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Objectives:
1) Tolearn about of 1¥ law for reacting systems and heating value of fuels.
2) Tolearn about gas and vapor cycles and their first law and second law efficiencies.
3} Tounderstand about the properties of dry and wet air and the principles of psychometry.
4y To learn about gas dynamics of air flow and steam through nozzles.
3} Tolearn the about reciprocating compressors with and without infercooling
6) To analyze the performance of steam turbines.

Module-1

Introduction to solid, liquid and gaseous fuels- Stoichiometrv, exhaust gas analysis- First law
analysis of combustion reactions- Heat calculations using enthalpy tables- Adiabatic flame
temperature- Chemical equilibrivm and equilibrium composition calculations using free energy.

Module -IT

Vapor power cvcles Rankine cvele with superheat, reheat and regeneration. energy analvsis
Super- crifical and ulira super-critical Rankine cycle- Gas power cycles, Air standard Otto,
Diesel and Dual cycles- Air standard Brayton cycle, effect of reheat, segeneration and
miercooling — Combined gas and vapor power cvcles- vapor compression refrigeration cycles,
refrigerants and their properties(12hrs)

Module-IIT

properties of dry and wet air, vse of pschyvrometric chart, processes involving heating/cooling
and humidification’ dehumidification, dew point{4hrs)

Module-IV

Basics of compressible flow. Stagnation properties, Isentropic flow of a perfect gas through a
nozzle, chocked flow, subsonic and supersonic flows- normal shocks-use of ideal gas tables for
1sentropic flow and normal shock flow- Flow of steam and refrigerant through nozzle, super
saturation-compressible flow in diffusers, efficiency of nozzle and diffuser. (Shrs)

Module-V

Beciprocating compressors, staging of reciprocating compressors, optimal stage pressure ratio,
effect of intercooling, mininmm work for mulfistage reciprocating compressors. (Jhrs)

Module-V1
Analysis of steam turbines, velocity and pressure compounding of steam furbine. (3hrs)
Outcomes:
1. After completing this course the students will get a good understanding of various
practical power cycles and heat pump cycles.
2. They will be able to analyze energy conversion in various thermal devices such as
combustors, air coolers, nozzles, diffiisers, steam turbines and reciprocating compressors.
3. They will be able fo understand phenomena occurring in high speed compressible flows.




MODUE 1
FUEL AND COMBUSTION



Introduction
Fuel is a combustible substance, containing carbon as a main constituent, which on
proper burning gives large amount of heat, which can be used economically for
domestic and industrial purpose. Example: Wood, charcoal, coal, kerosene, petrol,
diesel, producer gas, oil gas etc.
During the process of combustion, carbon, hydrogen, etc., combine with oxygen with
aliberation of heat.
The combustion reaction can be explained as

C+0; —»COx+9%kcds

2H>+02 —» 2H>O+ 685k cals
The calorific value of afuel depends mainly on the amount of Carbon and Hydrogen.
Requirements of a Good Fuel
A good fuel should have the following characteristics:

» High calorific value.

Moderate ignition temperature.

Low contents of non-combustible matters.

Low moisture content.

Free from objectionable and harmful gases like CO, SOx, H2S.
Moderate velocity of combustion.

Combustion should be controllable.
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Easy to transport and readily available at low cost.

Classification of Fuels:
Fuels are classified into
(i) Primary or Natural fuels - These are found in nature.
(ii) Secondary or Artificial fuels - These are derived from primary fuels.
Primary and secondary fuels may also be divided into 3 classes’ namely solid, liquid

and gaseous fuels.



Fuels

Primary or Secondary or
Natural Fuels Artificial Fuels
Solid Fuels Liquid Fuels Gaseous Fuels
Ex.: Wood Ex.: Oil Ex.: Natural gas
Solid Fuels Liqud Fuels Gaseous Fuels
Ex.: Charcoal Ex.: Petrol Ex:LPG
Fossi| fuels

Fossil fuels are those, which have been derived from fossil remains of plant and
animal life.

They are found in the earth’s crust.

All conventional fossil fuels whether solid, liquid or gaseous (coal, petroleum or
Natural gas) contain basically carbon and / or hydrogen. The fuels on combustion in
presence of oxygen in the air release heat energy. This heat energy can be utilized for
domestic and industrial purposes.

Advantages of Solid fuels

1. Handling and transportation of solid fuels are easy.

2. Solid fuels are cheap and easily available.
3. They have a moderate ignition temperature

4. Thistype of fuel can be stored conveniently without any risk.
Disadvantage of solid fuels:
1. During burning, solid fuels produce a large amount of ash and disposal of ash isa

big problem.
2. The calorific value of solid fuel is comparatively low.

3. Since a lot of air is required for complete combustion, its thermal efficiency is not

so high.



4. A large space is required for storage.

5. Combustion is a slow process and it cannot be easily controlled.

Advantages of Liquid fuels
1. Liquid fuels do not yield any ash after burning.

2. They require comparatively less storage space.
3. Cdlorific value of liquid fuel is higher than that of solid fuels.

4. Their combustion is uniform and easily controllable.
Disadvantages of liquid fuels:

1. Liquid fuels are comparatively costlier than the solid fuels.

2. They give unpleasant odour during incomplete combustion.
3. Some amount of liquid fuels will escape due to evaporation during storage.

4. Special type of burners are for effective combustion.

Advantages of gaseousfuels:

1. Gaseous fuels can be easily transported through the pipes.
2. They do not produce any ash or smoke during burning.
3. They have high calorific value than the solid fuels.

4. They have high thermal efficiency.

Disadvantages of gaseous fuels

1. They are highly inflammable and hence the chances for fire hazards are high.

2. Since gases occupy a large volume, they require large storage tanks.



Combustion:- Combustion is an exothermic chemical reaction, which is accompanied
by development of heat and light at arapid rate, temperature rises considerably.
Factors affecting the rate of combustion

The rate of combustion depends on the following factors:

1. The concentration of the fuel and air.

2. The nature of the combustible substance
3. The temperature

4. With increase in pressure or surface area of the fuel the rate of combustion can be
increased.

5. It increases within increase in pressure of air.

6. It Increases with preheating of fuel and air.

Combustion stoichiometry
When molecules undergo chemical reaction, the reactant atoms are rearranged to form

new combinations. For example, hydrogen and oxygen react to form water:

H, +%O2 — H,0

two atoms of hydrogen and one atom of oxygen form one molecule of water - number
of atoms of H and O must be the same on both sides Such reaction equation represents
initial and final states and does not indicate actual path of reaction, which may

involve many intermediate steps and intermediate species.

Relative masses of molecules are obtained by multiplying number of moles of each
species by the molecular weights (kg/kg-mol).

For hydrogen-oxygen reaction,

H3+%OE—>HIO

’ )
(1 11101H,{ 2kg

A 2
— = +[lmol(), ][ 32kg ]
“lkg-molH, | |2

2 kg—-mol O,

18ke

A
=(lmolH,0 7“J
' * | kg—molH,0 |

mass of reactants equals mass of products, although moles of reactants do not equal

moles of products - fixed p and T, ideal gas,



1volume H, +1/2 volume O, =1 volume H,O

Stoichiometric calculations are done by performing atom balance for each of the
elements in mixture. The theoretical amount of air required to burn a fuel completely
to products with no dissociation is defined as stoichiometric air.

In most combustion calculations dry air is assumed as a mixture of 79% (vol) N2 and
21% (vol) Oz or 3.764 moles of N2 per mole O, Molecular weight of pure air is 28.96,

as it also contains small amounts of argon, carbon dioxide, hydrogen etc.

% (vol) % (mass)

N5 78.09 75.02
0, 20.95 23.15
Ar 0.93 1.28
co, 0.03 0.05
Ne , neon

He , helium

Kr , kripton

Xe , Xxenon

H, , hydrogen

Fuel composition, for 1 kg of fuel,

kg of carbon
kg of hydrogen
kg of oxygen
kg of nitrogen
kg of sulphur
kg of water

kg of ash, etc

O = W 3 0 JT0

c+h+o+n+s+w+a=1kg

For complete combustion of the fuel the following reactions take place

carbon :
C+ 0, » C0O,
1 mol C+ 1 mol O, 1 mol CO,
12kg C+ 32kg O, 44 kg CO,

1kg C + (32/12) kg O, (44/12) kg CO,



hydrogen :

H, + é()z — H,O

2kgH; + 16 kg O, 18 kg H,0
1kgH, +8kgO, 9 kg H,O

Theoretical Calculation of Minimum Air required for Combustion

In order of achieve efficient combustion of fuel, it is essential that the fuel is brought
into intimate contact with sufficient quantity of air to burn all the combustible matter
under appropriate conditions.

The correct conditions are

). Intimate mixing of air with combustible matter and

if). Sufficient time to allow the combustion process to be completed.

If these factors are inappropriate, inefficient combustion occurs.

The elements usually present in common fuels which enter into the process of
combustion are mainly C, H, Sand O.

Nitrogen, ash and CO2 (if any) present in the fuel are incombustible matters and
hence they do not take any oxygen during combustion.

Air contains 21% oxygen by volume and 23% of oxygen by weight.

Hence from the amount of oxygen required by the fuel, the amount of air can be
calculated.

From the combustion reaction egquations, we can calculate the quantity of oxygen by
weight or volume and from this, the weight or volume of air required can be
calculated.

For example,

i) Combustion of Carbon

C12 + 0322 CO 44 (by weight) 2

12 parts by weight of carbon require 32 parts by weight of oxygen for complete
combustion.

(or)

1 part by volume of carbon requires 1 part by volume of oxygen for complete

combustion.



C parts by weight of carbon require = parts by weight of O, 12 32C

1) Combustion of Hydrogen

Oxygen when present in the fuel is always in combination with hydrogen. So, the
guantity of hydrogen in combination with oxygen, which is present in the fuel, will
not take part in the combustion reaction. Therefore, the quantity of hydrogen in
combination with oxygen is deduced from the total hydrogen in the fuel.

Now, the quantity of hydrogen available for combustion reaction will be,

20
8
where H is the total quantity of hydrogen and O is the total quantity of oxygen in the
fuel. (In water the quantity of hydrogen in combination with oxygen is one-eighth of
the weight of oxygen).
2H, +O0,—— 2H,0
2x2 32 36 (by weight)

4 parts by weight of hydrogen require 32 parts by weight of
oxygen for complete combustion.
(or)
2 parts by volume of hydrogen require 1 part by volume of
oxygen for complete combustion.
~ H parts by weight of hydrogen requires

32H

parts by weight of O;

But, some of the hydrogen is present in the combined form with oxygen (i.e, as H20).
This combined hydrogen does not take part in the combustion reaction. Therefore, the

guantity of combined hydrogen must be deduced from the total hydrogen in the fuel.
O
L H 3 part by weight of hydrogen requires

[H_Q] o %")
3 DL

=§[H-—] parts by weight of O,
4 8
1ii) Combustion of Sulphur

S + 0,—— SO,
32 32 64 (by weight)



32 parts by weight of sulphur requires 32 parts by weight of oxygen for complete
combustion.

(or)

1 part by volume of sulphur requires 1 part by volume of oxygen for complete
combustion.

=~ S parts by weight of sulphur requires

32=8 .
= e S parts by weight of O2

Consequently, theoretical amount of oxygen required for the complete combustion of
1kg of solid or liquid fuel.

32 O
Theoretical mmimum O; = [ 2 <C + S{H—gj +5] kg

Since mass % of O2 in air is 23, the amount of air required theoretically for
combustion of 1 kg of the fuel is,

100

23

32 @)
Air (theoretical) = [ T <C + S{H_E) +5] kg

Volume of Air Required for Complete Combustion of Gaseous Combustible

M atters
D).
Hfg + 120,—HO
1 vol. 0.5vol.
1 volume of H, (g) requires 0.5 vol. of oxygen
i1).
CHi + 207 —p CO;+2HO
lvol 2wol
1 volume of CHj requires 2.0 volume of oxygen
i11).
CO(g) + 120 ———p (O
Lvol 0.5vol
1 volume of CO requires 0.5volume of oxygen
).

C:Hyg +30 —» 2C0O; +2H0
1 vol 3 vol
1 volume of CoHy (g requires 3.0 vol. of oxygen



Amount of O2 required by the fuel will be given by subtracting the amount of O2

already present in the fuel from the total or theoretical amount of O2 required by the

fuel.

~ Net amount of Oz required=Total amount of O> required — O, already present
in thefuel.

Air contains 21 % of O2 by volume and 23 % of O2 by weight. Hence from the

amount of

O2 required by the fuel, the amount of air required can be calculated.

» Minimum weight of air required = x minimum O2
Minimum volume of air required = x minimum O2
Molecular mass of air is taken as 28.94 g/mol

Density of air at NTP = 1.29 kg/cm?2
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22.4 litres (or 22,400 ml) of any gasat NTP (i.e 0°C and 760 mm of Hg) has a

mass equal to its 1 mol (gram molecular weight)

» Thus 22.4 litres of CO2 at NTP will have a mass of 44 g (44 is the molecular
weight of CO2)
Excess air for combustion
> It is necessary to supply excess air for complete combustion of the fuel. It is
found out from the theoretical amount of air as follows.

» Theamount of air required if excess air is supplied.

Theoretical amount of air .
x [ 100 + % of excess air |

100
STOICHIOMETRIC AIR FUEL (A/F) RATIO
sufficient oxygen for complete combustion of the fuel.
A weak mixture is one which has an excess of air.
A rich mixture is one which has a deficiency of air.
The percentage of excess air is given as under :
Actural A/F ratio — Stoichiometric A/F ratio
Stoichiometric A/F ratio

%age excess air =

Theratios are expressed as follows :
» For gaseous fuels By volume

» For solid and liquid fuels By mass



For boiler plant the mixture is usually greater than 20% weak ; for gas turbines it can
be as much as 300% weak. Petrol engines have to meet various conditions of load and
speed, and operate over a wide range of mixture strength. The following definition is
used: The working value range between 80% (weak) and 120% (rich).

Note. The reciprocal of the air fuel ratio is called the fuel-air (F/A) ratio.

AIR-FUEL RATIO FROM ANALYSISOF PRODUCTS

When analysis of combustion products is known air-fuel ratio can be calculated by the
following methods :

1. Fuel composition known

(i) Carbon balance method (ii) Hydrogen balance method

(iii) Carbon-hydrogen balance method.

2. Fuel composition unknown

(i) Carbon-hydrogen balance method.

1. Fuel composition known

(i) Carbon balance method. When the fuel composition is known, the carbon balance
method is quite accurate if combustion takes place with excess air and when free
(solid) carbon is not present in the products. It may be noted that the Orsat analysis
will not determine the quantity of solid carbon in the products.

(ii) Hydrogen balance method. This method is used when solid carbon is suspected to
be present.

(iii) Carbon-hydrogen balance method. This method may be employed when there is
some uncertainty about the nitrogen percentage reported by the Orsat analysis.

2. Fuel composition unknown

When the fuel composition is not known the carbon-hydrogen balance method has to
be employed.

HOW TO CONVERT VOLUMETRIC ANALYSISTO WEIGHT ANALYSIS?

The conversion of volumetric analysis to weight analysis involves the following step :

1. Multiply the volume of each constituent by its molecular weight.

2. Add all these weights and then divide each weight by the total of all and express it
as percentage.

HOW TO CONVERT WEIGHT ANALYSISTO VOLUMETRIC ANALYSIS?

1. Divide the weight of each constituent by its molecular weight.

2. Add up these volumes and divide each volume by the total of all and expressit asa

percentage.



11.13. WEIGHT OF CARBON IN FLUE GASES

The weight of carbon contained in one kg of flue or exhaust gas can be calculated
from the amounts of CO2 and CO contained in it.

In egn. [11.4 (b)], it was shown that 1 kg of carbon produces 11/3 kg of CO2 when
completely burnt. Hence 1 kg of CO2 will contain 3/11 kg of carbon.

In egn. [11.6 (a)], it can be seen that 1 kg of carbon produces 7/3 kg of CO, hence 1
kg CO contains 3/7 kg of carbon.

Therefore, weight of carbon per kg of fuel

_|2co,+3co|

. 2T

WEIGHT OF FLUE GASES PER KG OF FUEL BURNT
Due to supply of air, the weight of flue gas or exhaust gas is always more than that of
fuel burnt. The actual weight of dry flue gases can be obtained by comparing the
weight of carbon present in the flue gases with the weight of carbon in the fuel, since
there is no loss of carbon during the combustion process. As the analysis of the

exhaust gases is volumetric, so this must first be reduced to weight analysis.

Also, total weight of carbon in one kg of flue gasis

_ | 2co,+2co|
11 =7 )

~ The weight of flue gag’kg of fuel burnt
Weight of carbon in one kg of fuel

= Weight of carbon in one kg of flue gas

Flue Gas Analysis[Orsat’s Method |

The mixture of gases (like CO2, O2, CO, etc.,) coming out from the combustion
chamber is called flue gases. The analysis of a flue gas would give an idea about the
complete or incomplete combustion process. The analysis of flue gases is carried out
using orsat’s apparatus.

Description of orsat’s apparatus

It consists of a horizontal tube. At one end of this tube, an U-tube containing fused
CaCl2 is connected through a 3-way stop cock. The other end of the tube is connected
with a graduated burette. The burette is surrounded by a water jacket to keep the

temperature of gas as a constant. The lower end of the burette is connected to a water



reservoir by means of a rubber tube. The level of water in the burette can be raised or
lowered by raising or lowering the reservoir.

The horizontal tube is also connected with three different absorption bulbs |, 11 and 111
for absorbing CO2, O2 and CO.

| - bulb : It consists of ‘potassium hydroxide’ solution and it absorbs only CO?2.

