the same temperature and at the same wave length

where, e = em issivity of non-black body for particular temperature and wave length.
The emissivity of a body has importance in radiation sim ilar to that of conductivity in 

conduction. Generally, it is difficult, if not impossible, to estimate the em issivity of a 
surface with sufficient accuracy of a few percent because the em issivity depends to some 
extent on the behaviour of the surface, particularly as far as metallic surfaces are 
concerned. Since perfectly non-black surfaces are not attainable in engineering practice, 
the equation (1.25) established for black body radiation must be multiplied by the fraction 
e  known as em issivity, for non-black bodies.

Hence, for a non-_black body, the radiation intensity curve for a given temperature 
falls below that for a black body, and in addition, is distorted as shown in fig. 1-10 due 
to variation of em issivity with wave length.

1.3.6 Concept of G ray Body : A gray body is defined as one in which radiation 
spectrum is continuous and radiation spectrum curve is sim ilar to the corresponding curve 
of a black body at the same temperature, i.e . the ratio em issive power of a gray body 
to that of black body at a given temperature is constant for all wave lengths, that is, its 
intensity curves will be identical in form with those of fig. 1-9, but to a reduced vertical
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scale . The ratios of ordinates of cun/e 
for black body and gray body gives 
em issivity. Experim ents reveal that most 
engineering m aterials are gray bodies.

Thus, for a gray body, the total 
heat loss by radiation is given by

£  ■ E o 7  4 ...(1 .2 6 )

1 .3 .7  Em issive  power of Non- 
B lack Bodies : For practical purposes 
eqn. (1.26) m ay,be used for IxxJies not 
truly gray, but in such cases e is the 

' mean value of the em issivity which 
varies with the wave length at the 
tem perature considered. The mean 
em issivity va rie s som e what with 
temperature.

The em issivity e of non-metallic 
bodies does not vary much at ordinary 
temperatures. Some approximate values 
of em issivity e  are given in table 1 -2 .

Fig. 1-10
Compulsion of radiation intensity curves for black, grey and 

non-black bodies at some temperature.

Table 1 - 2  Em issiv ity  e  of non-m etallic bodies

Materials Emissivity
Carbon,oil,iron oxide 
Rubber, wood .paper
Roofing paper,enamel,porcelain brick(red,rough),marble,glass 
Asbestos slate.lamp black,ice,water glass compound

0-8
0-85 to 0-9 
0-91 to 0-94 
0-95 to 0-99

Metallaic smooth surfaces emit very little radiation at ordinary temperatures and the 
em issivity increases moderately at higher temperatures. A few values are given in table 
1-3.

Table 1-3 Em issivity e of polished m etallic surfaces

Metal Emissivity s at different 
temperatures

50*C 250*C 500*C
Aluminium 0-04 0-05 0-08
Copper 0-04 0-05 0-08
Gold 002 0-02 0 03 ■
Silver 0-01 0-02 0-03
Steel 0-07 0-10 0-14

1.3.8 K irch h o ffs Law  : Gustav Kirchhoff in 1895, 
established the relationship between the em issivity and 
absorptivity of a body. Consider radiant interchange 
between two surfaces, one gray and the other absolutely 
black as shown in fig. 1-11. The surfaces, are arranged

law.



H EM  TRAN SFER 19

parallel to each other and as close that the radiation of one falls on the other. Let the 
temperature, em issive power and absorptivity of the gray and black surfaces be respectively 
T, E , a  and To, E0, oq ; a 0 = 1 and T  > T0 is assumed here.

The energy emitted (E  W/m ) by gray surface is fully absorbed by the black surface.
In turn the black surface emits £q (W/m ). A portion a E 0 of this energy is absorbed by 
the -gray body and the remaining portion (1 -  a) E 0 is reflected by the gray body and 
fully absorbed by the black surface. Thus, radiant interchange between the two surface 
is,

H -  E  -  a  E0 W/m2

This is the amount of energy lost by gray surface and gained by black surface. 
Radiant interchange between two surfaces also takes place when T  = Tq. In this case, 
the system is in dynamic thermal equilibrium and H  = 0,

£F £ j
i.e . E  » a  Ex or — -  En -  —  as a , = 1.

*  a  U Ctg ^

The above relationship can be extended, by considering different grey surfaces in 
turn, as follows :

1  E> E j Eo a
—  » —  = —  = ..........= —  -  Eq = oT04 ... (1.27)
<X1 °2  Oq 0
Thus, for all bodies, the ratio o f the emissive power to absorptivity is  the same and 

is equal to the em issive power o f a black body at the same temperature.

Now, according to eqn. (1.26), E  = s a T 4 for gray bodies. Thus,

E 1 *  o Tq , £*2 ■* Og o Tq , etc. for T̂  *  T̂  *. *• ®

Substituting above values in eqn. (1.27) and simplifying, we get,

S . m M m S k m    .  1 ... (1.28)
a 1 «2 «3 «0

Thus, the em issive power of bodies increases along with their absorptivity. If the 
aborptivity a  of a body is low, its em issive power e is low too. Therefore, good reflectors 
are poor emitters; for instance, the em issive power of an absolutely white body is zero. 
Further, gooa emitters are good absorbers. Kirchhoff’s  law expressed by eqn. (1.27) is
applicable to integrated or total radiation, but it may also be used for monochromatic
radiation. Thus, for radiation at the same wave length and temperature the ratio o f the 
emissive power to the absorptivity is the same for all bodies.

Problem — 7 : Determine the emissive power o f the surface of the Sun if it is known 
to be at a temperature o f 5,700°C and if it is considered to be black body. Also estimate 
the wave length at which the Sun emits maximum radiation and calculate total radiant
energy emitted by the Sun if its diameter is known to be 1-391 x 10 m. ,

Em issive power of Sun as a black body is given by eqn. (1.24), i.e .,

E  ■ o T 4 where o -  5-67 x 10-8 W/n^K4

/. E  -  5-67 x 

Now, the wave

5 ,700 + 27314 72-16 x 10® W/m3.
100 -

ength at which Sun emits maximum radiation is given by eqn. (1.22),
i.e ., \ m T  m 2 • 898 mm K -  2,898 \im K.
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2 ,898
m = 0-4851 Jim.5 ,973

Finally, as surface area of Sun as a sphere of diameter D is A = n C ? ,

H  -  E n C ?  -  72-16 x 10® x jt x (1-391 x 109) = 4-39 x 1026 W atts
Problem  — 8 : Calculate heat loss in watts, from a 20 mm diameter opening in an 

electric furnace, if it is maintained at a temperature of 1,000°C. Assum e that the opening 
acts a s a black body and that ambient air is at 27°C.

Here, 7 , = 1,000 + 273 = 1,273 K and = 27 + 273 = 300 K.
Now, heat exchange by radiation from a black body to a large surrounding is given 

by eqn. (1 .25), i.e .,

H  -  a  A  (7 ,4 -  724) where o -  5-67 x 10"8 watts/m2 K

H 5.67 x 5  4
20 

v 1000

t  1
1 1,273 \ _  ( 300 \
[ 100 j ~ (100  J

46-63 w atts.

1.4 Therm al Conyection
The exchange of heat from a wall to a fluid or from a fluid to a wall is very important 

in engineering heat transfer. Heat flow in fluid produces difference in temperature and 
hence in density of various sections of the fluid, and relative movement of the layers of 
fluid will result. When the fluid movement occurs in this manner, the transfer of heat is 
calfed free or natural convection. Often, when the fluid is pumped or blown through the 
passage of a heat exchanger, its movement is directly encouraged by energy supplied 
by the pump or fan and the heat flow associated with this is termed forced convection. 
In the heat exchangers, the heat transfer is between fluids through a separating metal 
wall and convective effects are of great important. It enters in various ways in the operation 
and performance of engines, boilers, turbines, etc. and it is probably the most widely 
used means of providing comfort for our body. The problem of calculating convective heat 
transfer is much more varied, complicated and difficult than for either conducted or radiant 
heat. It may be said that convection is not a basic method of heat transfer, as are 
conduction and radiation. However, convection affects to very great extent, the rate of

heat transfer by conduction.

Heat lost by convection (natural or forced) 
is an extremly complex process and there is  
no really accurate general law for either process. 
It is possible to investigate experimentally and 
express scientifically the results, for any one 
geometrical configuration (using dimensional 
analysis), but each configuration has its own 
law.

1.4.1 B asic Equation : Heat transfer by 
convection occurs on walls of rooms, on the 
outside of warm and cold pipes, and between 
the surfaces and fluids of all types of heat 
exchangers.

The flow of heat through the fluid film that 
is assumed to adhere to the surface of any 
solid in contact (fig. 1 -  12), the following 
equation, which goes back to Newton, is in

I V. '   ̂ v  ̂
,1 1 / ^' V.I ‘T iT I - r  . ^ ' 

-S- H
|C ~ ? v.' ' A-V c x ' . 

C y. r>vV 'v  V %I N I f • \

Fig. 1-12 Temperature distribution in 
the boundary layer of a 
heated fluid
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general use :

H  « h A (T i -  Tz) ...(1 .2 9 )

where, H  = rate of heat transfer, watts,
A  = area of surface in contact, m2,

7 , — T2 = temperature difference between 
the surface and fluid, °C , and

h = film coefficient, W/m2oC .
Eqn. (1.29) simply states that temperature difference, 0 = ( T1 — T2 )  between the 

surface and a fluid in contact with it, causes a steady heat flow, H. The factor of 
proportionality, h, defined by this equation is called film coefficient o f heat transfer or film 
conductance or simply coefficient o f heat transfer. As a matter of fact, the film coefficient 
h is function of many variables, such as shape, kind of dimensions of the surface, 
direction, and velocity of the flow, temperature, density, viscosity, specific heat, thermal 
conductivity and coefficient of thermal expansion of the fluid.

1.4.2 Free or Natural Convection : As already explained, the motion of the fluid 
particles in natural or free convective heat transfer is due to the difference in densities 
of the parts of fluid. Heat transferred from the surface of an insulated pipe to the still 
air of a room is an example of heat transfer by natural convection. In this case, some 
of the heat is transferred by radiation also.

The experimental data on natural convection for some cases have been correlated 
by dimensional analysis and these correlations are useful in the solution of problems. 
Approximate simplified equations which apply to a limited range of experimental data have 
been developed for several cases. Some of these equations are listed here. It may be 
noted that they are valid for only a limited range and should be used with considerable 
reservation.

1.4.3 Forced Convection : As discussed earlier, where the bodily motion of the liquid 
or gas imposed by external means is very great in comparison with that induced by the 
buoyancy forces of natural convection, the heat flow between surface and the fluid is 
found to be directly proportional to the temperature difference 6 defined above. Here, fluid 
temperature varies through the fluid. In order to estimate 6, either the average temperature 
along a diameter of the tube or the mixing-cup temperature is considered. The latter is 
obtained by perfectly mixing the fluid passing the cross-sectional area of the tube in a 
“cup’  and measuring the average temperature. For turbulent flow the temperature of the 
fluid increases or decreases sharply in a very thin layer next to the surface and is 
practically constant throughout the path of fluid.

Forced convection is probably the most important method of heat transfer employed 
in engineering practice, e.g. heat exchangers, artifical draught in boilers, cooling of internal 
combustion engines, etc.

1.4.4 Dim ensional A n alysis : Principle of dimensional analysis was first applied by 
Nusselt to problems of heat transfer by convection. This has helped to very great extent 
in understanding fully the process of convection (forced and free) and deriving more 
general expressions of film coefficient which are applied to wide range of problems.

The principle of dimensionless grouping is used in different branches of engineering. 
The basic principle upon which this is founded is dimensional homogeneity, i.e. dissim ilar 
quantities cannot be added together to form a valid physical relation. Mathematically, this 
means that, in any physical equation both sides of which can be written as power functions 
or algebric sum of power functions, the sum of the exponents of the basic units must



2 2 ELEM ENTS OF HEAT ENGINES Vol. Ill

be sam e on left and right sides. Before applying this principle, it is essential to work 
what variables are involved. Correct selection of the variables is a matter of experience.

Free convection : In order to develop a mathematical expression for the film coefficient 
of free convection, it is necessary first to establish the factors which influence the 
conductivity and the thickness of the stagnant film that is assumed to adhere to the 
surface over which convection currents pass. According to the laws of fluid flow and of 
heat transfer by conduction it is expected that the film conductance may be influenced 
by the size and shape of the surface by thermal conductivity K, specific heat kp, viscosity 
\i, density p, and by the buoyancy forces on account of heating. The size and shape of 
the stream can be expressed in terms of significant dimension of the wall say d ; and 
buoyancy forces may be expressed in terms of coefficient of thermal expansion p, 
acceleration due to gravity g, and temperature difference between surface in the fluid 6. 
Thus, the film coefficient of free convection may be stated in equation form as

h = f ( d , p n , kp , K , p ,  g , 0)
A mathematical expression for h will now be developed by the method of dimensional 

analysis. According to the n theorem, the equation may be expressed in the form,

h = A- (cf)p {p)q (H)' (K)s (Kp)* (|3 g 0)y ••• ("« 30)
It may be noted that variables, p, g, and 0 are grouped together to represent buoyancy 

force. All variables may be expressed in the fundamental terms of length L, mass M, 
time T  and temperature change, 0. Each of the variables appearing in eqn. 1.30, when 
expressed dimensionally becomes

L2
h =

H FL M ■ k H - FL
TL2 Q TL? 0 I 3 0 ’ P '  MQ ~ MQ

d  = L ;

P =
M 
L? '

L
g = 2̂ ;

n =
F T  
L2 "

M . 

L T '
0 = 0 ;

K  =
H

TLQ

i

CD

II

—j 
®

 
 ̂

CO
T 2 0

Expressed by dimensions, equation (1.30) becomes,

M T ~ 3a~
VS / I_2 \X ( L

t 2 q \ T 2
From which, equating indices of basic dimensions on either sides, following simultaneous 

equations are obtained :
1 = g +  r + s ;0  = p - 3 g - r + s + 2 x + y ; - 3  = - r  -3 s -2 x -2  y  ;

- 1  = - s  - x
Since, there are seven quantities expressed in terms of four fundamental dimensions, 

there will be three dimensionless groups. Expressing p, q, r  and s in terms of x and y, 
s = 1 — x, r = 3 - 2 x - 2 y - 3  + 3x = x - 2 y  
q = 1 - r - s  = 1 + 2y -  x  -  1 + x = 2y
p = 3g + r - s - y - 2 x  = 6 y - 2 y + x - 1  + x - y - 2 x  = 3 y -7
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h = A • (d)' ( p r  (i 
y

<*)
1 -  X

(kP)x • ( f ig 0 /

/ M )  .  A  f s J f e )
X

f o 3 p 2  p  s  e )

l x )  ^  I  x ,
t*2  i

... (1.31 a)
/

This equation is known as Nusselt’s  expression, and the dimensionless groups in 
bracket' are known as follows :

hd
—  is termed Nusselt number, Nnu or boundary modulus, 

is termed Prandtl number, Npr or Prandtl modulus.

c?P2 P g e is termed Grashof number, Ngr or free convection modulus.

With these symbols eqn. (1.31a) may be written in the abbreviated form

Nnu -  A (NgrY ’ (Npr)X ... (1.31b)
Eqn. (1.31b) is verified experimentally for the free convection by many investigators. 
Forced Convection : As stated earlier in case of forced covection the fluid flow is 

turbulent. The conductivity and film thickness of the stagnant film that is assumed to 
adhere to surface over which convection currents pass, are affected by the size and 
shape of the surface, the surface thermal conductivity K, specific heat kp, viscosity n, 
and density of the fluid p at the mean temperature of the film ; and by velocity of the 
fluid stream V. Thus, film coefficient may be stated in equation form as

h = f  (d, K , p, (i, V, k p)

or h  -  A  ■ ( ( f f W i p Y W i V f i k p ?  - C - 32)
where A, p, q, r, s, x  and y  are constants different from those in eqn. (1.30). 

Expressed by dimensions, equation becomes

(/WT- 3  0“ 1) A (L f  (MLT~ 3 0* V  (ML~3 ) r (M LT1 T ~ 1)5 (L T ~ 1 )x (L *T2 t~ 2 0-1 )Y

from which, the following simultaneous equations are obtained :
1 = q + r + s  ;
0 = p  + q - 3r - s  + x +  2y

-  3 = -  3q -  s  -  x  -  2y ;
-  1 = -  q -  y

Expressing p, q, r and s in terms of x  and y  we get,
p = - q + 3 r +  s -  x  -  2y = -1 + y  + 3 x +  y - x - x - 2 y =  x  -  1
Q = 1 - y
r  = 1 - q -  s = 1 - 1 + y - y  + x = x 
s = 3 - 3 g - x - 2 y  = 3 -  3 + 3 y - x - 2 y = y - x

Substituting values of p, q, r and s in eqn. (1.30), we get,

A (d )X -  1
(K)

1 -  y
( P ) »  
y

y  - *



P̂ ) - (1-33a>
In the above equation, —^  is known as Reynold's number or modulus, Nre■

••• Nnu « A (Nre)x (Npr/  ...(1 .3 3 b )

Other two dimensionless numbers in use are Stanton number or modulus expressed
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as

Af MwNst = Nre x Npr Vkpp 
and Peclet number expressed as

V d p k p  V d  
Npe = Nre x Npr - K  ** a.

where, a  = -—  = thermal diffusivity of material as defined earlier.
kp p

For convective flow in general which may be partly by free convection and partly by
forced convection, film coefficient may be expressed in dimensionless form as

Nnu = f{Ngr, Nre, Npr) ...(1 .3 4 )
A good general correlation of the data on heating or cooling of any fluid in turbulent 

motion (Reynold’s number in excess of 2,300) through pipes is

Nnu = 0,023 (Nre)0 8 (Npr)y ...(1 .3 5 )
where, for heating y  = 0-4 and for cooling y  = 0-3 may be used.
All physical quantities are taken as arithmetic mean of those at entrance and exit.
For different gases, it is found that the values of Prandtl number only varies between

0.65 and 0.85 and usually it is taken constant as 0.75.
1.4.5 Em pirical Relations : Numerous empirical formulae are available for free and 

forced convections for different fluids in tubes and over plates. Attempt is made here to 
list a few out of them.
Free convective heat flow over vertical plates

The surface heat transfer coefficient is implicity given by the general equation,

Nnu = k (Npr x Ngr)n ..(1 .36)
The term fluid stands for gas, vapour, or liquid flow in which convection occurs. The

properties of fluid are evaluated at the mean temperature of plate surface and the fluid.

In the laminar range, i.e ., at 104 < Npr x Ngr < 10 , 
k = 0-59 and n = 0-25 

In the turbulent range, Le., at ]09 < Npr x Ngr<'\01 , 
k  = 0-13 and n = 0-33 

Free convective cross flow over horizontal pipes
For one plain horizontal pipe and daitomic gases, e .g ., air,

Nnu = 0-37 (Ngr)U4 ...(1 .3 7 )
Forced convective heat flow for turbulent flow parallel to plane plates 

The basic equation reads,
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.. (1.38)Nnu -  0075 (A/re x N p rf75 

Forced convective heat flow for air parallel to plain pipes 
Jakob and Dow suggest that

Nnu -  0 02*8 (A/re)0’8 ■■■ (1-39)
where characteristic length in Nusselt’s  as well as Reynold’s number is the length 

and not the diameter of the pipe in question.
Convective heat transfer with turbulent flow inside pipes, for R e  < 10,000 

For liquid flow basic equation reads

Nnu « 0-024 (Nref B (Npr)037 .« 0-40)

For flow of gas or vapour the basic equation reads
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Nnu « 0-04 (Nre x Nprj0-75 ... (1.41)

Nnu -  3-3 + 0-4 Nre *  Npr x

* For non-circular conduits hydraulic mean diameter is used for diameter of the pipe. 
When the pipe is not straight, Nusselt’s number of h is mutliplied by the factor

f -  | l  + 1-77-^ ...(1 .4 2 )

where. R  = radius of curvature, m 
and d  = diameter of pipe, m.

Convective heat flow with laminar flow inside pipes, R , s. 2,200
Basic equation reads

|4
... (1.43)

where, L  is the length of pipe, m.
The equation is valid for gases and vapours as well as liquids.

Convective heat transfer by turbulent cross flow of gases and vapours with plain pipes.
Experience has shown that cross flow results in higher surface transfer coefficient 

than does with parallel flow and it is, therefore, increasingly used in practice.
For turbulent flow, Nre > 2 ,300 , the general equation reads,

Nnu -  *  <*«>“  • (1-44)
where, k = 0-26 for 10 or more pipes in line, and 0.33 for 10 and more staggered 

pipes.
If the number of pipes is less than 10, the above equation must be multiplied by 

factor K  according to the following table :

Number 
of pipes

1 2 3 4 5 6 7 8 9

Factor, K 0-64 0-76 0-83 0-87 0-92 0-94 0-96 097 099

Convective heat transfer by turbulent cross flow of liquids 
The basic equation reads as

Nnu •  0-145 (A/re)0654 (A/pr)031 where the pipes are in line, 

and -  0-175 (Nrg)0'66 (A/pr)0'31 where the pipes are staggered.

...(1 .4 5 ) 

... (1.46)



Problem  — 9 : Estimate the heat loss by natural convection from a horizontal plate, 
18 cm x 22.5 cm, at 150°C facing upwards to the still air at 27°C. The film coefficient 
for free convection is given by,

h = 2-48(0)4 watts/rrP°C
where, 6 is the temperature drop in the air film in °C.

Here, h = 2-48 x (150 -  27)4 = 8-261 watts/m2°C
Using eqn. (1.29), total heat loss by natural convection is,

H  = h x A x 0

= 8-261 x 1^q* q q q 5 x  (150 -  27) = 41-15 w atts

Problem  — 10 : An evaporator consisting of 42/40 mm pipes is immersed in ordinary 
water flowing normal to the pipes at the velocity 0-5 m/sec in the narrowest cross section.
The surface temperature is 2°C and mean water temperature is 7°C. Calculate the surface
heat transfer coefficient. The pipes are staggered.

Use the relation, Nnu = 0-175 (A/w)° 68 (A/pr)° 31

Assum e the properties of water at 4.5°C as K  = 0.564 Joules/m s  °C,
V = 1.572 X 10r6 nr?/sec., kp = 4.208 KJ/kg°C and p = 1,000 kg/m3
ki * Vd 0-5 x 0-042 * * *Now, Nre = —   ----------------   = 1-33 x 10

v 1-572 x 1 0 '6
. It may be observed that Reynold’s number is greater than 2,300 and hence the flow 

in turbulent.
\ikp v p kp
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Again Npr »  -

1-572 x 10~6 x 1,000 x 4-208 x 1000 
0-564

Nnu -  0-175(1-33 x 104)° 68 (11 7 )°31 -  211

But, Nnu = —hd
K

Film coefficient, h =
Nnu x K

211 x 0-564 _ _ . . , 2=  r - r r r   = 2,833 Joules/m  s  C.
0-042 •

(
2.5 Combined Effect of B asic  Modes of Heat Transfer

So far only such cases of heat transfer have been considered where either conduction, 
convection or radiation occurred separately or the effect of the one was so prominent 
that the others can be disregarded. This is not generally true. In practice heat transfer 
is on account of combined effect of two or three modes of transfer. In practical calculations 
the division of such complex processes into elementary phenomenon is not always possible 
and desirable.

There are two main cases in which the combined effect of conduction, convection and 
radiation must be considered. The one deals with projection of the surface in air, e.g., fins 
on the cylinder of air compressors and aero engines. Here, heat is conducted from the



root to the free end and at the same time heat is given up to the surrounding by 
convection and radiation. The radiation effect being small can be neglected or simply 
considered as included in convection effect.

The second case occurs at the wall of building or in heat exchangers. Consider the 
transfer of heat from the hot water to the cold water in a tubular water cooler. The 
temperature of the hot water is reduced as it passes through the tubes owing to the 
gradual dissipation of heat energy of the hot water particles to the cooler surface of the 
wall which separates the hot and cold water by convection. The heat energy then flows 
through the metal wall by conduction and finally into the cold water by convection.

The combination of conduction and convection modes of heat transfer together with 
radiation also occurs in practice. The analysis of such complex problems as the heat 
transfer within a furnace of generating unit, where conduction, convection, and radiation 
are all involved, would indeed be very difficult. However, there are a few simple methods, 
by which the influence of radiation together with conduction and convection may be 
studied.

HEAT TRAN SFER 27
4

y
A A1

y  * /
1• 1

/
/// //

t /
 x  »i <fx h*—

Fig. 1-13

1.5.1 Heat transfer from a Rod Heated at One End: The combined effect of all 
basic modes of heat transfer can be illustrated by giving an example of the transfer from 
a rod of arbitrary constant cross-section projecting from a vessel at constant temperature. 
Here, convection is usually regarded as the principal phenomenon. In this case the process 
is characterised quantitatively by heat transfer coefficient h = hc + hr, where, hc accounts 
for convection and hr for radiation.

Heat loss from infinitely long bar : Consider an uniform cross-section bar of infinite 
length heated at one end (at x  = 0) and losing most of the heat from the surface (fig
1-13) by free convection and helped by radiation to some extent.

Let 9 be the temperature of the bar at section A above that of the surrounding.
The temperature at x = 0 is maintained at 0n degrees above that of the surrounding.
The area of cross-section and perimeter of the bar are a in sq. m and p in m respectively.



The heat flow at A in time 61 is,

H i = -  K a^ ?- bt 
dx

At A ' i.e . x  + bx, the temperature of the bar above surrounding is, 
Q dQ  *0 + - j-  bx 

dx
Heat conducted through section A ' is,
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H2 = -  K 'a -j- 
dx (e + f  ax] st

The difference between heat entering at A and that leaving at A ' is

H. -  H2 = -  K a ^  bt + K a l ^ -  + 
1 2  dx dx dZ 0 6x) bt = K a  ^  bxbt

dx2 ) ctx2
At steady state condition, Hi -  H2  is the free heat loss from the surface of the bar 

between section A and section A '. If h is free heat loss coefficient,

K a d 2 0 
dx2

bx bt = h p bxQbt

d20d 0 h p  0 
cfx2 Ka cfx2

- H 0 -  0 where n =
... (1.47)

K a

The general solution of this second order differential equation is
+ ...(1 .4 8 )

where A and B  are constants which can be determined from known boundry conditions. 
For infinite bar, at x  = 0, 0 = 01 and at x  = a , 0 = 0,
From eqn. (1.48), 01 = A + B  andO = A x  a + B x O

A = 0 and B = 0

0 = 04 e_ ^x = 0 .e "V A e  * x  
1 1 K a  x

Eqn. (1.49) can also be written as, loge

'01'

-5- =

... (1.49) 

...(1 .5 0 )

It may be noted that loge
0

and x  are linearly related. Thus, it is very easy to

determine the value of h experimentally. Readings of 0 along the length of the bar are
'01 \— against x. A mean line is drawn through these points andtaken and plotted as loge

gradient of this line is found  ̂ which gives the value of n and hence value of h. 
Heat loss from a finite length (L) of an infinitely long bar :

This heat loss can be estimated by two different methods :

(i) The rate of heat loss from the surface of = Heat conducted through the bar, at x -  0 
the finite length (L) of infinite bar _  Heat conducted through the bar, at x=  L

. m
L dx x - 0 dx x - L

H  = -  K a (d Q
[ d x , x - a .

But from eqn. (1.49),
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... (1.51a).  K a  n 0t [1 -  e~
Alternatively
(ii) By integrating along the length (L) over the surface of the bar for free loss,

L L

H  -  f  h p 0 dx = J  h p  0! e~ux dx = \  t 1 (1 -  e“ uL)u

Using the relation, \i2 -  - r^ , it can be shown that
A  3

H -  /C an01 1̂ -  e-tl1) same as eqn. (1.51a)

-  v /)p K a 0 , (1  -  e - |iL ) ...(1 .51b )

1.5.2 Formed Surface or fin s : Idea of fins on cylinders of aero-engines, air compressors, 
electric motors, and radiators, etc. is to reduce the temperature of the surface to which 
they are attached, and the fin from the point of view of heat transfer corresponds to a 
bar of finite length (fig. 1-14).

■ + tan h (n L)
Heat flow H » K  a \i *1L

1 +
K\i

+ tan h (n L)

where, u = * 2(6 *  jf i v  x 2Z = V  2/1
K Z fc  K Z 6  K b

Fig. 1-14 Rectangular fin. Fig. 1-15 Variation of heat loss from fins 
with fin length.



In any particular application, K  a, ja, 0! and h are constants.

Hence, H  is function of L  only i.e. H = f  (L)
We are interested in the rate of increase of heat flow with increase in length (L) of

HN *
the fins i.e . I P , 

dL

Fig. 1-15 shows the variation of H  with respect to L for particular values of ^ r .
K  u

It may be noted that as approaches unity, approaches 0 and the fins become 

ineffective.

Fins are effective in general, if -§■£ has values exceeding five.
r\D

It can alsb be proved (by taking actual value of h for air and water) that in general, 
the method of cooling, using fins, is not effective with liquid cooling as it is with air and 
gas cooling.
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Problem  — 11 : A 60 cm long metal bar of rectangular cross-section 20 cm x 1.25 
cm has one of its end at uniform temperature of 425°C above that of the surrounding 
air. If temperature gradient at the other end of the bar is zero, find the heat loss per 
second from the bar.

Take coefficient o f emissivity from the surface of the bar as 6 5  J/rr? s  mC and 
coefficient of thermal conductivity for the material o f the bar as 40 J/m s  °C.

Using eqn. (1.51a), H = Ka n 0! tan h (\xl) = Ka\iQ^

where u2 = M  = 2(0 2 + 0 0125) x 6 5 
(x K a  40 x 0-2 x 0 0125

n = 5-25

Thus, e^  = e5'25 x 06 = e3'15 = 23-4,
1

giving e ^  -  e **

e ^  + e~^

23-4 - 23-4

23-4 + 1
= 0-995

23-4
Hence, H = 40 X  (0-2 x 0 0125) x 5-25 x  425 x 0-995 - 222 J/s

Problem -  12 : Two long pieces of copper wire, 1-5 mm in diameter, are to be 
soldered together at the ends, If the melting point of the solder is 235°C, estimate the 
minimum heat input required in watts. Take environment temperature as 25°C and effective 
heat transfer coefficient over the wire surface as 15 watts/nr C. Thermal conductivity of 
the copper wire is 390 watts/m°C.

Here, h = 15 watts/m2oC , K  = 390 watts/m°C,
2

0  -  X  = 0 0 0 4 7 m ,a  = ^  d 2  = 0-7854 x = 1-77 x lO "6 ^ ,

and 01 = (235 -  25) = 210°C.
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Now, assuming the copper wires to be infinitely long, eqn. (1.51b) may be used for 
estimating heat input at the joint, where I = a . Thus, heat input,

H = V/jpKa 0, (1 -  e~M/>

= V15 x 0 0047 .x 390 x 1-77 x 10"6 x 210 x (1 -  0) = 1.465 w atts
Problem -  13 : Heat generated in the bearing by friction causes the temperature at 

the end of shaft 60 mm in diameter to rise 60°C above the ambient temperature. What 
is the temperature distribution along the shaft and what is the amount of heat transferred
through it if heat transfer coefficient (h) is 6 W/rr? °C, thermal conductivity of the material
is 50 W/m°C and the shaft is assumed to be of infinite length ?

For infinite rod, from eqn. (1.49), 0 -

where, (. ,  V ®  -  V  e » *  « m*> « 4 = 2.8284 I/m
7 Ka 50 x jt x x0 0 6  x 0 06

Hence, the temperature distribution along the length of the shaft may be determined 
from, 0 = 60 x e~2 8284 x where, 0 < x  < »

and heat flow from eqn. (1.51a), i.e .,

H -  Ka |i 0! (1 -  e" •**) .

= 50 x ^ x (0-06)2 x 2-8284 x 60 x (1 -  e "2 8284 x °°)

= 24 w atts.
1.5.3 Heat transfer between two flu id s separated by a metal w all : Heat-exchange

' system usually consists of combination of the radia
tion, conduction and convection methods of heat 
transfer; of these, the fluid to fluid heat-exchange 
process through a separating wall, is perhaps the 
most common. In fig. 1-16, heat is transferred 
through a flat plate with hot fluid on one side and 
cold fluid on the other. Consider a steel plate 
1 cm thick with thermal conductivity 37-2 watts m°C 
and 7"j and T2 as 700°C and 150°C respectively. 
Assuming for the moment that the metal temperature 
is the same as that of fluid in contact with it,

H = - 7-2 -* 1—- (70°  ~ = 20,46,000 watts

1 * Too
In actual practice it is found to be 24,400 watts 

and hence actual temperature drop T\ * -  Tz * is 
about 6-56°C. Thus, it is seen that the bulk of the 
temperature drop is in thin layers of the gases on 

either side. These thin layers are the main resistance to heat flow and this is generally
accounted for by heat transfer coefficient. It is sometimes called film coefficient, h. It may
be observed that this film coefficient is equivalent to coefficient of conductivity of the fluid 
layer.

If hf = film coefficient for the hot fluid to metal (watts/m2 °C),
h2 = film coefficient for the metal to cold fluid (watts/m2 °C), and
U = overall heat transfer coefficient between hot fluid and cold fluid, (watts/m °C),

h - s — t
Fig. 1-16
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Hence, rate of heat flow per unit area,
W = A?i (Tn -  T-\ ') for hot fluid film

I T O  ' -  72 ')
= -------- ^---------for plate

H  = hz (T2 ' -  T2) for cold fluid film

Pt - r,') = (T,' - V) . <v  - r2) . ^
Adding above three relations and simplifying, we get,

I I  S  1T , - T 2 - H ft, + K *  h;. or

r ,  -  r 2 ...(1.52)

J _  S  _1_ 
/7, + K  + ft>

It has been noted that the film coefficient h is equivalent to the conductance of the 
fluid layers adjacent to the surface of the solid wall. The corresponding resistance of 
these fluid layers is, therefore, Mh. The resistance of the fluid film may be added to the 
resistance of the wall to give the overall resistance to heat flow between the two fluid 
layers. Thus, from eqn. (1.52) it may be observed that

-J~ + + -J- is the overall resistance.ĥ  K  h2

Thus, from the definition of overall heat transfer coefficient,
H = U { T , - T 2) ...(1 .5 3 )

where, U is overall conductance of the entire wall including the effect of the resistance 
offered by the fluid film s, and is also called the overall heat transfer coefficient.

Comparing eqns. (1.52) and (1.53),
1 1 S  1 ...(1 .5 4 )
U m ft, + K + h2

. 1 1 v S  1 ...(1 .5 5 )
or for composite walls -7-. =s -r -  + 2-«> + -7—u #7«j K  /ig \

Owing to their low thermal conductivity, the surface coefficient operating in the case
of gas flow are very much smaller than those for water and other liquids whose viscosities
are not high. A gas flowing at, say, 5 m/sec. across a tube may have a surface coefficient 
of the order of 50 to 100 watts/m2 °C, whilst that for water flowing through the tube at 
about 2 m/sec. is about 50,000 watts/m2 °C.

For a cylindrical tube of inner radius  ̂ and outer radius r2 , the overall coefficient 
may be expressed as

log,

.+
U rm f t r , K  h2 r2

... (1.56)

Here U is the overall heat transfer coefficient based on some mean radius r, but 
since the reah.interest lies in the value of product Urm , the radius rm need not be 
specified.
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If the temperature drop across the pipe wall is neglected,
1 _  _ 1 _  + 1 

Urm "  /Ji r, + h2 r2
If in addition, the thickness of pipe is negligible, i.e. r2 = r1t

i . - U - i  -
U h, hz

Lastly, for a composite: pipe having n layers, separating hot and cold fluids,

+ l\

(1.57)

(1.58)

log*
1 1

Ur,m V i 'S ' -
a * 1

1
Kn rn + 1

(1.59)

Problem -  14 : A pipe having 5 cm bore and 6.25 cm outer diameter is covered 
by two layers o f lagging 11.25 cm and 14 cm diameter and having thermal conductivity 
of 0.164 and 0.0446 watts m°C respectively. Pipe material has thermal conductivity o f 20 
watts/m'C.

The pipe carries superheated carbon dioxide flowing at the rate o f 80 kg/hr. If the 
heat' transfer coefficient between surrounding and outer surface o f lagging in 37 watts/rrP 
*C, find the rise in temperature of C02 per metre run of pipe if temperature of surroundings 
is 17*C and average temperature o f the carbon dioxide is -2 5 ’C. The heat transfer 
coefficient between metal and C 02 may be taken as 50 watts/m°C. Specific heat o f C02 
is 0.9 KJ/kg °C. .

Using eqn. (1.59), overall heat transfer coefficient for three layers ( n = 3 ) is given
by.

iog£ *
/1

(r3\
l°9e -  log*

Ur,m V i

10
ioge

k 2

iog€

k 3
/5-625\
3-125

hzrA

loge 5-625 100
0-164 37 x 750 x 2-5 20 0-0446

= 0-8 + 0-01115 + 13-15 + 1-336 + 0-386 
= 15.68 m °C / watts 

Now, heat flow rate from surrounding to C 0 2 per metre run of pipe is given by 
H -  -  2 j i  U r ml (T2 -  T )̂ = -  2n x (U rm) x 1 x (17 + 25)

1
-  -  2j i x X  1 X  42 -  -  16.9 watts = - 16.9 J/s15.68

Thus, temperature rise of C 0 2 per metre length of the pipe 
16-9 x 3600

80 x 0-9 x 1000
= 0.845 *C

1.6 Heat D issipation from Lagged Steam Pipes
The heat loss from the steam pipe surface to the atmosphere takes place by convection, 

conduction, and radiation. This loss is usually given in the form of an empirical coefficient 
in heat units, per unit time, per unit surface area, per degree difference of temperature

HE 3-3
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beetween temperature of exposed surface and atmosphere. The coefficient is known as 
coefficient o f emmisivity. Thus, rate of heat loss can be, expressed as

H  « he (7 i -  Ta) X  A  ... (1.60)

where, he = coefficient of emmisivity.
The overall heat transfer coefficient, he is merely 

the quantitative design characteristic of the complex 
process of heat transfer taking into consideration 
combined effect of all three basic modes of heat 
transfer.

oT q
Atmosphere

/■tv 77777  /,rr r r r r r  

Hot body/
/

.f.f
1.6.1 Lagged Steam  p ip e : The object of lagging 

is to reduce the heat loss from the pipe surface 
by providing an insulating layer called lagging, r i9* 1-17
through which heat has to flow. Fig. 1-18 shows
the lagging round a steam pipe of inner radius rj and negligible thickness, at a temperature
T j, lagged up to a radius r2 having a surface temperature T2 which is exposed to 
environment of air at a temperature Ta. Neglecting the temperature drop across the pipe 
wall, heat passing through the lagging will be given by equation (1.10) and this must be 
equal to the heat loss from the surface. If he is the emission coefficient (by radiation, 
convection and conduction) from the surface per unit area per' degree difference in 
temperature in unit time, then, rate of heat conducted through the lagging material from 
eqn. (1.10),

H
2j i /K (7 i -  T2)

log*

The same rate of heat flow is emitted from the 
external surface, thus

H -  he 2 n r z l  (72 -  Ta)
Equating above two heat flows and re-arranging,

7i -  Ta = H
2 ii I

log*
1

he rz K

Fig. 1 -18. Lagged steam pipe

H  =
2x1 ( 7"i -  Ta)

log*
rr2\ l

1 r/ I •
h e r2 *  K

... (1.61)

It will be seen from fig. 1-18 that as r2 increases, the areas of successive layers of 
lagging increases, so that the resistance is offered by each succeeding layer of thickness 
6 r. Moreover, the external area from which the heat is finally lost also increases.

Differentiating the denominator of equation (1.61) with respect to r2 and equating to 
zero gives the relation r2 = K /h e, and its substitution in the second differential gives
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positive expression. This is the condition for a 
minimum value of the denominator, and a maximum 
value of the heat loss. For asbestos, the critical 
radius needs normally very small thickness -  a 
fraction of centimetre only -  especially when radiation 
losses are high. As r2 is increased beyond this 
value (fig. 1 -  19), the heat losses diminish con
tinuously, but the saving of heat must be considered 
with reference to the cost of the lagging.

Problem -  15 : A 10 cm outer diameter pipe 
carrying saturated steam at 17.6 bar is lagged with 
magnesia up to 20 cm diameter and further lagged 
with laminated asbestos up to 25 cm diameter. The 
whole pipe is further covered by a layer o f canvas. 
If the temperature under the canvas is 20°C, find 
the mass of steam condensed per day of 24 hours 
per 100 metre length of pipe. Take coefficient of 

thermal conductivity o f mangnesia and asbestos as 0,06 and 0.071 watts/m°C respectively.
Find the saving in coal per day per 100 m length of pipe due to this lagging if 

calorific value o f coal is 32,659 KJ/kg. Boiler efficiency may be taken as 75%. Heat 
losses from the bare pipe are 14-7 watts/rr? °C. Air Temperature is 20°C.

At 17-6 bar,  ̂ = 250 °C, L = 1921-83 KJ/kg (from steam tables by interpolation).
2nl(T\ -  T2)

Logging ro d iu s ,^  —

Fig. 1-19 Graph of heat loss against 
radius of lagging with datum of bare 
pipe loss and outer radius of pipe

Using eqn. (1.12), H  *
log€

K
Neglecting resistance of pipe,

loge

2

r2\

\ /
,09e t ] lo9«

12-5̂
10

0071K  006
Heat flow per 100 metre length of pipe 

2k  x 100(205 - 20)
14-85

= 7,830 watts = 7,830 Joules/sec. 

Heat loss per day = 7 ,830 x 3600 x 24 -  6-7651 x

11*6 + 3-25 « 14-85

Mass of steam condensed per day = 6-7651 x 10

10 Joules/day 

= 352 kg/day
1921-83 x 1000

Now, heat loss from the bare pipe per day per 100 metre length of pipe is 

-  14-7 X  K  X  0-1 X  100 X  3600 x 24 x (205 -  20) -  7-38 x 109J/day 

.-. Saving in heat due to lagging = 7-38 x 109 -  6-7651 x 108

6-7 x 10s J/day

Saving in coal = 6-7 x 10.9

32659 x 1000 x 0-75 = 273 kg/day
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1 .7 Heat Exchangers

Heal transferers or exchangers are necessary in many thermodynamic processes. The 
apparatus effecting these heat exchanges are termed heat exchangers. Here, the study of 
the basic principles which are must in the design of heat exchangers will be undertaken.

As mentioned earlier, heat exchanger is a very important part of the engineering plant. 
The cost of heat exchanger increases rapidly with the reduction in temperature difference 
between the fluids, while low value of temperature difference is desirable for minimising 
reversibility and hence inefficiency. Thus, designer must make a decision as to the economic 
limit to which compliance with thermodynamic principles may go.

There are widely varying conditions under which heat exchanges take place. This has 
led to development of many special and general types of heat exchangers. The temperature 
difference and pressure drop are the main considerations for design. However, corrosiveness, 
toxicity and scale-forming tendency, in addition to the thermal properties of the substances, 
must be considered while designing the exchanger. There are also economic considerations 
which include factors such as, initial cost, necessary space, life of the unit and ease of 
maintenance.

Heat exchangers may be classified as 
either recuperator type or regenerative. 
Recuperator types are natural heat ex
changer units with continuous action, while 
in regenerative exchangers, the hot and 
cold fluids stream s pass alternately over 
the heat exchanging surface. This may use 
a rotating cylindrical metal grid which is 
heated while passing through the hot fluid 
stream and which then gives up this heat 
to the cold fluid when passing through the 
cold fluid stream. These are used in power, 
plants.

In order to visualize the effective mean’ 
temperature difference ( not algebric mean), 
the temperature distribution in various types 
of heat exchangers will be considered. 
Subscripts 1 and 2 refer to the inlet and 
outlet conditions of fluid respectively. 
Capital T  refers to hot fluids temperature 
while lower t refers to cold fluid temperature. 
The difference in fluid temperatures at any 
stage is denoted by 0 = (T  -  t).

All heat exchangers may be classified 
as follows :

1 .7.1. Paralle l flow Heat Exchanger : 
In this the fluids flow parallel to each 
other and in the same direction over the 
separating wall as shown in fig. 1 -  20. 
Many devices such as water heaters, oil 
heaters fall in this class. It may be ob-

Hot fluid

Cold f lu id -------------

7/ z  ZZZZZZZZ

Hot fluid

* 4

?
Dm

1

L H -HdHI- HsHL

distance (x) and heat flow (H) from hot endr 

Fig. 1-20 Parallel flow heat exchanger

served that the temperature of the hot fluid decreases, while that of cold fluid increases, 
along the length of the parallel flow heat exchanger, starting from hot end.

Total heat exchangew over the entire length of the heat exchanger may be given by
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Hl  -  U -A  • Bm = U x jc Dm L x 6m ... (1.62)

where, U = overall heat transfer coefficient,
Dm = log-mean diameter of the pipe separating the fluids, and 
Qm = mean temperature difference to be defined later.

Here, initial temperature difference between the between fluids -  0  ̂ = Tj -  fj

Final temperature difference between the fluids = 0 2 = T2 - t2

At a distance x  from hot end of heat exchanger, temperature difference between the
fluids = 01 = T  -  t

1.7.2. Counter flow  Heat Exchanger : In this case, the fluids flow in the opposite 
directions to one another. This possibly is the most favourable kind.of fluid heater and 
cooler. A fluid flow and temperature distribution diagram is shown in fig. 1-21 (on page 
38).

Here, initial temperature difference between the fluids = 0! = -  t2, and

Final temperature difference between the fluids = 0 2 = T2 -  f j, while

Temperature difference between the fluids at a distance x  from the hot end of heat 
exchanger = 0 = T  -  t.

1.7.3 Evaporators and Condensers : In this case, one fluid remains at constant 
temperature while changing its state from liquid to vapour or from vapour to liquid while 
temperature of the other fluid changes as it flows along the length of the exchanger, the 
fluids flowing parallel to each other in any case. A fluid flow and temperature distribution 
diagram for a condenser in parallel flow arrangement is shown in fig. 1-22 (on page 38). 
It may be observed that even if direction of flow of vapour is reversed, the temperature 
diagram remains unchanged for both the hot and cold fluids. Thus, evaporators and 
condensers are insensitive to the direction of flow of the fluids.

Total heat exchange over the entire length of the exchanger is given by eqn. (1.62),
here also.

Here, initial temperature difference between the fluids = 0 1 = (Ts -  7"-|), final tempera
ture difference between the fluids = 0 2 = (Ts -  T2), while temperature difference between 
the fluids at a distance x  from the left end -  0 -  ( Ts -  t) .

1.7.4. C ross flow Heat Exchangers : Another arrangement of a heat exchanger is 
to have the two fluids flowing at right angles to each other on either side of the separating 
surface, known as cross flow heat exchanger. Mathematical analysis of such an exchanger 
is rather complex since the fluid temperatures vary both in the direction of flow and also 
normal to it, if the fluids are not mixed in the direction normal to flow direction. Cross
flow heat exchangers are popular particularly where space is limited, as for example, in
mobile power plants like automobiles and aeroplanes.

1.7.5 D irect contact Heat Exchangers and Regenerators : There are the special 
kinds of exchangers designed for specific applications. Direct contact heat exchangers are 
usually of counter flow type where separating walls are absent. These exchangers are more 
effective and are used where mixing of the fluids is permissible. Evaporative coolers and 
cooling towers are the examples of this type, used extensively in refrigeration industry. 
Regenerators are the exchangers made up of grids of a material having high thermal storage 
capacity, through which, hot and cold fluids pass alternately, hot fluid heating the gnd while 
flowing through it and cold fluid absorbing heat from the grid, in its turn, while flowing 
through the same grid. These exchangers are popular in turbojet power plant applications.
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Hot fluid

— Cold fluid ----

>//////////■///////////;/zzzzn
Hot fluid

T
Dm

1
V*--------------------- L -------------- -----

Hot vapour
'ZZZZZ7ZZZZZL - s s s / s s s s ; s s j  s ? r r z

Cold fluid -- — -------

T2ZZZZZZZZZZZZZZZZZZZZZZZZZZZZ
Hot vapour

Dm

I
_ L

Ur H
-H  K—  dx

-M h —  dH h =h l

Dtsfance(l) and heat ilow{H)trom hot end Distance (x) and heat flow (H) from left end

Fig. 1-21 Counter flow heat exchanger. Fig. 1-22 Condenser.

1.7.6 Logarithm ic Mean Tem perature D ifference : For the proof of formula for 
effective mean temperature difference, consider a heat exchanger of length L and 
logarithmic-mean diameter Dm and take a point at a distance x  from the hot end of the 
heat exchanger.

Let Wh = m ass flow rate of hot fluid per second,
Wc = mass flow rate of cold fluid per second, and 
U = overall heat transfer rate based on diameter Dm.

Then at a distance x  from the hot end,
Heat given by hot fluid for length dx is, dH = -  Wh x C/, x dT  ... (1.63)

where, Ch = specific heat of hot fluid.
Heat received by the cold fluid for length dx is dH = ± Wc x cc x dt ... (1.64)

where, cc = specific heat of cold fluid.
As dt for parallel flow is positive and that for counter flow is negative, positive sign
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in above formula is for parallel flow, while negative sign is for counter flow.
The heat flow rate, dH passes from hot fluid to cold fluid through the pipe wall.

It may be observed that the expression for the logarithmic mean temperature difference 
(LMTD) for counter flow or parallel flow exchangers is the same and involves only the 
temperature difference at the entrance and exit of the exchanger. However, it may be 
noted that for a given set of entrance and exit temperatures, the logarithmic mean 
temperature difference is greater in case of counter flow heat exchangers and therefore 
less area of heat transfer is needed. Further, in case of condensers and evaporators, 
both the directions of flow, i.e. parallel or counter flow, result in same temperature 
difference.

The third general arrangement of a heat exchange system is to have the two fluids 
flow at right angles to each other on either side of the separating surface known as 
cross-flow arrangement. The mathematical analysis of the mean temperature difference 
for cross-flow exchangers is rather complex, and is not presented here. The use of 
cross-flow exchangers is usually necessary when space is limited, as for example, in 
aircraft.

Problem -  16 : A liquid to liquid counter flow exchanger is used to heat cold fluid 
from 50°C to 155°C. Assuming that the hot fluid enters at 260°C and leaves at 205°C, 
calculated the logarithmic-mean temperature difference for the heat exchanger.

Here, 0! = (T , -  t2) = 260 - 155 = 105°C and

dH = U x 3i  Dm x dx x 0 

Now, 0 = T  -  t  a  d B  -  dT  -  dt
Substituting values of dT  and dt from equations (1.63) and (1.64),

... (1.65)

... (1.66)

In the above equation, n is the thermal capacity parameter defined by
1 1

"  '  W „ch 1  Wc cc

Integrating eqn. (1.66), 0 1 -  0 2 •  HL

where Hl  = rate of heat transfer for full length of the exchanger
m i f  X  JC D _ X L  X  0 _ m m

where 0m = effective mean temperature difference 

0 1 -  0 2  ■ |* U  x b  Dm x L x 0 m 

Again from eqns. (1.65) and (1.66), c/0 = -  \x U x x  Dm x dx x Q

...(1 .6 7 )

i.e ., —t ~ = -  (i U x x  Dm x dx

... (1.68)

... (1.69)
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02 -  (T j -  t2) -  205 -  50 = 155°C

Using eqn. (1.69), logarithmic mean temperature difference,
n 01 -  02 1 55 -  105 .

"  m 7 \ --------- TT^ T = 129  c
loge 0

iog£
M55̂
105

Problem  - 1 7  : A two-pass surface condenser is required to handle the exhaust 
from a Steam turbine developing 14,300 kW with a consumption rate of 14.66 kg/kWHr. 
and to maintain a steady vacuum of 73.6 cm Hg. (Barometer 76.2 cm Hg). Find, (a) 
condenser surface area required, (b) circulating water flow in litres per minute, (c) total 
number o f tubes, and (d) length of tubes between tube plates if the following data is  
assumed :

Mean water velocity 3 m/sec.; water inlet temperature 15.8°C; difference between 
condensate temperature and water outlet temperature 2.8°C; condensate temperature 1.7°C 
below vacuum temperature ; quality of exhaust steam 0.9; heat transmission coefficient 
3.93 KJ/ir?s°C  based on outer tube surface; tube outside diameter 3.84 cm and tube 
thickness 0.44 cm.

,  , ^  4-66 x 14,300 , ,(a) Steam consumption = -----_   = 18-51 kg/sec.0|0UU
762   736From steam tables, saturation temperature (Q  corresponding to  —  = 0-035

7 5 0

bar is 26-5° C  and L -  2,438-1 kJ/kg (by interpolation).
Water outlet temperature, t2 = 26-5 -  2-8 = 23-7°C.

Total heat to be removed from steam, H
-  18-51 (2438-1 x 0-9 + 1-7 x 4-187 = 45,157-5 KJ/sec.

Now, Ty = 26-5 + 1-7 -  28-2 °C , T2 = 26-5 °C, f, = 15-8°C, 

fe = 23-7 °C  and 01 = (7 i -  fe) = 28-2 -  23-7 = 4-5 °C,
02 = (72 -  U) 26-5 -  15-8 = 10-7 °C, and t2 -  h = 23-7 -  15-8 = 7-9 °C.

Using eqn. (1.69), Logarithmic mean temperature difference (LMTD),
01 -  02 4-5 -  10-70m =  rr—r = ------, -  7-16 C

l09e(l) l09e(i^)
H 45157-5 2

Thus, condenser surface area required m A m  -  3.93 x 7-16  = 1,605 m

U
(b) Circulating water flow, W = ^  ̂  —

45157-5 x 60 = 81,913 litres/m in.
4-187 x 7-9

(c) Now, considering mass flow of water, number of tubes required per pass 
W 81,913_________________________ = 661

w x av 1,000 x ^  { 0-0384 -  (0-0044 x  2 ) f  x  3 x  604 1  ̂ 1

.-. Total number of tubes required = 2 x 661 = 1,322
(d) Now, as surface area required A = n x  ̂D0 I



where, n = no. of tubes, Do = outside diameter of tube and I -  length of each tube, 
we get,

» A 1,605 . _
I  =  — -  = 10 07 metres n it Do 1,322 x n x 0*0384

Tutorial - 1
1 . Fill in the gaps to complete the following statements :

(a) Conduction in ______  other than metals due to longitudinal oscillation, in ______
due to diffusion of free electrons and in  due to elastic impacts of molecules.

(b)  appears to be the best conductor among gases; helium has slightly higher
value.

(c) If the entire incident radiant energy passes through the body, such bodies are 
ca lle d  o r _______.

(d) Wien’s law relates T  and \ m by the expression 
T \ m =  [mm -  KJ.
[ (a) Solids, metals, gases, (b) Hydrogen, (c) absolutely transparent, diathermanous, 

(d) 2-898]

2 . Choose correct phrases to complete the following statements :
(a) Logarithmic-mean temperature difference for a parallel flow heat exchanger in

comparison with a counter flow heat exchanger is (i) greater, (ii) less, (iii) same.
(b) Em issivity of a black body in comparison with a polished non-black body 

(i) is higher, (ii) is sam e, (iii) is lower, (iv) varies from body to body.
(c) An increase in the temperature of metals, results in

(i) corresponding decrease in thermal conductivity, (ii) corresponding increase in 
thermal conductivity, (iii) no change in thermal conductivity.

(d) According to Kirchhoffs law,
(i) Ratio of emmissive power to absorptivity, for all bodies is same and is equal 
to the emmissive power of a black body, (ii) Em m issive power does not depend 
upon temperature, (iii) Emm issive power and absorptivity are constant, (iv) Emmissive 
power depends upon square of absolute temperature.

(e) A gray body is one
(i) whose absorptivity varies with temperature, (ii) whose absorptivity and emmissivity 
varies with wave length, (iii) whose absorptivity does not vary with temperature 
and wave length of the incident ray, (iv) whose absorptivity varies with temperature 
and wave length of the incident ray.

(f) For insulated pipe at critical radius
(i) The rate of heat transfer by conduction equals the rate of heat transfer by 
convection at the surface and is minimum, (ii) It can be subjected to maximum 
pressure, (iii) The heat flow rate is minimum, (iv) The rate of heat transfer by 
conduction equals the rate of heat transfer by convection at the surface and is 
maximum.

(g) The negative sign in the heat flow equation by conduction,
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H  = -  indicates thata s
(i) Heat transfer can occur in the reverse direction, (ii) For extremely poor conductors 
like gases, the transfer of heat is staggered, (iii) The temperature decreases with 
increasing thickness of material, (iv) The temperature of any body decreases due 
to conduction, convection, and radiation of heat from the surface of the source,

(h) For a black body
(i) the absorptivity is one, (ii) the reflectivity is one, (iii) the transm issivity is one,
(iv) all of the above.

[ (a) ii (b) i (c) i (d) i (e) iii (f) iv (g) iv (h) i ]
3. (a) Explain by giving illustrations that in practice transfer of heat is the combined

effect of three basic modes of heat transfer, viz. conduction, convection and 
radiation.

(b) D iscuss the importance of heat transfer in various fields of engineering.
4. (a) Explain the mechanism of heat transfer by conduction in solids and fluids. “Why

is steel better conductor of heat than insulating bricks ?” — Discuss.
(b) The inner and outer surfaces of a furnace wall 30 cm thick made of refractory 

bricks (K  = 1-35 watts/m°C), are at 1,650°C and 320°C respectively. Find the
reduction in heat loss through the wall to be obtained by adding 30 cm thickness
of insulating bricks for which K  is 0-3 watts/m°C, assuming the inside surface 
temperature of refractory bricks to remain fixed at 1,650°C. The temperature of 
outer surface of the bricks may be taken as 27°C.

[ 4,656 watts/m2 ]
5. A cold room has one of the walls which measures 4-6 m x 2-3 m constructed of 

bricks, 11*5 cm thick, insulated externally by cork slabbing 7-5 cm thick. The cork 
is protected externally by wood, 2-5 cm thick.
Estimate the leakage through the wall per 24 hours if the interior temperature is 
-2°C and the exterior temperature is 18°C. The thermal conductivities of brick, 
cork and wood are 9-7,0-45 and 1-8 respectively, the values being measured in 
J/sec for an area of 1 sq. metre, thickness 1 cm and a temperature difference 
of 1°C. What will be the temperature at the interfaces ?

[ 950-4 kJ ; at junction of the wood and cork
16-56°C, at junction of cork and brick -  0-78°C ]

6. (a) Three layers of materials of uniform thickness S i, S2, S3 and coefficients of
thermal conductivity K1, K2, K3 respectively, are placed in good contact. Deduce 
from first principles an expression for the heat flow through the composite slab
per unit surface area, in terms of the overall temperature difference Ti — T4
across the slab.

(b) A furnace wall consists of 23 cm of fire bricks and 11-5 cm of insulating bricks 
having thermal conductivities of 0-6 and 0-23 watts/m°C respectively. Calculate the 
rate of heat loss per sq. metre, when the temperature difference between inner 
and outer surfaces is 650°C.

7i -  74 21
H  = -5—  c ■-■- g- I 736 watt/m

1 _̂ 3
~K\ + Kz + K3

7 . A steam pipe line, 1 1 -5 cm outside diameter, is covered with two layers of different
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materials. The first layer is 5 cm thick having thermal conductivity of 0053 
Joules/metre sec eC . The second layer is 3 cm thick and has a conductivity of 
0-75 Joules/m sec °C.
Outside surface temperature of steam pipe is 235°C and that of the outer surface 
of lagging is 38°C. Calculate the heat loss per metre length of pipe per second, 
and the temperature between the two layers of insulation.

[ 102 Joules/sec; 43°C ]
8. A sphere of radius 40 cm is lagged to a radius of 50 cm, inner and outer surface 

temperatures of the lagging being 230°C and 65°C respectively. Find the rate of 
heat leakage, if coefficient of thermal conductivity is 6-4 watts per m2 per °C 
difference per cm thickness.

/• [ 265*5 watts]
9. The thermal conductivity of a certain material varies with temperature T  according 

to the following relation :

K  -  a + bT  + c l3 where a, b and c  are constants.
Derive the expression for computing the heat loss per linear metre for a hollow 
Cylinder made of this material. Assume that the inner and outer radii are n  and 
T2 and temperatures Ti and T2 respectively and the cylinder ends are perfectly 
insulated.

' 2 a ja (7 i -  T2) *  | ( 7 ?  -  T i)  ♦ | ( T ,4 -  r24) j

10. If the thermal conductivity of ice is 2*09 J/m s °C and density at 0°C is 910 
kg/m3, find the time in which the layer of ice 3 cm thick on the surface of a 
pond will increase in thickness by 1 mm, when the temperature of the surrounding 
air is 20°C below zero. Take latent enthalpy of ice as 335 kJ/kg.

[222*43 se c .]
11. (a) Explain the mechanism of heat transfer by radiation.

(b) By qulitative reasons, establish the expression
a  + p + 7 =. 1

where a  = absorptivity, p = reflectivity, and y = transm issivity of a body.
1 2 . (a) Discuss the concept of “black body” in heat transfer.

(b) State the Plank’s law of emission of radiant heat. Explain its significance.
13. State Stefan-Boltzmann’s law of total radiation from a black body. Discuss how 

this can be modified to take into account radiation from a non-black body.
14. Write short notes on the following terms as applied in heat transfer :

(a) Black body, (b) Gray body, and (c) Non-black body.
15. (a) Define the following terms as applied to heat transfer by radiation :

(a) Emm issivity, (b) Absorptivity, and (c) Reflectivity.
(b) Estimate the net radiant interchange between unit areas of two parallel perfectly 

black planes, infinite in extent and at tempeeratures of 430°C and 650°C respectively.



[27,303 W/m2]
16. Explain the term em issive power and absorptive power of a body. Deduce that 

at any temperature, the ratio of em issive power to the absorptive power of a 
substance is constant and is equal to the em issive pwer of perfectly black body.

17. (a) Differentiate criticaly between mechanisms of heat transfer by free convection and
that of forced convection.

(b) Explain the principle of dimensional analysis. Establish by dimensional analysis,
the expression for Nusselt number in terms of Grashof and Prandtl numbers for 
free convection.

18. Estim ate the heat loss by natural convection from a horizontal heated plate
45 cm x 20 cm at 95°C to still air at 15°C. The film coefficient for free convection, 
h is given by ^

h -  1 -9655 (6)4 watt/m2 8C 

where 0 is temperature drop in the air film in °C. [42.32 watt]
19. The rate of heat loss from a hot cylindrical surface freely exposed to still air is 

given by
.0-25

watt/m2 °C

where, 0 = temperature drop in air film, °C, and 
d  = diameter of the cylinder, metre.

Fihd the heat lost per metre length per hour for a bare pipe 22.5 cm diameter, 
carrying gas at 320°C, when the temperature of the atmosphere is 20°C. If the 
pipe is covered with a layer of material 7-5 cm thick and for which thermal 
conductivity is 0 089 watts/m °C, show that the outer surface temperature of the 
material will be 75-5°C and hence find the heat lost per metre of pipe length per 
hour. Neglect the temperature drop through the metal.

[ 1,495 watt; 269 watt ]
20 .(a) Explain in detail the mechanism of forced convection. State different empirical 

relations established by different workers for forced convection.
(b) Estimate the average film coefficient of heat transfer at the water side of single 

pass steam condenser. The tubes are of 2-3 cm inside diameter and cooling 
water enters at 18°C and leaves at 19-4°C. The average water velocity is 2*15 
metre/sec. The properties of water at mean temperature of 18-7°C may abe taken 
as :
Density = 1,000 kg/m3 ; Specific heat ’ = 4-187 kJ/kg°C ;
Viscosity = 3-74 kg/m hr; Thermal conductivity = 0-587 J/m s°C
The general relation for forced convection with usual dimensionless group is
<AU = 0-23 {AU 0 8 {Np/ ' 4

[ 7,224-6 J/m S °C ]
21. (a) Establish the expression for temperature distribution along a bar of uniform-section

and of finite length heated at one end and exposed to surrounding which is 
maintained at constant temperature.

(b) Two vessels of large thermal capacity, the first at a temperature of 125°C, and 
the second at a temperature of 50°C, are perfectly insulated and connected by
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a non-insulated tie-bar, 2-5 cm diameter and 30 cm long. Find the heat flow rate 
from or to the second vessel, if the tie-bar is of (a) copper whose thermal 
conductivity is 335 watt/m°C, and (b) steel whose thermal conductivity is 40 
watt/m!C. Assume that the atmospheric temperature is 20°C and the surface 
coefficient of heat transfer is 10  watt/m2 °C in each case. Sketch the temperature 
distribution along the length of the tie-bar.

[ (a) 15-5 watt; (b) 1 27 watt ]
22. A 1*5 mm diameter wire is maintained at 150°C- Temperature of surrounding is 

15°C. Show the effect of covering the wire with glass wool of conductivity 0 03 
watt/m °C by plotting heat loss against thickness of covering. What is the critical 
radius of the covering ? Take the coefficient of heat loss from the surface of the 
covering as 10  watt/m2 °C and that for the bare wire as 15 watt/m2oC.

[ 2*25 mm ]
23. Following particulars refer to heat transfer through boiler tubes :

Temperature of hot gases, 850°C; temperature of water in the tubes, 180°C; 
thicknesses of boiler tubes, water film and gas film, 1 -25 cm, 0 025 cm and 0 075 
cm respectively; coefficients of conductivities of boiler tubes, water film and gas 
film, 48, 0-48, and 0.33 J/m sec °C respectively.
Estimate the amount of heat transmitted per sq. metre, per minute.

[3,670 J ]
24. A steam pipe of 15 cm outer diameter is carrying saturated steam at 14 bar.

The pipe is lagged with 5 cm thickness of material of thermal conductivity 0*1786 
W/m°C. The exposed surface is found to be at a temperature. of 76°C. Neglecting 
the temperature drop through the pipe wall, estimate the mass of steam condensed 
per metre length of pipe, per hour.

[ 0-544 kg ]
25. Calculate the thickness of insulating material of conductivity 0-3768 kJ/m hr°C

necessary to reduce the heat loss from a hot water tank by 25%. Assume the 
coefficient of surface heat transfer by radiation and convection to be 6 kJ/m hr°C 
for the exposed surface of the lagging and 31-4 kJ/m2 hr °C for the unlagged
tank. Assume surface area of unlagged tank = surface area of lagged tank =
surface area for conduction.

[3-3 cm ]
26. An electric cable is insulated with the insulating material having thermal conductivity 

of 0-628 kJ/m hr K. The outer radius of the bare cable is 6 mm and that of the 
insulated cable is 8 mm. Find whether the insulation helps in cooling of cable 
and also find the value of the outer radius which would maintain the same 
temperature at the wire when there is no insulation. Assume the rate of heat flow 
from the surface to air as 41 kJ/nrr hr K.

X • K
[ Insulation helps in cooling wire as -r > rz\ outer radius = 6 cm ]

27. (a) Trace the importance of heat exchangers for industrial use.
(b) Classify various heat exchangers and draw diagrams showing temperature distribution 

along their lengths.
28. (a) Establish the expression for logarithmic mean temperature difference for heat

exchanger.
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(b) Steam enters a condenser at 0-14 bar, 0-94 dry and condensate leaves at the 
saturation temperature corresponding to this pressure. The flow rate of steam is 
7,250 kg/hr and that of water is 1,22,500 kg/hr. If the water inlet temperature is 
10°C, calculate logarithmic mean temperature difference. If the total cooling surfaqps 
is 140 sq.m ., calculate also the overall rate of heat transfer.

[ 20-2°C; 5715 kJ/m2 hr °C ]
29. The tubes in a smoke tube boiler are 2-5 m long, 7-5 cm diameter, the mass

flow of the gases through the tubes is 14-7 kg/s/sq.m and outlet gas temperature 
is 250°C. The water outside the tubes is at a temperature of 160°C. Determine,
from first principles, the temperature at inlet to the tubes and check the result by
direct employment of mean temperature difference. Take kp for gas as 1 kJ/kg°C 
and overall he;at transfer coefficient, U as 0 0716 kJ/m2s °C-

[ 327°C ]
30. In an ammonia-brine cooler, the brine having a specific heat of 0-68 is cooled

from a temperature of 4-5°C to -  4°C at the rate of 13,620 kg/hr. If the evaporation 
of the ammonia takes place at -  8°C, determine the cooler surface required. Take 
the overall heat transfer coefficient as 4,187 kJ/m2hr°C.

[ 10-59 m2 ]
31. In a tubular heat exchanger, 1,650 kg of liquid is to be cooled per hour from a

temperature of 77°C to 50°C, the specific heat of the liquid being 2-512 kJ/kg°C. 
The water supply temperature is 21 °C and the final temperature is not to exceed 
38°C. The overall co-efficient of heat transfer may be assumed to be 4,606 kJ/m 
hr°C. Estimate the surface area of the tubes required when using (a) parallel flow, 
and (b) counter flow configuration.

[ (a) 0-85 m2 ; (b) 0-73 m2 ]
32. Find the surface area required in a surface condenser dealing with 27,000 kg of

steam per hour, 0-92 dry and at 0-042 bar pressure. Temperature of condensed 
water leaving the condenser is 29°C. The cooling water is heated from 13°C to 
24°C in passing through the condenser. Assume that mean coefficient of heat 
transmission is 12,561 kJ/m2 hr°C.
If this condenser is to have two water passes, composed of tubes 1-9 cm outer 
diameter and 0-122  cm thick, determine the length and number of tubes' per pass. 
The water speed is to be limited to 1-5 m/sec.

[ 508-62 m2 ; 3-78 m length; 1,128 tubes per pass ]
33. A tubular counter-flow heat exchanger (economiser) is required to raise the

temperature of 900 kg of water per hour from 32°C to 82°C. Hot flue gases are 
available at 315°C and at the rate of 1,110 kg/hr. Assume film coefficient, h = 
30 W/m2°C for gas to metal and 5,390 W/m2°C for metal to water.
Calculate, neglecting diameter effects, (a) the length of 1-9 cm inside diameter 
tube required and (b) the number of tubes required, if the water velocity in the 
tubes is to be limited to 1 m/min. Take kp for gases as 0-9 kJ/kg°C.

[ (a) 2-72 m : (b) 53 ]
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REFRIGERATION
2.1. Introduction

The term refrigeration may be defined as the process o f removing heat from a 
substance (i.e. process o f cooling a substance). A refrigerator is a machine for producing 
cold. Refrigerators are used for making and storing ice, and for cooling of storage chambers 
in which perishable food is stored. Another large application of refrigeration is in the field 
of air conditioning. Here, refrigerator Is  used not only to lower the air. temperature to the 
desired point but also to dehumidify the air (to remove excessive moisture present in the 
air) by cooling it to below dew point temperature. Refrigeration is also used in the 
manufacture and preservation of medicines and chemicals, in making and storing ice
cream, and in water coolers.

Originally, refrigeration was obtained by the use of natural ice. This was not only 
inconvenient but very inadequate. With the development of mechanical refrigeration systems, 
the use of natural ice has become insignificant (unimportant).
2.2 Mechanism of Producing Cold

Refrigeration means reduction of temperature of body below the general level of 
temperature of the surroundings. It further implies the maintenance of the temperature of 
a body at a lower level of temperature than the surroundings. Consequently, it means 
the continued extraction (removal of the heat from a body whose temperature is already 
below the temperature of bodies in its neighborhood). For example, if a cold storage 
room is to be at a temperature of about -5°C , we must go on continually pumping out 
heat which comes in the room through leakage from outside and also whatever heat is 
brought into the room with articles which are stored into it after the temperature has 
once been reduced to -5°C . Again in the case of ice plant, the brine (salt solution) has 
to be maintained at a temperature some what lower than that at which water freezes 
(0°C). The heat which leaks in from all sources, has to be continually extracted from the 
brine at this comparatively low level of temperature. This heat which is to be extracted 
is raised to a higher level of temperature and is discharged there. It is discharged by 
giving it up to some substance which acts as a receiver of heat. Practically in all cases 
of refrigerators, the substance which absorbs or receives heat is water.

In a refrigerator heat is being virtually pumped from the lower level to the higher 
level and is rejected at that high level of temperature. This process, according to second  
law of thermodynamics, can only be performed by the aid of external work. Hence, supply 
of power from, an external source (say an electric motor) is required to drive a refrigerator. 
The total quantity of heat which is rejected to water is made up of two parts. It consists 
of heat which has been extracted at the low level of temperature from the body that is 
being kept cold (refrigerating effect) and the heat which is equivalent to the mechanical 
work which has been spent in extracting it (work spent in driving the refrigerating machine).

Theoretically, a  reversed heat engine will act as refrigerator when run in the reversed 
direction by means of external power. Such an engine will become a heat pump which 
Will pump heat from a cold body and will deliver heat to a hot body. Thus, mechanical 
refrigerator operates on the reversed heat engine cycle. The physical idea about employing

2
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the reversed heat engine as a refrigerator can be conceived by comparing the arrangements 
of elements of the power plant cycle and refrigeration cycle shown in fig. 2—1 .

In each of the diagrams of fig. 2-1, the essential components of the two units (a) 
the power plant unit, and (b) the refrigerating machine are shown. The direction of flow 
of the working fluid in the power plant (fig. 2 - 1  a) is clockwise and the cycle follows the 
processes of evaporation, expansion, condensation and compression respectively in the 
components, boiler, turbine or engine, condenser, and feed pump. The nature of processes 
of the turbine and feed pump and the boiler and condenser are opposite.

Work produced Work odded 
\ ••Compressor

Bol ler Evaporator

Expansion 
‘ Feedpump valve

(a) Heat engine cycle W  Refrigeration cycle

Fig. 2-1  Reversed heat engine cycle for refrigeration.

If now direction of flow of working fluid is reversed and made anticlockwise, and the 
order of operations also reversed such that, starting with evaporation, it is evaporation, 
compression, condensation and expansion. It is seen that the components are required 
to be interchanged; evaporator exchanging with condenser and compressor exchanging 
with expander. Thus, it can be said that by reversing the cycle completely in all respects, 
a cycle of refrigeration can be evolved which can truly be said as a reversed cycle. It 
may be noted that the working agent also requires to be changed to a refrigerating agent 
(refrigerant) to make the cycle practicable.

While discussing about refrigeration, we have to speak in terms of the cold body and 
hot body. The words cold and hot are to be relatively understood. A cold body is that 
substance from which heat is to be removed or its temperature is to be lowered. A hot 
body is that body to which we are rejecting the heat that is collected from the cold body 
and also derived from the work of compression. As an illustration, in ice making, water 
which is to be converted into ice is the cold body, whereas atmospheric water used in 
the condenser for condensing and cooling purpose is the hot body and there is considerable 
difference in temperatures of these two bodies. In an extended sense, atmospheric air is 
the final hot body, because hot water leaving the condenser is cooled in atmosphere so 
that it can be recirculated in the condenser. Hence, atmosphere is the big reservoir of 
heat to which all the heat extracted by refrigerating machine is rejected, but there is not 
any appreciable increase in its temperature because of its vastness.
2.3 Types of Refrigerators

There are two types of mechanical (mechanised) refrigerators, viz. (i) Air refrigerators
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in which the working agent employed is air, and (ii) Vapour refrigerators in which the 
working agent is vapour like ammonia, carbon dioxide, freons etc. The main difference 
between these two classes of refrigerators is the non-condensability of air and condensability 
and evaporativeness of the above named vapours within the working range of temperatures 
of the refrigerators. This means that the air for use in the refrigerator, can not be subjected 
to changes of state (from liquid to vapour and vice-versa). In other words, air behaves 
as a perfect gas and heat changes are brought about by changes in temperature only, 
i.e ., only sensible heat changes are taking place. Unlike this, in the case of vapours heat 
changes are in the latent heat form and fluid alternatively changes from liquid to vapour 
and back to liquid.

There are two distinct types of vapour refrigerators. One is known as vapour compression 
machine and the other vapour absorption machine. The main difference between these 
two types of refrigerators is in the manner in which external heat is added to the 
vapourised refrigerant. In the vapour compression system, the vapour from the cooling 
unit is removed by the suction of a compressor usually operated by an electric motor; 
the vapour is then compressed and during the process of compression external heat is 
added and temperature raised. In the vapour absorption system, a substance which has 
great affinity for the refrigerant is used to reduce refrigerant vapour into liquid form to 
handle it conveniently. The combination then passes into another part of the system 
(heater), where the refrigerant vapour is separated and its temperature raised by the 
application of external heat. In this system, ammonia is the refrigerant used and water 
is the absorbing agent, since it (water) has great affinity for ammonia.

There are a few other types of refrigerators, such as steam-jet, thermo-electric, and 
vortex tube refrigerators. These are more or less of recent origin and may prove very 
useful in the field of refrigeration and air conditioning in the coming years.
2.4. Refrigerating Effect and Unit of Refrigeration

The amount of heat extracted in a given time is termed as the refrigerating effect.
As the earlier refrigeration machines replaced natural ice, the refrigerating effect of 

these machines was compared with the refrigeration produced by ice. The unit then 
decided upon was the refrigeration produced by the melting of a ton of ice, from and at 
32°F, in 24 hours. As the latent heat of fusion of ice is about 144 B.Th.U. per pound, 
a refrigerating machine which can effect refrigeration at the rate of 2,240 x 144 = 3,22,560
B.Th.U. in 24 hours was rated as one ton machine., Thus, one ton of refrigeration is the 
rate of production of refrigerating effect. The unit is known as standard commercial ton

3 22 560of refrigeration. A ton of refrigeration on hourly basis is ' ^ —  = 13,440 B.Th.U. and

on a minute basis 224 B.Th.U . In America, one ton is taken as 2,000 lb. and hence 
one ton of refregeration works out to be 12,000 B.Th.U/hour or 200 B.Th.U./minute. This 
is increasingly becoming a common practice. Basically, therefore, in MKS units one tonne 
of refrigeration is equivalent to 3,000 kcal/hr. or 50 kcal/minute.

One tonne of refrigeration in S I units is equivalent to 3.517 kJ/sec. (= 210 kJ/min.).
In Europe, the unit of refrigeration is the amount of heat required to raise the 

temperature of one kilogram of water by 1°C in one second, i.e ., 4-187 kJ per sec. One 
unit of refrigeration in S I units is equivalent to 4187 kJ/sec. For example, if the rated 
capacity of the refrigerating machine is 25 units of refrigeration, the refrigerator is capable 
of extracting 104-68 kJ per second.

2.4.1 Coefficient of Performance : Thermal efficiency is used to express the 
effectiveness of a heat engine to convert heat energy into mechanical work. The effectiveness 
of reversed heat engine (refrigerator) is expressed by a term known as coefficient of 
performance (C .O .P.). It is expressed by letter K. The coefficient of performance of the

HE3-4
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refrigerating machine is measured by the ratio,
Desired refrigerating effect

Mechanical work spent to produce the refrigeration effect, both 
quantities being expressed in the same units of heat or work.

C .O .P . of a refrigerator is usually greater than unity.
For refrigerating machine, the desired effect is the refrigerating effect, i.e ., heat 

abstracted in a given time from the cold chamber. The most efficient refrigerator is that 
machine which will abstract the greatest amount of heat for a given quantity of work 
spent.

Let N = refrigerating effect,
= heat abstracted from cold body in given time, and 

W = work spent in driving the machine in same given time.

Then, coefficient of performance, K  = R^ r'9orating
Work required

 Refrigerating effect________
Heat equivalent of power required 

m N  . . .  (2 .1 )
W

If the values of N and W are measured during an actual test on the refrigerating 
plant, C .O .P . obtained from these values will be the actual coefficient of performance. 
The theoretical values of N and W may be obtained from ideal cycle of the refrigerator. 
The corresponding value of C .O .P . is known as the theoretical coefficient of performance. 
The ratio of actual and theoretical coefficients of performance is known as relative coefficient 
of performance. The most efficient refrigerator has the highest value of its coefficient of 
performance.

2.5 A ir Refrigeration System
Refrigerators using air as the working medium (working substance) operate on either 

reversed Carnot cycle, or reversed Joule cycle, more commonly known as Bell-Coleman 
cycle. Air as a refrigerant has two outstanding advantages : it is available free of cost, 
and leakage will not cause any trouble. Thermodynamically, air is a poor refrigerant and 
was abandoned (given up) with the development of vapour refrigerants with superior 
thermodynamic properties. However, air refrigeration is now increasingly used for cooling 
of aircrafts and cargo ships.

2.5.1 Reversed Carnot Cycle : When air is used as the working substance, the 
reversed Carnot cycle has the same drawback as has the straight Carnot cycle, namely, 
a very small refrigerating effect per unit cylinder volume. However, such a reversed cycle 
is valuable as an indication of the highest C.O .P. attainable for given conditions.

P-V  diagram of the cycle is shown in fig. 2-2 (a). Commencing at the point a, the 
clearance space of the cylinder is full of air. The air is expanded isentropically to tr, this 
causes the temperature to fall from T\ to T2. The air is now further expanded isothermally 
to c  at temperature T2, during which process heat is absorbed from the' cold body. The 
air is next compressed isentropically to d, by the help of external power, which causes 
the temperature to rise to T-\. The final operation of the cycle is the isothermal compression 
d-a, during which heat is rejected by air to the hot body. The corresponding cycle on 
T  -  4> diagram is shown in fig. 2-2(b).
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(a) P-V dTagram (b )  T-4)diagram

♦

Fig. 2 -2  Reversed Carnot cycle

From T  -  diagram,
Heat rejected to hot body = area a -  e -  f  -  d  ■ (<&d -  ®a)

Heat abstracted from cold body = area b -  c  -  f  -  e = T2 (3>c -  <t>b)

-  T2 (<bd -  4>a) [ v  4>c « ®d and
In order to make the cycle repeatable identically, every time the condition at a must 

be reached. For this all the heat that is collected during the cycle must be rejected, i.e. 
heat rejected to hot body is equal to heat extracted from cold body plus the heat added 
due to external work supplied.

Work required per cycle = jHeat rejected to hot body} -  jHeat abstracted from cold body}
= T, (<!></ -  4>a) -  Tz (®d -  <!>«,)
= (T i -  T2) (<!><, -  $ a)

Coefficient of performance, K  =
r  Work required

T2 (<t>d -  Oa) T2
(T i -  T2) ( * d -  <t>J "  r , -  t 2 "• v ;

No refrigerator using reversed Carnot cycle has been constructed because the isentropic 
portions (processes) of the cycle would necessitate a high speed, whilst the isothermal 
process would necessitate an extremely low speed. This variation in flow speed of air 
and hence piston speed, is not practicable.
Problem-1 : A refrigerating system operates on the reversed Carnot cycle. The higher 
temperature of the refrigerant in the system is 40°C and the lower is -15° C. The capacity 
of the machine is 10 tonnes. Neglecting all losses, find : (a) the coefficient o f performance,
(b) the heat rejected from the system per hour, and (c) the power required for driving 
the machine.

Here, T, = 40 + 273 = 313 K; T2 = -  15 + 273 = 258 K
(a) Using eqn. (2.2),
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Coefficient of performance, K  = ——%  = 258 = 4-69
h  -  12 313 -  258

(b) One tonne of refrigeration = 2 10  kJ/min.
Now, refrigeration effect, N = 10 (210 x 60) = 1,26,000 kJ/hr.

. . . . . .  N 1,26,000 rurrnan ,Work required, W  = | |  *  - 4 gg = 26,870 kJ/hr.

Heat rejected from the system per hr.
= R .E . (AO + W.D.(VV) = 1,26,000 + 26,870 = 1,52,870 kJ/hr.

26 870(c) Power required for driving the machine = - ■ ’ = 7-464 kW.
3,600

Problem -2 : Ice is formed from water at 30°C. The temperature o f ice formed is -  6°C. 
The temperature o f the brine is -  10°C. Find the mass of ice formed per hour if 150 
kW is required to drive the unit. Assum e that the refrigeration cycle used is perfect 
reversible Carnot cycle. Take latent enthalpy of ice as 335 kJ/kg and specific heat of ice 
as m  kJ/kg K.

Heat abstracted per kg of ice formed 
-  (30 -  0)4-187 + 335 + (0 -  (-6)| x 2-1 = 478-21 kJ/kg.

1 KW/hour = 3,600 kJ
150 kW/hr. = 150 x 3,600 = 5,40,000 kJ/hr.

Now, 72 = -  10 + 273 = 263 K; T | = 30 + 273 = 303 K

C .O .P. = Tz _  = 263 — = 6-575
T | — 7j> 303 — 263

• Heat absorbed per hour = Work done per hour x C .O .P.
= 5,40,000 X  6-575 kJ/hr.

Let Mj be mass of ice formed per hour, then

Mj = 5 ,40,(^ 2 1 6 575 “  7,416  kg per hr’ or 7-416  tonnes per hr*
Problem-3 : The capacity of a refrigerator is 300 tonnes when working between -  4°C 
and + 15°C. Determine the mass o f ice produced per day (24 hours) at 0°C from water 
at 15°C. Also find the power required to drive the unit. Assume that the cycle operates 
on reversed Carnot cycle and latent enthalpy of ice = 335 kJ/kg. Take specific heat of 
water = 4-187 kJ/kg K.

One tonne of refrigeration -  2 10  kJ/min.
.-. Capacity of the plant to extract heat (A/)

= 300 x 210 = 63,000 kJ/min.
Heat removed from water to produce one kg of ice at 0°C from water at 15°C 

= (15 -  0) x 4-187 + 335 = 397-8 kJ/kg.
Mass of ice formed in tonnes in 24 hours, i.e ., per day 

Heat extraction capacity in kJ in 24 hours 
Heat extracted in kJ per tonne of ice 

 ̂ 63,000 x 60 x 24 
397-8 x 1,000 

= 228-05 tonnes per day (24 hours)
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Here, 7i = 15 + 273 = 288 K and T2 = -  4 + 273 = 269 K.

Using eqn. (2.2),

C ° P '  *  ,he SVStem' K  -  f ~ T 2 -  2882- 9269 ■ 1 4 1 6

Work done (required) per min., W -  -aa = -  4,450 kJ/min.K  14-16
4 450Power required to drive the unit = *6— = 74-15 kJ/sec = 74-15 kW.

Problem-4 : A cold storage plant is required to store 10 tonnes of fish. The fish is 
supplied at a temperature of 30°C. Specific heat of fish above freezing point is 2-93 
kJ/kgC.Specific heat o f fish below freezing point is 1-26 kJ/kg C. The fish is  stored in 
cold storage which is maintained at -  8°C. Freezing point of fish is -  4°C. Latent heat of 
fish is 235 kJ/kg. If the plant requires 75 kW to drive it, find : (i) time taken to achieve 
cooling and (ii) the capacity of the plant. Assum e actual C.O .P. of the plant as 0.4. of 
the Carnot C.O .P. «

(i) Heat removed from each kg of fish
= 2-93 [30 -  (-4 )] + 235 + 1-26 [-4  -  ( - 8)] = 339-66 kJ/kg.
Heat removed from 10 tonnes of fish 
= 10 x 1,000 x 339-66 = 33,96,600 kJ 

Here 7} = 30 + 273 = 303 K; T2 = -  8 + 273 = 265 K

Theoretical C .O .P . -  = 6-974

Actual C .O .P. = 0-4 x 6-974 = 2-789
Work done (required) per minute = 75 x 60 = 4,500 kJ/min.

Heat removed by the plant = 4,500 x 2-789 = 12,550 kJ/min.
-r- • * x x -  .■ 33,96,600 .Time required for 10 tonnes of refrigeration = ■ ■ ’ = 270-6 mm.I £,550
(ii) One tonne of refrigeration = 210 kJ/min.

12 550Capacity of plant = ' Q = 59-762 tonnes of refrigeration.

Problem-5 : A reversed Carnot cycle refrigeration system has C.O .P. as 3 5. Determine 
the ratio of absolute temperatures between which the cycle operates. If the refrigerating 
effect is 10 tonnes, find the power o f the unit. Further, if the cycle is used as heat 
pump, estimate the heat delivered to the space to be heated and the C.O.P.

C.O .P. of reversed Carnot cycle = 3-5 (given).
Ti

Using eqn. (2.2), C .O .P. -  

i.e. 3-5 =

7f -  T2

t 2
r ,  -  t 2

T\ 4-5
3-5 Ti -  3-5 To = 72 or ^  = 1-286#2 3 *5
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Refrigerating effect = 10 x 210 = 2,100 kJ/min.

Now, c  0  p _ Refrigerating effect per min. 
Work done per min.

Work done per min. == Refrigerating effect per min. 
C .O .P.

2,100
3-5 600 kJ/min.

Power of the unit =
600
60 = 10 kJ/sec = 10 kW

Heat delivered as a heat pump
= Refrigerating effect per min. + Work done per min. 
= 2,100 + 600 = 2,700 kJ/min.

2,700C.O .P . as a heat _  Heat delivered per min. 
Work done per min. 600

2.5.2 Bell-Colem an Cycle : Modification of the ideal reversed Carnot cycle so as 
to make it practicable has resulted in this cycle. The isothermal operations (of Carnot 
cycle) are replaced by constant pressure operations. It is the reversed Joule cycle. One 
of the earliest types of refrigerators working on this cycle was used in ships carrying 
frozen meat.

Fig. 2-3 shows a flow diagram of the open air refrigeration system. This name is 
applied because air is discharged into cold chamber at atmospheric pressure and is 
allowed to come in direct contact with cold body. The compressor draws the air from 
the cold chamber, compresses it and delivers it to the air cooler. As air flows through 
the cooler, heat is removed from it, causing a great decrease in its volume. In the ideal 
case, the pressure remains constant during cooling; in the actual case, there is a slight 
pressure drop. The high pressure cooled air is then allowed to expand and made to do 
work; this work will be done at the expense of its enthalpy (total heat) and there will be 
a big drop in its temperature. The expansion of air is carried out in the expansion cylinder

Fig. 2 -3  Flow diagram of open air 
refrigeration system (Bell- 
Coleman cycle)

Fig. 2 -4  Combined P~ V diagram 
of Bell-Coleman cycle
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(air motor). The isentropic expansion cools the air to a temperature below that of the
cold storage chamber. The low temperature air leaving the expansion cylinder then enters
the cold chamber and abstracts heat from the substances kept in the cold chamber.

Fig. 2-4 shows theoretical combined P - V  diagram for both the air compressor and 
air motor (expansion cylinder). Area b -  1 -  2 -  a is the work done on the air in the 
air compressor and area a -  3 -  4 -  b is the work done by the air in the air motor, 
and area 1 -  2 -  3 -  4 represents work input to the refrigerator.

Let 7"i, r 2, 7*3 and T4 be absolute temperatures at points 1 , 2, 3 and 4 respectively.
Then heat absorbed or abstracted from cold chamber,

N = kp (T i -  T4) per kg of air.
Heat rejected to cooler = kp (Tz -T 3) per kg of air
/. Work done on air, W = Heat rejected -  Heat absorbed

= kP (T2 -  T3) - kp (T , -  T4) per kg of air

Thus, C.P.O. (K) . . ^(Tj - r l ) kptr, - r„)

‘  ( 7-2 -  r 3) -  ( r ,  -  t„ ) • • (2,3a)
As the ratio of expansion in the expansion cylinder should be the same as the ratio 

of compression in the compression cylinder, in order to maintain the same upper and 
lower values of pressure, it follows that,

7*2 (  p2\ Y -  1

1 \ P1,
Substituting this value of 7*2 in eqn. (2.3a), we get,

7i -  r 4
C.O .P. (K) - 1 4 .

- j jO i  -  r4) -  (T , -  t a) -  1
7:<» -  T*

(2.3b)

One of the main disadvantages of this machine is the freezing of the moisture in the 
air (the temperature of expanding air T4 falls below the freezing point). Also the air drawn 
from the cold storage chamber collects moisture from objects kept there. This moisture 
freezes during expansion; a deposit of snow is liable to choke up the valves and ducts 
(pipes) carrying air.

By comparison with the reversed Carnot cycle, the C.O .P. of open air system is very 
low, and therefore, the power required for a given refrigerating effect is excessive. Although, 
the cylinder volume required in the open air system is less than that in Carnot cycle, 
the open system machine, nevertheless, is very bulky. The bulk of the open air machine 
may be reduced by increasing the density of the air entering the compressor and leaving 
the expansion cylinder. This is done by taking the air through a coil in the cold room 
at a pressure of several atmospheres. Such a system is known as the dense air system 
(see illustrated problem no. 9) and was used for some time, particularly for marine 
refrigeration.

The low value of C.O .P. of the open air system is due to the following reasons : 
as the heat absorbed is at constant pressure, the temperature (74) of air entering the
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cold chamber must be far below the cold chamber temperature, to keep the mass of air 
circulated and cylinder volume down. Likewise, the temperature (7^) of air entering the 
air cooler, must be higher than that of the cooling medium (water). This means that the 
overall temperature range (72 -  74) in the cycle is very high in comparison to the 
temperature difference between the cold chamber and cooling water.
Problem - 6  : In a machine (working on air), circulating 700 kg of air per hour, air is 
drawn from cold chamber at atmospheric pressure (1 bar) and 10°C and is compressed 
isentropically to 4 .7  bar. It is afterwards cooled at this pressure to 25°C by cooling water 
of the cooler, and then expanded isentropically to atmospheric pressure (1 bar) in the 
expansion cylinder and returned to the cold chamber. Find the heat extracted per hour 
from the cold chamber and heat rejected to cooling water per hour. If the indicated power 
of the com pressor is 19 kW, find the relative coefficient o f performance. Take kp = 101 
kJ/kg K  and y = 1 -41 for air.

Referring to fig. 2-5, 7, = 10 + 273 = 283 K; 73 = 25 + 273 = 298 K
Considering insentropic compression 1 - 2 ,

|y~ 1 1 -41 - 1
72 4-7\ 1*41

Ti = 1-567 x 283 = 444 K
Ti

.-. T2 =

Considering isentropic expansion 3-4,
I _ r J

T3

= 1-567

T4 *

Y "
Ps' Y

Pa j
7-3

1-567

= 1-567

= 190 K
1-567

.*. Heat abstracted from the cold chamber 
(R .E .),

N = w kp f f j  -  T4)
= 700 x 1-01 (283 -  190)
= 65,750 kJ/hour 

Heat rejected to cooling water 
m w kp (T2 -  T3)
= 700 x 1-01 (444 -  298)
= 1,03,220 kJ/hour 

.*. Net work done, W = heat rejected -  heat extracted (R .E .)
= 1,03,220 -  65,750 = 37,470 kJ/hr. 

R .E . 65,750

Fig. 2 - 5  P -  V diagram of Bell Coleman cycle.

Theoretical C .O .P ., K  = = 1-755

Actual C .O .P. =

Relative C .O .P. =

65,750
W .D. 37,470

 R .E . per hour .
Actual work done per hour ~~ 19 x 60 x 

Actual C.O .P. 0-9613 _  Q 548

60
= 0-9613

Theoretical C .O .P. 1-755 
Problem-7 : An air refrigerator working on Bell-Coleman cycle works between pressure 
limits of 102 bar and 8 26 bar. The temperature of the air entering the compressor is



#
10°C and after compression the air is cooled to 30°C before entering the expansion
cylinder. Expansion and compression follow the law pv1'35 = constant. Determine the 
coefficient o f performance of the machine. Take kp =1-0035 kJ/kg K  and kv = 07165  
kJ/kg K  for air.

Referring to tig. 2 - 6 ,
7i = 10 + 273 = 283 K; and 73 = 30 + 273 = 303 K.

R  =* kp -  Av = 1 0035 -  0*7165 = 0*287 kJ/kg K
D

Considering isentropic compression 1 - 2 ,
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T2 (P z )

n -  1 
n T3 [ 8-26

0-35
135

7-1 ’ [ P i ]

1

^
1 ll

1 0 2
= 1-714

72 = 1-714 x 

73

7i = 1-714 x 283 = 485 K 

303 = 177 Kand 7 i «■ -
4 1-714 1-714

Hence, heat abstracted per kg of air,
N = kp (7i -  7*4)

= 1.0035 (283 -  177) = 106.37 kJ/kg.

In this problem, the net work done per kg of air (area 
Fig.2 - 6  p - v diagram of indicator diagram 1-2-3-4) cannot be taken as the 

difference between the heat rejected to cooling water and heat extracted, as compression 
and expansion are not isentropic. This is so because during compression, for example, 
the lower value of index is obtained by simultaneous cooling of the compressor cylinder. 
Hence, the gross work spent is used up partly in raising temperature of air inside the 
cylinder and partly in heat carried away through the cylinder wall to the outside cooling 
medium. Against this, during isentropic compression, all work results in increase of 
temperature of air inside the cylinder. Therefore, the net work done should be calculated 
as follows :

Net work done, W = area of indicator diagram 1 -2-3-4
= area of indicator diagram 1-2-a-d minus area '3 -a-b-4  
= work done on the air in the compression cylinder minus 

work done by the air in the expansion cylinder. 
nNet W.D. *  n_

n -

Or Net W.D. =

y  (P2V2 ~ Pi vi)  -  7 ^ T T (p3v'3 "  p4v4) kJ/cycle

nn
n -  1 

n

m R (Jz  -  7 i) - m R(Tz -  74) kJ/cycle

n -  1

Net work done per kg of air, \N = 

1-35

n -  1

m R[(T2 -  7 i) -  (73 -  r 4)] kJ/cycle

n

0-35

n -  1

x 0-287 [(4 8 5  -  283) -  (303 -  17 7 )]

R [ (  72 -  7i ) -  (%  -  74 ) ]  kJ 

84-13 kJ/kg of air

N 106*37 
Coefficient of performance, K  = — = Q/l

W  84* I o
= 1-26
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Problem - 8  : In a Bell-coleman refrigerating plant, air is draWn into the cylinder of the 
com pressor at a pressure of 1 bar and temperature -  5°C and is com pressed isentropically 
to 5 bar at which it is cooled to 15°C. It is  then expanded in an expansion cylinder to 
1 bar and discharged into the refrigerating chamber. If the compression is isentropic and
the law o f expansion is pv1 '2 = C, find the net work done on the air per kg of air and 
the coefficient of performance of the refrigerating plant. Take specific heat of air at constant 
pressure = 10035 kJ/kg K  and y = 14 and R  = 0-287 kJ/kg K  for air.

Referring to fig. 2-7,

T, = -  5 + 273 = 268 K and 
T3 = 15 + 273 = 288 K 
Considering isentropic compression 1 - 2 ,

T2 P2\ v

Pi

T2 «  T j x
Pz\

IN

268 x -r

04 
5\1-4

= 424-5 K
Fig. 2 - 7  P -  V diagram

Considering polytropic expansion 3-4, 
n -  1

% r 4 =

fp3] n

M
7-3 288 288
n - 1 ' 0-2 * 1-3077

( h n
( t V *

(P4 l T i

-  220-25 K

Work done on the air in the compressor per kg of air = area 1-2-5-6

- R  x
7 -  1

(72 -  7i)

1-4- 0-287 x ^  (424-5 - 268) = 157-2 kJ/kg of air.

Similarly, work “done by air in the expansion cylinder/kg of air = area 3-5-S-4 
n

=  f t  X
n -  1 (7a -  74)

1-2-  0-287 x -jjTj (288 -  220-25) = 117-53 kJ/kg of air

Net work done on the air,
W = area 1-2-5-6 minus area 3-5-S-4 = area 1-2-3-4
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= 157-2 -  117-53 = 3967 kJ/kg of air 
Heat abstracted, N = kp (7j -  74)

= 1-0035 (268 -  220-25) = 48-42 kJ/kg of air 
N 48-42

••• c ° p -
Problem-9 : A dense air refrigerator is required for refrigeration effect of 1,250 kJ/min. 
The motor (expansion cylinder) and compressor are double-acting and work between the 
same pressure limits o f 3 5 and 14 bar. Temperature of air taken in by compressor is 
4°C and that o f air supplied to the motor is 20°C. Neglect the effect o f heat losses, 
pressure drop, and clearance. Take the mechanical efficiency for motor and compressor 
as 85%. The expansion in the motor is complete. If the stroke is 20 cm and r.p.m. is 
300, find : (a) the net power required to drive the refrigerator, (b) the diameters of 
compressor and motor cylinders, and (c) the ice making capacity in tonnes from and at 
0°C per 24 hour. Assum e compression and expansion as isentropic. Take R  = 0287  
kJ/kg K  and y = 141 for air. Take specific heat of air at constant pressure as 10035 
kJ/kg K  and latent enthalpy of ice as 335 kJ/kg.

(a) T, = 4 + 273 = 277 K; T 3 = 20 + 273 = 293 K 
Inferring to fig. 2-8, and considering isentropic compression 1-2,

0-41
'P2S Y / 1 4 V 41

i» J
J i
Ty

/. T2 -  1-495 X 7, = 1-495 x 277 = 414 K 

Considering isentropic expansion 3-4, 
i^ lA

v /  1 A  \
= 1-495Ts

T a

Ta  =
293 = 196 K

1-495 1-495
Refrigerating effect, N  = kp (7i -  Ta)

= 1-0035 (277 -  196) = 81-2 kJ/kg of air

Mass (m) of air circulated per minute 
R .E . per min. required 

R .E . per kg of air 
1,250
81-2

= 15-38 kg/min.

Now, theoretical work done on air in the compressor per min. 

« I  1 {P2V2 -  p̂ v̂ )

m R (T z -  7 i)
Y -  1 
1-41
0-41

x 15-38 x 0-287(414 -  277) = 2,079-7 kJ/min.

2 079-7Actual work done on air in the compressor = ’ 0_ = 2,446-7 kJ/min.U-oo
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Similarly, theoretical work available from motor,

W = ^-^j-(p3V3 -  P4V4) = -  r 4)

= X 15-38 X 0-287 x (293 -  196) = 1,563-5 kJ/min.

Actual work available from motor = 1,563-5 x 0-85 = 1,329 kJ/min.
I ,  Net work required = 2,446-7 -  1,329 = 1117-7 kJ/min.

Net power required to drive the refrigerator = = 18-63kJ/sec -  18-63 kW60
(b) Cylinder swept volume of compressor,

mRT-\ 1
v\ = ——— x —  (2N because compressor is double-acting)

15-38 x 287 x 277 1   3 ---------------- Z  X   ----—  = 0-0058 m
3-5 x  105 2 * 300

Now, v, = ^ (dc) 2 x / = 0-0058

(dc) 2 = 0-0058 x -  x  = 0-0369
v C1 Jt 20

dc = 0-1922 m, or 19-22 cm (dia. of compressor cylinder)

Cylinder swept volume of motor,
m RT  1 15-38 x 287 x 196 1 « « « „ «  3

VA = — x —  =  §------- x o-----^  -  0 00412 ITTP4 2N 3.5 x -|05 2 x 300

Now, v4 = ^(c/m) 2 x I = 0-00412 *

.-. ( c y 2 = 0-00412 x ^ x ^  = 0-0262

dm = 0-1619 m or 16-19 cm (dia. of motor cylinder)

(c) Heat removed from water to produce 1 kg of ice = 335 kJ

Ice making capacity =  ̂ m 5-373 tonnes/24 hrs.
1 ,uuu x 000

2.6 Vapour Com pression Refrigeration System
The modern refrigerating plants work on the vapour compression system. In this 

system the working fluid is vapour which readily evaporates and condenses. The working 
fluid (vapour) used does not leave the refrigerating plant, but is circulated over and over 
again through the system, alternately condensing and re-evaporating. In evaporating, it 
absorbs heat from the cold body which is used as source of latent heat and gets converted 
from liquid to vapour. In condensing or liquifying, it rejects heat to external hot body 
which is used for cooling it. The refrigeration system is, therefore, a latent heat pump, 
as it pumps latent heat from the cold body and delivers it to the cooling medium.

Vapour compression system has several inherent advantages over air refrigeration, 
the principal ones being smaller size for a given refrigerating capacity (except for some 
recent developments in the aircraft cooling field), higher coefficient of performance, i.e., 
lower power requirement for a given capacity, and less complexity in both design and



operation. The major disadvantages of the vapour system are being largely eliminated by 
prevention of leaks, and by the development of non-toxic non-flammable vapour for use 
as refrigerant.

It may be noted that the term vapour system  or vapour cycle is used throughout this 
chapter without restriction to the use of particular vapour. The principle of working for all 
vapour systems is same and the use of ammonia in most illustrations and examples is 
merely for the purpose of simplicity and uniformity. Any vapour, for which a table or a 
chart of the thermodynamic properties is available, may be treated in the same way as 
ammonia.

2.6.1 Basic Components : The basic components of the vapour compression 
refrigeration system are : compressor, condenser, expansion valve and evaporator (fig. 
2-9). Their function, and operations are briefly as follows :

Com pressor;  The type of compressor may be either reciprocating, rotary, or centrifugal. 
Its function is to receive refrigerant at a particular temperature and pressure and to deliver 
it after compression at higher temperature and pressure. The temperature of the refrigerant 
delivered will be higher than the temperature of the cooling fluids used; so that heat will 
flow from the refrigerant to the cooling fluid which is at higher temperature than that of 
refrigerating space.

Condenser: The high pressure and high 
temperature compressed vapour is dis
charged into the condenser where heat is 
transferred to the cooling fluid which is 
normally water or air. The vapour cools and 
then condenses, at saturation temperature 
which corresponds to the pressure in the 
condenser. The vapour after condensing is 
passed into the liquid storage vessel (not 
shown in fig. 2-9). The high pressure liquid 
then enters the throttle valve.

Expansion valve : This is a throttle valve 
in which throttling process is carried out. It 
is a valve with narrow passage through 
which high pressure liquid passes and ex
pands from high pressure to a low pressure 
at constant enthalpy. The liquid after expan
sion becomes low temperature wet vapour 
and is transferred to the receiver from where 
it passes to the evaporator through a control 
valve.

Evaporator : In the evaporator, liquid 
vapour absorbs heat from the space to be 
cooled for its vapourisation. The evaporator 
is in the form of a coil or bare pipe or 
tubes, as the case may be, through which 
liquid vapour flows. The evaporated vapour 
is sucked by the compressor from the 
evaporator and delivered to the condenser. 
Thus, the cycle is completed.

A flow diagram of the vapour compres
sion refrigeration system is shown in fig.
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Fig. 2-10 Flow diagram of vapour 
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2—10. In this case, wet vapour (fairly dry vapour) leaves the evaporator and enters 
com pressor at point 1. The vapour is compressed isentropically to point 2. During 
compression, the pressure and temperature increases. The temperature at point 2 should 
be greater than the temperature of the condenser cooling medium (water). The vapour 
leaves the compressor dry saturated and enters the condenser at point 2. The vapour 
is condensed in the condenser and the latent heat of condensation is removed by the 
cooling water. The high pressure saturated liquid (i.e ., liquid at saturation temperature 
corresponding to upper pressure) leaves the condenser and enters the throttle (expansion) 
valve at point 3. The expansion of the high pressure saturated liquid through the narrow 
opening of the expansion or throttle valve from point 3 to 4, lowers the pressure and 
temperature of the working fluid and at the same time causes it to partly evaporate. 
Hence, fluid will come out from the expansion valve as a very wet vapour and at a very 
low temperature. At point 4, the very wet vapour enters the evaporator pipes immersed 
in the brine, and as its (vapour) temperature is below that of the brine, it absorbs (takes) 
its latent heat of evaporation from the brine and further evaporates (the liquid part of the 
very wet vapor is changed into vapour), producing the refrigerating effect. The fluid (vapour) 
will thus, leave the brine tank (evaporator) as a fairly dry vapour and will enter the 
compressor at point 1. This completes the cycle.

2 ,6.2 Representation of the cycle on T  -  $  diagram : The following are the 
assumptions made in attaining the ideal vapour compression cycle and hence, it differs 
from the actual cycle to that extent :

* . . There is no exchange of heat between the system and surroundings at any point 
except in the condenser and evaporator. This means that work required to drive 
the system is equal to the difference between the heat rejected in the condenser 
and heat absorbed in the evaporator.

. . During the flow of refrigerant through the condenser and evaporater, the pressure 
drop due to friction is negligible.

. . The vapour is compressed isentropically, without friction and heat transfer, in the 
compressor.

. . The transmission efficiency while trans
mitting power from the motor is 100 
per cent.

. . The condition of vapour leaving the 
evaporator and entering the compressor 
is dry saturated.

Designating the higher (condensing) 
temperature as I f  and lower (evaporating) 
temperature as T2, the cycle works between 
the temperature T% and T2. The line 2-3 is 
the T\ temperature line and line 4-1 is the T2 
temperature line.

Referring to T -  4> diagram (fig. 2-11), 
at point 1 , the wet vapour is sucked into the 
compressor from the evaporator at the low 
temperature T2, and is compressed isentropi
cally to 2 ; this increases the temperature to 
T\. The Condition of vapour leaving the com- pjg 2 - 1 1  Vapour compression refrigeration cycle 
pressor and entering the • condenser is dry Shown on T -  4> diagram when vapour is dry saturated 
saturated. This is known as dry compression, at t*16 end of compression.

Entropy
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It is then condensed in the condenser from 2 to 3 at constant pressure and temperature. 
The removal of heat from point 2  to point 3 changes the state of the refrigerant from 
vapour to liquid. For efficient heat transfer, the saturation temperature at pressure P2 
(higher pressure) must be sufficiently higher than that of cooling water used for cooling 
purposes. The high pressure liquid then enters the expansion valve. The line 3-4 represents 
throttling expansion through the expansion (throttle) valve back to the low temperature 
7*2. This expansion is carried out at constant enthalpy. After throttling the liquid refrigerant 
changes to wet vapour (mixture of liquid and vapour) condition. It will be noticed from 
the 7 - 0  diagram that this expansion causes the liquid to partially evaporate, as its 
dryness fraction at point 4 is represented by ratio {b-4)/(b-c/). At 4 the mixture of liquid 
and vapour enters the evaporator and absorbs its latent heat of evaporation from the 
material and the space that is being refrigerated (cooled). The condition of refrigerants 
as it leaves the evaporator is represented by point 1. The dryness fraction at point 1 is 
given by the ratio (d-1 )/(fr-p).

Thus, it can be seen that the refrigerant absorbs latent heat of evaporation from the 
material and space to be cooled at the low temperature T2, and rejects latent heat of 
condensation to the condensing medium (water) at the high temperature T-\. This transfer 
of heat from a low temperature to a high temperature is brought about by the external 
work spent in driving the compressor. This being a closed cycle, heat rejected to the 
condensing medium is the sum of heat abstracted from the medium (material) to be 
cooled, and heat equivalent of the compressor work, if there are no losses, i.e.

Refrigerating effect 
= + Heat equivalent of the compressor

_  work _

Further, it will be noticed that the work done on 
the compressor is equal to the area to the left of 
the isentropic line 1-2 This is the Ranking cycle 
area 1-2-3-b . This is equivalent to the enthalpy 
at 2 minus the enthalpy at 1 . The heat absorbed 
or refrigerating effect is the enthalpy at 1 minus 
the enthalpy at 4. This is represented by the area 
under the line 4-1. Hence,
Work supplied to the compressor, W = Area
1-2-3-6 = Hz -  Hi per kg of refrigerant. Refrigerat
ing effect, N = Area 1-4-e-/ = H\ -  H4 = H \-  H$ 
per kg of refrigerant. ( ‘-'During throttling expansion, 
enthalpy before expansion, H3 = enthalpy after 
expansion, H4).

.-. Theoretical C .O .P.,

■Km — m H' -  H . . . . (2.4)

Fig. 2-12 Vapour compression refrigeration cycle Superheated compression : If the vapour drawn 
shown on t  -  $  diagram when vapour is su- jn 0̂ fl-,e compressor cylinder from the evaporator 
perheated at the end of comPress.on. (fjg ^  ^  drjer than the Qne ^presented by

point 1 in fig. 2 - 1 1  and compressed isentropically between the same pressure range, 
the vapour will be superheated at the end of compression. This is denoted by line 1-2 
on the 7 - 0  diagram (fig.2-12). It will be seen that the starting point of the compression

Heat rejected to condensing 
medium (water or air) in the 
condenser
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(i.e. point 1 ) determines the final state of vapour at the end of compression given by 
point 2. The final state of the vapour given by point 2 in the fig. 2-11, is dry and 
saturated. This is termed dry compression. When the vapour is superheated at the end 
of compression (fig. 2- 12 ), the operation is termed as superheated compression. Generally 
in practice, the vapour is moderately superheated after compression.

Referring to fig. 2-12, at point 1 the vapour is drawn into the compressor cylinder 
at low pressure p2 and low temperature Tz, and is compressed isentropically to point 2 . 
This increases the temperature of vapour to T^p and pressure to pr  The superheated 
vapour now enters the condenser at point 2  and cooling and condensation takes place 
in two stages. As the pressure (pt) during cooling remains constant, the temperature first 
falls from T ^  to Tt (saturation temperature) before the vapour starts condensing. The 
process of cooling from T sup to T, is represented by the line 2-3. Condensation of vapour
commences at point 3 and the vapour is completely condensed at point 4. The high
pressure saturated liquid at pressure p1 now enters the expansion (throttle) valve at point 
4. The remainder of the cycle, i.e ., expansion of high pressure liquid in the expansion 
valve to low pressure (p2) and low temperature (T2), and evaporation of the liquid to 
vapour in the evaporator are the same as before.

Work supplied to the compressor, W = Area 1 -  2 -  3 -  4
= H2 -  H, per kg of refrigerant.

Refrigerating effect, N = Area 1 - 5  -  e  -  f
= H, -  Hs  ss H, -  H4 per kg of refrigerant.

Theoretical C .O .P ., K  = ^
W

H\ -  H4 
h 2 -  « ,

(2.5)

It will be noticed that because during compression the vapour gets superheated, the 
vapour at inlet to compressor has now 
greater dryness fraction, meaning thereby 
that vapour is allowed to stay in the 
evaporator for longer time and has extracted 
greater amount of heat from the cold body 
for the same mass of refrigerant. On the 
other hand, since vapour is drier, it has 
greater initial volume and hence-.-greater 
amount of work is spent to reach the upper 
pressure. Thus, there is increase in both 
the quantities. Compared to the increase 
in refrigerating effect, the increase in work 
is greater, hence, the overall effect is such 
that the C .O .P . is reduced by superheating.

Wet compression : If the vapour sucked 
by the compressor is wet and after com
pression also it remains wet, then it is 
known as wet compression.

Figure 2—13 represents the T  — Pjg. 2—13 Vapour compression refrigeration cycle shown 
diagram of the cycle when vapour is wet on T -  <l> diagram when vapour is wet at the end of 
at the end of compression. The dryness compression.

3 - 2
fraction at the end of compression is given by the ratio —— -r

Work supplied to the compressor, W = Area 1- 2—3-6 = H2 — H\ per kg of refrigerant.
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Refrigerating effect, N = Area 1-4-e - f = Hi -  H j = Hi -  hk per kg of refrigerant.

. . . (2 .6)
N Ha -  Ha.-. Theoretical C .P .O ., K  = ^
lnr rT2 — n l

Undercooling or sub-cooling : Undercooling of the refrigerant takes place when the 
liquid is cooled below the saturation temperature Tj (corresponding to higher pressure 
P i) beta* throttling. Undercooling of the liquid is generally along the liquid line. This is 
represented by line 4-5 (fig. 2-14).

Undercooling is brought about by circulating greater quantity of cooling water through 
the condenser or using water colder than the main circulating water (fig. 2-15). It may 
also be brought about by employing heat exchanger through which the hot liquid pipe 
line from the condenser and the cold vapour from the evaporator are passed in a counter
flow manner. Here the liquid refrigerant is cooled by means of relatively cold refrigerant 
vapour leaving the evaporator. The heat exchanger is incorporated between the evaporator 
and the expansion valve on one hand and between the evaporator and compressor on 
the other hand. By this arrangement, not only the liquid refrigerant is undercooled, but 
the vapour leaving the evaporator is heated to the extent that dry compression is attained.

T L.iquid Saturation line 

2

Fig. 2-14. T  “  <|> diagram of vapour compression 
refrigeration cycle showing undercooling of liquid 
and vapour superheated at the end of compression.

Fig. 2-15. Simple undercooling by 
condenser cooling water.

By undercooling, we decrease the amount of liquid getting evaporated during throttling 
and thus, make greater quantity of useful liquid available so that the refrigerating effect 
can now be greater for the same compression work. This results in increased value of 
C .O .P. The increase in R .E . is indicated by area a-6-d-e  (fig. 2-14).

Figure 2-14 shows 7" -  <I> diagram for a vapour compression refrigerator in which 
the refrigerant is superheated at the end of compression and undercooled before throttling. 
The figure shows that both superheating and undercooling increase the refrigerating effect 
compared to the cycle shown by dotted lines (when liquid is not undercooled). In practice, 
the vapour is moderately superheated at the end of compression and the high pressure 
liquid is undercooled before entering the expansion valve.

The effects of undercooling are : (i) It increases the refrigerating effect per kg of 
refrigerant circulated, thereby increases the capacity of the plant, (ii) The mass flow per
HE3—5 - •
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tonne of refrigeration in this case is less than that for the simple saturated cycle, (iii) 
The reduced mass flow reduces the displacement per minute in the cycle as compared 
to simple saturated cycle for the same R .E . (iv) th e  state of refrigerant at suction and 
discharge of compressor is unaltered, this means that the work done per kg of refrigerant 
flow remains the same in the case of sub-cooled and simple saturated cycles. But the 
refrigerant effect per kg is increased in case of sub-cooled cycle which leads to an 
increase in C .O .P . (V) Power per tonne of refrigeration is less than that in simple saturated 
cycle, though, the work done per kg of refrigerant is same, in case of both the cycles. 
This is due to reduced mass flow per tonne of refrigeration, (vi) The increased cycle 
efficiency due to sub-cooling may be offset to some extent by the rise in condenser 
temperature.

2.6.3 A nalysis : In the vapour compression system (fig. 2-10) four basic components 
are always present -  viz. condenser, expander (throttle valve), evaporator and compressor. 
Estimation of the thermodynamic performance of each of these components can be carried 
out by applying the energy equation for continuous flow.

In the case of condenser no work is performed while heat is rejected by working 
medium (refrigerant) to the cooling medium. This heat rejection reduces the enthalpy of 
the refrigerant.

Heat rejected, Q0ut = (H2  -  H3) kJ/min. ... (2.7)
where m r = mass of refrigerant in kg circulated per min.
If the expansion of the refrigerant is carried out in a cylinder with no heat exchange, 

the work obtained is at the cost of enthalpy of the refrigerant,
i.e ., Wout = m r (H3 -  HA) kJ/min. ...(2 .8 )
Equation (2.8) shows that, by using expansion cylinder, work is obtained which can 

be used partially to drive the compressor thereby reducing the overall mechanical energy 
requirements of the system. Except for the air refrigerating system, reversible expansion 
(expansion cylinder) is not used because of the complexity of mechanical equipments 
required and gain in work being very small; instead, the refrigerant is throttled through 
the expansion valve irreversibly. With the expansion valve, the work term in equation 
(2 .8) become zero and the equation for such an irreversible expansion (throttling), becomes 
H3 = H4.

Thus, while refrigerant passes through the throttle valve, enthalpy remains constant.
In the evaporator heat is absorbed by the refrigerant in producing refrigerating effect 

with the result, its enthalpy rises such that
Heat absorbed, Q\n m m t (H i -  H4) kJ/min. ...(2 .9 )

When compression occurs isentropically, the energy equation for a reciprocating or 
centrifugal or any other type of compressor shows balance of work put in and increase 
in enthalpy of the refrigerant, i.e., all the work supplied appears as increase in enthalpy

i.e., Win = mr (H2 -  Hi) kJ/min. ..(2.10)
Close examination of the above energy balance equations for each component shows 

that complete analysis of the system is possible in terms of the enthalpies at entrance 
and exit from each equipment. Further, in a closed system there are no piping losses, 
either of pressure or heat; thus, enthalpy at exit from any piece of equipment is the 
same as at entrance to the next piece. This is assumed in the above analysis. Three 
values of enthalpy, therefore, will suffice for complete analysis of the entire ideal system. 
These are :
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Hi = enthalpy at compressor suction, kJ/kg,
H2 = enthalpy at compressor discharge, kJ/kg, and
H3 = H4 = enthalpy leaving condenser and entering expansion valve, kJ/kg.
or = enthalpy leaving the expansion valve and entering evaporator, kJ/kg.

When pressure losses are ignored in the ideal system, the discharge pressure pd is 
same at all points from the compressor* discharge to the inlet of expansion valve, and 
suction pressure ps at all other points in the system. Thus, whole system is divided in 
two parts, high pressure side and low pressure side.

A refrigeration system can be completely analysed if suction and discharge pressures 
and the load to be handled are known. If T  is the refrigeration load in tonnes to be 
handled by the evaporator,'the mass of refrigerant to be circulated through the system 
per minute (m r) is given by

210 x T  , , . ... (2.11)
m'  “  (H i -  H .) k3/min'

where, (Hi -  H4) = refrigeration effect in kJ/kg.
(One tonne of refrigeration = 210 kJ/min.)

mf (W> -  H i) 210  T(H2 -  HO
Power of com pressor ^ ------------ e o ^  -  H ,)" kW ”  (2'12)

(1 kW = 1 kJ/sec. or 60 kJ/min.)
where, H2 -  H i = work spent to produce the refrigerating effect in kJ/kg.

Further, the swept volume of compressor cylinder is

m r x \/8 =-5 d 2 I x 2N m 3/min. ... (2.13)
4

where, m r is the mass of refrigerant circulated in kg. per min., Vs is specific volume 
of refrigerant at suction of the compressor, d  and I are cylinder diameter and piston 
stroke of the compressor respectively, and N is r.p.m of the compressor. Compressor is 
assumed to be double-acting.

The mass of condenser cooling medium required in kg. per min.,

me -  " H *  -  *>  ... (2.14)
Kp Af

where, mr = mass of refrigerant in kg circulated per min.,
kp = specific heat of cooling medium in kJ/kg K,
H2  -  H3 = heat extracted in kJ per kg of refrigerant, and
At = rise in temperature of condenser cooling medium.

Problem- 1 0  : An ammonia refrigerating machine has to do an amount of refrigeration 
equal to the production of 20 tonnes of ice per 24 hours at -  3°C from water at 10°C. 
If the temperature limits of the compressor are 27°C and -  12°C, calculate the power of 
the compressor (i) on the assumption that the cycle is a  perfect one, and (ii) if the actual 
performance is 50 per cent o f the ideal. Take latent enthalpy of ice as 335 kJ/kg and 
its specific heat as 2.1 kJ/kg K.

(i) Now, higher temperature limit’, T] = 273 + 27 = 300 K, 
and lower temperature limit, 7̂  = 273 -  12 = 261 K.

Using eqn. (2 .2), ideal C .O .P. = j r X j r  -  - 6-69
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Heat abstracted per kg of ice = heat abstracted in cooling water from 10°C to water 
at 0°C + latent heat abstracted in forming ice at 0°C from water at 0°C + heat abstracted 
in cooling ice from 0°C to -3 °C .

.-. Heat abstracted = (10 x 4-187) + 335 + (2-1 x 3)
= 383-17 kJ/kg of ice produced

and heat abstracted per minute = *  1,000 x 383-17 = 5321-8 kJ per min.
24 x 60

(One tonne of ice = 1,000 kg of ice)
 *  heat abstracted per min.

Work spent per min. = ----------C O P  -------

5,321-8 . . . .
= ■ = 795-5 kJ/min.6-69

795*5Power of the compressor = 6 Q - = 13-26 kJ/jsec = 13-26 kW

(ii) Since the actual performance is 50 per cent of the ideal value,
actual coefficient of performance = 6-69 x 0-5 = 3-345

C qP1 .O
.*. Power of the compressor = m _ —  = 26-52 kJ/sec = 26-52 kW

p 3-345 x 60
Problem -11 : An ammonia refrigerator produces 20 tonnes of ice at 0°C from water at 
0°C in a day o f 24 hours. The temperature range in compressor is from -15°C to 25°C. 
The vapour leaving the compressor is is dry saturated. The liquid leaves the condenser 
at 25°C and is expanded in a throttle valve. Assuming actual coefficient of performance 
of the plant as 75% of the theoretical, calculate the power of the compressor. Take latent 
enthalpy of ice as 335 kJ/kg. Use properties of ammonia given in the following table :

Saturation temp,*C Enthalp/, kJ/kg Entropy, kJ/kg K
Liquid Vapour Liquid Vaour

t h H 4> 1 <& V

25 298.8 1,463.6 1.1234 5.0355
-15 112.3 1,425.7 0.4568 5.5452

In the above table, enthalpies and entropies 
are reckoned from -40°C, i.e. datum is at -40°C.

Referring to fig. 2-16, and considering 
isentropic compression 1 - 2 ,

Entrophy at 1, <t>i = Entropy at 2, <J>2,

<*>/, + *1 (<*V, -  % )  -  
i.e ., 0-4568 + X̂  (5-5452 -  0-4568) = 5-0355

5-0355 -  0-4568 _ 4-5787 = Q g
’ ' X’ "  5-5452 -  0-4568 "  5-0884
Enthalpy at 1, H\ = + * i

= 112-3 + 0-9(1,425-7 -  112-3)
-  1,294-36 kJ/kg.

Enthalpy at 2, H2 = 1,463-6 kJ/kg (given)
Enthalpy at 3, H3 = Enthalpy at 4
.-. H4 = 298-8 kJ/kg (given)
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Refrigerating effect, N = H1 -  H4 = 1,294-36 -  298-8 = 995-56 kJ/kg 
Work spent, W = H2 -  H1 = 1,463-6 -  1,294-36 = 169-24 kJ/kg

Actual C .O .P. = 5-885 x 0-75 = 4-414 
Heat to be abstracted per kg of ice produced = 335 kJ
Actual refrigerating effect per sec. corresponding to 20 tonnes of ice per 24 hrs.

.'. Power required to drive the compressor = 17-57 kW
Problem-12 : An ammonia refrigerating machine fitted with an expansion valve works 
between the temperature limits o f -10° and 30°C. The vapour is 95% dry at the end of 
isentropic' compression and the fluid leaving the condenser is at 30°C. Assuming actual 
coefficient of performance as 60 per cent of theoretical, calculate the kilograms t f  ice 
produced per kW-hour at 0°C from water at 10°C. Latent enthalpy of ice is 335 kJ/kg. 
Ammonia has the following properties :

Sat. temp. 
‘C 
t

Liquid enthaly 
kJ/kg 

h

Evaporation enthalpy 
kJ/kg 

L

Liquid entropy 
kJ/kg K 

4>l

Entropy of dry saturated 
vapour kJ/kg K 

4> v

30 322-9 1,145 1 -2028 4-9805

-10 135-2 1,296-8 0-5440 5-4730

In the above table, enthalpies and entropies are reckoned from -  40°C 
Referring to fig. 2-17, and considering isentropic compression 1 - 2 ,

Entropy before compression,

X  335 = 77-55 kJ/sec.

Now, actual C .O .P. -. oi r  n  p  -  actual refrigerating effect per sec. 
', actual o .u .k  = actual work to be spent per sec.

.-. Actual work to be spent per sec. = actual refrigerating effect per sec. 
actual C .O .P.

= 17-57 kJ/sec.4-414

A Liquid line Saturation line = Entropy after compression, <J>2 

Ct>/1 +  x1 (O i^  -  <!>/-,)

= <I>/2 + X2 (OV2 -  0 /2) 
i.e. 0-5440 + X1 (5-4730 -  0-5440)

X1 5-4730 -  0-5440

= 1-2028 + 0-95 (4-9805 -  1-2028)

= ±?476 =
4-9290

4-7916 -  0-5440

Entropy ■ »■ 

Fig. 2-17 T - <1> diagram.

Enthalpy at 1, H1 = + x1 Ly
= 135-2 + 0-86 X  1,296-8 = 1,253-0 kJ/kg

Enthalpy at 2, H2 = + x2L2



H2= 322-9 + 0-95 x 1,145 = 1,410-7 kJ/kg 
Enthalpy at 3, H3 = H4 = 322-9 kJ/kg (given).
Refrigerating effect, N m H, -  H* = 1,253-0 -  322-9 = 930-1 kJ/kg.
Work spent, W  -  H , = 1,410-7 -  1,253 = 157-7 kJ/kg.

Theoretical C .O .P . (K) = 77 . = ,  5.9
IV 157*7

Actual C.O .P.= 5-9 x = 3-54
Actual work to be spent corresponding to one kW-hour = 3,600 kJ/hr.
*1 Actual refrigerating effect per kW-hour

= actual C .O .P. x actual work per kW-hr.
= 3-54 x 3,600 = 12,744 kJ/kW-hr.

Heat to be abstracted per kg of ice produced
= 10 X  4-187 + 335 = 376-87 kJ/kg.

Ice produced -  -  33-82 kg/kW-hr.
o 7 b * o 7

Problem-13 : Obtain the theoretical coefficient o f performance for a CO2 vapour refrigerating 
machine working between the temperature limits o f 268 K  and 298 K  The working fluid 
CO2  has a dryness fraction of 0-6 at entry to the compressor. The machine is fitted with, 
an expansion valve and there is no undercooling of the liquid. The following table gives 
the properties of CO2 :
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Saturation temp. Sat. liquid enthalpy Evaporation enthalpy Entropy of sat. liquid
K kJ/kg kJ/kg kJ/kg K
T h L <&/

298 81-23 121-42 0-2513

268 -  7-54 245-36 -0-04187

In the above table, enthalpies and entropies are relative to 0°C.
How many tonnes of ice at 0°C would a refrigerating machine, working between the 

same limits and having a relative coefficient of performance of 50 per cent make in 24 
hours ? The water for the ice is supplied at 15°C and the compressor is driven by a 
20 kW motor. The latent enthalpy of ice is 335 kJ/kg.

Referring to fig. 2-18, and considering isentropic compression 1—2,
Entropy before compression, <t>!* = Entropy after compression, <J>2

f u \  ' m  
- <^/2 + *2

i.e. -0-04187 + 0-6

i.e. -0-04187 +
268 j  

0-6 x 0-9155

= 0-2513 + x2
'121-42^

298 / 
0-2513 + X2 x 0-40741

*2 =
0-5493 -  0-04187 -  0-2513 0-25613 - 0-629

0-40741 0-40741
Thus, x2 = 0-629 (dryness fraction at 2)
Enthalpy at 1, Hj = hi + x ?L j = -7-54 + 0-6(245-36) = 139-68 kJ/kg 
Enthalpy at 2, H2 = ^  + x2L2 = 81-23 + 0-629 (121-42) = 157-6 kJ/kg



Enthalpy at 3, H3 = H4 = 81-23 kJ/kg (given)
Refrigerating effect, A/ — Hi — H* = 139-68 -  81-23 = 58-45 kJ/kg 
Work spent, W = Hz -  Ha = 157-6 -  139-68 = 17-92 kJ/kg

Theoretical C .O .P. (K)
= N m 5 *45  _

W '17-92 
Actual C .O .P. = 3-26 x 0-5 = 1 -63 

1 kW = 1 kJ/sec.
Work to be spent corresponding to 20 
kW per 24 hours

= 20 x 60 x 60 x 24
= 16,68,00 kJ/24 hours

Actual refrigerating effect
= 16,68,000 x 1-63 kJ/24 hours

Heat extracted per kg of ice produced
= 15° x 4-187 + 335 = 397-8 kJ

Heat extracted per tonne of ice produced
= 397-8 x 1,000 kJ c 0 <ot t wFig. 2 -  18 T -  <I> diagram

Ice produced = 1 *0003 “  6838  tonnes/24 hours

Problem-14 : An ammonia refrigerator works between the temperature limits of - 6 eC 
and 26°C, the vapour being dry saturated at the end of isentropic compression. There is 
no undercooling of the liquid, and expansion is by throttle valve. Calculate :

(i) the coefficient of performance,
(ii) the indicated power required to drive the compressor for a cooling effect of 54,000 

kJ per hour, and
(iii) the amount of heat to be removed in the condenser in k J per minute.
Use the properties of ammonia given in the following table :
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Saturation temp. *C Enthalpy, kJ/kg Entropy, kJ/kg K
Liquid Evaporation Vapour Liquid Vapour

(0 th) (L) (H) (<!>/) (<I>v) !
26 303.6 1,162.0 1,465.6 1.1394 5.0244
- 6 153.5 1,283.3 1,436.8 0.6128 5.4173

In the above table, enthalpies and entropies are relative to -  40eC.
(i) Referring to fig. 2-19, and considering isentropic compression 1 - 2 .

Entropy before compression, <1)! = Entropy after compression, $ 2

* <*>/i + Xt (<Dv1 -  <Dn ) = <lv2

i.e. 0-6128 + Xf (5-4173 -  0-6128) = 5-0244
5-0244 -  0-6128 , .  . .. . , ,

*1 = v- m 0-918 (dryness fraction at 1)
1 5-4173 - 0-6128 v 1 '



Enthalpy at 1 Hy -  153-5 + 0-918 x 1,283-3 

= 1,331-6 kJ/kg
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Enthalpy at 2, Hz = 1,465-6 kJ/kg (given) 
Enthalpy at 3, hk = H* = 303-6 kJ/kg(given) 

Refrigerating effect,
N = HA -  H4 = 1,331-6 -  303-6 

= 1,028 kJ/kg 
Compressor work, W = H2 -  ,fi|

= 1,465-6 -  1331-6 = 134 kJ/kg
C o effic ien t of perfo rm ance, 

1,028 
134 = 7 672

\
Fig. 2-19 f-«I> diagram

(ii) Refrigerating effect per hr. = 54,000 kJ

Compressor work per hr. = R '^’J?ep hr’ = jS P  -  7,038-58 kJ/hr.
v .U .r .  7'b72

Indicated power required to drive the compressor

.  .  ,.9 5 5  kW
3,600

(iii) Heat removed in the condenser is equal to the refrigerating effect per min. plus 
the work supplied to the compressor per min.

54,000 + 7,038-58
60

= 1,017 3 kJ/min.

Problem-15 : A vapour compression refrigerator works between the pressures of 491 4 
kPa and 182-6 kPa. The vapour is superheated at the end of compression, its temperature 
being 298 K. The liquid is cooled to 283 K  before throttling. The vapour is 95% dry 
before compression. Using the data given in the table below for Freon-12, calculate the 
coefficient of performance and refrigerating effect per kg of working substance circulated. 
The specific heat at constant pressure (491-4 kPa) for superheated vapour is 0645  
kJ/kg K  and for the liquid is 0-963 kJ/kg K.

Preessure Saturation temp. Sat. liquid enthapy Evaporation enthalpy
kPa K kJ/kg kJ/kg

P T h L
491.4 288 50.06 . 143.59
182.6 258 22.31 158.53

In the above table, the liquid enthalpy at -40°C  (233 K) is taken as zero, i.e. the 
datum is at -40°C.

This problem demonstrates the case when the liquid is undercooled and the vapour 
at the end of compression is superheated. Referring to fig. 2-20,

Enthalpy at 1, Hy m hy + = 22-31 + 0-95 x 158-53 = 173-01 kJ/kg
Enthalpy at 2, H2 = Hs + kp (7sup -  7sat)

= 50-06 + 143-59 + 0-645 (298 -  288) = 200-1 kJ/kg
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Before reaching the throttle 
valve, the temperature of the liquid 
is 288 -  283 = 5° below the 
saturation temperature. So the total 
heat of liquid before thrbttling,
hk *  Ha -(0-963 x 5)

= 50 06 -  4-82 = 45-24 kJ/kg
Enthalpy at 6 ,

He = 45-24 kJ/kg ( v  Hs = He)
Refrigerating effect,

N = Ha -  H6 = 173-01 -  45-24 
= 127-77 kJ/kg

Compression work,
W= H z -  H, = 200-1 -  173-01 

= 27-09 kJ/kg
.*. Coefficient of performance,

_/V 127-77
W = 2707K  - = 4-716 Fig. 2 -2 0  T -<1» diagram

Problem-16 : The working substance in a refrigerator is ammonia, kp of superheated 
vapour being 2  93 kJ/kg K. Condensation and evaporation take place at 11 67 bar and 
2 68 bar respectively. The temperature of the vapour at the end of isentropic compression 
is 54 4°C, and there is no undercooling of the liquid.

One tonne of ice is to be formed per hour at -  6°C from water at 145°C. Given that 
the specific heat o f ice is 21  kJ/kg K  and its latent enthalpy is 335 kJ/kg. Calculate the 
necessary, power input to drive the machine, neglecting mechanical losses.

Use the properties of ammonia given in the following table :
Pressure bar Sat. temp. 'C

Enthalpy kJ/kg Entropy kJ/kg K
Liquid Vapour Liquid Vapour

P t h H 0> / <I> V

11.67 30 322.9 1,467.9 1.2028 4.9805
2.68 -12 126.0 1,429.5 0.5093 5.5015

In the above table, enthalpies 
and entropies are reckoned from 
-40°C , i.e. the datum is at -  
40°C.

This problem demonstrates 
the case when the datum is at 
-40°C, at which liquid enthalpy 
and entropy are zero. Hence, 
liquid enthalpy, and entropy at 
-12°C are positive quantities. In 
case of steam, the datum is at 
0°C at which liquid enthalpy and 
entropy are taken as zero. This 
is generally satisfactory in power 

*  engineering. But refrigeration 
vapours will commonly be at a

Entropy — »
Fig. 2-21 T -  <!• diagram
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lower temperature than 0°C, so that we will have to deal with negative values of liquid 
enthalpy and entropy. This often leads to arithmetical complications. Consequently, it is 
becoming more customary in refrigeration practice, to refer enthalpies and entropies to 
some lower datum, which will be below t.he lowest working temperature of the refrigerant. 
The temperature chosen is -40°C  and the enthalpies and entropies of refrigerant are 

■ commonly referred to this temperature.
Referring to fig. 2-21, the considering isentropic compression 1-2,
Entrophy before compression, <J>1 = Entrophy after compression, <S>2

i.e ., 4>/i + x i  (<Iv/ -  <J>/i) = $ V 2 + Kp loge 7sup2
Tsat2

i.e ., 0-5093 + X] (5-5015 -  0-5093) = 4-9805 + 2-93 log6

X1 =

i.e ., 0-5093 + x̂  (4-9922) = 5-5062
5-5062 -  0-5093

327-4
303

= 0-941 (dryness fraction at 1)4-9922
Enthalpy at 1, Hi = hi + X1L 1

= 126 + 0-941 (1,429-5 - 126) = 1,352-6 kJ/kg 
Enthalpy at 2, H2  = 1,467-9 + 2-93 (54-4 -  30) = 1,539-6 kJ/kg 
Enthalpy at 4, H4 = Hs = 322-9 kJ/kg (given).
Refrigerating effect, N = Hi -  Hs = 1,352-6 -  322-9 = 1,029-7 kJ/kg 
Compressor work, W = H2  -  Hi = 1,539-6 -  1,352-6 = 187 kJ/kg

1,029-7
C .O .P ., 187

= 5-51

Heat to be abstracted per kg of ice produced,
= 14-5 x 4-187 + 335 + 2-1 (6) = 408-31 kJ/kg 

Refrigerating effect required (R .E) per sec.
1 x 1,000
60 x 60

x 408-31 = 113-4 kJ/sec.

Compressor work per sec.= 2eC- = 8 - = 20-58 kJ/sec.
O . U . r .  0 * 5 1

.-. Power required to drive the compressor = 20-58 kW.
Problem-17 : An ammonia refrigerating plant is used for cooling a liquid having specific 
heat of 4 kJ/kg K  The following results were obtained :

Mass of liquid cooled ... 70 kg/min.
Inlet temperature of liquid 
Outlet temperature o f liquid 
Power required to drive the compressor 
Mass of condenser cooling water 
Inlet temperature of condenser cooling water 
Outlet temperature of condenser cooling water 
Heat rejected to compressor cylinder jacket cooling air 
Cooling effect on bare pipes

24°C 
12°C 

115kW  
72 kg/min. 

9°C 
20°C 

170 kJ. min. 
420 kJ/min.
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Draw up the heat balance sheet for this plant on one minute basis and determine 
the actual coefficient of performance.

Actual heat absorbed from liquid (R .E .)
-  70 x 4 (24  -  12) -  3,360 kJ/min.

Heat equivalent of compressor work actually supplied per min.
W -  11*5 x 60 -  690 kJ/min.

Heat rejected to condenser cooling water 
= 72(20 -  9)4-187 = 3,316-1 kJ/min.

Actual C O P = actual refrigerating effect = 3,360 
actual work supplied 690
Heat balance sheet on one minute basis

Heat input kJ/min. Heat expenditure kJ/min.
Heat absorbed from the liquid cooled (R.E) 3,360 Heat rejected to condenser cooling water 3,316-1
Heat equivalent of compressor work Heat given out by bare pipes 420
supplied (W) 690 Heat rejected to compressor cylinder jacket

cooling air
Heat unaccounted for (radiation etc.) by 
difference \

170

143.9
Total 4,050 Total 4,050

Problem-18 : A food-storage plant requires 10 kW for operating the refrigeration system  
with ammonia as refrigerant. Evaporator temperature is -  10°C. Condenser temperature is 
25°C, and the refrigerant is subcooled to +6°C before it is throttled. The quality of vapour 
leaving the evaporator is 0-98 dry.

Using the following properties of ammonia determine : (i) Condition o f vapour entering 
the condenser and evaporator, (ii) C .O .P., and (iii) Capacity of plant in tonnes of refrigeration.

Temperature
t*C

Liquid Vapour
Enthalpy

kJ/kg
Entropy 
kJ/kg K

Specific heat Enthalpy
kJ/kg

Entropy 
kJ/kg K

Specific heat

25 298-8 1-1234 4-6 1,465-0 5-0355 2-8
-  10 135-2 0-5440 — 1,432-0 5-4730 —

In the above table, enthalpies and entropies are reckoned from -  40°C i.e ., the datum 
is at -  40°C.

(i) Considering T1 = temperature at the entry of compressor, T2 = temperature at the
exit of compressor, T3 = temperature at the outlet of condenser if refrigerant is not
sub-cooled and T4 = temperature after sub-cooling and thus H4 = H5 is enthalpy at the 
entry to the evaporator and x5 is the condition of vapour at the entry to the evaporator.

T3 = 25 + 273 = 298 K, and 7, = -  10 + 273 = 263 K  and
T4 = T3 -  6 = 298 -  6 = 292 K  *
Process 1 - 2  is compression and is an isentropic process, further the entropy at entry 

is higher than that at exit and thus, is the condition of vapour at the exit of compressor 
or at entry to condenser ( at 2 ) will be superheated.

Entropy at 2 = Entropy at '1

-= § ^ 1  = (*>/! + x, (<D v, -  <t>l,)
' sat2 J

i.e., <t>vz + frp loge



76 ELEM ENTS OF HEAT ENGINES Vol.

i.e ., 5 0355 + 2-8 x 2-303 log^

i.e ., Iog10

= 0-5440 + 0-98(5-4730 -  0-5440) 

0-3389
6-4484 = 0-0525

supZ = 1-128 x 298 = 336 K
Hence, condition of vapour entering condenser is superheated by 

336 -  298 = 38°C 
Now, Enthalpy at 4 = Enthalpy at 5

Enthalpy at 4, H4 = Enthalpy at 3 -  Kp (T3 -  T4 ) 
m 298-8 -  (6 x 4 6) = 271 2 kJ/kg 

To find condition at 5, i.e ., at the entry to the evaporator, H4 = H5 
i.e ., 271-2 = h5 + x5 L5 = 135-2 + x5 ( 1,432 -  135-2 )

271-2 -  135-2
*5 = 0.1049 dry1432 -  135-2

(ii) Enthalpy at the beginning of compression (at 1),- 
Hi = + X! La = 135-2 + 0-98(1,432 -  135-2) = 1,406-1 kJ/kg

Enthalpy at exit of compressor, H2 = 1,465 + 2-8 (38) =' 1,571-4 kJ/kg 
Refrigerating effect, N = H i -  H5 = 1,406-1 -  271-2 = 1,134-9 kJ/kg

Work done, W  = H2 

.-. C .O .P. A

("0 K  -  §

N = K  x W =

= 1571 4 -  1,406 1 = 165-3 kJ/kg 
1,134-9
165-3

= 6.866

Capacity of plant =

6-866 x 10 x 60 kJ/min.
6-866 x 10  x 60

210
(1 tonne of refrigeration = 210 kJ/min.)

= 19-6 tonnes of refrigeration.
Problem-19 : The following data relates to a refrigeration plant operating on Freon- 
as the refrigerant :
Suction and discharge pressures
Temperature of the refrigerant at the entry 
and exist of condenser
Rate of flow of cooling water 

\

R ise in temperature of water 
M .E.P . in compressor 
Ice produced
Temperature of water used for ice making 
Latent enthalpy of ice 
Bore and stroke of compressor 
Speed of compressor

1-826 and 745 bar resp.
• v

52°C and 20°C resp 
13 kg/min.
10°C 
4-6 bar 
40 kg/hr.
24°C
335 kJ/kg
8 cm and 12 cm resp. 
300 r.p.m.



REFRIGERATION 

Following are the properties of Freon -  12 :
77

Saturation Pressure Enthalpy (kJ/kg) Entropy Specific heat
temperature (bar) (kJ/kg K)

CC) Liquid Vapour Vapour Liquid Vapour
t P h H 4> v

30 7.45 64.54 199.48 0.6848 0.98 0- 6741
-15 1.826 22.31 180.85 0.7046 — —

Determine : (a) Theoretical C .O .P., (b) Actual 
C.O.P., (c) Relative C .O .P., and (d) Mass flow 
of refrigerant per hour.

In the above table, enthalpies and entropies 
are reckoned from -40°C.

(a) Referring to fig. 2-22, condition of vapour 
corresponding to point 2  is given by

Entropy at 2 = entropy at 1
Entropy at 2

= 0-6848 + 0-6741 x 2-303 '^ 1 0  jf§|J
= 0-6848 + 0-0473 = 0-7321

Now the entropy at point 2 is greater in value 
than the entropy of dry saturated vapour 4>v1 = 
0-7046, at the pressure of 1-826 bar, suggesting 
that the vapour is superheated at the point 1 (at 
the suction of the compressor).

Fig. 2-22

0-7321 = 0-7046 + 0-6741 x 2-303 log,0

Tsup11 0-7321 -  0-7046
0-6741 x 2-303

*sup1
258

258 'supl = 258 x 1-042 = 268-84 K  = Ti

Enthalpy at exit of compressor (at 2),
H2 = 199-48 + 0-6741 (52 -  30) = 214-31 kJ/kg 
Enthalpy at outlet of compressor (at 3),
H3 = H3 ' -  kp (30 -  20) = 64-54 - 0-98 x 10 .  54-74 kJ/kg 

Enthalpy at suction of compressor (at 1 ),
H] = 180-85 + 0-6741 (268-84 - 258) = 188-16 kJ/kg
Refrigerating effect/kg, N -  H\ -  H4 « 188-16 -  54-74 = 133-42 kJ/kg

Work done/kg, W = -  H, = 214-31 -  188-16 = 26-15 kJ/kg

Theoretical C .O .P. -  —L -
W 26-15

= 5-117

(b) Heat removed per kg of ice = (24 -  0) 4-187 + 335 = 435-5 kJ/kg

Actual refrigerating effect = 40 x 435-5 
60

= 290-38 kJ/min.
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Using eqn. (2.13),

Vs = Swept volume of the compressor in m3/min. = 2 x ^ d 2 x I x N

(assuming double-acting compressor) 
where, d  = diameter, I = stroke length and N = r.p.m. of compressor.