[l - bulb : It consists of ‘alkaline pyrogallol’ solution and it absorbs only CO2 and

02

[11 - bulb : It consists of ‘ammoniacal cuprous chloride’ solution and it absorbs CO2,
02 and CO.

Seperating funnel

Flue gas i
I Gas burette '/

ol /%

CaCl, for drying

Absorption

bulb for CO, Absorption Absorption

X Water Jacket
bulb for O> bulb for CO

Working

The 3-way stop cock is opened to the atmosphere and the reservoir is raised, till the
burette is completely filled with water and air is excluded from the burette. The 3-way
stop cock is now connected to the flue gas supply and the flue gas is sucked into the
burette and the volume of flue gas is adjusted to 100 cc by

raising and lowering the reservoir. Then the 3-way stop cock is closed.

a) Absorption of CO2

The stopper of the absorption bulb-I, containing KOH solution, is opened and all the
gases is passed into the bulb-1 by raising the level of water in the burette. The gas
enters into the bulb-1, where CO2 present in the flue gas is absorbed by KOH.



The gas is again sent to the burette. This process is repeated several times to ensure
complete absorption of CO2. The decrease in volume of the flue gas in the burette
indicates the volume of CO2 in 100 cc of the flue gas.

b) Absorption of O2

Stop cock of bulb-1 is closed and stop cock of bulb-I1 is opened. The gas is again sent
into the absorption bulb-11, where O2 present in the flue gas is absorbed by alkaline
pyrogallol. The decrease in volume of the flue gas in the burette indicates the volume
of O2.

¢) Absorption of CO

Now the stop cock of bulb-Il is closed and stop cock of bulb-111 is opened. The
remaining gas is sent into the absorption bulb-I11, where CO present in the flue gas is
absorbed by ammoniacal cuprous chloride. The decrease in volume of the flue gas in
the burette indicates the volume of CO. The remaining gas in the burette after the
absorption of CO2, 02 & CO istaken as nitrogen.

Significance (or) uses of flue gasanalysis

1. Flue gas analysis gives an idea about the complete or incomplete combustion
process.

2. If the flue gases contain considerable amount of CO, it indicates that incomplete
combustion is occurring and it also indicates that the short supply of O2.

3. If the flue gases contain considerable amount of O2, it indicates that complete

combustion is occurring and also it indicates that the excess of O2 is supplied.

INTERNAL ENERGY AND ENTHALPY OF FORMATION

The first law of thermodynamics can be applied to any system. Non-flow and steady-
flow energy equations deducted from this law must be applicable to systems
undergoing combustion processes. It has been proved experimentally that the energy
released, when a unit mass of a fuel undergoes complete combustion, depends on the
temperature at which the processiscarried out.

Thus such gquantities quoted are related to temperature. Now it will be shown that if
the energy released by a fuel at one temperature is known then it can be calculated at
other temperatures. The process of combustion is defined as taking place from
reactants at a Sate identified by the reference temperature TO and another property,

either pressure or volume, to products at the same state.



Let URO = Internal energy of the reactants (which is a mixture of fuel and air) at TO,
UPO = Internal energy of products of combustion at TO,
UR1 = Internal energy of reactants at temperature T1,
UP1 = Internal energy of products at temperature T1,
UR2 = Internal energy of reactants at temperature T2,
UP2 = Internal energy of products at temperature T2,
AUOQ = Constant volume heat of combustion,
Q = Heat transferred to the surroundings during the process, and
W = Work obtained during combustion process.
Analysisfor a non-flow processinvolving combustion at ‘constant volume’ :
When the combustion process is carried out a constant volume then the non-flow
energy
equation, Q = (U2 - U1) + W, can be applied to give
Q=(Up,~Up,)
where, W =0 for constant volume combustion,
U, = Uﬂu . and
U, = Upu.

The internal energy change is independent of the path between the two sates and
dependsonly on the initial and final values and is given by the quantity Q. The heat so
transferred is called the internal energy of combustion a TO (or constant volume heat
of combustion), and is denoted by AUO. Thus,

AU, = Up, — Ug,

AUQ is a negative quantity since the internal energy of the reactants includes the
potential chemical energy and heat is transferred from the system.

It may be noted that in case of real constant volume combustion processes the initial
and final temperatures will not be same as TO (reference temperature). The change in
internal energy, for analytical purposes, between reactants at state 1 to products at
state 2 can be considered in the following three steps (stages) :

(i) The change for the reactants from state 1 to TO.

(ii) The constant volume combustion process from reactants to products at TO.

(iii) The change for the products from TO to state 2.
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Thus U2 — U1, the change in internal energy between states 1 and 2, can be written as
(UP2 --- UR1 ) to show the chemical changes involved and this can be further
expanded for analytical

purposes as follows :



ie., Up -Ug, = (Up,-Ug) + AU+ (Ug,-Ukg,) _(11.14)

Products Reactants
(i) (id) (i)
The values of (URD _UR1 ) and (Up2 —Upu ) can he ealeulated from the following relations :
Ug, -Ug, = z”f‘”:‘u - u; | .(11.15)
R
where, u, = Tabulated value of the internal energy for any constituent at the required temperature
T, or T, in heat unit per mole
n. = Number of moles of the constituent, and
Z = Summation for all the constituents of the reactants denoted hy i.
R
If mass base is used for tabulated values or calculation, then
Ug, ~Ug = Y milu; —u;) _(11.16)
R

where, u. = Internal energy per unit mass.
The above expression in terms of the specific heats (average values for the required tem-
perature range) may be written as

Us, -Us, = ) meiTo-T) = (T, T, ¥ mge, (11.17)
iy R
Far products, similar expressions may be written as :
Up,-Up = 2 nlu; —u; ) .. on mole basis
P
Up, -Up, = Emilm,-2 —u ) .. on mass basis
P

Up,-Up = Zmﬁ-f(Tz -Ty)
P

= (T, -Tp) me':*-'i .. in terms of mean specific heats
P

It may be noted that n.C . = me

ioi ivi
Analysis for a steady flow or ‘constant pressure’ combustion process :

In such an analysis the changes in enthalpy (H) are important. An analysis carried out as
above will give the following expressions :

Hp, -Hp = (Hp,-Hp) + AH, + (Hg,-Hg) .(11.18)
Products Reactants
where, AH = HT‘E] —Hﬂn, and is always negative ..(11.19)

[AH, = Enthalpy of combustion at T or the constant pressure heat of combustion at T(]
Expressions for change of enthalpy of reactants and products :
Reactants :

Hg -Hp = zng(hgu —h;) .. on mole basis .(11.20)
R



Hﬁn _HR1 = zm:'[hiﬂ —h;) ... on mass basis -(11.21)
R

HRI] _HRI = ZH‘!::CPI:[TD - Illj

R
=(I,-T) E My o .. in terms of mean specific heats
R
Produects : Hp2 —Hpn = E,"’*’:'[;Ti2 ‘hz'u) ... on mole basis ..(11.22)
P
Hp -Hp = ZM5'[?15: —h;) . on mass basis .-(11.23)
P

HP'_r —H;:ﬁ = Zm:-cp;{rg - Tu}
P

=(T,- Ty zmicpi ... in terms of mean specific heats _.[11.23 (a)]
P

It may be noted that ~ n,C,; = me,,
From the definition of the enthalpy of a perfect gas
H=U+pV=U+nR,T
So if we are concerned only with gaseous mixtures in the reaction then for products and
reactants

HPI] = UPI] + RPRDTD
and HRn = URu + R T,

where 7, and n;, are the moles of products and reactants respectively and the temperature is the
reference temperature T,

Thus, using eqns. (11.13) and (11.19), we have
AH, = AU; + (np — ng)R, T, .(11.24)

If there is no change in the number of moles during the reaction or if the reference tem-
perature is absolute zero, then AH, and AU, will be equal.

ENTHALPY OF FORMATION (VHf)

A combustion reaction is a particular kind of chemical reaction in which products are
formed from reactants with the release or absorption of energy as heat is transferred to
as from the surroundings. In some substances like hydrocarbon fuels which are many
in number and complex in structure the heat of reaction or combustion may be
calculated on the basis of known values of the enthalpy of formation, AHf of the
congtituent of the reactants and products a the temperature TO (reference
temperature). The enthalpy of formation (AHf) is the increase in enthalpy when a
compound is formed from its constituent elements in their natural form and in a
standard state. The standard state is 25°C, and 1 atm. pressure, but it must be bornein

mind that not all substances can exist in natural form, e.g. H20 cannot be a vapour at



1 am. and 25°C. The expression of a particular reaction, for calculation purposes,
may be given as:

AH, = Z"fﬂ‘Hﬁ- - Z“ii‘ﬂﬁ
E R

Typical values of l\u‘j:'r for different substances at 25°C (298 K) in kJ/meole are given below :

3. No. Substance Formula State AH ¢
1 Oxygen o] gas 249143
l 0, gas ZETO
2 Water HO ligpuid — 285765
|: vapour —241783
3. Carbon C gas 714852
|: diamond 1900
graphite ZeTo
= Carbon monocxide CO gas —111508
i Carbon dioxide CO, gas —393443
6. Methane CH, gas —T4855
7. Methyl alcohol CH,0H vapour — 240532
8. Ethyl alcohol C,H;0H vapour —281102
9. Ethane C,H, gas —83370
10. Ethene C.H, gas 51780
1. Propane C,Hy gas —102900
12, Butane C;Hy, gas — 125000
13. Octane C.H,, ligpuid — 247600

ADIABATIC FLAME TEMPERATURE

In a given combustion process, that takes place adiabatically and with no work or
changes in kinetic or potential energy involved, the temperature of the products is
referred to as the ‘adiabatic flame temperature’. With the assumptions of no work
and no changes in kinetic or potential energy, this is the maximum temperature that
can be achieved for the given reactants because any heat transfer from the reacting
substances and any incomplete combustion would tend to lower the temperature of the
products.

The following points are worthnoting :

(i) The maximum temperature achieved through adiabatic complete combustion
varies with the type of reaction and per cent of theoretical air supplied.
Anincreasein the air-fuel ratio will effect a decrease in the maximum temperature.
(ii) For agiven fuel and given pressure and temperature of the reactants, the maximum
adiabatic flame temperature that can be achieved is with a ‘stoichiometric’ mixture.
(iif) The adiabatic flame temperature can be controlled by the amount of excess air

that is used. This is important, for example, in gas turbines, where the maximum



permissible temperature is determined by metallurgical considerations in the turbine,
and close control of the temperature of the productsis essential.

Example 11.3. A coal sample gave the following analysis by weight, Carbon 85 per cent,
Hydrogen 6 per cent, Oxygen 6 per cent, the remainder being incombustible. Determine mini-
mum weight of air required per kg of coal for chemically correct composition.

Solution.
Flement, wt. (kg) 0, required (kg)
C =035 0.85 x g =227
H2 = 006 006 x 8 =048
0o,=pp6 00— —————
Total O, = 2.75
Weight of O, to be supplied =Wt. of O, needed — Wt. of O, already present in fuel
=275 -006 =269 kg
. : 100
Weight of air needed =269 x o3 11.70 kg. (Ans.)

wExample 11.4. The percentage composition of sample of liquid fuel by weight is,
C = 84.8 per cent, and H, = 15.2 per cent. Calculate (i) the weight of air needed for the combustion

of 1 ke of fuel ; (ii) the volumetrie composition of the produets of combustion if 15 per cent excess
air is supplied.

Solution.
Element, wt. (kg) 0, used (kg) Diry products (kg)
C =0548 0.845 x g = 2261 w = 3.109 (CUEJ
H, = 0152 0152 x 8§ =1.216

Total O, = 3.477

(i) Minimum weight of air needed for combustion

3477 =100
= ———— = 15.11 kg. (Ans)
23
1511x15
Excess air supplied = ——— =2266 kg
100
Wt. of oxygen in excess air =%=D.E2lkg
Total air supplied for combustion = Minimum air + Excess air
=1511 + 2266 = 17.376 kg
17376 =TT
Wt. of nitrogen (N,) in flue gases =~ - 13.38 kg.

(it) To get volumetric composition of the product of combustion let us use tabular method

Name of gas Weight (x) Molecular Proportional Pereentage volume
weight (3) (£} -2 100
volume (z) = f}'.-} )
co, 3.109 L+ 0.0707 1251 percent. {(Ams.)
0, 0521 32 00163 289 percent. (Ans.)
N, 13.38 28 04730 84.60 percent. (Ans.)
Iz = 0.5650




5 Example 11.5. Percentage volumetric analysis of a sample of flue gases of a coal fired
boiler gave CO, = 104;CO=02;0,=7.8 and N, = 816 (by difference). Gravemetric percentage
analysis of eoal was C =78, H, = 6, 0, = 3 and incombustible = 13. Estimate :

(i) Weight of dry flue gases per kg of fuel.

(ii) Weight of excess air per kg of fuel.

Solution.
Element, wt. (kg) 0, regd. (kg) Dry products (kg)
8 11
C=078 0.78 = 3- 208 0.78 3 2.86(CO,)
H,=0.06 D06 x3=048
0,=003
Total Oy = 2.56

Minimum wt. of air needed for combustion = (2.56 — 03) x % =11 ke

(i) Weight of dry flue gases per kg of fuel :

To determine the wt. of flue gases per kg of fuel let us use tabular method to convert
volumetric analysis to analysis by weight.

Name of gas Volume per Molecular Relative volume Weight per kg of
m® of flue gas weight Zzxwy flue gas
z

(x) {y) =3

Co, 0.104 4H 4576 0.1525
CcO 0.002 23 0056 0.0019

N, 0.816 23 22.843 0.7616

0, 0.078 32 2496 0.0832

Iz=29976 (say30)

Amount of carbon present per kg of gazes
= Amount of carbon in 0.1525 kg of CO, + Amount of carbon present in 0.0019 kg of CO

3 3
=11 0.1525 + 7 X 0.0019 = 0.0416 + 0.0008 = 0.0424 kg.



Also carbon in the fuel = 0.78 ke
Weight of dry flue gas per kg of fuel
_ Weight of carbon in 1kg of fuel _ 078
"~ Weight of carbon in 1kg of fluegas 00424
(i) Weight of excess air per kg of fuel :

=184 kg. (Ans.)

4
Weight of excess oxygen per kg of flue gas = D.0832 — 7 0019

2C0+0,=2C0,
56 32 88
4 11
1kg + E kg = T kg
= 00332 — 0.0011 (allowing for unburnt carbon monoxide)
= 0.0821 kg.
Weight of exeess O, per kg of fuel = 184 x 0.0521 = 151 kg
151 =100
23
Example 11.6. A single evlinder was supplied with a gas having the following percentage
volumetric analysis ; CO = 5, CO, = 10, H, = 50, CH, = 25, N, = 10. The percentage volumetric
analysis of dry gases was CO, = 8, O, = 6 and N, = 86. Determine the air-fuel ratio by volume.
Solution. Combustion equations are -
2H, + 0, = 2H,0
1 vol + 1/2 vol = 1 vol
200 + 0, = 2C0O,
1 vol + 1/2 vol = 1 val
CH, + 20, =CO, + 2HO
1wol +2 wvol =1 vol + 2 vol.

Weight of excess air per kg of fuel = = 6.56 kg. (Ans.)

Gas Vol (m?) 0, needed (m?) Products (m®)
co, N,

cO 005 0.025 0.05 —
COo, 0.10 — 0.10 —
H, 050 025 — —
CH, 025 0.50 025 —
N, 0.10 — — 0.10
Total 10 0775 04 0.10

Volume of air required = 0.775 x 100/21 = 3.69 m®

Volume of nitrogen in the air = 3.69 x 79/100 = 292 m?

Dry combustion products of 1 m? of gases (V) contain 0.4 m?® of CO, + 0.1 m® of N, (as given
in the table) + 2.92 m? of N, (from air supplied for complete combustion) = 3.42 m?.



O, xV 6.0x342 2052
T (21-0y)  (21-6) 15
Total quantity of air supplied =369 + 1.37 = 506 m?.
Volumeof air 506

A.I?' ﬁf@l rafio = m = T = 5 {SEF}. {A.ns.]

Excess air supplied =137 m®

i Example 11.7. The following is the ultimate analysis of a sample of petrol by weight :
Carbon = 85 per cent ; Hydrogen = 15 per cent.

Calculate the ratio of air fo petrol consumption by weight if the volumeiric analysis of the
dry exhaust gas is :

CO, = 11.5 per cent ; CO = 1.2 per cent ; O, = 0.9 per cent ; N, = 86 per cent.
Also find percentage excess air.

Solution.
Name of gas Volume per m® Molecular Relative Weight per kg
of flue gas weight weight of flue gas
i z
() (v} Z=x Ry T
CO, 0115 +H 5.06 01700
co 0.012 28 0.336 0.0113
0, 0.009 a2 0.288 0.0096
N, 0.36 28 2408 0.8091
Ir=29.76

Weight of carbon per kg of flue gas
= Weight of carbon in 0.17 kg of CO, + Weight of carbon in

0.0113 ke of CO
3 3
= — %017+ — x 00113 = 0.0512 kg
11 7
Weight of dry flue gas per ke of fuel = 085 =166 ke
00512
Vapour of combustion =9 x015=135ke
Total weight of gas =166 + 1.35 = 17.95 ke per kg of fuel
Air supplied =(1795 - 1) = 16.95 kg'ke of fuel
Ratio of air to petrol =1695:1. (Ans.)
Stoichiometric air ~ |[08s5x 3|+ 015x3)| x 120
| 3 ) 23
= 15.07 kg per ke of fuel
Excess air = 1695 - 1507 = 1.88 kg

Percentage excess air % 100 = 1247%. (Ans.)