2

^  -  2  X 4 ( i f o  X 1OT *  300 -  0 3 6 2  m3/min- 

Actual work done = — —x 0 362 = 166-5 kJ/min.

Actual C O P  -  Actual refrigerating effect/min _  290-38 _
' "  Actual work done/min "  166-5 "

(c) Relative C .O .P . act âl x 100 = = 100 = 34-08%
w  theoretical C .O .P. 5-117
(d) Now, heat lost by refrigerant in the condenser

= heat gained by water in the condenser
m r {Hz -  m  = 13 x 10 x 4-187
(where mr = mass flow of refrigerant per minute)

13 x 10 x 4-187 „  „ . .  . . .A  mr = 2 14  31 _  54 74 = 3-411 kg/min. or 204-66 kg/hr.

2.7 Pressure-Enthalpy chart (p-H chart)
In earlier treatment the vapour compression cycle was represented on T  -

Sub cooled 
liquid region

Enthalpy »

Pressure rfnes(P) -------------- Entropy lines (<fr)

Entholpy lfn«s (H)  ̂ n n Temperaturelines(T)

Fig. 2-23 Typical pressure-enthalpy (p-H) chart

O chart.
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However, in refrigeration practice pressure-enthalpy charts are also commonly used. The 
ordinate of this chart represents pressure while the abscissa represents the enthalpy. The 
constant pressure lines are not evenly distributed because the pressure and temperature 
are not related to one another linearly. The chart is divided into three main regions and 
these are separated from one another by saturated liquid line and dry saturated vapour 
line. The region on the left hand side of the saturated liquid line is known as subcooled 
liquid region. The temperature of this region is below the saturation temperature of liquid 
corresponding to its pressure. The region bounded by saturated liquid line and dry saturated 
vapour line is known as wet region. This region shows that the refrigerant is in between 
the liquid and vapour, phase; thus, a mixture of liquid and vapour.

The region on the right hand side of the dry saturated vapour line is known as 
superheated region. The temperature of the refrigerant in this region is above the saturation 
temperature corresponding to its pressure.

The length of any' horizontal intercept which is drawn between the saturated liquid 
line and dry saturated vapour line gives the evaporation enthalpy of the refrigerant at 
that pressure, to the same scale as that of enthalpy, represented by the abscissa.

The nature of the curve of saturated liquid and dry saturated vapour line depends 
upon the type of refrigerant, whose evaporation enthalpy varies with pressure.

Both the above curves will finally meet each other at a point and form a continuous 
curve. The pressure of the refrigerant corresponding to this point is known as critical 
pressure. The liquid changes to superheated vapour and the evaporation enthalpy is zero 
at this critical pressure.

The constant temperature lines in the subcooled region are nearly vertical and they 
are parallel to constant enthaply lines. In the wet region bounded by saturated liquid line 
and saturated vapour line, the constant temperature lines are horizontal and parallel to 
constant pressure lines, as the liquid refrigerant changes its state from liquid to vapour 
at constant pressure and temperature. In the superheated region, the constant temperature 
lines change their direction in the downward direction and fall sharply to the bottom of 
the chart. Constant entropy lines extend almost diagonally throughout the chart.

(dl Liquid subcooled (b) Liquid nol subcooled

Fig. 2-24 Pressure-enthalpy diagram of the vapour compression cycle.

Referring to the fig. 2-24, the condition of refrigerant at point 1 , is dry and saturated. 
It is sucked at this condition in the compressor during the suction stroke and is compressed



80 ELEM ENTS OF HEAT ENGINES Vol. Ill

isentropically during the compression stroke at the end of which it is delivered at a 
pressure p2 and temperature T2 from the compressor. This operation is isentropic (constant 
entropy) represented by 1-2 on to the chart. The vapour is superheated at point 2. This 
vapour is now passed on to the condenser where the heat is transferred from vapour to 
the cooling water supplied to it. First, vapour loses its superheat and reaches the saturatiorl 
point at the constant pressure shown by point 2 on the saturation line. Further, the 
removal of heat from point 2 to point 3 changes the state of the refrigerant from vapour 
to liquid. For efficient heat transfer the saturation temperature at pressure p2 must be
sufficiently higher than that of water used for cooling purpose.

Sometimes the refrigerant is subcooled, i.e., cooled to a temperature which is sufficiently 
lower than the saturation temperature of liquid at pressure p2. This is shown on p -H  
chart [ fig. 2-24 (a)]. The high pressure liquid shown at the point 3 in figs. 2-24(a), and
2-24 (b), is allowed to expand through throttle valve from pressure pg to p ,. This expansion 
is carried out at constant enthalpy and it is shown as 3 -  4 on the p-H  diagrams [fig.
2-24 (a) and fig. 2-24 (b)]. After throttling the liquid refrigerant changes to wet vapour 
condition at evaporator pressure.

This wet vapour is passed through the evaporator coils which are placed in the cold 
chamber so that it absorbs evaporation enthalpy from the cold chamber and reaches a 
state of dry and saturated vapour shown on p-H  diagram by point 1. Thus, the cycle is 
repeated.

2.7.1 Representation of different cycle on p-H and T -  4> Diagrams : If the vapour 
sucked by the compressor is wet and after compression also it remains wet, then 
compression is known as wet compression.

From T  -  <[> and p-H diagrams (fig. 2-25), area under 1- 4 represent refrigerating
effect (N) while the area 1-2-3-4-1 represents the work done (W).

From p-H  diagram, refrigerating effect (N) = H* -  H4, and
work done (W) = H2 -

(2.15)

T P

<t> H
Entropy 

(a ) T - P  diagram

Enthalpy 

(b) P-H diagram

Fig. 2 - 2 5  T  - <|> and p  “  H diagrams for wet compression.

If the compression of the vapour in the compressor is carried out after the wet vapour
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is sucked by it, in such a way that after compression the vapour becomes dry and 
saturated (fig. 2-26), it is known as dry compression.

3
O w 4* O.
E

■H

Fig. 2 -26  T -  <(> and p  ~  H  diagrams for dry compression.

Referring to fig. 2-26, refrigerating effect (N) = H\ -  Ha kJ/kg which is more than 
that in case of wet compression, and work done (W) = Hz -  Hi kJ/kg.

Superheated compression : The compressor sucks in wet vapour and after compression 
the vapour delivered is superheated (fig. 2-27). Such type of compression is known as 
superheated compression. In this case, the vapour drawn during the suction, has greater 
dryness fraction than that for the vapour in either wet compression or dry compression. 
This increases the refrigerating effect and the C .O .P. of the system.

(o) T-4>dfogrom (b) P-H diagram

Fig. 2-27 T  -  <J> and p -  H  diagrams for superheated compression.

Vapour dry and saturated at the compressor suction (fig.2-28) : If the vapour is dry 
and saturated at the suction, it will be superheated at the end of compression. The dry 
and saturated vapour is delivered from the evaporator so the refrigerating effect is naturally 
greater than that in all the cases discussed above. But on the other hand, the superheated 
vapour increases the extra load of work on the compressor. This increases the size of 
compressor cylinder, and the rate of increase in work is more than the rate of increase 
in refrigerating effect. Since in the superheated region the heat absorption by vapour after

HE3-6
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saturation point is reached is only due to liquid enthalpy, while in he wet region heat is 
absorbed by evaporation enthalpy which is much more effective than liquid enthalpy. 
Hence, in comparison to above methods, dry compression is more effective and economical.

(a) T-4> diagram (b) P-H diagram

Fig. 2 -28  Dry and saturated condition of vapour at compressor suction.

Vapour superheated at the suction of compressor (fig. 2 -  29) : As the vapour entering 
the compressor is superheated, its specific volume will be greater, and hence the cylinder 
size required will be more for the same flow rate or the rate of flow will decrease for 
the same size of the cylinder. Further refrigerating effect compared to work done will be 
reduced, so that C .O .P . will be reduced.

lo) t - 0  d iagram  (b) P-H diagram

Fig. 2-29  Vapour superheated at entry to compressor

The dry and saturated vapour leaving the evaporator gets superheated from 1* to 1, 
which may ' 3 due to following factors :

. . An expansion valve working automatically makes the refrigerant to flow in such a 
way that the refrigerant leaving the evaporator is in the superheated state. In this case, 
the refrigerating effect is increased to the extent of Hy -  Hy ' per kg of refrigerant.

. . The vapour leaving the evaporator may flow through the pipes placed in the cooled 
space before leaving it and get superheated, and hence this adds to refrigerating effect.

. . In case the length of the pipes connecting the compressor and cooled space is
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long enough, the vapour gets superheated due to gain of heat from surroundings and 
hence does not increase refrigerating effect, but adds to the work of compression, thus 
reducing the C.O .P.

. . The displacement volume of compressor is required to be increased because of 
increase in specific volume due to superheat. The increase of heat at lower pressure 
adds to the load on the condenser, consequently it requires increase in the amount of 
liquid circulating in the condenser. If the condenser cannot remove this extra heat, then 
there will be increase in delivery pressure from the condenser and the fluid may enter 
the evaporator at a relatively higher temperature. Thus, this type of superheating has a 
bad effect. Thus, proper lagging must be provided to reduce this heat transfer from 
surroundings to the vapour flowing through the system.

Vapour superheated at the suction of compressor and liquid subcooled before throttling: 
The vapour is superheated at the suction of compressor and after compression it is 
passed into the condenser where it is sub-cooled i.e ., cooled to a temperature T3 which
is sufficiently lower than saturation temperature T3' of the liquid. The extra refrigerating 
effect obtained by undercooling the liquid is shown in fig. 2-30 by dotted lines. As this 
increase in R .E . is without additional work, it improves C .O .P. of the system. This is an 
overall advantage. Moreover, dry compression is better than wet compression. Hence, 
if vapour is dry and saturated at the suction, it will have further advantages such as :

(o) T - <t>diagranrt (b) P-H diagram
Fig. 2-30 Vapour superheated at suction and liquid sub-cooled before throttling.

(i) if the vapour is wet, droplets of liquid refrigerant may get trapped in the cylinder head 
and it may after sometime fill the clearance space, damaging either the compressor valves 
or cylinder head, (ii) the droplets of liquid may carry lubricating oil used for lubricating 
the cylinder walls and hence it may increase wear on the cylinder.

2.7.2. Effect of decreasing the suction pressure : The effect of decreasing the 
suction pressure can be discussed with the help of T  -  0  diagram or p -  H diagram 
as shown in fig . 2 -3 1 . From the p -H  diagram , it w ill be clear that as 
H4 ' = H4 , H) ' < H) , H%' > H2 , the refrigerating effect, Ĥ  -  H4 > -  H4 '. Also
the work done per kg of refrigerant, H z' -  H^' > Hz -  H\. This leads to conclusion that 
C.O .P. reduces as suction pressure decreases. Thus, decrease in the refrigerating effect 
of C .O .P. results in higher refrigeration cost. Thus, it is quite clear that if the temperature
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of the evaporator is reduced below the designed capacity, the running cost of the plant 
increases as the power required to drive the plant increases.

Fig. 2-31 Effect of decreasing suction pressure.

Figure 2-32 represents the effect of decreasing suction pressure on C .O .P ., power 
and the refrigeration capacity >of the plant.

5 - 5

4 - 4

3 -  3 
a.

I Q
2 - 2

L.
J
£ i -  1

o. - 0 
-1 0 +5 +10 * 15'

Evaporator femperafure-'C —►
Fig. 2-32 Effect of decreasing suction pressure on power, R.E. and C .O J .

2.7.3. Effect of increasing the delivery pressure : The effect of increasing the
delivery pressure can be seen from p — H  diagram (fig. 2-33). It will be clear from the
figure that Ha ' > Ha , Hz  > Hz  and the refrigerating effect per kg H\ - Ha > H a -  Ha .

Ha -  Ha Ha -  Ha
This leads to the conclusion thai the C.O .P. = Thus, it will

Hz -  Ha Hz -  Ha

be seen at the refrigerating effect and the C .O .P. of the system decrease by increasing 
the delivery pressure so the cost of running the plant will increase. Hence, the increase 
in discharge pressure, produces the same undesirable effects as produced by lowering 
the suction pressure. The effects of increasing the delivery pressure, i.e. increasing the
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Entropy *- Entha l py—

(a) T 4> diagram (b) P-H diagram

Fig. 2-33 Effect of increase in delivery pressure

SO

Condenser tempera ture.'C

Fig. 2-34 Effect of increasing the delivery pressure on Power, R.E. and C.O.P. of the system.
condensing temperature, on C .O .P ., power and refrigerating effect are shown in fig. 2-34

2.7.4 Actual Cycle : The actual vapour compression cycle as obtained in practice 
differs in many ways (fig. 2-35) from ideal simple saturation cycle. This departure is due 
to the following :

. . Frequently the liquid refrigerant is sub-cooled before it is allowed to enter the 
expansion valve. This is desirable because it increases the refrigerating effect as 
well as reduces the refrigerant volume of gas flashed (partial evaporation) from 
the liquid refrigerant in passing through the expansion valve. Any such increase 
in refrigerating effect is at the expense of additional cooling water only, and 
compressor power requirements remain unchanged. Sub-cooling is represented by 
path 1-2 (fig. 2-35).

. . Usually the refrigerant leaving the evaporator is superheated a few degrees before 
it enters the compressor. This superheating may occur as a result of (a) automatic 
control of expansion valve so that the refrigerant will leave the evaporator as
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Fig. 2-35 Departure of actual vapour compression cycle from theoretical (ideal) cycle.

superheated vapour, (b) pick-up of superheat by vapour after leaving the evaporator 
through piping located within the cooled space, and (c) pick-up of superheat in 
connecting piping outside the cooled space. In the first and second case, refrigerating 
effect is increased and the compressor work is also increased appreciably. Coefficient 
of performance, as compared with a saturation cycle at the same suction pressure, 
can be greater, less or unchanged. This is represented by path 4-5.
Compression, although usually assumed to be isentropic may actually prove to 
be neither isentropic nor polytropic. This is on account of heat transfer between 
cylinder walls and refrigerant gas. The cylinder walls assume a temperature at 
some point between those of the cold suction gases and hot exhaust gases, and 
there is a transfer of heat from the walls to the gases during the first part of 
compression and a reversal of heat flow during the last part of compression. 
Moreover, after the cold refrigerant gases pass through the suction valves, the 
gases undergo, prior to compression, a rise in temperature upon contact with the 
cylinder walls; these same gases experience a similar temperature drop after 
compression and prior to delivery. These last two heat transfers occur essentially 
at constant pressure and are indicated by paths 6 - 7  and 8 - 9  respectively; 
compression of the refrigerant occurs along path 7 - 8 , which is actually neither 
isentropic nor polytropic.
In addition, both the compressor suction and discharge valves are actuated by 
pressure difference, and this process requires the actual suction pressure inside 
the compressor to be slightly below that of the evaporator and the discharge 
pressure to be above that of condenser. Four constant pressure lines are shown 
in fig. 2-35 with pe representing evaporator pressure, pc condenser pressure, ps 
suction pressure, and pd discharge pressure inside the compressor before passage 
through the exhaust valves. Path 5-6-7-8-9-10 represents the passage of the 
gas from the entrance to discharge of the compressor.
Process 2-3 represents passage of the refrigerant through the expansion valve, 
both theoretically and practically, an irreversible adiabatic path. The end state 
points 2 and 3 are correct, but the locus of intermediate point would probably 
approach path 2-2a-3 more closely. Here, path 2-2a is essentially isentropic. 
Actually, no true path can be drawn since the process is turbulent one with



non-uniform distribution from point to point of any of the properties of expanding 
mass.

2.8 Effects of Air Leakage in the System
Following are the effects of air leakage in the system on the performance of the 

system :
— The air leakage in the evaporator destroys the required vacuum, so that the 

required temperature will not be maintained. It also prevents the refrigerant coming 
in contact with surfaces of the evaporator so that the evaporator heat transfer is 
reduced thus, reducing the capacity of the plant.

— The air leaking into the system when compressed by the compressor requires 
additional undesirable consumption of power. The refrigerating effect produced by 
a mixture of air and the refrigerant is less than that produced by the refrigerant 
alone. So it leads to reduction in the C .O .P. of the system.

— Air present with the refrigera.it does not allow the refrigerant to come in contact 
with the surfaces of the condenser, so the heat transfer is reduced. This increases 
the load on the condenser and hence more cooling water is required to be 
supplied which results in increased running cost.

— When the mixture of refrigerant liquid and air is passed through an expansion 
valve, there will be more fall in temperature of .liquid than that in case of air. 
This shows that the air will be at a higher temperature than the liquid after 
throttling, so the air will give its heat to the low pressure, low temperature vapour 
and will try to raise the temperature of the vapour to some extent. *

The above discussion leads to a conclusion that vapour compression plant should be 
kept leak-proof.
2.9 Comparison Of Vapour Compression Refrigeration System with the 

Air Refrigeration System
The advantages of vapour compression system over the air refrigeration system are :

. . It approaches nearer the Carnot cycle; and its C .O .P. is quite high compared to 
that of the air refrigeration system.

. . The cost of running the vapour compression system is quite low compared to 
running cost of the air refrigeration system used on ground level. Its running 
cost is approximately 20% of the running cost of air refrigeration system.

. . The mass of liquid circulated per tonne of refrigeration is less (due to high latent 
enthalpy of vaporisation) than the mass of air circulated in the air refrigeration 
system (due to only sensible enthalpy of air being responsible for the extraction 
of Ft. E .)

. . The required temperature of the evaporator can be achieved by adjusting the 
throttle valve of the system.

The disadvantages of vapour compression system as compared with air refrigeration 
system are :

— The initial cost of the plant is very high.
— The prevention of leakage of the refrigerant is a major problem.

Problem-20 : The following data refer to a two-cylinder, single-acting, single-stage 
refrigerating machine using Freon-12 as refrigerant: Pressure limits 0 15 and 0 8 N/mirr; 
temperature of vapour leaving commpressor 55°C; temperature of liquid leaving condenser 
20 C ; condenser cooling water flow 12 kg/minute, when the temperature rise is 15°C; ice
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output (from and at 0°C,' 100 kg/hr: compressor speed 450 r.p.m ; volumetric efficiency 
O 85 : stroke to bore ratio 15.

Assuming no external heat losses at any part of the plant, find :  (a) actual power 
required, (b) actual coefficient of performance and ideal coefficient of performance assuming 
condition of refrigerant as dry and saturated at entry to the compressor, and (c) the 
cylinder dimensions. Take latent enthalpy of ice as 335 kJ/kg. (Use p-H  chart for F-12)

(a) Referring to fig. 2-36 and using p-H  chart for F-12, following data may be 
obtained for the cycle : Enthalpy at 0-8 N/mm2, H2 = 607 kJ/kg at 55°C and H , = 437 
kJ/kg at 20°C.

Heat lost to cooling water in the condenser 
= 12 X  15 X  4-187 * 753-7 kJ/min.

Now, Heat lost by refrigerant in the condenser per min.
= Heat gained by cooling water in the condenser per min. 

m r (H2 -  Hg) -  753.7

(where, m r = mass of refrigerant per min.)

753.7
m  r = (H2 -  H3) 

753-7
607 -  437 

Actual R .E . per min. 
100 x 335

= 4-43 kg/min.

60 = 558-33 kJ/min.

Enthalpy of one kg of refrigerant at the 
end of evaporation Enthalpy

558-33
4-43 + 437 = 563 kJ/kg Fig. 2̂-36

Referring to p-H chart, at 0-15 N/mm , enthalpy of dry and saturated vapour is 561 
kJ/kg and hence condition of refrigerant at the end of evaporation is almost dry and 
saturated.

Neglecting external heat losses, actual work of compression per min.
= Heat rejected in condenser per min. -  actual R .E . per min.
-  753-7 -  558-33 = 195-37 kJ/min.

195-37.-. Actual power required to drive the compressor =

. * a . /-s /-n r-, Actual R .E . per min(b) Actual C .O .P. =  e-------

60 
558-33

= 3-256 kW

= 2-858
Actual work supplied per min. 195-37

On the p-H  chart, isentropic compression line 1-2 may be drawn and enthalpy at 
the end of compression may be obtained as 592 kJ/kg 

Ideal of theoretical C.O .P.
Refrigerating effect per kg of refrigerant 

Work spent per kg of refrigerant



REFRIGERATION 89

561 -  437 124
592 -  561 31

= 4

(c) From  p -H  chart, specific volum e of dry saturated vapour (F -1 2 ) at 0 .15  N/mm*
(1 -5  bar), vs = 0*1081 m /kg.

4

Using eqn. (2 .13 ), swept volum e required per min. *
m r x  vs 

v\v

where, y\v = volum etric efficiency, and mr = m ass of refrigerant circulated per min.

4-43 x  0-1081
Sw ept volum e per min. =

0-85

= 0-5634 m /min. (for two cylinders)

Stroke volume or swept- volume of each  single-acting com pressor cylinder

0-5634  3 it j 2—-----— - x 10  = 626 cm -  — x d  x
2 x  450 4

/

^ rd2 x  1 .5d » 626 ( 
4

I /d  = 1-5)

.-. d 3 *  531-36 .*. Diameter, d = 8-1 cm , and
Stroke, I = 8-1 x 1-5 = 12-15 cm .

Problem -21 : A sim ple ammonia com pression system  has a double-acting com pressor 
whose cylinder diameter is 10 cm and stroke is 15 cm and having the volumetric efficiency  
of 80%, runs at 600 r.p.m . The plant works between the pressure limits o f 0-2 N/mm 
(2 bar) and 1 N/mm2. The temperature o f the vapour leaving the com pressor is 80°C. 
The liquid is sub-cooled by 5°C. The temperature o f the vapour leaving the evaporator 
and entering the com pressor is — 10°C. The heat rejected by ammonia to the com pressor 
jacket is 3,800 kJ/hr.

Determine using the p -H  chart 
for ammonia : (i) The m ass o f the 
refrigerant circulated per minute, (ii) 
The capacity o f the plant, (iii) The 
power o f the com pressor, and (iv) 
C.O .P. of the system .

(i) Referring to fig. 2-37 and 
using p-H  chart for ammonia,

H 7 = 1,683 kJ/kg.
H2 = 1,867 kJ/kg.
H3 = H4 = 515 kJ/kg.

and the specific volume of vapour 
at suction of compressor, i.e ., at 
point 1 , correspond to -  10°C and

20 C

l l ° S ------------- i  V-S* 0-62n?/kg

H 3 = Hi »=515  H i  = 1683 H2 = 1867 
Enthalpy .■ - 0.2 N/mm pressure, Vs = 0-62
Fig. 2-37

The displacement (swept volume) of piston per min.

= 2 x ji/4  dz x I x N 
(from eqn. 2.13)

m3/kg.
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x 600 = 1.42 m /minute
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4 ^100J 100

Actual displacement volume per min. = Swept volume/min. x Volumetric eff.
= 1.42 x 0.8 = 1.136 m3/min.

Mass of refrigerant circulated per min.,
1-136 1-136  . . .

m r  = = 1832 kg/min.

(ii) Refrigerating effect, N = Hi = H4 = 1,683 -  515 = 1,168 kJ/kg
Total R .E . corresponding to 1-832 kg of mass flow per min.
= 1-832 x 1,168 kJ/min.

Now, one tonne of refrigeration = 210 kJ/min.

Capacity of plant = -  = tonnes of refrigeratior

(iii) Now, work spent per min. = mr (H2 -  H i) + q kJ/min.
(where q = heat absorbed by the compressor cylinder jacket in kJ per min.)

= 1-832(1,867 -  1,683) + = 400-42 kJ/min. or kJ/sec
oU 60

400*42 /Power of the compressor = ———= = 6.67 kW
60

(iv) C .O .P . of the system = B gffgerating effect/min.
Work spent/mm.

= 1-832 x 1,168 _
400-42

2.10 Refrigerants
A refrigerant is a working substance used in refrigerating machines. It is a working medium 

through which heat is transferred from a cold body to a hot body. The refrigerants commonly 
used are : Air, Ammonia (NH3), Carbon dioxide (C02), Sulphur dioxide (SO2) Freon group, 
Methyl chloride (CH3CI), Methylene chloride (CH2CI2), Ethyl chloride (C2H5CI), etc.

The refrigerants of the “Freon" group are now largely used in modern plants. Freons 
are divided into two series : (1 ) the methane series, and (2) the ethane series. Of the 
methane (CH 4) series of Freons, Freon- 1 1  (CC I3F), Freon- 1 2  (CCI2F2), Freon-13 (CCIF3), 
Freon-14 (C F 4), Freon- 2 1  (CHCI2F ), and Freon-22 (CH CIF2) are widely used.

Freon-113 (C2CI3F3) and Freon-114 (C2CI2F4) are important members of ethane (C2H3) 
series of Freons.

Freon refrigerants listed above belong to the fluorinated hydrocarbon family, whereas 
Methyl chloride, Ethyl chloride and Methylene chloride are representatives of chlorinated 
hydrocarbon family.

Fluorinated hydrocarbon refrigerants and chlorinated hydrocarbon refrigerants belong 
to the same family group known as Halogenated group.

2.10.1 Desirable Properties : An ideal refrigerant should possess the following desirable 
properties:

Suitable condensing and evaporating pressures : The vapour pressure corresponding 
to *30°C in the condenser should not be high. High pressure in the refrigerating system

* Note : Water or air at normal room temperature (30'C) is used for condensing refrigeration vapour in the 
condenser. Therefore, in order that the heat transfer between vapour and water or air should take place in the 
condenser, the vapour in the compressor is compressed to a temperature above normal room temperature (30*C). 
The vapour pressure corresponding to 30*C is known as the condensing pressure (vapour pressure in the condenser).
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increases the cost of the plant, as extra heavy pipes, fittings, etc. are required.
Vapour pressure in the cooling coils of the evaporator should be slightly above 

atmospheric pressure to avoid leakage of air and moisture into the system through loose 
joints. Moisture in the air may freeze in the expansion valve and cause trouble in operation. 
Air leakage in the system affects heat transfer. Air leakage in the system also increases 
compression work for a definite amount of refrigerating effect.

Low boiling temperature at atmospheric pressure : The vapour temperature (saturation 
temperature) at atmospheric pressure should be low enough to give the desired temperature 
in the evaporator-

High evaporation enthalpy : The evaporation enthalpy should be high in order that 
the quantity of refrigerant which should be circulated to obtain the desired refrigerating 
effect is minimum. This is more important in large plants.

High critical temperature and pressure : The refrigerant should have high critical 
temperature so that it remains in the vapour state at the highest operating temperature.

Low specific heat of liquid : Low specific heat of liquid is desirable to minimise the 
amount of vapour formed during throttling in the expansion valve. This results in increased 
refrigerating effect.

High specific heat o f vapour : It is usual practice to allow superheating of vapour 
(about 5°C) to occur in the evaporator to prevent liquid refrigerant from entering the 
compressor. Vapour specific heat should be as high as possible to minimise degree of 
superheat.

Low specific volume : The refrigerant should have low specific volume to allow the 
use of small machines.

High C.O.P. : The refrigerant should have high C .O .P. and therefore, less power will
be required to drive the compressor per tonne of refrigerating effect.

High thermal conductivity : The refrigerant should have high thermal conductivity. This 
increases the efficiency of the condenser and evaporator.

Non-flammable and Non-explosive ; The rereigerant should be non-flammable (not 
easily set on fire) and non-explosive even when mixed with air, so that undue danger 
will not result in case of fire or overheated condition.

Non-corrosive to metals : This refrigerant should be non-corrosive to ferrous and other
construction materials.

Chemically stable at maximum operating condition : The refrigerant should be chemically 
stable (should not decompose) at the highest working pressure and temperature.

Non-toxic : The refrigerant should be non-toxic (non-poisonous) for the safety of 
servicemen in case of leakage. It should be non-injurious to food stuffs and other materials 
with which it is likely to come in direct contact. Toxicity may cause irritation, suffocation 
and poisoning.

Odourless : The refrigerant should be odourless, i.e. refrigerant should not have an 
irritating offensive pungent odour when present in small quantities.

Leakage easily detectable : Leaks should be easily detected. Odour is desirable for 
leak detection.

Miscibility with lubricating o i l : The refrigerant should mix well with oil in the compressor 
and should be able to separate from oil before the vapour enters the condenser. Miscibility
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of refrigerant with lubricating oil is advantageous in that the oil is returned to the compressor 
by the refrigerants, thus avoiding accumulation of oil in the condenser and evaporator. 
This improves heat transfer rates and simplifies lubrication problems of refrigerators. The 
lubricating oil used should not react with refrigerant, i.e. refrigerant should remain chemically 
stable in the presence of lubricating oil.

High electrical resistance : The refrigerant should have high electrical resistance i.e. 
the refrigerant should act as an insulating medium. This property of refrigerant is important 
in hermetically sealed (airtight closed) domestic units where the refrigerant is in contact 
with electric motor.

Low cost and readily available ; The refrigerant should be cheap and easily available. 
There is always some loss of refrigerant because of leakage. Cost of refrigerants is more 
important in large plants.

Although a refrigerants has not been found yet which has all these properties. Freon-12, 
carbon dioxide and ammonia are commonly used for very low temperature work because 
of their low boiling points. But for the units used in household refrigerators, there is a 
wide range of available refrigerants, each of which in comparison with other has certain 
desirable qualities.

Properties ot the common refrigerants in use are given below :
2.10.2 Ammonia (NH3) : Ammonia is one of the oldest and most widely used of 

all refrigerants. It is the most widely used refrigerant in large ice making and cold storage 
plants. At atmospheric pressure it boils at -  33°C gnd is therefore, suitable for low 
temperature work. It is much less expensive than some refrigerants. It is regarded as 
the most useful refrigerant because of its high evaporation enthalpy, moderate working 
pressures and high critical temperature. It requires low volume of gas to be circulated 
per tonne of refrigeration. It is very soluble in water forming ammonium hydroxide. When 
heat is applied to ammonium hydroxide, ammonia is released in vapour form. It is widely 
used as a refrigerant in units operating on vapour absorption system of refrigeration.

Ammonia burns when heated and may be explosive at high temperatures. It is toxic 
and has extremely offensive and pungent (irritating) odour. Leaks can be easily detected 
on account of its pungent odour. It attacks many non-ferrous metals (copper, zinc, brass 
etc.) in the presence of little moisture but it has no corrosive effect on iron and steel.

2.10.3. Sulphur dioxide (SO2) : It is one of the commonly used refrigerant in household
refrigerators because of the very low working pressures. Its boiling point at atmospheric 
pressure is -  10°C. It has a fairly large evaporation enthalpy and high critical temperature. 
It is non-flammable and non-explosive. It is highly toxic. SO2 when sealed within hermetic 
domestic refrigerating units, does not present a serious problem even though it is toxic. 
In the hermetic domestic units (sealed type), the motor and compressor are directly 
connected to one another, that is, the compressor and motor work on the same shaft 
and are enclosed in a common casing and sealed. It has a very pungent and suffocating 
odour. Leaks are easily detected on account of its pungent odour. Sulphur dioxide gas 
leaks may be detected readily by the white smoke which is formed when strong ammonia 
water(28% solution) is brought in the presence of gas. It is very corrosive when in contact 
with moisture and, therefore extreme care should be taken to prevent even the slightest 
bit of moisture entering into sulphur dioxide to avoid the formation of sulphurous acid 
(H2SO2) which has corrosive effect. It will mix with oil in the compressor, but the difference 
in density between oil and SO2 is so great that oil may easily separate before SO2 
vapour enters the condenser.

2 .10.4 Carbon dioxide (CO2) : It has a small specific volume and therefore, the
compressor of the CO2 machine is small for relatively large refrigerating capacity and the 
machine is therefore, suitable for marine work. The high working pressure (74 bar), the
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low critical temperature (31 °C), the low C .O .P. (2.6) and the excessive power required 
per tonne of refrigeration has restricted its use. It is non-toxic but will suffocate in high 
concentration. Leaks of CO2 gas are difficult to locate for the reason that the gas is 
colourless and odourless. On account of this, leakage must be prevented. It is non-explosive 
and non-flammable. It has no corrosive effect on copper, copper alloys, ifon or steel. It 
has no effect on oil and greases. Its boiling temperature Is -  78-5°C at atmospheric 
pressure. This operating temperature is very low and hence oil which gives good service
at very low temperatures should be used. Due to high working pressure required, the
compressor and the condenser and pipes connecting them must be designed for greater 
strength. It is non-corrosive, except to iron and copper and that too when both moisture 
and oxygen are present. It is rniscible with oil.

2.10.5. Methyl Chloride (CH3CI) : Methyl chloride is suitable for small refrigerators. 
It has low working pressure, fairly high evaporation enthalpy and high critical temperature. 
Its boiling point is -23.7°C at atmospheric pressure. It is inflammable but does not burn 
readily. It is colourless and has sweet odour. Its odour resembles that of chloroform and 
hence leaks can be easily detected. It is some what toxic. It is poisonous refrigerant and 
should be treated with great care. Large concentration of its vapour in air may produce 
unconsciousness or even death but when well diluted with air it has little effect on human 
body. In the presence of moisture, it is very corrosive to zinc and aluminium and it 
produces solvent action on rubber. It is non-corrosive in a dry state. It does not affect 
copper, iron or steel. Methyl chloride dissolves practically all types of oil and glycerine. 
Since oil and methyl chloride mix together, provision has to be made for their separation
when the two come in contact in machine lubrication.

As mentioned earlier, methyl chloride belongs to the chlorinated hydrocarbon family.
2.10.6 Fluorinated Hydrocarbon (Freon refrigerants) : These refrigerants are halogen 

derivatives of saturated hydrocarbons, i.e. of methane, enthane, etc. Fluorine and chlorine 
are substituted for one or more of the hydrogen atoms. Investigations have shown that 
an increasing number of fluorine atoms reduces health hazard and flammability and 
increases stability.

The different types in use cover a larger range of normal boiling points and molecular 
weights. Thus, some are well suited for reciprocating compressors! and some for centrifugal 
compressors. Some are well suited for low temperature work and some for heat pumps.

They are all more or less miscible with oil. They are all safe as long as they do not 
come into contact with red hot surface or open fire. In these cases they decompose 
forming poisonous products, viz. hydrochloric acid (HCL), hydrofluoric acid. (HF), and 
phosgene (COCI2). They are, however, non-flammable.

Like most other organic compounds their transfer properties are not so good as those 
of ammonia and water, and too much oil in the evaporator increases the boiling point 
considerably; so that care must be taken when they are used at low evaporating pressure.

As is well known, there are many different trade names for fluorinated hydrocarbons, 
e.g. Freon, Arcton, Frigen etc. In order to avoid confusion, an international agreement 
has been proposed to use letter F, the mathematical expression for the unknown, followed 
by a number according to the original American system.

Trichloromonofluoromethane (Freon-ll) : F - ll is the trade name for trichloro- 
monofluoromethane, which is also known as Freon-ll. This refrigerants is of low pressure 
type, well suited for centrifugal compressors. The high molecular weight reduces the 
number of stages necessary for a given pressure ratio. Freon-ll is the least stable 
refrigerant of Freon group but it is, however, more stable than methyl chloride.

Dichlorodifluoromethane (Freon-12) : In 1928, development of the fluorinated refrigerants 
was started with the manufacture of Freon-12 which rapidly gained widespread application 
in household units and air conditioning plants. Later, it also competed successfully with 
ammonia in industrial plants up to about 40 kW and sometime even higher.
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It is well suited for reciprocating and rotary compressors. However, at normal tempera
tures, the swept volume necessary for a certain output is about 70 per cent larger than 
when ammonia is used. On the other hand, the terminal temperature of compression is 
much lower so that injection of liquid is not necessary even at lower temperatures. In 
these cases the difference in swept volume between Freon- 1 2  and ammonia is somewhat 
reduced.

At atmospheric pressure it boils at -29.8°C. It has small specific volume, low working 
pressures and high critical temperature. Although its evaporation enthalpy is small, the
C .O .P. is same as for ammonia. It is non-flammable and non-explosive. It is non-toxic, 
odourless and colourless. It is costlier than other refrigerants and therefore precautions 
should be takes against leakage. Since leaks cannot be detected by smell, acetylene test 
lamp may be used for leak detection as flames burn with green colour in the presence 
of Freon. It will mix with lubricating oil without reacting with it.

Special types of oil should be used in order to avoid copper plating, and care must 
also be taken when rubber is used, as Freon-12 attacks natural rubber as well some of 
the synthetic materials.

At low temperatures, lubricating oil mixed with the refrigerant increases the boiling 
point considerably. Therefore, effective oil separators are recommended in order to avoid 
operating at lower evaporating pressures than those necessary with oil-free refrigerants: 
It is non-corrosive to any metal commonly used.

The discharge pressures are lower for Freon-12 than for ammonia at the same 
temperatures.

Because of the high molecular weight of Freon-12, larger amount of refrigerant must 
be circulated for a given output than in ammonia plants. Care must be taken to secure 
ample cross-sectional areas in suction and discharge valves as well as in pipe lines, to 
avoid too high pressure drop due to friction.

Monochlorotrifluoromethane (Freon-13) : Formerly, pure hydrocarbons, e.g. methane 
and ethane, were used in refrigerating plants for evaporating temperatures lower than 
about -50PC. Great care had to be exercised because of the flammability and explosiveness 
of these refrigerants. Freon-13 is a most welcome substitute for the pure hydrocarbons.

Freon-13 has a very low normal boiling point, viz. -81-6°C. However, the critical 
temperature is also low, viz. 28-8°C and therefore, it is recommended as a refrigerant on 
the low side only -in cascade plants using Freon-12 of Freon-22 on the high side. Even 
in this case, care must be taken to avoid risk from too high pressures when the plant 
is out of operation as the critical pressure of Freon-13 is 39-5 bar. The charge^/- 
refrigerant should be as small as possible, so that the pressure fades out before it nas 
risen too high.

The coefficient of performance of Freon-13 is somewhat lower than that of other 
fluorinated refrigerants owing to the low critical point. Freon-13 is used for very low 
temperature v">rk.

In other inspects, Freon-13 behaves quite like Freon-12.
Dichloromonofluoromethane (Freon-21) : This is a low pressure refrigerant which has 

not yet come into general use. However, in U.S.A. it has been used in household 
refrigerators with rotary compressors and in absorption units. It has been proposed as a 
refrigerant in plants working with centrifugal compressors.

Monochlorodifluoromethane (Freon-22) : It was mentioned above that the swept vc'ume 
necessary for a certain output was about 70 per cent larger for Freon—12 than for 
ammonia. If Freon-22 is used instead of Freon-12, the necessary swept volume is only 
slightly higher if ammonia is chosen. Moreover, the terminal discharge temperature is low 
so that no injection of liquid in the suction line is necessary even at low evaporating 
temperature. Therefore, Preon-22 has been increasingly used in recent years as a substitute
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for Freon-12. The advantages are greatest at low evaporating temperatures at which it 
first came in general use, but now it is also used in plants working at higher temperatures. 
The range of application includes small commercial units to medium size industrial plants. 
It is mostly used in reciprocating compressors.

Regarding inertness against materials it is similar to Freon-12 with the exception that 
it presents some special difficulties with regard to rubber. With regard to miscibility with 
oil, Freon-22 is fully miscible with oil at the temperatures usually prevailing on the high 
side of the plant, whereas it i9 only partly miscible at usual evaporating temperatures. 
This has led to difficulties which are, however, now mostly overcome. Great care must 
nevertheless be taken with regard to the quantity of the oil, and an effective oil separator 
should always be used.

Trichlorotrifluoroethane (Freon-113) : The fluorinated refrigerants described so far have 
been derivatives of methane, whereas Freon-113 and Freon-114 are derivatives of enthane 
(C2H5).

Fr®°n" !  ̂  J s *ow Pressure refrigerant used in centrifugal compressors for 
air-conditioning. It is possible to limit the number of stages because the molecular weight 
of Freon-113 is 187 4 .

Its properties are similar to those of the other fluorinated refrigerants.
Dichlorotetrafluoroethane (Freon-114) : This is also a low pressure refrigerant and is 

used in centrifugal compressors down to about -30°C and in rotary compressors for 
household units.

With regard to inertness against materials, it is similar to most of the other fluorinated 
refrigerants, but with regard to miscibility with oil it presents similar difficulties as Freon-22.

Table-1 gives comparison of important physical and thermodynamic properties of 
common refrigerants.

2.10.7 A ir : Air was one of the earliest refrigerants and was widely used wherever 
non-toxic (norv-poisonous) refrigerant was needed. Air as a refrigerant has two outstanding 
advantages: it is available free of cost and is completely safe. Thermodynamically, it is 
a poor refrigerant (has low C .O .P.) and was abandoned (given up) with the development 
of vapour refrigerants with superior thermodynamic properties. However, air is now 
increasingly used as a refrigerant in aircraft refrigeration.

2.10.8 Water Vapour : Water has excellent thermodynamic properties with single 
exception that its freezing point is 0°C. However, since many refrigeration systems are 
operated at temperature above this point, water has been used as a working fluid. The 
specific volume of water vapour at atmospheric temperature is very great and this prevents 
the use of reciprocating compressors, but the steam jet compressors or centrifugal 
compressors are used with success. Water vapour is the safest fluid for air-conditioning 
purposes as it is non-toxic and non-flammable.

2.10.9 Ethylene : For low temperature refrigeration, ethylene has been successfully 
employed in cascade system which uses a secondary refrigerant to remove heat from 
the ethylene condenser. As the critical temperature is only 10°C, it cannot be used in a 
multistage compression system where condenser temperature exceeds this value. Low 
freezing point (-169.2°C) gives a very wide operating range which cover many of the 
low-temperature applications. One of the main advantage of ethylene is that the evaporating 
pressure is greater than one atmosphere at all temperatures above -103 7°C and that 
condensing pressures are not excessive.

The ethylene gas is an anaesthetic when high concentrations are present in air, but 
in general the health hazard is low. It is easily inflammable and forms violently explosive 
mixture with air.
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2.10.10 Methane, Ethane, Propane, Isobutane and Butane : These hydrocarbons 
have been proposed and used to a limited extent as refrigerants. Almost the entire range 
of temperature is covered by these five hydrocarbons. However, inflammability of these 
and their explosive properties when mixed with air have greatly limited the degree of 
utilisation. Isobutane and butane are used for small units. Propane is used in refrigerated 
transport service, functioning both as the primary refrigerant and as fuel for the driving 
motor.

Ammonia, carbon dioxide, methyl chloride and F-12 are Available almost everywhere 
at reasonable cost. The rest of the Freon refrigerants may not be easily available and 
are costlier than other refrigerants.

Table-1
Com parison of Physical and Therm al Properties of Common Refrigerants

Refrigerant Ammonia Carbon
dioxide

Freon-1 2 
(F-12)

Methyl
chloride

Sulphur
dioxide

Chemical symbol nh3 CO2 CCI2F2 CH3CI S02
Cost Very cheap Cheap Very costly Costly Cheap
Explosion risk Yes No No Yes No
Toxic effects (Toxicity) High Medium Low Medium High
Odour Pungent Odourless Sweet Sweet Pungent
Corrosive to Non-ferrous

metals
— Rubber Rubber.AI Fe,

Chemical stability at working temp. Good Excellent Excellent Excellent Excellent
Miscibility with lubricating oil No No Yes Yes No
Electrical insulation Poor Good Excellent Poor Poor
Critical temperature, *C 132-6 31-0 111-7 142-5 157-2
Boiling temperature at 
atmospheric pressure, *C

-33-3 -785 -29-8 -23-7 - 10-0

Vapour pressure at -15*C, bar 
. (evaporator pressure)

2-41 23-34 1-862 1-487 0 823

Vapour pressure at 30*C, bar 
(condenser pressure)

11-895 73-34 7-581* 6-658 4-71

Specific volume of saturated 
vapour at -15*C, m /kg

0-509 0017 0-093 0-279 0-406

Latent enthalpy at -15*C, kJ/kg 1,313-2 273-24 158-5 41886 394-2

Specific heat of liquid at 30*C, 
kJ/kg K

4-61 8-61 1 0 2 1-67 1-42

* Coefficient of performance 
(C.O.P.)

+C.O.P. as percentage of standard

4-76 2-56 4-61 4-85 4-73

Carnot cycle (C.O.P. = 5-74) 82-9 44-6 80 84-5 825

*KW per tonne of refrigeration 0-989 1-84 1-0 0-962 0-995

"Compressor piston displacement 
per tonne of refrigeration, m3/hr

.5-83 1-63 9-85 10-1

Order of preference large plants 1 4 2 3 -

Order of preference small plants - - 1 2 3

*For a vapour compression cycle operating between temperature limits of —15*C and 30*C, the vapour 
leaving the compressor being dry and saturated and no undercooling of liquid.

+ For standard Carnot cycle operating between temperature limits of -15*C and 30*C, C.O.P. *  5-74
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2.11 Brines or Secondary Refrigerants
Brine is a solution used to fill the space between evaporator coils and vessels 

containing substances to be cooled, where it acts as a simple carrying medium for 
refrigeration. A good brine should possess the following properties :

. . It should have low freezing point to remain liquid at lowest temperature encountered 
in the system.

. . It should be non-corrosive.

. . It should not be subject to precipitation when contaminated with refrigerant through 
accidental leakage.

. . It should have high specific heat in order to avoid necessity of handling large 
volumes.

. . It should be cheap and readily available.
It is a very difficult to get a brine perfect in all the above respects but solutions of 

sodium chloride and calcium chloride in water are satisfactory for general use. As brines 
are used outside the refrigeration system, they are known as secondary refrigerants.

Solution of different substances have a specific concentration at which freezing point 
of solution is the lowest." A solution at critical concentration is called eutetic solution. At 
concentrations above or below this critical concentration, the freezing temperature of the 
solution will be higher, that is, above eutetic temperature. Thus, concentration of the brine 
should be adjusted to suit the temperature requirement.

Solution of sodium chloride in water is very widely used for low temperature range 
upto -15°C. It is relatively inexpensive and not unduly corrosive if the solution has higher 
concentration and is kept free from air. A solution of about 20% strength, contains 0-23 
kg of salt per liter, has specific gravity of 1-155 and specific heat of 0-829, with freezing 
point temperature of -  14°C.

Calcium chloride is used for brines of moderately low temperatures. Calcium chloride 
has salty, puckery, bitter taste, is highly hygroscopic and corrosive. However, its corrosive 
effect due to acidic reaction can be rendered ineffective if it is kept free from air and 
neutralized properly. 20% by weight solution of calcium chloride brine, requires 0-4 kg of 
salt per liter of solution and has specific gravity of about 1-179 and specific heat of 0-73 
and its freezing temperature is -18.5°C.

Corrosion in the system is generally caused by acidity of brine, and contact the brine 
has with air. A brine which is acidic should be made slightly alkaline {pH 7 to 8) by 
addition of caustic soda or lime water. The amount should be determined by titration 
using phenolphthalein or phenol red indicator, litmus paper, alkaline paper, colormetric 
and modem automatic glass in electrode methods. The less contact the brine has with 
air, the less corrosive it will be. Since, air is much more soluble in weak brines than in , 
those of strong concentration, brine should be maintained at the required strength. 
Electrolytic corrosion arises from the difference in electrolytic potential resulting from the 
immersion of two different metals in an electrolyte. It can be minimized by avoiding the 
use of dissimilar metals in brine circulatory system. Substances like sodium chromate 
prevent or reduce rust and corrosion. The use of about 40 kg of commercial sodium 
dichromate (N^C^Oy, 4H20) per 100 cu. metres of brine along with about 25 kg of 
caustic soda per kg of sodium dichromate prevents corrosion. The degree of protection 
given by this treatment from corrosion is 80 to 90 %.

The presence of foam on the surface of refrigeration brine is due to air being given 
off by the brine or formation of a fine colloidal precipitates. Foam may be reduced by 
addition of small quantity of denatured alcohol to the brine.

\

HE3-7
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Certain water soluble compounds, generally known as antifreeze agents are often 
used to lower the freezing point of water. The most commonly known antifreeze agents 
are : ethylene glycol, methyl alcohol and glycerine.
2.12 Detection of Refrigerant Leakage

All refrigerants possess the tendency of leakage which in turn results in undercharging 
of the system due to loss of refrigerant, poor system performance, higher operating cost, 
deterioration in the quality of stored products and also in many cases dangerous for 
human survival. Looking to the above facts, it becomes necessary to check the system 
for refrigerant leakage after it is installed and charged with refrigerant, or after repairing 
or replacement of any part of the system. The method of testing for leaks varies with 
the refrigerant used in the system, and in order to check for leakage, the positive pressure 
is absolutely essential in the system.

Sulphur dioxide leaks can be detected by ammonia swab, that is, ammonia having 
20% concentration, applied on the piece of cloth is brought near the joints and the 
leakage is detected by formation of white smoke near the place of leakage. Ammonia 
leaks can be detected by sulphur candle whose flame will give very thick white smoke 
in the presence of ammonia, or it is detected by phenolphthalein paper which will change 
its colour to red, by coming in contact with ammonia. Both of these tests are very rapid, 
convenient and accurate.

For testing methyl chloride, firstly clean all the joints to make them free from grease 
and oil as they form explosive mixture. Then, a very thick soap solution in water or oil 
should be applied around the joints for testing leakage, which can be detected by the 
presence of bubbles. Inaccessible joints can be detected by flash light and mirror. In 
cases where the components are not hooked upto the refrigeration system, tests may be 
made by putting the component under the pressure of 2 bar to 3 bar and then submerging 
it in water bath and locating formation of
bubbles near the leaky joints. For testing 
F-12, F-22 and other refrigerants such as 
ethyl chloride etc., modern practice is to 
use leak detector lamp. Lamp consists of 
100% pure alcohol with long air intake tube. 
When the lamp is ignited and brought near 
the different joints, the refrigerant if leaking 
will go up through the intake tube to the 
flame and give it a brilliant green tint. A 
handle torch should be filled with alcohol 
and pumped up with air outside the room 
or in a room where there is no possible 
chance of refrigerant being present.

Another sim ilar detector works on 
acetylene which also indicates leakage by

Condenser

Compressor 
Pumped down

Hot gas line
Charge is 
contained in 
this side

Fig. 2-38

green flame as for halide torch, indicating the presence of any refrigerant leakage. 
Electronic leak detector used now-a-days for testing leak is most sensitive and reliable 
method. This type of detector measures the electronic resistance of gas samples. It the 
refrigerant is present in the gas sample being tested, the current flow in the instrument 
changes. The changes in current flow are indicated on a milliammeter dial or by ringing 
of a bell.

Generally for testing of the refrigerant leakage, in order to save time and money, the 
refrigerant is taken to the high pressure side as shown in fig.2-38.
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2.13 Charging the System with Refrigerant
Small sealed and semi-sealed units are charged in factory, whereas large commercial 

units are generally charged at site. When there is loss of refrigerant due to leakage or 
after servicing the unit or replacement of any part, it becomes absolutely necessary to 
check whether it contains the required amount of charge or not. This can be checked 
by observations at the sight glass wherein the presence of bubbles suggest insufficient 
charge in the system. The amount of refrigerant charged in the system depends on the 
type of plant, capacity, size and the length of the pipe lines and several other factors. 
Before charging the system with refrigerant, it is to be evacuated and then charged with 
nitrogen for testing any leakage through the joints.

The charging is either from low side or high side, or through the charging valve. In 
case of charging from ‘low side, refrigerant cylinder with various gauges and gauge 
manifold are connected to low side after noting the initial weight. Air in the charging line 
is purged out by turning on the gas at the tank valve and cracking the valve. When the 
line has been purged, suction valve is opened and compressor started. A back pressure 
of about 0.4 bar is maintained when charging sulphur dioxide and about 0.7 bar for 
Freon-12 and during process the cylinder containing the refrigerant is heated up so that 
the charge is gaseous form. When the required amount of refrigerant has been added, 
the valve of the gas cylinder is closed and .the pressure is allowed to fall to zero on 
the gauge, then the valve at the suction line is closed. Charging lines are disconnected 
and plugs replaced. In high side charging method, refrigerant liquid of known quantity is 
charged into the high side of the system by charging connection manifold, and is generally 
time saving compared to low side charging when large amount of refrigerant is to be 
added to the system. Large and high capacity machines have a charging valve, which 

•is a two-way valve installed between the receiver valve and the strainer or dehydrator. 
It reduces time required for charging and for leak testing. When refrigerant cylinder is 
connected to the charging valve, it functions temporarily as a receiver. The refrigerant 
gets into system in liquid form, expanding in the liquid control valve before entering the 
compressor. This minimizes the liquid entering the compressor and also eliminates vacuum, 
which may cause the oil to leave the crank case. High side charging method is the 
safest and quickest method of charging the system.

If the refrigerant is undercharged, the compressor suction becomes starved and delivery 
may become excessively superheated, delivery pressure may be low, suction gauge will 
not rise normally as the throttle valve is opened, and there will be large bubbles in the 
liquid line sight glass.

When the compressor is overcharged, delivery pressure may be high, delivery temperature 
will be low, and the suction gauge reading will not fall normally with the closing of the 
throttle valve.
2.14 Vapour Absorption Refrigeration System

One drawback of the vapour compression refrigeration system is that it requires a 
compressor to compress large volume of vapour which in turn requires large power for 
its operation. If some means are adopted to reduce this volume of vapour before it is 
compressed, there would be a reduction in both the bulk of the system and power required 
to operate it. Some liquids have the ability of absorbing large quantities of certain vapours, 
thus greatly reducing the total volume. A system that operates on this principle is called 
a vapour absorption system. Cold water in particular has the ability to absorb very large 
quantities of ammonia vapour. The solution formed in termed as aqua-ammonia. In this 
case a pump is used to increase the pressure of the solution to that desired in the 
condenser. In order to separate ammonia vapour from the solution, aqua-ammonia solution
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is heated in a heater or a generator. As the boiling temperature of ammonia is much
lower than that of water, major part of the ammonia vapour is driven out of the solution
by heating. The vapour then passes through the condenser, expansion (throttle) valve
and evaporator as in case of vapour compression system.

The flow diagram of a simple absorption system is shown in fig. 2-39. It will be 
seen from the diagram that an absorber, a pump and a generator (heater) replace the 
compressor of a vapour compression system described earlier. Otherwise the two systems 
are same, i.e., both systems are provided with a condenser, an expansion valve and an 
evaporator.

At low pressure, fairly dry vapour leaving the evaporator passes to the absorber where 
it is dissolved in the weak ammonia solution contained in the absorber. The absorber is 
cooled by circulating cold water through water pipes as shown in fig. 2-39. The strong 
warm ammonia solution thus formed in the absorber is then pumped to the generator 
and circulated through the system by the liquid pump. The pump increases the pressure 
of the solution to that desired in the condenser (about 10 bar). In the generator (heater), 
the strong solution of ammonia is heated by the steam or heating coils and the ammonia 
vapour is driven out of the solution and a satisfactory condenser pressure is produced.

Conder.Tsr

it is condensed to high piessuie liquid ammonia. The high pressure liquid ammonia is 
then allowed to pass through the narrow opening of the expansion valve or throttle valve. 
This process converts the high pressure liquid into a very wet vapour at low pressure 
(3 bar) and the temperature is -10°C. The cold and very wet ammonia vapour is then 
passed into evaporating coils in the evaporator, where it extracts its latent heat of 
evaporation from the brine or substance to be cooled. The ammonia vapour coming out 
from the evaporator is now almost dry and enters the absorber and is allowed to mix 
with the cold water contained in the absorber. This completes the cycle.

The hot weak ammonia solution left at the bottom of the generator is first throttled 
to low pressure level (by passing it through a pressure reducing valve) and then passed  
into the absorber. The pipe system  from generator to absorber is shown dotted (fig.2-39).

The flow diagram of a vapour absorption system, used in actual practice, is fitted
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with a heat exchanger, and analyser, and a rectifier, as shown in fig. 2-40. These 
accessories (described below) are added to improve the performance and working of the 
plant.

Heat exchanger :  At high temperature, the capacity of water for absorbing ammonia 
vapour is low. Hence hot weak solution returning from the generator to the absorber must 
be cooled before it can absorb appreciable quantity of ammonia vapour in the absorber.

The heat removed from the weak solution may be used to raise the temperature of 
the strong solution coming from the ammonia absorber and going to the generator, so 
reducing the heat to be supplied in the generator. This heat transfer (cooling of weak 
solution and heating of strong solution) is accomplished by adding a counter-flow heat 
exchanger between the liquid pump and the generator (fig. 2-40). This increases the 
efficiency of the plant.

Analyser
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fig. 2 -40  Flow diagram of an actual vapour absorption refrigerator.

Analyser: The ammonia vapour leaving the generator is associated with some unwanted 
water vapour. Unless the major part of the water vapour is removed before the vapour 
enters the condenser, this vapour may enter the expansion valve and freeze there. This 
water vapour is partly removed by passing the ammonia vapour leaving the generator 
through the analyser or separator (fig. 2-40) containing a series of trays which separate 
water vapour from ammonia. The unwanted water vapour is returned to generator.

Rectifier : A large part of the unwanted water vapour which leaves the analyser is 
removed by cooling the water vapour in a rectifier, which is a partial condenser. The 
condensate is returned to the upper part of the analySer by a drip return pipe as shown 
in fig. 2-40. Rectifier is fitted before the condenser.

The refrigerating effect of the machine is the heat absorbed by the refrigerant from 
brine in the evaporator. The total energy supplied in operating the machine is the sum 
of the work done by the liquid pump and the heat supplied in the generator. Then,

Heat absorbed by the refrigerent from brine in the evaporator 

Work done by liquid pump + Heat supplied in the generator
C .O .P . =
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2.15 Electrolux Refrigerator (Ammonia-Hydrogen Refrigerator) -  Three Fluid System
Elrectrolux refrigerator operates on the principle of refrigeration by absorption. This 

type of refrigerator has been developed by “The Electrolux Company" of Luton, England 
and is used as a household (domestic) refrigerator. The main difference between this unit 
and vapour compression unit is that the Electrolux refrigerator uses heat energy instead 
of mechanical energy to remove vaporized refrigerant from the evaporator and to change 
it into liquid form. The heat energy may be obtained either from a gas flame, ah electric 
heater, or a kerosene flame. It will be seen from fig. 2-41 that an absorber and a heater 
replace the compressor and expansion valve of vapour compression refrigerator (fig.2- 9) 
described earlier. The main feature of this refrigerator is the use of the fact that liquid 
ammonia evaporates very readily in hydrogen. The circulation in the plant is maintained 
by gravity and the heat is supplied by a small gas jet and therefore no pump is required. 
Three fluids are used, namely, ammonia, hydrogen and water. Hydrogen is employed 
because it is relatively lighter and will therefore, facilitate circulation in the machine. Also 
hydrogen does not react with ammonia or water and these substances will not dissolve 
it.

The flow diagram of Electrolux refrigerator is shown in fig. 2-41. The refrigerator 
consists of an absorber containing a strong solution of ammonia dissolved in distilled
water. When the gas burner (placed under 
the heater) is lighted, the circulation of sys
tem commences owing to the warming of 
the ammonia solution in the heater. The 
strong ammonia solution now flows via the 
heat exchanger, operating on the counter
flow principle, where it is warmed by the 
hot weak solution returning from the heater. 
It then passes to the heater (separator) 
where heat is supplied by the gas burner. 
This causes ammonia vapour to be driven 
out of the solution. The ammonia vapour 
thus released passes to condenser via rec
tifier or water separator (not shown). The 
object of rectifier is to prevent water particles 
entering the evaporator where it would freeze 
and choke the machine. The hot weak solu
tion left behind in the heater, drains back 
into the absorber via the heat exchanger* 
The path of weak solution from heater to 
absorber is shown dotted, the hot weak
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Fig. 2-41 Flow diagram of a Electrolux 
refrigerator.

solution is cooled (giving its heat to the strong solution flowing from the absorber) in the 
heat exchanger and thereby absorption of ammonia is . accelerated. The object of fitting 
a heat exchanger is to further improve the performance of the plant.

The ammonia vapour in the condenser is condensed into liquid ammonia and flows 
by gravity into evaporator. In the evaporator liquid ammonia meets an atmosphere of 
hydrogen at 12 bar. Now since the plant is charged to a pressure of 15 bar, Dalton’s 
law operates in the evaporator, the pressure of ammonia falls in consequence to 3 bar, 
and the temperature to -  10°C. Ammonia evaporates at this low temperature. The enthalpy 
of evaporation thus absorbed produces intense cold around the evaporator, which' is 
situated in the food cabinet and cools the food stored in the cabinet. The mixture of 
ammonia and hydrogen flows by gravity to absorber where ammonia is absorbed in water
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(hydrogen is not soluble in weak ammonia solution) whilst the hydrogen (being lighter 
than ammonia) rises to the top and flows back to the evaporator. This completes the 
cycle.

In a more improved type of Electrolux refrigerator, the mixture of ammonia and
hydrogen from the evaporator, and hydrogen from the absorber, flows through a second
counter-flow heat exchanger (not shown). Here, the hydrogen flowing into the evaporator 
is cooled by the ammonia hydrogen mixture flowing from evaporator into the absorber.

The main advantage of the Electrolux type refrigerator is that as no compressor or 
pump is required, there is no noise due to moving parts and no machinery to give 
mechanical trouble and therefore maintenance cost of this unit is at a minimum. The 
coefficient of performance of this refrigerator.

Q p  heat absorbed by the evaporator ...(2 .1 6 )
• * ”  heat supplied by the gas burner

C .O .P. of this refrigerator has a very low value in practice.
2.16 Com parison of Vapour Absorption Refrigeration and Vapour Com pression 

Refrigeration System s
The following are the advantages of vapour absorption refrigeration system over vapour 

compression refrigeration system :
. . Since the only moving part of the entire absorption system is the liquid pump, 

the operation is quiet and subject to very little wear. The driving equipment is 
also quite small compared with that required for a compression system of the 
same capacity.

. . The generator of the absorption system is usually designed to use steam, either 
at high pressure or at low pressure. W aste or exhaust steam from other equipment 
may also be used. There is no need for any electric power, although the pump 
is usually motor driven. If steam that is bled from a turbine is used for winter 
heating , it is not needed in summer. The same steam may be used for refrigeration 
work in summer by supplying it to the generator. Thus, the supply of steam can 
be used round the year for purposes of heating and cooling.

. ! An absorption unit can operate at reduced evaporator pressure and temperature 
by increasing the steam pressure to the generator, with little decrease in capacity, 
whereas the capacity of a compression system drops rapidly with lowered evaporator 
pressure. Thus, absorber unit is most suitable for some applications which require 
different evaporator temperatures at different times of the month or year. This can 
be achieved in the absorber unit by adjusting steam pressure without affecting 
the cooling capacity of the plant. The reduction in cooling capacity of the compression 
unit of low suction pressure is on account of increased volume of the refrigerant 
and fixed volumetric capacity of the compressor.

. . At part loads, the absorption unit is almost as efficient as at full load capacity. 
Load variations are attained by controlling the quantity of aqua circulated and the 
quantity of steam supplied to the generator.

. . Liquid refrigerant leaving the evaporator of absorption system has no bad effect 
other than slightly unbalancing the system temporarily. However, liquid accumulation 
in the cylinder of compression system, is harmful to the compressor and requires 
preventive measures in compression system. In application where frequent load 
fluctuations occur, this feature is important.

. . Absorption unit can be built in capacities well above 1,000 tonnes each, which
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is the largest size to date for single compressor unit.

. . Absorption system , generally requires more space than compression system. 
However, the equipment can be located outdoors and assembled as a vertical 
unit requiring little ground area and no housing.

. . Space requirements and automatic control requirements favour the absorption 
system more and more as the desired evaporator temperature drops.

. . As regards operating cost, comparison is not possible to conclude in very general 
manner which one is cheaper. Higher electric rates or lower fuel rates favour 
vapour absorption units, whereas higher gas rates and lower electric rates favour 
vapour compression units.

2.17 Refrigeration Applications
In the early days of mechanical refrigeration, the equipment available was bulky, 

expensive, and not too efficient. Also it required a mechanic or operating engineer on 
duty at all times. This limited the use of mechanical refrigeration to a few large applications, 
such as ice plants, food packing plants and cold storages.

In the last 30 or 40 years, refrigeration industry has grown very fast. The rapid growth 
was the result of several factors. First, with introduction of precision manufacturing methods, 
it became possible to produce compact and more efficient equipment. This along with 
the development of “safe” refrigerants and the manufacture of fractional kW electric motors 
made possible the manufacture of small refrigerating units, such as domestic refrigerators 
and freezers, sm all air-conditioners, and commercial fixtures.

In addition to applications of refrigeration, such as comfort air-conditioning and 
processing, freezing, storage, transportation and display of perishable products, refrigeration 
is used in the processing or manufacturing of many articles or commodities. For example, 
refrigeration has made possible the building of large dams, the construction of roads and 
tunnels, and the sinking of foundation and mining shafts through and across unstable 
ground formations. It has made possible the production of plastics, synthetic rubber, and 
many other new and useful materials and products. Mechanical refrigeration helps textile 
and paper manufacturers in speeding up their machines and get more products. These 
represent only a few of the hundreds of ways in which mechanical refrigeration is now 
being used, and many new uses are being found each year.

2.17.1 C lassificatio n  : Analysis of these applications will indicate that the refrigeration 
applications may be classified into'one of the following five general groups :

-  Domestic refrigeration,
-  Commercial refrigeration,
-  Industrial refrigeration,
-  Marine and transportation refrigeration,
-  Comfort air-conditioning and Industrial air-conditioning.
It may be stated that the exact limits of these areas are not precisely defined and 

that there is considerable overlapping between the several areas.
Domestic refrigeration f The purpose of this type of refrigeration is to provide a low 

temperature place for foods and drinks, and its scope is limited being concerned primarily 
with household refrigerators and home freezers. However, since the number of units in 
service is quite large, domestic refrigeration represents a significant portion of the refrigeration 
industry. These units are usually small in size, having rating between 1/20 tonne and 1/2 
tonne, and are mostly using compressors of the hermetically sealed type.
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Commercial refrigeration : Commercial refrigeration is concerned with refrigerated 
fixtures of the type used by retail stores, restaurants, hotels and institutions for storing, 
displaying, processing and dispensing of perishable commodities of all types. These units 
are large in size and capacity compared with domestic units, and these incorporate 
automatic controls.

Industrial refrigeration : Industrial refrigeration is often confused with commercial 
refrigeration because the division between these two areas is not clearly defined. As a 
general rule, industrial plants are large in size than commercial units. Typical industrial 
'applications are : ice plants, large food-packing plants, beverages, cream eries and industrial 
plants, such as oil refineries, chemical plants, rubber manufacturing process, heat treatment, 
etc. This field uses those refrigerating machines which need an attendant and are manually 
operated.

Marine and transportation refrigeration : Applications falling into this category may be 
listed partly under commercial refrigeration and partly under industrial refrigeration. However, 
both these areas of specialization have grown to sufficient size which required special 
mention.

Marine refrigeration of course, refers to refrigeration aboard marine vessels and includes 
refrigeration for fishing boats and for vessels transporting perishable m aterials. Transportation 
refrigeration is concerned with refrigeration equipment as it is applied to trucks, both long 
distance transports and local delivery, and to refrigerated railway cars.

Air-conditioning : Air-conditioning is concerned with the conditioning of the air in some 
space. This usually involves control not only of the space temperature, but also space 
humidity and air motion, along with the filtering and cleaning of the air.

Air-conditioning application are of two types : comfort and industrial. Any air-conditioning 
application which has as its primary function of conditioning air for human comfort is 
called comfort air-conditioning. This includes comfort air-conditioning plants used in homes, 
schools, offices, hotels, retail stores, public buildings, factories, automobiles, buses, trains, 
aeroplanes, ships, etc. On the other hand, any air-conditioning application which is not 
primarily meant for human comfort but meant for some sort of industrial use, is called 
industrial air-conditioning. The functions of industrial air-conditioning may be generally 
summarized as under :

-  Control the moisture content of hydroscope materials,
-  Govern the rate of chemical and biochemical reactions,
-  Limit the variations in the size of precision manufactured articles because of 

thermal expansion and contraction, and
-  Provide clean and filtered air for trouble free operation of machines, and for 

production of quality goods.
2.17.2 Household Refrigerators : It is an observed fact that the food destroying 

micro-organisms grow much faster (perhaps 1,000 times) at 10°C than at 4°C. This is 
enough to emphasize the use of refrigerators for preserving fruits, fish, milk, medicines, 
etc. which would otherwise be spoiled in a short time, specially in hot season. The load 
coming on a domestic refrigerators is intermittent. The actual running time varies from 
one-third to a half of total time. For this, the refrigerator must be completely automatic 
in action, nominal in first cost, simple in construction, dependable and should not require 
expert attendance. Usually the refrigerator is equipped with air cooled condenser and 
hermetically sealed motor and compressor. Refrigerant used, should preferably be non-irritant 
and non-^oxic. Hence, usually methylene chloride (CH2 C l2), Freon- 1 2  and Freon- 1 1  are 
used.
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The domestic refrigerator has a cabinet shape. In its basement, compressor-motor-fan 
assem bly, the condenser and receiver are arranged. Pipe carrying liquid refrigerant passes 
through the body expansion valve. Evaporator coils remain exposed in the storage cabinet. 
Through the medium of air trapped in the cabinet, the heat of the bodies to be cooled 
is carried to the evaporator coils. Ice trays can also be supported on the evaporator coils 
for producing small quantity of ice.

The compressor used may be either open type or hermetically sealed type. The open 
compression system suffered from one serious drawback of leakage of oil and vapour 
through the shaft stuffing box. A loss of oil or gas results in excessive wear, noisy 
operation or loss of refrigeration capacity or all the three. Since valves are likely to leak 
around the valve stem, disc (flap) valves or packless valves are fitted. In order to do 
away with the problem of shaft leakage, refrigerators are often provided with hermetically 
sealed units.

The evaporator is simple and compact. Attempts are being made to improve the 
efficiency of the heat transfer apparatus by supplying the liquid so as to give forced 
circulation, to prevent superheating, and to return dry vapour to the compressor by having 
a drum or header construction at the top of the evaporator. It is made of copper or 
stainless steel. The necessary pressure reduction between the condenser and evaporator 
is accomplished by means of throttling, either by a float valve, an expansion valve or 
capillary tubes.

In the absorption type machine, as described earlier, gas, oil or electricity may serve 
as the source of heat and it may operate under thermostatic control.

2.17.3 Com m ercial Refrigerators : The term “commercial refrigerator” is usually 
applied to the sim ilar ready-built refrigerated fixtures of the type. used by retail stores 
and markets, hotels, restaurants, and institutions for the purpose of processing, storage, 
displaying and dispensing of perishable commodities.

In general, commercial fixtures can be grouped into three principal categories : (1) 
reach-in refrigerators, (2) walk-in coolers, and (3) display cases.

Reach-in refrigerators : They are probably the most versatile and the most widely
used of all commercial fixtures. Common users are grocery stores, meat markets, bakeries, 
drug stores, lunch counters, restaurants and hotels. Some reach-in refrigerators are used 
for storage only while others are used for both storage and display. Those used only for 
storage usually have solid doors, whereas those used for display have glazed doors.

Walk-in coolers : They are primarily storage fixtures and are available in wide variety 
of sizes. Nearly all retail stores, markets, hotels, restaurants, etc. use one or more walk-in 
coolers for the storage of perishable goods of all types. Some walk-in coolers are equipped 
with glazed reach-in doors. This cooler is especially used for storing, displaying and 
dispensing of such items as dairy products, eggs, and beverages. W alk-in coolers with 
reach-in doors are widely used in grocery stores, particularly drive-in groceries handling 
grocery items.

Display cases : The principal function of a display fixture is to display the product
or a commodity as attractively as possible in order to have good sale. Therefore, in the
design of refrigerated display fixtures, first consideration is given to the displaying of the 
products. In many cases, this is not necessarily compatible with providing the optimum 
storage conditions for the product being displayed. Hence, the storage life of a product 
in a display fixture is frequently very limited, ranging from a few hours in some instances 
to a week or more in others, depending upon the type of product and upon the type of 
fixture.
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Display fixtures are of two general types :

(1) Self-service case, in which the cus
tomer serves himself directly, and

(2) Service case, in which the customer 
is usually served by an attendant.

The former is very popular in super
markets and other large retail self-service 
establishments, whereas the service case 
finds use in the sm aller groceries, markets, 
bakeries, etc. Typical display service case 
is shown in fig. 2-42.

Self-service cases are of two types, 
namely : open and closed, the open type 
gaining rapid popularity. With the advent of 
the supermarkets, the trend has been in
creasingly towards the open type self-service 
cases.

2.17.4 
cooler cabinet is a sheet metal house built 
around a steel framework, to give a pleasing 
appearance. Inside this sheet metal house 

is usually constructed the condensing unit, located near the floor, and above this is the 
water cooling mechanism. This latter part is the only part insulated from the room. The 
insulation is usually a specially formed corck slab between three and one-half centimetre 
to one-fifty of a centimetre. These cabinets are made in such a way that one or more 
sides may be easily removed to give access to the interior. Water coolers frequently use 
heat-exchangers. These coolers make use of the low temperature waste water to pre-cool 
the fresh water line going to the cooling coil.

The temperature of the cooled water is variable depending on the requirements of 
the persons drinking the water. In large business establishments and in office buildings 
or in factories, multiple water coolers are the most popular instead of individual ones. 
These water coolers have one large condensing unit, common for many taps.

2.17.5 Ice Plant : The manufacture of ice is one of the principal applications of 
refrigeration. Ice is the cheapest means for short time preservation of food. Since the 
cost of ice is an important factor, effort should be made to develop an inexpensive means 
of manufacture. Manufacturing process has passed through stages of so called raw water 
plate ice, distilled water can ice, and ordinary drinking water can ice. In early days of 
manufacture of ice, it was convinient to use condensed steam from engine for freezing 
and this distilled water ice was very popular. Simultaneously, a flat coil or a hollow plate 
was immersed in a large tank of tap or raw water for freezing cakes of 3 to 5 tonnes 
a piece. The process required 6 to 7 days even though the temperature carried in the 
plate or coil was -  20°C or less. Gradually this was replaced by electric motor driven
machine using deep well water or city water, since the plate system could not compete
with the can system. Additional refinements were made to eliminate impurities in water 
and to reduce power and labour cost of manufacture. Ice being a heavy commodity, has 
to be manufactured near where it is to' be used. The important features of the can system 

J are : preliminary chemical treatment and filtration of water, agitation of water during
5 freezing to ensure transparency (clear ice formation) by removing impurities in solution in
{I the raw water supply, and removing ice cakes from the ice cans.

Light

Coil

Drain

Fig. 2-42 Typical display service case
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The ice tank is made of 7 mm thick riveted or welded steel plates and consists of 
a single tank upto 100 tonnes per day capacity. It is 135 cm deep for the 150 kg can. 
Can commonly used have 28 x 56 cm top measurement, with a 25 mm difference in 
size at the bottom on all sides and 135 cm long, and have bottoms welded and galvanized. 
The brine temperature does not vary more than 0.3°C throughout, and brine velocity is 
from 6 to 10 rrVmin. As a result, there occurs about 3 cm drop of brine level in 20 
meters. The brine level is about 3 cm above the top of ice when freezing process is 
over. Otherwise it is observed that an excessively long time is required to complete 
freezing. The tank is very well insulated from bottom by 12 cm thick cork board. On 
sides, 30 to 45 cm of granulated cork is provided.

The cooling evaporator pipes are not spread over the whole length and breadth of 
the tank but are arranged in the form of a battery, behind a partition wall near the 
compressor. The brine is cooled by these pipes and circulated in the whole tank by a 
circulating pump. The evaporator is in the form of single pass, shell and tube submerged 

v brine cooler. Large headers are provided to the suction pipe. All the evaporator surface 
is kept flooded with liquid ammonia, to remove the vapour formed as quickly as possible 
and the suction line is kept short so as to have low gas velocity back to the compressor. 
Usually one brine cooler is used upto 50 tonnes and two, one at each end, for 50 to 
100 tonnes per day capacity. A float valve rather than an expansion valve is used.

Since water used in ice making is ordinarily admitted to the system at temperature 
of city water supply (15°C and above), a good portion of load is present in the form of 
sensible heat load in cooling water from supply temperature to the freezing point. If this 
precooling is done by the refrigerant at the lowest temperature required for the ice tank, 
a large temperature difference between refrigerant temperature in the evaporator coils and 
load temperature will exit, and this part of the load will be handled uneconomical̂  at 
very low evaporator pressure. To overcome this deficiency, a separate evaporator operating 
at higher pressure is used to precool water going to the ice tank. This arrangement also 
permits operation with multiple expansion valves from the pressure of intermediate 
evaporator. Operation with water precooling requires either stage compression or a dual 
effect compressor. Fig. 2-43 shows a typical flow diagram of a modern dual pressure 
ice plant operating with multiple effective compression and with expansion valves in series 
(multiple expansion). Under normal operating conditions, the plant maintains 2 to 2-5 bar 
gauge pressure on the high pressure suction of the dual effect compressor.

The brine agitator or brine circulator is used 
to bring hot brine, from far off part of the brine 
tank, in contact with the brine cooler (evaporator), 
to cool it and do effective heat transfer. It is in 
the form of a propeller, and should have capacity 
of 300 to 400 kg/min. It may be installed horizon
tally or vertically, although vertically installed one 
is more convenient when removal is required for 
repair. The agitator should be of medium speed 
and of large diameter, and the brine passage 
should be carefully prepared to prevent undue 
loss of heat. With tanks of 900 cans, two 1-5 
kW agitators are usually sufficient, or one kW. 
per 20 to 25 tonnes of ice per day capacity.

In order to produce„clear ice, air agitator (fig.
2-43) is used to force the dissolved salts and 
colouring matter to the center of the can as clean 
ice crystals form and grow inward from the can

Air main

.Flexible rubber hose

Air lateral 
gqlvanized 
pipe

■Perforated 
bross drop 
tube

c ;. 2-43 Perforated drop tube for air agitation
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surface. When only 15 to 20 kg of concentrated salt solution in the core remain unfrozen, 
it is pumped out and replaced with cooled fresh water. Approximately 1 cu. m of free 
air per hour is supplied at about 0-15 bar gauge pressure for a 150 kg can. The air 
passes through a tube which may be allowed to swing or be flattened in a central position 
as shown in fig. 2-43. The tube has perforations (holes) all round through which air 
comes out in the lower part and bubBles out, creating thereby intense agitation of water.

After the ice is formed in the cans, it is to be removed from them. The volume of 
ice slightly increases and hence it does not come out easily from the can. Thus, the ice 
has to be separated from the can. The operation of separating the ice cake from the 
walls of can is known as thawing. It can be done in various ways. A thawing tank is
provided at the end of the brine tank. Atmospheric water or hot water is kept in it. The
can after removal from the brine tank is dipped in this tank for some time and then the 
can is inverted. The ice cake will come out from the can because of the tapering shape 
of the can. For small plants, atmospheric water is sprinkled on the outside of the can 
to melt the ice slightly and to break the union between ice and can.

Tu to ria l- 2
1. Fill in the gaps to complete the following statements :

(a) A refrigerator is a machine for producing __________ .
(b) A reversed heat engine will act as a  when run in the reversed direction

by means of external power and is known a s _________ .
(c) A tonne of refrigeration is equivalent to ____________ kJ/minute.
(d) The air leakage in the evaporator________ the required vacuum.
(e)  are refrigerants of halogen derivatives of saturated hydrocarbons.
(f) Air as a refrigerant has two outstanding advantages :

(i) _____________ and (ii) ___________ .
(g) Water vapour is the safest fluid for air-conditioning purposes as it is _____  and

(h) A large part of the unwanted water vapour which leaves the analyser is removed 
by cooling the water vapour in a  , which is a partial condenser.

(i)  refrigerator operates on the principle of refrigeration by absorption.
[ (a) cold, (b) refrigerator, heat pump, (c) 210, (d) destroys, (e) Fluorinated hydrocarbons 

(freon), (f) is available free of cost, is completely safe, (g) non-toxic, non-flammable, (h) 
rectifier, (i) Electrolux.]
2 . Choose the correct phrase/phrases to complete the following statements :

(a) For a refrigerator, in most of the cases, the C .O .P . is
(i) Equal to 1, (ii) Less than 1, (iii) More than 1, (iv) Dependent on evaporator 

temperature.
(b) The domestic refrigerator employs

(i) Centrifugal compressor, (ii) Piston-type reciprocating compressor,
(iii) Axial flow compressor, (iv) Vane-type rotary compressor.

(c) The Effect of superheating and undercooling is that
(i) both lower the C .O .P .
(ii) both increase the C .O .P .
(iii) superheating increases the C .O .P . and undercooling lowers the C .O .P .,
(iv) superheating lowers the C .O .P . and undercooling increases the C .O .P .



(d) For a vapour compression refrigerator, the property of the refrigerant which Is not 
desirable is
(i) high latent heat of vapourisation and low specific heat of liquid,
(ii) high critical temperature and pressure,
(iii) high kW per tonne of refrigeration,
(iv) all the above properties.

(e) The commonly employed refrigerant for aeroplane refrigeration is (i) Air, (ii) 
Freon-1 1 , (iii) Freon-1 2 , (iv) CO2

(f) The refrigeration system s which can be used in places where there is no electricity 
is
(i) Vapour absorption, (ii) Vapour compression, (iii) Steam jet refrigeration 
(iv) All the above.

(g) The C .O .P . of a refrigeration cycle with increase in evaporator temperature, keeping 
condenser temperature constant, will
(i) increase, (ii) decrease, (iii) remain unaffected,
(iv) may increase or decrease depending on the type of refrigerant used,
(v) unpredictable.

(h) The change in evaporator temperature in a refrigeration cycle, as compared to 
change in condenser temperature, influences the value of C .O .P .
(i) more, (ii) less, (iii) equally,
(iv) unpredictable, (v) none of the above.

(i) The dense air refrigerating system as compared to open air refrigerating system 
for the same range of temperature in Bell-Coleman cycle results in
(i) lower C .O .P ., (ii) higher C .O .P ., (iii) same C .O .P .,
(iv) unpredictable, (v) none of the above.

(j) Fittings in ammonia absorption refrigerator are made of
(i) cast-steel or forgings, (ii) copper, (iii) brass, (iv) aluminium.

[ (a) iii, (b) ii, (c) iv, (d) iii, (e) i, (f) i, (g) i, (h) i, (i) ii, (j) ii]
3. What is meant by the term “unit of refrigeration” ?

An air refrigerating machine has a capacity of 20 units of refrigeration from and 
at 0°C. If the temperature limits of the compressor are 24°C and -15°C and the 
latent enthaply of ice is 335 KJ/kg, calculate the power of the compressor and 
the mass of ice produced per day of 24 hours. Assume that the cycle is a perfect 
one.

[ 12-658 kW; 21-577 tonnes]
4. Find the least power of perfect reversed heat engine that will make 450 kg of

ice per hour at -4°C from water at 16°C. Assume the temperature limits of the 
engine as 16°C and -4°C . Given that the specific heat of ice is 2-1 kJ/kg K and 
the latent enthalpy of ice is 335 kJ/kg.

[3-814 kW]
5. An air refrigerating machine has to do an amount of refrigeration equal to the

production of 20 tonnes of ice per 24 hours at 0°C from water at 10°C. If the 
temperature limits' of the compressor are 30°C and - 10°C, calculate the power 
required to drive the compressor on the assumption that (i) the cycle is a perfect 
one, and (ii) if the actual performance is 70% of the ideal. Take latent enthapy

110 ELEM ENTS OF HEAT ENGINES Vol. Ill



REFRIGERATION 111

of ice — 335 kJ/kQ.
[ (i) 13-268 kW; (ii) 18-954 kW]

In a Bell-Colem an refrigerating machine, the air is drawn in from the cold chamber 
at - 6°C and atmospheric pressure of 1-02 bar, and after isentropic compression 

jto 5*1 bar the air at this constant pressure is cooled to 15°C. Then the air is 
expanded isentropically to atmospheric pressure and discharged into the cold 
chamber. Calculate : (a) the net amount of work expended per kg of air, (b) the 
heat abstracted from the cold chamber per kg of air, and (c) the coefficient of 
performance.
For air, take kp = 0.997 kJ/kg K and kv = 0.712 kJ/kg K

[(a) 49.85 kJ/kg; (b) 84.75 kJ/kg; (c) 1.7]
Describe the action and cycle of operations of an air refrigerator working on the 
Bell-Colem an cycle.
In a Bell-Colem an refrigerating m achine,'air is drawn into the cylinder of the 
compressor at atmospheric pressure of 1-02 bar and temperature - 8°C and is 
compressed isentropically to 6-12 bar, at which pressure it is cooled to 15°C. It 
is then expanded in an expansion cylinder to atmospheric pressure and discharged
into the refrigerating chamber. If the law of expansion is pv1 25 = constant, find:
(a) the work done on the air per kg of air, (b) the heat abstracted from the cold 
chamber per kg of air, and (c) the coefficient of performance of the plant.
For air, take kp =0-998 kJ/kg K and Av = 0-712 kJ/kg K

[(a) 53-11 kJ/kg; (b) 63-62 kJ/kg; (c) 1-198]
An air refrigerator working on reversed Joule cycle or Bell Coleman cycle works 
between pressure limits of 1 -02 bar and 7-14 bar. The temperature of air entering 
the compressor is 7°C and after compression the air is cooled to 27°C before 
entering the expansion cylinder. Expansion and compression are according to the
law pv1'3 = C . Determine the theoretical coefficient of performance of the machine. 
Take specific heat at constant pressure = 1-0035 kJ/kg K and specific heat at 
constant volume = 0-7165 kJ/kg K for air.

[1*42]
Describe by aid of a diagram the principle of action of an air refrigerating machine 
of the open-cycle type and obtain an expression for its effectiveness (efficiency), 
assuming adiabatic compression and expansion.
In a machine of this type, circulating 550 kg of air per hour, the air is drawn 
from cold chamber at 1.02 bar and 8°C and compressed isentropically to 5-1 bar. 
It is cooled at this pressure to 24°C, the temperature of air cooler, and then 
expanded isentropically to atmospheric pressure of 1-02 bar and returned to the 
cold chamber. Find the heat abstracted from the cold chamber per hour, the heat 
rejected to cooling water per hour, and the theoretical coefficient of performance. 
If the indicated power of the compressor is 15 kW, find the relative coefficient of 
performance of the machine.
Take for air, kp = 1-009 kJ/kg K and -y = 1-41.

[52,737 kJ/hr; 84,186 kJ/hr; 1-677; 0-5824]
An air refrigerating plant works on the reversed Joule cycle. The air is drawn into 
the compressor at 1-02 bar and 0°C and discharged to the cooler at 3-4 bar. 
The air from the cooler passes to the expansion cylinder at 3-4 bar and 20°C 
and is completely expanded to the cold chamber pressure of 1-02 bar. Neglecting
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all losses and assuming isentropic compression and expansion, calculate the 
following:
(a) compression work per kg of air circulated,
(b) motor work per kg of air circulated,
(c) net work expended per kg of air circulated,
(d) heat abstracted per kg of air circulated,
(e) coefficient of performance, and
(f) m ass of air to be circulated per minute for a refrigerating capacity of

10,500 kJ/hr.
Take kp and /rv for air as 1005 kJ/kg K and 0-712 kJ/kg K respectively.

[(a) 112-25 kJ/kg; (b) 85-55 kJ/kg; (c) 26-7 kJ/kg;
(d) 65-23 kJ/kg; (e) 2-443; (f) 2-683 kg/min.j

An open air refrigerating system operating between pressures of 10-2 bar and
1-02 bar is required to produce 10 tonnes of refrigeration. Temperature or air 
leaving the refrigerator room is -7°C and that leaving the air cooler is 15°C. 
Neglect all losses and clearance effect.
Calculate the following for theoretical cycle : (a) temperature at salient (key) points,
(b) mass of air circulated in kg/min., (c) theoretical piston displacement of compressor . 
in m3/min., (d) theoretical piston displacement of expander in m3/min., (e) work 
of compressor in kJ/min., (f) work of expander in kJ/min., (g) net work of cycle 
in kJ/m in., (h) coefficient of performance, and (i) power required to drive the 
machine. Take for air, kp = 0-997 kJ/kg K and Av = 0-712 kJ/kg K.

[(a) 240-6°C, -  123-85°C; (b) 18-026 kg/min.; (c) 13-397 m3/min.;
(d) 7-512 m3/min.; (e) 4,450 kJ/min.; (f) 2,495 kJ/min.; (g) 1,955 kJ/min.;
(h) 1-074; (i) 32-583 kW]

As dense air refrigerating system operating between presures of 17 bar and 3-4 
bar is to produce 10 tonnes of refrigeration. Temperature of air leaving the
refrigerating coil is -  7°C and that leaving the air cooler is 15°C. Neglect all
losses and effect of clearance.
Calculate the following for the theoretical cycle : (a) temperature at salient (key) 
points, (b) mass of air circulated in kg per minute, (c) theoretical piston displacement 
of compressor in m3/minute, (d) theoretical piston displacement of expander in 
m3/minute, (e) work of compressor in kJ/minute, (f) work of expander in kJ/minute,
(g) net work of cycle in kJ/minute, (h) coefficient of performance, and (i) power 
required to drive the machine. Take for air kp = 0-997 kJ/kg K and /rv = 0-712 
kJ/kg K.
[(a) 148-4°C, -91 -2°C; (b) 25-015 kg/min.; (c) 5-578 m3/min.; (d) 3-812 m3/min;
(e) 3,876 kJ/min; (f) 2,649 kJ/min ; (g) 1,227 kJ/min; (h) 1-712; (i) 20-45 kW] j

An ammonia refrigerating machine fitted with an expansion valve works between 
the temperature limits of 25°C and -15°C . The vapour is 95 per cent dry before 
it enters the compressor. Determine : (a) the degree of superheat at the end
of isentropic compression, (b) the dryness fraction of vapour after passing through 
the throttle valve, and (c) the theoretical coefficient of performance. Take specific 
heat of superheated vapour as 2.93 kJ/kg K. Ammonia has the following pro
perties : •!
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Sat temp. 
*C 
t

Enthalp/. kJ/kg Entropy, kJ/kg K
Liquid

h
Vapour

H
Liquid

$ l
Vapour

4> v

25 298.8 1,463.6 1.1234 ' 5.0355
-15 112.3 1,425.7 0.4568 5.5452

In the above table, enthalpies and entropies are reckoned from -40°C .
[(a) 27°C; (b) 0.142 dry; (c) 5.807]

An ammonia refrigerating plant fitted with an expansion valve works between the 
temperature limits of -10°C and 30°C. The vapour is dry saturated at the end of 
isentropic compression. The fluid leaving the condenser is at 30°C, i.e . there is 
no undercooling. Assuming actual coefficient of performance as 65 per cent of 
(he theoretical, calculate the kilograms of ice produced per kW per hour at 0°C 
from water at 8°C . The latent enthapy of ice is 335 kJ/kg. The following table 
gives the properties of ammonia :

Sat. temp. 
*C 
t

Enthalp/, kJ/kg Entropy, kJ/kg K
Liquid

h
Vapour

H
Liquid 

<I> I
Vapour

v
30 322.9 1,145 1.2028 4.9805

-10 135.2 1,296.8 0.5440 5.4730

In the above table, entropies and enthalpies are reckoned from -  40°C.
[37-55]

Find the theoretical coefficient of performance of a vapour compression refrigerating 
plant using Freon-12 and working between pressures of 960-7 kPa and 261 kPa. 
The refrigerant is 95 per cent dry at the end of isentropic compression and the 
temperature of the fluid leaving the condenser is 40°C. Also find the dryness 
fraction of vapour as it enters- the compressor and the dryness fraction of vapour 
after passing through the expansion valve. The following table gives the properties 
of Freon-12:

Pressure,
kPa

P

Sat. temp. Enthalp/, kJ/kg Entropy, kJ/kg K
*C
t

Liquid
h

Vapour
H

Liquid
4>l

Vapour
cj> v

960.7 40 74.53 203.05 0.2716 0.682
261.0 -5 31.42 185.24 0.125 0.6986

In the above table, enthalpies and entropies are reckoned from -40°C .
[4-708; 0-935; 0-28]

A CO2 refrigerating plant fitted with an expansion valve works between the 
* temperature limits of -12°C and 22°C. The vapour is compressed isentropically 

and leaves the compression cylinder at 30°C. Condensation takes place at 22°C 
in the condenser, i.e . there is no undercooling of the liquid. Determine the theoretical 
coefficient of performance of the machine. Properties of CO2 are:

Sat. temp. Enthalpy, kJ/kg Entropy, kJ/kg K
*C / Liquid Vapour Liquid Vapour
t h H <X>I O V

22 61.97 208.1 0.1968 0.6992
-12 -18.42 234.47 -0.0754 0.8960 |

In the above table, enthalpies and entropies are reckfihed from 0°C. Take specific 
heat of superheated vapour as 2-35 kJ/kg K . [4-978]



\
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17. A CO2 vapour compression refrigerating machine, fitted with an expansion valve, 
works between the temperature limits of -  5°C and 25°C. The working fluid CO2 
has a dryness fraction of 0-7 at entry to the compressor and the fluid leaves the 
condenser at 25°C. If the relative efficiency of the refrigerating machine is 40%, 
calculate the amount of ice produced in tonnes in 24 hours. The ice is to be 
produced at 0°C from water at 10°C and the compressor takes 6-8 kg of CO2 
per minute. The latent enthalpy of ice is 335 kJ/kg. The following table gives the
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properties of C O 2 :

Sat temp.
K
T

Enthalp/, kJ/kg Entropy of Sat. 
liquid, kJ/kg K 

« l
Sat. liquid 

h
Evaporation

H
298 81.12 121.42 0.2513
268 ' -7.54 245.36 -0.04187

In the above table, liquid enthalpies and entropies are reckoned from 0°C (273 K).
[0-8624 tonne /24 hrs.]

18. An ammonia vapour compression refrigerating plant fitted with an expansion valve, 
works between the pressures of 1,098-71 kPa and 246-51 kPa. The vapour is 
compressed isentropically and leaves the compression cylinder at a temperature 
of 40°C and with a total enthalpy of 1,501-8 kJ/kg. The vapour is completely 
condensed in the condenser and there is no undercooling of the liquid. Assuming 
actual coefficient of performance as 70% of the theoretical, calculate the power 
required to run the unit to produce one tonne of ice per hour at 0°C from water 
at 15°C. Take the latent enthalpy of ice as 335 kJ/kg. The following table gives 
the properties of ammonia :

Pressure, Sat. temp. Enthalp/, kJ/kg Entropy, kJ/kg K
kPa *C Liquid Vapour Liquid Vapour

P t h H <Z>I 4> v
1,098.71 28 313.2 1,153.6 1.1711 3.8312
246.51 -14 116.9 1,310.0 0.4744 5.0561

In the above table, enthalpies and entropies are reckoned from -40°C.
[28-78 kW]

19. An ammonia refrigerator produces 25 tonnes of ice at 0°C from water at 10 °C in 
a day of 24 hours. The temperature range is -15°C to 25°C. The vapour is 90 
per cent dry at the end of isentropic compression. The liquid leaves the condenser 
at 25°C and is expanded in a throttle valve. Assuming actual coefficient of [ 
performance of plant as 70% of the theoretical, calculate the power of the j 
compressor. Take the latent enthalpy of ice as 335 kJ/kg. Ammonia has the 
following properties : _______

Sat. temp. Enthalpy, kJ/kg Entropy, kJ/kg K
*C Liquid Vapour Liquid Vapour
t h H <I>I <I> V

25 298.8 1,463.6 1.1234 5.0355

-15 112.3 1,425.7 0.4568 5.5452

In the above table, enthalpies and entropies are reckoned from -40°C.
[28-806 kW] \

20 . In a vapour compression refrigerating machine using CO2 as the working fluid, Ii 
the temperature of evaporation is —10°C. The vapour is compressed and delivered l|

i
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to the condenser at a temperature of 20°C, the dryness fraction at the end of 
compression being 0-95. In the condenser the vapour is condensed at 20°C and 
then cooled to 15°C (i.e . the liquid is unercooled). After this the liquid is passed 
through the throttling valve into the evaporator coils. Using the data given below, 
calculate the theoretical coefficient of performance. Take the specific heat of liquid 
as 0-963 kJ/kg K . Sketch the cycle on T  -  4> diagram. The properties of CO2 
are :

Sat. temp.
*C
t

Enthalp/, kJ/kg Entropy, kJ/kg K
Liquid

h
Vapour

H
Liquid

4>l
Vapour

v
20 60.17 214.79 0.1884 0.7160

-10 -18.05 239.33 -0.0796 0.8583

In the above table, enthalpies and entropies are reckoned from 0°C.
[9-79]

21. Name the common refrigerants in use. Discuss briefly the factors affecting the 
choice of refrigerants commonly used in refrigerating machines.

22. What are the important refrigerants used in vapour compression refrigerating 
machines ? Refer to their principal properties and to any advantage possessed 
by each refrigerant.

23. Discuss the relative advantages and disadvantages of ammonia and carbon dioxide 
as working fluids in refrigerating machines.

24. Discuss the relative merits of carbon dioxide, ammonia, and sulphur dioxide as 
refrigerants.

25. (a) Discuss the merits of refrigerants of Freon group.
(b) What are secondary refrigerants ? State the desirable properties of a secondary 

refrigerant.
26. Draw a table giving important physical and thermodynamic properties of common 

refrigerants.
27. Show by means of a diagram, the necessary apparatus for refrigeration by a 

vapour absorption process for a small plant and explain the working.
28. Explain with diagrammatic sketch the working of Electrolux refrigerator. What are 

its special features ?
29. Discuss the relative merits and demerits of vapour compression and vapour 

absorption refrigerators.
30. Classify various applications of refrigeration in broad groups.
31. Describe the construction and working of a household refrigerator.
32. Describe, with the help of a neat flow diagram, the working of an ice plant.
33. Explain in detail how'you would determine whether a refrigerator was sufficiently 

charged.
34. Find out the theoretical coefficient of performance of vapour compression refrigerating 

machine using CO2 as the working fluid and working between the pressures of
2-4 N/mm2 (24 bar) and 5-6 N/mm (56 bar). The vapour is dry saturated at the 
beginning of compression and compression is isentropic. Use p-H  chart for CO2.

[4-6]
35. An ammonia refrigerator produces 20 tonnes of ice from and at 0°C in a day of 

24 hours. Temperature range is 25°C to -15°C . The vapour is dry saturated at
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the beginning of compression and expansion is carried through the throttle valve. 
Assume actual coefficient of performance of 75% of the theoretical and calculate 
the power required to drive the compressor. Use p-H chart for ammonia. Take 
latent enthalpy of ice = 335 kJ/kg. Sketch the cycle on p-H diagram and explain 
briefly the operations that take place. [ 18-8 kW]

36. Write short notes on the following giving neat sketches wherever necessary :
(i) Reach-in refrigerators,
(ii) W alk-in refrigerators,
(iii) Marine refrigeration,
(iv) Household refrigerators,
(v) Thawing‘ process in ice making,
(vi) Commercial refrigeration, and
(vii) Tests for detection of refrigerant leakage.

37. Draw a typical p-H chart of a refrigerant. Plot the saturation cycle for vapour 
compression machine on p-H chart. Why are p-H charts preferred in practice ?



AIR CONDITIONING
3

3.1 Introduction
Air conditioning may be defined as the simultaneous control of temperature, humidity 

(moisture content), motion of air, (movement and circulation), and purity (filtering and 
purification) of air within an enclosed space for the purpose of :

. . Producing comfortable and healthy conditions for the occupants (persons) in 
residences, theatres, office buildings, hospitals, railway coaches, etc.

. . Increasing efficiency of the employees working in factories, offices and stores. 
Conditioned air has a comfort effect, a health effect, and a psychological or 
emotional effect on human beings, and

. . Making possible more complete environmental condition for manufacturing processes 
in'industries -  such industries include printing, textile manufacturing, chemical, 
pharmaceutical, etc.

3.2 Factors in A ir Conditioning
Complete air conditioning provides automatic control of the following factors for all 

outdoor (outside) weather conditions for both summer and winter :
-  Remove the dust, dirt, soot and germs from the outside air entering the air 

conditioning plant.
-  Cool the air in summer and heat the air in winter.
-  Decrease the humidity (moisture content in the air) in summer and increase the 

humidity in winter.
-  Circulate and distribute the conditioned air evenly and pleasantly throughout the 

building at all times.
-  Ozonate or ionize the air for the elimination (removal) of odours (unpleasant smell) 

after it has been conditioned.
3.2.1 Clean A ir : Clean air is desirable for breathing, for the reason that the dust 

in the air covers the air passages of the nose, throat and lungs, which seriously affects 
their healthy functioning. Dirt is objectionable also because it serves as a carrier of germs. 
In the manufacture of food products, drugs and-other chemicals, the dirt may be dangerous 
to health. In the finishing of automobiles and furnitures and in many other manufacturing 
processes, the elimination (removal) of dirt is quite necessary. In the air cooling of electric 
generators in power plants, dirt must be removed as it may choke the narrow air passages 
in winding and thus, cause serious overheating.

3.2.2 Tem perature Control : Control of temperature, which means the maintenance 
of any desired temperature (temperature of 25°C is recommended for maximum comfort) 
within an enclosed space even when the outside temperature is either above or below 
the desired room temperature. This means, either addition or removal of heat from and 
within the enclosed space as the occasion might demand (i.e. to increase the temperature 
in winter and to decrease the temperature in summer).

3.2.3 Humidity Control : Control of humidity, which means adding humidity or
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moisture to the air, as is necessary during the winter, and removing moisture from air 
during summer, in order to produce comfortable and healthy conditions within an enclosed 
space. The water vapour in air, usually called “moisture", is an important but quite variable 
constituent of the atmosphere; its amount in outside air depends on the weather conditions. 
When air contains the maximum amount of water vapour that it can hold, it is said to 
be saturated. At a particular temperature, only a fixed amount o f water vapour can be 
held by one kg of dry air. If the temperature of saturated water vapour drops down 
sufficiently, i.e ., below its saturation temperature, some of the vapour will get condensed 
and if it is raised, the capacity of the air to hold water vapour will be increased.

Humidity in air is necessary for comfort. During cold weather a person in a room 
often feels uncomfortable even though the thermometer indicates what is considered a 
normally comfortable temperature. This condition is caused by air currents and insufficient 
water vapour in the air. Moisture is therefore, an important factor in any of the applications 
of air conditioning. Proper conditioning of air during hot weather increases not only the 
business but also the efficiency of employees. In some manufacturing processes, removal 
of dirt from air is of secondary importance, so that air conditioning is then mainly for the 
control of the humidity of the air used for ventilation or manufacturing purposes. Air 
conditioning has been found to improve the quality and to reduce the cost of manufacture 
of automobiles, drugs and pharmaceuticals, electric goods, textiles etc.

3 .2.4 A ir Motion Control : Control of air motion which includes the distribution of 
air in an air conditioned space. This is necessary to keep even temperature through out 
the conditioned space. This factor also concerns the question of draught (air current) 
which affect^ the circulation of the air.

3 .2.5 Rem oval of Odour : In air conditioning definite amount of Ozone should be 
introduced in the air conditioned room for de-odourizing and refreshing the air. For this 
reason, air is passed through Ozonator after it has been conditioned. Ozonator is a small 
electric apparatus which is scientifically designed to produce and control the exact amount 
of Ozone required in the system . Ozone is used in air conditioning as an odour eliminator.
3.3 Term s used in A ir Conditioning

In the study of air conditioning, the following terms should be well understood :
Dry air is a mixture of the constituent gases which comprise atmospheric air excluding 

water vapour. On an average, composition of dry air by volume is 20-95% oxygen, 78-09% 
nitrogen, 0-93% argon, 0-03% carbon dioxide and traces of other gases. Normally, argon 
is grouped with nitrogen and carbon dioxide is ignored and is generally stated that 
volumetric composition of air is 21% oxygen and 79% nitrogen. Molecular weight of dry 
air is taken as 28-966 or 29.

Moist air is a mixture of dry air and water vapour. The amount of water vapour in 
moist air depends on degree of saturation. The weight of water vapour in moist air is 
expressed in grammes or kg per kg of dry air.

The water vapour in air is usually called “moisture” and is an important factor in any 
of the applications of air conditioning. Its amount in the outside air depends on the 
weather conditions. When a mixture of air and water vapour contains the maximum amount 
of water vapour that it can hold, it is said to be saturated. If the temperature of the 
mixture of air and water vapour is higher than the saturation temperature, the vapour is 
superheated. If the temperature of air drops below its saturation temperature, some of 
the water vapour will be condensed.

According to Dalton’s law there is, in ’mechanical’ mixture of gases, a pressure for 
each gas, which is called its partial pressure. The sum of all these partial pressures is 
the total pressure of the mixture. The partial pressure of the individual constituent (water
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vapour and air) is the pressure that it displays, and it has the same temperature as that 
of the mixture.

The water vapour that is contained in or mixed with atmospheric air, is the humidity. 
The weight of water vapour that the air in a given place can hold, depends on its 
temperature and is independent of the pressure of the air. It varies with the partial 
pressure of water vapour. v

Specific humidity or humidity ratio is the weight of water vapour in moist air per kg 
of dry air.

The actual weight of water vapour contained in a unit volume of air is called the 
absolute humidity. Weight of water vapour is expressed in grains or grammes per cubic 
metre. It may be noted that one kg is equal to 15,430 grains.

Relative humidity (R.H .) is the ratio of weight of the water vapour in the air in a 
given space at a given temperature, to the weight of water vapour that the air in the 
same space and at the same temperature would contain when fully saturated. To illustrate 
if 50% is the relative humidity (R .H .) of air at a given temperature, it will then contain 
half as much moisture as it would contain when fully saturated. One kg of dry air at 
25°C would contain 20-2 gm of water vapour (from tables of properties of air) when fully 
saturated (100% R .H .). Hence, air at 25° C and R .H . 50% would contain 10.1 gm of 
water vapour.

Relative humidity of air varies with the temperature. With the increase of temperature, 
R.H . will decrease and vice versa. To illustrate, air at 25°C and R.H . 50% is heated to 
30°C. Now one kg of dry air at 30°C would contain 27 gm of water vapour (from tables) 
when fully saturated. Hence, R .H . of air at 30°C when heated from 25°C and 50% R .H . 
would be 10-1/27 = 0-375, i.e ., 37-5%. Again suppose that air at 25°C and 50% R.H . is 
cooled to 15°C. Now, one kg of dry air at 15°C would contain 10-8 gm of water vapour 
(from tables) when fully saturated. Hence, R.H . of air at 25°C and R .H . 50% When cooled 
to 15°C would be 10-1/10-8 = 0-935, i.e ., 93-5%.

Relative humidity of 50% and dry-bulb temperature of 25°C is recommended for 
comfort.

Dry-bulb (D .B.) temperature is the temperature indicated by an ordinary mercury 
themometer. It is the measure of sensible enthalpy of air. It has no relation to the 
condition of the air so far as the humidity or the water vapour content is concerned.

Wet-bulb (W .B.) temperature is the measure of enthalpy of air. It is the temperature 
indicated by a thermometer whose bulb is covered by a piece of wet (water moistened) 
wick.

The wet-bulb thermometer, has its bulb covered with a piece of clean soft cloth or 
wick, which is dipped in a small basin (cup) of water; this keeps the bulb moistened 
(wet). If there is much water vapour present in the air outside (i.e . atmospheric air has 
a high R .H .), there will be little evaporation from the moisture (contained in the wick) 
near the bulb of the thermometer, and therefore, only a small cooling effect will be 
produced. If the air outside is dry (less water vapour in air), more rapid evaporation will 
take place and lower will be the wet-bulb temperature (i.e . there will be more difference 
between the dry-bulb temperature and wet-bulb temperature). Thus, the difference in 
reading between the dry-bulb temperature and wet-bulb temperature is the measure of 
the amount of water vapour in air. Both the thermometers are read when steady conditions 
have been attained and the relative humidity is found by using Table 3 -1 or Psychrometric 
chart (fig. 3 -1 ).

.Th e  difference between wet-bulb temperature and dry-bulb temperature is known as 
wet-bulb depression.

For example, the relative humidity of air having 30°C dry-bulb temperature and 22°C 
wet-bulb temperature, is 50% from table 3-1. The wet-bulb depression is 30-22 = 8°C.
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Table 3-1
Psychrom etric table of percentage relative hum idity of air

Reading of 
dry-bulb 

thermometer

Difference between reading of dry-bulb and wet-bulb thermometers, °C
(wet-bulb depression)

°c 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 11 12

-10 67 38 10
- 8 70 45 22
- 6 73 51 32 15
-  4 77 57 38 22 9
- 2 80 62 44 29 17

0 82 65 48 33 20
2 84 68 53 39 25 12
4 85 71 58 43 31 18 7
6 86 73 60 47 36 25 14 4
B 87 75 63 51 40 30 20 10

10 88 76 65 54 44 34 24 15
12 89 78 68 57 48 38 29 20 11
14 90 80 70 60 51 42 34 25 18 10
16 91 81 71 62 54 46 38 30 23 16 8
18 91 81 72 64 56 48 41 34 27 20 13 9
20 91 82 73 66 58 51 44 36 30 24 17 11

22 91 83 74 68 60 54 46 40 34 28 22 16
24 92 84 75 69 62 56 49 43 37 31 26 20
26 92 84 76 70 64 58 51 45 40 34 29 24

28 93 85 77 71 65 59 53 47 42 37 32 27

30 93 86 78 72 66 61 55 50 44 40 35 30

32 93 86 79 74 68 62 57 52 46 42 37 32

34 93 87 80 75 69 63 58 53 48 44 39 34

36 93 87 81 75 69 64 59 54 49 45 40 36

38 94 88 82 76 70 65 60 55 50 46 42 38

40 94 88 82 77 71 66 61 56 51 47 43 40

42 94 89 83 78 72 68 62 58 53 49 45 42

44 95 90 84 79 73 68 63 59 54 50 46 43

46 95 90 84 79 74 70 64 60 55 51 47 45

48 95 90 84 79 74 70 65 60 56 52 48 46

50 95 90 84 79 74 70 66 62 58 54 49 47

52 95 90 84 80 75 71 67 63 59 55 51 48

54 95 90 84 80 76 • 72 68 64 60 56 52 49

56 95 90 85 81 77 73 68 64 60 57 53 50

58 95 90 85 81 77 73 69 65 61 58 54 51

60 95 90 85 81 77 73 69 65 61 58 55 52

62 95 90 85 82 78 74 70 66 62 59 56 53

64 95 91 86 82 78 74 70 67 63 60 57 54

66 95 91 86 82 78 75 71 67 63 61 57 54

68 95 91 86 82 78 75 71 68 64 61 58 55

70 95 91 86 82 78 75 71 68 64 61 58 55

\



As the a ir is cooled the relative humidity increases. If the temperature is lowered 
sufficiently there after a point will be reached at which the relative humidity would be 
100% or the air would be fully saturated. This is termed the dew point (D .P.) or saturation 
temperature. A further lowering of the temperature of the air below this point, causes 
water vapour to condense in form of particles of water.

The difference between the dry bulb temperature and dew-point temperature is known 
as dew point depression.

Effective temperature is an index of sensation of warmth produced by the combined 
effect of air temperature, humidity, and air motion. Sensation of warmth depends not only 
on the temperature of the surrounding air, as shown by ordinary thermometer, but also
upon the wet-bulb temperature (humidity), air movement and radiation effects. Effective
temperature cannot be measured directly, but can be determined from dry-bulb and 
wet-bulb temperatures and air motion observations, by referring to effective temperature 
charts or tables. These charts or tables are prepared as a result of a series of studies 
at research laboratories. Effective temperature can also be determined empirically.

Effective temperature is an index of degree o f warmth experienced by a person on 
exposure to different combinations of air temperature, humidity (moisture content o f air), 
and air movement. To illustrate, the effective temperature of an air conditioned plant is 
15°C, when the conditioned air produces a sensation of warmth like that experienced in 
slow moving air (at 6 m per min.) at 15°C.

Psychrometer is an instrument to measure the psychrometric properties of air. The
most commonly used type employs two thermometers, one dry-bulb and other wet-bulb. 
The wet-bulb temperature reading in still air is erroneous. This reading is 10 to 20 of 
the bulb depression round the temperature of adiabatic saturation. The sling psychrometer 
is a common type most generally used for checking conditions on job. The instrument is 
rotated by hand to get air movement across the bulb of the thermometer. In the aspiration 
psychrometer, air across the stationary bulb is drawn with the help of a operated aspirator 
or a small blower like those used in portable hair driers.

Psychrometry deals with relation of air and water vapour or humidity. This relationship 
is shown by a series of curves that make up the psychrometric chart.

Psychrometric chart attached (fig. 3-1) shows the relationship between the following 
fundamental properties of air, namely, (a) dry-bulb temperature, (d) dew point temperature,
(c) wet-bulb temperature, and (d) relative humidity. When any two of these four properties 
are known, the other two can be determined directly from the psychrometric chart without 
any mathematical calculation.

Lines of dry-bulb temperature are vertical. The values of dry-bulb temperature are 
given on tne base of the chart.

Lines of dew point temperature are horizontal. The saturation line (curve) is drawn 
by plotting the dry-bulb temperature (abscissa) versus moisture content in kg per kg of 
dry air necessary to saturate (ordinate). Under saturation conditions, the dry-bulb temperature 
becomes dew point temperature. The weight of moisture in kg to saturate 1 kg of dry 
air at a given temperature is determined by following the horizontal line from the given 
(desired) dew point to the right. The values of dew point temperature (saturation temperature) 
are given along the saturation curve of the chart.

The diagonal lines running downward frpm the saturation curve across the chart are 
lines of wet-bulb temperature. The values of wet-bulb temperature are given along the 
saturation curve of the chart.

The curved lines that follow the same direction as the saturation curve are the lines
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of relative humidity. The values of relative humidity are given along the lines of relative 
• humidity.

Lines of constant volume are obliquely running downward to the right of the saturation 
curve. The values of specific volume (m3/kg) are given on the base of the chart.

To determine the relative humidity of air for a given dry-bulb temperature and wet-bulb 
temperature, draw a vertical line from the given dry-bulb temperature to intersect the 
given wet-bulb temperature diagonal line. The point of intersection gives the R .H .

To determine the relative humidity of air for a given dry-bulb temperature and dew 
point temperature, follow the horizontal line from the given dew point temperature to 
intersect the given vertical dry-bulb temperature line. The point of intersection gives the 
R .H .

To determine the wet bulb-temperature for a given dry-bulb temperature and dew 
point temperature, from the point of intersection of vertical dry-bulb temperature line and 
horizontal dew point temperature line, follow the diagonal wet-bulb temperature line to 
saturation curve and read the wet-bulb temperature.

To determine the dew point temperature of air for given dry-bulb temperature and 
relative humidity, follow the vertical line from the given dry-bulb temperature to intersect 
the given relative liumidity curve. From the point of intersection, follow the horizontal dew 
point temperature lina to the saturation curve and read the temperature.

To determine the enthalpy content or enthalpy of air for given dry-bulb temperature 
and relative humidity, from the point of intersection of vertical dry-bulb temperature line 
and relative humidity curve, draw a line parallel to diagonal wet-bulb temperature line 
upto the enthalpy scale and determine the enthalpy of air.

To determine the volume of air for a given dry-bulb temperature and relative humidity, 
from the point of intersection of dry-bulb temperature and relative humidity curve, draw 
a line parallel to constant volume line and determine the specific volume on volume scale 
given on the base of the chart.

FigCire 3-2 shows the psychrometric chart (on reduced scale) on which the different 
psychrometric processes are shown. Line ab represents sensible cooling at constant

moisture content or at constant humidity ratio 
of air. Thus, in this process, dew point 
temperature remains contant, while relative 
humidity increases. The final temperature 
cannot t>e below the initial dew point tempera
ture but the relative humidity will be raised. 
If we consider line b-a or e -g  which 
represents heating without changing the 
moisture content (i.e . humidity ratio) of air 
wherein the relative humidity is lowered.

Line a-c or d-e which is parallel to the 
wet bulb lines from the entering-air condition 
to the saturation curve is the adiabatic satura
tion process line. "Adiabatic" means no heat 
added or removed externally and ‘saturation’ 

implies adding of moisture. This process is carried out in practice by sparying water in 
air stream. Evaporative cooling closely approaches adiabatic saturation process. Evaporative 
cooling is more effective in hot dry climate when the cooler humid condition is more 
desirable than the hot dry condition. Generally, the leaving wet-bulb temperature cannot
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be lower than the spray water temperature. Thus, relative humidity is raised during this 
process.

Line a - f  and a -  d  respectively represents humidification process. During these 
processes, dry-bulb temperature remains constant and humidity increases in humidification 
and decreases in dehumidication process.

Line h -  j  represents the dehumidification process accomplished by cooling and 
dehumidification, or summer air conditioning process wherein temperature of air leaving 
is reduced and consequently relative humidity is increased.
Problem-1 : Using the psychrometric chart, determine the relative humidity of air having 
2 $ C  dry-bulb temperature and 18°C wet-bulb temperature.

On the psychrometric chart mark the dry-bulb temperature of 25°C on the horizontal 
scale and draw a vertical line through it. Then find the wet-bulb temperature 18°C on 
the saturation curve and a diagonal line through it to intersect the vertical dry-bulb 
temperature line. The point of intersection is between 50% and 55% relative humidity 
curves. Hence, the relative humidity of the given air is 52%.
Problem-2 : If the air has a dry-bulb temperature of 30°C and the relative humidity 
50%, find the dew point temperature of the air.

On the psychrometric chart mark the dry-bulb temperature of 30°C on the horizontal 
scale and draw a vertical line through it to intersect 50% relative humidity curve. The 
point of intersection represents the quantity of moisture contained in each kg of air which 
can be read on the right-hand side vertical scale by drawing the horizontal line through 
the above intersection point. Now, if the air is cooled without changing the moisture 
content, it will be represented by the horizontal line passing through the above intersection 
point. It will be found that the horizontal line will intersect the saturation curve at a point
where temperature is 18.3°C. This is the dew point temperature of the given air.
3.4 Processes in A ir Conditioning

In order to achieve true or complete air conditioning, the following processes (operations) 
have to be carried out, and hence, in the equipment of the air conditioning plant, the
units performing these duties are used :

3.4.1. A ir Purifications The first operation in air conditioning is cleaning of outside 
air so as to make it free from dust, dirt, soot, germs, and other impurities. This is 
achieved by passing outside air through air 
filters, which are made out of expanded mesh 
(wire net), glass wool, hemp, fibres etc. Before 
th6 air filters are fitted they are coated with 
viscous substances. When the outside air is 
passed through the wet air filters or viscous air 
filters (fig. 3-3), impurities are caught and clean 
air (free from dust etc.) is allowed to enter the 
conditioning plant. Wet filters can be removed, 
cleaned with cleaning compound, allowed to dry, 
then dipped in oil and refitted. Sometimes, dry 
air filters are used which can be removed, 
cleaned and renewed whenever necessary, If 
the proportion of dust in the outside air is very 
high, water filters (air washers) are employed 
for cleaning the air.

Water filters or Air washers : Water can Fig. 3 -3  Viscous (wet type) air filter
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easily carry away the impurities which can be wetted by it, from the air. But the impurities 
like carbon particles which cannot be wetted by water, are not cleaned from the air by 
it. Thus, water can work as a filtering agent.

The spray type of filtering method provides some humidity control. The water is
sprayed in the passage of air to be cleaned in the form of finely divided particles. These
water particles will come in contact with dirt and will remove most of the dirt from the
air. This method is mostly used in large units.

The second method is to use loosely woven cotton cloth. This cloth is wetted with
water and then placed in the passage of air 
over the wire frames so that the air may be 
drawn through when it is placed in a plane 
perpendicular to the plane of motion of the air 
(fig. 3-4), or it may pass over the cloth when 
it is placed in a plane, parallel to the plane of 
motion of air. The cloth is kept wet by means 
of drip of water slowly falling from the perforated 
pipe at the top or by wick action if one end of 
the cloth is dipped into the vessel containing 
water.

In the third type of water filter, condensing 
coil is used. If this coil is operating below 
dew-point temperature of the air to be condi
tioned, most of vapour of the air will condense
on the outer surface of the coil in the form of 

Fig. 3-4 Watet filter or Air washer. water particles. The air passing over these water 
particles will lose much of its dirt. When sufficient moisture is formed, it drips down with 
dirt and is drained out through the drain pipe.

Activated Carbon filters : In this type of filter, activated carbon in the charcoal form 
is used. A number of sheets of carbon are placed horizontally with a certain gap between 
two adjacent sheets in the two vertical supports. This structure is again placed into a 
framework which will fit exactly over the structure. This type of filter will remove solid 
particles as well as bacteria. Thus, the use of carbon filter is extensively increasing in 
the field of air conditioning and refrigeration with a great success. The charcoal will absorb 
as much as 50 per cent of its weight of foreign gases. This type of filter when used for
a long time becomes inactive, and to reactivate it, it is baked at 500°C to drive out the
absorbed gases. They are also available in the form of canisters.

3 .4.2 Tem perature Control : The second important process in air conditioning is to
control or to regulate the dry-bulb temperature by various psychrometric processes. This 
is attained by simple heating or cooling which may be associated with humidification or 
dehumidification processes.

Heating of air means raising the dry-bulb temperature. It can be attained by passing 
air over the heating surfaces. The air heating surfaces are located outside the room to
be conditioned. The air heated to the desired temperature flows to the room by the fan
action. In any heating system , air is the ultimate carrier of the heat, while steam or hot 
water may act as intermediate carrier, between the furnace (source of heat) and the air. 
Electric heaters are also installed in the path of air leading to the conditioned space 
for heating the air. If the relative humidity of the outside air is of such a range that the 
desired R .H . as well as the inside dry-bulb temperature can be obtained by merely 
heating the air, then the process becomes simplified. Pre-calculated quantity of heat is
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added directly to air to raise its temperature to the desired value. However, in most cases 
the desired condition of air is difficult to attain in this manner.

In the indirect method, the air is cooled down to the dew point temperature of the 
air in its final conditioned form and then the mixture is heated by a heater to obtain the 
necessary higher dry-bulb temperature and the proper relative humidity. This method 
needs greater amount of heat for heating.

Cooling of air means lowering of the dry-bulb temperature. It can be attained by 
passing the air over the evaporator coils of the refrigerating system in a simple case, as 
is done in the room air conditioner. Here, the relative humidity aspect i& neglected or is 
of such order that it gets adjusted by itself. However, in large installations, cooling is 
obtained by injecting chilled water in the air passage to lower its temperature to dew 
point temperature of the air in its final condition and later on it is heated by a heater 
to the desired temperature. This shows that even for controlling the temperature (i.e . 
heating and cooling), the processes of humidification and dehumidification automatically 
get involved.

We have seen that it is possible to bring about adiabatic saturation of air. Here, the 
sensible heat of air is reduced (i.e . dry-bulb temperature is lowered) but this heat recovered 
as latent enthalpy is utilized for evaporation of water into vapour (moisture content increases 
and therefore, the dew point is raised). It may be noted that the wet-bulb temperature 
does not change since the enthalpy of air is unaltered.

In winter it may be necessary to heat the air as well as to humidify it .' For this 
purpose, spray water temperature must be above the dry-bulb temperature of the entering 
air. We must also supply heat continuously to spray water so that the temperature of 
water may not fall to the wet-bulb temperature of air (spray water re-circulated without 
heating will soon fall to wet-bulb temperature). This implies that the circulating water must 
be heated.

There are two types of cooling coils in general use for air conditioning purposes. 
They are direct expansion type and secondary refrigeration type. In case of direct expansion 
type, the refrigerant is expanded directly through the expansion valve, i.e . throttle valve, 
and then it is passed into the coils for the cooling effect to be produced by it. In this 
type, the transfer of heat from air to refrigerant in the air conditioning plant takes place, 
and it may be parallel flow, counter flow or cross-flow. In most of the cases, they are 
provided with fans so as to increase the effective heat transfer surface. For larger air 
conditioning plants generally secondary refrigeration system  is used. In this system , chilled 
water is used for producing cooling effect. This water is cooled to the required temperature 
in the evaporator of a refrigeration system employed in a centralized place. This chilled 
water from the evapourator is distributed to the required place for producing the cooling 
effect for air-conditioning purposes. Sometimes, brine is also used instead of chilled water, 
because water freezes at 0°C while brine does not, and hence it can work satisfactory 
below 0°C also.

3.4.3 Hum idity Control : The third important process in air conditioning is to control 
humidity. This is achieved by the processes of himidification (increasing humidity) or 
dehumidification (decreasing humidity).

Humidification is accomplished by addition of steam to air but common practice is to 
supply warm water. Because humidification is desired in winter and at the same time 
heat must be added to make up heat losses from the conditioned space, common practice 
is to heat and humidity the air at the same time.

Humidification by steam may be divided into two catagories:
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. . A direct type in which water is sprayed in highly atomized state into the room
itself which is to be air conditioned.

. . An indirect type which employs special humidifier as described hereafter. These
devices consist of :

— a chamber of casing which is provided with a system of spray nozzles,
— a tank at the bottom for collecting the spray water, and
— an eleminator section at the delivery end of the chamber, for removal of

drops of entrapped moisture from the air leaving the chamber.
Humidification may be accomplished in three different ways with an air washer :
— Using recirculated spray water without prior heating of air,
— Pre-heating the air and washing it with recirculted water, and
— Using heated spray water.
Dehumidification is the reduction of water vapour content of air. Dehumidification can 

be accomplished by the use of an air washer or by use of absorbents. It is normally 
done by cooling the outside air below the dew point temperature so that it loses moisture 
by condensation. Moisture removal is obtained when the spray water temperature is lower 
than the dew point of the entering air.

Dehumidification can also be achieved by using absorbants. Absorbants are the 
materials having capacity for absorbing moisture. The materials used as absorbants are: 
activated alumina, silica gel and calcium chloride. These are useful only for small room 
air conditioners (window units).

Dehumidification system can also consist of an air washer in which very much chilled 
(cold) water, whose temperature is kept equal to the dew point temperature of the room

Fig. 3 -5  Dehumidification system with air washer* ^

air, is sprayed on fresh air coming out from the filter (1-2). By this, the outside air is 
cooled below its dew point temperature (2-3) and hence its surplus moisture is separated 
out and any extra moisture is removed in the eliminator (3-4). However, the dry-bulb 
temperature of air leaving the eliminator is much below the dry-bulb temperature desired 
in the conditioned space. Hence, a heating element (4—5) is necessary in the dehumidification 
system. Common practice is to use a heater, either steam or gas operated and is placed 
after the air washer chamber (fig. 3-4). The air is then supplied to the conditioned space
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by fans or blowers.
Thus, it will be seen that spFay chamber (air washer) through which air passes on 

its way to the conditioned space can act as air cooler, dehumidifier or air cleaner (washer), 
depending upon the purpose for which it is required.

#J,„  Fig* 3 -7  Spray nozzle type humidifier. >
Fig. 3 -6  Open tray humidifier. — *

Spray humidifying is one of the most common method of increasing the humidity of 
air passing through water sprays in the air washer chamber. If sufficient time is available, 
air will leave the air washer fully saturated. This is only an ideal case and in practice 
the saturation achieved is about 95% .'

The various typers of humidifiers used for humidification of air are :
In Open tray humidifier a large surface of the water is exposed to air to be humidified. 

This is shown in fig. 3-6 . The warm air flowing through the duct is passed over the 
larger surface of water which is contained in the tray. The level of the water in the tray 
is controlled by the float valve. The water pipe connects the tank to the water tray. A 
metal float, floating on the top of the water surface and projecting in the passage of 
warm air gets warmed and it transfers the heat to the water in the tray. The water

Heater coil

Cold water 
outlet

Revolving
drum

Oullet pipe

Woolen wicks 
Float

Inlet pipe

Fig. 3 -8  Shallow pan and hot water pr 
steam radiator type humidifier.

Fig. 3 -9  Revolving wicks type 
humidifier.
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temperature is raised and its evaporation is accelerated to humidify the air.
In spray nozzle type

Shallow tray
gases

Float valve Humidified
air

Fig. 3 -10  Shallow pan and furnace type humidifier.

humidifier, 
humidification of the air can also be 
done by using spray nozzle in the warm 
air duct as shown in fig. 3-7 . The water 
is led to the spray nozzle under pressure 
from the tank through the pipe. The 
water is atomized and mixed with warm 
air flowing in the duct. The water flow 
is controlled by the valve.

In shallow pan and hot water or 
steam radiator type humidifier, cold air 
passing in the duct when passes over 
the heater coils, is warmed. The heater 
coils contain hot water led through the 
pipe and the cold water is taken out 
through the pipe. There is a pan placed 
on the top of the heater coils, so that 
the water contained in the pan gets 
heated and steam formed due to heating 
gets mixed with the flow of the air as 
shown in fig. 3-8.

Inspection 
cover \

Revolving wicks types humidifier, is shown in fig. 3-9. In the duct of warm air, a 
revolving, drum is placed. The circumference of this drum is covered with woollen wicks 
placed along the axis of rotation. The tray contains water. The water is led through the 
pipe and the level of the water is controlled by the float. The surplus water is drained 
out through the pipe, when the drum rotates. The lower portion of the drum is dipped 
into the water in the tray. The wetted wicks after coming out of the water come in contact

with warm air passing over them. The 
w ater vaporises and the a ir gets 
humidified. This process goes on con
tinuously so long as the drum rotates. 
The rotation of the drum also helps to 
a little extent in producing the draught 
of the warm air. A certain amount of 
water is splashed out by the wicks into 
the space of warm air and the air gets 
humidified.

In shallow pan and furnace type 
humidifier method of humidification, a 
shallow tray is provided on the top of 
the coal furnace. This tray contains water 
and the level of the water is controlled 
by the float valve. The water is supplied 
from the tank through the pipe. The cold 
air which is warmed by the flue gases 
passes over the tray. This warm air will 
evaporate water to some extent. The 
tray being on the top the furnance, most 
of the heat of evaporation is obtained

To space 
to be 

humidified

Electric heater
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from the flue gases. Thus, the evaporated water vapour will humidity the air.
Electrically operated space humidifier is shown in fig. 3-11. It has a cabinet in which 

a water tray and an electric resistance heater are installed. When the switch is operated, 
the heater generates heat which is utilised to heat the water contained in the tray. The 
steam generated is mixed with air and forced out of the humidifier by the draught produced 
by the fan. This fan is controlled by the control switch. The water level in the tray is 
controlled automatically by the float valve. The water is fed into the tray from the tank 
through the pipe. The air which flows from space 4o be humidified, is directed to enter 
into the cabinet by the louvers. Louvers discharge the air in a particular direction into 
space. Both louvers are gravity controlled. There is a cover on the top of the cabinet 
for inspection.

3.4.4 Control o f A ir Motion : A fan is used to circulate the air and maintain a 
constant pressure at all outlets to the building or room. Ducts (pipes) are provided along 
the length of room to carry the conditioned air evenly over the room and to return it to 
the cooling element of air conditioned plant. The ducts are fitted with outlets called grilles 
through which air comes out. The grilles are provided with shutters (which have variable 
openings) for controlling the quantity of conditioned air.

In most air conditioning plants, whether for summer cooling or winter heating, a large 
part of total conditioned air supplied to the conditioned space is recirculated. The air that 
has been removed from the conditioned space is reconditioned in the air conditioning 
plant and then returned to the conditioned space. Usual practice is to allow 5 to 10 per 
cent of fresh (outside) air to be drawn in by the fan and mix it with the room air to be 
recirculated.
3.5 Cooling Load Calculation

Before an air conditioning system can be designed for either summer or winter 
operation, the cooling and heating demands on the system must be determined. In winter, 
buildings constantly lose heat to the outside air and in summer heat from outdoors leaks 
into the building. Moisture in air, being in vapour form, also moves easily in and out of 
the occupied space through cracks in doors and windows. Heat in considerable quantity 
may be produced in space which is to be air conditioned and thus, becomes a part of 
the load. The air conditioning loads may conveniently be considered under different heads, 
the summer cooling load and the winter heating load. The summer cooling load is the 
amount of heat which must be removed per hour to produce and maintain inside design 
conditions within the space. Conversely, the winter heating load is the amount of heat 
which must be supplied per hour to maintain inside design conditions within the space.

Cooling load calculations deal with heat loads of two types :
. . Sensible heat load, which as it flows into or is produced in a space, will tend to 

cause a temperature rise in a space, and
. . Latent heat load in the form of moisture, which although does not cause the 

temperature rise, but does change the condition of air in the space, resulting in 
a higher relative humidity.

Depending on sources of heat, load may be classified as external, if it comes from 
outside the conditioned space which may be either latent or sensible, and internal, if it 
is produced within the space to be conditioned. This, too, may be either in the form of 
sensible or latent load.

Sensible heat load includes :
. . Heat transmission through the building structure as a result of conduction, convection 

and also solar radiation.

HE 3-9
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. . Heat brought inside with the outside air which is introduced for ventilation.

. . Heat produced by occupants (persons).

. . Heat produced in the space by lights, electrical appliances and motors.

. . Heat to be extracted from the material or products brought into the space in case
of industrial air conditioning jobs.

. . M iscellaneous heat gains (load) due to supply and return duct (pipe) heat gains, 
supply duct leakages, and fan motor heat gains. ,

Latent heat (moisture) includes :
— Heat from outside air which includes air that is introduced for ventilation, and air 

that infiltrates into the space.
— Heat from occupants (persons).
— Heat from cooking, hot baths, or other vapourisation processes in the space.
— Heat from products, or material brought into the space.
Sensible heat loads includes the amount of heat required to offset heat losses by 

building structure, and heat to warm the outside air, i.e . ventilation and infiltration (leakage) 
air which comes into the buildings. Ordinarily, no allowance is made for sensible heat 
produced in the space by occupants, lights or appliances. The latent heat load is that 
required to evaporate enough moisture to make up inside design conditions. No allowance 
is ordinarily made for moisture produced within the air conditioned space. If a humidifier 
is not provided as a part of the air conditioning equipment, there will be no latent heat 
load for winter air conditioning.

Now, let us consider the contribution of each factor described above. In order to 
evaluate the values, reference may be made to the standard cooling load calculation 
tables giving values under different conditions.

3.5.1 Heat Transm ission through Building Structure : We know by law of ther
modynamics that if the temperature on one side of wall differs from that on the other 
side, heat flows from higher temperature side to the lower temperature side. The heat 
transferred under steady heat flow through a given part of structure is equal to the overall 
heat transfer coefficient multiplied by the total surface area and the difference between 
the inside and outside air temperatures. The area of windows and doors is also to be 
calculated separately. Thus, it depends on material of wall construction and consequently 
on thermal conductivity, specific heat, density, character of material, room air temperature, 
convection heat transfer between inside surface and room air, and radiant heat transfer 
between inside surface and the other sources of heat in the room.

3.5.2 So lar Radiation : Radiation is almost always present on roofs and ceiling. It 
may account for as much as 50% of the total summer load. Thus, it is important to 
estimate this load very accurately.

3.5.3 Heat Gain from Outside air : Outside air in the conditioned space is due to 
ventilation air, infiltration (air leakage) through walls and cracks around doors and windows, 
and also leakage through door openings. During summer air is hot and dry with respect 
to the inside design conditions, and it adds to both the sensible heat and latent heat 
loads. In well constructed houses and buildings, window and door crack infiltration in 
summer is small unless exhaust fans are operating within the space. This low infiltration 
is the result of negligible wind velocity in summer. Ventilation code allows certain minimum 
number of air changes to meet with this demand. Latent heat gains from outside air in 
kJ/hr can be calculated from specific humidity of outside air and room air, and air quantity. 
Since wind velocity pressures are ordinarily much greater in winter than in summer, cold
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air infiltrates building in ' large amounts in winter, and the infiltration heat load is of 
considerable magnitude.

3.5.4 Load due to  Occupants : In many air conditioning installations, occupant load 
is of little or no consequence. It is standard practice to omit this factor entirely for 
residential installations. However, in commercial buildings such as offices and retail stores, 
occpant load is appreciable. While in case of theatres, auditoriums and dance halls, the 
occupant load may be a well dominating factor. The amount of heat which people give 
off to the surrounding air depends on their number and the degree of muscular activity 
at the time/ The heat dissipated (given off) will be partly sensible and partly latent.

3.5.5 Electric Appliances : To the space load must be added the heat produced 
and dissipated by lights, motors and other appliances. Heat from lights and motors is 
sensible, but certain appliances such as cloth driers, restaurant steam tables, etc., produce 
both sensible heat and latent heat loads. This load is calculated by the conversion of 
electric units into heat units.

3.5.6 Product Load : In almost all industrial air conditioning applications, products or 
material brought into the space for processing, fabrication or storage make up a considerable 
portion of sensible load as well as latent load. Generally, this consists of several 
sub-divisions, depending upon the product and temperature involved. Each of these 
sub-divisions, which must be calculated separately are : chilling above freezing, cooling 
below freezing, and product reaction or respiration heat. In order to evaluate above, one 
must know the entering-product temperature, the final product temperature, the weight of 
product to be chilled, the time required for chilling, the individual size of product handled, 
and the specific heat of the product.

3.5.7 Miscellaneous Heat Gains : Certain heat gains are inherent within the air 
conditioning system itself and though more often they can be neglected, a careful analysis 
of these should be made before deciding to do so. These include : (1 ) supply duct and 
return duct heat gains when both are located outside the conditioned space which can 
be prevented by insulating the duct, (ii) supply duct air leakage which is function of duct 
design workmanship exercised in fabricating and installing the duct system , and (iii) fan 
and pump heat gains wherein the electrical energy is converted directly into heat energy, 
adding heat to the air stream.
3.6 A ir-Conditioning System

Air conditioning system s may be classified as central system  and unitary system. A 
central system is one in which the components of the system are all grouped together 
in one central room and the conditioned air is distributed from there to the spaces to be 
conditioned through extensive duct (pipe) work. Unitary system makes use of factory 
assembled units which are usually installed in or nearby to the space to be conditioned. 
These systems may be further classified as : (i) Cooling (summer air conditioning) system s,
(ii) Heating (winter air conditioning) system s, and (iii) Combination of above two system s- 
called year round air conditioning system, as is done in central plant where for cooling 
either vapour compression or vapour absorption refrigeration plant is used, and for heating 
either steam or electric heater is used. Sometimes, heat pumps are used wherein both 
the functions, viz. cooling and heating are performed one at a time and are economical 
only when they are used as coolers in summer and heaters in winter. Heat pumps are 
best suited for locations where climate in winter and summer is ^trem e, i.e . winters are 
very cold and summers are extremely hot.

The advantages of the unitary system over the central system are :
— Saving in installation and field assembly labour.
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— Exact requirements of each separate room is met, whereas a central system can 
not meet the individual needs of separate room.

— Zoning or distribution system of duct work is eliminated.
— Only those rooms which need cooling will have their unit running, wh

central system , plant will have to run all the time for the sake of only few rooms
to be conditioned.

— Failure of one unit puts off air conditioning only in one room. This disadvantage 
of central system is many a time prevented by installing two plants instead of 
one of full capacity, so that when one plant is out of order, atleast a few rooms, 
can be served by the other plant.

— Starting from only a few rooms, the air conditioning may be progressively extended 
to other rooms without spending large amount of money to start with.

The advantages of the central system over the unitary system are :
. . Lower initial cost.
. . It can be housed (installed) quite away from rooms in a place which is not so

useful otherwise.
. . Noise and vibration problems are not so acute.
. . Better accessibility for maintenance.

3.7 A ir Conditioning Units and Plants
Outdoor air should enter the system through some type of rain proof opening equipped 

with an arrangement to keep out rain and snow as the case may be. Air which is 
surprisingly ladden with dust must be passed through some type of air cleaner or filter 
as described earlier. Care must be exercised in its selection.

Before cleaning, it may be necessary to heat the air for better humidification. A heater 
of proper capacity and size must be used. It may be an electric, steam or gas heater. 
The heater must have proper automatic control. The outdoor air intake duct (pipe) may 
be joined to the duct bringing air for recirculation. The two (fresh air and recirculating 
air) may join before the heating stage or afterwards. Designer must select this point 
carefully.

Conditioner is a very important unit and is available in various types and designs. 
The interior of the conditioner may resemble a huge automobile radiator with coils inside 
having fins. Chilled water is circulated through these coils. Another type of conditioner is 
known as air washer and consists of a number of spray nozzles or other water atomising
devices, such that the chamber is filled with a fog of tiny water particles. Conditioner
must be selected carefully so that it may add or remove proper amount of moisture 
and heat. It must also be of proper size to handle the quantity of air involved. Refrigerating 
unit is required to produce chilled water which is to be used in the process.

The air is moved through the ducts by centrifugal fan or blower. All fans produce 
certain amount of noise and great care should be taken in selecting the fan so as to 
keep the noise within permissible lim its. Since the fan does the work of moving the air, 
it must be of sufficient capacity to overcome the resistance to circulation of air. Ducts 
are normally prepared from sheet metal. The ducts supplying conditioned air are called 
supply ducts. Conditioned air from ducts is supplied through outlets known as grilles. 
G rilles are available in large varieties of shapes and designs and when carefully selected, 
helps considerably in the proper distribution of the air.

Here, the operating features of a few, most used, air conditioning units are described.
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3.7.1 W indow type Room A ir Conditioner : It is used to condition the air of a 
' particular space, such as office room, bed room of a house, drawing office etc. It cools 
| the air and sometimes dehumidifies it. It operates automatically once it is put into operation.

Window room air conditioner consists of a casing which is divided into two parts by 
a partition : out door part and indoor part (fig. 3-12). The partition has a sm all opening 
at the top. The outdoor part (part of unit extending outside of the room) consists of 
hermetically sealed motor driven compressor, condenser, motor driven fan, and a tray. 
Outdoor portion is also divided into two parts by a partition which has an opening on 
the left hand side. Indoor part (part of unit extending into the room) consists of evaporator, 
motor driven fan, remote bulb refrigerant control and control panel, an 3 ir—filter, power 
connection, and a tray. This indoor portion is also divided into two parts by a partition 
which has an opening on the right hand side. Two trays are connected by a pipe line. 
Condenser is connected to the evaporator by a capillary tube control through the refrigerant 
filter. Evaporator is connected to the compressor by a suction pipe line. The air conditioner 
is fitted in the window such that the outdoor portion remains outside the window sill. The 
indoor portion is covered in front with partitions fitted with shutters, which can be set at 
different inclinations. Sim ilarly, back of the outdoor part is fitted with fixed partitions.

When the unit is in operation, low pressure vapour is drawn from the envaporator 
through the suction pipe line to the hermetic compressor where it is compressed, from 
low pressure to high pressure, and delivered to the condenser. When heat is removed 
from the refrigerant vapour by condensation, liquid refrigerant is collected in the lower 
coils. This liquid refrigerant passes through the filter into the capillary tube control and 
then flows to the evaporator coils at low pressure.

Fig. 3-12 Window room air conditioner.

The liquid refrigerant at low pressure inside the evaporator coils rapidly boils and 
picks up evaporation enthalpy from the evaporator surface. A motor driven fan draws air 
from the room, through air filter from the lower portion of the unit and forces it over the 
evaporator coils where it (air) is cooled and circulated back into the conditioned room. 
Moisture from the circulating air is removed to some extent. The moisture flows from the
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surface of the evaporator coils in the downward direction and drips into the pan at the 
bottom of the evaporator. The moisture of this pan is directed to flow through the pipe 
shown in the fig. 3-12 into the pan which is placed in the outdoor portion. This water 
of the moisture in the pan evaporates to some extent and helps in cooling the compressor 
and condenser.

The compressor and condenser are mounted in such a way that the fan in the 
compressor and condenser compartment draws outside air from the lower portion of the 
unit, circulates it over the condenser coil and discharges it outside from the upper portion 
of the unit. The air during its passage over the condenser takes away the enthalpy of 
the vapour refrigerant and condenses it into liquid form. When the required temperature 
is reached inside the room, the unit automatically stops. This is accomplished by the 
control panel.

3.7.2 Room Dehum idifier : It is the device which reduces the moisture content o
air inside the room. A compressor type room dehumidifier is shown in fig. 3-13. This 
dehumidifier works on the principle of refrigeration cycle. As the moisture content is to 
be removed from air, it (air) is cooled so that moisture may condense and drip out 
through drain pipe. Moreover, the air which has been cooled below the required room 
temperature must be heated to the desired room temperature. So if this cooled air is 
passed over the condenser coils, it will be heated and the vapour inside the coils will 
be condensed to liquid. Hence, it is clear that the air drawn from the conditioned room 
must first be passed over the evaporator coils and then over the condenser coils.

Fig. 3 -13 Room dehumidifier.

Compressor type room dehumidifier consists of a wooden cabinet with perforated 
covers in front and back as shown in the fig. 3-13. Outside the cabinet there is humidity
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control and electric switch. Inside the cabinet there is -a hermetic compressor which is 
connected to the evaporator and condenser. Condenser and evaporator are mutually 
connected'by a capillary tube which acts as the refrigerant control. It also has a fan, 
driven by the motor which is controlled by the motor control. The suction pipe line from 
the evaporator to compressor passes through the frost control. There is trough having a 
drain pipe.

On switching on the switch, motor-compressor runs and draws the low pressure 
vapour through the suction line from the evaporator. This vapour is compressed and 
delivered at high pressure into the condenser where vapour is condensed and liquid 
refrigerant collects in the lower coils of the condenser and flows through the filter into 
the capillary tube. The refrigerant after passing through the capillary tube enters the 
evaporator at low pressure. In the evaporator, the liquid refrigerant boils rapidly and 
picks up latent enthalpy from the evaporator surface of the coils. Hence, the enthalpy 
from the air passes to the refrigerant and moisture is condensed on the outside surface 
of the evaporator coils. This condensed moisture slowly flqyvs in the downward direction 
to the bottom of the evaporator coils and drips into the condensate trough (tray) from 
where it drains out through the pipe connected at its bottom. Thus, air flowing through 
the evaporator coils is cooled as well as dehumidified. A motor driven fan shown in the 
figure, produces a draught of air and a considerable amount of air passes through and 
again picks up heat, so that the air leaving the dehumidifier is at about the same 
temperature as when it enters the humidifier.

The hum idity control permits the dehumidifier to operate until the desired relative 
humidity is reached, then it automatically shuts off the machine.

The frost control placed in the suction line between the evaporator and the compresor, 
shuts-off the compressor motor at high enough temperature so that the evaporator coils 
will not freeze over and stop the flow of air through it.

The arrows marked from left to right show the direction of flow of air through the
dehumidifier.