~ 1507



v Example 11.8. A sample of fuel has the following percentage composition - Carbon = 86
per cent ; Hydrogen = 8 per eent ; Sulphur = 3 per cent ; Oxygen = 2 per cent ; Ash = 1 per cent.

For an air-fuel ratio of 12 - 1, caleulate -

(1) Mixture strength as a pereentage rich or weak.

(i) Volumetrie analysis of the dry produets of combustion.

Solution.
Element, wt. (kg) O, reqd. (kg)
C =086 086x 3 =229
H,=008 008 8=064
5=003 0.03 x % =003
0,=002
Total O, = 296

Weight of oxygen to be supplied per kg of fuel = 296 — 0.02 = 294 kg

294 x 100
Weight of minimum air required for complete combustion = —3 = 1278 kg
Hence “correct” fuel-air ratio = N 1
T 1278
1
But actual ratio 1s 1 1
1278
(i) Mixture strength =15~ 100 = 106.5%

This show that mixture is 6.5% rich. (Ans.)
Deficient amount of air = 12.78 — 12 = 0.78 kg
Amount of air saved by burning 1 kg of C to CO instead of CO,

100
= Oxygen saved x >3

3 4 100
= |—(COs)-—=(CO — =
[3( ) 3( }_, x 5 =58kg
07s
Hence =5 - 0.134 kg of carbon burns to CO and as such 0.86 — 0.134 = 0.726 kg of carbon
burns to CO,,
CO formed =0.134 x % = 0313 kg
11
CO, formed =0.726 x i 2662 kg
N, supplied =12 x 077 =9.24 kg
20, formed =003 x 2 =006 ke

(ii) The percentage composition of dry flue gases is given as below -

Diry Weight Molecular Proportional Percentage volume
products (kg) weight volume
x 4
x ¥ z= — — =100
¥ Iz
cO 0.313 28 00112 2.78 percent (Ans.)
Co, 2.662 o 0.0605 15.03 per cent (Ans.)
N, 924 23 0.3300 81.97 percent (Ans.)
50, 0.06 64 0.0009 0.22per cent (Ans.)
Iz = 0.4026




Example 11.9. A fuel (C, H, ) is burnt using an air-fuel ratio of 13 : 1 by weight. Deter-
mine the complete volumetrie analysis of the products of combustion, assuming that the whole
amount of hydrogen burns to form water vapour and there is neither any free oxygen nor any free
carbon. The carbon burns te CO, and CO.

Air contains 77% of nitrogen and 23% of oxygen by weight.
Seolution. Combustion equation is -
2C, H,, + 310, = 20CO, + 22H,0
2% 142 + 31 x 32 =20 x 44 + 22 x 18

or 284 + 992 = 850 + 396
Air required for complete combustion
992 x 100
= 281733 - 15.2 kg/lg of fuel
Air actually supplied = 13 kg/kg of fuel
Deficiency of air =152 — 13 = 2.2 kg/kg of fuel
4 100
Also 1 kg of C requires EXE = 5.8 kg of less air to burn to CO instead of CO,.
Hence gz[]ﬂ'?g'kgﬂisbumttnﬂo;
(12%10) ]
and | =75 | —0.379 = 0.466 kg of C is burnt to CO,.
Weight of CO, formed = D466 x % = 1.708 kg
Weight of CO formed =0379 x % =0884 kg
. [ 922
Weight of H,O formed = :E x9=13% ke
L /

Weight of N, from air 13 x 0.77 = 10.01 kg.

The percentage composition of products of combustion

Products of Weight Molecular Proportional Percentage
combustion i weight volume
x z
2= — = — = 100
¥ P T
COo, 1708 L 00383 7678 percent (Ans.)
co 0384 28 00316 G.254percent (Ans.)
H,0 1.394 13 00774 15317 percent (Ans.)
N, 1001 28 0.3575 70.750 per cent (Ans.)
Iz=05053




LEIE L b

erExnmple 11.20, Colculafe the stoichiometric air-fuel ratio for the combusfion of a sam-
ple of dry anthracite of the following compozition by mass :

Carbon (C) = 88 per cent Hydrogen (H,) = 4 per cent

Oygen (0.) =35 pereenf Nifrogen (N, = I per cenf

Sulphur (5 = 0.5 per cemt Ash = 3 per cent

If 30 per cemt excess air iz supplied defermine :

(i) Air-fuel rafio ;

(ii) Wet dry analysiz of the producte of combustion by volume.

Solution. Stoichiometric nir-fuel (AF) ratio :

In cose of o fiel with several constituents o fubuwlor method is advisable, as shovwmn below.
Eonch constituent is taken separntely and the amount of axygen required for complete combustion
is found from the chemical equation. The oxygen in the fuel is included in the colurnn headed
‘oxygen reguired” as 4 negoiive guaniity.

Miass per Combustion equation Orygen required per Products per kg of coal
kg enal kg of coal
C 08 C = L3
! +0,—CO, 088 = B =2 46ke 0.58 = i =323 kzCO,
1Pke+33kg—s ddkz
H, 0.0 I + 0, —IHD D0dx8=022ke 004 x9=016ks H O
lkg+8ks— 9ks
o, 0033 — —0035ks —
M, 0.0 — — 00l ke N,
- 32 - = Bl
5 0003 S+0,— 30, IllIﬁrﬁ =005 ke IZI.I]:I:llxE:EI.I]l}:gSIIII
e+ 1ikg—bdks
Ash 0. — — —
Total 0, =266 ke
From toble :
0, required per kg of coal = 2636 ke
. . 2636
. Air required per kg of conl = 0033 - 1131 kg

(where gair is assomed to contain 24.3% 0, by mass)

M, associated with this air
Total N, in products

=0.767 x 1131 = 8.67 kg
= 567 + 001 = 568 kg




The stolchiometric AF ratio = 11.81/1.
When 30 per cent exorss gir i used -
(i) Actual AF ratio :

[AnS. )

Actunl AF rafio = 1131 + 1131 = % = 14.9/1. Ams.

(ii) Wet and dry onalyses of products of combustion by volume :
As per actual AF ratio, N, supplied = 0.767 = 14.7 = 1127 kg
Also O, supplied = 0233 = 14.7 = 3.42 kg
{where air is assumed to contain M, = 76.7% and O, = 22.2)
In the products then we have
M, =1127 + 001 = 1128 kg

and eneess O, = 3.42 — 2636 = 0.78 kg
The products are entered in the follewing table and the analysis by volume is obtained :
— In column 3 the percentage by mass is given by the mass of each product divided by the
total moss of 15.66 kg.
— In column 5 the moles per kg of coal are given by equation n = % . The total of column
5 gives the total moles of wet products per kg of coal, and by subiracting the moles of
H,O from this total, the total moles of dry products is obtained as 0.5008.
— Column & gives the proportion of each constitoent of colurmn 5 expressed as a percent-
age of the total moles of the wet products.
— Similarly column 7 gives the percentage by volome of the dry prodocts.
Product Mass | kg coal % by mass M Muoles/ kg coal % by vol. wet | % by vol. dry
1 2 3 4 5 [ 7
co, 323 3062 LE 00734 1410 1465
HDO 036 298 13 0.0200 e 41 —
50, ooL 0une B4 0.0002 {zav) oo 04
0, 078 498 32 00244 468 487
M, 113 7203 = 04028 T4 043
153.66kg Tatal wet=0.3208 100,00 100,00
—-H,0=00200 (Ans.)
Tokal dry=0.5006

INTERNAL ENERGY AND ENTHALPY OF COMBUSTION

Example 11.31. AH; (enthalpy of combustion at reference temperature Ty for benzene

vapour (CH ) at 25°C iz — 3301000 kJmole with the HyQ in the liguid phase. Caleulate AH,, for
the HyO in the vapour phase.

Solution. If remains as a vapour the heat transferred to the surroundings will be less
than when the vapour condenses by the amount due to the change in enthalpy of the vapour during
condensation at the reference temperature.

AH, (vapour) = AH, (liqad) + m, .ﬁfga
where, m, = Mass of HyO formed, and
h Change in enthalpy of steam between saturated hqmd and saturated vapour at the
reference temperature T
= 2441 8 kT at 25°C
For the reaction :
CgHg + 7.50, — 6CO, + 3H,0

3 moles of HyQ are formed on combustion of 1 mole of C;H; ; 3 moles of H,O

=3x18=54kg HO

. AHy (vapour) = — 3301000 + 54 » 2441.8 = = 3169145 kJimole. (Ans.)

Exomple 11.32. Calculate AU in kJikg for the combustion of benzene (C.Hg) vapour at
25°C given that AHp = — 3168100 kJimole and the HyQ is in the vapour phase.

Solution. Given : AH, = — 3165100 kJ

The combustion equation 1s wrtten as

_@ﬂ=



CgHg = 7.50;, — 800, + 3F,0 (vapour)
p=1+T58=85 np=6+3=9

Using the relation,
Al = AHp — (np — nglRaTy

=—3169100 — (9 — 3.5) x 8314 x (25 + 273)
=— 3169100 — 1239 = — 3170339 kl/mole
(It may be noted that ALY, is negligibly different from AH)

Imoleof C;H; =6x12+1x6="T8 ke

- 3170339

AL =
o 78

= = 40645 kdike. (Ans.)

Exoample 11.33. A, for CO af 60°C iz given as — 285200 kJimole. Calculate AHy at 2500°C
given that the enthalpies of gases concerned in kJ /mole are as follows :

Gas 80°C
co 5705
o 5696
co, 10760

Solution. The reaction equation 15 given by
CO o+ %02—3» O,

Befer Fiz. 11.7.

It can be seen from the property diagram of Fig. 11.7
that the enthalpy of combustion at temperature T, AH can be
obtained from AH) and T by the relationship

—AH,=— AH + (Hp, —Hg)— (Hp, —Hp) )
where HH:- _HR& = increase in enthalpy of the reactanfs
from Thte T
and HPE_H& = increase in enthalpy of the products from
Tyte T.

Now, from the ziven data, we have

HHu=l:<9'fl]5+-% = 9606 = 14553 kJ
Hg_ =lam+%x99?90=léﬂgfﬁ-:ﬂ
Hp =1 = 10760 = 10760 kJ

Hp =1 149100 kJ = 1489100 kJ
Using equation (1), we zet

250050
84050
85750
145100

— AHp = + 285200 + (143975 — 14553) — (149100 — 10760)
= 255200 + 129422 — 135340 = 276282

AHp = = 276282 kdimole. (Ans.)
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Vapor Power Cycles

We know that the Carnot cycle is most efficient cycle operating between two

specified temperature limits. However; the Carnot cycle is not a suitable model for

steam power cycle since:

- The turbine has to handle steam with low quality which will cause erosion and

wear in turbine blades.

It isimpractical to design a compressor that handles two phase.

It is difficult to control the condensation process that precisely asto end up with
the desired at point 4.

hY Ay

v

.
-

Fig. 1: T-s diagram for two Carnot vapor cycle.

Ideal Rankine Cycle

The Rankine cycle is the ideal cycle for vapor power plants; it includes the following

four reversible processes:

1-2: Isentropic compression | Water enters the pump as state 1 as saturated liquid
and is compressed isentropically to the operating
pressure of the boiler.

2-3: Const P heat addition Saturated water enters the boiler and leaves it as
superheated vapor at state 3

3-4: [sentropic expansion Superheated vapor expands isentropically in turbine
and produces work.

4-1: Const P heat rejection | High quality steam is condensed in the condenser
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Fig. 2: The ideal Rankine cycle.

Energy Analysis for the Cycle
All four components of the Rankine cycle are steady-state steady-flow devices. The
potential and kinetic energy effects can be neglected. The first law per unit mass of

steam can be written as;

Pump q=0 | Woump,in = h2—h;
Boiler w=0 |gu=hi—h
Turbine qg=0 | Warbineout = N3 — hy
Condenser | w=0 | gouuw="hs—N;

The thermal efficiency of the cycle is determined from:

— -“.mzr =1- Igow
qm Giﬂ
where

}?Jh

Wier = Qin = Qowr = Wanbine.owr — "V pump_in

If we consider the fluid to be incompressible. the work input to the pump will be:
(hy— hy) =v(P:— Pj)

where ;= hpger & v = v; = vagrs

11.:5 _ J?lills _JF?I w . l?|i|1 _;?4'5

e = w, Ty, —h, w. hy—hy,

a




Deviation of Actual Vapor Power Cycle from Ideal Cycle

As aresult of irreversibilities in various components such as fluid friction and heat
loss to the surroundings, the actual cycle deviates from the ideal Rankine cycle. The
deviations of actual pumps and turbines from the isentropic ones can be accounted for

by utilizing isentropic efficiencies defined as:

Fig. 3: Deviation from ideal Rankine cycle.

Increasing the Efficiency of Rankine Cycle
We know that the efficiency is proportional to:

T
T
Jr;rll'rl T

H
That is, to increase the efficiency one should increase the average temperature at

which heat is transferred to the working fluid in the boiler, and/or decrease the
average temperature at which heat is rejected from the working fluid in the condenser.
Decreasing the of Condenser Pressure (Lower Ti)

Lowering the condenser pressure will increase the area enclosed by the cycleon a T-s
diagram which indicates that the net work will increase. Thus, the thermal efficiency
of the cycle will be increased.



Increase in
Waet

Fig. 4: Effect of lowering the condenser pressure on ideal Rankine cycle.

The condenser pressure cannot be lowered than the saturated pressure corresponding
to the temperature of the cooling medium. We are generally limited by the thermal
reservoir temperature such as lake, river, etc. Allow atemperature difference of 10°C
for effective heat transfer in the condenser.

For instance take @ 15°C + AT (10°C) = 25°C.

The steam saturation pressure (or the condenser pressure) then will be = Psat = 3.2

kPa.

Superheating the Steam to High Temperatures (Increase Th)
Superheating the steam will increase the net work output and the efficiency of the
cycle. It also decreases the moisture contents of the steam at the turbine exit. The
temperature to which steam can be superheated is limited by metallurgical
considerations (~ 620°C).

A

Increase in
Whaet

Fig. 5: The effect of increasing the boiler pressure on the ideal Rankine cycle.




Increasing the Boiler Pressure (Increase TH)

Increasing the operating pressure of the boiler leads to an increase in the temperature
at which heat is transferred to the steam and thus raises the efficiency of the cycle.

T Increase in
Waet N/ A 2

THJ{TX

Decrease
111 Woet

Fig.6: The effect of increasing the boiler pressure on the ideal cycle.

Note that for a fixed turbine inlet temperature, the cycle shifts to the left and the
moisture content of the steam at the turbine exit increases. This undesirable side effect
can be corrected by reheating the steam.
The Ideal Reheat Rankine Cycle

To take advantage of the increased efficiencies at higher boiler pressure without
facing the excessive moisture at the final stages of the turbine, reheating is used. In
the ideal reheating cycle, the expansion process takes place in two stages, i.e., the
high-pressure and low-pressure turbines.

High-pressure @
A turbine X

_____ High-P

Low-P
Turbine

Low-pressure Turbine

turbine Boiler @ ‘
é P4:P5:Prekear I °
“ondenser

@
e
Pump @

The total heat input and total turbine work output for a reheat cycle become:

Fig. 7: The ideal reheat Rankine cycle.

(Jri}l = QPPTMRIJ' + qr'chea{ = [.;?3 - ;‘12 :.+ (’3,5 - '3;4 ]

“krurbr'ne out “.H—P furbine + “kl.—Pmr'bme = (;ES - h—i ] + (hi - hﬁ ]

efficiency by 4 to 5 percent by increasing the average temperature at which heat is
transferred to the steam.



The Ideal Regenerative Rankine Cycle
The regeneration process in steam power plants is accomplished by extracting (or
bleeding) steam from turbine at various stages and feed that steam in heat exchanger
where the feed water is heated. These heat exchangers are called regenerator or
feedwater heater (FWH). FWH also help removing the air that leaks in at the
condenser (deaerating the feedwater). There are two types of FWH’s, open and
closed.
Open (Direct-Contact) Feedwater Heaters
An open FWH is basically a mixing chamber where the steam extracted from the
turbine mixes with the feed water exiting the pump. Ideally, the mixture leaves the
heater as a saturated liquid at the heater pressure.

s /

Boiler

v O

Fig. 8: The ideal regenerative Rankine cycle with an open FWH.

Using Fig. 8, the heat and work interactions of a regenerative Rankine cycle with one
FWH can be expressed per unit mass of steam flowing through the boiler as:

gi’rl = 'h' _h-i

b

om = (1 - .1'.:!;'?? - 'hl }
=(hs —hg)+(1—3vNhgs —hy)

"

furbine out

11‘p:4mp.r’w = (] - -r}“IPumpI + 11‘Pumpﬂ
where
¥V =1 /i

11-P:|ampf = (PE - E } 11-PumpH =7V [P-'l - "PS }

Thermal efficiency of the Rankine cycle increases as a result of regeneration since
FWH raises the average temperature of the water before it entersthe boiler. Many

large power plants have as many as 8 FWH’s.



Closed Feedwater Heaters

In closed FWH, heat is transferred from the extracted steam to the feedwater without
any mixing taking place. Thus; two streams can be at different pressures, since they
don’t mix. In an ideal closed FWH, the feedwater is heated to the exit temperature of
the extracted steam, which ideally leaves the heater as a saturated liquid at the

extraction pressure.