3.7.3 Packaged A ir Conditioner : This type of air conditioning unit may be console 
type or of remote unit type. The console type is placed in the room below the window
sill, and having suitable fresh air inlet openings provided in the w alls. The refrigeration
unit possesses sufficient capacity to cool the air to the dew point temperature of the 
conditioned air. This air is passed through the washer to saturate it and then heated 
over the tempering coils which are electrically heated. The air discharging over the 
tempering coils mixes with the recirculated air to deliver the required conditioned air. The 
unit may be adjusted for 100 % recirculation of air or for any fractional refrigeration as 
desired. The mixing of fresh conditioned air and recirculating air takes place in a plenum 
chamber, the dampers of which are servo-controlled from the operating panel.

Packaged type units are generally vertically placed and may be equipped with discharge 
registers or discharge ducts.

Most of the units have air cooled condensers’ and thermetically sealed units with an 
independent stream of cooling air obtained from a separate fan. This air also cools the 
motor and compressor. During cooling of the air over the evaporator, some of its moisture 
condenses in a drip tray from which it is led to the condenser fan (scopes) which throws 
it over the condenser coils to evaporate it and throw it outdoors. Some of the large units 
have water cooled condenser which makes it less portable due to water connections. The 
evaporator may be fin and tube type. This type of unit is available in 5, 7.5, 10  and 15 
tonnes capacity.

3.7.4. Central A ir Conditioning Plant : All the air conditioning plants described so •
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far are factory assem bled, but the central plant has to be assembled at the site. A central 
and year round air conditioning system is one which usually serves a single large building 
such as an auditorium, theatre, or a multi-storied office or residential building. A central 
system , depending on its type, may contain several and usually most of the following 
equipment, all assembled on the site:

-C o ils for cooling or dehumidifying, either for chilled water or for direct expansion of 
the refrigerant.

-Sprays for cooling and dehumidifying air or for washing the air.
-C o ils for heating, supplied with steam or hot water or electric heaters.
-A ir cleaning equipment, i.e . filters, such as dry, viscous, odour removing and masking 

equipment and germicidal lamps.
-Blower/s (fan/s) and its driving motor/s.
-A  wide variety of control devices for controlling various air conditioning parameters 

on the control panel. «
A central system serves different rooms through extensive duct work with individual 

control in each room.
Layout : Impurities, in the form of either solids or gases, must be removed from the 

outside air during the air conditioning process. Solids may be separated from the air by 
using mechanical filters or water filters (water washers). The majority of impure gases, 
including carbon dioxide, are soluble in water and may be removed by scrubbing (water 
washing).

Before the air is purified in filters and scrubbers, it may be necessary to heat the 
air for better humidification. For this purpose, a heating element (preheater) of proper 
size and capacity, is arranged before the filter. The heating element is equipped with 
proper automatic controls to have the automatic regulation of the system. This preheater 
may be necessary only for winter humidification. This preheater may be removed for 
summer cooling (dehumidification.)

From this point onward, air passes through the cooling element (dehumidifier). The 
cooling element may be air washer in which several rows of nozzles are installed to 
develop a water spray through the air washer chamber. The cold water (whose temperature 
is below dew point) entering the dehumidifier passes through an arrangement of pipes 
that acts as header for the nozzles. When the air is passed through the dehumidifier, it 
(air) picks up the moisture (if required) and at the same time gets cooled down to dew 
point temperature. In cooling down to dew point temperature, surplus moisture in air is 
separated out. However, the'dry-bulb temperature of the air leaving the air washer is 
much below the dry-bulb temperature desired in the conditioned space. Hence, heating 
of air to the desired dry-bulb temperature is necessary. This is done by passing the cold 
and fully saturated (100% R .H .) air through a heating element (reheater) which is fitted 
after the cooling element. The heating element may consist of steam radiator, hot water 
radiator, or electric heater. Before the air is passed through the heater, it is passed 
through an eliminator (fig. 3-14), which removes entrapped water from the air. This heating 
of fully saturated air to the desired dry-bulb temperature brings the relative humidity to 
the required value.

Sometimes, the aditorium air is not completely used up in the sense that it has still 
got higher level of oxygen content which can suitably be used by the occupants (persons 
occupying the room) but its temperature has increased to the extent which is not tolerable. 
In such a situation, a large part of the room air (1’) is mixed with the outside fresh air 
(1 ) and mixture is treated in the air conditioning plant and finally supplied to the room
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after heating to required temperature. Such a process is termed as by-pass method. 
This method reduces the load on the filtering element and sometimes on the dehumidifier

Motor.
Refrigerating 
plant

Dampers

« *

Fig. 3-14 Layout and equipment of the year round central air conditioning plant.

and heating coils, if the two varieties are mixed after the heating unit, depending on the 
condition of the air mixed. The two varieties are mixed after the heating coils by providing 
a branch pipe connection between points 1’ and 3 of fig. 3-15. Automatic dampers are 
installed at points 1' and 3 in order to control the amount of auditorium air to be 
by-passed.

Fresh-
air

Air from 
auditorium

- 4 = r

Auditorium

A.C.plant
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f
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3 Fan

Air
leakage

Conditioned
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Fig. 3-15 By-pass system.

The conditioned air leaving the heater is moved through ducts (pipes) by a fan to 
the conditioned space (auditorium). All fans produce certain amount of noise and hence 
great care has to be exercised in making the selection of the fan so as to keep the 
noise within permissible limits. Since, the fan does the job of circulation of air, it must 
be of sufficient size to overcome the resistance to circulation of air in the ducts. The air 
then flows along the supply ducts (pipes) provided along the length of the room



138 ELEM ENTS OF HEAT ENGINES Vol. Ill

(fig. 3-14). They are usually made of sheet metal and have round, square, or rectangular 
cross-section. If air is simply let free in the room, its distribution will not be uniform over 
the whole room. Hence, the ducts help to carry the air evenly to all places in the room. 
The ducts are fitted with outlets, called grilles, through which air comes out. They are 
provided with shutters which have variable openings, and hence the quantity of conditioned 
air can be controlled. They also help to direct the air in the required direction.

Thus, the equipment of air conditioning system consists primarily of an air purification 
element (filter) for cleaning air, a cooling element (air washer) for cooling and adjusting 
the humidity, a heater to heat thte air to the required dry-bulb temperature, a fan driven 
by an electric motor for circulating air, ducts for distributing air to the various parts of 
the space to be conditioned. For humidification in winter additional removable heater is 
placed before the filter and air washer (fig. 3-15). Thus, it will be seen that the same 
air conditioning plant can be used for summer cooling (dehumidification) as well as for 
winter heating (humidification).

Additional equipment of the plant consist of a refrigeration plant which produces chilled 
water for the washer, a source of heat for the heating element or heater, and a pump, 
(fig. 3-15) for maintaining the circulation of chilled water through air washer.

Refrigeration plant used for air conditioning may be either working on vapour absorption 
system or vapour compression system . The refrigerant used should be non-toxic, (non- 
poisonous) and odourless. The freon group of refrigerants are most suited for vapour 
compression system . Compressors may be reciprocating, rotary or centrifugal type, depending 
upon the capacity and the refrigerant to be handled and it may be air cooled or water 
cooled. Generally, the centrifugal compressors are used wih low pressure refrigerants, 
such as F-11 and F-113, and for capacity above 100 tonnes. The condenser may be 
air cooled upto 20 tonnes capacity and water cooled for capacity upto 300 tonnes. '

In practice, in some rooms such as conference chambers, the entire volume of air 
of conditioned space is generally replaced by fresh air from outside once every hour. On 
the other hand, if there are few occupants and no smoking in the rooms, a part of the 
air is taken from outside and a part of the air is recirculated.

3 .7.5 A ir Conditioning Plant for Cinem a Hall : The air conditioning of a cinema 
hall, public hall is not exactly an industrial problem, because it Is  designed for greater 
comfort of the audience. The air conditioning plant for a cinema hall has to (i) remove 
heat infiltrating (entering) through roof and walls, heat produced by electric lights and 
motors, and heat given up by the audience (human bodies give out considerable hteat),
(ii) remove dirt, smoke, unpleasant odour, and (iii) maintain a temperature of 25° C and 
R .H . of 50%.

In practice, the entire volume of air of cinema conditioned space is generally replaced 
three times per hour by outside fresh air. For the working of the plant and its layout, 
see the preceeding article and figs. 3-15 and 3-16.

Problem -3 : Atmospheric air at 4&C and 75% R.H. is to be conditioned in the air 
conditioning plant to a temperature of 2!>C andm 50% R.H. The method employed is to 
lower the temperature of atmospheric air to dew point and then to raise it to the required 
temperature by passing it through a heater and then delivering it to the air conditioned 
room. Using the tables of poperties of air, find: (i) the mass of water drained out per 
kg of dry air, and (ii) the dew point temperature.

Data from tables o f psychrometric properties of air is as under :
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Temperature of air,’C 45 43 40 25 15 14

Mass of water vapour when fully 
saturated (100% R.H.) in gm/kg 
of dry air

65-19 58-17 4892 20-09 1065 9-971

(i) One kg of atmospheric air at 43°C would contain 58.17 gm of water vapour (from 
tables) when fully saturated (100% R .H .). Hence, air at 43°C and 75% R .H . contains 0.75 
x 58.17 = 43.6 gm of water vapour per kg of dry air, i.e ., initial moisture content is 43.6 
gm per kg of dry air.

One kg of air at 25°C would contain 20.09 gm of water vapour (from tables) when 
fully saturated (100% R .H .). Hence, air at 25°C and 50% R .H . (i.e . conditioned air) contains
0.5 x 20.09 = 10.045 gm of water vapour per kg of dry air, i.e . final moisture content 
is 10.045 gm per kg of dry air.

.*. Mass of water to be removed from atmospheric air
= 43.6 -  10.045 = 33.555 gm/kg of dry a ir. .
(ii) For dew point temperature, refer the tables and find out temperature at which air 

when fully saturated (100% R .H .) would contain 10.045 gm of water vapour per kg of 
dry air (corresponding to condition of 25°C and 50% R .H .). From tables, temperature 
corresponding to moisture content of 10.045 gm/kg of dry air is 14.1°C. Therefore, the 
dew point temperature is 14.1#C , i.e . the temperature of atmospheric air, is first lowered 
to 14.1 #C so that surplus moisture of 33.555 gm/kg of dry air is separated out and 
removed.
Problem -4 : Atmospheric air at 21 °C and 40% R.H. is to be conditioned to a temperature 
of 25°C. and 50% R.H. The method employed is to lower the temperature o f atmospheric 
air to dew point temperature by passing it through a spray of chilled water whose 
temperature is lower than dew point temperature and then to raise it to the required 
temperature by passing it through a heater. Using the tables of psychrometric properties 
of air, find: (i) the mass of water added per kg of dry air, and (ii) the dew point 
temperature.

Data from tables o f psychrometric properties of air is as under :

Temperature of air.’C 30 25 21 20 15 14

Mass of water vapour when fully 
saturated (100% R.H.) in gm/kg 
of dry air

2723 20 09 15-66 14-7 1065 9971

(i) Amount of water vapour in atmospheric air at 21 °C and 40% R .H . is 
0-4 x 15-66 = 6-264 gm/kg of dry air.
Amount of water vapour in conditioned air at 25°C and 50% R.H . is
0-5 x 20-09 = 10-045 gm/kg of dry air.

.-. Mass of water to be added = 10-045-6.264 = 3.781 gm/kg of dry a ir.
(ii) Dew point temperature is 141°C- corresponding to condition of 25°C and 50% 

R .H ., i.e . corresponding to water vapour of 10-045 gm per kg of dry air.
Problem -5 : Air at 37°C and 60% R.H. is to be conditioned to a temperature of 25°C 
and 50% R.H. The method employed is to lower the temperature to dew point and then 
raise it to the required temperature. Using the psychrometric chart, find: (i) the dew point
temperature, and (ii) the mass of water drained out per minute when the air flow is 60
kg/min.

(i) On the psychrometric chart (fig. 3-1) mark a point A where 37°C dry-bulb



temperature vertical line and 60% relative humidity curve intersect one another. Sim ilarly, 
mark a point B where 25°C dry-bulb temperature vertical line and 50% relative humidity 
curve intersect one another. From point B draw horizontal line upto the saturation curve 
(100% R .H .) and read the dew point temperature. The dew point temperature read from’ 
the chart is 14.1#C .

(ii) From points A and B draw horizontal lines upto the moisture content vertical scale
on the right hand side and read the moisture content in 1 kg of dry air. The moisture
content for point A is 0.024 kg/kg of dry air and for point B is 0.01 kg/kg of dry air.

A  The amount of water drained out from 60 kg of air per minute
= 60 x (0 024 -  0 01) = 0.84 kg/m in.

Problem - 6  : Outside air at 0°C and 80% R.H. is warmed to a temperature o f 20°C. 
Find: (i) the relative humidity of air, (ii) the change in volume per kg of dry air, and (iii)
increase o f enthalpy per kg o f dry air with the help o f psychrometric chart.

(i) On the psychrometric chart mark the dry-bulb temperature of 0°C and draw a 
vertical line through it to intersect 80% R.H . line. As the moisture is not added, the 
heating will be along a constant vapour pressure or constant moisture line. This is a 
typical heating path for air. Hence, through the above intersection point draw a horizontal 
line to intersect the vertical line through 20°C dry-bulb temperature on the horizontal 
scale. Now, read the relative humidity corresponding to the second point. This is 20.2% 
R .H .

(ii) The first intersection point gives 0-778 m3 per kg of dry air while the second 
intersection point gives 0.834m3 per kg of dry air. Hence, the volume of air increases 
from 0-778 m3 to 0-834 m3 per kg of dry air. Thus, the change in volume of air

= 0-834—0-778 = 0-056 m3 per kg of dry a ir.
(iii) From the first point of intersection, draw an oblique line parallel to wet-bulb 

temperature line to intersect the enthalpy scale. Read the value of enthalpy which is 7 
kJ per kg of dry air. Sim ilarly, from the second point of intersection draw an oblique line 
to intersect the enthalpy scale. Read the value of enthalpy which is 27-5 kJ per kg of 
dry air.

Thus, the increase of enthalpy = 27-5-7 = 20-5 k J per kg of dry a ir.

Problem -7 : In an air conditioning plant, 200 kg/minute of outside air at 35°C D.B. 
temperature and 60% relative humidity is mixed with 800 kg/min of recirculated air at 
28°C D.B. temperature and 30% relative humidity. Find the condition of air after mixing.

On the psychrometric chart draw a straight line parallel to the constant temperature 
line from 35°C D.B , temperature, to intersect 60% R .H . line at a point, and then from 
this intersection point, draw a vertical line to intersect the saturation curve in a point. 
Read the value of the moisture at this point. It is 21-9 gm/kg of dry air. Now, find a 
point of intersection of 28°C D.B. temperature line with 30% R.H . line and draw a vertical 
line to intersect the saturation curve and read the value of moisture. It is 7.5 gm/kg of 
dry air.

Mass of vapour (moisture) in the mixture is given by 
W!, x1 + W2 x2

Xfn = W, + w2

where, W1 = 200 kg, W2 = 800 kg, x, = 21-9 gm/kg of dry air, and

x2 = 7-5 gm/kg of dry air.
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xm -.  (200 « a a  ♦ (800 « . 7 ;g) _  10-38 gm/kg of dry air.
200 + 800

Now, mean temperature of mixture can be obtained as mass mean value,

f/n =
m (200 x 35) ->- (800 x 28) = 2g ^

2 0 0 + 8 0 0
Now, find a point on the saturation curve where the moisture content is 10-38 gm/kg 

of dry air. From this point draw a vertical to intersect 29-4°C constant temperature line. 
At this point of intersection, read the value of relative humidity, which is 40-2%

Thus, the air after mixing is at 29-4°C. D .B. temperature and with 40-2% R .H .
Problem - 8  : An auditorium room of 200 seating capacity is to be air conditioned. The 
outdoor condition is 25°C dry-bulb temperature and 15°C wet-bulb temperature. The 
comfort condition required' is 23°C dry-bulb temperature and 55% R.H. The quantity of 
outside air supplied is 0-6 m3 per minute per person. This condition of comfort is 
achieved by humidifying the air in an air washer with recirculated water, followed by  
heating with a heating coil.

Find: (i) The dry-bulb temperature and R.H . of the air leaving the humidifier, (ii) the 
capacity- of the humidifier in kg/hr, and (iii) the capacity o f the heating coil in KW.

(i) Locate point ‘1’ on the psychrometric chart 
(fig. 3-16) where 25°C D .B . temperature line 
and 15°C W .B. temperature line intersect. Locate 
point *3’ on the chart where 55% R .H . curve 
intersects 23°C D .B . temperature line. Draw a 
constant specific humidity line through point ‘3’ 
to intersect 15°C W .B. temperature line at point 
‘2’ as shown in fig. 3-16. From the psychrometric 
chart (fig. 3-16) we get,
Hi
W1

18 °C 23’C 25'C 
Dry bulb temperature -

Fig. 3-16

= H2 = 42 kJ/kg,
= 6-6 gm/kg,

Vs\ = 0-854 m3/kg, H3 = 46-5 kJ/kg,
W2  = 9-69 gm/kg, fe =18°C.
R.H . at point 2 is 74% and D .B. temperature 
is 18°C.

00 Mass of outside air supplied per hour
200 x 0-6 x 60

0-854
8,431 (w2 -  Wj)

= 8,431 kg/hr.

Capacity of the humidifier =

(iii) Capacity of the heating coil =

,1,000 
8,431 (9-69 -  6-6) 

1,000
8,431 (H3 -  Hz)

= 26-05 kg/hr.

= 10-54 kJ/sec., or 10-54 kW

3.600
_ 8,431 (46-5 - 42) _

3.600
Problem -  9 : The circulation of free air through the air conditioning plant is 300
m3/minute. The rate for cooling is 55 paise per tonne of refrigeration per hour while that
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for heating is 12 paise per k.W.hr. Dew point temperature of the cooling coil is 13°C.
The outdoor condition of air is 35°C dry-bulb temperature and 26°C wet-bulb

temperature. Find which of the following indoor conditions are economical for running the 
plant, if they give the same comfort: (i) 25°C and 60% R .H ., and (ii). 30°C and 40%
R.H.
(i) A ir at 25°C and 60% R .H .

The condition is achieved firstly by cooling and humidifying the air and then by heating. 
First locate point p which is at 35°C D .B. temp, and 26°C W.B. temp., then locate point 
q corresponding to 25°C D.B. temperature and 60% R .H ., then locate point s  of 138C 
dew point temperature, join ps and draw a constant humidity line through q to intersect 
ps at r. The point r gives the condition of air entering the heating coil.

From the psychrometric chart (fig. 3-17a), we get,
Hp = 80 kJ/kg, Hq = 55-5 kJ/kg, H,= 48 kJ/kg, Hs = 38 kJ/kg,
w1 = 17-5 gm/kg; w2 = 11-8 gm/kg and Vsp = 0-896 m3/kg. ,

Dry bulb temperature Dry, bulb temperature

<°> ( W

Fig. 3-17

The mass of air circulated per minute

= = 335 kg/min. = 335 x 60 kg/hr.

The heat carried away by the cooling coil per hour
= 335 x 60 (Hp -  Hr) = 335 x 6 0 (8 0  -  48) = 6,46,872 kJ/hr.

Now, one tonne of refrigeration = 210 x 60 = 12,600 kJ/hr.
Capacity of cooling coil in tonnes of refrigeration

-  ^ ir  - 5 13 3 9  ,onnes-
Cost of running the cooling plant/day

= 51-339 x 24 x = 677-70 Rupees
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Capacity of heating coil = 335  (5î — ^  kW 

Cost of running the heating plant/day

« 335  48) X 24 X |  = 120-50 Rupees

Total cost of running the plant/day = 677-70 + 120-50 = R s. 798-20
(ii) A ir at 30°C and 40% R .H .

In this case, as shown in chart, locate point p \  q ' and s '  respectively representing 
30*C dry-bulb temperature and 26°C wet-bulb temperature, 30°C dry-bulb. temperature 
and 40% R .H . and 13°C dew point temperature. Join p ' to s '  and from q 'draw a line 
of constant humidity intersecting the former at point r \

From psychrometric chart (fig. 3-17b),
Hp ' = 80 kJ/kg, Hq ' = 58 kJ/kg,
Hr' = 43 kJ/kg, and Hs ' = 38 kJ/kg.
Air circulation is same as in the first case = 335 x 60 kg/hr.

Heat carried away by cooling coil/hr
= 335 x 6 0 (Hp ' -  H r') = 335 x 60(80 -  43) = 7,43,700 kJ/hr.

Capacity of cooling coil in tonnes of refrigeration =

Thus, the cost of running the cooling plant/day

-  7'43'™ °  » 2-4 X  ^  = R s.779-10
12,600 100

. . . . . .  .. 335(58 -  43) 14A<Capacity of heating coil = ---------    kW

Cost of running the heating plant/day 
335(58 -  43) « 24 12 =

60 100
Total running cost of running the plant per day
= 779-10 + 241-20 = R s. 1,020 30 

Thus, the air at 25°C D.B. temperature and 60% R.H . is economical than the air at 
30°C D.B. temperature and 40% R.H .

Problem -10 : A spray cooling coil is chosen to circulate 4,500 kg/min. of chilled 
water for an air conditioning plant. The inlet temperature of chilled water is 8PC. Air flows 
through the coil at a rate of 2,600 m /min. The air entering the cooling coil has condition 
of 30°C dry-bulb temperature and 50% R.H. Air outlet conditions are 12°C dry-bulb 
temperature and 45% R.H. Calculate: (i) the cooling load on the coil in tonnes of 
refrigeration, (ii) the temperature of the chilled water leaving the cooling coil chamber, 
and (iii) the temperature of the air leaving the cooling coil chamber when its R.H . is 60% 
and the outlet temperature of the chilled water is 13°C.

(i) From psychrometric chart (fig.. 3-18),
Hf = 64 kJ/kg of dry air, /^ = 21 kJ/kg of dry air, and 
Vs1 = 0.857 m3/kg of dry air.

2 600Mass of air passing through the cooling coil per min. ■ — = 3033-84 kg.
0*857
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= (jif§p  * 60 ■ 1.82,030 kg/hr.

One tonne of refrigeration = 210 x 60 = 12,600 kJ/hr.

Dry bulb temperot ure  

Fig. 3-18

Total cooling load in tonnes of refrigeration =
1,62,030 (H] -  Hz) 

12,600

Total cooling load = 1.82,030 (64 -  21) _  5 21-21 tonnes o f refrigeration
12,OU0

(ii) Heat lost by air per min = Heat gained by chilled water per min!
Wa (Hi -  Hz) = Ww(t2 -  U) 4187
( where Wa = mass of air/min )
3033-84 (64 -  21) = 4,500 (t2 -  8) x 4*187

3033-84 x 43 _ « « « „  „
A  2 = 4,500 x 4-187 ~ + 14^24 C
The temperature of chilled water leaving the cooling chamber is 14-924*C.
(iii) When the temperature of chilled water at outlet is 13°C, we have by equating 

enthalpies,
ma (Hi -  H )̂ = mw(t2 -  ft)

/. 3033-84 ( 64— ) = 4,500 (13-8) x 4-187
4,500 x 5 x 4-187 

64 '  *  3 0 ^ 8 4 ------

H i -  64 -  4 ,5003^ .^ 4 4—  -  32 948 W *0 of dry air

Since, the condition of the air leaving the cooling coil chamber is 60% R .H ., the 
intersection of the enthalpy line 32-948 kJ/kg of dry air with 60% R .H . curve on the 
psychrometric chart, gives the temperature of air at outlet of the cooling coil, which is 
16°C.

Problem-11 : A cooling tower is to be designed to cool 800 kg of water per minute 
from temperature of 38°C to 32°C. The atmospheric conditions are 38°C dry-bulb temperature 
and 26°C wet-bulb temperature. The condition o f the air leaving the cooling tower is



32'C  dry-bulb temperature and 80% R.H . Calculate the following:
(a) Volume of the air to be handled by the cooling tower in m3 per minute, and
(b) Quantity o f make-up water in kg/hr, required by the cooling tower.
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W0

Ai

(b)

la)
Fig. 3-19

(a) Referring to fig. 3-19 (b),
Let /)w1 = Enthalpy per kg of water at inlet, 
ft *2 = Enthalpy per kg of water after cooling,
Hy = Enthalpy per kg of dry air at condition (1 ) at atmospheric conditions,
Hz = Enthalpy per kg of dry air at condition (2) leaving the cooling tower,
Wf m moisture content of air in gm/kg at atmospheric conditions,
Mfe = moisture content of air leaving the cooling tower in gm/kg
W\ = mass of hot water supplied in kg/min.,
W2 = mass of cold water in kg/min., and
V  = volume of the air circulated or handled by cooling tower in m3/min.
The hot water gives out heat to the air and moisture content of the air thus Increases.
Heat lost by the water = Heat gained by the air. *

Wyhwi -  W2h^  = -(H z  -  H ,)
Vs1]

The mass of water evaported from hot water and which increases the moisture content

of air = kg/min.
s1  ̂ 1,000 

Hence; mass of cooled water, W2 = W, V
Vs*

'Wz -  Wf'
1,000

kg/min.

V
V

'Wz -  wi '

s1 1,000 hv/2. "  1 1 (H z  -  H y) 
vs\

HE3-10



From the psychrometric chart (fig. 3-19b), we have 
Hy = 80 kJ/kg, Hz = 98 kJ/kg, iwy = 16-1 gm/kg, ŵ  = 25-3 gm/kg, 
Va1 = 0-905 m3/kg, = 159 kJ/kg, h^  = 134 kJ/kg,
Wi = 800 kg/min (given).
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800(159) - 800 -

800(159 -  134) + 

18

1425-3 - 16-1)1
0-905 x 1,000
V x 9-2 x 134
0-905 x 1,000 

1,232 81

x 134

V x 18 
0-905

0-905
(98 -  80)

20,000 -  V
0-905 905

Volume of air handled by cooling tower, 
20,000V = 1,0795 m /min.
18-527

(b) Amount of make-up water required by cooling tower in kg per hr.
V Wz -  Wy

1,079-5
0-905

Problem -12 
with the following specifications :

Condition of outside atmosphere

x 60 kg/hr.

X  60 = 658-44 kg/hr.

1,000

(25-3 -  16-1)
1,000

An air conditioning plant is to be installed for an office having 60 occupants,

12 C dry-bulb temperature and 10 C wet-bulb 
temperature.

Condition required in office after heating
and then by adiabatic humidifying .. 20°C dry-bulb temperature and 53% R.H.
Amount o f air circulated per occupant (person) .. 16 m per hour.
Calculate: (i) the capacity of heating coils in kW, (ii) the capacity of the humidifier in

kg/hr, and (iii) the relative humidity of air at the end of heating.
(i) First locate points ‘I’ and ‘3’ on psychrometric chart as shown in fig. 3-20. Point

1 is the point of intersection of a vertical lint through 12°C D .B. temperature and inclined
line through 10°C W .B. temperature and
Point 3’ is the point of intersection of vertical 
line through 20°C D .B. temperature and 53% 
R .H . curve from the given data.

Now, locate point ‘2’ which is point of 
intersection of constant enthalpy line through 
point ‘3’ and the constant specific humidity 
line through point I. From the psychrometric 
chart (fig. 3-20), we get,

Enthalpy at point ‘I’, H* = 24.7 kJ/kg of 
dry air,

Enthalpy at point ‘2’, H2 -  H3 = 40.3 
kJ/kg of dry air,
fe = 27°C, specific volume of air at point I, 
VS1 = 0.814 m3/kg, w\ (moisture content

H?-£0 2k;/kg

Constant 
enthalpy 

line

XJ
e
i

3 *  a

- -  - - W|=W-

10*C12*C ' 20"C 27'C
Dry bulb temperature

Fig. 3-20
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of at point T) = 5 gm/kg of dry air, and
w*3 (moisture content of air at point ‘3’) = 7.4 gm per kg of dry air.

ib  * fin
(i) Mass of air circulated per hr, Wa -  — — - -  1,179-4 kg/hr.

Now, 1 kW = 1 kJ/sec.
Capacity of heating coil in kW.

Wa (H2 -  HQ
3,600 

1 179*4
= (40-2 -  24*7) = 5*8 kJ/sec. or 5 8  kW3,600

Wa (W3 -  Wi)
(ii) Capacity of the humidifier in kg/hr =    ■ ——-----I ,uuu

1,179*4(7*4 -  5)
 5 o o   “  2  83 k9/hr

(iii) From psychrometric chart, relative humidity corresponding to point ‘2’ is 23.6% 
R.H.
Problem-13 : The circulation of free air through the air conditioning plant is 300 m3/minute.
The outdoor condition of air is 35°C D.B. temperature and 26°C W.B. temperature. The
indoor condition of air required is 25°C D.B. temperature and 60% R.H . The rate of 
tooling is 55 paise per tonne of refrigeration per hour, while that of heating is 12 paise 
per kW.hr. Dew point temperature of cooling coil is 13°C. Calculate: (i) the capacity of
the cooling coil in tonnes o f refrigeration, (ii) the cost of the running the cooling plant
per day, (iii) The capacity o f the heating coil in kW., (iv) the cost of running the heating

plant per day, and (v) the total cost o f running 
the air conditioning plant per day.

The indoor condition of air is achieved firstly
by cooling and humidifying the air in the cooling
coil and then by heating this air in the heating 
co il. F irst locate points ‘p ’ and ‘q ’ on the
psychromeric chart as shown in fig. 3-21. Point
‘p 'is  the point of intersection of 35°C D .B. tempera
ture vertical line and 26°C W .B. temperature in
clined line, and point ‘q ’ is the point of intersection 
of 25°C D .B. temperature vertical line and 60% 
R.H . curve. Then locate point 's' of 13°C dew 
point temperature as shown in fig. 3-21. Join 'ps' 
and draw constant humidity line through 'q’ to 
intersect ’p s ’ at ’r ’. Point ‘r ’ gives the condition 
of air entering the heating coil.

From psychrometric chart (fig. 3-21), we get, Hp = 80*4 kJ/kg of dry air, Hr = 48*2 
kJ/kg of dry air, Hq = 55*7 kJ/kg of dry air, Hs = 37*7 kJ/kg of dry air and Vsp = 0*896 
m /kg of dry air.

300(i) The mass of air circulated per min. = ■ ■ „  -  335 kq 
• 0*896 a

Heat carried away by cooling coil/hr.
= 335 x 60 x (Hp - Hr)

1T C  25’C 35T
Dry bulb temperature->

Fig. 3-21



= 335 x 60 x (80-4 -  48-2) = 4,67,220 kJ/hr.
One tonne of refirgeration = 3-517 kJ/sec. 
and one tonne of refrigeration per hour 

= 3-517 x 60 x 60 = 12,661-2 kJ/hr.
Capacity of cooling coil in tonnes of refrigeration

4,67,220 _______
’  12^ 61* = 5112 ,onne9

(ii) Cost of running the cooling plant per day

= 51-12 x  24 X ^  = 674-82 Rupees

(iii) Capacity of the heating coil in kW
335

= x (55-7 -  48-2) = 41-87 kJ/sec. or 41-87 kW.

(iv) Cost of running the heating plant per day

= 41-87 x 24 x = 120-6 Rupees.
1 uu

(v) Total cost of running the air conditioning plant per day 
= 674-82 + 120-6 = 795-42 Rupees

Tutorial-3
1. Fill in the gaps with appropriate words to complete the following statements:

(a) Air conditioning may be defined as the simultaneous control o f , motion,
and   of air within air enclosed space.

(b)  the air for elimination of unpleasant odours.
(c) Actual weight of water vapour contained in a unit volume of air is ca lled_________

humidity.
(d) Wet-bulb temperature is the m easure__________ of air.
(e) Air conditioning system may be classifed a s _________ system and___________ system.
(f) _________ may be necessary only for winter humidification.
(g) Refrigerant used for the air conditioning system should be____________ and____________ .
[(a) temperature, humidity, purity, (b) Ozonate or Ionize, (c) absolute, (d) enthalpy,

(e) central, unitary, (f) preheater, (g) non-toxic, odourless.)]
2. Choose proper phrase/s to complete the following statements:

(a) Air conditioning involves proper control of
(i) pressure; (ii) temperature; (iii) cleanliness; (iv) humidity; (v) (i), (ii) and (iii) of 
the above, (vi) (ii) (iii) and (iv) of the above.
(i) pressure; (ii) temperature; (iii) cleanliness; (iv) humidity; (v) (i), (ii) and (iii) of 
the above; (vi) (ii), (iii) and (iv) of the above.

(b) The method commonly adopted for dehumidifying air is
(i) cooling, (ii) heating and cooling, (iii) heating, (iv) passing steam and spray 
cooling.

(c) In air-conditioning, the normal required comfort conditions are
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(i) 15°C DBT and 75% R .H ., (ii) 20°C DBT and 80% R .H ., (iii) 15°C DBT and 35%
R .H ., (iv) 22°C DBT and 60% R .H .

(d) For proper control of the percentage of°C0 2  in air supply during air-conditioning,
so that its level does not exceed 9.6% . the quantity of free air required per person
should be (i) 1-2 m3/min., (ii) 1-2 m /hr, (iii) 0-2 m3/min., (v) 5-3 m3/min.

(e) Dew point temperature is always an indicator of
(i) dryness of air, (ii) latent heat, (iii) coolness of air, (iv) none of the above.

(f) The parameter which remains constant during evaporative cooling process through 
an air washer, with the same water recirculated again and again is (i) wet-bulb 
temperature, (ii) dry-bulb temperature, (iii) dew point temperature, (iv) absolute 
humidity, (v) relative humidity.

(g) The specific humidity during evaporative cooling process with recirculated water 
spray
(i) increases, (ii) decreases, (iii) remains sam e, (iv) unpredictable, (v) none of the 
above.

[(a) iv, (b) i, (c) iv, (d) i, (e) iii, (f) iv, (g) i]
3. (a) Explain the term air conditioning. What are its fields of application?

(b) Draw a line of difference between industrial air conditioning and air conditioning 
for human comfort.

4. Explain the following terms as applied to air conditioning:
(i) humidity, (ii) relative humidity, (iii) dry-bulb temperature, (iv) wet-bulb tempera
ture, (v) dew point temperature, (vi) effective temperature, (vii) psychrometry, (viii) 
psychrometric chart, and (ix) viscous air filter.

5. Explain the significance of effective temperature with reference to air conditioning.
6. (a) What are the important factors which play decisive role in air conditioning?

(b) What are the different processes adopted to carry out air conditioning fully for 
human comfort round the year?

7 .' What are the different types of filters used for air conditioning plants ? Trace the 
necessity of it.

8. Differentiate between "partial air conditioning" and “complete air conditioning”
9. Sketch a typical layout of a modern air conditioning plant. Explain its working. 

Explain the advantages of by-pass system.
10. Describe, giving a sketch of layout, an air conditioning plant for a public hall or 

a cinema hall. What should be the frequency of air replacement?
11. (a) Explain, with the help of a neat diagram, the working of window air conditioner,

(b) Explain, giving a neat line diagram, the working of a packaged air conditioner.
1 2 . Describe the different air conditioning systems. Give the advantages of unitary 

system over central system.
13. What are the different air conditioning system s? Trace the importance of central 

system, stating different components and their role in conditioning the air.
14. (a) Discuss the relative advantages and disadvantages of the central system with self

contained room coolers for residential air conditioning.
(b) Using psychrometric chart, determine the relative humidity of air having 24°C 

dry-bulb temperature and 19°C wet-bulb temperature.
[62% R.H .]



15. If the air has a dry-bulb temperature of 25°C and the relative humidity 50%, find
the dew point temperature of the air with the help of psychrometric chart.

[14.1°C]
16. Air at 40°C dry-bulb temperature and 70% R .H . is to be conditioned to a dry-bulb

temperature of 25°C and 50% R .H . The method employed is to lower the
temperature of air to dew point and then to raise it to required temperature by
passing it through a heater and then delivering it to the conditioned space. Using 
the psychrometric chart find: (i) the dew point temperature, and (ii) the mass of 
water drained out per minute when the air flow is 60 kg/min.

[(i) 14.1°C, (ii) 1.452 kg.min.]
17. If the dry-bulb temperature of air is 40°C and the wet-bulb temperature is 25°C,

find, using the psychrometric chart, (i) the relative humidity, (ii) the dew point 
temperature of air, (iii) the enthalpy per kg of dry air, and (iv) the moisture content 
per kg. of dry air.

[(i) 29%, (ii) 19.4% , (iii) 77 kJ per kg of
dry air, (iv) 14.4 gm per kg of dry air]

18. A Cinema hall for 1,500 persons is to be air conditioned. Comfort conditions of
20°C dry-bulb temperature and 60% R.H . are to be achieved by cooling and 
dehumidification followed by simple heating. The outdoor conditions are 30°C 
dry-bulb temperature and 70% R .H . The quantity of outside air supplied is 20 
m per hour per person. Using the psychrometric chart, find: (i) the mass of water 
eliminated per hour in dehumidifying the air, (ii) the capacity of the cooling coil 
in tonnes of refrigeration, and (iii) the capacity of the heating coil in kW.

[(i) 353-8 kg/hr., (ii) 121 -9 tonnes of refrigeration, (iii) 74-8 K.W .]
19. A cooling tower cools 800 kg of water per minute from 35.5°C to 31.5°C. The

condition of air entering the cooling tower is 36°C dry-bulb temperature and 26°C 
wet-bulb temperature. The air leaving the cooling tower has relative-humidity of 
90%. The mass of make-up water required is 8.55 gm per cubic meter of air. 
Calculate the following:

(0 The volume of air to be handled by the cooling tower in m3/min.,
(ii) The quantity of make-up water required in kg/hr, and

(iii) The temperature of the air leaving the cooling tower.
[(i) 1,126 m3/min, (ii) 578 kg/hr. (iii) 30°C dry-bulb temperature]

20. D iscuss the factors which are normally involved in the selection of an air conditioning 
plant.
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GAS TURBINE POWER PLANT
4

4.1 Introduction
Gas turbine is a rotary type internal combustion thermal prime mover. The gas turbine 

plant work on a gas power cycle.
Of the various means of producing mechanical power, the gas turbine is in many 

respects the most satisfactory one. Its outstanding advantages are:
-  exceptional reliability,
-  freedom from vibration,
-  ability to utilize grades of fuel not suitable for high performance spark-ignition 

engines, and
-  ability to produce large bulk of power from units of comparatively small size and 

weight.
The gas turbine obtains its power by utilizing the energy of a jet of burnt gases and 

air, the velocity of jet being absorbed as it flows over several rings of moving, blades, 
which are fixed on a rotor mounted on a common shaft. It thus, resembles a steam 
turbine, but it is a step forward in eliminating water-to steam step (the process of converting 
water into steam in a boiler) and using hot gases directly to drive the turbine.

The essential difference between a reciprocating internal combustion engine and a 
gas turbine, apart from the difference in reciprocating and rotary motion, is that in the
i.C . engine, compression, combustion and expansion take place in a single component 
(cylinder), while in gas turbine, each of these operations is produced in a separate 
components. The arrangement of the elements of a modern continuous-combustion gas 
turbine plant is illustrated in fig. 4-1. Three major elements (components) required to 
execute its power cycle are:

-  a compressor,
-  a combustion chamber, and
-  a turbine.
The main operations of a gas turbine plant consists of
-  compression of cool air in a rotary compressor,
-  heating of this air by the combustion of fuel in the combustion chamber, and
-  expansion of this hot high pressure gas in a turbine.
The compressor is usually coupled to the turbine and directly driven by the turbine. 

This absorbs considerable portion of the power produced by the turbine and lowers the 
overall efficiency of the gas turbine power plant. The turbine output should therefore, be 
sufficient to produce a useful output in addition to the power required to drive the 
compressor. Another drawback of a gas turbine plant is that it is not self-starting. Against 
these drawbacks, the outstanding advantages of the gas turbine lies in the successful
use of pulversied coal as a fuel, to produce a useful output in addition to the power
required to drive the compressor.



152 ELEM EN TS OF HEAT ENGINES Vol. Ill

Between 1905 and 1930 much development work was carried out In the field of gas 
turbine. The development of continuous-combustion gas turbine power plant was considerably 
helped by research and development in the following fields:

* Development of the exhaust gas driven supercharger for reciprocating engines.
* Metallurgical development for the turbine blade material to withstand high tempera

tures.
$

* Progress in aerodynamic knowledge regarding multi-stage reaction turbine and 
multi-stage axial flow compressor.

* Development of turbo-jet engines for aircraft and guided m issiles.
In this chapter we shall deal with the analysis of the continuous combustion gas 

turbine as a basic power plant.

Fuel

. . . o n  
amber

Axial flow f  fr -  
compressor^

Air nUpLlnUnLmBBE

JfjUnUnUrlUnP

Turbine

Flow of gases 
through nozzlaand turbine blades

Fig. 4 -1  Elements of continuous combustion gas turbine power plant.

4.2 C lassification
Gas turbine plants can be classified according to the following factors:
1. Combustion : Continuous-combustion or constant pressure gas turbine and explosive 

type combustion or constant volume gas turbine.
2. Thermodynamic (Gas Power) Cycle : Brayton or Joule cycle (for constant volume 

gas turbines), Atkinson cycle (for constant volume gas turbines) and Ericsson cycle (for 
constant pressure gas turbine with large number of intercooling and reheating.)

3. Cycle of Operation : Open cycle, closed cycle, or semi-closed cycle gas turbine. 
Continuous-combustion (constant pressure) gas turbine may work with open or closed 
cycle. Constant volume gas turbine works with open cycle. Closed cycle gas turbine is 
an external combustion engine while open cycle gas turbine is an internal combustion 
engine.

4. Arrangement o f shafts. : Single shaft gas turbines (compressor is run by power 
turbine) and Multi-shaft gas turbines (separate compressor turbine and power turbine), 
Series flow gas turbines and Parallel flow gas turbines, etc.
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5. F u e l : Liquid fuel, gaseous fuel or solid fuel gas turbine.
6: Application : Stationary, automotive, locomotive, marine and air-craft gas turbine.

4.3 Principles of W orking o f Ideal Open Cycle gas Turbine
In continuous-combustion gas turbine, the fuel is burnt at constant pressure. In this 

gas turbine, combustion being continuous process, valves are not necessary, and it is 
now generally accepted that this type of turbine has greater possibilities for turbine used 
in industry and in aero engines and is therefore dealt with in details in this chapter and 
will be referred as gas turbine.

Continuous-combustion gas turbine, is further classified as open cycle and closed 
cycle. In the more common open cycle gas turbine, fresh atmospheric air is drawn into 
the circuit continuously and heat is added by the combustion of fuel in the working fluid 
itself. In this case the products of combustion are expanded through the turbine and 
exhausted to atmosphere. In the closed cycle, the same working fluid, be it air or some 
other gas, is repeatedly re-circulated through the plant components.

Figure 4-2 shows flow diagram, P -  V diagram and T  -  diagram of a simple 
continuous-combustion (constant pressure) open cycle gas turbine.

Air from surrounding atmosphere is drawn into he compressor at point 1 (fig. 4-2) 
and is compressed to the combustion pressure of about 400 KN/m . The air is then 
delivered at point 2 to the annular combustion chamber. This chamber consists of inner

Volume —— Entropy—

(b) p-V diagram (c) T-^ diagram
Fig. 4 -2  Simple open cycle continuous combustion gas turbine.

and outer casings. The inner casing acts as a combustion chamber. Out of the total air 
delivered by the compressor about one-fourth, known as primary air, is used for the
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combustion of fuel. The oil enters the combustion chamber (inner casing) through a burner. 
The purpose of the burner is to inject fuel oil into combustion chamber at constant 
pressure. The remaining three-fourth air, known as secondary air, flows through the annular 
space between the inner casing and outer casing.

The temperature of combustion products with minimum supply of air would be 
approximately 1,800°C to 2 ,000°C. Since the temperature that can be used in the turbine 
blading is only 650°C to 900°C, the hot gases must be cooled by admitting additional 
compressed air, i.e . admitting 300 to 600 per cent excess air.

The high pressure mixture of air and combustion products now enter the turbine at 
point 3 and flow through the blade rings. Whilst passing over the rotor blades, the gas 
is continuously expanding, its pressure energy being converted into kinetic energy, which 
in turn, is absorbed by the turbine rotor. The gases on leaving the turbine at point 4 
pass away to exhaust.

The part of the power developed by the turbine is used to drive the compressor and 
the remainder is available for driving the alternator or the propeller of other unit according 
to the application for which plant is used. The plant is started by an electric motor.

As a first approximation, the characteristics of the plant will be determined, assuming that 
the working fluid is a perfect gas, that the component parts of the plant are 100 per cent efficient 
and that there are no losses due to friction, radiation, pressure drop, etc.

Let r = P2/P1 = P3/P1 = cycle pressure ratio for ideal plant,
T) = temperature at inlet to compressor,
7*2' = temperature at outlet of an ideal compressor for which ric = 100% 

r 3 = temperature at inlet to turbine, and
7y = temperature at outlet of an ideal turbine for which r|f *  100%.

The cycle of operations of a simple (ideal) open cycle on p -  v diagram (fig. 4-2b) 
or on 7 -  <D diagram (fig. 4-2c) may be described as under:

1-2' Isentropic compression : Atmospheric air at pressure p-\ and temperature Tj is 
drawn into the compressor and compressed isentropically to pressure P2 and temperature
t 2'.

2' -  3 Constant pressure heating : Heat is added at constant pressure p2, and the 
temperature rises to T3 in the combustion chamber.

3 - 4 '  Isentropic expansion : Hot and high pressure gases expand isentropically from 
pressure P3 to p4 (p4 = p i) in the gas turbine.

4' -  1 Constant pressure cooling : Exhaust gases are exhausted in atmosphere and 
replaced by fresh air from atmosphere. This completes the cycle.

Assuming unit flow rate of working fluid,
Enthalpy increase in (1 -  2’) = /Cp(r2’ -  7\)
Enthalpy drop in (3 -  4’) = kp(T3 -  7Y)
Heat supplied in (2’ -  3) = kp(T3 -  T2’)
..................................................  . Net work output
Ideal cycle thermal efficiency, r ,r  = Heat SUppjied"

M 73 -  7-4 ') -  kp (T2 ' -  7 i) _ Ta ' -  7i . .
M T s - Tz') 7b - 7j»' ■ ■ \

For this ideal cycle the pressure ratio for the compression process is the same as 
it is for the expansion process. For a cycle made up of two pairs of sim ilar curves,
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V h  jf/% 1 Y
T\ m v - 1 1 * 1

= to

where, r = pressure ratio -

1

y - 1
Y -  e (4.2)

P\ "  p4 
I_z_L

1 Y _ 1-- 3̂ — •r r
-  T *'r r

Hence, 117- = 1 -  _  _  ,
*3 -  '2

or finally, the thermal efficiency of the ideal cycle,

* lr  -  1 -

u i l
V  . 1 - 1
r f  e

Y -  1
V  y 

where, 0 -  -= - -  (/)
M TV

(4.3)

From eqn. (4.3) it is seen that the 
thermal efficiency of the ideal cycle for 
the gas turbine power plant depends 
only upon its pressure ratio r and specific 
heat ratio y- The efficiency of the ideal 
cycle is independent of the temperature 
of the cycle.

Fig. 4-3 Air cycle efficiency versus pressure ratio for the 
ideal open cycle gas turbine power plant.

Problem -1 : An ideal continuous combustion gas turbine plant has pressure ratio of 6.0. 
What is its ideal thermal efficiency of the gas turbine plant?

From eqn. (4 .3), ideal thermal efficiency of the gas turbine plant,
X jl1

•nr -  1 -

= 1 -

1-4 - 1 
1-4

=  1 -
1 = o-4 i.e . 40%

1-668
4.4 Causes of Departure of Actual Cycle from Ideal Cycle

The actual cycle for a continuous-combustion gas turbine deviates in several respects 
from the ideal cycle discussed in Art. 4.3 The differences are due to causes discussed 
as under:
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In practice, losses due to friction, heat transfer, shock, etc. occur in both the compressor 
and turbine components (i.e . the compression in the compressor and expansion in the 
turbine are not isentropic) so that actual power absorbed by the compressor increases 
and actual output of the turbine decreases compared with isentropic operation. Thus, in 
practice the compression is polytropic (1-2) and not isentropic. (1-2’). Sim ilarly, expansion 
is polytropic (3-4) and not isentropic (3-4’).

If ric ar|d r|( are isentropic efficiencies of compressor and turbine respectively,
Actual compressor work -  kp (T2 -  T*} per kg of air flow

The value of r|c depends upon the type of air compressor, its pressure ratio, and 
the weight of air passing through it. For modern high-speed centrifugal compressors a 
value of 0-75 appears to be reasonable and for axial-flow compressors value varies from 
0-85 to 0-90.

It should be noted that owing to the pressure loss in the combustion chamber, the 
expansion ratio for the turbine is smaller than pressure ratio for compressor. Further 
because of the injection of fuel in the combustion chamber, the mass flow of gases is 
greater in the turbine than air flow through compressor.

Thus, actual work of expansion -  kp (T3 -  74) per kg of gas flow

The isentropic efficiency of the turbine is affected by its size and number of stages. 
For single-stage impulse turbine, values vary from 0-8 to 0-85, depending upon the care 
taken to reduce the blading losses, nozzle friction, leakage, etc.

In addition to factors responsible for lowering isentropic efficiencies of compressor and 
turbine as mentioned above, we may add briefly other factors responsible for departure 
of actual cycle from ideal cycle. These factors are:

* Pressure losses in the pipes connecting the various components, combustion 
chamber and heat exchanger,

* Mechanical losses at compressor and turbine bearings (2 to 4%),
* Variation of specific heats of working fluid with temperature,

11C
... (4.4)

y -  1
where, 0 = (rc) y

-  kp T3 r |f 1 -

. . . (4.5)

Y
where, 0 = (rt)
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* Variation of mass flow of the working fluid, and
* Heat exchange in the heat exchanger (if included) being incomplete.

4.5 Methods of Improving Thermal Efficiency o f Simple Cycle
A clear understanding of the thermodynamic cycle is necessary in order to appreciate 

the efficient operation of the gas turbine i.e . production of largest mechanical energy with 
least fuel consumed. To achieve this end in a gas turbine, following steps in design and 
operation are necessary:

4.5.1. Turbine and compressor efficiencies : The turbine and compressor should 
be designed to give highest efficiency. Efficiencies obtained in present day designed 
compressors and turbines are of the order of 85 to 90% and future progress in this 
direction will be slow. Axial flow compressors are efficient than centrifugal compressors. 
Figure 4-4 illustrates the critical effect of compressor and turbine efficiencies on the 
thermal efficiency of the simple open gas turbine plant.

CCj
0$a

c0>

o
£
*
£,

Fig. 4—4 Effect of compressor and turbine efficiencies Fig. 4-5 Effect of turbine inlet temperature on
on the overall thermal efficiency. thermal efficiency

4.5.2. Effect of compressor intake temperature : The intake temperature of air, 
affects the temperature at the end of compression. The compressor work for a fixed 
pressure ratio is proportional to the absolute temperature at the inlet to compression, that
is, T |. Consequently, if the intake temperature is reduced and all other variables remain
unchanged, the net power output is increased and the efficiency of the cycle is raised.

4.5.3. Effect o f Turbine Inlet Temperature : The turbine efficiency is greatly increased 
by increasing turbine inlet temperature (fig. 4-5). A practical limitation to increasing the 
turbine inlet temperature, however, is the ability of materials available for the turbine 
blading to withstand the high rotative and thermal stresses. For a turbine inlet temperature 
range of 650° to 750°C, a simple gas turbine may realize an efficiency between 18 to

Thermal efficiency,percent 
0 5 10 15 20 30 40 SO

Tr 1SC: T3=650*C;*=

40 SO 60 70 80 90 100
Turbine efficiency percent----- *

300 400 SOO 600 700 800
Turbine inlet temperature-**
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26 percent, depending upon design. Considerable effort is being made to find new 
m aterials, coatings and techniques, to increase the permissible turbine inlet temperature.

4 .5 .4 . Regeneration : In this method, a regenerator (heat exchanger) is used for 
utilising heat of exhaust gases from turbine, in pre-heating the compressed air before it 
enters the combustion chamber. The preheating of the compressed air reduces the fuel 
consumption and consequently improves the thermal efficiency. Regeneration is shown in 
fig. 4—6. As a result of regeneration, compressed air is preheated from 2 to 5 and exhaust 
gases are cooled from 4 to 6.

(b) p-v diagram (c) T-4> diagram*

Fig. 4 -6  Constant pressure open cycle with regeneration, intercooling and reheating.

4.5 .5 . Inter-cooling : The work required to compress air depends upon its temperature 
during compression. The efficiency of gas turbjne is improved by adopting multi-stage 
compression with intercooling in between two stages as it reduces the work required to 
compress the air. The process a — b in fig. 4-6 shows intercooling of air.

4 .5 .6 . Reheating : The expressions for thermal efficiency, for Brayton and Ericsson 
cycles, suggest that higher inlet temperature to the turbine result in improved efficiencies. 
Thus, to improve the efficiency, the temperature of the gases after partial expansion in 
the turbine is increased by reheating the gases, before gases start further stage of 
expansion. The process c -  d in fig. 4-6 shows reheating.

It becomes apparent therefore, that there are a number of ways to increase the
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efficiency of the gas turbine plant. It may be noted that gain in efficiency due to the 
provision of heat exchangers, intercoolers, and reheaters is achieved at the cost of 
increased pressure loss, increased weight and increased cost. In addition, modifications 
of the basic gas turbine plant have been developed, namely, closed, semi-clpsed system 
and free piston gas generators, which further increase the overall plant efficiency.
4.6 Constant Pressure Closed Cycle Gas Turbine

In the closed cycle gas turbine (fig. 4-7 ), compressed air leaves the compressor and 
passes via the heat exchanger through the air heater. In the air heater there are tubes

Part of the power developed by the turbine is used to drive he compressor and the 
remainder in driving the alternator. The turbine is started by an electric motor.

Some of the chief advantages of the closed cycle air:
-  The working fluid (air), on its way back to the compressor is cooled in a precooler, 

to decrease its specific volume. Thus, the size of the compressor can be reduced.
-  Since the cycle is closed (sealed from outside), the compressor inlet pressure 

can be several times above atmospheric pressure. Thus the pressure through-out 
the cycle can be made much higher than that in the open cycle, and therefore, 
the size of the plant (compressor and turbine) is smaller for the same output.

-  The air remains clean and hence the compressor, heat exchanger, air heater and 
turbine can remain clean for a long time.

-  The closed cycle avoids the erosion of the turbine blades and other detrimental 
(harmful) effects of the products of combustion.

** External heating of air in the air heater, permits the use of any type of fuel.
-  Part load efficiency of a closed cycle is improved. The control of a closed cycle 

is different from that in the open cycle. The output is varied by either withdrawing 
of the working medium to the low pressure accumulator for a reduction or by 
admitting more working medium from the high pressure accumulator for an 
increase in the output. The temperature and pressure ratios of the system remain 
constant at their optimum operating values and efficiencies during load changes. 
Theoretically, then the efficiency of the plant should remain constant over the part 
load range; however, it will vary due to the changes in frictional losses.

The disadvantages of the closed system are:

Fig. 4 -7  Flow diagram of simple constant pressure 
closed cycle gas turbine.

yHeal exchanger

Starter

(not shown) through which the 
compressed air passes. The air is 
therefore further heated in the 
heater. This hot high pressure air 
then passes through the blade 
rings. Whilst passing over the rotor 
blades, the air is continuously ex
panding, its pressure energy being 
converted into kinetic energy, 
which in turn, is absorbed by the 
turbine motor. The hot air on leav
ing the turbine passes through the 
heat exchanger. As the air is still 
at a high temperature, it is cooled 
in a pre-cooler before entering the 
compressor.
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-  Large heating surfaces are required in the air heater and precooler which increases 
the initial cost, so counter-balancing the reduced cost in other direction.

-  It is dependent system . Cooling water must be provided in the precooler. This 
elim inates the use of this system in aircraft.

-  The system must be gas tight. This results in complicated and costly system .
-  Therefore, the closed system is limited to stationary plants such as power plants 

for ships and locomotive and very large power stations of 100 MW capacity.
4.7 Power, Specific Fuel Consumption and Efficiencies

So far we have been referring to overall efficiencies applied to compressor or turbine 
as a whole. When performing cycle calculations covering a range of pressure ratio, say 
to determine the optimum pressure ratio for a particular application, the question arises
as to whether it is reasonable to assume fixed typical values of r|c and r\t. In fact it is
found that t ic tends to decrease and to increase as the pressure ratio increase.

4.7.1. Polytropic or Small Stage Efficiency : Consider an axial flow compressor 
consisting of a number of successive stages. If the blade design is sim ilar in successive

blade rows it is reasonable to assume that the
isentropic efficiency of a single stage, remains 
the same through the compressor.

A Ts ' 1

Also A T

e«

A T ' 
*\c

ZA  V

by definition of r|c

”  Ti* A T ' .

But, because the vertical distance between a 
pair of constant pressure lines in T  -  4> diagram 
increases as entropy increases, £ A Ts ' > A T '. It 
follows that r)c < es and that difference will in-

Fig. 4 -8  Stage working
of pressure ratio. A physical explanation is that 
the increase in temperature due to friction in one 
stage results in more work being required in the 

next stage; it might be termed the ‘preheat’ effect. A sim ilar argument can be used to 
show that for a turbine r\t > es. In this case friction ‘reheating’ in one stage is partiajjy 
recovered as work in the next.

These considerations have led to the concept of polytropic (or small-stage) efficiency 
ec which is defined as the isentropic efficiency of an elemental stage in the process such 
that it is constant throughout the whole process.
For compression.

ec -
But,

d T '
dT

T
Y -  1 

(P) Y

= constant

= constant for an isentropic process, which in differential form is

(4.6)
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d T ' _ 7 - 1  dp 
T  = Y P

Substituting d T ’ from eqn. (4 .6),

ec dT  _  y -  1 dp
r .< T P 

Integrating between inlet 1 and outlet 2,

l^ _L  
iog (P2/p i)

ec *

1

or 72 Y®C

PIlog (72/T i ) 7i
Finally, the relation between ec and r|c is given by,

Pz\ y

. . . (4.7)

r|c -
r2vri -  1
72/Ti  -  1 i .

: .  . (4.8)

(P2\ ®cY

Note that if we write y -  1 / y ec as

-  1

n -  1 
n

, eqn. (4.7) is the fam iliar relation between

p and T  for polytropic process, and thus the definition of ec implies that the non-isentropic 
process in polytropic. This is the origin of the term polytropic efficiency.

Sim ilarly for expansion process in the turbine
dT

et = d T '
. . . (4.9)

For expansion between inlet 3 and outlet 4,
et(Y - 1)

7b
74

ef(7 -  1)
Y

}P 4
and iv  =

-  1 . . . (4.10)

1 - m
I P3 I

Equations (4.8) and (4.10) are 
plotted in fig: 4-9 to show how 
r|c and vary with pressure ratio
for a fixed value of polytropic ef
ficiency of 85 per cent in each 
case.

Fig. 4 -9  Variation of turbine and compressor isentropic 
efficiency with pressure ratio for polytropic 
efficiency of 858.

HE3- 11
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4 .7 .2 . Heat-exchanger Effectiveness : Heat exchangers for a gas turbine can take 
many forms, including counter flow and cross-flow recuperators (where the hot and cold 
stream s exchange heat through a separating wall) or regenerators (where the streams 
are brought cyclically into contact with a matrix which alternately absorbs and rejects 
heat). In all cases using notation of fig. 4-10, the fundamental process is that the turbine 
exhaust gases reject heat at the rate of mg • kpg (T4-T5) while the compressor delivery 
air receives heat at the rate of ma • k^ (T$ -  1^. For conservation of energy, assuming 
mass flows ma * and rru • are equal,

kpglT* ~ Tq) m kpgiTs -  7 )̂ ...(4 .1 1 )

( k) T-4>diogr<Kn
Fig. 4-10

But both 7-5 and T6 are unknown as second equation is required for their evaluation. 
This is provided by the equation expressing the effectiveness of the heat-exchanger.

Now the maximum possible value of T$ is when the ‘cold’ air attains the temperature 
of incoming hot gas T4 and one possible measure of performance is the ratio of actual 
energy received by the cold air to the maximum possible value, i.e .,

Hla kpa ( Ts — 72) 
ma kpa (74 -  72)

The mean specific heat of air will not be very different over the two temperature 
ranges, and it is usual to define the efficiency in terms of temperature alone and call it 
the effectiveness or thermal ratio of heat exchanger. Thus,

Effectiveness = ---- =? • • • (4-12)
*4 ~ '2

Thus, eqn. (4.12) enables of find the value of T5 and then 7$ can be obtained from 
eqn. (4.11).

In general, the larger the volume of the heat exchanger the 'higher can be the 
effectiveness, but with gas turbines for road or marine transport space is vital limiting 
factor. Considerations of weight and space are so important in aircraft applications th.it 
heat-exchangers have not yet been employed to any advantage.

4.7 .3 . Therm al Efficiency of P lant: Thermal efficiency of the plant,

net work output turbine work -  compressor work
117 = heatsupplied = heat supplied
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Referring to fig. 4-2,

Thermal efficiency, ri T  ■
(Ha -  hA) -  (h z -  h ,)

(̂ 3 -  k )  
jg O a  -  r4) -  kp (Tz -  T ,) 

M r3 -  T2)
(T3 -  r 4) -  (7*2 -  T-i)

r3 -  r2
. . . (4.13)

4.7.4. Work Ratio o f Plant: Work ratio of a gas turbine plant is defined as the ratio 
of net work output (difference of turbine work and compressor work) and work done by 
the turbine. Thus,

. . .  . .. net work outputWork ratio = ---- — -----. .. \  - .—
work done by the turbine

Referring to fig. 4-2 , Work ratio

This criterion gives an indication of the size of the machinery which must be installed 
to produce a given power output for useful purposes. The higher the work ratio, the 
smaller is the power plant that must be installed for a given net output.

4.7.5. A ir Rate: This is the amount of fluid which must be handled per unit of power 
output. This is a criterion of the size of the plant. The air rate is usually expressed in 
terms of kg per second of air inducted by the compressor per unit power output. Thus,

ma = — ——------- \  r, j —r  kg per sec/kJ . . .  (4.15)a Net output per unit mass flow of air
Obviously, the lower the value of rrra, the smaller the plant.
4.7.6. Thermal Efficiency and Work Ratio of an Ideal Joule Cycle : In ideal 

Joule cycle, the compression and expansion are isentropic and its thermal efficiency, 
x\t is given as

heat supplied - heat rejected 
= heat supplied

Referring to fig. 4-2, thermal efficiency,

(h3 -  hA) -  (hz -  h ,)
(hs -  /j4) 

kp (T3 -  T4) -  kp (T2 -  Ty) 
kp (T3 -  T4)

(T3 -  r 4) -  (T2 -  7 j) 
(7*3 -  74)

. . . (4.14)

(h3 -  v )  -  ( V  -  *1) V r3 -  V )  -  v v "  r i)
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y - 1 V ~ 1

and
V

P3 Y P2 Y
T  -  T  ' P2

P4 Pa
. .  /3 -  /4

Pi

U l A

••• VT = 1 "
Ta ' -  Ti

y - 1

-  r, J
Y -  1

Do] Y
=  1 -

1
l_ z _ l 

IP2 I V

(4.16)

Pz Pswhere, r„ = —  -  —  •« pressure ratio. Thus, it can be stated that in an ideal case
H  p4

the thermal efficiency of the plant depends only upon the pressure ratio, rp.
, turbine work -  compressor workNow work ratio = ------------. . .  .— ^------------

turbine work
Referring to fig. 4-2 for an ideal case,

W f t  -  7-4 ') -  kp (T2 ' -  ,  T2 ' -  ^
Work ratio = —1—B ------------------  = 1 —

As = Tz ' \P2

kp (T3 -  r4 ') 
l_ i_ L

-  t a 1

i_ i_ i

^1 |P i
-  |fp| ’  ••• V  *  *  {r p } »

Y -  1

*  -  <0>) T

L j l I  
[P2l V -  1

-1

.-. Work ratio = 1 -
Ta {rp\ r -  Ta

T* -

Ta |rp} -  1

=  1 -

- 1
1 -

- 1

'p\

( r p )

is iA  
Y

1 - - 1

(rDV

1 -

1

(rp)
U L±

Y

Ta_
T3= 1 -  w  Krp)f

(4.17)

. . (4.18)
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Thus, though the ideal thermal efficiency does not depend upon maximum temperature 
T3, the work ratio depends on maximum temperature in the cycle, T3.
Problem -  2 : A simple constant pressure gas turbine plant draws in air at 30°C and 
com presses it through pressure ratio o f 6. The air passes to the combustion chamber 
and after combustion of fuel, gases enter the turbine at a temperature of 787°C and 
expand to the initial low pressure. Assuming isentropic efficiencies of both the compressor 
and turbine as 89%, calculate: (a) the thermal efficiency of the plant, and (b) the percentage 
increase in the thermal efficiency if the air temperature at compressor inlet is - 300 C  
and other parameters remain the same. Take y = 1-4 for air and gases.

(a) Referring to fig. 4 - 2 ,  7 , = 30 + 273 = 303 K ; T3 = 787 + 273 = 1,060 K\ 

&  = &  = rp = 6 ; tic = tv = 89% ; T -  1*4
P1 p4

For isentropic compression,
y - 1 Y -  1

T2 ' \pz\ y ^  t 04
T i -  { p i }

& 72 ' = 7, x 1-668 = 303 X  1-668 = 505-4 K  

T2 ' -  T,

= (fp) = (6)T4 = 1-668

Further, r|c ■ T2 -  T,

T2 ' -  T\ 505-4 -  303 202-4 „
•  71 r  -----^  0 8 9  “0 8 9  = 227 4

T2 = 227-4 + 303 = 530-4 K  (actual temp, of air after compression)

Compression work, Wc = kp(T2 -  Ty) » kp m 227-4 kJ/kg
Heat supplied, Qs = kp x (73 -  T2)

= kp (1,060 -  530-4) = kp X  529-6 kJ/kg
Now, for isentropic expansion in turbine,

(p3\ v y - 1 0̂
r  -  (rp) y -  (6)1-4 = 1-668

r  ' 3 1 >06°  m k
7*  -  V668 -  T668 = 6355 K

Now, r|f = r3 -  r 4
t z -  r 4 '

... 7-3 -  74 = i i f (73 -  74 ') = 0-89(1,060 -  635-5) = 377-8
Turbine work. Wt = kp (T3 -  74) = kp x 377-8 kJ/kg

Wt - Wc kp x 377-8 -  kp x 227-4 
Thermal efficiency, n r  ^ -------------------- * 529 6--------

377-8 -  227-4 150-4 = 0-284 or 28-4%
529-6 529-6

(b) Now, 7, = -  30 + 273 = °43 K\ 73 = 787 + 273 = 1,060 K\

—  = —  = Tp = 6‘ v = 1-4; lie  = - 89%
Pi p4 p
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Y -  1 

v 04
= (6)1 4 « 1-668

x 1-668 = 243 x 1-668 -  405-3 K

But, i ic = * ~ J 1 i.e. 0-89 = 243
'2 “  M

162-3
0-89 0-89 "  182 36

T2 « 182-36 + 243 -  425-36 K  

Compression work per kg, Wc = kp(T2 -  7}) = kp x 182-36 kJ 
Turbine work per kg, Wt = kp (T3 -  r 4)

= kp x 377-8 kJ[sam e as in part (a)]
Heat supplied per kg, Qs = kp(T3 -  T̂ j

= /fp(1,060 -  425-36) = kp x 634-64 kJ
. W, - Wc kp x 377-8 -  x 182-36

Thermal efttaency, r ,r  .  —  --------- 6   -  ^ --------

- ^  ■ -3079 .

Thus, % increase in thermal efficiency,
30-79 - 28-4 • „

VT -  ----- £ *4 ------ X 100 *  8 42
Problem -3 : A simple constant pressure open cycle gas turbine plant draws air at 100 
Kpa (1 bar) and 17°C and com presses it through a pressure ratio of 4. The air then 
passes to the combustion chamber and after combustion of fuel, the gases enter the
turbine at a temperature of 650°C and expand to 100 kPa. Assuming the isentropic
efficiency of both the compressor and the turbine as 85 per cent, calculate: (a) the power 
required to drive the compressor if it has to handle 2 kg of air per second, (b) the power 
developed by the turbine, (c) the net plant work output per kg of air, (d) the thermal 
efficiency of the plant, and (e) the work ratio of the plant. Assume kp = 1026 KJ/kg K  
and 7 = 14 for both air and gases. Neglect the mass of fuel burnt and the loss of 
pressure in the combustion chamber.

(a) Referring to fig. 4-2, the following data is available:
7i = 17 + 273 = 290 K ; 73 = 650 + 273 = 923 K ; pi = 100 kPa

^  ^  = 4; kp = 1-026 kJ/kg K; 7 -  1-4
Pi p4

l_ z _ l
72'

Now, for isentropic compression, - y -  =

v - 1
. J  0-4

I £
[Pi

Isentropic temperature rise = T2' -  7j » 431 -  290 = 141

T2 ’ = 7, J— I = 290 x (4|1'4 = 290 x 1-485 = 431 K
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.. Isentropic temperature rise T z -  7i _ _ _
Now, ric = A . \ ^ ----- :----  = — -----—  * 0-851 Actual temperature rise T z -  T\

To' -  I f  141 
•• -  T< *  ^ O S " 1  *  M B  * 1 6 5 5

72 -  165-5 + Ty -  165-5 + 290 -  455-5 K
Again for isentropic expansion,

« _  1
0-4

= {4}1-4 = 1-485 

923 -  621 K
1-485 1-485

Isentropic temperature drop = T3 -  r 4 ' = 923 -  621 = 302

Actual temp, drop 7~3 -  T4 ^
"  Isentropic temp, drop ”  T3 -  T4 '

.% T3 -  T4 = (T3 -  T4' ) X  0-85 =  302 X  0-85 = 257

Compression work, Wc = kp (T2 -  Ti)

= 1-026 x 165-5 = 169-75 kJ/kg of air 
/. Power required to drive the compressor 

= 169-75 x 2 = 339-5 kJ/sec. = 339-5 kW
(b) Turbine work output, Wc = kp{T3 -  T4)

= 1-026 X  257 = 264-7 kJ/kg of air
Turbine power = 264-7 x 2 = 529-4 kJ/sec. or 529.-4 kW.

(c) Net plant work output = Wt -  Wc = 264-7 -  169-75 = 94-95 kJ/kg of air
(d) Heat supplied = kp (T3 -  = 1-026 (923 -  455-5) = 479-7 kJ/kg of air

Thermal efficiency of the plant,
Turbine work-Compressor work 

"  Heat supplied
264-7 -  169-75 94-95

479-7 479-7
= 0-1979 or 19-79%

. . . . .  . .. Net plant work output per kg 94-95(e) Work ratio = ---- r-.------------------------   -  0-3587v ' Turbine work per kg 264-7

Problem -4 : In a gas turbine installation the compressor takes in air at a temperature 
of 20°C and com presses it to four times the initial pressure with an isentropic efficiency 
of 84%. The air is then passed through a heat exchanger and heated by the turbine 
exhaust before reaching the combustion chamber. In the heat exchanger,80% of the 
available heat is given to compressed air. The maximum temperature after constant 
pressure combustion is 580°C and the isentropic efficiency of the turbine is 75%. Determine 
the overall efficiency of the plant.

Take 7 = 1.4 and kp m 1-005 kJ/kg K  for air and gases.

With reference to fig. 4-10,
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T, = 20 + 273 = 293 K ; T3 = 580 + 273 = 853 K ; —  = 4 = —
Pi Pa

Y " 1

\ * L I Y

k I
Y " 1

Y

A

04

Tz = 7j J ^ l = 293 x (4)1-4 -  293 x 1-486 = 435-4 K  

72 -  Ti 435.4 _ 293 T  142-4
But ' - 1 “ • a 8 4  -  -  r 2 -  r-i 72 -  r « '  w  169 5  K

T2 = 293 + 169-5 = 462-5K

0-4

Now, ^  '  .  (4 )«  -  1-486 i.e . T4‘ -  ^  -  674 K

r 3 -  t 4 t 3 -  r4
° 7 5 “ 8 5 h ^ 4  

T3 -  T4 = 0-75 x 279 « 209-25 K 

T4 = T3 -  209-25 = 853 -  209-25 = 643-75 K

T5 -  T2Effectiveness of heat exchanger =
Ta -  To

Tc _ 462-5
■ 0 8 ■ 643 75 - 4 6 * 5  A 75 ’  607 5 K

Heat supplied/kg = kp (T3 -  T5) = 1-005 x (853 - 607-5) = 246-73 kJ

Compressor work/kg = kp (T2 -  T i) = 1 005 (462-5 - 293) = 170-35, kJ

Turbine work/kg = kp (T3 -  T4) = 1-005(853 -  643-75) = 210-3 kJ

Net work output/kg = Turbine work/kg -  Compressor work/kg .*'i
= 210-3 - 170-35 = 39-95 kJ/kg

^ .. .. . . Net work output per kgOverall thermal efficiency = — — 7  r  ..r  .a
Heat supplied per kg

qa-qc
= 0-1619 or 16-19%246-73

Problem -  5 : A simple open cycle gas turbine takes in air at 1 bar (100 kpa) and 
15°C and com presses it to 5 times the initial pressure, the isentropic efficiency of 
compressor being 85 per cent. The air passes to the combustion chamber, and after 
combustion, the gases enter the turbine at a temperature of 557°C and expand to 1 bar, 
with an isentropic efficiency of 82%.

Estimate the mass flow of air and gases in kg/min for a net power output of 1500 
kW, making the following assumptions. Fall of pressure through the combustion system 
= 0-09 bar, kp = 1025 kJ/kg K  and y = 14, far both air and combustion gases.
Assume that mass flows through the turbine and compressor are equal.