Boiler — T
2
Closed N @)
. 05
- chamber -
of—0
N " _ i - Condenser
©
() )
4 3
PumpIl — Pump I'\_/I o
Fig.9: Ideal regenerative Rankine cycle with a closed FWH.
Open FWH Closed FWH
* simple * more complex (internal tubing)
* inexpensive s less effective (no mixing)
* good heat transfer characteristics * do not require a pump for each
* bring feedwater to the saturation FWH

state
* 3 pump is required for each FWH




Cogeneration

Many system and industries require energy input in the form of heat, called process
heat. Some industries such as chemical, pulp and paper rely heavily on process hest.
The process heat is typically supplied by steam at 5 to 7 atm and 150 to 200 C. These
plants also require large amount of electric power. Therefore, it makes economical
and engineering sense to use the aready-existing work potential (in the steam entering

the condenser) to use as process heat. Thisis called cogeneration.
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Fig. 10: A cogeneration plant with adjustable loads.

In the cogeneration cycle shown in the above figure, a times of high demands for
process

heat, all the steam is routed to the process heating unit and none to the condenser.
Combined Gas-Vapor Power Cycle

Gas-turbine cycles typically operate at considerably higher temperatures than steam
cycles. The maximum fluid temperature at the turbine inlet is about 620C for modern
steam power plants, but over 1425C for gas-turbine power plants. It is over 1500C at
the burner exit of turbojet engines.

It makes engineering sense to take advantage of the very desirable characteristics of
the gas-turbine cycle at high-temperature and to use the high temperature exhaust
gases as the energy source for the bottoming cycle as a steam power cycle. This is
called combined cycle. Combined cycles can achieve high thermal efficiencies, some

of recent ones have n about 60%.



Gas Power Cycles:

To compare the effects of different cycles, it is of paramount importance that the
effect of the calorific value of the fuel is altogether eliminated and this can be
achieved by considering air (which is assumed to behave as a perfect gas) as the
working substance in the engine cylinder. The efficiency of engine using air as the
working medium is known as an “Air standard efficiency”. This efficiency is oftenly
called ideal efficiency.The actual efficiency of a cycle is always less than the air-
standard efficiency of that cycle under ideal conditions. This is taken into account by
introducing a new term “Relative efficiency”

which isdefined as :

_ Actual thermal efficiency
"kelative = T Air standard efficiency

The analysisof all air standard cyclesis based upon the following assumptions:
Assumptions:

1. The gas in the engine cylinder is a perfect gas i.e,, it obeys the gas laws and has
constant specific heats.

2. The physical constants of the gas in the cylinder are the same as those of air at
moderate temperatures i.e., the molecular weight of cylinder gas is 29. Cp = 1.005
kJkg-K, Cv=0.718 kJkg-K.

3. The compression and expansion processes are adiabatic and they take place without
internal friction, i.e., these processes are isentropic.

4. No chemical reaction takes place in the cylinder. Heat is supplied or rejected by
bringing a hot body or a cold body in contact with cylinder at appropriate points
during the process.

5. The cycle is considered closed with the same ‘air’ always remaining in the cylinder

to repeat the cycle.

THE CARNOT CYCLE

This cycle has the highest possible efficiency and consists of four simple operations
namely,

(a) Isothermal expansion

(b) Adiabatic expansion

(c) Isothermal compression

(d) Adiabatic compression.
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Fig. 13.1. Carnot cycle.

Stage (1). Line 1-2 [Fig. 13.1 (a)] represents the isothermal expansion which takes
place at temperature T1 when source of heat H is applied to the end of cylinder. Heat
supplied inthis case is given by RT1 loge r and where r isthe ratio of expansion.
Stage (2). Line 2-3 represents the application of non-conducting cover to the end of
the cylinder. This is followed by the adiabatic expansion and the temperature falls
fromT1lto T2

Stage(3). Line 3-4 represents the isothermal compression which takes place when
sump ‘S’ is applied to the end of cylinder. Heat is rejected during this operation whose
value is given by RT2 loger wherer isthe ratio of compression.

Stage (4). Line 4-1 represents repeated application of non-conducting cover and
adiabatic compression due to which temperature increases from T2 to T1.

It may be noted that ratio of expansion during isotherm 1-2 and ratio of compression

during isotherm 3-4 must be equal to get a closed cycle.

Fig. 13.1 (b) represents the Carnot cycle on T-s coordinates.

Now according to law of conservation of energy,



Heat supplied = Work done + Hesat rejected
Work done = Heat supplied — Heat rejected
=RT1.loger —RT2loger
~ Workdone  Rlog, r(T3 -T5)
~ Heat supplied RT; .log, r
T, -T,
n

Efficiency of cycle

From this equation, it is quite obvious that if temperature T2 decreases efficiency
increases and it becomes 100% if T2 becomes absolute zero which, of course is
impossible to attain. Further more it is not possible to produce an engine that should
work on Carnot’s cycle as it would necessitate the piston to travel very slowly during
first portion of the forward stroke (isothermal expansion) and to travel more quickly
during the remainder of the stroke (adiabatic expansion) which however is not

practicable.



CONSTANT VOLUME OROTTO CYCLE
This cycle is so named as it was conceived by ‘Otto’. On this cycle, petrol, gas and
many types of oil engines work. It is the standard of comparison for internal
combustion engines. Figs. 13.5 (a) and (b) shows the theoretical p-V diagram and T-s
diagrams of this cycle respectively.
» The point 1 represents that cylinder is full of air with volume V1, pressure pl
and absolute temperature T1.
» Line 1-2 represents the adiabatic compression of air due to which pl, V1 and
T1 changeto p2, V2 and T2, respectively.
» Line 2-3 shows the supply of heat to the air at constant volume so that p2 and
T2 change to p3 and T3 (V3 being the same as V2).
» Line 3-4 represents the adiabatic expansion of the air. During expansion p3,
V3 and T3change to afinal value of p4, V4 or V1 and T4, respectively.
» Line4-1 showsthe rgection of heat by air at constant volume till original state
(point 1) reaches. Consider 1 kg of air (working substance) :
Heat supplied at constant volume = cv(T3 — T2).
Heat rejected at constant volume = cv (T4 - T1).
But, work done = Heat supplied — Heat rejected
=Cv(T3-T2)-Cv(T4-T1)

Efficiency = Workdone ¢, (T3 —-Th)—¢, (Ty—-Ty)

Heat supplied ¢, (Tg—Ts)
Ty-T
=1— 4701
T;-T,
Pa Tk

|

|

|

|

I |
J,Clearance vaolume |

T

<£p-|<— Swept VOIUME ——

j—— Total volume ——»




Let compression ratio, r_ (= 7) = a

va
- . i)
and expansion ratio, r=1)= 4
f's
(These two ratios are same in this cycle)

Iy |[u)
As T = |_1|
1 \v2)
Then, I,=T,. (r)
B I, (u .,Iw-l
Similarly, —==|—]
: I'd_ |\ Ug |
or r,=T,. ()
Inserting the values of T, and T, in equation (i), we get
_ IL,-4 -1 I,-T,
R SR e R )
_ 1 1
- EF}T_I

This expression is known asthe air standard efficiency of the Otto cycle.

It is clear from the above expression that efficiency increases with the increase in the
value of r, which means we can have maximum efficiency by increasing r to a
considerable extent, but due to practical difficultiesits value is limited to about 8. The
net work done per kg in the Otto cycle can also be expressed in terms of p, v. If pis
expressed in bar i.e., 105 N/m2, then work done
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where T stands for pressure ratio.
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Mean effective pressure (p ) is given by :

[ - 1 —_ H .
Pm{' Psls = PgVs _ Pals — PIV1 +(@-vy)| bar

Loy-1 y-1

El—”‘l(r*-l ~1(r, -1)|

Also p_=
" (v —v3)

D T-1
E[ir —lll:rp—l)
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IJ]_—L—]'
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- (r=11
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_ prlr" - 1)(r, - 1)]
1.¢c., P, =
m (y—1r-1)




Exomple 13.9. The minimum pressure and femperature in an Ofo cvele are 100 kPa and

27C. The amount of heat added fo the air per cvele 1z 1500 BJ kg,
(2] Determine the pressuresz and temperatures at all pointz of the air standard Oito cvele.

{11) Alzo calculate the specific work and thermal efficiency of the cycle for a comprezsion
ratio of 8- 1.
Take for air : ¢, =072 kJ/kg K and 7= 14
Solution. Refer Fig. 13.7. Given : p; = 100 kPa = 10° Nim? or 1 bar :
T, =27+ 273 = 300 K ; Heat added = 1500 kJ/kg ;
r=8:1;¢ =0T2klkg; 1=14
Consider 1 kg of air.

(GATE, 1998)

P&

Fiz 1.7
(7] Pressures and temperntures at all points :

Adiabatic compression process 1-2 :

T r-1

21 [ﬂ] = () log e lo 0097
T, =300 x 2.297 = 680.1 K. (Ans.)

Also Py’ = pavy’

B_|m| _pld -
==l —=| =(B)~"=18379
= P [Lu]
A Py = 1 = 18379 = 18.379 bar. (Ans.)
Constant valume process 2-3 :

Heat added during the process,
EI'.' ETE_ T'_t] = 15[']



or 0.72 (T, - 683.1) = 1500

1500
— — —_ --2
or Ty = 072 + 6891 = 27724 E  (Ans.)
P _D paly  18379=27724
Alsa, e =—=""_"__— " = 973.% bar. i(Ans.|
L, T BT 6391

Adiabatic Expansion process 3-4 :

e
ﬁ=[1[f—*] =(rif1=(8M _ 9007

LW
T,- 5 _ZT24 _ 12069 K (ans)
2297 2297

T 14
1
Also, p34_|3'|r =P¢[:4'F = Py=py ¥ [ﬂ] = 7304 [E] = 4023 bar. (Ans.)
'y

(i) Specific work and thermal efficiency :
Specific work = Heat added — heat rejected
=¢, (T;-T)-eiT,-T))=¢, (T;-T,)-(T,- Ty}l
=072 [2772.4 - 639.1) - (12069 — 300]] = 847 kJ/ke. (Ans.)

; 1
Thermal efficency, T'H::l_[IT-]_
T

1
=1- I:Eﬂu'—_l = 05647 or 56.47% (Ans.)

Exomple 13.10. An air standard Ofto cycle kas a volumefric compression ratio of 6, the
lowest evele prezsure of 0.1 MPa and operatez between temperature limifs of 27°C and 1563°C.

{z) Caleulate the temperature and pressure affer the isenfropic expansion (ratio of specific
keats = 1.4).

(i) Since if 1z observed that values in (i) are well above the lowest cycle operafing condi-

tions, the expansion process was allowed to continue down to a pressure of 0.1 MPa. Which
process 1z required to complete the cycle ¢ Name the cyele so obtained.

{ii) Determine by what percentage the cyele efficiency has been improved. (GATE, 1994)

Solution. Refer Fig. 13.8. Given - L=—% = r=6:p; =01 MPa = 1bar: T; = 27 + 273
0 Uy
=300K; T,=1569 +273=1842 K; y=14
(i) Temperature and pressure after the isentropic expansion, Ty, py :
Consider 1 kg of air :
For the compression procesz 1-2 :

,
Py =py = pg=p1x[i] =1 (6/ =128 bar
in

T r-1

Also —3=[i] —(BM Z 248
n im
T, =300 x 2048 = 6144 K



For the constant volume process 2-3 -

Pn P Pl 15342
= ot o pe==2 ]2 ——
=¥
3
Adiabatics
2
d
i
L2
Fig. 13.5

For the expension process 3-4 :

. 11
£=[v—*] = (671 = 2,048
Ty \v o

' 1842

5 = 7—— =MD K (Ans.)

Te= 305 = 208

[ b T
Also Py =pgy’ = py=p; x[f]
i

1 14
Py =369 x [E] = 3 bar. {(Ans.)
i1} Process required to complete the cvele
Process required to complete the cyele 15 the constant pressure scovenging.
The cycle 15 called Atkinson cyele (Refer Fiz. 13.9)
(777] Percentage improvement/incrense in efficiency
Mgy = 1 — [ﬂ% =1- # = 05116 or 51.16%. (Ans)
N = Work done =Hent5upp]ied—Heutrejected
Afidnean ™ Haat cupplied Heat supplied
_ eyl T3 - E:'_f_a':TE -T) ~1- f-'_p':ri -Ti) 1 I -1;)
VLR LY eIz - To) (I3 -Ta)




Exoample 13.15. (a) An engine working on Otfo cvele, in which the salient points are I, 2,
3 and 4, has upper and lower temperature limits T; and Ty If the maximum work per kg of air 13
to be dome, show that the intermediate temperature 1z given by

I,=T,= |IT; -

i5) If an engine works on OHo cycle between temperature imits 1450 K and 310 K, find the
maximum power developed by the engine assuming the circulation of air per minute az 0.35 kg.

Solution. (o) Refer Fig. 13.13 (Example 13.14).

Using the equation (17) of example 1314

W=e, lT; i L E

and differenfiating W wri. r and equating to sero

n ua(y-1j
r= T,

T,=Ty(r)" " and T,= TJ(r)"
cubstituting the value of r in the above equation, we have

Similarly, T, = . -,

I,=1,= IT, - Proved.
b) Power developed, P :

T, =310K
T,=1450K| ..(given)
m =038 kg
Work done W=e, [T;— T, (T,- Ty

Ty=T,= TiT3 =310 1450 = 6704 K
W = 0.71 [(1450 — 670.4) — (670.4 — S10]]
= 0.71 (779.6 — 360.4) = 2076 kg
Wark done per second = 2976 x (0.38/60) = 1.88 kJis
Hence power developed. P = 1.88 kW, (Ans)



CONSTANT PRESSURE OR DIESEL CYCLE:

This cycle was introduced by Dr. R. Diesel in 1897. It differs from Otto cycle in that
heat is supplied at constant pressure instead of at constant volume. Fig. 13.15 (a and
b) shows the p-v and T-s diagrams of this cycle respectively.

This cycle comprises of the following operations:

(i) 1-2......Adiabatic compression.

(i) 2-3......Addition of heat at constant pressure.

(iii) 3-4......Adiabatic expansion.

(iv) 4-1......Rgection of heat at constant volume.

Point 1 represents that the cylinder is full of ar. Let pl, V1 and T1 be the
corresponding pressure, volume and absolute temperature. The piston then
compresses the air adiabatically (i.e. pVy = constant) till the values become p2, V2
and T2 respectively (at the end of the stroke) at point 2. Heat is then added from a hot
body at a constant pressure. During this addition of heat let

F' F TJL

¥y * 5

is called the point of cut-off. The air then expands adiabatically to the conditions p4,
V4 and T4 respectively corresponding to point 4. Finally, the air rejects the heat to the
cold body at constant volume till the point 1 where it returnsto its original state.
Consider 1 kg of air.
Heat supplied at constant pressure = Cp(T3 - T2)
Heat rejected at constant volume = Cv(T4 — T1)

Work done = Heat supplied — heat rejected



= Cp[TE -T,)-¢c/(T,-T)
Moy = Work dun_e
Heat supplied
cplT3—Ta)—c,(Ty-Tq)

cp(T3 —T7)
=1_M (i) -,-C—P:T
y(T5-T2) ¢
) ) Vol t cut-off
Let compression ratio, r= i, and cut-off ratio, p= 3 e, pumeF
Ug Us Clearance volume

Now, during adiabatic compression 1-2,
.r _ 1

Ilz T . -1
—= _ 1 -1 o ¥
_|:| =(r) or I,=T,.(r)

n
During constant pressure process 2-3,

£=“_3=|3I or T3=i3'-Tq=D.Tl.[r)T'l
Ilz D =
Dwring adiabatic expansion 3-4
T .,”_4.,?-1
Il‘l B Inl‘ rls |
for-l f \
12| |- A=A hynB T
- I't L I" g g Ua Vg P
IS D-Tlir}}l_l T
Td' fr."‘l .'r-,'l’—l =T1.|3
o )
By inserting values of T,, T, and T in eqn. (i), we get
-1 (hp'-Ty -1
rldiesel_ - ; v-1 . -1, - 71
T h.(r) " =T .(r)' ) vir) " (p-1)
1 |p'-1

o=1- — _(13.7)
rl.:hesel T(r}}'—l p_]-_l

It may be observed that eqn. (13.7) for efficiency of diesel cycle is different from that
of the Otto cycle only in bracketed factor. This factor is always greater than unity,

because p > 1. Hence for a given compression ratio, the Otto cycle is more efficient.



The net work for diesel cycle can be expressed in terms of pv as follows:

P3ls — P4y P2tz — PN

W=pv,—v,) +

-1 v-1
= p, (pv P3Pty — PyTUy _ Poly — Pyl
TR e S
v . .
Bop o ovg=py, andL=r - y=m,
Ua U
Butvy=v; . vy=rv, |
Papuve — pgrvg Doy — D'y
=p2H2 (p—1}+ Y_l _ T_l
_ v [P (p= DY =1+ pgp— pyr— (pa — pyr)]
T-1
f \ {
Uy Piilj—l}[T—]J+p3;p_£|_p2:1_ﬂ|_
= . P3) \ P
T-1
_ pol(p-1(y-D+p-p' .7 T —(1-r"7)
T-1
¥ ¥
D _"I‘ fp) .
|3 <5 =p'rT
By Uy T
B Plvlrw_l[ip—lJ(T—1)+|:r—p"rr1""_(1_r1—r)
= =
v T
P _[ 1

== or p2=p1.rym1di=r or r'2=i.'lr'l.
o) v -

_ e T vp-D-r T (p" 1]
(v-1)

..(13.8)

Mean effective pressure p_ is given by :

v’ iyp-1 -7V (p" -1
r—1]

! [Yp-1)—r*7(p" -1)]
Pm = (Y-1)(r-1)

|'
(Y =D |

r




5 Example 13.21. An engine with 200 mm cylinder diameter and 300 mm stroke works

on theoretical Diesel cycle. The initial pressure and temperature of air used are 1 bar and 27°C.
The cut-off is 8% of the stroke. Determine :

(i) Pressures and temperatures at all salient points.

(ii) Theoretical air standard efficiency.
(iti) Mean effective pressure.
(iv) Fower of the engine if the working cycles per minute are 350.
Assume that compression ratio is 15 and working fluid is air.
Consider all conditions to be ideal.

Solution. Refer Fig 13.17

4 p (bar)

Adiabatics

4
. 11 @27°C)

| :

| | 3

. L »V(m’)

gk . 4
Fig 13.17
Cylinder diameter, D =200 mm or 02 m
Stroke length, L =300 mm or 0.3 m
Initial pressure, p; =10 bar
Initial temperature, T,=27T+273=300 K
3
Cut-off = o0 V,=008 V,
(i) Pressures and temperatures at salient points :
Now, stroke volume, V,=mn4 IPL = m/4 x 0.2% x 0.3 = 0.00942 m?
V. oy Ve
V=V V=V, { Vesr g
[ 1 ) r
= 11+ |=
slg r—l_.l r—lx‘V’
V, =~ xV,== , 0.00942 = 0.0101 m®. (Ans.)
=g Vem Xl = 0. m®. s
Mass of the air in the eylinder can be ecaleulated by using the gas equation,
p,V, = mRT,

pV;  1x10° x 00101
= = = 0.0117 kgfeycle
RT, 237 % 300 kef




For the adiabatic (or isentropic) process 1-2

Py=D - [r ¥=1x (15)* = 4431 bar. (Ans.)

¥-1_ 14-1
5 = = ={15 =
Also, T1 qu ,.| = (r) 7" =(15) 2954
T,=T, x2954 =300 x 2954 = 886.2 K. (Ans.)
V, 000942
— — [ 2
V,=V = T 0.0006728 m2. (Ans.)
P.=p, = 4431 bar. (Ans.)
-1
% cut-off ratio =
8 _p-1
00 15-1

P=008x14+1=212
V,=p V, =212 x 0.0006728 = 0.001426 m®. (Ans.)

V3 can also be caleulated as follows: |
V3 =008V, +V, =008 x 0.00942 + 0.0006728 = 0.001426 mﬂ_i

For the constant pressure proeess 2-3,

s V2
Iy T
T,=T,x B - 8362 x —o0 _ 13783 K. (Ar
s = ng—E_ . xl]. o8 (Ans.)
For the isentropic process 3-4,
psVs' = pVy'
PR LV W B "W
(Vs 1 B
Py =y x| 35| =B AR AN A A
Vi) (7.07) r 15
4431 ==, v Vy=V=——=T707
= g7 = 2866 bar. (Ans) p 212 |
T, (Vv -1 p 4l
= —_ = - =|— =
Also, = \v,) "l ,.| 0.457

T,= T, x 0.457 = 18783 x 0.457 = 858.38 K. (Ans.)
V,=V,= 00101 m®’. (Ans.)
(it) Theoretical air standard efficiency :
1 [p'-1 1 |1
-1 [=1- T4-1 {
v’ p=1] 0 1415 212-1 |
=1- 02418 x 1663 = 0.5398 or 59.8%. (Ans.)

-1-

Ngiesel



(i1) Mean effective pressure, p_ :
Mean effective pressure of Diesel cycle is given by
_ ) p-1-rT(p' -1
" (y-1)ir-1)
1x(15/4[14(212-1)- (151 -1 (212M - 1))
(14-1)15-1)

44 31[1565 - 0333 = 1.363]
= = 7424 bar. (Ans.)

04x14
(iv) Power of the engine, P :
7424 x10° x 000942
Work done per cycle =PnV; = 1P = 6.99 kJ/eycle
Work done per second = Work done per eycle x no. of cycles per second

= 6.99 x 380/60 = 44 27 kJ/s = 4427 kW
Hence power of the engine = 4427 kW. (Ans.)

Example 13.18. The stroke and cylinder diameter of a compression ignition engine are
250 mm and 150 mm respectively. If the clearance volume is 0.0004 m® and fuel injection takes
place at constant pressure for & per cent of the stroke determine the efficiency of the engine.
Assume the engine working on the diesel cycle.

Solution. Refer Fig 13.16.

Length of stroke, L=250mm=025m

Diameter of cylinder, D=150mm=015m

Clearance volume, V, = 0.0004 m?

Swept volume, V. =4 IFL = W/ x 0.15" x 0.25 = 0.004418 m’
Total cylinder volume = Swept volume + clearance volume

= 0.004418 + 0.0004 = 0.004818 m?

Volume at point of eut-off, V,=V,+ 100 A

5
= 00004 + — x 0.004418 = 0.000621 m?

100
Cut-off ratio _ Y5 _D000621L 1.55
’ P= V, 00004 7
c — _h Yo+ _0oouIsi00004
ompression ratio, r= 7, v, 0.0004 =12
1 |p'-1) 1 (155 -1
HEIICE? Nefigael = 1 =1

Ty e 14x@2oeMT| 1551 |
=1-0264 x 154 = 0.593 or 59.3%. (Ans.)



Example 13.19. Calculate the percentage loss in the ideal efficiency of a diesel engine with
compression ratio 14 if the fuel cut-off is delayed from 5% to 8%.

Solution. Let the clearance volume (V,) e unity.

Then, compression ratio, r =14

Now, when the fuel is cut off at 5%, we have

15 -1
Poo 2 o B2 005 or p-1-13%005-065
(-1 100 14-1
p =165
1 [p'-1 1 (165" -1
Naeser = 1 } 1

Ty e-1T Taxae® Y 161 |

=1-0248 x 1563 =0612 or 612%
When the fuel is cut-off at 3%, we have

Lo Lo - _om
-1 10 7 14-1 100
p=1+104=204
T _ | 14 |
I S 1 (204 -1

Ty T e-1) T 1axaet | 2041 |

=1-0248 x 1647 =0591 or 591%
Hence percentage loss in efficiency due to delay in fuel cut off
=612-591=21% (Ans.)



DUAL COMBUSTION CYCLE

This cycle (also called the limited pressure cycle or mixed cycle) is a combination of
Otto and Diesel cycles, in a way, that heat is added partly at constant volume and
partly at constant pressure ; the advantage of which is that more time is available to
fuel (which is injected into the engine cylinder before the end of compression stroke)
for combustion. Because of lagging characteristics of fuel this cycle is invariably used
for diesel and hot spot ignition engines.

The dual combustion cycle (Fig. 13.19) consists of the following operations:

(i) 1-2—Adiabatic compression

(if) 2-3—Addition of heat at constant volume

(iii) 3-4—Addition of heat at constant pressure

(iv) 4-5—Adiabatic expansion

(v) 5-1—Rejection of heat at constant volume.

Consider 1 kg of air.
Total heat supplied = Heat supplied during the operation 2-3
+ heat supplied during the operation 3-4
=¢(I3-T)+c(T,- Ty
Heat rejected during operation 5-1 = ¢ (I. - T))
Work done = Heat supplied - heat rejected
=e(T,-T)+ r:p{Ti— I,)-c/(T,-T)



Workdone ¢,(I3-Th)+c, (Iy-Tz) ¢, (I; - T))

lasit ~ Heatsupplied ¢, (I Ty)+c, (T~ T3)
1 €, (Ts - T]_J
c, [TS _T2J+EP [T4 _Tﬂ}
(T - T | Cp |
=1_ CL[ B l} (IJ ;.‘. .r:_.pi
(Tg - T} +y(Ty - T3) \ ¢, |
Compression ratio, r= L
vy
During adiabatic compression process 1-2,
-1
T (o) :
?2 =2 =@t i)
1 | U |
During eonstant velume heating process,
P3 _ P2
i I
Is _ps _ : . .
7 == B, where f is known as pressure or explosion ratio.
2 2
T.
T,= FS -(ii1)
During adiabatic expansion process,
(ol
I _ 5
I vy
7-1
|- .|v ()
i v
p)

[ T 1 1 ) \
B L—z’=ﬂ=L—1><L—2=ﬂ><i=£:,|CJl:nei.rztgther:ui:—uff1'}:11:1:::
g 14 W w4 W W p J
During constant pressure heating process,

Us _ 4

Ty Ty

I,=T,*=pT, )

'3
Putting the value of T, in the eqn. (iv), we get
d=-1 1

Pl _[r| . + (P

T, lp) o T5=|:!.T3.[;I|



Putting the value of T, in eqn. (i), we get
I
=0
. s 1
1B eyt
Now inserting the values of T}, T, T, and T in eqn. (i), we get

1 27

-1
fpl‘r TS 1 1 I 1
Tol = -2 fr 1
P 3-r.-| B (r 1 ,:r]w—ll,tp ﬂ.-'
ﬂdlwl:l_ { I‘ i ._=1_|' 1'-
{:Ts—ﬁFYEPTS—Ts} ;1—E|+ﬂ|:r—1)

|
\

: 1 B.p' -1
Le., ol = 1= .
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Work done is given by,
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Mean effective pressure (p ) is given by,
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COMPARISON OF OTTO, DIESEL AND DUAL COMBUSTION CYCLES
Following are the important variable factors which are used as a bass for
comparison of the cycles:

» Compression ratio.

» Maximum pressure

» Heat supplied

> Heat regjected

> Net work
Some of the above mentioned variables are fixed when the performance of Otto,
Diesel and dual combustion cycles isto be compared.
13.7.1. Efficiency Versus Compression Ratio
Fig. 13.26 shows the comparison for the air standard efficiencies of the Otto, Diesel
and Dual combustion cycles at various compression ratios and with given cut-off ratio
for the Diesel and Dual combustion cycles. It is evident from the Fig. 13.26 that the
air standard efficiencies increase with the increase in the compression ratio. For a
given compression ratio Otto cycle is the most efficient while the Diesel cycle is the
least efficient. (notto > ndual > ndiesel).
Note. The maximum compression ratio for the petrol engine is limited by detonation.
In their respective ratio ranges, the Diesel cycle is more efficient than the Otto cycle.
13.7.2. For the Same Compression Ratio and the Same Heat | nput
A comparison of the cycles (Otto, Diesel and Dual) on the p-v and T-s diagrams for
the same compression ratio and heat supplied is shown in the Fig. 13.27.

Pa

Otto =1, 2, 3", 4" Ta
3" Diesel = 1,2, 3, 4
Dual= 1", 2, 3, 4

Fig. 13.27. (a) p-v diagram, (b) T-s diagram.
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We know that, n= -
Heat supplied
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Fig. 13 26. Comparison of efficiency at various compression ratios.

Since all the cycles reject their heat at the same specific volume, process line from
state 4 to 1, the quantity of heat rejected from each cycle is represented by the
appropriate area under the line 4 to 1 on the T-s diagram. As is evident from the egn.
(13.13) the cycle which has the least heat rejected will have the highest efficiency.
Thus, Otto cycle isthe most efficient and Diesel cycle isthe least efficient of the three
cycles.

For Constant Maximum Pressure and Heat Supplied

Fig. 13.28 shows the Otto and Diesel cycles on p-v and T-s diagrams for constant

maximum pressure and heat input respectively.



Pa T4

Fig. 13.28. (a) p-v diagram, (b) T-5 diagram.

For the maximum pressure the points 3 and 3’ must lie on a constant pressure line. On
T-s diagram the heat rejected from the Diesel cycle is represented by the area under
the line 4 to 1 and this area is less than the Otto cycle area under the curve 4’ to 1,
hence the Diesal cycle is more efficient than the Otto cycle for the condition of
maximum pressure and heat supplied.



BRAYTON CYCLE
Brayton cycle is a constant pressure cycle for a perfect gas. It is also called Joule
cycle. The heat transfers are achieved in reversible constant pressure heat exchangers.
An ideal gas turbine plant would perform the processes that make up a Brayton cycle.
The cycle is shown in the Fig. 13.33 (a) and it is represented on p-v and T-s diagrams
as shown in Figs. 13.33 (b) and (c).
Operation 1-2. The air is compressed isentropically from the lower pressure pl to the
upper pressure P2, the temperature rising from T1 to T2.
Operation 2-3. Heat flows into the system increasing the volume from V2 to V3 and
temperature from T2 to T3 whilst the pressure remains constant at p2.

Heat received = mep (T3 - T2).
Operation 3-4. The air is expanded isentropically from p2 to pl, the temperature
falling from T3 to T4. No heat flow occurs.
Operation 4-1. Hest is rejected from the system as the volume decreases from V4 to
V1 and the temperature from T4 to T1 whilst the pressure remains constant at pl.

Heat rejected = mCp, (T4 -T1).

P Tk

() (c)
Fig. 13.33. Brayton cycle : (a) Basic components of a gas turbine power plant
(5) p-Vdiagram i¢) T-s diagram.
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Worl: done
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_ Heat received/cycle — Heat rejected/cycle

MNatr- standard =

Heat received/cycle
_ me, [Tg—Tg}—mcp (Ty—Ty) 3 -1,
B me, (T — T2) B Ty — T,

Now, from isentropic expansion,
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L_[p2)"
n \m
x-1
T,=T (ry) ¥ where r, = pressure ratio.
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Fig 13 34 Effect of pressure ratio on the efficiency of Brayton cycle.

The egn. (13.16) shows that the efficiency of the ideal joule cycle increases with the
pressure ratio. The absolute limit of upper pressure is determined by the limiting
temperature of the material of the turbine at the point at which this temperature is
reached by the compression process alone, no further heating of the gas in the
combustion chamber would be permissible and the work of expansion would ideally
just balance the work of compression so that no excess work would be available for

external use.



Pressure Ratio for Maximum Work
Now we shall prove that the pressure ratio for maximum work is a function of the
limiting temperature ratio.
Work output during the cycle = Heat received/cycle — heat rejected/cycle

= Heat received/cvele — heat rejected/cvele

=me, (T,~ T,) - me, (T, T,)

=me, (T~ T, — me, (T, T;)

(T,

f 7 \
\ 4 ol |
= .i"?!-cp TE II‘]-—EJ—T]_II‘?:L—]_J

In case of a given turbine the minimum temperature T1 and the maximum temperature
T3 are prescribed, T1 being the temperature of the atmosphere and T3 the maximum

temperature which the metals of turbine would withstand. Consider the specific heat

at constant pressure cp to be constant. Then

_ I_ v _ D
Since, :,1_4—“}:3| = T_l
.r,_]_
Using the constant 7' = T?
we have, work output/cycle
f 1 A
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Differentiating with respect to r,
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—=K|T; —Tlff'p ) =0 for & maximum
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P
B Tl
1 _
r, =LY ie. r, = (Ti)* Y (13.17)

Thus, the pressure ratio for maximum work is a funetion of the limiting temperature
ratio.



Work Ratio
Work ratio is defined as the ratio of net work output to the work done by the turbine.
- We

W-
Work ratio= —L—FC
WT

where, W; = Work obtained from this turbine,
and W, = Work supplied to the compressor. |

_ch{Tg—T4]I—ch[T3—T13 . . -Ty
m-:p{TS—T4} I3 -T,
1 1
] r--
ir_) -1 -
:1—&1"‘3— :l—ﬂ{rpj f
Ts 1- 1 Ty
=T |
BCORE

Methodsfor Improvement of Thermal Efficiency of Open Cycle Gas
Turbine Plant
The following methods are employed to increase the specific output and thermal
efficiency of the plant :
1. Intercooling 2. Reheating 3. Regeneration.
1. Intercooling. A compressor in a gas turbine cycle utilises the major percentage of
power developed by the gas turbine. The work required by the compressor can be
reduced by compressing the air in two stages and incorporating an intercooler
between the two as shown in Fig. 13.37. The corresponding T-s diagram for the unit is
shown in Fig. 13.38. The actual processes take place as follows::

» 1-2'... L.P. (Low pressure) compression

» 2'-3... Intercooling

» 3-4' ... H.P. (High pressure) compression

» 4'-5 ... C.C. (Combustion chamber)-heating

> 56 .. T (Turbine)-expansion
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Fig. 13.37. Turhine plant with intercooler.

The ideal cyecle for this arrangement is 1-2-3-4-5-6 ; the compression process without
intercooling is shown as 1-L’ in the actual case, and 1-L in the ideal isentropic case.

Now,
Work input (with intercooling)

=Ty — Ty + ¢ (T — T) ..(13.21)
Work input (without infercooling)

=, (T} = Ty = eIy = T)) + (T = Ty) .(13.22)

By comparing equation (13.22) with equation (13.21) it can be observed that the work
input with intercooling is less than the work input with no intereooling, when ¢, (I -Tp)is
less than cp(TL’ — 7). This is so if it is assumed that isentropic efficiencies of the two eompressors,

operating separately, are each equal to the isentropic efficiency of the single compressor which
would be required if no intercooling were used. Then (T, — T,) < (I}" - T,) since the pressure lines
diverge on the Is diagram from left to the right.

T F
> 5
Fig. 13.38. T-s diagram for the unit.
Net work output
Again, work ratio =
’ Gross work output

_ Work of expansion — Work of compression
Work of expansion




From this we may conclude that when the compressor work input is reduced then the
work ratio is increased. However the heat supplied in the combustion chamber when
intercooling is used in the cycle, is given by,
Heat supplied with intercooling = cp(T5 — T4')

Also the heat supplied when intercooling is not used, with the same maximum cycle
temperature T5, is given by

Heat supplied without intercooling = cp (T5—-TL")
Thus, the heat supplied when intercooling is used is greater than with no intercooling.
Although the net work output is increased by intercooling it is found in general that
the increase in heat to be supplied causes the thermal efficiency to decrease. When
intercooling is used a supply of cooling water must be readily available. The
additional bulk of the unit may offset the advantage to be gained by increasing the
work ratio.
2. Reheating
The output of a gas turbine can be amply improved by expanding the gases in two
stages with a reheater between the two as shown in Fig. 13.39. The H.P. turbine
drives the compressor and the L.P. turbine provides the useful power output. The
corresponding T-s diagram is shown in Fig. 13.40. The line 4'-L’ represents the

expansion in the L.P. turbine if reheating is not employed.