Referring to fig. 4-11 (on the next page) and considering isentropic compression,
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0-4

= 288(5) 1-4 = 288 x 1-584 = 456-2 K

TK Isentropic temperature rise
= T2 -  Ta -  456-2 -  288 = 168-2

=
Isentropic temp, rise 

Actual temp, rise

T2 -
T2 -  7-1

= 0-85

. t  T  -  72 ~ 71 = _
•• 2 ~ \ o-85 0-85 19788

.-. T2 = 197-88 + 288 = 485-88 K

Compressor work, Wc = kp (T2 -  T̂ )

-  1 025 X  197-88 = 202-83 kJ/kg of air. 
Since, there is a fall of pressure of 0-09 

bar through the combustion system , the 
pressure ratio across the turbine now is
5 -  0-09

Fig. 4-11 Cycle on T - <j>diagram.     = 4-91.

Now, =
/4

V  830 830
T*  — --------- M  -  T575  '  527 K

(4-91 )T4

Isentropic temp, drop = 7 3 -  7V = 830 -  527 = 303 K
Actual temperature drop = 73 -  74 = 0-82 x 303 = 248-86 K

.-. Turbine work output, Wt = kp {T3 -  T4)
= 1-025(248-46) = 256-67 kJ/kg of air.

Of this, 202-83 kJ/kg of air are absorbed in driving the compressor.
.-. Net work output of the turbine plant per kg of air

= Turbine output -  Compressor work = 256-67 -  202-83 = 53-84 kJ
.-. Net output power in kW = mass flow of air in kg per second x net work output

in kJ/kg of air.
i.e ., 1,500 = m x 53-84
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m 1,500
53-84 = 27-86 kg/sec.

M ass flow of air and gases in kg/min. = 27-86 x 60 = 1,671-6
Problem  - 6  : In an open cycle constant pressure gas turbine plant, air enters the 
compressor at a pressure of 1 bar (100 kPa) and at a temperature of 27'C  and leaves 
it at a pressure of 5 bar (500 kPa). The gases enter the turbine at a temperature of 
627°C. The gases are expanded in the turbine to the initial pressure of 1 bar (100 kpa). 
The isentropic efficiency o f the turbine is 84 per cent and that of the compressor is 86 
per cent. Determine the thermal efficiency o f the gas turbine plant:

(a) When a regenerator (heat exchanger) with 70 per cent effectiveness (efficiency) 
is used to preheat the compressed air before it enters the combustion chamber and (b) 
if no heat exchanger is used.

Assum e no pressure losses in the connecting pipes, combustion chamber and heat 
exchanger. Take kp = 1-005 kJ/kg K  and y = 14 both for air and gases.

Referring to fig. 4-12, the following date is available:
T-, = 27 + 273 = 300 K ; T3 = 627 + 273 = 900 K ; p , = 1 bar; 
p2 — 5 bar; y = 1 \ kp = 1-005 kJ/kg K.

Fig. 4 -12

.  TzFor isentropic compression, -jr-

(a) With Heat Exchanger :
y - 1 

\PZ 1 Y • 

iP lJ
Temp, of air after insentropic compression,

y -  1 0-4

( S ) ' - » f ) “
Isentropic temp, rise = Tz -  7i = 475-2 -  300 = 175-2 K

Tz -  7i

Tz = 7i = = 300 x 1-584 = 475-2 K

Isentropic efficiency of compressor, r\c = Tz -  7i



«
To -  Ti 175-2

.-. Actual temperatures rise, T2 -  T\ = ----------  = ——— = 203-7
rjc 0-86

B\  Actual temp, after compression, T2 = 203-7 + 300 = 503-7 K  
Again for isentropic expansion in the turbine,

0-4
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T3_
Ta

P I
P4

= (5)1'4 = 1-584

Final temp, after expansion in the turbine, if the expansion were isentropic,

7V = ——  -  - = 568-2 K
4 1-584 1-584

Isentropic temp, fall = T3 -  T4' = 900 -  568-2 = 331-8

1 4 ,, . . . .  Actual temp, fallIsentropic eff. of turbine, r\t = -— ——  r — —  =
Ta -  Ta

Isentropic temp, fall T3 -  T4 

... T3 -  T4 = r |f (T3 -  T4') = 0-84 x 331-8 = 278-8

Actual temp, of gases after expansion in the turbine,
T4 = 900 -  278-7 = 621-3 K

With heat exchanger, the air after compression is preheated from T2 to T3 and the 
fuel is supplied to raise the temperature of compressed air from T5 to T3, i.e ., the heat 
supplied per kg of air = kp (T3 -  T5). The actual temperature after compression, T2 is 
503-7 K , so that the temperature drop (T4 -  T2 ) = 621-3 -  503-7 = 117-6°C is available 
for heating the compressed air by the exhaust heat exchanger. Since only 70% of the 
available heat is given to the compressed air, the actual temperature drop available for 
heating the compressed air will be

0-7 (T4 -  T2) = 0-7(621-3 - 503-7) = 82-3
In passing .through the heat exchanger, the compressed air will be heated from T2 

to T5 . T5 can be found from heat balance equation for the heat exchanger,
i.e ., T5 -  T2 = 0-7 (T4 -  T2), where 0-7 is the effectiveness of the heat exchanger.

T5 = 0-7(621-3 -  503-7) + 503-7 = 586 K
Heat supplied per kg of air = kp (T3 -  T5) = kp (900 -  586) = 314 kp kJ

Work required to drive the compressor per kg of air
= kp (T2 -  K )  = kp (503-7 -  300) = 203-7 kp kJ

Turbine work output per kg = kp (T3 -  74) = kp (900 -  621-3) = 278-7 kp kJ

Net work output per kg = 278-7 kp - 203-7 kp = 75 kp kJ

.*. Thermal efficiency of the plant

_  Net work output of the plant per kg = 75 kp  ̂ 0 .2388 or 23-88%
Heat supplied per kg 314 kp

(b) Without heat exchanger :
Work required to drive the compressor per kg

= kp(T2 -  T |) = kp (503-7 -  300) = 203-7 kp kJ
Turbine work output per kg

= kp (T3 -  Ta) = kp (900 - 621-3) = 278-7 kp kJ
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.% Net work output of the plant per kg 
= 278-7 kp -  203-7 kp = 75 kp kJ 

Heat supplied per kg = kp (T3 -  T2) = kp (900 -  503-7) = 396■$ kp kJ 

/. Thermal efficiency of the plant without heat exchanger,
Net work output of the plant per kg 

11 "  Heat supplied per kg
75 k

= = 0-1925 or 1925%396-3/fp
It should be noted that improvement in the thermal efficiency of plant due to introduction 

of the regenerator (heat exchanger) is achieved at the expense of increased weight and 
cost of the plant.
Problem  -  7 : In a single-shaft constant pressure open cycle gas turbine plant, a 
two-stage compression with intercooling and regeneration is employed. The inlet pressure 
and temperature are 1 bar and 20°C. The pressure ratio in each stage is 2 5 and 
isentropic efficiency of the compressor is 85 per cent. The effectiveness of the intercooler 
is 75 per cen t The gases enter the turbine at a temperature of 700* C. The gases are 
expanded in a turbine to the initial pressure of 1 bar. The isentropic efficiency of the 
turbine is 82 per cent. The effectiveness (thermal ratio) of the regenerator (heat exchanger) 
is 75 per cent. Assuming air to be working medium throughout the cycle with kp = 1005 
kJ/kg K  and y = 1-4, find the thermal efficiency of gas turbine plant. Draw the flow 
diagram and 7  = <I> diagram.

TK

cooler 

(a) Flow diagram

Referring to fig. 4-13,

Starter

( b) T d i a g r a m

7, = 20 + 273 = 293 K\ T3 = 700 + 273 = 973 K ; p, = 1 b ar; —  = 2-5;

^  = 2-5; —  = —  x —  = 2-5 x 2-5 = 6-25; = 6-25;
Pb P i Pb P i P4

*ld ■ Vcz = 85% I Tlf = 82% ; Effectiveness of intercooler = 75%;
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Effectiveness of heat exchanger = 75% ; kp = 1 005 kJ/kg K, and y = 1-4

x_z_l 0-4

Now, y -  = j^ j  Y m ( 2 - 5 ) 14 = ( 2 - 5 ) ° 286 =  1 - 3  "

A  Ta =  7-, X  1 * 3  =  2 9 3  x  1 - 3  =  3 8 1  K

M Isentropic increase in temperature Ta -  Ty
actual increase in temperature Ta -  | |

A  I t  -  *  -  .  3 8 1 ^ 9 3  =
a 1 rid  0-85

Ta =  1 0 3 - 5  +  7 ,  =  1 0 3 - 5  +  2 9 3  =  3 9 6 - 5  K

Ta ~ Tb
Effectiveness of intercooler = —-----— - 0 - 7 5

< a -  '1

V Ta -  Tb = ( Ta -  7-1) X  0 - 7 5  « ( 3 9 6 - 5  -  2 9 3 )  x  0 - 7 5  =  7 7 - 6 3  

Tb =  Ta -  7 7 - 6 3  =  3 9 6 - 5  -  7 7 - 6 3  =  3 1 8 - 8 7  K  

Now, considering second stage compression,

r '  M
=  J — I  Y =  ( 2 - 5 ) 1-4 =  ( 2 - 5 ) 0 2 8 6  =  1 - 3

Tb [Pb J
A  r 2 ' =  r 6  X  1 - 3  =  3 1 8 - 8 7  X  1 - 3  =  4 1 4 - 5  K

Tz' -  Tb 
Now, = 0 - 8 5

72 “  'b
T2 ' -  Tb 4 1 4 - 5  -  3 1 8 - 8 7

•• " S k ------------- 0-85 ‘  1125
r 2  -  1 1 2 - 5  +  Tb =  1 1 2 - 5  +  3 1 8 - 8 7  -  4 3 1 - 3 7  K  

Compressor work, Wc = Wc1 +
, -  kp(Ta -  T\) + kp(T2 -  Tb)

=  1 - 0 0 5  ( 3 9 6 - 5  -  2 9 3 )  +  1 - 0 0 5  ( 4 3 1 - 3 7  -  3 1 8 - 8 7 )

= 1 - 0 0 5  x  2 1 6 - 0  = 2 1 7  0 8  kJ/kg 
Now, considering turbine expansion,

'Lj l A  04
J 3  ,  [ E l ]  Y =  ( 6 - 2 5 ) 1-4 =  ( 6 - 2 5 ) ° 2 8 6  =  1 - 6 9
Ta [P 4 j

t 3_ _  973 
69 *  1-69 = 575-74 K

Actual temperature drop 73 -  74
ow’ ”  Isentropic temperature drop 73 -  74 '

... T3 -  T4 = (T3 -  r4 ') X 0-82 = (973 -  575-74) x 0-82 = 325-75

... t 4 = T3 -  325-75 = 973 -  325-75 = 647-25 K

Turbine work, Wt = kp (T3 -  74) = 1-005(973 -  647-25) = 327-37 kJ/kg

173
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Effectiveness of heat exchanger = 0-75 ■
7*5 - T2 
Ta -  To

i.e. 0-75 -
7k -  431-37

647-25 -  431-37 
T5 = 0-75(647-25 -  431-37) + 431-37 = 593-28 K 

Heat supplied = /rp(T3 -  T5) = 1-005 (973 -  593-28) = 381-61 kJ/kg 
Thermal eff. of the gas turbine plant,

Turbine work -  Compressor work 
Heat supplied 

327-37 -  217-08 110-29

r)T -

381-61 381-61
4.8 Constant Volum e G as Turbine

= 0-289 or 28-9%

In this type of gas turbine, the fuel is burnt at constant volume. Air from the surrounding 
atmosphere is drawn in the compressor and is compressed to a pressure of about 3 
kN/m2. The compressed air is then admitted to the combustion chamber through the 
inlet valve as shown in fig. 4-14. When inlet valve is closed, the fuel oil is admitted by 
means of a separate fuel pump into the combustion chamber containing compressed air. 
The mixture (of air and fuel oil) is then ignited by an electric spark, the pressure rising 
to about 12 kN/m2 whilst the volume remains constant. Thus, the combustion takes place 
at constant volume.

The pressure of explosion opens the outlet valve (until the combustion gases are 
exhausted) and high pressure hot combustion gases enter the turbine and flow through 
the turbine blading. Whilst passing over the blades, the gas is continuously expanding, 
its available (enthalpy) energy being converted into kinetic energy, which in turn, is 
absorbed by the turbine rotor.

As a small amount of excess air is admitted to the combustion chamber as compared 
with that in the constant pressure turbine, resulting in higher temperature of products of 
combustion, the rotor blades and the combustion chamber must be water cooled. The 
part of the power developed by the turbine is used to drive the compressor and the 
remainder is available for driving the electric generator or any other load. The electric 
motor is used only for starting the gas turbine plant.

Compressed air 
inlet valve

Compressor Air*In Exhaust 9a m

Generator

Motor
Combustion

chamber

Outlet valve 
for gases

Combustion gases

Fig. 4-14 . Constant volume gas turbine.

The first successful constant volume turbine to work on this principle was Holzworth
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gas turbine. In. this turbine, the exhaust gases discharged from the turbine are passed 
through a heater (not shown is the figure), where the heat of exhaust gases is utilised 
in raising the steam . The steam so formed (in the heater) is then expanded through a 
steam turbine^ which drives the air compressor. This is a great advantage because the 
compressor is driven by separate steam turbine and, therefore, whole of the power 
developed by the gas turbine is available for useful work. ■

Theoretically the thermal efficiency of the constant volume cycle is higher than that 
of constant pressure cycle, but mechanical difficulties of constructing a unit to work 
satisfactorily on this system has hindered its development. With heat addition at constant 
volume, valves are necessary to isolate the combustion chamber from the compressor 
and turbine. Combustion is , therefore, intermittent (not continuous) and machine does not 
run smoothly. It is difficult to design a turbine to work under such conditions and, therefore, 
the development of this type of turbine has been discontinued. In constant pressure gas 
turbine, combustion is a continuous process in which valves are unnecessary, and it is 
now generally accepted that the constant pressure cycle has greater possibilities for future 
development. Constant pressure gas turbine is the only turbine used in industry and in 
aero-engines.
4.9 Free piston Gasifier

The hot high pressure exhaust gases from a modified Diesel cylinder to drive a turbine 
has been used in this case. Such a system for the generation of hot gases for a turbine 
is termed a free piston gas generator. The Diesel engine is highly supercharged and has 
complete balance of power between compressor and engine. This unit combines the high 
thermal efficiency of Diesel cycle with the simplicity of the turbine for the expansion of 
the hot gases down to atmospheric pressure. The free piston gasifier is an out growth 
of the highly supercharged (turbo-charged) Diesel engine and free-piston air compressor 
developed by Pescara.

Figure 4-15 shows the schematic diagram of a free piston gas generator-turbine
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system developed by Pescara. The plant may be considered as a highly supercharged 
two-stroke opposed piston Diesel engine with the hot gases of combustion expanding 
down to atmospheric pressure in the turbine. The gas generator phase consists of the 
Diesel cylinder and combustion chamber in the center. Fuel is injected in the center of 
the Diesel cylinder and burned. The expansion of the gases of combustion forces the 
opposed pistons apart outward. Each of the piston is made integral with another piston 
which acts as a single-stage air compressor' on its inner face, and as an air bounce 
cushion on its outer face. The energy stored in the bounce or air cushion cylinder by 
the outward movement of the piston is utilized to drive the piston inward compressing 
the air in both the air cylinder and in the Diesel cylinder. Air at 0-5 to 0-6 N/mm passes 
through valves from the compressor cylinder into a central air space from which it enters 
the Diesel cylinder through intake ports on the left. This air scavenges and supercharges 
the Diesel cylinder. The mixture of the scavenging air and gases of combustion at a 
temperature around 550°C pass through the exhaust ports and are expanded down to 
atmospheric pressure in the turbine. All the useful shaft power of the plant is produced 
by the turbine.

The pistons are connected together by a light mechanical linkage which acts as a 
synchronization gear to aid in keeping the pistons in step and to time the injection of 
the fuel. The control of the motion of the pistons, both as to the rate of oscillation and 
the distance travelled, is accomplished by the variation in the pressure in the air cushion 
by a stabilizer located and interconnected between the central space and the air cushion. 
Any number of gas generators may be used in parallels to supply a-single turbine. The 
power output of the turbine may then be varied by cutting the gas generator in or out 
of the system .

In this system , the free piston gas generator replaces the compressor and combustion 
chamber of a conventional open cycle gas turbine plant. The free piston gas generator 
replaces the compressor and combustion chamber of a conventional open cycle gas 
turbine plant. In this manner, the high thermal efficiency of the Diesel engine is obtained. 
Thermal efficiency higher than those of Diesel engines and in excess of 40 per cent are 
obtained by this system . Since there are no unbalanced forces, and no side forces on 
the cylinder wall, the engine itself is vibration free. It is smaller and lighter than a Diesel 
engine of the same power output. The turbine is about one third the size of the turbine 
of a conventional open cycle gas turbine plant which has to provide power to the 
compressor in addition to produce useful work. The air flow rate is also low. Due to its 
smaller size and lower temperatures, the turbine should require cheaper material and 
have a longer reliable service life.

In spite of all the theoretical advantages of this system, it is still in the development 
stage. There are a number of mechanical problems of starting and control that require 
development. The problem of synchronization of the pistons in a single unit and in 
multi-unit have not been solved with great degree of success.
4.10 Applications

The gas turbine plant finds its application in the following fields :
A great number of central stationary power stations using gas turbines from 500 kW 

upto 50,000 kW are in use and more being installed each year. These plants include 
the open cycle, semi-closed cycle, and closed cycle plants. Liquid or gaseous fuel is 
being used .n the majority of the plants, but coal is being used in some of the closed 
cycle plants and being experimented in the open and semi-closed cycle plants. Ga’s 
turbines have proved to be useful as power plant where water is not available and for 
stand-by and peak-load plants for hydro-installations and for purchased power. In addition
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to central power stations, gas turbine is being used in industry for crude oil pumping, 
refining processes, etc. It has also been used in steel industry. In developed countries, 
the gas turbine is being used for locomotive propylsion. This application is still in 
experimental stage. Indications are that the maintenance', operational and fuel costs will 
be below that of Diesel electric locomotives. Quick starting and possibility of remote control 
make the gas turbine more suitable for this application.

The development of gas turbine plant for ship propulsion has been slow as compared 
to the rapid advancements made by the gas turbine in the field of aeronautics. Now a 
days, gas turbine engines are being used for ship propulsion.

G as turbine is being extensively used in aircrafts. The gas turbine plant is lower in 
weight and smatter in size for the same power output than that of the I.C . engine. It 
fulfils the military requirements for high speed combat aircraft with a relatively reasonable 
economy.

The small gas turbine is being used as automobile engine. The gas turbine for 
vehicular propulsion is usually of simple form, and can be classified into two main 
categories: single-shaft and two-shaft gas turbine engine with or without heat exchanger.

The exhaust gases from the turbine are at higher temperature (about 400°C to 450°C). 
Hence, they carry some heat. In gas turbine combined with steam plant, the exhaust 
gases from the gas turbine are passed through a steam boiler, where the heat of exhaust 
gases is utilized in raising steam which can be used:

■» for heating purpose,
-  for preheating the combustion air for boiler,
-  for heating the feed water,
-  ’ for driving a steam turbine which drives the air compressor.
4.10.1 A ircraft G as Turb ines versu s Other G as Turb ines The main differences 

between the aircraft gas turbines and other gas turbines are :
. . The life of an aircraft gas turbine is expected to be only about 5,000 running 

hours: where as the life of other gas turbines is about 1,00,000 running hours.
. . Limitation of the size and weight of an aircraft gas turbine is much more important 

than in the case of other turbines.
. . The aircraft power plant can make use of the kinetic energy of gases leaving the 

turbine, whereas this is wasted in other gas turbines and consequently must be 
kept as low as possible in other gas turbines.

These three important differences have a considerable effect on the design of the 
gas turbine. Gas turbines other than aircraft gas turbines are fitted with heat exchangers, 
intercoolers, etc. and consequently are of more robust construction.

4.10.2 Advantages of G as Turbine over Steam Turbine : A gas turbine has the 
following advantages over a steam turbine :

-  A Gas turbine is relatively simple in design as it does not need a boiler, an 
economiser or a condenser.

-  Its weight-power ratio is low.
-  It requires light foundation.
-  Its initial cost is low.
-  It can be started and stopped within a few minutes and hence no loss of fuel 

and time.
-  It is very reliable.
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-  It has wide flexibility and meets a variety of short duration load requirements.
-  Its maintenance and operational cost is low.
-  It does not need feed water.

t
-  Its lubrication system is simple.
-  It has wide choice of fuels.
-  Owing to lower maximum pressure, which seldom exceeds 0.5 N/mm2ab, the 

material is not subjected to heavy stresses. However, the material must be able 
to withstand high temperature of about 950°C and above.

4.10.3 Advantages of Gas Turbine over Reciprocating Internal Combustion 
Engine : A gas turbine has the following advantages over an internal combustion engine:

. . Power developed is large for units of comparatively small size and weight.

. . It has less weight per unit power.

. . There are no unbalanced forces and consequently there are no vibrations.

. . It is very reliable.

. . Its operating cost is low as fuel for gas turbine is kerosene or paraffin, which is 
cheaper than petrol or Diesel oil.

. . There is less danger of fire.

. . It has fewer moving parts and hence frictional resistance and wear and tear are
less.

. . Lubrication is simple as there is no sliding friction.

. . Its maximum working pressure is lower.
Tutoria l- 4

1. Choose correct phrase/s to complete the following statements :
(i) The constant pressure open cycle gas turbine works on the

(a) Ericsson cycle, (b) Brayton cycle, (c) Atkinson cycle, (d) Joule cycle,
(e) Rankine cycle.

(ii) In the closed cycle gas turbine the coolant (cooling substance) used for precooling 
the turbine exhaust before it enters the compressor is ^
(a) water, (b) high pressure cooled and expanded air from the auxiliary compressor, 
(c) atmospheric air, (d) atmospheric air cooled with water vapour.

(iii) The maximum combustion pressure in the case of gas turbine as compared to
I.C . engine is : *
(a) lower, (b) more, (c) very high, (d) depends on the operating range.

(iv) The mechanical efficiency of a gas turbine is :
(a) lower than that of an I.C . engine.
(b) higher than that of an I.C . engine.
(c) same as that of an I.C . engine for same operating pressure and temperature.
(d) none of the above.

(v) The material commonly employed for aircraft gas turbine is :
(a) timken, haste and inconel alloys,
(b) duralumin,
(c) high temperature special alloy steels,
(d) basically aluminium and steel alloys.

(vi) In the gas turbine the hottest point is :
(a) at the tip, (b) at 1/3rd of the blade height, (c) at 1/4th of the blade height,
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(d) at the exit.
(vii)The blades of gas turbine are made of : ,

(a) high carbon steel, (b) stainless steel, (c) mild steel, (d) high nickel steel
(neimonic).

(viii)The maximum temperature in a gas turbine may be of the order of :
_ (a) 500°C, (b) 1,000°C (c) 2,000°C, (d) 2,500°C.

(ix) With the increase in pressure ratio for a given inlet temperature the thermal
efficiency of a simple gas turbine
(a) decreases, (b) increases, (c) first increases and then decreases, (d) first
decreases and then increases, (e) remains same.

[(0 b, (ii) a, (iii) a , (iv) b, (v) a , (vi) b, (vii) d, (viii) b, (ix) c]
2. (a) Why a  gas turbine is termed as an internal combustion turbine ? How it differs

from reciprocating type of I.C . engine ?
(b) How gas turbine are classified ?

3. (a) What is meant by the terms “open cycle" and “closed cycle" as referred to gas
turbine plant ?

(b) Describe the cycle of operations of a simple constant pressure open cycle gas 
turbine plant with the help of a flow diagram, a p -  v diagram, and a T  -  <t> 
diagram.

4. (a) Describe briefly, giving a neat sketch, the working of a constant pressure closed
cycle gas turbine.

(b) What are the advantages and disadvantages of a closed cycle gas turbine ?
5. (a) “Open cycle gas turbine plant is an internal combustion engine and closed cycle

gas turbine plant is an external combustion engine." Explain the statement.
(b) Explain the methods for improving the efficiency of a simple constant pressure 

open cycle gas turbine plant.
6. (a) Draw a flow diagram and a T  -  4> diagram for a constant pressure gas turbine

plant incorporating an intercooler, a preheater, and a regenerator.
(b) Define the terms: (i) effectiveness of intercooler, and (ii) effectiveness or thermal 

ratio of a regenerator.
7. Define “thermal efficiency" and “work ratio" of a gas turbine plant. Prove that 

thermal efficiency of an ideal cycle depends only on pressure ratio while work 
ratio of an ideal cycle depends on maximum temperature in the cycle in addition 
to pressure ratio.

8. (a) State the variables or parameters affecting, the thermal efficiency of an actual gas
turbine plant. •

(b) State the probable range of the following variable or parameters for gas turbine 
plants : (0 pressure ratio, (ii) air-fuel ratio, (iii) maximum temperature in the plant, 
and (iv) thermal efficiency.

9. (a) List the simplifying assumptions made for gas turbine performance analysis.
(b) In an open cycle gas turbine plant working with a pressure ratio of 5, air at 

compressor inlet is at 15°C and at turbine inlet it is at 557°C. If the thermal 
efficiency of the plant is 18% and isentropic efficiency of the compressor is 80% 
find the isentropic efficiency of the turbine. Take kp = 1 005 kJ/kg K, y = 1-4 for 
air and y -  1‘38 for gases. [87-8%]

10. A simple open cycle gas turbine plant draws in air at a pressure of 1 bar (100
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kPa) and temperature of 20°C and compresses it through a pressure ratio of 4. 
The air then passes to the combustion chamber and after combustion of fuel, the 
gases enter the turbine at a temperature of 700°C and expand to a pressure of 
1 bar (100 kPa). Assuming isentropic efficiency of both the compressor and turbine 
as 86 per cent, determine per kg of air : (a) the net work output of the gas 
turbine plant and (b) the thermal efficiency of the gas turbine plant. Also calculate 
the power required to drive the compressor, if it has to handle 2 kg of air per
second and the power developed by the turbine. Take kp = 1.005 kJ/ kg K  and
7 = 1.4 for both air and gases. Neglect the mass of fuel burnt and loss of 
pressure in the combustion chamber.

[ (a) 108.64 kJ/kg, (b) 21 %; 332.86 kW; 550.14 kVVJ
11. Air enters a compressor of gas turbine plant at 1.02 bar and 27°C and leaves

the compressor at 6.12 bar and 260°C. Then in the combustion chamber, due to 
combustion of fuel, its temperature is raised to 787°C. At this temperature gases 
enter the turbine and leave it at 417*0. Neglecting loss of pressure in the
combustion chamber, mass of fuel added, and taking kp = 1.005 kJ/kg K , y **
1.4 for both air and gases, find: (a) the thermal efficiency of plant, (b) the net 
power developed with air flow of 1,000 kg/min, (c) the work ratio, and (d) the 
isentropic efficiencies of compressor and turbine.

[ (a) 26% (b) 2,294.7 kW (c) 0.3703 (d) 86% and 87.16%]
12. Air at 1 bar and 15°C is drawn by a compressor of simple gas turbine plant and

is compressed through a pressure ratio of 5, the isentropic efficiency of compressor 
being 85%. From combustion chamber, combustion gases enter the turbine at a 
temperature of 550°C and expand to 1 bar, the turbine efficiency being 80%. 
Calculate the flow of air in kg/min. for net power output of 1,250 kW. Assume 
the loss of pressure in the combustion chamber as 0.7 bar, kp = 1 046 kJ/kg K 
and y = 1*4 for both air and gases. Neglect the mass of fuel burnt.

[1,667.4 kg/min]
13. In a simple open cycle gas turbine plant, air enters the compressor at a pressure 

of 1 bar (100 kPa) and at a temperature of 30°C and leaves it at a pressure of 
6 bar (600 kPa). The air then passes to the combustion chamber and after 
combustion of fuel, the gases enter the turbine at a temperature of 787°C. There 
is a pressure drop of 0.08 bar (8 kPa) between the compressor and the turbine. 
Assuming the compressor isentropic efficiency as 89 per cent and turbine isentropic 
efficiency as 85 per cent, determine: (a) the net work output of the gas turbine 
plant, per kg of air and (b) thermal efficiency of the gas turbine plant. Take kp 
= 1 025 kJ/kg K and 7 = 1-4 for both air and gases.

[ (a) 135.09 kJ/kg; (b) 25.6%]
14. In an open cycle constant pressure gas turbine plant, the compressor takes in

air at a temperature of 20°C and at a pressure of 1 bar and compresses it to 
four times the initial pressure with an isentropic efficiency of 84 per cent. The air 
is then passed through a heat exchanger and heated by turbine exhaust gases 
before reaching the combustion chamber. In the heat exchanger 79% of the 
available heat js  given to the compressed air. The maximum temperature after 
constant pressure combustion is 580°C. The gases are expanded in the turbine 
to the initial pressure of 1 bar. The isentropic efficiency of turbine is 75%. Assume 
specific heats to be constant and oo pressure drop in the passage of the working 
fluid. Assuming 7 = 1-4 and kp = 1 -005 kJ/kg K for both air and gases, determine 
the overall thermal efficiency of the gas turbine plant. [16.07%]

15. A gas turbine plant takes in air at 15°C. The pressure ratio is 5 : 1, and the
maximum temperature is 537°C. Assuming isentropic efficiencies of 0.8 and 0.85
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for the turbine and compressor respectively, determine the overall efficiency :
(i) 'without heat exchanger, and
(ii) with heat exchanger making use of 80% of the available heat.

Assume the products of combustion to have properties of air. Take kp = 1-005
kJ/kg K and y = 1-4 for both air and gases. [(i) 12.66% ; (ii) 16.03%]

16. In an open cycle constant pressure gas turbine plant, air enters the compressor 
at 1 bar and 15*C and leaves it at a pressure of 4 bar. The maximum temperature 
in the cycle is 560°C. Assuming isentropic efficiency of turbine as 83 per cent 
and that of the compressor as 84 per cent, determine the overall efficiency of 
the plant.
(a) with heat exchanger making use of 78 per cent of the heat available, and
(b) without heat exchanger.

Assume the products of combustion to have properties of air and no pressure 
drop in the passage of the working fluid. Take kp = 1.005 kJ/kg and y » 1-4 for 
air. [(a) 22.93% , (b) 15.74%]

17. Sketch diagrammatically the arrangement of a constant pressure gas turbine plant
with two-stage expansion with reheating the working fluid and a heat exchanger 
for heating the working fluid after compression with the help of exhaust gases.

18. (a) With the help of a neat sketch, explain the operating principle of constant volume
gas turbine. Why its development has been discontinued ?

(b) What are the advantages of gas turbine over reciprocating I.C .. engine?
19. (a) What are the advantages of gas turbine over steam turbine ?

(b) D iscuss the fields of application of gas turbine plants.
20. (a) Name the three major components of a gas turbine unit.

(b) What is the function of the secondary air ? Why is it necessary?
(c) List the three types of compressors in current use.

21. (a) Sketch a schematic diagram of a simple open cycle gas turbine plant, lable all
the components, and show flow passage of working medium.

(b) List the five operating variables that strongly affect the thermal efficiency of an 
open cycle gas turbine. Show by diagrams how the thermal efficiency varies with 
a change in these operating variables.

22. (a) Sketch a schematic diagram and a T  -  <I> diagram of an open cycle gas turbine
plant with a regenerator. Lable all components and thermodynamic process lines.

(b) What limits the regenerator effectiveness ?
23. Explain polytropic or small stage efficiency as referred to compressor and turbine.
24. Establish the relationships between isentropic efficiency and polytropic efficiency 

for compressor and turbine.
25. Prove that :

7 - 1  '  n -  1
y n

(i) For compressor, ec = n _  1 (ii) For turbine, et -  — —

n Y
26. Explain the variation of isentropic efficiency of compressor, r|c and isentropic 

efficiency of turbine, iv , with pressure ratio, r for the given polytropic efficiency 
for compressor* and turbine, et = et = e.



JET PROPULSION ENGINES
5.1 Introduction

Jet propulsion, sim ilar to all means of propulsion, is based on Newton’s Second and 
Third laws of motion.

The jet propulsion engine is used for the propulsion of aircraft, m issile and submarine 
(for vehicles operating entirely in a fluid) by the reaction of jet of gases which are 
discharged rearward (behind) with a high velocity. As applied to vehicles operating entirely 
in a fluid, a momentum is imparted to a mass of fluid in such a manner that the reaction 
of the imparted momentum furnishes a propulsive force. The magnitude of this propulsive 
force is termed as thrust.

For efficient production of large power, fuel is burnt in an atmosphere of compressed 
air (combustion chamber), the products of combustion expanding first in a gas turbine 
which drives the air compressor and then in a nozzle from which the thrust is derived. 
Paraffin is usually adopted as the fuel because of its ease of atomisation and its low 
freezing point.

Jet propulsion was utilized in the flying Bomb, the initial compression of the air being 
due to a divergent inlet duct in which a small increase in pressure energy was obtained 
at the expense of kinetic energy of the air. Because of this very limited compression, 
the thermal efficiency of the unit was low, although huge power was obtained. In the 
normal type of jet propulsion unit a considerable improvement in efficiency is obtained 
by fitting a turbo-compressor which will give a compression ratio of at least 4 : 1 .
5.2 C lassification

Jet propulsion engines are classified basically as to their method of operation as 
shown in fig. 5-1. The two main catagories of jet propulsion systems are the atmospheric

Jet Propulsion Engines

l ; I
Atmospheric Jet Engines Rockets

(Use atmospheric air) (Use own oxidizer)

i 1-------------- 1----------------t-----------1 r  i
Turboprop Turbojet Turbojet with Ramjet Pulsejet Liquid Solid
or Propjet after burner Propellant Propellant

Fig. 5 -  1. Jet propulsion engines.

je t engine and rocket. Atmospheric jet engines require oxygen from the atmosperic air 
for combustion of fuel, i.e. they are dependent on atmospheric air for combustion.

The rocket t .iqine carries its own oxidizer for combustion of fuel and is, therefore,
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independent of the atmospheric air. Rocket engines are discussed in art. 5-6.
The turboprop, turbojet and turbojet with after burner are modified simple open cycle 

gas turbine engines. In turboprop thrust is not completely due to jet. Approximately 80 
to 90 percent of the thrust in turboprop is produced by acceleration of the air outside 
the engine by the propeller (as in conventional aeroengines) and about 10 to 20 percent 
of the thrust is produced by the jet of the exhaust gases. In turbojet engine, the thrust 
is completely due to jet of exhaust gases. The turbojet with after burner is a turbojet 
engine with a reheater added to the engine so that the extended tail pipe acts as a 
combustion chamber.

The ramjet and pulsejet are aero-thermo-dynamic-ducts, i.e . a straight duct type of 
jet engine without compressor and turbine. The ramjet has the simplest construction of 
any propulsion engine, consisting essentially of an inlet diffuser, a combustion chamber 
and an exit nozzle of tail pipe. Since the ramjet has no compressor, it is dependent 
entirely upon ram compression.

^  * / 
j" Tem^rflTurf~7 ~;

0 1 2 3 V. . . 5(bt Pressure,Velocity ond temperature distribution
Fig. 5 -2  Turbojet engine.

The pulsejet is an intermittent combustion jet engine and it operates on a cycle sim ilar 
to a reciprocating engine and may be better compared with an ideal Otto cycle rather 
than the Joule or Bryton cycle. From construction point of view, it is some what sim ilar 
to a ramjet engine. The difference lies in provision of a mechanical valve arrangement 
to prevent the hot gases of combustion from going out through the diffuser.
5.3 Turbojet Engine

The turboject engine (fig ..5-2) is sim ilar to the simple open cycle constant pressure 
gas turbine plant (fig. 4-2) except that the exhaust gases are first partially expanded in 
the turbine to produce just sufficient power to drive the compressor. The exhaust gases
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leaving the turbine are then expanded to atmospheric pressure in a propelling (discharge) 
nozzle. The remaining energy of gases after leaving the turbine is used as a high speed 
jet from which the thrust is obtained for forward movement of the aircraft.

Thus, the essential components of a turbojet engine are :
. . An entrance air diffuser (diverging duct) in front of the compressor, which causes 

rise in pressure in the entering air by slowing it down. This is known as ram. 
The pressure at entrance to the compressor is about 1-25 times the ambient 
pressure.

. . A rotary compressor, which raises the pressure of air further to required value 
and delivers to the combustion chamber. The compressor is the radial or axial 
type and is driven by the turbine.

. . The combustion chamber, in which paraffin (kerosene) is sprayed, as a result of 
this combustion takes place at constant pressure and the temperature of air is 
raised.

. . The gas turbine into which products of combustion pass on leaving the combustion 
chamber. The products of combustion are partially expanded in the turbine to 
provide necessary power to drive the compressor.

. . The discharge nozzle in which expansion of gases is completed, thus developing 
the forward thrust.

A Rolls-Royce Derwent jet engine employs a centrifugal compressor and turbine of 
the impulse-reaction type. The unit has 550 kg m ass. The speed attained is 960 km/hour.

5.3.1 W orking Cycle : Air from surrounding atmosphere is drawn in through the 
diffuser, in which air is compressed partially by ram effect. Then air enters the rotary 
compressor and major part of the pressure rise is accomplished here. The air is compressed 
to a pressure of .about 4 atmospheres. From the compressor the air passes into the 
annular combustion chamber. The fuel is forced by the oil pump through the fuel nozzle 
into the combustion chamber. Here the fuel is burnt at constant pressure. This raises the 
temperature and volume of the mixture of air and products of combustion. The mass of 
air supplied is about 60 times the mass of the fuel burnt. This excess air produces 
sufficient m ass for the propulsion- 
jet, and at the same time prevents 
gas tem perature from reaching 
values which are too high for the 
metal of the rotor blades.

The hot gases from the com
bustion chamber then pass through 
the turbine nozzle ring. The hot 
gases which partially expand in the 
turbine are then exhausted through 
the discharge (propelling nozzle) by 
which the remaining enthalpy is con
verted into kinetic energy. Thus, a 
high velocity propulsion jet is 
produced.

The oil pump ad compressor are 
mounted on the same shaft as the 
turbine rotor. The power developed 
by the turbine is spent in driving 
the compressor and the oil pump.

Fig. 5 -3 .

Entropy
A typical turbojet engine cycle on 
T - <t> diagram.
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Some starting devicd such as compressed air motor or electric motor, must be provided 
in the turbojet plant. Flight speeds upto 800 km per hour are obtained from this type of 
unit.

The basic thermodynamic cycle for the turbojet engine is the Joule or Brayton cycle 
as shown in T  -  <t> diagram of fig. 5-3. While drawing this cycle, following simplifying 
assumptions are made :

-  There are no pressure losses in combustion chamber.
-  Specific heat of working medium is constant.
-  Diffuser has ram efficiency of 100 percent i.e ., the entering atmospheric air is

diffused isentropically from velocity V0 to zero (V0 is the vehicle velocity through 
the air).

-  Hot gases leaving the turbine are expanded isentropically in the exit nozzle i.e ., 
the efficiency of the exit nozzle is 100 percent.

5.3.2 Thrust Power and Propulsive Efficien cy : The jet aircraft draws in air and 
expels it to the rear at a markedly increased velocity. The action of accelerating the 
mass of fluid in a given direction creates a reaction in the opposite direction in the form
of a propulsive force. The magnitude of this propulsive force is defined as thrust. It is
dependent upon the rate of change of momentum of the working medium i.e . air, as it 
passes through the engine.

The basis for comparison of jet engines is the thrust. The thrust, T  of a turbojet 
engine can be expressed as,

T  *  m (Vj -  Vo) ...(5 .1 )
where, m -  m ass flow rate of gases, kg/sec.,
Vj = exit jet velocity, m/sec., and,
Vo = vehicle velocity, m/sec.
The above equation is based upon the assumption that the m ass of fuel is neglected. 

Since the atmospheric air is assumed to be at rest, the velocity of the air entering relative 
to the engine, is the velocity of the vehicle, Vo. The thrust can be increased by increasing 
the mass flow rate of gas or increasing the velocity of the exhaust jet for given Vo.

Thrust power is the time rate of development of the useful work achieved by the 
engine and it is obtained by the product of the thrust and the flight velocity of the vehicle. 
Thus, thrust power TP is given by

/./ N-m ...(5 .2 )
TP = T  V0 = m(Vj -  V0) Vo —

The kinetic energy imparted to the fluid or the energy required to change the momentum 
of the mass flow of air, is the difference between the rate of kinetic energy of entering 
air and the rate of kinetic energy of the exist gases and is called propulsive power. The 
propulsive power PP is given by

m(Vj2 -  Vo2) • f5 ,3 )p p  = !'!AYJ —l°_2 N.m/sec.

Propulsive efficiency is defined 'as the ratio of thrust power (TP) and propulsive 
power (PP) and is the measure of the effectiveness with which the kinetic energy imparted 
to the fluid is transformed or converted into useful work. Thus, propulsive efficiency r\p 
is given by

TP m{Vi -  VQ) V0 2



2 (V j-  Vp) V0 2V0 2 ...(5 .4 )
"  * = Vj2 -  v02 = v j+  v0 m 1 ^

From the expression of rip it may be seen that the propulsion system approaches 
maximum efficiency as the velocity of the vehicle approaches the velocity of the exhaust 
gases. But as this occurs, the thrust and the thrust power approach zero. Thus, the ratio 
of velocities for maximum propulsive efficiency and for maximum power are not the same. 
Alternatively, the propulsive efficiency can be expressed as

TP TP . . .  (5.5)
11 p ~ PP  = TP + K .E . losses
Thermal efficiency of a propulsion is an indication of the degree of utilization of energy 

in fuel (heat supplied) in accelerating the fluid flow and is defined as the increase in the 
kinetic energy of the fluid (propulsive power) and the heat supplied. Thus,

. Propulsive power
Thermal efficiency, ti t  » - r r ^ i r1 11 Heat supplied

________ Propulsive power . . .  (5.6)
Fuel flow rate x C .V . of fuel

The overall efficiency is the ratio of the thrust power and the heat supplied. Thus, 
overall efficiency is the product of propulsive efficiency and thermal efficiency. The propulsive 
and overall efficiencies of the turboject engine are comparable to the mechanical efficiency 
and brake thermal efficiency respectively, of the reciprocating engine.
Problem  -  1 : A je t propulsion unit, with turbojet engine, having a forward speed of 
1,100 km/hr produces 14 kN of thrust and uses 40 kg of air per second. Find: (a) the 
relative exist je t velocity, (b) the thrust power, (c) the propulsive power, and (d) the 
propulsive efficiency.

(a) Forward speed, VQ = = 305 55 rĉ sec-

Using eqn. (5 .1), thrust, T = m(Vj -  \/0)

i.e ., 14,000 = 40 (Vj -  305-55)

Vi = 14,0°°- + 305-55 = 350 + 305-55 = 655-55 nrVsec.
I 40

Thus relative exist jet velocity, Vj = 655-55 m/sec.
(b) Using eqn. (5.2)
Thrust power, TP -  T  x VQ 3

= 14,000 x 305-55 = 42,77,700 N.m/sec. or = 4,277.7 kN.m/sec.
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(c) Using eqn. (5.3), 

Propulsive power, PP  =
m (V22 -  V02)

40[(655-55) -  (305-55)'

= 6,727 x 103 N.m/sec = 6,727 KN.m/sec or 6,727 kW

(d) Using eqn. (5.4),
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Propulsive efficiency, r|P =
1 +

1 + 6̂55-55'j 
1305-55

= 0-636 i.e ., 63.6%

5.4 Ram Je t
A french engineer, Rane Lorin invented and patented the first ram jet in 1913. It was 

not until the advent of the high speed wind tunnel, however, that the U .S . Navy sponsored 
research team developed a workable ram jet at Johns Hopkins University.

The Ram jet was referred to
in the past as athodyd (aerother- 
modynamic duct), Lorin tube or 
flying stovepipe. It is a steady 
combustion or continuous flow 
engine. It has the simplest con
struction of any propulsion en
g ine (fig . 5 -4 ) co n sistin g  
essentially of an inlet diffuser, a 
combustion chamber, and an exit 
nozzle or tailpipe.

Since the ram jet has no 
compressor,'■it is dependent en
tirely upon ram compression. 
Ram compression is the trans
formation of the kinetic energy 
of the entering air into pressure 
energy. Fig. 5-5 shows variation 
of ratio P j/P0 with the Mach 
number* of vehicle. The pressure 
ratio increases as Mach number

is increased. The ram jet pressure ratio increases very slowly in the subsonic speed 
range. Thus, the ram jet must be boosted up to a speed over 500 km/hr by a suitable 
means such as a turbojet or a rocket, before the ram jet will produce any thrust and 
must be boosted to even higher speeds before the thrust produced exceeds the drag. 
From fig. 5-5 it may be noted that the ram acts in effect like a compressor. At a Mach 
number* of 2-0, it is found that the ideal ram pressure is 8-0. At this high Mach number, 
it becomes economical to go to the ram jet engine and do away with the mechanical 
compressor and turbine wheels.

After the ram jet is boosted, the- velocity of the air entering the Jiffuser is decreased 
and is accompanied by an increase in pressure. This creates a pressure barrier at the 
after end of the diffuser. The fuel that is sprayed into the combustion chamber through 
injection nozzles is mixed with the air and ingited by means of a spark plug. The expansion 
of the gases toward the diffuser entrance is restricted by the pressure barrier at the after 
end of the diffuser; consequently, the gases are constrained to expand through the tail 
pipe and out through the exit nozzle at a high velocity. Sometimes, the pressure barrier

* Mach number is the ratio of the flight speed of the air plane or missile to the sonic velocity
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is not effective and that there are pulsations created in the combustion chamber which
affect the air flow in front of the
diffuser.

Since the ram jet engine has 
no turbine, the temperature of 
the gases of combustion is not 
limited to a relatively low figure 
as in the turbojet engine. Air fuel 
ratios of around 15*1 are used.
This produces exhaust tempera
tures in the range of 2000°C to 
2200°C. Extensive research is 
being conducted on the develop
ment of hydrocarbon fuels that 
will give 30 percent more energy 
per unit volume than current avia
tion gasolines. Investigations are 
carried Out to determine the pos
sibility of using, solid fuels in the 
ram jet and in the after burner 
of the turbojet engine. If pow
dered aluminium could be utilized 
as an aircraft fuel, it would deliver 
over 2-5 times as much heat per 

. unit volume as aviation gasoline, 
while some other could deliver 
almost four times as much heat.

The temperature, pressure 
and velocity of the air during its passage through a ram jet engine at supersonic flight 
are shown in fig. 5M .

The cycle for an ideal ram jet, which has 
an isentropic entrance diffuser and exit nozzle, 
is the Joule cycle as shown by the dotted lines 
in fig. 5-6 . The difference between the actual 
and ideal jet is due principally to losses actually 
encountered in the flow system . The sources of 
these losses are :

. . .  Wall friction and flow separation in the 
subsonic diffuser and shock in the su
personic diffuser.

. . Obstruction of the air stream by the 
burners which introduces eddy currents 
and turbulence in the air stream.

. . Turbulence and eddy currents introduced 
in the flow during burning.

. . Wall friction in the exit nozzle.
By far, the most critical component of the 

<ram jet is the diffuser. Due to the peculiarities 
of steamline flow, a diffuser which is extremely

Fig. 5-6 . T -  <t> diagram of Ram jet engine.

Moch number — •-

Fig. 5 -5 . Ram pressure ratio versus Mach number of 
vehicle for sea level condition.
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Because of the simplicity of the engine, the ram jet develops greater thrust per unit 
engine weight than any other propulsion engine at supersonic speed with the exception 
of the rocket engine. The thrust per unit frontal area increases both with the efficiency 
and the air flow through the engine; therefore much greater thrust per unit area is 
obtainable at high supersonic speeds. General performance of a ram jet engine in the 
subsonic range would have a specific fuel consumption between 0.6 to 0*8 kg fuel per 
N thrust -  hr and a specific weight between 0*01 to 0*02 kg per N thrust. The supersonic 
ram jet engine has a specific fuel consumption between 0*25 to 0-04 and a  specific 
weight between 0-01 to 0-04. Thus, the best performance of the ram jet engine is obtained 
at flights speeds of 1500 to 3500 km/hr.
5.5 Pulse Jet Engine

The pulse jet engine is somewhat sim ilar to a ram jet engine. The difference is that 
a mechanical valve arrangement is used to prevent the hot gases of combustion from 
flowing out through the diffuser in the pulse jet engine.

Paul Schmidt patented principles of the pulse jet engine in 1930. It was developed 
by Germany during W orld-W ar-ll, and was used as the power plant for “buzz bomb".

The turbojet and ram jet engines are continuous in operation and are based on the 
constant pressure heat addition (Bryton) cycle. The pulse jet is an intermittent combusion 
engine and it operates on a cycle sim ilar to a reciprocating engine and may be better 
compared with an ideal Otto cycle rather than the Joule or Bryton cycle.

The compression of incoming air is accomplished in a diffuser. The air passes through 
the spring valves and is mixed with fuel from a fuel spray located behind the valves. A 
spark plug is used to initiate combustion but once the engine is operating normally, the 
spark is turned off and residual flame in the combustion chamber is used for ignition, 
lin e engine walls also may get hot enough to initiate combustion.

The mechanical valves which were forced open by the entering air, are forced shut 
when the combustion process raises the pressure within the engine above the pressure 
in the diffuser. As the combustion products cannot expand forward, they move to the 
rear at high velocity. The combustion products cannot expand forward, they move to the 
rear at high velocity. When the combustion produ-pf~ leave, the pressure in the combustion 
chamber drops and the high pressure air in the c.flbser Tbrces the valves open and fresh 
air enters the engine.

Since the products of combustion leave at a high velocity there is certain scavenging 
of the engine caused by the decrease in pressure occasioned by the exit gases. There 
is a stable cycle set up in which alternate waves of high and low pressure travel down 
the engine. The alternating cycles of combustion, exhaust, induction, combustion, etc. are 
related to the acoustical velocity at the temperature prevailing in the engine. Since the 
temperature varies continually, the actual process is*complicated, but a workable assumption 
is that the tube is acting sim ilar to a quarter wave length organ pipe. The series of 
pressure and rarefaction waves move down it at the speed of sound for an assumed 
average temperatures.

The frequency of the combustion cycle may be calculated from the following expression:

 ̂ = 4 l cvc*es/sec-

where, a = VfTTT = sound velocity in the medium at temperature, T, and
L  = length of engine ( from valves to exit).

efficient at a given speed may be quite inadequate at another velocity.
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A serious limitation placed upon pulse jet engine is the mechanical valve arrangement. 
Unfortunately, the valves used have resonant frequencies of their own, and under certain 
conditions, the valve will be forced into resonant vibration and will be operating when 
they should be shutting. This limitation of valves also limits the engine because the gas 
goes out of the diffuser when it should go out of the tail pipe.

Despite the apparent noise and the valve limitation, pulse jet engines have several 
advantages when compared to other thermal jet engines.

. . The pluse jet is very inexpensive when compared to a turbojet.

. . The pulse jet produces static thrust and produces thrust in excess of drag at 
much lower speed than a ram jet.

. . The potential of the pulse jet is quite considerable and its development and 
research may well bring about a wide range of application.

5.6 Rocket Motors
The jet propulsion action of the rocket has been recognised for long. Since the early 

beginning, the use of rockets has been in war time as a weapon and in peace time as 
a signaling or pyrotechnic displays. Although, the rocket was employed only to an 
insignificant extent in World W ar-I, marked advances were made by the research that 
was undertaken at that time. In . World W ar-I I, the rocket became a major offensive 
weapon employed by all warring powers. Rockets and rocket powered weapons have 
advanced to a point where they are used effectively in military operations.

Rocket type engine differs from the atmospheric jet engine in that the entire mass 
of the jet is generated from the propellant carried within the engine i.e . the rocket motor 
carries both the fuel and the oxidizing agent. As a result, this type of engine is independent 
of the atmospheric air that other thermal jet engines must rely upon. From this point of 
view rocket motors are most attractive. There are, however, other operational features 
that make rocket less useful. Here, the fundamentals of rocket motor theory and its 
applications are discussed.

Rocket engines are classified as to the type of propellant used in them. Accordingly, 
there are two major groups:

One type belonging to the group that utilizes liquid type propellants and other group 
that uses solid type propellants.

The basic theory governing the operation of rocket motor is applied, equally to both 
the liquid and the solid propellant rocket.

Rocket propulsion, at this time, would not be regarded as a competitor of existing 
means for propelling airplanes, but as a source of power for reaching objectives unattainable 
by other methods. The rocket motors are under active development programmes for an 
increasing number of applications. Some of these applications are :

-  Artillery barrage rockets,
-  AntMank rockets,
-  All types of guided m issiles, v
-  Aircraft launched rockets,
-  Jets assisted take-off for airplanes,
-  Engines for long range, high speed guided m issiles and pilotless aircrafts, and
-  M ain'and auxiliary propulsion engines on transonic airplanes.
It will be repeated again that the rocket engine differs from the other jet propulsion 

engines in that the entire mass of the gases in the jet is generated from the propellants
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.carried within the engine. Therefore, it is not dependent on the atmospheric air to furnish 
the oxygen for combustion. However, since the rocket carries its own oxidiser, the propellant 
consumption is very high.

The particular advantages of the rocket are :
. . Its thrust is practically independent of its environments.
. . It requires no atmospheric oxygen for its operation.
. . It can function even in a vacuum.
. . It appear to be the simplest means for converting the themochemical .energy of

a propellant combination (fuel plus oxidizer) into kinetic energy associated with a 
jet flow gases.

Despite its apparent simplicity, the development of a reliable rocket system must be 
light in weight and the rocket motor must be capable of sustained operation in contact 
with gases at temperature above 2800° C and at appreciable pressures.The -problem of 
materials in consequently a major one. Furthermore, owing to the enormous energy
releases involved, problem of ignition, smooth start up, thrust control, cooling etc. arise.

A major problem of development of rocket is selection of suitable propellant to give 
maximum energy per premium total weight (propellant plus containing vessels) and 
convenience factors such as a safety in handling, dependability, corrosive tendencies, 
cost; availability and storage problems. In general, it can be stated that there is a wide 
variety of fuels that are satisfactory for rocket purpose, but choice of oxidizers is  at 
present distinctly limited.

5.6.1 B asic Theory : Figure 5-7 shows a  schematic diagram of a liquid bi-propellant
rocket engine. It consists of an injection system , a combustion chamber, and an exit
nozzle. The oxidizer and fuel burnt, in the combustion chamber produces a high pressure. 
The pressure produced is governed by

-  Mass rate of flow of the propellants,
-  Chemicals characteristics of the propellants, and
-  Cross-section area of the nozzle throat.
The gases are ejected to the atmosphere at supersonic speeds through the nozzle. 

The enthalpy of high pressure gases is converted into kinetic energy. The reaction to the 
ejection of the high velocity, produces the thrust on the rocket engine.

The thrust developed is a resultant of the pressure forces acting upon the inner and 
the outer surface of the rocket engine. The resultant internal force acting on the engine 
is given by

Resultant force = mp Vj + Pj A  N

Combustion chamber Nozzle

Fig. 5 -7 . Schematic diagram of a liquid bi-propellant uncooled rocket motor.



where, mp = Mass rate of propellant consumption, kg/sec,
Vj = Jet velocity relative to nozzle, m/sec,
V„t = Average value of the x-component of the velocity of gases crossing, Aj,
Pj = Exist static pressure, N/m2, and

Aj = Exit area of nozzle, m2.
The resultant external forces acting on the rocket engine are PoA» where pQ is the 

atmospheric pressure in N/m2. The thrust which is a resultant of the total pressure forces 
becomes

T  -  mP Vxj + Aj(P j -  P J N . > . (5.8)
Let Vj = the exit velocity of the rocket gases, assumed constant and 
let VXj  = X Vj. Then, eqn. (5.8) becomes

7 -  \m p Vj + A j{p j -  p J N  . . . ( 5 . 9 )

The coefficient A. is the correction factor for the divergence angle a of the exit
conical section of the nozzle. \  is given by

 ̂ 1 cos 2 ct 1 / ̂    \ / p\  = —     = — (1 + cos a ) . . . (5.10)
4 (1. -  cos a ) 2 '

Equation (5.8) shows that thrust of a rocket engine increases as the atmospheric 
pressure decreases. Therefore, maximum thrust will be obtained when PQ= 0, i.e ., rocket 
engine produces maximum thrust when operating in a vacuum.

In testing a rocket engine, thrust and propellant consumption for a given time are 
readily measured. It is convenient then, to express the thrust in terms of the mass rate 
of flow of propellant and an effective jet velocity, Vej

i.e ., Thrust, T  = mp x Vej , . . .  (5.11)

The effective je t exit velocity is a hypothetical velocity and for convenience in test 
work it is defined from eqns. (5.9) and (5.11) as under :

Vej “ k  vj  + 7^  (P j ~ Po> r ts e 0 - ’ * • (5,12)

The effective jet exit velocity has become an important parameter in rocket motor 
performance.

The thrust power, TP  developed by a rocket motor is defined as the thrust multiplied 
by the flight velocity, VQ.

TP  -  TV Q = mp - V9j- VQ N.m/sec. • • . (5.13)

The propulsive efficiency, r\p is the ratio of the thrust power to propulsive power 
supplied. The propulsive power is the thrust power plus the kinetic energy lost in the 
exhaust,

i.e ., K .E . Loss = ^ mp (Vej -  v f  N.m/sec.

Therefore, the propulsive efficiency may be expressed as

__________TP   mp Vej Vo_
ip  -  T P *  K .E . Loss '  mp V^Vc mp (V j -  v f
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. . . (5.14)

Specific Impulse, lsp has become an important parameter in rocket motor performance 
and is defined as the thrust produced per unit mass rate of propellant consumption.

mn • V,ej = V,ej,  m , 3 • • • <5 1 5 >

Specific impulse, with the units, Newtons of thrust produced per kg of propellant 
burned per second, gives a direct comparison as to the effectiveness among propellants. 
It is desirable to use propellants with the greatest possible specific impulse, since, this 
allows a greater useful load to be carried for a given overall rocket weight.

5.6.2. Types of Rocket Motors : The propellant employed in a rocket motor may 
be a solid, two liquids (fuel plus oxidizer), or materials containing an adequate supply of 
available oxygen in their chemical composition (monopropellant). Solid propellants are used 
for rockets which are to operate for relatively short periods, upto possibly 45 seconds. 
Their main application is to projectiles, guided m issiles, and the assisted take-off aircraft.

Combustion 
chamber Burns on end 

surface only

Nozzle

(a) Restricted burning

Propellant charge Ends prevented from 
burning by washers

Nozzle

Burns on outside and
( b) Unrestricted burning inside cylindrical

” surfaces

Fig. 5 -8  Schematic diagram of a solid propellant rocket. ..

Solid propellant rockets (fig. 5-8) have been of two basic types :
. . Unrestricted burning types for projectiles and launching rockets; and
. . Restricted burning types for assisted take-off of aircraft and for propelling m issiles.
In the unrestricted burning rocket [fig. 5-8(a)] all surfaces of the propellant grain 

except the ends are ignited; in restricted burning rockets [fig. 5-8(b)] only one surface
of the propellant is permitted to burn. Liquid propellant rockets utilizes liquid propellants
which are stored in the containers outside the combustion chamber. The basic theory of 
operation of this type of rocket is same as that for solid propellant rocket. Liquid propellant 
rockets were developed in order to overcome some of the undesirable features of the

HE3 -  13

li
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solid propellant rockets such as short duration of thrust, and no provisions for adequate 
cooling or control of the burning after combustion starts. Here, the propellant in the liquid

Fig. 5 -9 . Schematic diagrams of bi-propellant rocket system.

state is injected into a combustion chamber, burned and exhausted at a high velocity 
through the nozzle. The liquid propellant is also used to cool the rocket motor by circulation 
of fuels around the walls of the combustion chamber and around the nozzle. Certain 
liquid fuel, however, such as hydrogen peroxide, burn at such temperatures that no cooling 
is necessary. Figure 5-9 shows schematic diagrams of pressure feed and pump feed 
liquid bipropellant rocket system s.
Problem -2 : The effective exit je t velocity of a rocket is 3000 m/sec, the forward flight 
velocity is 1500 m/sec and the propellant consumption is 70 kg per sec. Calculate : (a) 
Thrust, (b) Thrust power, (c) Specific impulse, (d) Specific propellant consumption, and
(e) Propulsive efficiency of the rocket.

(a) Using eqn. (5.11),
Thrust, T  = mp x Vej = 70 x 3,000 = 2,10,000 N or 210 kN

(b) Using eqn. (5.13),
Thrust power, TP = T  VQ = 2,10,000 x 1,500 = 315 x 10® N.m/s



(c) Using eqn. (5.14),

Specific impluse, lsp = ~  = 'V  Vei «= vej = 3,000 N.s/kg

JE T  PROPULSION ENGINES

•p mp

(d) Specific propellant consumption -
T  mp Vej Vej 3,000

= 3-3 x 10-4 kg/N.s
(e) Using eqn. (5.14),

Propulsive efficiency, r\p = — 2 (K /V e/)__
1 ♦ (V o /vy2

2(1500/3000)

mp mp 1

1 + (1500/3000)
= 0-8 i.e ., 80%

900 1̂ 00 1500 1600 2100
Velocity, km/hr —

Fig. 5-10. Propellant or fuel consumption versus flight speed for different 
propulsion systems.

5.7 Com parison of the Various Propulsion System s
Figure 5-10 shows the specific propellant consumption in kg per kN thrust 

speed for different engines. The curves in this figure indicate that the use of

195

versus
rocket
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engines to power air planes, as we know them today, is not feasible because of their 
high fuel consumption. Also, the use of ram jet engines is not economical at lower than 
1500 km/hr vehicle speeds.

Cft
Ej 60 I— V w   nmneiier  Figure 5-11 shows variation of thrust

with altitude for different propulsion sys- 
5 \  terns. It may be noted that the thrust
« 60  "v a   ’ of rocket motor increases with altitude
8 N, ' while the thrust of other types of vehicles

^  t k ®/1 decreases with altitude.

cOJow0)0.

Rocket

Unsupercharged 
reciprocating 

— engine with -  
propeller Relative 

air densit

Supercharged 
reciprocating 
engine with 
\ l  propeller

6 12 
Altitude km>

Fig. 5-11 Variation of thrust with altitude for different propulsion 
systems.

Figure 5-12 gives relative picture of the probable operating envelope of the various 
propulsion system s.

0 ?  10 3 4
Flight velocity, km/sec *

Fig. 5-12 Comparison of probable best performance for various propulsion engines.



JE T  PROPULSION ENGINES 197

T uto ria l- 5
Fill in the gaps to complete the following statements :

(a) The two main categories of jet propulsion system s are th e  jet erlgines and
%

(b) T h e  an d  are aero-thermodynamic-ducts i.e., a straight duct type of jet
engines without compressor and turbine.

(c) In world war I I ,  became a major offensive weapon employed by all warring
powers.

(d) Rocket motor cannot compete, as far as efficiency is concerned, with other forms
of propulsive system s, in the ’ speed range.

(e) Relative fuel consumption per. unit power output i s  for reciprocating engine
and i s  for rocket motor, r

[ (a) atmospheric, rockets, (b) ramjet, pulse jet, (c) rocket, (d) subsonic, *(e) lowest, highest.] 
Choose correct phrase/s to complete the following statements:

(i) The fuel used in turbojet engine is :
(a) liquid hydrogen, (b) high speed Diesel oil, (c) kerosene, (d) methylalcohol.

(ii) In a jet propulsion power unit, the inlet duct of diverging shape is used to :
(a) collect more air, (b) convert kinetic energy of air into pressure, (c) provide
robust structure, (d) none of the above.

(iii) The air entry velocity in a rocket as compared to aircraft is :
(a) sam e, (b) more, (c) less, (d) zero, (e) depends on power and speed.

(iv) The propulsive power of the rocket is given by :
,_ v V i2 -  V22 (V i -  V2) 2 \/i2 V12 -  V22
(a) ----- 2----- ’ ^  ------ 2------ ’ ^  ~ T ' ^   4--

where V1 = jet velocity, and V2 = rocket velocity.
(v) The air-fuel ratio in a jet engine will be of the order of :

(a) 20 : 1, (b) 10 : 1, (c) 60 : 1, (d) 100 : 1.
(vi) The maximum temperature in a gas turbine may be of the order of :

(a) 500°C, (b) 1,000°C, (c) 2,000°C, (d) 2,500°C.
(vii)For speeds above 3,000 km/hour, it is advantageous to use :

(a) turbojet engine, (b) ramjet engine, (c) rocket, (d) propellers.
(viii)The ramjet engine :

(a) is not self operating at zero flight speed.
(b) is self operating at zero flight speed.
(c) produces a jet consisting of plasma.
(d) none of the above.

[(i) c, (ii) c, (iii) d, (iv) a, (v) c, (vi) b, (vii) b, (viii) a]
(a) What is meant by jet propulsion engines ?
(b) Classify jet propulsion engines and distinguish between atmospheric jet engines 

and rockets.
(a) State the two laws on which propulsion of a vehicle through a fluid medium is 

based.
(b) List the types of atmospheric jet engines. How they differ from each other ?
(c) Name the two types of rocket motors.
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5. (a) Describe with the help of a neat sketch the working of a turbojet engine.
(b) Sketch the variations in pressure, temperature and velocity of the working medium

while it passes through the turbojet engine.
6. (a) State the applications of atmospheric jet engines and rocket engine.

(b) Define thrust, thrust power, propulsive power and propulsive efficiency of a turbojet
engine.

7. (a) Define propulsive efficiency and derive its expression. State the condition for 100
percent propulsive efficiency and comment on this situation.

(b) What is the role of a diffuser in a turbojet engine ? Name jet engine in which 
the compression is fully dependent on ram effect.

8. (a) Define overall efficiency of turbojet engine and state how it is related to its thermal
and propulsive efficiencies ?

(b) A jet propulsion unit with turbojet engine flies at a speed of 1,000 km/hr. It has 
an exit jet velocity of 600 m/sec and it consumes 32 kg of air per second. Find:
(i) the thrust, (ii) the thrust power, (iii) the propulsive power, and (iv) the propulsive
efficiency.

[(i) 10,310 N; (ii) 2,864-23 KN/Sec; (iii*) 4,525.23 kW (iv) 63.23%]
9. (a) Draw a schematic diagram of a ramjet engine and lable all components.

(b) Describe the operation of a ramjet engine.
10. (a) Why must a ramjet engine be boosted to speeds around 650 km per hour ?

(b) What are the advantages and disadvantages of ram jet engines ?
11. (a) Draw schematic diagram of a pulsejet engine.

(b) Describe the operation of a pulsejet engine.
(c) What are the advantages and disadvantages of pulsejet engine ?

12. (a) What are rocket motors ?
(b) What are the advantages and disadvantages of rocket motors ?

13. The effective jet velocity of a rocket is 2,700 m per sec, the forward flight velocity
is 1350 m per sec and the propellant consumption is 73-3 kg per second. Estimate:
(a) Thrust, (b) Thrust power, and (c) Propulsive efficiency.

[(a) 197-91 kN, (b) 267-18 x 103 kN/Sec. (c) 80%]
14. Given the following data for a bipropellant rocket motor :

Flight velocity = 650 rrVsec 
Effective jet velocity = 1950 m/sec.
Rate of propellant consumption = 7 kg/sec.

Calculate : (a) thrust, and (b) propulsive efficiency.
[(a) 13,650 N, (b) 60%]

15. Compare the various types of jet propulsion systems as to their specific fuel
consumption, best speed range and relative weight.



VARIABLE SPECIFIC HEAT THEORY
6

6.1 Introduction
In the previous chapters, we have seen that specific heat has a great significance 

in thermodynamics and is widely used for heat engineering calculations. The specific heat 
of a substance is defined as the amount of heat required to raise the temperature of 1 
kg of a substance by 1 K . Thus, if dq units of heat are transferred to raise the temperature 
of 1 kg of a body by dT, then its specific heat is given by,

*  -  f T  kJ/kg/K ' '  • (6 J )

The specific heat defined as above is mass specific heat as it refers to unit mass 
of the substance but in practice it is stated simply as specific heat. The specific heat 
defined with reference to kg-mole is known as molar specific heat. Molar specific heat 
is defined as the amount of heat required to raise the temperature of 1 kg-mole of a 
substance by 1 K . Thus, if dq units of heat are transferred to raise the temperature of 
1 kg-mole of a body by dT, then its molar specific heat, 7r is given by.

7c *  kJ/kg-mole/K ' * 6̂'2^

Specific heat defined on the basis of volume is known as volumetric specific heat. It 
is defined as the amount of heat required to raise the temperature of 1 normal cubic 
metre (cubic metre at NTP i.e ., 760 mm of Hg pressure and 0 K temperature) by 1 K. 
Thus, volumetric specific heat is expressed as kJ/NTP m3/K.

When a body is heated, the energy transferred to it as heat, is used in two ways:
(i) in increasing the internal energy of the body, i.e ., to speed up the molecules, and (ii) 
in work done for expanding the body. The magnitude of this work depends on the 
conditions under which the heat is supplied, i.e ., on the nature of the process, in view 
of which the specific heat may have many values. In the case of gases, there are two 
specific conditions (heating processes) that are of great importance and hence there are 
two specific heats in wide use : (i) specific heat at constant volume, ky and (ii) specific 
heat at constant pressure, kp. Solids and liquids have only one specific heat as during 
heating their expansion is negligible. Thus,

kv = kp -  k = for solids and liquids ' ’ 6̂‘3^

At constant volume heating of a gas, work done is zero as there is no change in 
volume. All the heat supplied is used to increase the internal energy. Hence, specific 
heat at constant volume,

,'d u\ . . .  (6.4)
Ky = a r

where, u is the internal energy.
When a gas is heated at constant pressure, some work is done by gas in expansion 

and hence in addition to heat required to increase the " if  of the gas, further heat must
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be added to perform the work. For this reason the specific heat at constant pressure is 
always greater than the specific heat at constant volume of the gas. At constant pressure 
dq is equal to dh (change in enthalpy). Hence, specific heat at constant pressure,

where, R  is specific or characteristic gas constant.
On the basis of kg-mole, Yv is molar specific heat at constant volume and Yp is 

molar specific heat at constant pressure.
Multiplying all terms of eqn. (6,6) by molecular weight M,
Mkp -  Mkv -  M R

where, G is the universal gas constant which is equal to 8-3143 kJ/kg-mole K . Thus, for all 
gases, the difference of the two molar specific heats is equal to 8-3143 kJ/kg-mole K.

The ratio of the specific heats,

In addition to the nature of the thermodynamic process, specific heat varies for different 
gases depending upon molecular atomic structure such as monatomic, diatomic, polyatomic, 
etc. Thus, specific heat is different for different gases for same heating process. Further, 
specific heat depends on temperature changes. Specific heat of real gases also to some 
extent depends upon the pressure. For real gases the specific heats and hence y are 
not constant with temperature as in the case of perfect gases (y = 1-67 for monatomic, 
7 = 1-4 for diatomic, and y = 1-3 for polyatomic gases). Experiments have shown that 
as the temperature is increased over a wide range, the specific heat of a gas increases 
with temperature. With increase in tem peratjre, y gradually decreases (particularly for 
polyatomic gases), but in all cases it is always greater than unity. This is explained by 
the fact that with increase of temperature, Av increases more intensively than kp. Thus, 
attempt is made here in this chapter to explain the variation of specific heats of gases 
for different gases* at same thermodynamic state by classical theories. Further, with the 
help of Planck’s hypothesis, the variation of specific heat of a gas with temperature is 
discussed at length in Art 6-3. Allowing for variation of specific heat of air with temperature, 
enthalpy -  internal energy -  entropy are plotted on chart to evaluate thermodynamic 
processes and cycles of internal combustion engines. At the end of the chapter, the effect 
of variation of specific heat on I.C . engine performance is explained.
6.2 Classical Analysis

In order to connect and correlate the many facts accumulated by experience as 
regards behaviour of matter, some hypothesis or theory became necessary, and the kinetic 
theory of matter is one that has proved most helpful for the purpose. The theory is based 
on two assumptions :

. . The matter, whether a solid, liquid or gas is not continuous, but consists of large 
number of small particles, called molecules. A molecule is the smallest particle of a 
substance which can exist in a free state and possesses all the characteristic properties 
of the substance. Even when the molecules are in contact with each other, there are

. . . (6.5)

The difference in kp and k , is given by 
kp -  kv *  R . . . (6.6)

Tip -  ~iTv -  G = 8-3143
kJ . . .  (6.7)

kg -  m oleK

. . .  (6.8)
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inter-spaces between them.
. . The molecules are in a continuous state of agitation, moving about with great 

speed, haphazardly, in all directions. However, their freedom of movement is different in 
three phases of matter, i.e ., the solid, the liquid, and the gaseous.

In solids, the molecules are very closely packed and attract each other with a large
force of cohesion. They cannot move about freely but can only vibrate about a mean 
position, which accounts for the definite shape and volume of solids.

In liquids, molecules are farther apart than in solids, and attract each other with 
smaller force of cohesion. They cannot easily leave the liquid but are free to move any 
where within the liquid, which explains why a liquid has definite volume but no shape of 
its own.

In a gas, the molecules are very much farther apart than those of a solid or a liquid. 
The force of attraction between the molecules of a gas is almost negligible and the 
molecules are free to move over the entire space available. That is why a gas has 
neither shape nor volume of its own.