= — {5

Reheater

H.P. LP
C - T q]w:-rk
1

F El
Airin Exhaust

Fig. 12339 Gaos turbine with rehenater.



Fig. 13.40. T~z dingram for the unit.

Neglecting mechanical losses the work output of the H.P. turbine must be exactly
equal to the work input required for the compressor
l.e, cpa(T2'—T1) =cpg (T3 - T4")
The work output (net output) of L.P. turbine is given by,
Net work output (with reheating) = cpg (T5—T6")
and Net work output (without reheating) = cpg (T4 — TL")
Since the pressure lines diverge to the right on T-s diagram it can be seen that the
temperature difference (T5 — T6') is always greater than (T4’ — TL'), so that reheating
increases the net work output.
Although net work is increased by reheating the heat to be supplied is also increased,
and the net effect can be to reduce the thermal efficiency
Heat supplied = cpg (T3 - T2') + cpg (T5 - T4").
Note. cpa and cpg stand for specific heats of air and gas respectively at constant
pressure.
3. Regeneration
The exhaust gases from a gas turbine carry a large quantity of heat with them since
their temperature is far above the ambient temperature. They can be used to heat the
air coming from the compressor thereby reducing the mass of fuel supplied in the
combustion chamber. Fig. 13.41 shows a gas turbine plant with aregenerator. The
corresponding T-s diagram is shown in Fig. 13.42. 2'-3 represents the heat flow into
the compressed air during its passage through the heat exchanger and 3-4 represents

the heat taken in from the combustion of fuel.



Point 6 represents the temperature of exhaust gases at discharge from the heat
exchanger. The maximum temperature to which the air could be heated in the heat
exchanger is ideally that of exhaust gases, but less than this is obtained in practice
because a temperature gradient must exist for an unassisted transfer of energy. The
effectiveness of the heat exchanger is given by:

g & Exhaust Heat
/ exchanger
s
A =
e PN
3w A5
¢ [cc]

Airin

Fig. 13 .41 Gas turhine with regenerator.
Increase in enthalpy per kg of ar
E=
Available ncrense in enthalpy per kg of air
|: Ts — ]12.1 |
= —{TEJ T, --{13.23)
{ assurng €pa and cpy tO be equal)

Effectiveness,

A keat exchanger iz usually used in large gas furbine units for marine propulsion or
industrial power.

I

Fig. 13.42. Tz disgrarn for the umnit.



SIMPLE VAPOUR COMPRESSION SYSTEM

Out of all refrigeration systems, the vapour compression system is the most important
system from the view point of commercial and domestic utility. It isthe most practical
form of refrigeration. In this system the working fluid is a vapour. It readily
evaporates and condenses or changes alternately between the vapour and liquid
phases without leaving the refrigerating plant. During evaporation, it absorbs heat
from the cold body. This heat is used as its latent heat for converting it from the liquid
to vapour. In condensing or cooling or liquifying, it rejects heat to external body, thus
creating a cooling effect in the working fluid. This refrigeration system thus acts as a
latent heat pump since it pumps its latent heat from the cold body or brine and rejects
it or deliversit to the external hot body or cooling medium. The principle upon which
the vapour compression system works apply to all the vapours for which tables of
Thermodynamic properties are available.

Vapour Compression Cycle:

In a simple vapour compression system fundamental processes are completed in one
cycle. These are : 1. Compression 2. Condensation 3. Expansion 4. V apourisation.

The flow diagram of such acycle is shown in Fig. 14.9.
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Fig. 149 Vapour comprassion 5ystenm.

The vapour at low temperature and pressure (state ‘2°) enters the “compressor” where
it is compressed isentropically and subsequently its temperature and pressure increase
considerably (state °3”). This vapour after leaving the compressor enters the
“‘condenser” where it is condensed into high pressure liquid (state ‘4”) and is
collected in a “receiver tank”. From receiver tank it passes through the “expansion

valve”, here it is throttled down to a lower pressure and has a low temperature (state



‘1’). After finding its way through expansion “valve” it finally passes on to
“evaporator” where it extracts heat from the surroundings or circulating fluid being
refrigerated and vapourises to low pressure vapour (state ‘2°).

Meritsand demerits of vapor compression system over Air refrigeration system:
Merits:

1. C.O.P. is quite high as the working of the cycle is very near to that of reversed
Carnot cycle.

2. When used on ground level the running cost of vapour-compression refrigeration
systemisonly 1/5th of air refrigeration system.

3. For the same refrigerating effect the size of the evaporator is smaller.

4. The required temperature of the evaporator can be achieved simply by adjusting the
Throttle valve of the same unit.

Demerits:

1. Initial cost is high.

2. The major disadvantages are inflammability, leakage of vapours and toxity. These
have been overcome to agreat extent by improvement in design.

14.3.3. Functions of Parts of a Simple Vapour Compression System

Here follows the brief description of various parts of a simple vapour compression
system shown in Fig. 14.9.

1. Compressor. The function of a compressor is to remove the vapour from the
evaporator, and to raise its temperature and pressure to a point such that it (vapour)
can be condensed with available condensing media.

2. Discharge line (or hot gas line). A hot gas or discharge line delivers the high-
pressure, high-temperature vapour from the discharge of the compressor to the
condenser. 3. Condenser. The function of a condenser is to provide a heat transfer
surface through which heat passes from the hot refrigerant vapour to the condensing
medium.

4. Receiver tank. A receiver tank is used to provide storage for a condensed liquid so
that a constant supply of liquid is available to the evaporator as required.

5. Liquid line. A liguid line carries the liquid refrigerant from the receiver tank to the
refrigerant flow control.

6. Expansion valve (refrigerant flow control). Its function is to meter the proper

amount



of refrigerant to the evaporator and to reduce the pressure of liquid entering the
evaporator s0 that liquid will vapourize in the evaporator at the desired low
temperature and take out sufficient amount of heat.

7. Evaporator. An evaporator provides a heat transfer surface through which heat can
pass from the refrigerated space into the vapourizing refrigerant.

8. Suction line. The suction line conveys the low pressure vapour from the evaporator
to the suction inlet of the compressor.

Vapour Compression Cycle on Temperature-Entropy (T-s) Diagram

We shall consider the following three cases :

1. When thevapor isdry and saturated at the end of compression. Fig. 14.10
represents the vapour compression cycle, on T-s diagram the points 1, 2, 3 and 4
correspond to the state points 1, 2, 3and 4 in Fig. 14.9.
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Fig. 14.10. "5 dingrarm.

At point ‘2’ the vapour which is at low temperature (T2) and low pressure entersthe
compressor’s cylinder and is compressed adiabatically to ‘3’ when its temperature
increases to the temperature T1. It is then condensed in the condenser (line 3-4) where
it gives up its latent heat to the condensing medium. It then undergoes throttling
expansion while passing through the expansion valve and its again reducesto T2, it is
represented by the line 4-1. From the T-s diagram it may be noted that dueto this
expansion the liquid partially evaporates, as its dryness fraction is represented by the

By

ratio by



At ‘1 it enters the evaporator where it is further evaporated a constant pressure and
constant temperature to the point ‘2’ and the cycle is completed.

Work done by the compressor = W= Area ‘2-3-4-b-2’

Heat extracted or refricerating effect  Area 21gf-I

COP.=

Work done " Areq ‘23457
hy -y
or COP= T h -[14.10 (a]]
3~ "3
ha—h
- ﬁ 1410 (b)]

(- hy=h,, since during the throttling expansion 4-1 the total heat content remains unchanged)

2. When thevapour issuperheated after compression. If the compression of the

vapour is continued after it has become dry, the vapour will be superheated, its effect
on T-s diagram is shown in Fig. 14.11. The vapour enters the compressor at condition
‘2’ and is compressed to ‘3’ where it is superheated to temperature Tsup. Then it
enters the condenser. Here firstly superheated vapour cools to temperature T1
(represented by line 3-3") and then it condenses at constant temperature along the line

3’-4 ; the remaining of the cycle ; however isthe same as before.
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Now, Work done = Area ‘2-3-3'-4-b-2’
and Heat extracted/absorbed = Area ‘2-1-g-f-2°



Heai extracted  Area 2lgfd k-l
Workdome  Area ‘2394862 By -hy
~ Inthiscase hy= hy'+ ¢ (T, - T, ) and hy' = total heat of dry and saturated vapour at the

point ‘3",

3. When the vapour is wet after compression. Eefer Fiz. 14.12.
Work done by the compressor = Area 2-3-4-5-2
Heat extracted = Area 2-1-g4-Z

COP.=

-[14.10 (e]]

Heatextracted Area‘21gf2 hy-P;

COP.= = =
Workdone  Aren 23452 R - Ry

- [14.10(d)]

Note. If the vapour is not superheated after compression, the operation is called “WET
COMPRESSION’ and if the vapour is superheated at the end of compression, it is
known as ‘DRY COMPRESSION’. Dry compression, in actual practice is always
preferred as it gives higher volumetric efficiency and mechanical efficiency and there

are less chances of compressor damage.
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Pressure-Enthalpy (p-h) Chart
The diagram commonly used in the analysis of the refrigeration cycle are:
(i) Pressure-enthalpy (p-h) chart (ii) Temperature-entropy (T-s) chart.
Of the two, the pressure-enthalpy diagram seems to be the more useful. The condition
of the refrigerant in any thermodynamic state can be represented as a point on the p-h
chart. The point on the p-h chart that represents the condition of the refrigerant in any

one particular thermodynamic state may be located if any two properties of the



refrigerant for that state are known, the other properties of the refrigerant for that state
can be determined directly from the chart for studying the performance of the

machines.
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Fig. 14.13. Pressure enthalpy (p-& ) chart.
Refer Fig. 14.13. The chart is dividing into three areas that are separated from each
other by the saturated liquid and saturated vapour lines. The region on the chart to the
left of the saturated liquid line is called the sub-cooled region. At any point in the sub-
cooled region the refrigerant is in the liquid phase and its temperature is below the
saturation temperature corresponding to its pressure. The area to the right of the
saturated vapour line is superheated region and the refrigerant is in the form of a
superheated vapour. The section of the chart between the saturated liquid and
saturated vapour lines is the two phase region and represents the change in phase of
the refrigerant between liquid and vapour phases. At any point between two saturation
lines the refrigerant is in the form of a liquid vapour mixture. The distance between
the two lines along any constant pressure line, as read on the enthalpy scale at the
bottom of the chart, is the latent heat of vapourisation of the refrigerant at that
pressure. The horizontal lines extending across the chart are lines of ‘constant
pressure’ and the vertical lines are lines of constant enthalpy. The lines of ‘constant
temperature’ in the sub-cooled region are almost vertical on the chart and parallel to
the lines of constant enthalpy. In the centre section, since the refrigerant changes state

at aconstant temperature and pressure, the lines of constant temperature are parallel to



and coincide with the lines of constant pressure. At the saturated vapour line the lines
of constant temperature change direction again and, in the superheated vapour region,
fall of sharply toward the bottom of the chart. The straight lines which extend
diagonally and almost vertically across the superheated vapour region are lines of
constant entropy. The curved, nearly horizontal lines crossing the superhested vapour
region are lines of constant volume. p-h chart gives directly the changes in enthalpy
and pressure during a process for thermodynamic analysis.

14.3.6. Simple Vapour Compression Cycle on p-h Chart

Fig. 14.14 shows a simple vapour compression cycle on a p-h chart. The points 1, 2, 3
and 4 correspond to the points marked in Fig. 14.9.
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Fig. 14.14. Simple vapour compression cycle onp-i chart.

The dry saturated vapour (at state 2) is drawn by the compressor from evaporator at
lower pressure pl and then it (vapour) is compressed isentropically to the upper
pressure p2. The isentropic compression is shown by the line 2-3. Since the vapour is
dry and saturated at the start of compression it becomes superheated at the end of
compression as given by point 3. The process of condensation which takes place at
constant pressure is given by the line 3-4. The vapour now reduced to saturated liquid
is throttled through the expansion valve and the process is shown by the line 4-1. At
the point 1 a mixture of vapour and liquid enters the evaporator where it gets dry
saturated as shown by the point 2. Heat extracted (or refrigerating effect produced),



R,=hy-hy

Work dane. W= hy— h,
R, _ha-Py
COP. = 3%, 1,

The values of by, k, and b, can be directly read from p-h chart.

REFRIGERANTS

A ‘refrigerant’ is defined as any substance that absorbs heat through expansion or
vaporisation and loses it through condensation in a refrigeration system. The term
‘refrigerant’ in the broadest sense is also applied to such secondary cooling mediums
as cold water or brine, solutions. Usually refrigerants include only those working
mediums which pass through the cycle of evaporation, recovery, compression,
condensation and liquification. These substances absorb heat at one place at low
temperature level and reject the same at some other place having higher temperature
and pressure. The rejection of heat takes place at the cost of some mechanical work.
Thus circulating cold mediums and cooling mediums (such as ice and solid
carbondioxide) are not primary refrigerants. In the early days only four refrigerants,
Air, ammonia (NH3), Carbon dioxide (CO2), Sulphur dioxide (SO2), possessing
chemical, physical and thermodynamic properties permitting their efficient
application and service in the practical design of refrigeration equipment were used.
All the refrigerants change from liquid state to vapour state during the process.

14.5.1. Classification of Refrigerants

Therefrigerants are classified as follows :

1. Primary refrigerants.

2. Secondary refrigerants.

1. Primary refrigerants are those working mediums or heat carriers which directly
take part in the refrigeration system and cool the substance by the absorption of latent
heat eg. Ammonia, Carbon dioxide, Sulphur dioxide, Methyl chloride, Methylene
chloride, Ethyl chloride and Freon group etc.

2. Secondary refrigerants are those circulating substances which are first cooled
with the help of the primary refrigerants and are then employed for cooling purposes,
e.g. ice, solid carbon dioxide etc. These refrigerants cool substances by absorption of
their sensible heat.



The primary refrigerants are grouped as follows:

(i) Halocarbon compounds. In 1928, Charles Kettening and Dr. Thomas Mighey
invented and developed this group of refrigerant. In this group are included
refrigerants which contain one or more of three halogens, chlorine and bromine and
they are sold in the market under the names as Freon, Genetron, Isotron, and Areton.
Since the refrigerants belonging to this application in domestic, and industrial
purposes. The list of the halocarbon-refrigerants commonly used is given below :
R-10 — Carbon tetrachloride (CCl4)

R-11 — Trichloro-monofluoro methane (CCI3F)

R-12 — Dichloro-difluoro methane (CCI2F2)

R-13 — Mono-bromotrifluoro methane (CBrF3)

R-21 — Dichloro monofluoro methane (CHCI2F)

R-22 — Mono chloro difluoro methane (CHCIF2)

R-30 — Methylene-chloride (CH2CI2)

R-40 — Methyle chloride (CH3CI)

R-41 — Methyle fluoride (CH3F)

R-100— Ethyl chloride (C2H5CI)

R-113— Trichloro trifluoroethane (C2F3CI3)

R-114— Tetra-fluoro dichloroethane (CI2F4CI2)

R-152— Difluoro-ethane (C2H6F2)

(ii) Azeotropes. The refrigerants belonging to this group consists of mixtures of
different substances. These substances cannot be separated into components by
digtillations. They possess fixed thermodynamic properties and do not undergo any
separation with changes in temperature and pressure. An azeotrope behaves like a
simple substance. Example R-500 It contains 73.8% of (R-12) and 26.2% of (R-152).
(iii) Hydrocarbons. Mog of the refrigerants of this group are organic compounds.
Several hydrocarbons are used successfully in commercial and industrial installations.
Most of them possess satisfactory thermodynamic properties but are highly
inflammable. Some of the important refrigerants of this group are :

R-50 — Methane (CH4)

R-170— Ethane (C2H6)

R-290— Propane (C2H8)

R-600— Butane (C4H10)

R-601— Isobentane [CH(CH3)3]



(iv) Inorganic compounds. Before the introduction of hydrocarbon group these
refrigerants were most commonly used for al purposes. The important refrigerants of
thisgroup are:

R-717— Ammonia (NH3)

R-718— Water (H20)

R-729— Air (mixture of O2, N2, CO2 etc.)

R-744— Carbon dioxide (CO2)

R-764— Sulphur dioxide (SO2)

(v) Unsaturated organic compound. The refrigerants belonging to this group
possess ethylene or propylene as their constituents. They are

R-1120 — Trichloroethylene (C3H4CI3)

R-1130 — Dichloroethylene (C2H4CI2)

R-1150 — Ethylene (C3H6)

R-1270 — Propylene.

Desirable properties of an ideal refrigerant

An ideal refrigerant should possess the following properties:

1. Thermodynamic properties:

(i) Low boiling point

(ii) Low freezing point

(iii) Positive pressures (but not very high) in condenser and evaporator.
(iv) High saturation temperature

(v) High latent heat of vapourisation.

2. Chemical Properties:

(i) Non-toxicity

(if) Non-flammable and non-explosive

(iii) Non-corrosiveness

(iv) Chemical stability in reacting

(v) No effect on the quality of stored (food and other) products like flowers, with
other materialsi.e., furs and fabrics.

(vi) Non-irritating and odourless.

3. Physical Properties:

(i) Low specific volume of vapour

(i) Low specific heat



(iit) High thermal conductivity

(iv) Low viscosity

(v) High electrical insulation.

4. Other Properties:

(i) Ease of leakage location

(i) Availability and low cost

(iii) Ease of handling

(iv) High C.O.P.

(v) Low power consumption per tonne of refrigeration.

(vi) Low pressure ratio and pressure difference.

Some important properties (mentioned above) are discussed below :

Freezing point. As the refrigerant must operate in the cycle above its freezing point,
it is evident that the same for the refrigerant must be lower than system temperatures.
It is found that except in the case of water for which the freezing point is 0°C, other
refrigerants have reasonably low values. Water, therefore, can be used only in air-
conditioning applications which are above 0°C.

Condenser and evaporator pressures. The evaporating pressure should be as near
atmospheric as possible. If it is too low, it would result in a large volume of the
suction vapour. If it is too high, overall high pressures including condenser pressure
would result necessitating stronger equipment and consequently higher cost. A
positive pressure is required in order to eliminate the possibility of the entry of air and
moisture into the system. The normal boiling point of the refrigerant should,
therefore, be lower than the refrigerant temperature.

Critical temperature and pressure. Generally, for high C.O.P. the critical
temperature should be very high so that the condenser temperature line on p-h
diagram is far removed from the critical point. This ensures reasonable refrigerating
effect as it is very small with the state of liquid before expansion near the critical
point. The critical pressure should be low so asto give low condensing pressure.
Latent heat of vaporizations. It should be as large as possible to reduce the weight
of the refrigerant to be circulated in the system. This reduces initial cost of the
refrigerant. The size of the system will also be small and hence low initial cost.
Toxicity. Taking into consideration comparative hazard to life due to gases and
vapours underwriters Laboratories have divided the compounds into six groups.

Group six contains compounds



with a very low degree of toxicity. It includes R12, R114, R13, etc. Group one, & the
other end of the scale, includes the most toxic substances such as SO2. Ammonia is
not used in comfort air-conditioning and in domestic refrigeration because of
inflammability and toxicity.

Inflammability. Hydrocarbons (e.g. methane, ethane etc.) are highly explosive and
inflammable. Fluorocarbons are neither explosive nor inflammable. Ammonia is
explosive in a mixture with air in concentration of 16 to 25% by volume of ammonia
Volume of suction vapour. The size of the compressor depends on the volume of
suction vapour per unit (say per tonne) of refrigeration. Reciprocating compressors
are used with refrigerants with high pressures and small volumes of the suction
vapour. Centrifugal or turbocompressors are used with refrigerants with low pressures
and large volumes of the suction vapour. A high volume flow rate for a given capacity
is required for centrifugal compressors to permit flow passages of sufficient width to
minimize drag and obtain high efficiency.

Thermal conductivity. For a high heat transfer co-efficient a high thermal
conductivity is desirable. R22 has better heat transfer characteristicsthan R12 ; R21 is
still better, R13 has poor heat transfer characteristics.

Viscosity. For ahigh heat transfer co-efficient alow viscosity is desirable.

Leak tendency. The refrigerants should have low leak tendency. The greatest
drawback of fluorocarbons is the fact that they are odourless. This, at times, resultsin
acomplete loss of costly gas from leaks without being detected. An ammonia leak can
be very easily detected by pungent odour.

Refrigerant cost. The cost factor is only relevant to the extent of the price of the
initial charge of the refrigerant which is very small compared to the total cost of the
plant and its installation. The cost of losses due to leakage is also important. In small-
capacity units requiring only asmall charge of the refrigerant, the cost of refrigerant is
immaterial. The cheapest refrigerant is Ammonia. R12 is dlightly cheaper than R22.
R12 and R22 have replaced ammonia in the dairy and frozen food industry (and even
in cold storages) because of the tendency of ammoniato attack some food products.
Co-efficient of performance and power per tonne. Practically all common

refrigerants have approximately same C.O.P. and power requirement.



Properties and Uses of Commonly Used Refrigerants

1. Air

Properties:

(i) No cost involved ; easily available.

(if) Completely non-toxic.

(iif) Completely safe.

(iv) The C.O.P. of air cycle operating between temperatures of 80°C and — 15°C is
1.67.

Uses:

(i) Air is one of the earliest refrigerants and was widely used even as late as World
War | wherever a completely non-toxic medium was needed.

(i) Because of low C.O.P., it is used only where operating efficiency is secondary as
in aircraft refrigeration.

2. Ammonia (NH3)

Properties:

(i) It is highly toxic and flammable.

(i) 1t has the excellent thermal properties.

(i) 1t has the highest refrigerating effect per kg of refrigerant.

(iv) Low volumetric displacement.

(v) Low cog.

(vi) Low weight of liquid circulated per tonne of refrigeration.

(vii) High efficiency.

(viii) The evaporator and condenser pressures are 3.5 bar abs. and 13 bar abs. (app.)
respectively at standard conditions of — 15°C and 30°C.

Uses:

(i) It is widely used in large industrial and commercial reciprocating compression
systems where high toxicity is secondary.

It is extensively used in ice plants, packing plants, large cold storages and skating
rinks etc.

(ii) It iswidely used as the refrigerant in absorption systems.

The following points are worth noting :

« Ammonia should never be used with copper, brass and other copper aloys ; iron and
steel should be used in ammonia systems instead.

 In ammonia systems, to detect the leakage a sulphur candle is used which gives off a



dense white smoke when ammonia vapour is present.

3. Sulphur dioxide (SO2)

Properties:

(i) It isacolourless gas or liquid.

(i) It is extremely toxic and has a pungent irritating odour.

(i) It is non-explosive and non-flammable.

(iv) It has aliquid specific gravity of 1.36.

(v) Works at low pressures.

(vi) Possesses small latent heat of vapourisation.

Uses:

It finds little use these days. However its use was made in small machines in early
days.

* The leakage of sulphur dioxide may be detected by bringing aqueous ammonia near
the leak, this gives off a white smoke.

4. Carbon dioxide (CO2)

Properties:

(i) It isacolourless and odourless gas, and is heavier than air.

(i) It has liquid specific gravity of 1.56.

(i) 1t is non-toxic and non-flammable.

(iv) It is non-explosive and non-corrosive.

(v) It has extremely high operating pressures.

(vi) It gives very low refrigerating effect.

Uses:

This refrigerant has received only limited use because of the high power requirements
per tonne of refrigeration and the high operating pressures. In former years it was
selected for marine refrigeration, for theater air-conditioning systems, and for hotel
and institutional refrigeration instead of ammonia because it is non-toxic.

At the present-time its use is limited primarily to the manufacture of dry ice (solid
carbon dioxide).

* The leak detection of CO2 is done by soap solution.

5. Methyl Chloride (CH3CI)

Properties:

(1) It isacolourless liquid with a faint, sweet, non-irritating odour.

(i) 1t has liquid specific gravity of 1.002 at atmospheric pressure.



(i) 1t is neither flammable nor toxic.

Uses:

It has been used in the past in both domestic and commercial applications. It should
never be used with aluminium.

6. R-11 (Trichloro monofluoro methane)

Properties: (i) It is composed of one carbon, three chlorine and one fluorine atoms
(or parts by weight) and is non-corrosive, non-toxic and non-flammable.

(i) It dissolves natural rubber.

(i) It has aboiling point of — 24°C.

(iv) 1t mixes completely with mineral lubricating oil under all conditions.

Uses : It is employed for 50 tonnes capacity and over in small office buildings and
factories. A

centrifugal compressor isused in the plants employing this refrigerant.

* [ts leakage is detected by a halide torch.

7. R-12 (Dichloro-difluoro methane) or Freon-12

Properties:

(i) It is non-toxic, non-flammable, and non-explosive, therefore it is most suitable
refrigerant.

(ii) It isfully oil miscible therefore it simplifies the problem of oil return.

(iii) The operating pressures of R-12 in evaporator and condenser under standard
tonne of refrigeration are 1.9 bar abs. and 7.6 bar abs. (app.).

(iv) Itslatent heat at — 15°C is 161.6 kJkg.

(v) C.O.P.=4.61.

(vi) It does not break even under the extreme operating conditions.

(vii) It condenses at moderate pressure and under atmospheric conditions.

Uses:

1. It issuitable for high, medium and low temperature applications.

2. It isused for domestic applications.

3. It is excellent electric insulator therefore it is universally used in sealed type
COMPressors.

8. R-22 (M onaochloro-difluoro methane) or Freon-22

R-22 refrigerant is superior to R-12 in many respects. It has the following properties

and uses:



Properties:

(1) The compressor displacement per tonne of refrigeration with R-22 is 60% less than
the compressor displacement with R-12 asrefrigerant.

(i) R-22 is miscible with oil at condenser temperature but tries to separate at
evaporator temperature when the system is used for very low temperature applications
(— 90°C). Oil separators must be incorporated to return the oil from the evaporator
when the system is used for such low temperature applications.

(iif) The pressures in the evaporator and condenser a standard tonne of refrigeration
are 2.9 bar abs. and 11.9 bar abs. (app.).

(iv) The latent heat at — 15°C is low and is 89 kJkg. The major disadvantage of R-22
compared with R-12 is the high discharge temperature which requires water cooling
of the compressor head and cylinder.

Uses:

R-22 isuniversally used in commercial and industrial low temperature systems.



MODULE 3
PSYCHROMETRY



UNIT-ITI
PSYCHROMETRY

3.1 INTRODUCTION

The psychrometric is that branch of engineering science which deals with the study of
moist air i.e.,, dry air mixed with water vapour or humidity. It aso includes the study of
behavior of dry air and water vapour mixture under various sets of conditions. Though the
earth’s atmosphere is a mixture of gases including nitrogen (N2), oxygen (O2), argon (Ar) and
carbon dioxide (COy), yet for the purpose of psychrometric, it is considered to be a mixture of
dry air and water vapour only.

3.2PSYCHOMETRIC TERMS

Though there are many psychometric terms, yet the following are important from the
subject point of view :

1. Dry air. The pure dry air is a mixture of a number of gases such as nitrogen,
oxygen, carbon dioxide, hydrogen, argon, neon, helium etc. But the nitrogen and oxygen
have the major portion of the combination. The dry air is considered to have the composition
as given in the following table:

Table .1 Composition of dry air

S.No. Constituent By volume By mass M (IJ\I/Ie;:iar
1 | Nitrogen (N2) 78.03% 75.47% 28
2 | Oxygen (02 20.99% 23.19% 32
3 | Argon (Ar) 0.94% 1.29% 40
4 | Carbon dioxide (COy) 0.03% 0.05% 44
5 | Hydrogen (H2) 0.01% - 2

The molecular mass of dry air is taken as 28.966 and the gas constant of air (Ra) is
equal 0.287 kJ/ kg K or 287 Jkg K.

The molecular mass of water vapour is taken as 18.016 and the gas constant for water
vapour (k) isequa to 0.461-kJkg K or 461 Jkg K.

Notes: (a) The pure dry air does not ordinarily exist in nature because it always contains some
water vapout



(b) The term air, wherever used in this text, means dry air containing moisture in the
vapour form.

(c) Both dry air and water vapour can be considered as perfect gases because both
exist in the atmosphere at low pressure. Thus all the perfect gas terms can be applied to them
individualy.

(d) The density of dry air is taken as 1.293 kg/m3 at pressure 1.0135 bar or 101.35
1(11/m2 and at temperature 0°C (273 K).

2. Moist air. It is amixture of dry air and water vapour. The amount of water vapour
present. in the air depends upon the absol ute pressure and temperature of the mixture.

3. Saturated air. It is mixture of dry air and water vapour, when the air has diffused
the maximum amount of water vapour into it. The water vapours, usually, occur in the form
of superheated steam as an invisible gas. However, when the saturated air is cooled, the water
vapour in the air starts condensing, and the same may be visible in the form of moist, fog or
condensation on cold surfaces.

4. Degree of saturation. It isthe ratio of actual mass of water vapour in a unit mass of
dry air to the mass of water vapour in the same mass of dry air when it is saturated at the
same temperature.

5. Humidity. It is the mass of water vapour present in 1 kg of dry air, and is generally
expressed in terms of gram per kg of dry air (g / kg of dry air). It is also caled specific
humidity or humidity ratio.

6. Absolute humidity. It is the mass of water vapour present in 1 m3 of dry air, and is
generally expressed in terms of gram per cubic metre of dry air (g /m3 of dry air). It isaso
expressed in terms of grains per cubic metre of dry air. Mathematically, one kg of water
vapour is equal to 15 430 grains.

7. Relative humidity. It is the ratio of actual mass of water vapour in a given_volume
of moist air to the mass of water vapour in the same volume of saturated air at the same
temperature and pressure. It is briefly written as RH.

8. Dry bulb temperature. It is the temperature of air recorded by a thermometer, when
it is not affected by the moisture present in the air. The dry bulb temperature (briefly written
as DBT) isgenerally denoted by tq or tab.

9. Wet bulb temperature. It isthe temperature of air recorded by athermometer, when
its bulb is surrounded by a wet cloth exposed to the air. Such a thermometer is called *wet
bulb thermometer. The wet bulb temperature (briefly written as WBT) is generally denoted
by tw or twb.

10. Wet bulb depression. It is the difference between dry bulb temperature and wet
bulb temperature at any point. The wet bulb depression indicates relative humidity of the air.



11. Dew point temperature. It is the temperature of air recorded by a thermometer,
when the moisture (water vapour) present in it begins to condense. In other words, the dew
point temperature is the saturation temperature (ts). corresponding to the partial pressure of
water vapour (Py) It is, usually, denoted by tgp. Since pv. is very small, therefore the saturation
temperature by water vapour at pv is aso low (less than the atmospheric or dry bulb
temperature). Thus the water vapour in air exists in the superheated state and the moist air
containing moisture in such aform (i.e., superheated state) is said to be unsaturated air. This
condition is shown by point A on temperature-entropy (T-s) diagram as shown in Fig.1.
When the partial pressure of water vapour (Pv) is equal to the saturation pressure (Ps) the
water vapour isin dry condition and the air will be saturated air

Fig.1. T-sdiagram

If a sample of unsaturated air, containing superheated water vapour, is cooled at
constant pressure, the partial pressure (pr) of each constituent remains constant until the water
vapour reaches the saturated state as shown by point B in Fig.1. At this point 8, the first drop
of dew will' be formed and hence the temperature at point B is called dew paint temperature.
Further cooling will cause condensation of water vapour.

From the above we see that the dew point temperature is the temperature at which the
water vapour begins to condense.

Note: For saturated air, the dry bulb temperature, wet bulb temperature and dew point
temperature is same.

12. Dew point depression. It is the difference between the dry bulb temperature and
dew point temperature of air.

13. Psychrometer. There are many types of psychrometers, but the dling
psychrometer, as shown in Fig..2, iswidely used. It consists of a dry bulb thermometer and a
wet bulb thermometer mounted side by side in a protective case that is attached to a handle
by a swivel connection so that the case can be easily rotated. The dry bulb thermometer is
directly exposed to air and measures the actual temperature of the air. The bulb of the wet
bulb thermometer is covered; by a wick thoroughly wetted by distilled water. The
temperature measured by this wick covered bulb of a thermometer is the temperature of
liquid water in the wick and is called wet Nib j temperature.



The dling psychrometer is rotated in the air for approximately one minute after which
HO readings from both the thermometers are taken. This process is repeated severa times to
assure': that the lowest possible wet bulb temperature is recorded.

Fig.2, Sling psychrometer
3.3DALTON'SLAW OF PARTIAL PRESSURES

It states, The total pressure exerted by the mixture of air and water vapour is equal to
the sum of the pressures, which each constituent Fould exert, if it occupied the same space by
itself. In other words, the total pressure exerted by air and water vapour mixture is equal to
the barometric pressure. Mathematically, barometric pressure of the mixture,

Po = Pat Py,
where Pa = Partia pressure of dry air, and
Pv= Partial pressure of water vapour.
3.4 PSYCHROMETRIC RELATIONS

We have aready discussed some psychrometric terms in Art. These terms have some
relations between one another. The following psychrometric relations are important from the
subject point of view:

1. Specific humidity, humidity ratio or moisture content. It is the mass of water vapour
present in 1 kg of dry air (in the air-vapour mixture) and is generally expressed in g /kg of dry
air. It may also be defined as the ratio of mass of water vapour to the mass of dry air in a
given volume of the air-vapour mixture.

Let Pa, Va Ta, ma and Ra = Pressure, volume, absolute temperature, mass and gas
constant



respectively for dry air, and
Pv, Vv, m, and Ry, = Corresponding values for the water vapour.
Assuming that the dry air and water vapour behave as perfect gases, we have for dry
ar,
PaVa =M RaTa

and for water vapour, Py w=my R, Ty,
Also Va= W
and Ta= Ty,= Tq... (Where Td isdry bulb temperature)

From equations (i) and (ii), we have

Fig.3 T-sdiagram

Consider unsaturated air containing superheated vapour at dry bulb temperature tq and
partial pressure py as shown by point A on the T-s diagram in Fig. 3. If water is added into
this unsaturated air, the water will evaporate which will increase the moisture content
(specific humidity) of the air and the partial pressure py increases. Thiswill continue until the
water vapour becomes saturated at that temperature, as shown by point C in Fig.3, and there
will be more evaporation of water. The partial pressure py, increases to the saturation pressure

ps and it is maximum partial pressure of water vapour at temperature tq. The air containing
moisture in such a state



(point C) is called saturated air.

For saturated air (i.e. when the air is holding maximum amount of water vapour), the
humidity ratio or maximum specific humidity,

where Ps= Partial pressure of air corresponding to saturation temperature (i.e. dry bulb
temperature td).