The kinetic theory of solids and liquids is more complicated and is still under 
development, while the kinetic theory of gases is relatively simple and has made rapid
strides and can explain the various properties of gases. This is because, in the case of
a gas,

-  Molecules lie apart and we can, therefore neglect, under ordinary conditions, the 
actual volume occupied by the molecules them selves, compared with that occupied 
by the gas, as a whole.

-  Molecular forces can be neglected because of the large distance between the 
molecules.

 ̂ 6.2.1 K inetic Theory of G ases : A certain amount of understanding of the properties 
of gases including variation of specific heats can be obtained through the kinetic theory 
of gases. With this theory, simple relations are obtained with ‘ideal’ or ‘perfect’ gases. A 
perfect gas is one whose molecules have negligible size and in which the molecular 
forces are also negligible.

In applying the kinetic theory to perfect gases, following additional assumptions are 
made :

. . The large number of molecules exist in the smallest volume of gas.

. . The molecules are in a state of ceaseless random motion.

. . The molecules of a gas are all alike (though different from those of another), and 
are perfectly elastic spheres.

. . The molecules are of negligible size as compared with their distance apart. This 
means the molecules are points of matter.

. . There is no force of attraction or repulsion between molecules, or between them 
and the walls of the containing vessel. This means that all their energy is kinetic 
in form. Pressure on walls is solely due to molecular impacts.

. . The collisions are perfectly elastic and between collisions the molecules move in 
a straight line with uniform velocity. The distance between two collisions is called 
the free path of the molecule. The average distance travelled by a molecule 
between successive collisions is known as the mean free path.

. . The time spent in a collision is negligible as compared to the time required to 
traverse the free path, i.e ., the collisions are instantaneous.



/

Due to the constant random motion of the molecules of a gas and their high speed, 
they ‘bombard’ the walls of the containing vessel, and thus exert pressure. Pressure is 
thus, exerted by a gas because its molecules are colliding against the walls of the 
container. Each collision exerts a tiny push on the wall. The sum of all such pushes on 
a unit area is a measure of the pressure. The pressure exerted on a gas is given by 
the the expression.

P  = 1 n m c 2 • • • (6.9)

where, P  = absolute pressure of the gas,

n = — = number of molecules in a unit volume,

m = m ass of a molecule, identical for all molecules in a homogeneous gas,
c  = root mean square velocity of the molecules and is equal to the square

root of the mean of the squares of the velocities of the individual
molecules, or
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2 2 2 2 + +   + C„ *

N
Equation (6 .9 ), can be cewritten as

2 m e 2 . . . (6 .10 )
P -  3 n ~ 2 ~

Here m c 2 represents the kinetic energy of the translational motion of the molecules, 

u contained in one unit of volume. Thus,
p .  |  u . . . (6 .11 )

This shows that the pressure of a gas is numerically equal to two thirds of the kinetic 
energy, u of the translational motion of the molecules per unit volume.

6.2 .2 Internal Energy and Tem perature : Internal energy is the sum of kinetic 
energy and potential energy of molecules. For perfect gases, potential part is zero. Hence, 
internal energy of a gas is equal to kinetic energy of molecules according to kinetic theory 
of gases and is denoted by the letter u.

According to eqn (6 .9), the pressure exerted by a gas, made up of N molecules and 
occupying a volume v, is given by

p  = 1  — m<?r  3 y

or pv =  ̂Nmc2

If v is the volume occupied by a kg-mole of the gas and M the molecular mass of 
the gas, since the M = mN,

pv m i  M e 2 • • • (a)

Now, making use of experimental law, known as the perfect gas equation,
i.e ., pv = GT, from (a) and (b), we get, • • • (b)

I  M e 2 *  G T

or c 2 -  3 ~ r  ' <C)M
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This shows that the mean square velocity C2 is directly proportional to the absolute 
temperature, T. At T  = 0, c2 = 0, or c = 0. Hence, the absolute zero of temperature is 
that temperature at which the molecular translational velocities of a gas are reduced to 
zero.

From (c), we get,

Thus, the mean kinetic energy per molecule in a given mass of gas is proportional 
to the absolute temperature of the gas. That is, to every uniform temperature there is a 
corresponding uniform distribution of kinetic energy and the molecular collisions furnish 
the mechanism which leads to the equalisation of temperature. Thus, kinetic fraction of 
internal energy is

U -  |  kT  for 1 molecule, \

U -  |  G T  for 1 kg-mole, and \ . . .  (6.13)

U *  |  R T  for 1 kg of gas j
where, k = Boltzmann’s constant,
G  = Universal gas constant \

= 8-3143 kJ/kg-mole K , j
R  = Specific gas constant )

J3  Universal gas constant J
M "  Molecular weight

6 .2 .3 . Atom icity of G ases and Degrees of Freedom : A random motion of the 
molecules in a gas, whose kinetic energy depends upon temperature is referred to as 
thermal agitation and the kinetic energy of this thermal agitation constitutes the internal 
energy of the gas. This internal energy will depend upon .the number of atoms in the 
molecule of the gas. In the case of a monatomic gas, the only form that it can assume 
is the kinetic energy of translation, there being no other motion of the molecule possible. 
In case of diatomic and polyatomic gases (those which contain two and more than two 
atoms of the molecule), the atoms in the molecule are vibrating with respect to one 
another and the whole molecule may be rotating about one or more axis. Thus, in the 
case of diatomic and polyatomic gases, there will be kinetic as well as energy associated 
with the rotation and vibration of molecules, which together constitute its internal energy.

By the number of degrees of freedom possessed by a system is meant the number 
of mutually independent variables or coordinates required to define its state or position. 
The number of degrees of freedom of a dynamical system depends merely on its capacity 
fOr motion and not on the actual motion itself and is determined purely by its geometrical, 
rather than its physical properties.

. . . ( d )

Dividing both sides by N, the number of molecules in kg-mole of the gas,
1 M r 2 _  3 G T
2 N  2 N

• j
But, — = m and — = k, a constant, known as the Boltzmann’s constant. 

N N
. . .  (6.12)
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In applying this definition of degrees of freedom to various types of molecules 
(monatomic, diatomic, etc.), we may consider each individual atom to be a mass point, 
for the simple reason that its whole mass is concentrated in the nucleus of radius 10 
cm, the radius of atom itself being 10'8 cm.

(i) Monatomic G ases : The molecule of a monatomic gas consists of one single atom. 
Thus, it is just a m ass point and has only three degrees of freedom of translation motion, 
as shown in fig. 6-1.

The molecules of the rare gases, helium, argon, etc., as well as metallic vapours are 
monatomic.

Thus, for monatomic gases,
Degrees of freedom = 3 (translational) . . . (6 .1 4 )

y y

Fig. 6-1. Molecule of a monatomic gas. Fig. 6-2. Molecule of a diatomic gas.

(ii) Diatomic G ases : A diatomic gas consists of two atoms per molecule which are 
assumed to be fixed together in a “dumb-beN" form (the distance between the two atoms 
being fixed due to the chemical bond between them) as shown in fig. 6-2. It can rotate 
about two axes perpendicular to its own axis, and hence it has two degrees of freedom 
of rotational motion in addition to three degrees of freedom of translational motion. Thus, 
for a diatomic gas,

Degrees of freedom = 3 (translational) + 2 (rotational)
= 5 •• (6-15)

As examples of such molecules, it may be cited most of the common gases like, 
H2 , 0 2, N2 , CI21 CO etc.

(iii) Triatomic G ases : Here, the three atoms, constituting the molecule, may be in a 
straight line, i.e ., the molecule may be a linear (carbon dioxide C 0 2, carbon disulphide 
CS2, hydrocyanic acid HCN etc.) or they may form the three apices (apexes) of a triangle, 
i.e ., the molecule may . be non-linear (H2O, S 0 2 etc.) as shown in fig. 6-3. Thus, degrees 
of freedom are :

For linear molecule = 3 (translational) + 2 (rotational) ...(6 .16a)
= 5

For non-linear molecule = 3 (translational) + 3 (rotational)
= 6 ... (6.16b)

In this manner, the number of degrees of freedom of any polyatomic molecule can 
be determined. The number of degrees of freedom increases, in general, with the complexity 
of the molecule.
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y = 6 y

O

/
-  v — — Q  » x

(b ) Non-Lin*o^

Fig. 6 -3 . Molecules of triatomic gases

6.2.4 Law  of Equipartition of Energy : This law is related to the distribution of 
thermal energy throughout an ensemble like the molecules of a gas, and was first arrived 
at by Maxwell in the year 1859, in regard to the energy of translational motion.

We have seen from eqn. (6.12) that the average kinetic energy of a molecule of gas 
(monatomic) is given by

where, k, is the Boltzmann’s constant
Now, for a monatomic molecule, there are three degrees of freedom (of translational 

motion). So that, the average kinetic energy of a molecule per degree of freedom is

This result is known as Boltzmann’s  law of equipartition of energy and is true for all 
degrees of freedom, translational, rotational and vibrational (remembering that one degree 
of freedom of vibrational motion is counted as two as it involves both kinetic and potential 
energies).

In other words, the law states that the total energy of a dynamical system in thermal 
equilibrium is shared equally by all its degrees of freedom. The energy associated per
molecule per degree of freedom is equal to -  kT and hence a constant. By the same

principle, it can be written that

 ̂G T  = energy per degree of freedom per kg-mole of gas j

and ^ R T  = energy per degree of freedom per kg of gas j ..(6 .17)

The law of equipartition of energy finds immediate and ready application in the 
calculation of specific heats of gases. For, when heat is supplied to a gas, its molecules, 
which have certain degrees of freedom, absorb, in accordance with this law, the same 
fraction of the imparted energy for each degree of freedom.

(i) Monatomic Gases :
Degrees of freedom = 3 (translational)
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We know that —  = internal energy per degree of freedom per kg of gas

R T  R T  3u = —  x no. of degrees of freedom = —  x 3 =» -  R T

K  = « | f l ; a n d A p - * v + / ? - j / ? + f l - | / ?

5/2 R  
3/2R

|  -  1-667
..(6 .18)

Sim ilarly, for 1 kg-mole of gas, molar specific heats are : 

Tv -  1  G  « |  X 8-3143 -  12-47 kJ/kg-mole/K

and Yp = f G  = |  x 8-3143 - 20-786 kJ/kg-mole/K

Thus, ideally for all monatomic gases, the molar specific heats are the same at all 
temperatures. This has been investigated in respect of mercury vapour and the inert 
gases, particularly argon (within -  180° C to 3,000'C) and it was foun'd to have 
Yv -  12- 47 at all temperatures, a result in excellent agreement with the one just deduced. 
For other rare gases, the value of TTV comes to 12-5 over a fairly wide range of temperature.

(ii) Diatomic G ases :
Degrees of freedom = 3 (translational) + 2 (rotational) = 5

R T  R T  5.-. u = —  x no. of degree of freedom = —  x 5  ̂ — R T

These results are roundly true for quite a few diatomic gases like H2, N2, CO, NO, 
etc., for which TTV comes to round about 20-8 and 7 = 1-4 at ordinary temperatures. 
However, at higher temperatures the value of Yv is not independent of temperature and 
hence there will be fall in 7 as Yv increases with temperature.

In short, real gases do have 7 = 1 -4 at ordinary temperatures but at higher temperatures 
the value of 7 falls even though, pv = R T  is obeyed. This suggests, that at higher 
temperatures the molecule acquires some more degree of freedom, than 5 as at room 
temperature i.e ., possesses some vibrational degrees of freedom.

(iii) Triatomic Gases :
(a) Linear type (for example CO2) :
Degrees of freedom = 3 (translational) + 2 (rotational) = 5

kv m - R \  and kp - - R + R - - R

..(6 .19)

And molar specific heats will be

= 1  G = |  x 8-3143 = 20-786 kJ/kg-mole/K 

^ - | g - | x  8-3143 = 29-1 kJ/kg-mole/K
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R T  R T  5.*. u -  —  x no. of degrees of freedom = —  x 5 - — R T

kv = |  f t ; and /fp = ̂  ft + ft = ^ ft

/r l R  7

** 7 kv 1 R  5 . . . (6 .2 0 )
2

Molar specific heats are as under :

F , - | < 3  = !  x 8-3143 = 20-786 kJ/kg-mole/K

5  "  2 G "  2 x 8 3 14 3  = 29'1 kJ/kg-mole/K

(b) Non-linear type (for example H2Ot SO2) :
Degrees of freedom = 3 (translational) + 3 (rotational) = 6

R T  R T.-. u » —  x no. of degrees of freedom = —  x 6 -  3R T

kv -  3R\ and kp -  3 ft + R  = 4ft

^  4 0  4 1 0 ,  . . . ( 6 .2 1 )
*  1- -  t  ‘  3B  '  3  *  133
In real triatomic gases, even at ordinary temperatures, /rv > 3 ft and kp > 4 ft, i.e .,

7 < 1-33. This suggests that even at ordinary temperatures, the vibrational energy is 
appreciable. The value of y goes on decreasing with increase in temperature but it is 
always greater than unity, since kp > kv..

In a polyatomic gas (molecule of which consists more than three atoms), the value 
of kv should be calculated as shown above.

6.2.5 V ibrational Energy : In the treatment of different cases of gases above, we 
have considered only translational motion and rotational motion of molecules. But molecules 
also possess vibratory motion, particularly at higher temperatures. The degrees of freedom 
for vibrational motion, together with those for rotational motion are usually referred to as 
internal degrees of freedom. Internal degrees of freedom are equal to maximum possible 
degrees of freedom minus degrees of freedom for translational motion.

If a molecule consists of x  atoms, the maximum number of degrees of freedom it 
can possibly have will be 3x. Now, degrees of freedom for vibrational motion can be 
obtained as under :

Degrees of freedom \  « _  J degrees of freedom for
for vibrational motion! ”  1 translational motion

f degrees of freedom for 
l rotational motion

= 3x -  3 - J degrees of freedom for 
1 rotational motion

(i) Monatomic gases, x  = 1 :
Degrees of freedom for vibrational motion = 3 x 1 - 3 - 0  = 0
Thus, there is neither any degree of freedom of rotational nor of vibrational motion 

in this case. It has only three degrees of freedom of translational motion.
(ii) Diatomic gases, x  = 2:



208 THE ELEM EN TS OF HEAT ENGINES Vol. Ill

Degrees of freedom for vibrational motion = 3 x 2 - 3 - 2 * 1
(iii) Triatomic gases, x  = 3 :
(a) Linear type :
Degrees of freedom for vibrational motion = 3 x 3 - 3 - 2 = 4
(b) Non-linear type :
Degrees of freedom for vibrational motion = 3 x 3 - 3 - 3  = 3
Vibration involves both kinetic and potential energies of average equal amount. So 

that for purposes of calculation, one degree of freedom of vibrational motion is equivalent 
to two degrees of freedom otherwise.

Taking into account the vibrational energy, total energy is
R T  

U m ~2 *
degrees of freedom 
of translational motion

R T
T x

degrees of freedom 
of rotational motion

2 x degrees of freedom 
'for vibrational motion

As an example, for a diatomic gas,
R T  R T  _ R T  7u = —  x 3 + —  x 2 + —  (2 x  1 ) . - f l T

.-. K  = |  R  and kp = |  R  + R  = |  R  

kp 2 ^ 9
* T -  T? -  f -  -  I  -  128 * . . .  (6.22)v \r
In fact diatomic gases have y = 1-4 at ordinary temperatures but tends to become

1-28 at higher tem peratures. In general, the energy due to vibrational motion 
IR T  RT\= —  + —  i.e ., equipartition law and kinetic theory fail to explain the variation in

specific heats with temperature. We have to admit the failure of the equipartition law as 
well as the principles of classical theory in this case. A more satisfactory explanation is, 
however, furnished by the quantum theory as applied to specific heats and is discussed 
in the next article.
6.3 Planck’s  Quantum Hypothesis

Planck in his quantum theory finds that “if molecules can vibrate at frequency v cycles 
per second, energy of vibration can only be interchanged (emitted or absorbed) in exact 
multiples of hv (a quantum of energy) where h is the Planck’s constant of action". This 
arbitrary hypothesis contradicts classical mechanics law of gradual variation or exchange 
of energy. However, it explains many inexplicable phenomena and hence it is treated as 
hypothesis.

At any temperature, T, vibrational energy and collision intensity of gases exist. For 
each possible vibrational mode, some impact can, some impact cannot, communicate hv 
energy to the vibration. Probability of such exchanges increases with intensity of impacts, 
i.e . temperature. By statistical calculations, Planck found that for a finite gas sample,

hvUv ------——  kJ/single mole (623)
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where, Uv = average vibrational energy with respect to chosen frequency, v, 
h = Planck’s constant of action (or a universal constant),

6 52 v 10" 1 kJ-sec per smqle molecule, and 
T  = absolute temperature of the gas. 

hvIf x  -  -£j. -  a dimensionless quantity 

xkT
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Then, Uv

or

e * -  1 
x  R T

kJ/single-molecule

kJ/kg
e * -  1

It may be observed that value of

. . .  (6.24)

= f(x ) depends on frequency, v  and
e* -  1

temperature T. For a given value of v, f  (x) tends to 1, as temperature tends to infinity
and it tends to 0, as T  tends to zero. Thus, its value lies between 0 and 1. This may
be verified by obtaining limiting values of numerator and denominator by noting that
x  — 0 when T  — <x> and x  -* «  when T  -* 0.

hv
Further, by plotting Uv = — ——  for fixed value of T, l/v is large when v  is sm all.

e*7 -  1
Thus, at low temperature, low frequency of vibration carries most energy.

It will be seen from eqn. (6.24) that at high temperatures, the value of x  is small 
and that small value of x  give the largest values of molecular energy and that the 
vibrational energy increases with the temperature. Now, let us establish the contribution 
of one vibrational mode, i.e ., for chosen value of v and its contribution to specific heat 
at constant .volume (Â )v to /rv, total is given by

0K)v  -
/d L U ' d xkT  11

0 T  ' e* -  1J

Taking « p  and kT  = r

e * -  1 

x
e * -  1 

xk 
e * -  1

x k + kT

x k + kT

(e* -  ) • 1 -  xe* fdx\
(e* -  1)2 0 T  /vVXii%

(e* -  1)2
■ X h i

+ k -  xe* + x  + x2ex

- 1  r
xft(e* -  1) + ft(-xe* + x  + £ & ) 

(e* -  1)2 

kjxe? -  x  -  xe* + x  + ^ e*)

(e* -  1)2

Hi? 3-14
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(*„) = 

{kv)v ■
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or

(e* -  if  
f e ? k  

(8* -  1)2 
f t f R

kJ/single-mole K 

kJ/kg K
(0* -  1)2

f  M l im h o r  rtf H o n ro o e  erf frc in r ln m  fn r
. + vibrational energy 

and k ■ —  — x J Number ° f degrees of freedom for 1 x2 e*
'  W T  O l ♦rn ne ln fin n n l

(6.25)

Thus U  -  —  x J  Number of degrees of freedom for 
’ "  2 |  translational and rotational motion

v dT  ~ 2 

Thus, the term (/cv)v

j translational and rotational motion

/ V

(6.26)
(e* -  1)2

2 R  = f(x)- R  represents the increase in the value of
(e* -  1)

kw due to the vibrational energy of the molecules for any gas.

x2^  1
f(x) » — — ^  is plotted against -  as in fig. (6-4).

It may be noted that -  -  ^  • T
x  kv hv

Thus, ^ oc T  for given value of v.



From fig. (6-4), it may be observed that until = 0-1, the f(x) is insignificant, i.e . 

vibrational energy of that mode is negligible.
Problem -1 : Carbon monoxide has single vibrational mode for which v = 638  x 10 
cycles per second. Estimate the fall in the value of y when the temperature changes 
from 0°C to 2,000°C.

When T  = 0°C or 273 K,

1  .  * 1  .  I ^ S x L O j*  x  273 _  0 0 9 0 7

X h v  6-64 x 10"35 x 6-38 x 1013

f(x) = — ----^ 2  “  0 from fi9- (6-4)

Thus, kv = |  R  and kp = + R  = |  R.

k l R
•••1 -  i  ■ h  ■ 1 4  • *  ° ‘c

2
When T  = 2,000°C or 2,273 K,

1 kT  1-4075 x 10"24 x 2,273
— *  —  = ----------------------------- r r  *  U-7D5
x  hv 6-64 x 10"35 x 6-38 x 1013 
From fig. (6-4) or by calculations,

x2 e* 1 _f(x) = ---------  ̂= 0-865, corresponding to value of — * 0-755
(e* -  1)a *

K v  | «  + | «  + (.K )v

= |  R  + 0-865 R  m 3-365 R  

and kp = ky + R  = 3-365 R  + R  = 4-365 R

••• ’ * m i - 1 2 9 7  a 2oo°'c-
.-. Value of v falls from 1-4 at 0°C to 1-297 at 2,000°C.

Problem -2 : For a certain triatomic (non-linear) gas obeying the law pv = RT, spectrocopic 
measurements show two vibrational modes o f 2-1 x 10 and 4-8 x 1013 cycles per 
second. Assuming translational and rotational energies of molecules to have their equipartition 
values, deduce an expression for specific heat, kv of the gas and determine its value at 
0°C and 2,000’C.

Now, kv = - R  + - R  + (/f|/)vi -*- (M v2 = 3^ + {k )̂vi + (k^)v2

When T  = 0°C or 273 K,

v 1^1 6-64 x 10"35 x 2-1 x 1013XI — — aj ®
kT 1-4075 x 10“ 24 x 273 

— = 0-275 .-. f(X ), = 0-4X1

/. (kvU  = f(xh  • A = 0-4R

VARIABLE SPEC IFIC  HEAT TH EO RY 211



212 ELEM ENTS OF HEAT ENGINES Vol. Ill

i hv2 6-64 x 10"35 x 4-8 x 1013
Sim ilarly, x2 *  - r$  ■ ------------------- ™-----------  -  8-295

kT  "I-4075 x 10"24 x 273

— = 0-1206 f(x )2 = 0 02
*2
(kv)v2 -  f(x )R  = 0-02 R

.'. kv -  3R  + O AR + 0 02/? -  3-42/?

When T  = 2,000°C or 2,273 K

. „  ftv , 6-64 x 10-35  x 2-1 x 1013
X| •  , _  « 57 = ■ 0-4oo

kT  1-4075 x 10"24 x 2,273

—  -  2-29 .*. /(x )! = 0-985
*1

hvz  6-64 x 10"35 x 4-8 x 101 3  „and x2 « - rz r  ------------------ 55------------  = 0-996
kT  1-4075 x 10"24 x 2,273

.*. —  * 1-004 and f(x 2) -  0-9
*2
kv ■ 3R  + (/fv)v-i + (kv)v2

- 3 R  + 0-985/? + 0-9/? -  4-885/?
6.4 Tem perature -  Internal Energy -  Entropy (T -  u -  <I>) Chart for A ir

In the previous articles, we have seen that specific heats increase and y decreases 
with increase in temperature. Variable nature of specific heats affects the performance of 
thermal prime movers. For example, in case of constant volume or constant pressure 
heat addition to air, with increase in temperature, its specific heat increases and therefore, 
for a given amount of air and given amount of heat addition, the final temperature is 
less than that calculated with the assumption of constant specific heats. In case of an 
air standard cycle, this causes a reduction in the air standard efficiency, and hence 
reduction in output of the engine.

Effect of variation in specific heats on the performance and efficiency of thermal prime 
movers can be taken into account by theoretical analysis, by using properties compiled 
in tabular form and by using temperature -  internal energy -  entropy chart for a given 
gas. Various themodynamic processes can be represented with ease on the t-u-Q> chart 
for a given gas. Since, air is the standard medium for calculating ideal cycle parameters 
and efficiency, t-u-*l> chart for air is commonly used.

t-u-tt> chart for air is constructed assuming air to be a quasi-perfect gas for which
pv  = R T  holds good and kp and Kj are variables. In chart for air, the following
symbols are used:

u = internal energy, kJ/kg; h = enthalpy, k/kg; and 4> = entropy per kg.
G 8 3143

Now, R  -  k -  kv , where R-m .-m  ----- kJ/kg K v M M
Apparent molecular weight of air, M is 29.

0.0140
Therefore, R  = = 0-2867 kJ/kg K of air.

6.4.1 Construction of A ir Chart : For air, the values of kp and Ay have been found
by Holborn and Henning to be satisfied by the equations :



kp = d  + bT . . .  (6.27)
kv = a + bT . . .  (6.28)
for the temperature range met in internal combustion engineering practice
Considering change of system from state 1 to state 2, changes in important thermal 

parameters can be studied as follows :
(a) Change in internal energy :

We have, kv -  and for quasi-perfect gas, pv -  R T
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: .  du as Jrv dT  = (a + bT) dT

Of M2 —u, -  a(T2 -T ,)  + |  (722 -  '7ft

(b) Change in enthalpy :

r d  and for quasi-perfect gas, pv = R T

.-. dh « kp dT  « (d  + P7)dT

or /% - / ) , .  d(72 -T,) - | ( 7 22 - r , 2).

Also, kp -  k̂  = R  = (d + bTj -  (a + bTj = d -  a
or d -  a + R

hs -  h , .  a (T z  -  7,) + | ( 7 2 2 - 7, 2) + «(72 -  7,)

* (tfe -  Ui) + ft(T2 -  Ti)

(c) Change in entropy :

dq -  T  cW> -  du + p d v ; du »» kv dT  and p 

ctt>

R T
v

K  dT dV . f»T\ O—=— + f t—  -  (a  + bT)—  + R —  
T  v T  v

+ b(72 -  7,) ♦<l)2 -  <*>1 -  aloge l^r

Now, /i = u + p v  .-. dh -  du + p dv + v dp 
But, du + p dv = dq

dh as dq + v dp or dq = dh -  v dp = T d<I>
R T

Now, dh = kp dT  and v *  —

<M> - /fp - y  -  R  &  -  (d  *  b T )^  - R  &

<J>2 -  <1>! -  dloge |^ J  + b(T2 -  Ti) -  ft log,
Pi I

For constant volume change, loge
1 v£

(6.29)

(6.30)

(6.31)

(6.32a)

(6.32b)

V,
\

= 0 and hence eqn. (6.32a) becomes
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.*. <x>2 -  4>i » a log,
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(T2\
*  b (T z -  7-,) 

fPz)For constant pressure change, loge
Pi

4>2 -  $ 1  = dlog£
T| + b (T 2 -  Ty)

. . .  (6.33a) 

= 0 and hence eqns. (6.32b) become*.

. . .  (6.33b)

— R T — * 

£ < a

ot
ur

e, « > /  
i V  jw

st
\  6 \ •

/ /  3  

iV  * 7\  h
*s7  d

Based on the above equations and values of a, b and d  as given in the eqns. (6.27)
and (6.28), the air chart can be 

— Q-^^Enthdipyond internet energy sc ole constructed as shown in fig. 6-5
which has three curves A, B and 
C . In the construction of chart, the 
values of u, h and 4> are chosen 
arbitrarily as zero for t = 0°C. Hence, 
u1 = 0, h1 = 0 and -  0 at 7 j 
= 273 K. In plotting the curves, 
temperature is taken in °C so that 
for given temperature in °C, we get 
direct result.

(i) Curve A : u versus t (plotted 
in #C)

This curve is drawn by plotting 
u kJ/kg versus T  K  using equation 
(6.29), taking u , = 0 at t1 = 0°C 
(7V = 273 K).

- -  0 -4- Enlropy ♦

u

Fig. 6-5. chart for air 

a ( J  -  273) + |  (7*2 -  273*) where, T  is in K . . . (6.34)

(ii) Curve B : <I> versus t (plotted in °C)
This curve is drawn by plotting 4> per kg of air for constant volume change versus 

T  K  using eqn. (6.33a), taking 4>i = 0 at tj = 0°C (T\ = 273 K)

d> = a toge f— j  + b (T  -  273) where, T  is in K  6̂ 35j

(iii) Curve C ; <I> versus t (plotted in °C)
This curve is drawn by plotting 4> per kg of air for constant pressure versus T  K 

using eqn. (6.33b), taking O, = 0 at t1 = 0°C (T , = 273 K)

T<t> = dlogf 273 + b (T  -  273) where, T  is in K . . .  (6.36)

(iv) The curve B is drawn for constant volume v2 which is equal to reference volume
*1.

i.e .,
fv2\
— * 0 in eqn.

1̂
— = 1 and hence contribution to change in entropy R  loge

x W I *(6.32a).
The curve C is drawn for constant pressure pg which is equal to reference pressure

P i.
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Do
I.e ., ^  = 1 and hence contribution to change in entropy

R  loge
'Pz\
Pi

= 0 in eqn. (6.32b).

At any other volume, with reference to the reference volume v1t added contribution 
to change in entropy is

y  -  (d -  a) loge
fv£

= log e r
. . .  (6.37)

Thus, on t-u-4> chart, the line for volume v2 will be parallel to reference volume, v1 
line (curve 6) with horizontal displacement given by eqn. (6.37).

At any other pressure, with reference to the reference pressure p i, added contribution 
to change in entropy is

02 021y «  (d -  a) loge J— I = R\oge \— \ = R\oge r
. . .  (6.38)

Pf 01
Thus, on t-u-Q> chart, the line for pressure p2 will be parallel to reference pressure,

p 1 (curve C) with horizontal displacement given by eqn. (6.38).
An auxiliary scale gives the magnitude of R  loge r, for any value of r, where r  being

either the volume ratio or pressure ratio. The units of R  loge r and its scale of plotting
being those of <I> in the

loge
v or R  loge (Pz)

— given either or Pz\
Pi

(v) As expressed by eqn. (6.31), change in enthalpy is given by
hz -  Aii ■ (M2 -  wi)  + -  *i)
From curve A, internal energy for any given temperature is given by the honzontal 

intercept between y-axis (i.e ., representing temperature, t°C) and the internal energy curve 
A. The same intercept could be extended to the left hand side by the value RT. RT is 
a linear function of T  and hence, a sloping line could be constructed such that its horizontal 
intercept with vertical being RT. The angle between the sloping line and the vertical is 
given by

R {T 2 -  7-,) R (t2 + 273 -  273)
tan 6 m R

or 0 = tan *1 R  . . .  (6.39)
Thus, for any given temperature, the horizontal intercept between the sloping line (let 

us call h line) and curve A (internal energy curve) gives enthalpy (when transferred to 
energy scale).

Enthalpy scale and internal energy scale is placed at the top of the chart for 
convenience.

This chart can now be used to represent thermodynamic processes and cycles for 
air so that variability of specific heat is taken into account.

t-u- c h a r t  for air drawn to scale is shown in fig. 6-6 (attached), which can be 
used for solving the problems for performance analysis of I.C . Engines and Gas turbines.

6.4.2 Therm odynam ic Processes on t -  u -  Chart : The methods of showing 
thermodynamic processes on chart are indicated as under:
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Constant volume process during which temperature changes from T j to T2.
This process follows constant 

volume curve B , on the t-u-4> chart.
dq = du + p dv

dq = du
(dv = o for constant volume )
.*. Heat added (or rejected) can 

be measured as q .̂2 = u2 -  uh 
where u2 and Uj can be measured 
and shown on t-u-4> chart o f fig. 
6-7.

C onstant p re ssu re  p ro ce ss  
during which temperature changes 
from T j to T2.

This process follows constant 
pressure curve C , on the t-u-4>

Fig. 6-7. Representation of constant volume process 1-2. Chart.

dq -  dh -  v dp\ but dp = 0
dq = dh or q _̂2 = h2 _  /i,

Fig. 6-8. Representation of constant pressure process 1-2.

Thus, heat added (or rejected) can be measured as shown on t-u-4> chart of fig. 
6- 8.

The process during which volume changes from vj to v2 and temperature changes 
from T | to T2.

We have, <i>2 -  <1>1 = aloge + b (T2 -  TO + fllo g e

V2 1
(a) For example, if — » — (a case of compression)

Vy = 4v  ̂ I.e ., V2 < V\
In this case, last term in the above eqn. (i) is negative.
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.-. (<1>2 -  <l>i) < (4>2' -  <l>i)at 
constant volume (fig. 6-9).

Thus, point 2 is horizontally 
displaced from 2 ' to 2 by the value

■ ft log* rft log*. 

-  ft loge 4, obtained from the 
auxiliary scale as shown in fig. 
6-9. In this case, heat transfer 
Pi - 2 = °2  -  ^1 (heat added).

Vo
(b) For example, if —

v2>(a case of expansion) 2v, 
i.e . v2 > V\

In this case, the last term in 
the above eqn. (i) is positive.

#1 ^ 2  ^2'

Fig. 6-9. Representation of compression process 1-2.

.-. (<l>2 -  ^ 1) > (^2  * ~ 31 constant volume (fig. 6-10).
Thus point 2 is horizontally y

displaced from 2’ to 2 by the 
value,

Iv A
ftlog£

1̂
= ftloge r = ftloge 2

obtained from the auxiliary 
scale as shown in fig. 6-10. In 
this case heat transferred
9i - 2  = U2 -  lh (heat rejected).

A process during which pres
sure changes from p i to p2 and 
temperature changes from Tf to
t 2.

We have, <I>2 -  ^ 1 = tfloge—  + b (T2 -  T\) -  ft log,
'1

po
(a) For example, if —  = 2 (a case of compression) :

Pi

Fig. 6-10. Representation of expansion process 1-2.

02
P1

2pi = pz i.e ., p2 > pi

is positive, {last term in the above eqn. (i).}•••
Pi \ /

(<I>2 -  $ 1) < (<1>2 ' -  <l>i) at constant pressure (fig. 6-11).



(p2\
Fig. 6-11. Compression process 1-2 with pressure ratio 2. ■ R  |oa_ —

Pi
is negative.

/. (<t>2 -  ^ 1 ) > (^ 2 ' -  !^ i) at constant pressure (fig. 6-12)
Thus, point 2 is horizontally 

displaced from 2’ to 2 by the 
value,

y  -  rtloge—  - R\oge r 
Pi

= -  R  log* 4

obtained from the auxiliary 
scale as shown in fig. 6-12. In 
this case, heat transferred is

9i - 2 ■ 2̂ -  fh
(heat rejected).

Isentropic Process :
(a) Consider an isentrop

p ro cess fo r w hich in itia l 
*  temperature is and volume 

changes from v: to i£ .
Fig. 6-12. Representation of expansion process 1-2 with pressure ratio 4.

Vb 1
For example, — = — (compression)

Entropy remains constant, i.e ., O-j = <J>2. Therefore, process line 1-2 will be vertical 
line from point 1 on curve B as shown in fig. 6-13. Now point 2 is fixed on vertical line 
from point 1 in such a way that horizontal distance of point 2 from curve B is equal to

Vo
y  -  R  loge — - R  loge r -  -  R  loge 7 obtained from auxiliary scale.

vi
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Thus, point 2 is horizontally 
displaced from 2’ to 2 by the 
value,

y -

-  R\oge r  -  A?loge 2 
obtained from the auxiliary 
scale as shown in fig. 6-11. 
In this case heat transferred, 
Pi _ 2 -  hz -  /?i (heat added).

(b ) Fo r exam p le , if

—  -  |  (expansion),
P i 4

<1» 402 "  P i i-e- P i >  P2



Now, dq =» du + dw But, dq = 0. 
du = -  dw
U z -  Uy *  -  _ 2

Work done, Wy _ 2 *  -  (ifc -  Uy)
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Fig. 6-13. Representation of isentropic compression process 1-2 with pressure ratio 7.

(b) Consider an isentropic process for which initial temperature is Ty and pressure
Pz Pzchanges from py to p .̂ Thus, pressure ratio —  is given. For example —  = 2 (compression).

Fig. 6-14. Representation to isentropic compression process 1-2 with pressure ratio 2.



Entropy remains constant, i.e . <1̂  -  <t>2. Therefore, process line 1-2 will be vertical 
line from point 1 on curve C as shown in fig. 6-14.

Now, point 2 is fixed on vertical line from point '1 in such a way that horizontal
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distance between point 2 and curve C is equal to y A?loge r

» R  loge 2 obtained from auxiliary scale.
Now, dq = dh -  vpd But, dq = 0.
.-. dh = vdp
We have seen that isentropic process for increase in pressure or decrease in volume 

is upwards on the chart.
Isentropic process for decrease 
in pressure or increase in volume 
w ill be dow nw ards on the 
t -  u -  chart.
Isothermal Process

Here temperature is con
stant. This (for example isother
mal compression) is represented 
by a horizontal line 1-2, starting 
from point 1 corresponding to 
the given temperature, on curve 
B if volume ratio is given or 
from point 1 on curve C if pres
sure ratio is given, as shown in 
fig. 6-15.

During isothermal compres
sion heat is rejected and during 
isotherm al expansion heat is 
added to maintain temperature 
constant,

i.e. dq = u + dw,
But du = 0 
.-. dq = dw = Td<I>

Heat rejected or heat
added

= T  x change of entropy 
= T  x (<1>2 -  <I>i)

Fig. 6-16 shows isentropic, 
isotherm al, constant pressure 
and constant volume processes 
for air on t -  u -  <t> chart.

Fig. 6-15. Representation of isothermal proccss.

^Scale for u ond h

Fig. 6-16
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6.5 Effect of Variation of Sp ecific Heat on I.C . Engine Perform ance
Since the difference between specific heat at constant pressure and that at constant

volume remains constant even at vary
ing tem perature, the va lu e  of 7 
decreases as temperature increases. 
Thus, if the variation of specific heats 
is taken into account during compression 
stroke indicated as 1 - 2  on p -v  diagram 
of Otto engine cycle as shown in fig. 
6-17, the final temperature and pressure 
would be lower than those obtained by 
taking constant values of specific heats 
as at (1 ). With variable specific heat, 
the end point of compression is slightly 
lower i.e . 2’ instead of 2 . Also the 
pressure and temperature at the end 
of constant volume combustion will be 
lower represented by 3' instead of 3.
This is on account of decrease in
temperature rise during combustion for 
the given amount of heat release. There 

* is also cumulative effect of decrease 
Fig. 6-17. Effect of variation of specific heat on Otto engine cycle. jn temperature at 2*. The isentropic
expansion from 3’ would be 3’-4 ’ but the expansion taking variable specific heats into 
account* is above 3’-4" and is represented by 3’-4 ’. It is because the specific heats 
decrease as temperature decreases during expansion. The process 3’-4 ’ may be compared 
with the ideal expansion process 3-4, starting from point 3. Thus, it is seen that the 
effect of variation in specific heat is to lower pressure and temperature at points 2  and 
3 and hence corresponding cycle with constant specific heats.
Problem -3 : An impulse gas turbine works between the pressure limits o f 100 and 400
kPa and temperature limits of 30°C and 600°C. The combustion and release take place
at constant pressure and compression and expansion are isentropic. Assuming a flow 
rate of 1.5 kg/sec for air and C.V. of fuel = 41,870 kJ/kg. find :

(i) the temperature of gases leaving the plant,
(ii) the air fuel ratio for the plant,
(iii) the plant efficiency, and
(iv) the output in kW.
Assume air to be working medium throughout the cycle and use t -  u -  <t> chart for

air.
Here, gas turbine works on ideal Joule or Brayton cycle, which consists of two

isentropics and two constant pressure processes, as shown on t -  u -  <I> chart of fig.
6-18.

Ti -  30 + 273 = 303 K and T3 = 600 + 243 = 873 K
pi = 1U0 kPa and pz -  400 kPa

02Pressure ratio -  —  
01.

4 * r

ma ^ 1-5 kg/sec. and C .V . of fuel = 41870 kJ/kg.
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T

h

0

Fig. 6-18.

As pressure ratio is given corresponding to initial temperature of 303 K , point 1 is 
marked on constant pressure curve C .

Point 2 is fixed by a vertical line from point 1 and the horizontal distance y from 
constant pressure curve C , where y  -  R  loge r = R  loge 4 which is obtained from auxiliary 
scale.

Now, process 2-3 is constant pressure heat addition, and is drawn by keeping the 
horizontal distance y  from curve C constant. Point 3 is by intersection of this curve from 
2 and temperature line of 873 K . Again process 3-4 is isentropic expansion, which is 
drawn by vertical line from point 3 to initial pressure line, i.e ., curve C .

Now, from the chart,
(i) Temperature of gases leaving the plant, i.e ., temperature at point 4 is 600 K or 

3271C.
(ii) Heat added = -  hz = 640 -  209 = 431 kJ/kg
Heat rejected = h4 -  h: = 343 -  33 = 310 kJ/kg.

(iv) Turbine output = (431 — 310) x 1-5 = 185-5 kJ/sec = 185-5 kW 
Problem—4 : Construct on t -  u -  <I> chart provided, the diagram lor an ideal i.e. engine 
using the following cycle : Air initially at 100 kPa and 100aC  is compressed isentropically

Fuel supplied/sec Heat added x flow rate/sec. 
C .V .

■ ^*41870 5 -  0,01544 k9,SeC-

Air-fuel ratio - Fuel per sec. 0-01544
Heat added - Heat rejected 

1 c y ------------ Heat added ------

Air per sec. 1-5 97.15

(iii) Plant efficiency =
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to th of its initial volume. Sufficient heat is  then added at constant pressure to give

a temperature rise of 600°C. The medium is then expanded isentropically and after rejecting  
heat at constant pressure the medium comes to its initial state, hn d  the efficiency of the 
cycle and the work done in kJ/kg. Also find the net theoretical output o f 4-stroke cycle 
engine working on the above cycle if the cylinder takes in 0.15 kg o f charge per cycle 
while running at 1600 r.p.m. If the final heat rejection is carried out at constant volume 
instead of constant pressure, what would be the above quantities ?

T

Fig. 6-19

The cycle is plotted on t-u-Q  chart as shown in fig. 6-19. From the chart,
Heat added = -  hz '= 1340 -  610 = 730 kJ/kg
Heat rejected = h4 -  ĥ  = 502 -  113 = 389 kJ/kg

, heat added/kg -  heat rejected/kg
Efficiency of the cycle, „ --------------teaT ^ d id T k g ---------

.  730 -3 8 9  _
730

Work done = heat added per kg -  heat rejected per kg 
= 730 -  389 = 341 kJ/kg 

Output = W .D. in kJ/kg x Air in kg/cycle x no. of cycles/sec.
= 341 x 0-15 x 800/60 = 682 kJ/sec. = 682 kW 

Now, if the final heat rejection is at constant volume,
Heat added = /fc *  /fe -  1340 -  610 = 730 kJ/kg 
Heat rejected -  ' -  Uy -  420  -  76 *  344 kJ/kg

Efficiency of the cycle, r| = —̂ ~  344 x 100 = 52-87%
7v3U

Work done = 730 -  344 = 386 kJ/kg .
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800
Output = 386 X 0-15 x ~ ~  m 772 kJ/sec. = 772 kW

ou
Problem -5 : A hot air engine working on Stirling cycle was used by Krupp Steel Works, 
Germany. It received air at 2.16 MPa and 610°C which was expanded isothermalty to 
five times the initial volume and then heat was rejected at constant volume till a temperature 
of 93°C was reached. The air was then compressed isothermally to the original volume 
where it received heat at constant volume so  as to reach the original state. Using t-u-4> 
chart for air, calculate :

(j) the ideal cycle efficiency, and
(ii) the engine output with 2,000 cycles/min and for an air supply of 0.5 kg/cycle. 
The Stirling cycle on which the given hot air engine works is plotted on t-u-<t> chart 

as shown in fig. 6-20. (From the chart)
Heat added during constant volume process, 4 - 1  

= u, -  uA = 480 -  75 = 405 kJ/kg 
Heat added during isothermal expansion, 1 - 2 ,

=. T , (<I>2 -  «T»i) -  (610 + 273) (1-375 -  0-92) -  883 x 0-455 -  402 kJ/kg 

Total heat supplied = 405 + 402 = 807 kJ/kg 
Heat rejected during constant volume process, 2 - 3  

= U2 -  U3 = 480 -  75 = 405 kJ/kg

Fig. 6-20

Heat rejected during isothermal compression 3 - 4  
= T4 (<d3 -  <I>4)
= (93 + 273) (0-666 -  0-21) = 366 x 0-456 - 166-9 kJ/kg 

Total heat rejected = 405 + 166-9 = 571-9 kJ/kg

° y +3 *2

Ideal efficiency of the cycle = Heat supplied -  Heat rejected 
Heat supplied
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807 -  571-9 235-1 *= 0-291 or 2 9 1 %
807 807

Output = Work done kJ/kg x air kg/cycle x no. of cycles/sec
= 235-1 x 0-5 x 2,000/60 = 3,918 kJ/sec = 3,918 kW .

Problem -6 : A two stage air compressor takes in air at 100 kPa and 32$ K  and 
compresses to 1000 kPa in the first-stage. It is then cooled in the intercooler at constant 
pressure to 323 K  after which it is com pressed isentropically to 10 MPa. Compressed 
air is then expanded isothermally in an air motor to 1000 kPa where it is  cooled to the 
initial temperature at constant pressure. Calculate the cycle efficiency and the theoretical 
output of the driving motor for an air flow of 0.1 kg/sec.

Compression cycle of the given two stage cycle is plotted on t-u-® chart as shown 
in fig. 6-21. (From the chart)

Heat added during isothermal expansion process 4 -  5 in air motor
*  74(^5  -  <&4)

= (653) {0-913 -  (-  0-431)} = 653 x 1-344 = 877-6 kJ/kg

Fig. 6-21

Heat rejected = (^2 -  h3) + (h5 -  fy )

= (398 -  46) + (398 -  46)
= 2(398 - 46) -  2 x 352 = 704 kJ/kg

.____ . . Heat added -  Heat rejected
Efftaency of the cycle, n ---------RSit id d e d ---------

877-6 -  704
x 100 = 19-78%877-6

Output of driving motor for compressor
“  - 2  + W3 - 4  ■ (^ 2  -  fy ) + (h4 -  ^3)

= 2 x (398 -  46) = 2 x 352 « 704 kJ/kg 
Output = Work done kJ/kg x air kg/sec = 704 x 0-1= 70.4 kJ/sec = 70-4 kW

HE 3-15



226 ELEM ENTS OF HEAT ENGINES Vol. Ill

Problem -7 : In an aircraft gas turbine plant, the air is com pressed from 100 kPa and 
353 K  to five times the initial pressure in such a way that the compression process can 
be taken as equivalent to isentropic compression through a pressure ratio o f 10 : 1 
followed by isothermal expansion through a pressure ratio of 2  : 1. Subsequently 795 k J  
o f heat is added per kg at constant pressure. The medium is then expanded isentropically 
to reach the initial pressure, where constant pressure release takes place to reach the 
initial conditions. Assuming air to be the working medium, calculate :

(i) the maximum cycle temperature and volume,
(ii) the cycle efficiency,
(iii) the indicated output o f the plant for a flow rate of 300 kg/min, and
(iv) the indicated output o f the turbine.
Take for air R  = 0.2867 kJ/kg K
As pressure ratio is given, the reference point or initial point 1 of 100 kPa and 353

K is taken on constant pressure curve C corresponding to temperature of 358 K , on 
t-u-&  chart as shown in fig. 6-22.

Fig. 6-22
1 — 2 represents isentropic compression through a pressure ratio 10 : 1. Point 2 is 

at a horizontal distance of y  = R  loge 10 from the curve C
2 — 3 represents isothermal expansion which is horizontally rightwards from point 2.

The horizontal distance 2-3 is
y  = R  loge 2 as pressure ratio during this process is 2 : 1.
Heat added during this process is 795 kJ/kg.
••• h4 -  h3 = 795 kJ (From the chart)
A h4 = 795 + h3 = 795 + 460 = 1255 kJ (h3 = 460 kJ/kg from chart)
As 3-4 is constant pressure heat addition, it is drawn in such a way that horizontal

distance between any point on this curve and curve C remains constant. Point 4 is fixed
on this curve, h4 which gives, = 1255 kJ/kg. (From the chart)

Isentropic expansion from point 4 to the initial pressure is represented by the vertical 
line 4 - 5 .
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Constant pressure heat rejection takes place along 5-1 to reach the initial state at 1.
(i) It is obvious, that maximum temperature of the cycle is at point 4. From chart, 

Maximum temperature, 74 = 1423 K
Specific volume of air at point 1 is

RTj 0-2867 x 353 ________  3-
 ioo   101205

Maximum volume of air is at point 5. Drawing a constant volume line through 1 and 
the horizontal distance y”of point 5 from this constant volume line from 1 is measured.

. V5
This distance gives volume ratio — on the auxiliary scale.

Vfe
y” on auxilliary scale gives r = 1-75, hence r = ~  ■ 1’75

.-. ig  m R| 41 1-75 *  1 01205 x 1-75 - 1*77 m3/kg, which is the maximum volume 
in the cycle.

(ii) Heat supplied = T2 (<J>3 -  <J>2) + (h4 - ĥ )
= 723(0-565 -  0-356) + 795 

= 151 + 795 = 946 kJ/kg 
Heat rejected = h5 -  h1 = 745 -  84 = 661 kJ/kg

Cvcle eff'c'e c m  -  H e a t  SLJPP|ied ~  Heat rejected
 ̂ ® Heat supplied

946 -  661 
946

(iii) Indicated (theoretical) output of the plant :
Work done = 946 -  661 = 285 kJ/kg
Output, kW = Work done in kJ/kg x air kg/sec

= 285 x 300/60 = 1425 kJ/sec = 1425 kW
(iv) Indicated output of the turbine :
Turbine work, wT = h4 -  h5 = 1255 -  746 = 509 kJ/kg
Turbine output, kW = 509 x 300/60 = 2,545 kJ/sec = 2,545 kW
6.5.1 Effect of Variation of Specific Heat on Ideal Efficiency of I.C . Engine : In 

deriving air standard efficiency of Otto cycle and Diesel cycle air is considered to be a 
perfect gas, i.e ., it obeys pv = R T  and kp and kv are constants.

Now, we have seen that actually kp and kv increase and y decreases with increase 
in temperature. For considering effect of this variation, let us consider air for Otto and 
Diesel cycles as quasi-perfect gas.

Otto Cycle : The expression for air standard efficiency of Otto cycle is

kD
where r = compression ratio and y = t tkv
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Then, 1 — t| = r _(Y “  1) -  r ' *  r
k - k ' „ R  

K„

- RTaking log of both sides, loge (1 — n) = loge r
Kv

Taking t) and kv as variable, and differentiating r\ w .r.t. 
1  ̂ „ R

or

1 -  T|

dr\ m _ 

R

x ( -  dy\)
k\?

loge r dk,

l ^ l o g . r x ^ f
T| A y  A y

But, — ■ y -  1. where y is the mean adiabatic index and k̂  is the mean specific

heat at constant volume. Above equation can be rewritten as :

4? ■ ■ 1 7  {"^r1 x (T ”  ̂* l°9*w} • ■ • (6.4°)
This equation is useful to find out percentage reduction in ideal efficiency of Otto

cycle for given compression ratio with some per cent increase in mean value of kv
D iesel C ycle  : Air standard efficiency of Diesel cycle is given by 

1 -  i * - 11 -
r - 1 y (P -  1)

where r = compression ratio, y  “  - jr  p = cut-off ratio
"V

PT -  1
* - 1 X (p  -  1)

Taking logarithms on both sides,

loge 0  -  <V = {  -  lo9e to + lo9e (pY -  1) “  lOQe (p -  1) -  (Y -  1 )lo g */} 
f t

Substituting y “  ~r + 1.
"v a

ioge (i -  ii) -lo g * + 1 + loge (P)‘ -
+ 1

-  1 -  loge (p -1 ) ~ y  * log®r

Differentiating rj w .r.t. kv,
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If y and ky, have mean values for the cycle, the above equation can be rewritten
as,

drxm dkv n  -

r \ m~ kv [ *1
(y  -  1)

1   (P)Y • ,09e P— + logfl r - ------------- . . . (6.41)

Problem -8 : A petrol engine works on Otto cycle with a compression ratio of 7. The 
mean value o f kv is 0 7 1 5  kJ/kg K. If the kv increases by 1 % ,  find the percentage change 
in air standard efficiency o f the cycle. Take R  = 0 28 6 7 kJ/kg K  for air.

R  .  ' 0-2867 . . .N o w ♦ 1 .  1-4

Without considering the variation in specific heat, the air standard efficiency is,
1 . 11 - -  1 -

,1-4 -  1
w 1 -  0-46 = 0-54 Or 54%

r* ~ ' 7'
Now, decrease in r) with increase in k , can be found, using eqn. (6.40). 

(h\ dkv J 1 -  r)
*1 kv I

x (y -  1) x loge r

0-01 k» 1 -  0-54

m -  001 x

0-54

0-46
0-54

x (1*4 -  1) x log* 7

x 0-4 x 1-9459 = -  0-00663

Thus, efficiency decreases by 0.663% .
Problem -  9 : A Diesel engine working or Diesel cycle has a compression ratio of 18 
and 5 %  cut-off. If the kv of the medium increases by 1 % , find the percentage change 
in the air standard efficiency of the cycle. Take the mean value of kv to be 0 7 1 5  kJ/kg 
and R  = 0 28 6 7 kJ/kg K  for air.

R
Now, y “  y  + 1 "

0-2867
0-715

+ 1 * 1 - 4

r = — compression ratio =
Vc + -  18

V(> + = 18 ve Vs = 17 v-c
V3 Y z  +  (V b  -  VJj)

Now, cut-off ratio, p = — = -----------------
Y2 ^

v e  +
5

— X Vc 
100 s c 100

x 17v„
= 1-85

Without considering variation in kVt

1 -  

1 -

1 „ PT 3
/* ~  1 Y(P -  1)

1 ____________
18o-4 x  1-4(1-85 -  1)

1-851 4 -  1 = 1 -  0-36 -  0-64 or 64%

Now, using equation (6.41),
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ch)
*1

dk„ 1 .  P, - l°9eP
- +  l° g .r   — —
I P T -  1

0 01 kv 1 _  0-64 
"  k~v 0-64

-  -  0 01 X X 0-4 J 
0-64

(1-4 -  1) 

1

1 . 1851*4 log* 1-85
—  + loge 1 8 -  t t 22-----
1 4  e 1 -85 -  1

1-4
+ 2-89 - 2-366 x 0-615

2-366 -  1
= -  0 00225 {3-6043 -  1 0652} = -  0 0057 

Thus, efficiency decreases by 0.57% .

Tutorial - 6

1. Fill in the gaps with appropriate words to complete the following statements :
(a) Molar specific heat is defined as the amount of heat required to raise the 

temperature o f  of a substance b y  .
(b) Specific heat is different for different gases for same heating process, because 

of difference in _____________ .
(c) Kinetic theory of gases, shows that the pressure of a gas is numerically equal

to two-third of th e __________ of the translational motion of the molecules per unit
volume.

(d) Diatomic gases have y = 1-4 at ordinary temperature but tends to ______  at
higher temperature.

[(a) kg-mol, 1 °C; (b) molecular structure; (c) kinetic energy; (d) 1 -28]
2. (a) Define the term specific heat of ‘substance’, and explain it with reference to solid,

liquid and gaseous substances.
(b) Define and explain specific heat of a gas at constant volume and at constant 

pressure and show their relation.
3. (a) Define molar specific heats of a gas at constant volume and at constant pressure

and show that their difference is constant for all gases.
(b) Define perfect gas, quasi-perfect gas and real gas.
(c) What is kinetic theory of matter ?

4. (a) What is kinetic theory of gases ? State and discuss the assumptions made in
that theory.

(b) State the expression of pressure exerted by a gas according to kinetic theory and 
discuss the terms involved in it.

5. Explain the terms internal energy and temperature.
6. (a) What do you mean by atomicity of gases and degrees of freedom ?

(b) Explain degrees of freedom for monatomic, diatomic and triatomic gases with the 
help of neat sketches.

7. (a) State and discuss the law of equipartition of energy.
(b) Using kinetic theory of gases and the law of equipartition of energy, 

prove that :
y = 1-66 for a monatomic gas,

11 
‘I



VARIABLE SPEC IFIC  HEAT THEO RY 231

7 = 1*4 for a diatomic gas,
7 = 1*4 for a linear triatomic gas, and
7 = 1*33 for a non-linear triatomic gas.

8. Establish the expressions for specific heats, Av and kp for (i) monatomic, (ii)
diatomic and (iii) triatomic gases, and discuss their validity in practice.

9. Explain how effect of vibrational motion on specific heats is taken into account
and discuss its validity.

10. (a) State and explain Planck’s quantum hypothesis as regards contribution of vibrational
modes to the internal energy of gases and hence to the variability of specific 
heats.

(b) A certain diatomic gas obeying pv  = R T  has a single vibrational frequency, v. 
Assuming translational and rotational kinetic energy to have their full equipartitional 
values, establish an expression describing the dependence of 7 on temperature, 
T.

If 7 *  1-32 when t = 950°C and kv = 0-767 kJ/kg K when t = 227°C determine 
the value of v  and R  for the gas

[v = 6-42 x 1013 c .p .s .; R  -  0-306 kJ/kg K]
11. Give Holborn and Henning equations for kv and kp which include variation of

specific heats with temperature.
12. Explain how variability of specific heat of a gas affects its internal energy, enthalpy 

and entropy during a thermodynamic process.
13. (a) Derive the expressions for change of entropy of a gas with change in temperature

involving (i) volume ratio, and (ii) pressure ratio. Simplify these expressions for
(i) constant volume, and (ii) constant pressure processes.

(b) Explain the construction of chart for air and discuss its applicability.
14. (a) Explain how internal energy and enthalpy of air at particular state is measured

on #-im t> chart for air.
(b) Explain the use of the auxiliary scale given at the right hand bottom of the t-u-<1> 

chart for air.
15. Explain how the following processes are plotted on chart for a ir : (i) constant 

volume (ii) constant pressure, (iii) isentropic compression (iv) isentropic expansion,
(v) isothermal compression, and (vi) isothermal expansion.

16. Plot on chart provided, the following ideal cycle for an I.C . engine using
air as the working medium and compare the m .e.p. and cycle efficiency in the 
following two cases :
(i) Heat received and rejected at constant volume. Both compression and expansion 

being isentropic. The volume ratio for each being 6 : 1 .
(ii) Isothermal compression with volume ratio of 6 : 1 . Heat received at constant 

volume. Then, complete isentropic expansion down to initial pressure. Rejection 
of heat being at constant pressure.

In each case, the temperature and pressure at the start of compression are 
200°C and 100 kPa respectively and heat supplied is 754 kJ/kg. Take R  = 0-2867 
kJ/kg K for air.

[(i) r| = 44-5%, m .e.p. = 592 kPa
(ii) t i = 31 -5%, m .e.p. = 240 kPa]

17. In a closed cycle gas turbine plant, the medium is compressed from 10  bar and 
180°C to 160 bar in two isentropic stages of equal pressure ratio and perfect



232 ELEM EN TS OF HEAT ENGINES Vol. Ill

intercooling. Heat is then added at constant pressure till a temperature of 1,000°C 
is reached. The medium is then expanded isentropically in two turbines of equal 
pressure ratio with reheating after the first stage to 1,000° C , to the initial pressure. 
Heat is then rejected at constant pressure to reach the initial conditions.

Plot the cycle on the t-u-<J> chart and calculate the following for mass flow 
of 10 kg/sec:
(i) The compressor input in kW,
(ii) The turbine output in kW,
(iii) The net output of the cycle in kW,
(iv) The cycle efficiency, and
(v) The consumption of fuel in kg/hr having C .V . of 50240 kJ/g.

[(i) 4,610, (ii) 8,382, (iii) 3,772, (iv) 33%, (v) 818 kg/hr]
18. The ideal cycle of an early type of free piston gas engine comprises the following 

operations.
With piston in the i.d.c. position, the clearance space contains air-fuel mixture 

at 600°C and 20 bar. The ignition occurs in this position and the combustion is 
norHnstantaneous. During the time required by the mixture to attain a maximum 
temperature of 1,000°C, the outward piston motion causes doubling of the cylinder 
volume. During the finite combustion period, the specific volume and temperature 
are linearly related and no heat passes to the cylinder w alls. Isentropic expansion 
then occurs until a state is reached, from which, the ensuing isothermal compression 
returns the medium to the initial state. Assuming the medium to have properties 
of air, plot the cycle on t-u-<S> chart and hence find :
(i) The net work done per kg of medium,
(ii) The cycle efficiency, and
(iii) The lowest pressure during the cycle.
Take R  = 0-2867 kJ/kg K for air.

[ (i) 92 kJ/kg; (ii) 16.7%; (iii) 5.97 bar]
19. A petrol engine operates in close approximation to the following cycle under the 

conditions of imperfect adjustments :
(i) Isentropic compression, with a volume ratio 7 : 1 ,  the initial condition being 

1 bar and 30°C.
(ii) Non-instantaneous combustion for which the line on p  -  v diagram is a straight 

line, the final volume being 1*5 times the initial volume, i.e., volume at the 
end of compression, and final pressure being 1-7 times the pressure at the 
end of the compression.

(iii) Isentropic expansion to the end of the working stroke.
(iv) Constant volume heat rejection until the initial state is reached.

Assuming air to be the working medium, plot the cycle on chart and
find:
(a) the heat added during combustion in kJ per kg of air,
(b) the efficiency of the cycle, and
(c) the percentage reduction in efficiency as compared to air standard efficiency 

based on Otto cycle with compression ratio of 7 : 1.
[ (a) 963 kJ/kg; (b) 42-6%; (c) 21 -25%]

20. In a constant volume gas turbine unit, the air intake is at 100 kPa and 20°C and 
it is compressed isentropically by the ram effect to 140 kPa. Heat is then supplied 
at constant volume by the fuel, after which the gases expand isentropically to 
100 kPa and are then cooled at constant pressure to 20°C. The temperature at

c
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the end of the expansion is 500°C and the fuel consumption is 400 gm/sec, the 
L .C .V . of fuel being 46050 kJ/kg. Using t-u-4> chart for air, calculate :
(i) The air-fuel ratio,
(ii) The ideal efficiency of the cycle, and
(iii) The output in kW.

Neglect the mass of the fuel and assume the medium to have properties of
air throughout the cycle of operation.

[(i) 80; (ii) 12-5%; (iii) 5845-6]
21. Derive the expression for percentage change in the air standard efficiency of an

Otto cycle for a given percentage increase in the specific heat at constant volume.
22. Derive the expression for percentage change in the air standard efficiency of a

Diesel cycle for a given percentage increase in the specific heat at constant
volume.

Show therefrom, that for given change in specific heat at constant volume, 
the decrease in efficiency is more for an Otto cycle, than for a Diesel cycle.

23. A petrol engine works on Otto cycle with a compression ratio 6. The mean value 
of fa is 0-715 kJ/kg K . If the kv increases by 1-25%, find the percentage change 
in the air standard efficiency of the cycle. Take R  = 0-2867 kJ/kg for air.

[0-87%]
24. A Diesel engine working on Diesel cycle has a compression ratio 16 and 6%

cut-off. If the ky of the air increases by 1-25%, find the percentage change in
the air standard efficiency of the cycle. Take the mean value of k̂  to be 0-715
kJ/kg and R  = 0-2867 kJ/kg K of air.

[0-72%]



NUCLEAR POWER PLANTS
7

7.1 Introduction

The world’s first industrial atomic power plant was commissioned in 1954. This was 
beginning of new branch of power generation, the nuclear power engineering. The energy 
of nuclear transformation is an important addition to the conventional type of energy : 
m echanical, thermal, chemical, electrical, etc.

Mankind has been searching tirelessly for new energy sources since power is necessary 
wherever man lives and works i.e ., in industry, transportation, agriculture, homes, etc.

Electrical energy consumption per capita is increasing every day and regarded as 
index of development or growth for the nation. So far man has used various kinds of 
solar energy which was accumulated by plants (coal and petroleum product) many millions 
of years ago. The water power of rivers is also derived from solar energy, for solar heat 
then causes evaporation of the water of the sea and ocean, which then comes back to 
the earth as rain.

The reserves of transformed solar energy are tremendous, but man’s needs are 
growing continuously. Besides, conventional types of fuel are bulky and are difficult and 
uneconomical to transport from source to place of utilization. Nuclear energy enormously 
enlarges the world’s power resources. The most conservative estimates reveal that uranium 
alone contains far more energy than all the world’s reserves of coal and petroleum put 
together. This increases several-fold if we take into account the possibility of obtaining 
nuclear fuel from thorium.

A unique feature of nuclear energy is an exceptionally high degree of concentration 
which exceeds by millions of times the concentration of energy in the conventional fuels. 
Thus, for instance, the energy obtained by “burning” one kilogramme of uranium is 
equivalent to about twenty million kilowatt hours or the real burning of 2,000,000 kilogrammes 
of high-grade coal.

Thus, two primary advantages of nuclear power are :
. . Very great quantity of energy is released by a small amount of fuel.
. . Working of plant is independent from any material external to the system such 

as air (oxygen) for conventional power plant.
These advantages are particularly important for submarines and surface vessels (ship 

propulsion). By reason of its independence of the oxygen in the air, the nuclear power 
plant may be operated below water surface continuously at full power. For stationary 
power plants, arrangements regarding smoke tubes, chimney, fuel handling equipment and 
fuel storage are eliminated.

The first phase of the Indian Nuclear Power programme had started with the setting 
up of thermal nuclear reactors producing power from natural uranium. In the second
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phase, plutonium produced from these reactors is to be used in Fast Breeder Reactors 
(FBRs)-, to convert depleted uranium into more plutonium, and also to convert thorium 
into uranium-233. The final phase involves breeder reactors based on thorium cycle 
producing more uranium-233 than they burn.

An active research and development programme for the liquid metal cooled fast 
breeder reactor (LM FBR) has been undergoing at the Reactor Research Centre, Kalpakkam, 
Tamil Nadu. A fast breeder Test Reactor (FBTR) has marked the beginning of the second 
phase of country’s nuclear power programme. The reactor uses indigenous mixed carbide 
fuel developed at BARC. This is a sodium-cooled plutonium fuelled loop type fast reactor 
of 40 MW thermal and 13 MW nominal electrical power. Along with France and Japan, 
India is among a few countries with an urgent interest and major stake in the development 
of fast breeder reactors. Breeder Technology is certainly one of the most advanced and 
difficult undertakings in nuclear power engineering. That India, relying almost exclusively 
on its own resources is able to embark on a breeder programme, bears witness to its 
great accomplishments in science and the resourcefulness of its engineers.

The purpose of this chapter is to give the reader a basic understanding of the factors 
which affect the production of heat energy in a nuclear power source and of the problems 
to be resolved in converting this heat energy to useful power production.
7.2 Fission Processes

. In order to start a nuclear reaction, nuclei must approach each other to within a 
distance of 10'11 to 10*12 mm so that nuclear forces between the nucleons begin to act. 
It is much more difficult to initiate a nuclear reaction, since the nuclei are influenced by 
electrostatic repulsive forces which increase in inverse proportion to the square of the 
distance between nuclei. Hence, to start a nuclear reaction, one must impart to the nuclei 
energies that will enable them to overcome the electrostatic repulsive forces. In principle, 
this can be done in two ways :

. . by bombarding the nuclei of one element with the nuclei of another element which 
have been accelerated to very high velocities by means of special m achines- 
accelerators.

. . by heating the substances to a very high temperature (of the order of millions of 
degrees) at which the energy of thermal motion is high enough to overcome the 
electrostatic forces of repulsion. This type of reaction is called a thermonuclear 
reaction.

In the first case the particles used as a bombarding force are the nuclei of the 
hydrogen isotopes H1 (light hydrogen or portium) and H2 (heavy hydrogen or deuterium) 
and the nuclei of the helium isotope He4 which have lower charges than those of the 
atomic nuclei of the other elements and which, therefore, experience smaller repulsive 
forces. Owina to the refinements in accelerators, other nuclei, with higher charge (e.g. 
nuclei of C , N14 atoms, etc.) have also been used of late.

The second method was entirely excluded until very recently, as the maximum 
temperature attainable on earth is insufficient for initiation of nuclear reaction. These 
reactions according to modern view, are the sources of solar and stellar energy. In recent 
ye&rs thermonuclear reactions have been accomplished in laboratory conditions.

In the fission process the nucleus of a heavy atom such as uranium absorbs a 
neutron and form an unstable product nucleus. This unstable nucleus then splits into two, 
more or less in equal parts, called fission-fragments. These fragments begin to undergo 
transformation by radioactive decay and the products of this decay together with the 
fragments are termed fission products. As a result of fission, following happenings are
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very important:

. . Large amount of energy release takes place. The major portion of this appears 
as kinetic energy of the fission fragments. These fission fragments are stopped 
by the surrounding materials (such as fuel and structural material) and their kinetic 
energy is released in the form of heat. Since the fission fragments are stopped 
and their kinetic energy released as heat particularly at the point of fission, the 
fission process in effect produces heat directly.

. . In the average fission process, 2.5 neutrons are released per reaction. Since, only 
one neutron is required to initiate the fission process, and since more than one 
neutron is released in fission, it is possible to arrange for a self-sustaining chain 
reaction of fissions and a continuous evolution of heat.

. . Although, most of the energy released in fission appears instantaneously as heat 
energy, some appears as gamma radiation, some as energy of the neutrons 
released, and some as radioactive energy of the fission products. For example, 
the energy released in fission of the uranium isotope of atomic weight 235 is 
distributed approximately as follows :

83 percent as kinetic energy of fission fragments,
3 percent as instantaneous gamma radiation,
3 percent as energy of neutrons, and

11 percent as radioactive energy of fission products.
100 Total percentage.
Of the materials which undergo fission, only three have properties which make them 

suitable as concentrated fuels for a self-sustaining neutron chain reaction. One is the 
uranium isotope o f atomic weight 235, (U235), mentioned above. The other two are :

(i) Plutonium isotope of atomic weight 239, (Pu239), which is produced by nuclear 
processes from the most abundant uranium isotope, (U238), and

(ii) Uranium isotope of atomic weight 233{U233), which is produced from thorium, 
(Th232).

The energy released in the fission of all the nuclei contained in one kilogramme of 
U235 is 1-8 x 1010 kilocalories or approximately 20 x 106 kilowatt-hours. Another useful 
value to remember is that the consumption of one gram of U235 per day produces 20,000 
kW -hr.

7.2.1 Self-Sustain ing  Chain Reaction : The assembly of fuel and other materials 
in which the self-sustaining chain reaction is maintained is called a reactor. To understand 
how the chain reaction is made self sustaining, it is useful first to consider what can 
happen to a neutron produced by fission in the reactor. The neutron can be captured 
by one of the fuel nuclei and cause another fission as described above; or it can be 
captured without causing fission in the various other materials contained in the assembly. 
Alternatively, the neutron can make random collisions in the material without being captured 
and eventually escape from the reactor. The production of a self-sustaining chain reaction 
requires the attainment of a proper balance between the neutrons released in fission and 
the neutrons either captured or lost in the processes.

There are many ways of adjusting this balance. First, it may be adjusted by varying 
the size of the reactor. The ratio of surface to volume of a given solid shape decreases 
as the solid grows larger in size. The number of neutrons escaping fiom the reactor is 
proportional to its surface area and the number of neutrons produced is proportional to 
the number of fuel nuclei, and hence the reactor volume. Therefore, the number of
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neutrons escaping in relation to those produced can be diminished by increasing the size 
of the reactor. In fact, for any given shape and material of a reactor, there is a minimum 
or critical size  below which the percentage of escaping neutrons is excessive, and the 
reaptor will not sustain a chain reaction.

The second means of achieving the required balance is by decreasing the number 
of neutrons absorbed parasitically in structural and other non-fuel m aterials. Th is is 
accomplished by using materials which have a small tendency to absorb neutrons.

A third method depends on the fact that neutrons are much more likely to be captured 
by fissionable materials if the neutron energies are low. This suggests increasing the 
number of fissions and the number of neutrons produced by ‘slowing down’ or \moderating’ 
neutrons from their velocity at fission to the velocity of atoms at reactor temperature 
(termed “thermal velocity). The slowing down of neutrons is accomplished by allowing 
them to collide with nuclei of certain selected elements termed "moderators”. In this 
process neutrons lose some of their kinetic energy to the nuclei involved in the collision. 
Moderating materials will be discussed in greater detail later in this chapter.

When the self-sustaining chain reaction is established, then reactor becomes a source 
of heat energy. Since the fission process is independent of reactor temperature, it is 
possible to achieve any desired temperature level in the reactor.
7.3 Nuclear Reactor

A nuclear reactor is an apparatus where a controllable nuclear fission chain reaction 
can be maintained. Nuclear reactors may be classified according to the velocities of the 
fission inducing neutrons. A reactor where most of the fission events are due to capture 
of slow neutrons (2,200 nVsec) is called a slow reactor. Neutrons of such energy are 
termed thermal neutrons; therefore slow reactors are often called thermal reactors. A 
reactor where fission is brought about by fast (non-moderated) neutrons is called a faster 
reactor. There is still another type of reactor where most of the fission events are caused 
by neutrons in the course of slowing down. Such reactors are called intermediate reactors. 
Before discussing the components of a representative reactor, it will be useful to review 
briefly as under the principles on which these reactors work;

. . The absorption of neutrons by the nuclei of certain very heavy atoms causes 
fission and results in the liberation of jarge amounts of energy.

. . The major portion of this energy appears as kinetic energy of the fission fragments 
and becomes available as heat.

. . A self-sustaining chain reaction of fissions can be maintained to provide a 
continuous source of heat energy at any desired temperature.

With these fundamental principles in mind, the components of a reactor required in 
developing useful mechanical power from fission may be listed as follows ;

1. Fissible Material or Fuel, 2. Moderator,
3. Structural Material, 4. Reflector,
5. Coolant, 6. Biological Shield,
7. Control Mechanisms, and 8. Instrumentations.

The components listed above are shown in the schematic diagram of a nuclear reactor 
in fig. 7-1. In addition to the reactor itself, systems and components must be provided 
to convert the heat energy produced to mechanical energy.

7.3.1 Fuel Material : The types of material which can be employed as fissionable 
fuels have been listed previously. Whatever the fuel used, enough must be provided so 
that the chain reaction can be established and maintained whenever power is needed.
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Also, careful consideration must be given to the manner in which the fuel is distributed 
in the reactor.

Heat production at any point within the 
reactor core depends on the number of 
fissions taking place at that point. The fuel 
must be so shaped and located that the 
number of fissions taking place at any point, 
and hence the heat production, will be as 
uniform as possible throughout the reactor.
If a reasonably uniform distribution of heat 
production is not achieved, there will be 
localised hot spots, perhaps exceeding the 
melting point of the materials used. In other 
sections, the coolant passing through will 
not be heated sufficiently, that is, the coolant 
will not be used efficiently.

In reactors of the type represented in 
fig. 7-1 , the fissionable material is placed 
in assem blies called fuel elements. These 
fuel elem ents must be very carefu lly 
designed, taking into account considerations 
of heat transfer, corrosion structural strength,
physics, and metallurgy. For example, since _. ,  ,   ̂ . . .

3 r , ’ . Fig. 7 -1 . Components of a nuclear reactor,
the ma|or portion of the energy of fission
will appear first as heat within the fuel
elements, the distance from the point at which a fission occurs to the nearest coolant 
stream cannot be too great. Otherwise, the temperature at the centres of the fuel elements 
could become prohibitively high and cause thermal warping or cracking of the elements. 
Also, the elements must have sufficient surface area to transfer the heat generated to 
the coolant without too large a temperature difference between coolant and fuel, that is, 
the fuel elements must have a favourable ratio of surface to volume.

Since it is highly important to minimize the distance between the location of a fission 
and the coolant stream, it might be assumed that fissionable material should be placed 
at the surface of the fuel element. However, highly radioactive fission products would 
then be circulated with the Coolant. To prevent contamination of the coolant by fission 
products, a protective coating or cladding must separate the fuel from the coolant stream. 
Five major conditions must be satisfied by this fuel element cladding as listed below :

. . It must not be damaged by the various types of radiation to which it is subjected 
as a result of fission.

. . It must have a high thermal conductivity so that the heat produced within the fuel 
element can be transferred to the coolant without the temperature becoming too 
high within the fuel element.

. . It must have a strong tendency to absorb neutrons.

. . It must have adequate corrosion resistance.

. . It must have adequate mechanical properties, such as strength and ductility, for
the range of temperatures and pressures through which it may be required to
operate.

7.3.2 Moderator : A moderator is a material which is used to slow neutrons down.

•—• Control rod

„ , ?/y\ out

Shield

Reflector

Fuel and 
moderator
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from the high velocities, and hence high energies, which they have on being released in 
the fission process. As previously stated (Art 7 .2), a neutron at thermal energy corresponding 
to the temperature of the reactor has a much greater chance of causing fission than the 
neutrons released in fission, which have very high energies. For example, the probability 
of neutrons, producing thermal energy through fission of U235 is increased three hundred 
fold as a result of slowing down from its energy when released in fission. Neutrons are 
slowed down most effectively in scattering collisions with nuclei of the light elements, 
such as hydrogen, deuterium, carbon (graphite), and beryllium. The heavier elements 
would cause the neutrons to rebound from collisions with little loss in neutron energy.

In addition to being able to slow down neutrons effectively, a moderator should not 
capture neutrons. A tendency to absorb neutrons rules out light elements such as lithium 
and beryllium. The properties of a moderating material depend not only on the characteristics 
of the individual nucleus, but on the number of such moderating nuclei in a given volume. 
For example, the helium nucleus is light and does not absorb neutrons, that is, it has 
properties required of good moderators. In order to provide a sufficient number of nuclei, 
however, the helium gas would have to be so highly pressurized as to make it considerably 
less attractive than it would be otherwise.

The moderator can be present in a reactor as a chemical compound. For example, 
if it is hydrogen, it can be present as water which may also serve as the reactor coolant.

7.3.3 Reflector : To keep the critical size of the reactor, and hence the amount of 
fissionable material, as small as possible, it is important to conserve neutrons. This can 
be accomplished in part by surrounding the reactor core with a material which reflects 
escaping neutrons back into the core. This material is called a reflector. It should have 
good neutron scattering properties and preferably a small tendency to absorb neutrons. 
It is often a moderating material and sometimes the same material is used for both 
moderator and reflector. With a properly designed reflector the amount of fissionable 
material in a reactor core can be made smaller than that in a bare or unreflected reactor.

7.3.4 Coolants : The heat energy produced in the reactor core must be transferred 
by means of a fluid coolant to the equipment which will convert this heat energy to useful 
power. The choice of coolants is limited, especially when requirements peculiar to nuclear 
reactors are added to the usual stringent (strict) engineering requirements. A partial list
of the requirements or properties of a suitable coolant are as under :

. . Throughout the range of operating temperatures, the coolant must not solidify nor 
undergo changes of state which extremely (drastically) change heat transfer and 
nuclear characteristics.

. . The coolant must be compatible with the coolant channel walls and other materials 
with which the coolant comes in contact. As in any heat transfer system , corrosion, 
erosion, and scale formation may have harmful effects on the rate of heat transfer 
through the coolant channel walls. Of equal importance is the fact that pitting of
the channel walls may permit the highly radioactive fission products to enter the
coolant stream.

. . The heat capacity and heat transfer coefficient must be high to reduce the volume 
of coolant required. The volume of coolant required affects the size of the reactors. 
Since the reactor must be surrounded by heavy shielding material, it is important 
that it be kept as small as possible so as to reduce overall weight. This is 
particularly important for naval vessels.

. . The tendency to absorb neutrons should be small for reasons of neutron economy 
discussed.



. . The induced radioactivity should be as low as possible. This depends on the 
tendency of the coolant to absorb neutrons and on the radioactive nature of the 
newly formed element resulting from such absorption. Coolants which interact with 
neutrons to form isotopes emitting high energy gamma rays are undesirable in 
this respect.

In selecting a coolant, it is necessary to weigh the relative importance of the favourable 
and unfavourable characteristics of various coolants and select the one best suited to the 
particular application. The charateristics of a few possible coolants are described below.

Water is understood to be a good coolant; its properties are reasonably well understood, 
and it has been widely used in power generation. When properly conditioned, it is 
compatible with a large number of structural materials, and it is a good moderator for 
thermal reactors. In addition, it has a high specific heat and a good heat transfer coefficient. 
On the other hand, it must be pressurized to prevent its vapourisation at the high operating 
temperatures necessary in a power reactor. Vapourisation of the coolant during its passage 
through the reactor is undesirable.

The properties of heavy water are nearly identical with those of light water with the 
important exception that it absorbs neutrons less readily than light water. It is not as 
effective as light water in slowing down neutrons, but is attractive for applications where 
low neutron losses are of primary importance. An important limitation of heavy water is 
its high cost.

Liquid M etals or low melting point metals such as sodium, potassium, and sodium- 
potassium alloys may be considered for use as reactor coolants. A principal advantage 
of liquid metals is the ability to obtain high temperature at low pressures without 
vapourisation; Because of their high heat capacities and good heat transfer properties, 
heat exchange surface and quantities of coolant can be kept sm all. The technology 
associated with their use is under development but does not have the benefit of the 
extensive industrial background information available on water.

O rganic Liq u id s, like water, contain hydrogen and therefore, offer the possibility of 
combining the functions of moderator and coolant in one material. Some are good heat 
transfer fluids and have attractive thermodynamic properties, that is, have high temperatures 
associated with low pressure in the liquid state. However, their stability at high temperature 
and under inradiation is not as satisfactory as that of inorganic coolants.

G ases : Heat transfer to gases is notably poor in part because of their low density. 
Hence, gaseous coolants require large heat transfer surfaces within the reactor, high 
pressurisation, and large pumping capacity. Because of the large film drop associated 
with heat transfer to gases, fuel elements must operate at high surface temperatures. 
Among the possible gaseous coolants, helium has an advantage in that it does not absorb 
neutrons and does not itself become radioactive. Air has disadvantages because of 
oxidation problems and radioactivity due to argon impurities. Radioactive impurities in any 
of the gases would require the shielding of components external to the reactor.

7.3.5 Shielding : The intensity of gamma and neutron radiation coming from the 
reactor core is far greater than the human body can tolerate. Hence, it is necessary to 
surround the reactor with enough shielding material to reduce the radiation to levels which 
are not harmful to personnel. In general, material of high density is required to reduce 
the gamma radiation. Low energy neutrons are easily captured by materials such as 
boron. High energy neutrons must be slowed down before they can be readily captured.

The gamma rays and neutrons from the reactor give up energy from the shield in 
the form of heat. Therefore, some method of cooling the shield must be provided.
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Many materials which are used for reactor coolants become radioactive when bombarded 
by neutrons in the core. In such cases it is also necessary to provide shielding for the 
coolant piping, pumps and heat exchangers.

To get an idea of the magnitude of the shielding problem, consider that the gamma 
radiation intensity alone at the inside face of the shield of an existing research reactor 
is approximately one million times the currently accepted level for one day exposure of 
human beings. To reduce this radiation to acceptable levels, this research reactor has a 
shield of concrete approximately two metres thick.

7.3.6 Control : The nuclear reactor must have some control device by which the 
nuclear chain reaction can be started, maintained at the selected operating power level, 
and shut down when required.

Several methods are available for controlling the reactor; the amount of fissionable 
materials in the reactor core may be varied; the number of neutrons absorbed without 
causing fission may be regulated; or the number of neutrons leaking from the core may 
be adjusted. For example, mechanical methods can be used to insert neutron absorbing 
materials such as boron or cadmium in the core.

In addition to provide for normal operating control and shutdown of the reactor, the
control system must provide for rapid and automatic shutdown in response to signal and 
dangerous conditions in the reactor. The devices for causing this rapid shutdown may
use the same methods as are used for operational control. Controls and safety devices
are usually designed to respond to measurements of neutron population which indicate 
reactor power level or rate of change of power level. These changes in neutron population 
will occur before other dependent effects occur, such as, changes of reactor temperature 
and pressure.

7.3.7 Instrumentation : One method of measuring neutron population involves as 
instrument termed as ’ionization chamber’, which produces a small current in a gas filled 
tube when exposed to neutron radiation. The sensitivity of such a chamber is due to a 
coating placed on the interior walls of the chamber. By careful design of the chamber, 
this ionization current can be made proportional to the power level of the reactor. By 
suitable amplification, the ionization current can be used to actuate the control mechanism 
of the reactor so that a desired power level is automatically maintained.
7.4 Typical Nuclear Power Plants

In this article we shall discuss typical industrial nuclear power plants. They will be 
classified according to their heat transfer systems because the choice of the system 
fundamentally affects the basic design of the plant. Plants discussed here are :

-  Water cooled plant,
-  G as cooled plant,
-  Liquid metal cooled plant,
-  Direct steam cycle plant, and 

Nuclear power propulsion plant.
7.4.1 Water Cooled Plant : Fig. 7-2 is a schematic diagram showing the basic 

components of a water cooled nuclear power plant.
Considering first water-cooled reactors, it is not practicable to attempt to design the 

entire plant to the standard of leak-tightness required for system s containing radioactive 
coolant. Leakage of radioactive coolant could not be tolerated, for example, at turbine 
gland seals and at pump shaft and valve stem packing. Moreover, it would be prohibitive 
from a maintenance point of view to have the entire plant contaminated with radioactive

hE3-16
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impurities which would be found in the steam. For these reasons, the reactor coolant is 
isolated in a primary loop and its heat energy transferred to water in a heat exchanger 
called a steam generator. By so isolating the reactor coolant, the shielding weight can 
be reduced to that required for reactor and system containing radioactive coolant.

A typical unit of this type has net power output of 1,00,000 kW. It is based on a 
thermal graphite-uranium reactor with a heat rating of 6,00,000 kW, thus, giving a total 
efficiency of 16.7 percent. The reactor is enclosed in a cylindrical steel pressure vessel 
set up on a concrete foundation. The cylindrical core contains large number of uranium 
fuel channels. The space between the channels is filled with graphite that serves as 
neutron moderator. The graphite placed below, above and around the core plays the part 
of a neutron reflector. To avoid graphite burn out, the gaps between the graphite slugs 
are filled with an inert gas (helium or nitrogen).

Each fuel channel is a graphite tube with thin-walled steel pipe inserted in it. The 
latter contains uranium fuel elements in the shape of cylinders with coaxial channels. The

Turbin*
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Mechanical 
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rFeed
Circulating water pump) 

pumps 7
‘Condenser

Fig. 7 -2 . A steam generator system utilizing nuclear energy.

water that cools the fuel elements enters the fuel channels from header above; it passes 
downwards, then upwards, washing the fuel elements, and finally enters the collecting 
tank.

To control the reactor power, four automatic control rods are provided (two operational 
and two stand-by) which maintain the activity at a preset level. Radiation protection of 
the personnel is provided by a one metre thick layer of water and three metre thick 
concrete shield. In addition, the reactor is covered with a heavy cast iron lid.

Since water is one of the best-studied coolants, its use greatly facilitates the solution 
of many engineering problems, such as design of pumping units, heat exchangers, etc. 
Yet the use of a water coolant involves certain difficulties due to the singular nuclear 
characteristics of water. Ordinary water is good neutron moderator and a rather strong 
neutron absorber. Therefore, the activity of the reactor is highly sensitive to the weight 
content of water.

7 .4 .2 G as Cooled Plant : Fig. 7-3 shows one possible type of system which utilizes 
a gas cooled reactor. As a heat transfer agent, gas is in many ways preferable to water.



NUCLEAR POW ER PLANTS 243

The gas is compressed, heated in the reactor, and expanded in a turbine. If the efficiencies 
of the components are high enough, the turbine will produce enough power for propulsion 
purposes over and above that required to drive the compressor. As previously mentioned, 
because of their low density, gaseous coolants would have to be circulated at pressure 
of the order of 750 kPa. G as temperature would have to be high to obtain adequate 
cycle efficiencies and fuel element temperature would be correspondingly high. Because 
of the large film drop associated with heat transfer in gases, the difference between fuel 
element surface temperature and coolant temperature would tend to be larger than for 
other coolants. In the case of water cooling, the pumping power comprises 5-6 per cent 
of the energy produced, whereas with gas cooling, this figure increases to about 20 per 
cent. Thus, although the higher temperature of the coolant enables a higher thermal 
efficiency to be obtained, the total plant efficiency is low due to excessive power

Cooling
water

Fig. 7 -3 . A closed cycle gas turbine utilizing nuclear energy.

consumption for the needs of the plant.
The weight content of the gas in the reactor is very low. Therefore, the neutron

absorption by the gas coolant may be ignored. This means that the reactivity of the 
reactor is independent of the quantity of coolant and that no accident in the heat transfer 
system (the filling of the reactor with gas or, vice versa, the leakage of gas from the 
reactor) will have a direct effect on the reactivity. Thus, the fact that the reactivity is 
independent of its coolant content implies inherent safety.

A large gas-cooled power plant has been built in England (at Calder Hall). The heat 
sources are two graphite-uranium reactors cooled with pressurized carbon dioxide gas at 
7 atm. The outlet gas temperature is about 300°C. Carbon dioxide does not interact with 
graphite, and therefore, there is no danger of the graphite slugs burning out at high
temperatures. Heat transfer is accomplished in four tower-type steam generators 24.4 m
high.

The heat rating of the reactors is approximately 4,00,000 kW, the power output of 
the electric generators, 92,000 kW, coolant pumping power, 17,000 kW, useful power 
75,000 kW. Thus, the thermal and the total efficiencies come to 23 and 18.7 per cent, 
respectively.

7.4.3 Liquid M etal-Cooled Plant : The choice of liquid metal as a coolant is mainly 
due to the possibility of increasing the coolant temperature without applying high pressure,
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and to the high heat rate transfer coefficient. A drawback in such a system is the 
complexity of the auxiliary liquid metal pumping equipment, the need for two heat transfer 
circuits in view of activation of the coolant, etc. However, due to their high efficiency, 
these plants are being developed.

The plant is designed on the basis of a graphite-uranium thermal reactor. Of all the 
liquid-metal coolants, Sodium and N a-K alloy are the most fam iliar. The alloy has a 
lower melting point and therefore allows a higher heat absorption, but the presence of 
the potassium component causes a number of inconveniences, since potassium may react 
with graphite, and besides it has a higher neutron absorption cross-section than sodium. 
The advantage of sodium is that it does not interact with stainless steel upto about 600SC .

The thermal and total efficiencies are 22 and 20.8 per cent, respectively. The total 
efficiency is higher than that of a pressurised water plant (Art 7 .4 .1).

The moderator and the reflector are made of graphite. The core has a height of 
roughly 6 m and a diameter of about 12 m. The reactor uses tubular fuel elements 
cooled inside and outside with liquid sodium. The core and the sodium filled spaces are 
covered with thermal insulation and radiation shielding.

The heat transfer system (fig. 7-4) consists of two circuits. The first circuit containing 
radioactive sodium is completely hermetically sealed and protected by heavy concrete 
shielding. The flow rate of the liquid sodium in the primary circuit is about 260 m3/min. 
For sodium pumping, use is made of 15 electro-magnetic pumps working in parallel.

Elect romegnttic pump I

180C
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\ j

360*C

Steam  
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exchanger

Second 
heat 
exchanger

First heat transfer circuit

A
■ *■0—

Turbo- 
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ElecAromegnetic 
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lit:

= 0

Feedpump
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Fig. 7 -4 . Heat transfer circuit of nuclear power plant cooled by liquid metal*

The maximum temperature of uranium is expected to be about 600#C . Other salient 
temperatures are indicated on the circuit. The heat exchangers between the primary and 
secondary heat transfer circuits must reliably ensure the impossibility of radioactive sodium 
infiltration from the primary circuit into the secondary circuit. On the other hand, the heat 
exchangers between the secondary sodium heat transfer circuit and steam circuit must 
efficiently preclude (prevent). any escape of sodium into the water. Therefore, these heat
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exchangers are provided with double concentric tubes, the annular space between them 
being filled with mercury.

7.4.4 Direct Steam-Cycle Plant : All of the above described power plants have one 
or two heat transfer circuits connecting the reactor with the steam generator. A plant 
wherein steam is produced directly is shown in fig. 7-5. In this case water pumping 
power is one sixth of that required in water cooled plant. This raises efficiency of the 
plant. Another advantage is that there are no heat losses generally associated with heat 
exchange, therefore, steam of the same pressure as in a heat exchanger can be obtained 
at a lower reactor temperature and pressure.

Sttam

Fig. 7 -5 . Direct steam -cycle plant. Fig. 7 -6 . Dependence of power on
pressure in boiling reactor.

Fig. 7-6 demonstrates the inter-dependence of power on pressure in boiling reactor 
at a given constant uranium concentration. It can be seen that at first the reactor power 
increases with increasing pressure, then it passes a maximum and falls practically to 
zero. The fact that pressure and power are in a unique relationship indicates that the 
reactor is stable in operation. In addition to stability, boiling reactor has the ability to vary 
the power output in accordance with consumption variations. This property is associated 
with the slope of the power-pressure curve which is located to the right of the maximum.

7.4.5 Nuclear Power Propulsion Plant : Recently development of nuclear power 
plant fot transportation is receiving greater attention. This is because.the amount of energy 
produced per unit weight of a conventional fuel, a nuclear powered vehicle could operate 
for very long periods without refuelling. This is particularly important in sea transport, 
railway transport in remote areas and many other modes of transportation.

In designing a propulsion power plant, the major task is the maximum possible 
reduction of its size and weight. Although the volumetric density of energy released in 
the reactor core reaches 10,000-20,000 kW/m3 which exceeds about 100-fold that of a 
conventional thermal plant, ultimate volume and weight ratios are far from being favourable. 
This is due to the inevitable heavy radiation shield. In the final analysis, it appears that 
in the case of high power rating6 (50,000 kW and more) both nuclear and conventional 
plants have about the same sizes, whereas at a lower power level nuclear plants are at 
present less compact. However, the aim of making transport more or less independent 
of fuel bases is so important that even in this situation great attention is given to nuclear 
plant development for transportation. Undoubtedly, a nuclear power plant can be most
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suitably accommodated in a ship, where the engine weight and size are of lesser important 
than in other modes of transport.

The first nuclear propulsion power plant was the one installed in a U .S . Navy submarine. 
This power plant is based on a thermal reactor in which ordinary water serves both as 
coolant and moderator. The reactor uses slightly enriched uranium.

Fig. 7 -7 . Atomic power plant for submarine.

A schematic diagram is given in fig. 7-7. Basically, it is sim ilar to the heat exchanger 
system adopted for Atomic Power Station. The power equipment is situated exclusively 
in the reactor compartment and the engine room. Beneath the reactor compartment are 
the circulation pump, the heat exchanger and steam generator in one. Above the steam 
generator is the moisture separator, from which dry steam is fed to the engine room. 
The latter contains the main steam turbine that drives the propeller, the turbo-generator 
that supplies power to the electric motors of the circulating pumps, the auxiliary turbo
generator that supplies power to the rest of the equipment and compartments of the 
submarine, and the control station for the reactor compartment and engine room.
7.5 Plant Component Development

Naval nuclear power plant components must meet the usual stringent standards 
established for reliability, shock resistance, repairability, and simplicity. Moreover, for certain 
components, additional requirements must be met which preclude the use of equipment 
of conventional design. For example, it is important that equipment systems containing 
radioactive coolant be designed for no leakage. Conventional pumps, valves, and flanges 
do not meet nuclear power plant standards in this respect. As a result, sizeable development 
efforts must be undertaken to provide equipment which does meet these standards.

Pumps which circulate coolant through the reactor and heat exchanger provide an 
interesting and important example of one method by which such requirements are met. 
In conventional practice, a centrifugal pump for high pressure use is sealed by mechanical 
packing around the shaft joining the impeller and the driving motor or turbine, a small 
leakage is accepted.

For pumping water coolant at high pressure in nuclear power plants, a new type of 
leak proof centrifugal pump has been developed. Its important design feature is a higher
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pressure barrier or can in the gap between the pump motor rotor and stator. That is to 
say, the rotar is inside the high pressure system , the stator is ‘ outside, and the two are 
electro-magetically coupled as in any induction motor.

Several difficult problems complicated the development of this pump. One was the 
problem of bearings. Conventional centrifugal pump have oil lubricated bearings. Since 
the rotating parts of the ‘‘canned” pump are inside the coolant system , oil lubrication of 
bearings would result in reactor and system contamination. Bearings were, therefore, 
developed which are lubricated by the high temperature water coolant.
7.6 Material Development

The characteristics of nuclear power plants have created new requirements which 
must be met by standard engineering materials. In certain cases, reactor requirements 
have resulted in the development of entirely new materials. An important example of the 
latter type of development is that associated with the production, metallurgy and engineering 
use of zirconium.

Prior to 1948, very little work had been done on zirconium. Its development was 
undertaken because of the need for a reactor material with a small tendency to absorb 
neutrons and good corrosion resistance. Zirconium metal is now being produced in large 
quantity with both these qualities, but not the production methods hitherto used. New 
methods had to be developed to remove an impurity with a strong tendency to absorb 
neutrons. This impurity, hafnium, is found in all zirconium ores in small amounts (0.5 to 
3 per cent) and in some ores up to 20 per cent.

Fabrication techniques were developed and zirconium alloys are now among the 
leading cladding and structural materials for reactors.
7.7 Reprocessing of Fuel Elements

The nuclear reactor will not continue to operate for an indefinite period because of 
the following factors :

. . There is a finite expenditure of fuel. At some point the quantity of fissionable 
atoms available will fall below the point where the reactor will not operate.

. . Some of the fission products formed during operation absorb neutrons to an 
appropriate degree. The quantity of these products increases roughly with the 
time, the reactor has been operating. Neutron losses due to absorption in these 
products, together with other neutron losses, may eventually limit or prevent reactor 
operation.

. . Radiation damage to materials within the reactor may after a long period of 
operation, make fuel removal necessary.

The recovery of unused portions of fuel and useful by-products will be carried out by 
chemical reprocessing of the fuel element. Because of the intense radioactivity present 
in the material to be processed, reprocessing must be done by remote control equipment 
behind shielded w alls.
7.8 Economics of Power Generation

As discussed earlier, the cost of electricity produced by nuclear power plant exceeds 
the average cost of electricity produced by highpower coal-burning plant. However, if 
one compares the cost of electricity produced by this station with that produced by 
low-power thermal plant (1,000 kW), then these values become comparable. High-power 
(105 to 10® kW) atomic plants are constructed. These plants use reactors capable of 
using slightly enriched uranium, for instance with a U content of 2.5 per cent as 
compared with five per cent for low-power plants. This alone reduces substantially the
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cost of electricity due to fuel consumption.
The number of workers at an atomic power station will be from one half to one-third 

that at a coal-burning plant of sim ilar power capacity which means a cut in the cost of 
electricity. Finally, calculations show that materials expenditures on metal structures, piping, 
storage mechanisms, are much lower at an atomic power plant than at a coal-burning 
power station of sim ilar capacity (see Table-1).

Table -1  Comparative study of 105 kW power plants

Items Nuclear
plant

Coal-buming-plant

Weight of equipment,tons 700 2,700

Weight of metal structures,tons 900 1,200

Weight of pipes and fittings.tons 200 300

Weight of masonaiy and brick work 
(including graphite assembly) for 
nuclear plant, tons 500 1,500

Weight of fuel storage tanks,tons - 2,500

Weight of rolling stock.tons - 300

Volume of civil work.m3 9,000 4,000

Capacity of buildings (without turbine 
room and electrical facilities), m 50,000 75,000

Area of construction site, hectares 5 15

Internal power consumption.kW 5,000 8,000

Table -  1 above gives comparative data of atomic and coal burning power plants of 
sim ilar capacity. The table does not include data referring to turbine room and to the 
electrical equipment, because they are identical in both the cases. It may be noted that 
on most accounts, material expenditures at a nuclear plant are lower than at a coal-burning 
station. This reduces the cost of electricity produced at a nuclear plant.

Economically speaking, it is best to build nuclear power plants in areas remote from 
coal mines. Expenditures on fuel deliveries to the plant and on the transportation of spent 
fuel slugs to chemical plants for uranium recovery are so low that they will not lead to 
any noticeable increase in the cost of electricity.

All these factors favour to a considerable extent programmes of putting up nuclear 
power stations in the near future.
7.9 Safety in Operation

Any concept of large scale energy conversion has some element of associated risk. 
Experience and detailed evaluation studies conclusively show that in terms of the probability, 
of a major accident, nuclear power is safer than any other form of large scale energy 
conversion. Under routine operation conditions, nuclear power generation is much less 
harmful to the environment and public health than coal-fired power generation.

The problem of containment of radioactive fission products and the higher actinides, 
especially plutonuim, under normal operation as well as accident conditions, is common 
to both fast and thermal reactors. This problem has well defined solutions consisting of 
three level containment offered by fuel clad, reactor vessel and containment building which 
has worked well over the last thirty years.
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7.10 Other Applications of Nuclear Energy

Extensive studies have been carried out by expert committees of international or
ganisations to go into the depth of safety of food processed by radiation. India is a major 
producer and exporter of spices. Single treatment of gamma radiation can make spices 
free from insect infestation and microbiological contamination without loss of flavour 
components.

One of the applications of atomic energy is in preservation of food for extended 
period. Such application does not lead to loss of flavour, odour, texture and other highly 
desirable attributes of fresh food.

Low doses of radiation can arrest sprouting of potatoes and onions. India is the 
largest producer of onion in the world and by arresting dehydration of potatoes and onion, 
a satisfactory solutions to the storage problem can be solved.

Self-life of mangoes can be extended by a week and that of banana by 2 week$ 
by low dose of radiation. Thus, it could help the international trade market.

About 10-15% of the food grains amounting to about 16 million tonnes every year 
is lost due to insect pests. Disinfestation can be achieved by readiation.

Radiation has been used in improvement of genetic features in some plants. The 
frequency of mutation can be greatly enhanced by exposing seeds and other plants to 
radiation. Using this approach, improved varieties of pulses, groundnuts and jute have 
been developed at the BARC.

Using Cromosome Engineering techniques popular wheat has been developed in place 
of the disease laden quality of wheat.

Recent development in the field of ‘Genetic Engineering’ offers possibilities of direct 
and specific genetic alteration to suit human needs.

Radioisotopes are of great importance in the field of medicine and the application of 
the radioisotopes are numerous. They are used in the detection and in the therapeutic 
treatment of tumours and cancers. Radiation therapy is indicated in the treatment of 
cancer of uterine cervix which is one of the common malignacies of female reproductive 
system. Radiation treatment and therapy causes destruction of cancerous cells. Radioisotopes 
are also used for impaging of body organs such as brain, kidney, liver and heart to study 
their functional disorders.

Radioisotopes have also been greatly used in Industries for various applications of 
leak detection in buried pipes, radiography of welded joints and in the study of ventilation 
system and wear and tear of machinery. Creating artificial reservoirs for water supply 
schemes for new townships can be economical compared with manual or machinery 
excavation.

With the better understanding of the harmful effects of radiation and the useful utilisation 
of radioisotopes and by following the guidelines of the International Commission on 
Radiation Protection, we can utilise the Atom beneficially towards production of energy, 
development of mankind and bring peace and prosperity to the human being.

Tu to ria l- 7

1. Fill in the blanks to complete the following statements :
(a) The energy obtained by burning one kilogramme of uranium is equivalent to real 

burning of about__________ kilogrammes of high grade coal.



(b) In order to start a nuclear reaction, nuclei must approach to each other within a 
distance o f  to cm.

(c) According to modern views thromo-nuclear reactions are the sources o f ______
 energy.

(d) In the average fission p ro cess  neutrons are released per reaction.
(e) The assembly of fuel and other materials in which the self-sustaining chain reaction 

is maintained is called a  .
(f) Below the critical size of a reactor the percentage of escaping neutrons is .

[(a) 2,000,000, (b) 10"12, 10“ 13, (c) Solar, Stellar, (d) 2.5, (e) reactor, (f) excessive]
2. (a) What are the advantages of nuclear power ?

(b) Compare the cost of producing electricity by conventional thermal stations and 
nuclear power stations.

3. (a) Describe in detail the fission process.
(b) Give percentage distribution of fission energy of uranium isotope of atomic weight 

235.
4. (a) What is a reactor ?

(b) How are nuclear reactors classified ?
(c) List the components of a nuclear reactor.

5. (a) Describe some of the nuclear fuel elements used in practice.
(b) What is a moderator ?

6. (a) Explain the work of a reflector in a reactor.
(b) What are the requirements of a good coolant for a reactor ?
(c) What is heavy water ?

7. (a) How is a nuclear reactor controlled ?
(b) Describe a typical nuclear power plant flow diagram and its applications.

8. Describe giving neat schematic diagram, a steam generator system utilizing nuclear 
energy. How is this plant controlled ?

9. Describe with help of flow diagram working of a closed cycle gas turbine uilizing 
nuclear energy.

10. Why is nuclear power unit more suitable for sea transportation ? Describe giving 
schematic diagram of atomic power plant for submarine.

11. (a) What are the problems of plant component of a nuclear power plant compared
with those of a conventional power plant ?

(b) Why can a nuclear reactor not continue operating for an indefinite period ?
12. Compare and contrast a nuclear power generating unit with a conventional power 

plant using high grade coal as fuel.
13. Differentiate between nuclear power plant and steam power plant with respect to 

following parameters :
(i) Fuel, (ii) Steam raising unit, (iii) Power cycle, (iv) Working fluid, and (v) Prime 
movers.

14. Compare nuclear power station with a steam power station on the basis of the 
following factors :
(i) Generation cost,
(ii) Operation cost,
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(iii) Station overall efficiency, and
(iv) Capital cost.

15. (a) State the hazards inherent in nuclear power station.
(b) State the safety precautions to be adopted in a  nuclear power station.

16. (a) Explain self-sustaining chain reaction.
. (b) Write a brief note on fissible material.

17. D iscuss specific features of water, heavy water, liquid metals, organic liquids and 
gases as coolants for a nuclear reactor.

18. Write short notes .on the following :
(i) Shielding,
(ii) Reprocessing, and
(iii) M aterials development for nuclear plant.
(iv) Safety of nuclear power plant.

19. C lassify nuclear power plants according to their heat transfer system s, and describe
water-cooled plant.

20. Describe either
(i) G as cooled nuclear plant, or
(ii)Liquid metal cooled nuclear plant,

21. Describe either
(i) Direct steam cycles nuclear plant, or
(ii) Nuclear power propulsion plant.

22. D iscuss various other applications of nuclear energy other than power production.
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(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy KJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat.
steam

.006113 0.1 206.136 .01 2501.3 2501.4 .0000 9.1562-

.007 1.89 181.255 *7.91 2496.9 2504.4 .0288 9.1064

.008 3.77 159.675 15.81 2492.5 2508.3 .0575 9.0578

.009 5.45 142.789 22.89 2488.5 2511.4 .0829 9.0142

.010 6.98 129.208 29.30 2484.9 2514.2 .1059 8.9756

.011 8.37 118.042 35.17 2481.6 2516.8 .1268 8.9408

.012 9.66 108.696 40.58 2478.6 2519.1 .1460 8.9091

.013 10.86 100.755 45.60 2475.7 2521.3 .1637 8.8792

.014 11.98 93.922 50.31 2473.1 2523.4 .1802 8.8529

.015 13.03 87.980 $4.71 2470.6 2525.3 .1957 8.8279

.016 14.02 82.763 58.87 2468.3 2527.1 .2102 8.8044

.017 14.95 78.146 62.80 2466.0 2528.8 .2238 8.7825

.018 15.84 74.030 66.54 2463.9 2530.5 .2368 8.7618

.019 16.69 70.337 70.10 2461.9 2532.0 .2401 8.7422

.020 ' 17.50 67.004 73.48 2460.0 2533.5 .2607 8.7237

.021 18.28 63.981 76.74 2458.2 2534.9 .2719 8.7060

.022 19.02 61.226 79.85 2456.4 2536.3 .2826 8.6892

.023 19.73 58.705 82.83 2454.8 2537.6 .2928 8.6732

.024 20.42 56.389 85.72 2453.1 2538.8 .3026 8.6579

.025 21.08 54.254 88.49 2451.6 2540.0 .3120 8.6432

.026 21.72 52.279 91.17 2450.1 2541.2 .3211 8.6290

.027 22.34 50.446 93.75 2448.6 2542.3 .3299 8.6155

.028 22.94 48.742 96.27 2447.2 2543.4 .3384 8.6024

.029 23.52 47.152 98.7 2445.8 2544.5 .3466 8.5898

.030 24.08 45.665 101.5 2444.5 2545.5 .3545 8.5776

.032 25.16 42.964 105.57 2441.9 2547.5 .3697 8.5545

.034 26.19 40.572 109.84 2439.5 2549.3 .3840 8.5327

.036 27.16 38.440 113.90 2437,2 2551.1 .3975 8.5123

.038 28.08 36.527 117.77 2435.0 2552.8 .4104 8.4930

.040 28.96 34.800 121.46 2432.9 2554.4 .4226 8.4746
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STEAM  TA B LES

PRO PERTIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat.
steam

<Ds

.042 29.81 33.234 125.00 2430.9 2555.9 .4343 8.4572

.044 30.62 31.806 128.39 2429.0 2557.4 .4455 8.4406

.046 31.40 30.500 131.65 2427.2 2558.8 .4562 8.4248

.048 32.15 29.299 * 134.79 2425.4 2560.2 .4665 8.4096

.050 32.88 28.192 137.82 2423.7 2561.5 .4764 8.3951

.055 35.58 25.769 144.95 2419.6 2564.5 .4997 8.5613

.060 36.16 23.739 151.53 2415.9 2567.4 .5210 8.3304

.065 37.63 22.014 157.67 2412.4 2570.0 .5408 8.3020

.070 39.00 20.530 163.40 2409.1 2572.5 .5592 8.2758

.075 40.29 19.238 168.79 2406.0 2574.8 .5764 8.2515

.080 41.51 18.103 173.88 2403.1 2577.0 .5926 8.2287

.085 42.67 17.099 178.70 2400.3 2579.0 .6079 8.2073

.090 43.76 16.203 183.29 2397.7 2581.0 .6224 8.1872

.095 44.81 15.399 187.65 2395.2 2582.9 .6362 8.1632
0.10 45.81 14.674 191.83 2392.8 2584.7 .6493 8.1502

.11 47.69 13.415 199.67 2388.3 2588.0 .6738 8.1168

.12 49.42 • 12.361 206.92 2384.1 2591.1 .6963 8.0863

.13 51.04 11.465 213.67 2380.2 2593.9 .7172 8.0584

.14 52.55 10.693 219.99 2376.6 2596.6 .7366 8.0325

.15 53.97 10.022 225.94 2373.1 2599.1 .7549 8.0085

.16 55.32 9.433 231.56 2369.9 2601.4 .7720 7.9860

.17 56.59 8.910 236.89 2366.8 2603.7 .7882 7.9649

.18 57.80 8.445 241.95 2363.8 2605.8 .8035 7.9451

.19 58.96 8.027 246.78 2361.0 2607.8 .8181 7.9263

.20 60.06 7.649 251.40 2358.3 2609.7 .8320 7.9085

.21 61.12 7.307 255.83. 2355.7 2611.6 .8452 7.8916

.22 62.14 6.995 260.08 2353.2 2613.3 .8579 7.8756

.23 63.12 6.709 264.18 2350.8 2615.0 .8701 7.8602

.24 64.06 6.446 268.12 2348.5 2616.6 .8818 7.8455
•25 64.97 6.204 271.93 2346.3 2618.2 .8931 7.8314
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STEAM  TA B LES

PR O PER TIES OF DRY AND SATURATED  STEAM  ' 

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg
Vs

Enthalpy kJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

S a t
water

Sat.
steam

Os

.26 65.85 5.980 275.61 2344.1 2619.7 .9040 7.8179

.27 66.70 5.772 279.17 2342.0 2621.2 .9145 7.8049

.28 67.53 5.579 282.62 2340.0 2622.6 .9246 7.7924

.29 68.33 5.398 285.98 2338.0 2624.0 .9344 7.7803

.30 69.10 5.229 289.23 2336.1 2625.3 .9439 7.7686

.32 70.60 4.922 295.48 2332.4 2627.8 .9622 7.7465

.34 72.01 4.650 301.40 2328.8 2630.2 .9723 7.7257

.36 73.36 4.408 307.05 2325.5 2632.5 .9956 7.7061

.38 74.64 4.190 312.43 2322.3 2634.7 1.0159 7.6876

.40 75.87 3.993 317.58 2319.2 2636.8 1.0259 7.6700

.42 77.05 3.815 322.51 2316.2 2638.7 1.0400 7.6534

.44 78.18 3.652 327.26 2313.4 2640.6 1.0536 7.6375

.46 79.27 3.503 331.83 2310.6 2642.5 1.0666 7.6223

.48 80.32 3.367 336.23 2308.0 2644.2 1.0790 7.6078

.50 81.33 3.240 340.49 2305.4 2645.9 1.0910 7.5939

.55 83.72 2.964 350.54 2299.3 2649.8 1.1193 7.5615

.60 85.94 2.732 359.86 2293.6 2653.5 1.T453 7.5320

.65 88.01 2.535 368.54 2288.3 2656.3 1.1694 7.5048

.70 89.95 2.365 376.70 2283.3 2660.0 1.1919 7.4766

.75 91.78 2.217 384.39 2278.6 2663.0 1.2124 7.4564

.80 93.50 2.087 391.66 2274.1 2665.8 1.2329 7.4346

.85 95.14 1.972 398.57 2269.8 2668.4 1.2517 7.4141

.90 96.71 1.869 405.15 2265.7 2670.9 1.2695 7.3949

.95 98.20 1.777 411.83 2261.8 2673.2 1.2864 7.3766

1.00 99.63 1.694 417.46 2258.0 2675.5 1.3026 7.3594

1.01325 100.00 1.6729 419.04 2257.0 2676.1 1.3069 7.3549

1.05 101.00 1.6184 423.24 2254.4 2677.6 1.3184 7.3430

1.10 102.31 1.5495 428.79 2250.9 2679.7 1.3329 7.3273

1.15 103.58 1.4864 434.15 2247.5 2681.7 1.3471 7.3124

1.20 104.80 1.4284 439.32 2244.2 2683.5 1.3608 7.2981

1.25 105.99 1.3749 444.32 2241.0 2685.4 1.3740 7.2844
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PR O PER TIES OF DRY AND SATURATED  STEAM

STEAM  TA BLES 255
4

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/k 3 Entropy kJ/kg K .

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat.
steam

Os

1.30 107.13 1.3254 449.15 2238.0 2687.1 1.3867 7.2712
1.35 108.24 1.2794 453.13 2235.0 2688.8 1.3990 7.2586
1.40 109.31 1.2366 458.39 2232.1 2690.4 1.4109 7.2464
1.45 110.36 1.1967 462.80 2229.1 2692.0 1.4224 7.2347

1.50 111.37 1.1593 467.11 2226.5 2693.6 1.4336 7.2233

1.55 112.36 1.1243 471.28 2223.8 2695.0 1.4444 7.2123
1.60 113.32 1.0914 475.36 2221.1 2696.5 1.4550 7.2017

1.65 114.26 1.0604 479.33 2218.5 2697.9 1.4652 7.1914

1.70 115.17 1.0312 483.20 2216.0 2699.2 1.4752 7.1814

1.75 116.06 1.0036 486.99 2213.6 2700.6 1.4849 7.1717

1.80 116.93 .9775 490.68 2211.2 2701.8 1.4944 7.1623
1.85 117.79 .9528 494.30 2208.8 2703.1 1.5036 7.1532

1.90 118.62 .9293 497.84 2206.5 2704.3 1.5127 7.1443
1.95 119.43 .9070 501.31 2204.2 2705.5 1.5225 7.1356

2.00 120.23 .8857 504.70 2201.9 2706.7 1.5301 7.1271

2.05 121.02 .8655 508.03 2199.8 2707.8 1.5386 7.1189

2.10 121.74 .8462 511.29 2197.6 2708.9 1.5468 7.1109

2.15 122.53 .8277 514.48 2195.5 2710.0 1.5549 7.1030

2.20 123.27 .8101 517.63 2193.4 2711.0 1.5628 7.0953

2.25 124.00 .7933 520.72 2191.3 2712.1 1.5706 7.0878

2.30 124.71 .7771 523.74 2189.3 2713.1 1.5782 7.0805

2.35 125.41 .7616 526.72 2187.3 2714.1 1.5856 7.0733

2.40 126.13 .7467 529.65 2185.4 2715.0 1.5930 7.0663

2.45 126.77 .7324 532.53 2183.5 2716.0 1.6002 7.0594

2.50 127.44 .7187 535.37 2181.5 2716.9 1.6072 7.0527

2.55 128.09 .7055 538.15 2179.7 2717.8 1.6142 7.0461
2.60 128.73 .6918 540.90 2177.8 2718.7 1.6210 7.0396
2.65 129.37 .6805 543.60 2176.0 2719.6 1.6277 7.0333
2.70 129.99 .6687 546.27 2174.2 2720.5 1.6343 7.0270
2.75 130.60 .6573 548.89 2172.4 2721.3 1.6408 7.0209
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STEAM  TA B LES

PR O PER TIES OF DRY AND SATURATED STEAM  

(Pressure Table)

Pressure
bar
P

Sat.
temp.

•c
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kj9 Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat.
steam

<X>s

2.80 131.21 .6463 551.48 2170.7 2722.1 1.6472 7.0149
2.85 131.81 .6357 554.02 2168.9 2723.0 1.6535 7.0090
2.90 132.39 .6254 556.54 2167.2 2723.8 1.6597 7.0032

2.95 132.97 .6154 559.02 2165.5 2724.5 1.6658 6.9975

3.00 133.55 .6058 561.47 2163.8 2725.3 1.6718 6.9919

3.05 134.11 '5965 563.88 2162.2 2726.1 1.6777 6.9864

3.10 134.67 .5875 566.27 2160.6 2726.8 1.6835 6.9810

3.15 135.22 .5787 568.62 2158.9 2727.6 1.6893 6.9756

3.20 135.76 .5702 570.95 2157.3 2728.3 1.6950 6.9704

3.25 136.30 .5620 573.25 2155.8 2729.0 1.7006 6.9652

3.30 136.83 .5540 575.52 2154.2 2729.7 1.7061 6.9601

3.35 137.35 .5463 577.76 2152.6 2730.4 1.7116 6.9551

3.40 137.87 .5387 579.97 2151.1 2731.1 1.7169 6.9502

3.45 138.38 .5314 582.16 2149.6 2731.8 1.7222 6.9453

3.50 138.88 .5243 584.33 2148.1 2732.4 1.7275 6.9405

3.55 139.38 .5173 586.47 2146.6 . 2733.1 1.7327 6.9358

3.60 139.87 .5106 588.59 2145.1 2733.7 1.7378 6.931.1

3.65 140.36 .5040 „ 590.68 2143.7 2734.4 1.7428 6.9265

3.70 140.84 .4926 592.75 2142.2 2735.0 1.7478 6.9219

3.75 141.32 .4914 594.81 2140.8 2735.6 1.7528 6.9175

3.80 141.79 .4853 596.83 2139.4 2736.2 1.7577 6.9130

3.85 142.26 .4794 598.84 2138.0 2736.8 1.7625 6.9087

3.90 142.72 .4736 600.83 2136.6 2737.4 1.7673 6.9044

3.95 143.18 .4680 602.80 2135.2 2738.0 1.7720 6.9001

4.00 143.63 .4625 604.64 2133.8 2738.6 1.7766 6.8959

4.1 144.53 .4519 608.59 2131.1 2739.7 1.7858 6.8877

4.2 145.40 .4417 612.36 2128.4 2740.8 1.7948 6.8796

4.3 146.26 .4321 616.06 2125.8 2741.9 1.8036 6.8717

4.4 147.10 .4228 619.68 2123.2 2742.9 1.8122 6.8641

4.5 147.93 .4140 623.25 2120.7 2743.9 1.8207 6.8565
•
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STEAM  TA B LES  

PR O PER TIES OF DRY AND SATURATED STEAM  

(Pressure Table)

Pressure
bar
P

Sat.
temp.

•c
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kg Entropy kJ/kg K
Sat. water 

h
Evap.

L
Sat.

steam
H

Sat.
water

<bw

Sat.
steam

Os

4.6 148.74 .4055 626.76 2118.2 2744.9 1.8290 6.8492
4.7 149.54 .3974 630.21 2115.7 2745.9 1.8371 6.8420
4.8 150.32 .3896 633.60 2113.2 2746.8 1.8451 6.8349

4.9 151.10 .3821 636.94 2110.8 2747.8 1.8530 6.8280

5.0 151.86 .3749 640.23 2108.5 2748.7 1.8607 6.8213

5.1 152.60 .3689 643.46 2106.1 2749.6 1.8682 6.8146
5.2 153.34 .3613 646.65 2104.8 2750.5 1.8757 6.8081
5.3 154.06 .3549 649.78 2101.5 2751.3 1.8830 6.8017
5.4 154.78 .3487 652.87 2099.3 2752.1 1.8902 6.7955
5.5 155.48 .3427 655.93 2097.0 2753.0 1.8973 6.7893

5.6 156.17 .3369 658.93 2094.8 2753.8 1.9043 6.7832
5.7 156.86 .3313 661.90 2092.7 2754.5 1.9112 6.7773

5.8 157.53 .3259 664.83 2090.5 2755.3 1.9180 6.7714

5.9 ,  158.20 .3207 667.71 2088.4 2756.1 1.9246 6.7657

6.0 158.85 .3157 670.56 2086.3 2756.8 1.9312 6.7600

6.1 159.50 .3108 673.37 2084.2 2757.5 1.9377 6.7545
6.2 160.14 .3060 676.15 2082.1 2758.3 1.9441 6.7490
6.3 160.77 .3015 678.89 2080.1 2759.0 1.9504 6.7436
6.4 161.39 .2970 681.60 2078.0 2759.6 1.9566 6.7383

6.5 162.01 .2927 684.28 2076.0 2760.3 1.9627 6.7331

6.6 162.61 .2885 686.93 2074.0 2761.0 1.9688 6.7279
6.7 163.21 .2844 689.55 2072.1 2761.6 1.9748 6.7228
6.8 163.81 .2805 692.13 2070.1 2762.3 1.9807 6.7178
6.9 164.39 .2766 694.69 2068.2 2762.9 1.9865 6.7129

7.0 164.97 .2729 697.22 2066.3 2763.5 1.9922 6.7080

7.1 165.55 .2692 699.72 2064.4 2764.1 1.9979 6.7032
7.2 166.11 .2657 702.20 2062.5 2764.7 2.0035 6.6985
7.3 166.67 .2622 704.64 2060.7 2765.3 2.0091 6.6938
7.4 167.23 .2589 707.07 2058.8 2765.9 2.0146 6.6892
7.5 167.78 .2556 709.47 2057.0 2766.4 2.0200 6.6847
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STEAM  TA B LES

PRO PERTIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure
bar
P

Sat.
temp.

•c
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Oyy

Sat.
steam

<&•

7.6 168.32 .2524 711.85 2055.2 2767.0 2.0253 6.6802 i
7.7 168.86 .2493 714.20 2053.4 2767.5 2.0306 6.6758

- 7.8 169.39 .2463 716.52 2051.6 2768.1 2.0359 6.6714
7.9 169.91 .2433 718.83 2049.8 2768.6 2.0411 6.6670

00 © 170.43 .2404 721.11 2048.0 2769.1 2.0462 6.6628

8.1 170.95 .2376 723.38 2046.3 2769.7 2.0513 6.6585
8.2 171.46 .2349 725.62 2044.5 2770.2 2.0563 6.6544
8.3 171.97 .2322 727.83 2042.8 2770.7 2.0612 6.6502
8.4 172.47 .2295 730.04 2041.1 2771.2 2.0662 6.6462
8.5 172.96 .2270 732.22 2039.4 2771.6 2.0710 6.6421

8.6 173.46 .2245 734.38 2037.7 2772.1 2.0758 6.6381
8.7 173.94 .2220 736.52 2036.1 2772.6 2.0806 6.6342

8.8 174.43 .2196 738.64 2034.4 2773.0 2.0853 6.6303

8.9 174.90 .2173 740.75 2032.8 2773.6 2.0900 6.6264

9,0 175.38 .2150 742.82
•0

2031.1 2773.9 2.0946 6.6226

9.1 175.85 .2127 744.91 2029.5 2774.4 2.0992 6.6188

9.2 176.31 .2105 746.96 2027.9 2774.8 2.1038 6.6151

9.3 176.78 .2084 749.00 2026.3 2775.3 2.1083 6.6114

9.4 177.24 .2063 751.02 2024.7 2775.7 2.1127 6.6077

9.5 177.69 .2042 753.02 2023.1 2776.1 2.1172 6.6041

9.6 178.14 .2022 755.01 2021.5 2776.5 2.1215 6.6005

9.7 178.59 .2002 756.98 2019.9 2776.9 2.1259 6.5969

9.8 179.03 .1982 758.94 2018.4 2777.3 2.1302 6.5934

9.9 179.47 .1963 760.88 2016.8 2777.7 2.1345 6.5899

10.0 179.91 .19444 762.81 2015.3 2778.1 2.1387 6.5865

10.2 180.71 .19080 766.63 2012.2 2778.9 2.1471 6.5796

10.4 181.62 .18730 770.38 2009.2 2779.6 2.1553 6.5729

10.6 182.46 .18392 774.08 2006.2 2780.3 2.1634 6.5664

10.8 183.28 .18067 777.74 2003.3 2781.0 2.1713 6.5599

11.0 184.09 .17753 781.34 2000.4 2781.7 2.1792 6.5536



STEAM  TA BLES ' 259

STEAM  TA B LES

PRO PERTIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

<S>w

Sat.
steam

<1>s

11.2 184.89 .17449 784.89 1997.5 2782.4 2.1869 6.5473

11.4 185.68 .17156 788.40 1994.6 2783.0 2.1945 6.5412

11.6 186.46 .16873 791.86 1991.8 2783.6 2.2020 6.5351

11.8 187.23 .16599 795.29 1989.0 2784.2 2.2093 6.5292

12.0 187.99 .16333 798.65 1986.2 2784.2 2.2166 6.5233

12.2 188.74 .16077 801.98 1983.4 2785.4 2.2238 6.5176

12.4 189.48 .15828 805.28 1980.7 2786.0 2.2309 6.5119

12.6 190.20 .15586 808.53 1978.0 2786.5 2.2378 6.5063

12.8 190.93 .15353 811.75 1975.3 2787.1 ^.2447 6.5008

13.0 191.64 .15125 814.93 1972.7 2787.6 2.2515 6.4953

13.2 192.34 .14905 818.07 1970.0 2788.1 2.2582 6.4900

13.4 193.04 .14691 821.18 1967.4 2788.6 2.2648 6.4847

13.6 193.72 .14483 824.85 1964.8 2789.1 2.2714 6.4795

13.8 194.40 .14281 827.29 1962.3 2789.6 2.2778 6.4743

14.0 195.07 .14084 830.30 1959.7 2790.0 2.2842 6.4693

» 14.2 195.74 .13893 833.28 1957.2 2790.5 2.2905 6.4643

14.4 196.39 .13707 836.28 1954.7 2790.9 2.2968 6.4593

14.6 197.04 .13525 839.14 1952.2 2791.3 2.3029 6.4544

14.8 197.69 .13349 842.03 1949.7 2791.7 2.3090 6.4496

15.0 198.32 .13177 844.89 1947.3 2792.2 2.3150 6.4448

15.5 199.88 .12766 851.92 1941.2 2793.1 2.3298 6.4331

16.0 201.41 .12380 858.79 1935.2 2794.0 2.3442 6.4218

16.5 202.89 .12006 865.50 1929.4 2794.9 2.3582 6.4108

17.0 204.34 .11673 872.06 1923.6 2795.7 2.3718 6.4000

17.5 205.76 .11349 878.50 1917.9 2796.4 2.3851 6.3896

18.0 207.15 .11042 884.79 1912.4 2797.1 2.3981 6.3794

18.5 208.51 .10751 890.96 1906.8 2797.8 2.4109 6.3694

19.0 209.84 .10475 897.02 1901.4 2798.4 2.4233 6.3597

19.5 211.14 .10212 902.96 1896.0 2799.0 2.4354 6.3502
20.0 212.42 .09963 908.79 1890.7 2799.5 2.4474 6.3409
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STEAM  TA B LES

PRO PERTIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/k 9 Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat. 
steam ‘ 

Os

20.5 213.67 .09725 914.52 1885.5 2800.0 2.4590 6.3318
21.0 214.90 .09498 920.15 1880.3 2800.5 2.4704 6.3229
21.5 216.10 .09281 925.69 1875.2 2800.9 2.4817 6.3141
22.0 217.29 .09073 931.14 1870.2 2801.3 2.4927 6.3056
22.5 218.45

\
.08875 936.49 1865.2 2801.7 2.5035 6.2972

23.0 219.60 .08685 941.77 1860.2 2802.0 2.5141 6.2890
23.5 220.72 .08502 946.97 1855.4 2802.3 2.5245 6.2809
24.0 221.83 .08327 952.09 1850.5 2802.6 2.5347 6.2729
24.5 222.92 .08159 957.13 1845.7 2802.9 2.5448 6.2651
25.0 223.99 .07998 962.11 1841.0 2803.1 2.5547 6.2575

26 226.09 .07692 971.85 1831.6 2803.6 2.5740 6.2425

27 228.12 .07409 981.34 1822.4 2803.8 2.5927 6.2280

28 230.10 .07145 990.59 1813.4 2804.0 2.6109 6.2139

29 232.02 .06899 999.61 1804.5 2804.1 2.6285 6.2002

30 233.90 .06668 1008.42 1795.7 2804.2 2.6457 6.1869

31 235.72 .06452 ' 1017.04 1787.1 2804.1 2.6624 6.1740

32 237.51 .06249 1025.47 1778.6 2804.1 2.6787 6.1614

33 239.54 .06057 1033.72 1770.2 2803.9 2.6946 6.1491

34 240.94 .05877 1041.82 1761.9 2803.7 2.7101 6.1370

35 242.60 .05707 1049.75 1753.7 2803.4 2.7253 6.1253

36 244.23 .05545 1057.53 1745.6 2803.1 2.7401 6.1138

37 245.82 .05392 1065.17 1737.6 2802.8 2.7546 6.1025

38 247.38 .05247 1072.68 1729.7 2802.4 2.7688 6.0915

39 248.91 .05109 1080.05 1721.8 2801.9 2.7828 6.0807

40 250.40 .04978 1087.31 1714.1 2801.4 2.7964 6.0701

42 253.31 .04733 1101.48 1698.8 2800.3 2.8229 6.0495

44 256.12 .04510 1115.22 1683.8 2799.0 2.8485 6.0296

46 258.83 .04306 1128.58 1669.0 2797.6 2.8732 6.0103

48 261.45 .04118 1141.57 1654.5 2796.0 . 2.8970 5.9916

50 ' 263.99 .03944 1154.23 1640.1 2794.3 2.9202 5.9734
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STEAM  TA B LES

PRO PERTIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure
bar
P

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/kg Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Sat.
steam

<J>s

52 266.45 .03783 1166.58 1626.0 2792.6 2.9427 5.9557

54 s 268.84 .03634 1178.66 1612.0 2790.7 2.9645 5.9385

56 271.17 .03495 1190.46 1598.2 2788.6 2.9858 5.9217

58 273.43 .03365 1202.02 1584.5 2786.5 3.0065 5.9052

60 275.64 .03244 1213.35 1571.0 2784.3 3.0267 5.8892

62 \ 277.78 .03130 1224.46 1557.6 2782.1 3.0464 5.8734

64 279.88 .03023 1235.37 1544.3 2779.7 3.0657 5.8580

66 281.93 .02922 1246.09 1531.2 2777.2 3.0845 5.8428

68 283.93 .02827 1256.63 1518.1 2774.7 3.1030 5.8279

70 285.88 .02737 1267.00 1505.1 2772.1 3.1211 5.8133

72 287.79 .02652 1277.21 1492.2 2769.4 3.1389 5.7989

74 289.67 .02571 1287.28 1479.4 2766.7 3.1563 5.7847

76 291.50 .02494 1297.19 1466.6 2763.8 3.1734 5.7707

78 293.30 .02421 1306.98 1453.9 2760.9 3.1902 5.7569

80 295.06 .02352 1316.64 1441.3 2758.0 3.2068 5.7432

82 296.79 .02286 1326.18 1428.7 2754.9 3.2230 5.7297

84 298.49 .02222 1335.61 1416.2 2751.8 3.2391 5.7164

86 300.16 .02162 1344.93 1403.7 2748.7 3.2549 5.7032

88 301.80 .02104 1354.14 1391.3 2745.4 3.2704 5.6902

90 303.40 .02048 1363.26 1378.9 2742.1 3.2858 5.6772

92 304.99 .01995 1372.29 1366.5 2738.8 3.3009 5.6644

94 - 306.54 .01944 1381.23 1354.1 2735.4 3.3159 5.6517

96 308.07 .01895 1390.08 1341.8 2731.9 3.3306 5.6391

98 309.58 .01848 1398.86 1329.5 2728.3 3.3452 5.6265

100 311.06 .018026 1407.56 1317.1 2724.7 3.3596 5.6141

102 312.46 .017588 1416.19 1304.8 2721.0 3.3739 5.6017

104 313.96 .017167 1424.76 1292.5 2717.3 3.3880 5.5894

r  106 315.38 .016760 1433.26 1280.2 2713.5 3.4020 5.5771

108 316.77 .016367 1441.70 1267.9 2709.6 3.4158 5.5649

110 318.15 .015987 1450.10 1255.5 2705.6 3.4295 5.5527



p

112
114
116
118
120

122
124
126
128
130

132
134
136
138
140

142
144
146
148
150

152
154
156
158
160

162
164
166

ELEM EN TS O F H EAT EN GIN ES Vol. Ill 

STEAM  TA B LES  

PR O PER TIES OF DRY AND SATURATED  STEAM  

(Pressure Table)

Sat.
temp.

*C
ts

Specific vol. 
Sat. steam 

m3/kg 
v*

Enthalpy kJ/kg Entropy kJ/kg K
Sat. water 

h
Evap.

L
/

Sat.
steam

H

S a t
water

<Di*

Sat.
steam

Os

319.50 .015620 1458.4 1243.2 2701.6 3.4430 5.5406
320.84 .015264 1466.7 1230.8 2697.5 3.4565 5.5285
322.16 .014920 1474.9 1218.4 2693.4 3.4698 5.5165
323.46 .014587 1483.1 1206.0 2689.2 3.4831 5.5044
324.75 .014263 1491.3 1193.6 2684.9 3.4962 5.4924

326.02 .013949 1499.4 1181.1 2680.5 3.5092 5.4804
327.27 .013644 1507.5 1168.6 2676.0 3.5222 5.4684
328.51 .013348 1515.5 1156.0 2671.5 3.5351 5.4564
329.73 .013060 1523.5 1143.4 2666.9 3.5478 5.4444
330.93 .012780 1531.5 1130.7 2662.2 3.5606 5.4323

332.12 .012508 1539.5 .1118.0 2657.5 3.5732 5.4203
333.30 .012242 1547.4 1105.2 2652.6 3.5858 5.4082
334.46 .011983 1555.3 1092.4 2647.7 3.5983 5.3961
335.61 .011731 1563.2 1079.5 2642.7 3.6108 5.3839
336.75 .011485 1571.1 1066.5 2637.6 3.6232 5.3717

337.87 .011245 1579.0 1053.4 2632.4 3.6356 5.3595
338.98 .011010 1586.9 1040.2 2627.1 3.6479 5.3471
340.08 .010781 1594.8 1026.9 2621.7 3.6603 5.3348
341.16 .010557 1602.6 1013.5 2616.1 3.6726 5.3223
342.24 .010337 1610.5 1000.0 2610.5 3.6848 5.3098

343.30 .010123 1618.4 986.4 2604.8 3.6971 5.2971

344.35 .009912 1626.3 972.7 2598.9 3.7093 5.2844

345.39 .009706 1634.2 958.8 2593.0 3.7216 5.2716
346.42 .009504 1642.1 944.8j 2586.9 3.7338 5.2586
347.44 .009306 1650.1 930.6 2580.6 3.7461 5.2455

348.44 .009111 1658.0 916.2 2574.3 3.7584 5.2323
349.44 .008920 1666.0 901.7 2567.7 3.7707 5.2189

350.43 .008732 1674.1 886.9 2561.0 3.7830 5.2053
351.40 .008547 1682.2 872.0 2554.2 3.7954 5.1916
352.37 .008364 1690.3 856.9 2547.2 3.8079 5.1777
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STEAM  TA B LES

PRO PER TIES OF DRY AND SATURATED STEAM

(Pressure Table)

Pressure 
bar 
P  ^

Sat.
temp.

•c
ts

Specific vol. 
Sat. steam 

m3/kg 
vs

Enthalpy kJ/ki3 Entropy kJ/kg K

Sat. water 
h

Evap.
L

Sat.
steam

H

Sat.
water

Qw

Sat.
steam

Os

172 353.33 .008185 1698.5 841.5 2540.0 3.8204 5.1635

174 354.28 .008008 1706.8 825.8 2532.6 3.8330 5.1491
176 355.21 .007833 1715.1 809.9 2525.0 3.8457 5.1345

178 356.14 .007660 1723.5 793.6 2517.2 3.8586 5.1196

180 357.06 .007489 1732.0 777A 2509.1 3.8715 5.1044

182 357.98 .007320 1740.7 760.1 2500.8 3.8846 5.0889

184 358.88 .007153 1749.4 742.8 2492.2 3.8978 5.0730

186 359.77 .006987 1758.3 725.1 2483.3 3.9112 5.0567

188 360.66 .006822 1767.3 706.1 2474.1 3.9249 5.0400

190 361.54 .006657 1776.5 688.0 2464.5 3.9388 5.0228

192 362.41 .006493 1785.9 668.7 2454.6 3.9530 5.0050

194 363.27 .006329 1795.6 648.6 2444.2 3.9676 4.9866

196 364.12 .006165 1805.5 627.8 2433.3 3.9825 4.9676

198 364.97 .006000 1815.7 606.1 2421.8 3.9979 4.9477

200 365.81 .005834 1826.3 583.4 2409.7 4.0139 4.9269

202 366.64 .005665 1837.3 559.6 2396.9 4.0305 4.9050

204 367.46 .005495 1848.9 534.3 2383.2 4.0479 4.8819

206 368.28 .005320 1861.1 507.3 2368.4 4.0663 4.8571

208 369.09 ,005139 1874.2 478.1 2352.3 4.0861 4.8304

210 369.89 .004952 1888.4 446.2 2334.6 4.1075 4.8013

212 370.69 .004754 1904.2 410.6 2314.8 4.1313 4.7690

214 371.47 .004538 1922.2 369.6 2291.8 4.1585 4.7318

216 372.25 .004298 1943.8 320.3 2264.1 4.1914 4.6876

218 373.03 .004007 1972.6 255.1 2227.6 4.2351 4.6298

220 373.80 .003568 2025.0 140.6 2165.6 4.3154 4.5327

220.9 374.14 .003155 2099.3 0 2099.3 4.4298 4.4298

C„



INDEX

A
Absorber,
Absorption of radiant heat,
Absorption refrigerator,
Absorptivity,
Activated carbon filters,
Air filter,
Air Agitation,
Air conditioning, 117,
-, processes,
•, plants,
-, systems,
-, terms,
Air cooling,
-, heating,
•, humidity control,
Air purification,
Air motion control,
Air refrigeration system,
Air temperature control,
- , washer,
Air craft gas turbine,
Ammonia,
Aqua -  ammonia,
-hydrogen refrigerator,
Analyser,
Atomic power plant,
Auditorium by-pass system,

B
Basic equation for conduction,
- - convection,
Bell coleman cycle,
• -, refrigeration machine,
Boltzmann's constant,
Black body,
Brine agitator,
Brines,
Butane,
By-pass system,

C
Carbon dioxide,
Carnot cycle, reversed,
Central aid conditioning plant,
Classical analysis,
Closed cycle constant pressure gas turbine, 
Coefficient of thermal conductivity,
-, emissivity,
-, heat transfer,

-, performance of refrigeration, 49
Combined effect of basic modes of heat transfer, 26
Cooling load calculation, 129
Comfort cooling, 129
Commercial refrigeration, 106
Compressor, . 61
Conductance, 5
Condensers, 37,61
Conduction, 3
Conduction through plane wall, 5
- composite plane wall, 7
Concept of black body, 15
Concept of grey body 17
Control of humidity, 125

air motion, 118
air temperature, 115

Constant pressure gas turbine, 151
•, open cycle, 153
Constant volume gas turbine, 174
Convection, 1 ,2 0
•, forced, 1 ,2 1
-, natural, 1 .2 1
Cooling load calculations, 129
Counter flow heat exchanger, 37
Critical radius of lagging, 34
Cross flow heat exchanger, 37
cycle, Bell-coleman, 54

vapour compression, 60
-, reversed Carnot, 50

D
Dalton's law, 102
Dehumidifier room, 134
Dehumidification, 126
Degrees of freedom, 203
Dew point temperature, 121
Diathermanous body, 15
Diatomic gas, 204
Dimensional analysis, 21
•, free convection, 21
-, forced convection, 21
Domestic refrigeration, 104
Dry air, 118
Dry bulb temperature, 1 2 1*
Dry compression, 62

E 4 >
Effective temperature, 121
Emissivity, 17

100
14
99
15

124
123
108
131
123
132
131
118
125
125
125
123
129
50

124
126
177
92
99

102
101
241
137

4
20
54
54
17
15

108
97
96

137

92
50

135
200
159

4
17
21
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Emissive power, 17
Emissivity coefficient, 21
Electrolux refrigerator, 102

Ethylene, 95
Evaporators, 37,61
Expansion valve, 61

F
Rm coefficient,
Filters, air,
Fin,
Fission processes, 

fragment,
Free piston gasifier, 
Fluorinated hydrocarbons, 
Forced convection,
Formed surfaces,
Free convection,
Freon refrigerants,
Freon-11,
Freon-12,
Freon-13,
Freon-21,
Freon-22,
Freon-113*
Freon-114,

G
Gas turbines, 151
• classification, 152
- -, closed cycle, 159
• -, Isentropic efficiency, 160
• ■>, open cycle, 158
Gas Turbines, constant volume, 174
- -, thermal efficiency, 162
- -, work ratio, 163
Grashof number, / 23
Gray body, 17
Generator, 101

H
Heat transfer, 1
- -, fields of application, 2
Heavy water, 240
Household refrigerators, 104
Humidifiers, open tray type, 127
-, spray nozzle type, 127
-, shallow pan and hot water, or steamradiator, 127
-, revolving wicks, 128
-, room, 134

shallow pan and furnace, 128

•, electrically operated, 129
Humidity, 117

control, 117,125
absolute, 119

-, relative, 119
-, specific, 119
Heat exchangers, 35
•, counter flow, 37
•, effectiveness, 162
•, parallel flow, 36
Heat pump 47

I
Ice plant, 107
Industrial cooling, 117

refrigeration, 104
Internal energy, 212
Isobutner, 96
Irreversibility in heat transfer, 2

J
Jet propulsion, 182
-, engine 182

K
Kinetic theory of gases, 201
Kirchhoff’s law, 18

L
Law of equipartition, 205
Liquid metals, 240
Linear molecule, 205
Lagged steam pipe, 34
Log mean temperature, 38
Logarithmic mean area, 10
-, mean radius, 10
Lorin tube, 187

M
Marine refrigeration, 104
Methane, 96
Methyl chloride, 93
Moderator, 238
Modes of heat transfer, 1
Monoatomic gas, 204
Monochromatic emmissive power, 14
Molar specific heat, 199

N
Natural convection, 11 21
Non-black bodies, 17

21
123
29

235
235
175
93
21
29
21
93
93
93
94 
94
94
95 
95



Non-linear molecules,
Nuclear power plants,
Nuclear energy, 

water cooled plant, 
gas cooled plant,

-, liquid metal coolant plant,
•, direct steam cycle plant,
-, Nuclear power propulsion plant,
-, Safety operation,
Reactor
Nusselt number,

O
Opaque bodies,
Open air refrigeration,
Open cycle gas turbine,
Optimum thickness of lagging,
Overall conductance,
-, heat transfer coefficient,

P
Packaged air conditioner,
Parallel flow heat exchanger,
Partial pressure,
Peclet number,
Planck's law,
-, hypothesis,
Poiytropic efficiency,
Portiumn isotope,
Prandtil number,
Pressure -  enthalpy chart,
Product load,
Propane,
Properties of refrigerants,
Propulsive efficiency, 

power,
Psychrometer,
Psychrometry,
Psychrometric chart,
Pulse jet engine,

R
Radiant flow of heat through thick eyeliner,
.............., thick sphere,
Rectifier,
Radiation from Non-black body,
Radiation, thermal.
Ramjet,
Recuperator, 41
Reflector,
Reflection of radiant heat,
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Reflectivity, 15
Refrigeration, 47

applications, 104
Refrigerator system, air, 50
Refrigerant charging of system, 99
-, desirable properties, 90

detection of leakage, 98
secondary, 97

Refrigerating effect, 49
Refrigerating machine, types, 48
Refrigerator, air, 50
-, Bell Coleman, 54
-, coefficient of performance, 55

commercial, 106
display cases, 106
reach-in-type, 106

-, walk-in-cooler, 106
-, effect of sub-cooling, 65

electrolux, 102
-, household, 104

reversed Camot cycle, 50
vapour absorption, 99

-, vapour compression, 60
Regenerative, heat exchanger, 158
Relative humidity, ' 119
Reynold's number, 24
Rocket propulsion, 190

S
Saturated water vapour, 118
Safety in operation, 248
Secondary refrigeration, 97
Shielding, 240
Solar radiation, 130
Specific humidity, u g
Small-Stage efficiency, 160
Stanton number, 24
Stefan Boltzman's law, 17

constant, 17
Subcooling, 65,83
Sulphur dioxide, 92
Superheated vapour compressors, 63,81

T
Temperature control, 1 24
Thermal conduction, 3
-, of gases, 3
», of liquids, 3
-, of solids, 3
-, conductivity, 4
-, conductance, 5
-, convection, 20

Heat

205
241
234
241
242
243
245
245
248
237
23

15
54

153
. 34

32
32 .

135
36

118
24
16

208
160
236

23
78

131
96
90

185
185
121
121
121
189

9
11

101
17
13

187
,192
239

14
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radiation, 13
•, efficiency, 162
-, reflection, 14
-, resistance, 6
Thermonuclear reaction, 236
Three -  fluid system, 102
Thrust, 185
-, power, 185
Throttle valve 61
Transmission of radiant heat, 14
Transmissivity, 15
Transparent body, 15
Tratomic gases, 204
Turbulent flow, 25
Turbojet engine, 183
Turbo-prop, 182

U
Undercooling of liquid, 65
Unit of refrigeration, 49
Universal gas constant, 200
Uranium, 235

V
Vapour asborption refrigerator, 96

compression refrigeration, 60
- - -, analysis of 66
- - actual cycle, 85
 , comparison with vapour absorption 103

refrigeration,
Variable specific heat theory, 199
Vibrational energy, 207
Viscous air filter, 123

W
Water-cooler, 107
Water filter, 124

vapour 116
Walk-in-cooler 106
Wet bulb temperature, 119
-, compression, 62
White body, 15
Wien’s law, 16
Window air conditioner, 133
Work ratio of plant, 163

I