2. Degree of saturation or percentage humidity. We have aready discussed that the degree
of saturation is the ratio of vapour in a unit mass of water air to the mass of water vapour in
the same mass of dry air when it is saturated at the same temperature (dry bulb temperature),
it may be defined as the ratio of actual specific humidity to the specific humidity of saturated
air at the same dry bulb temperature. It is, usually, denoted by u. Mathematically, degree of
saturation,

0622 p, P,
W _ p,—p, _ P, [p,,—p,)____& P,

p: p"

W= w " 0622p, b, \p,-p,
pb—p: pb

Notes: (a) The partial pressure of saturated air (Ps) is obtained from the steam tables
corresponding to dry bulb temperature tq.

(b) If the relative humidity,®) = Pv/ Psisequal to zero, then the humidity ratio, W =
0,i.e fordryair, u=0.

(c) If therelative humidity, @) Pv/ Psisequa to 1, then W =Wsand ¢ = 1. Thusp.
varies between 0 and 1.

3. Relative humidity. We have aready discussed that the relative humidity isthe ratio of
actual mass of water vapour (m,) in agiven volume of moist air to the mass of water vapour
(ms) in the same volume of saturated air at the same temperature and pressure. It is usually
denoted by @. Mathematically, relative humidity,

Let pv, w, Tv, my and R, = Pressure, volume, temperature, mass and gas constant
respectively for

water vapour in actual conditions, and

Ps, Vs, Ts, ms and Rs = Corresponding values for water vapour in saturated air.



We know that for water vapour in actual conditions,
Pew=mR/ Ty (1)

Similarly, for water vapour in saturated air,

Psvs= msRsTs ...(i)
According to the definitions,
W= Vs
Tv=Ts
Also Rv = Rs=0.461 kJ/kg K

=~ From equations (i) and (ii), relative humidity,

Thus, the relative humidity may also be defined as the ratio of actual partial pressure
of water vapour in moist air at a given temperature (dry bulb temperature) to the saturation
pressure of water vapour (or partial pressure of water vapour in saturated air) at the same
temperature.

The relative humidity may also be obtained as discussed below:

We know that degree of saturation,

1 Py 1 Py
— Py Py Py
n = =0 R
Ps|y1—Pv 1—pxLs ( ¢_Z)
Pp Pp
¢ = T
1—@—p)—=
Py

4. Pressure of water vapour. According to Carrier's equation, the partial pressure of water
vapours,

@), 1)
1544 — 144 L

Py, = Py,

Where pw, = Saturation pressure corresponding to wet bulb temperature (from
steam tables),

Pp = Barometric pressure,



tq = Dry bulb temperature, and
tw = Wet bulb temperature.

5.Vapour density or absolute humidity. We have aready discussed that the vapour density or
absolute humidity is the mass of water vapour present in 1 m? of dry air.

Let  w = Volume of water vapour in m*kg of dry air at its partial pressure,
va = Volume of dry air in m¥kg of dry air at its partial pressure,

pv, = Density of water vapour in kg/m? corresponding to its partial pressure
and dry bulb

temperature tq, and
pa= Density of dry air in kg/m?® of dry air.

We know that mass of water vapour,

mV = vv pv
and mass of dry air, m, = v_p
a

Dividing equation (i) by equation (ii),

ﬂ — vav -

L va pa

Since v, = v,, therefore humidity ratio,

mV v

W= —=-x =
ﬂla pa or p" wpn

We know that P,v, = m,R.T,

’ 1
Since v, = — and m_ = 1 kg, therefore substituting these values

we get =

Pa
Rn Td

1
pax_ = RaTd or pa=

a
Substituting the value of p, in equation (ifi), we have

Wp, Wip,-p,)
R T RS INETC

Pressure of air in kN/m?,
Gas constant for air = 0.287 kJ/ kg K, and
Dry bulb temperature in K.

where

~ &5
w nn




Example.l. The readings from a sling psychrometer are as follows ry bulb temperature
= 30° C ; Barometer reading 740mm of Hg Using steam tables, determine: |. Dew point
temperature ; 2. Relative humidity ; 3. Specific humidity ; 4. Degree of-saturation ; 5.
Vapour density ; and 6. Enthalpy of mixture per kg of dry air.

Solution given: tq = 30°C ; tw. = 20°C ; Ps= 740 mm of Hg
1.Dew point temperature

First of all, let usfind the partial pressure of water vapour (Py).

From steam tables, we find that the saturation pressure corresponding to wet bulb temperature
of 20° Cis

Pw = 0.023 37 bar
We know that barometric pressure,
ph =740 mm of Hg ... (Given)

=740x 133.3=98642 N/m? ... (~ mmof Hg =
133.3 N/m?)

=0.986 42 bar ... w1bar=10°
N/m?)

=~ Partial pressure of water vapour,

(pb F= pw) (td =7 tw)
P, = Py- =
1544 —1.441,

(0.986 42 —0.02337) (30 — 20)
1544 —1.44x20
0.023 37 — 0.006 36 = 0.017 01 bar

0.023 37 —

Since the dew point temperature is the saturation temperature corresponding to the
partial pressure of water vapour (Py), therefore from steam tables, we find that corresponding
to pressure 0.017 01 bar, the dew point temperatureis

tap = 15°C Ans
2. Relative humidity

From steam tables, we find that the saturation pressure of vapour corresponding to dry
bulb temperature of 30°C is

Ps=0.042 42 bar

We know the relative humidity,



Py, _ 001701

&= Ps ~ 0.04242 = 0.40 or 40% Ans.

3. Specific humidity

We know that specific humidity,
0622 p,  0.622x0.01701
Py — P,  0.98642-0.01701

0.01058 .
= 006941 = 0010914 kg/kg of dry air

W =

10.914 g/kg of dry air Amns.
4. Degree of saturation =

We know that specific humidity of saturated air,

0622 p, _ 0.622x0.04242

W =
: Py —ps  0.98642 —0.04242
02
= 03.9?38 = 0.027 945 kg /kg of dry air

We know that degree of saturation, _

W _ 0.010914
R= W — 0027945 = 0391 or 39.1% Ans.

s

Note : The degree of saturation (1) may also be calculated from the following relation :

- _p_v(pb—ps)
= p.\Ps— P
0.01701 [ 0.98642 — 0.04242
. = 0.04242| 098642 —0.01701

0.391 or 39.1% Ans.

Il

5. Vapour density
We know that vapour density,

Q

- W (p, —p,) _ 0010914 (0.98642 —0.01701) 10°
v R, T, 287 (273 + 30)
= 0.012 16 kg/m? of dry air Aus.
6. Enthalpy of mixture per kg of dry air

By = 2466.1 kl/kg
. Enthalpy of mixture per kg of dry air,
h = 1.02% t,+ W[hfxdp +23 1yl
= 1.022% 30 + 0.010 914 [2466.1 + 2.3 x 15]
N\ , = 30.66 + 27.29 = 57.95 kl/kg of dry air

A0S,



Example.2: On a particular day, the atmospheric air was found to have a dry bulb
temperature of 30°C and a wet bulb temperature of 18°C. The barometric pressure was
observed to b 756mm of Hg. Using the tables of psychrometric properties of air,
deter mine the relative humidity, the specific humidity, the dew point temperature, the
enthalpy of air per kg of dry air and the volume of mixture per kg of dry air.

Solution: Given: tg = 30°C; tw - 18°C; Pp = 756 mm of Hg

Relative humidity

First of all let us find the partial pressure of water vapour (p,). From steam tables, we find
that the saturation pressure corresponding to wet bulb temperature of 18°C is,

p,, = 0.020 62 bar = 0.020 62 x 10° = 2062 N/m>
2062
= m = 1547 mm (:f Hg . («o | mm of Hg = 1333 N/m?)

= (pb_pw)(td_’w)
R St T (B 1544—]‘44;‘0

(756-1547) (30-18)
1544 - 144 x 18

= 1547 - 5.85 = 9.62 mm of Hg

From steam tables, we find that the saturation pressure of vapour corresponding ¢
temperature of 30°C is . ponding to dry bulb

= 1547 -

mm of Hg

P, = 0.042 42 bar = 0.042 42 x 10° = 4242 N/m?
4242
= 33 = 31.8 mm of Hg
We know that the relative humidity,
, 962
0 = 2222 _03022 or 30.22%
p, 318
Specific humidity
We know that specific humidity,
W= 0.622 Py 2= 0.622x9.62 =0.008 kg /kg of dry air Ans.

Py —p,  756—9.62

Dew point temperature

Since the dew point temperature is the saturation temperature corresponding to the
partial pressure of water vapour (Py), therefore from steam tables, we find that corresponding



to 9.62 mm of Hg or 9.62 x 133.3 = 1282.3 N/m? = 0.012 823 bar, the dew point temperature
is,

tap = 10.6° C Ans.
Enthalpy of air per kg of dry air

From steam tables, we also find that latent heat of vaporization of water at dew point
temperature of 10.6°C,

htgap = 2476.5 kJ/kg
We know that enthalpy of air per kg of dry air,
h=1.022 tg + W ( hrgap + 2.3 tep)
=1.022 x 30 + 0.008 (2476.5 + 2.3 x 10.6)
= 30.66 + 20 = 50.66 kJ/kg of dry air Ans.
Volume of the mixture per kg of dry air

From psychrometric tables, we find that specific volume of the dry air at 760 mm of
Hg and 30°C dry bulb temperature is 0.8585 m3/kg of dry air. We know that one kg of dry air
at apartial pressure of (756 — 9.62) mm of Hg occupies the same volume as W = 0.008 kg of
vapour at its partial pressure of 9.62 mm of Hg. Moreover, the mixture occupies the same
volume but at atotal pressure of 756 mm of Hg.

~ Volume of the mixture (v) at adry bulb temperature of 30°C and a pressure of 9.62
mm of Hg

=Volumeof 1 kg of dry air (va) at apressure of ( 756 — 9.62 ) or
746.38 mm of Hg

Note : The volume of mixture per kg of dry air may be calculated as discussed below :

where Ra = Gas constant for air = 287 Jkg K
Ta = Dry bulb temperaturein K
=30+ 273=303K, and

Pa = Pressure of air in N/m?



=Pp- Py =756 - 9.62 = 746.38 mm of Hg
= 746.38 x 133.3 = 994 92 N/m?

Substituting the values in the above equation,

Example.3. The humidity ratio of atmospheric air at 28°C dry bulb temperature and
760 mm of mercury is 0.016 kg / kg of dry air. Determine: 1. partial pressure of Water
vapour; 2.relative humidity; 3. dew point temperature; 4. specific enthalpy; and 5.
vapour density.

Solution: Given: tq = 28°C ; P, = 760 mm of Hg ; W = 0.016 kg/ kg of dry air
1.Partial pressure of water vapour
Let Py = Partial pressure of water vapour.

We know that humidity ratio (W),

0622 p, 0622 p,
Py — Py 7.60 =P,
12.16 - 0.016 Py, = 0.622 Pyor 0.638 P, = 12.16

Pv=12.16/0.638 = 19.06 mm of Hg
=19.06 x 133.3 = 2540.6 N/m? Ans.

0.016 =

2. Relative humidity

From steam tables, we find that the saturation pressure of vapour corresponding to dry bulb
temperature of 28'C is

Ps = 0.03778 bar = 3778 N/m?

~ Relative humidity,

/

Py _ 25406
9= p, 3778 =0672 or 61.2% Ans,

3. Dew point temperature

Since the dew point temperature is the saturation temperature corresponding to the

partial pressure of water vapour (Py), therefore from steam tables, we find that corresponding
to a pressure of 2540.6 N/m? (0.025406 bar), the dew point temperature is,

tap = 21.1° C Ans.



4. Specific enthalpy

From steam tables, latent heat of vaporization of water corresponding to a dew point
temperature of 21.1° C,

htgap = 2451.76 kJ/kg
We know that specific enthalpy.
h=1.022 t4 + W (htgap + 2.3 tap)
=1.022 x 28 + 0.016 (2451.76 + 2.3x 21_1)
=28.62 + 40 - 68.62 kJ/kg of dry air Ans.
5. Vapour density

We know that vapour density,

_ W(p,—p) _ 0.016 (760 -19.06)133.3
W= 287 (273 + 28)

= 0.0183 kg/m? of dry air.

3.5THERMODYNAMIC WET BULB TEMPERATURE OR ADIABATIC
SATURATION TEMPERATURE

The thermodynamic wet bulb temperature or adiabatic saturation temperature is the
temperature at which the air can be brought to saturation state, adiabatically, by the
evaporation of water into the flowing air.

(W, — W), t,, by,
Make-up water
T T ‘ﬁ$ —'r}-—_‘:, I h b
ﬂ/ Insulated chamber
e Saturated air
L,

Fig.4 Adiabatic saturation of air.

The equipment used for the adiabatic saturation of air, inits simplest form, consists of
an insulated chamber containing adequate quantity of water. There is aso an arrangement for
extra water (known as make-up water) to flow into the chamber from its top, as shown in
Fig.4.



Let the unsaturated air enters the chamber at section 1. As the air passes through the
chamber over a long sheet of water, the water evaporates which is carried with the flowing
stream of air, and the specific humidity of the air increases. The make-up water is added to
the chamber at this temperature to make the water level constant. Both the air and water are
cooled as the evaporation takes place. This process continues until the energy transferred
from the air to the water is equa to the energy required to vaporize the water. When steady
conditions are reached, the air flowing at section 2 is saturated with water vapour. The
temperature of the saturated air at section 2 is known as thermodynamic wet bulb temperature
or adiabatic saturation temperature.

The adiabatic saturation process can be represented on T-s diagram as shown by the
curve 1-2in Fig.5.

[ 1 Unsaturated air (Initial condition)

Constant pressure cooling

/ w point of unsaturated air at 1

Entropy ——

— Temperature—»
£
|
{h
]
-]
2
g/
E
8
g
B
8
=
0
J
o
3
0
(0]
o

Fig.5. T-s diagram for adiabatic saturation process

During the adiabatic saturation process, the partial pressure of vapour increases,
although the total ressure of the air-vapour mixture. The unsaturated air initially at dry bulb
temperature tq2, is coo e adiabatically to dry bulb temperature td, which is equa to the
adiabatic saturation temperature tw. It may be noted that the adiabatic saturation temperature
istaken equal to the wet bulb temperature for al practical purposes.

Let  hi=Enthapy of unsaturated air at section 1,
W, = Specific humidity of air at section 1,
ho,W- = Corresponding values of saturated air at section 2, and
hrw= Sensible heat of water at adiabatic saturation temperature.

Balancing the enthalpies of air at inlet and outlet (i.e. at sections 1 and 2),



hy+ (W, - W,) h, = h, .. (1)

or h, - W, h[w =h,-W, hfw ... (i)

The term (h, — W, hy) is known as sigma heat and remains constant during the adiabatic
process.

We know that h,=h,+W h,
and h,=h,+W,h,
...... ARG i s h&'l‘ = Enthalpy of 1 kg-of dry-air at-dry-bulb temperature-gy;;- = =
*h,, = Enthalpy of superheated vapour at t,, per kg of vapour,
h,, = Enthalpy of 1 kg of air at wet bulb temperature 7, and
h,, = Enthalpy of saturated vapour at wet bulb temperature 7, per kg of
vapour.
Now the equation (if) may be written as:
(hy + Wi hy) =W b = (hy+ Wy hy) - W, by
W (hy—hg) = Wy (hy—h)+h,—h,

W, (h,, - hﬁ‘_) +h,—h,

W

k hy— hﬁv

3.6 PSYCHROMETRIC CHART

It is a graphical representation of the various thermodynamic properties of moist air.
The psychrometric chart is very useful for finding out the properties of air (which are
required in the field of air conditioning) and eliminate lot of calculations. There is a dight
variation in the charts prepared by different air-conditioning manufactures but basically they
are dl alike. The psychrometric chart is normally drawn for standard atmospheric pressure of
760 mm of Hg (or 1.01325 bar).
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Fig. 6 Psychrometric chart.

In a psychrometric chart, dry bulb temperature is taken as abscissa and specific
humidity i.e. moisture contents as ordinate, as shown in Fig. 6. Now the saturation curve is



drawn by plotting the various saturation points at corresponding dry bulb temperatures. The
saturation curve represents 100% relative humidity at various dry bulb temperatures. It also
represents the wet bulb and dew point temperatures.

Though the psychrometric chart has a number of details, yet the following lines are
important frpm the subject point of view :

1. Dry bulb temperature lines. The dry bulb temperature lines are vertica i.e. parallel
to the ordinate and uniformly spaced as shown in Fig. 7. Generally the temperature range of
these lines on psychrometric chart is from - 6° C to 45° C. The dry bulb temperature lines are
drawn with difference of every 5°C and up to the saturation curve as shown in the figure. The
values of dry bulb temperatures are also shown on the saturation curve.

2. Specific humidity or moisture content lines. The specific humidity (moisture
content) lines are horizontal i.e. paralel to the abscissa and are also uniformly spaced as
shown in Fig. 16.8. Generally, moisture content range of these lines on psychrometric chart is
from O to 30 g/ kg of dry air (or from O to 0.030 kg / kg of dry air). The moisture content
lines are drawn with a difference of every 1 g (or 0.001 kg) and up to the saturation curve as
shown in the figure.
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Fig.7. Dry bulb temperature lines. Fig. 8. Specific humidity lines.

3. Dew point temperature lines. The dew point temperature lines are horizontal i.e.
parallel to the abscissa and non-uniformly spaced as shown in Fig. 16.9. At any point on the
saturation curve, the dry bulb and dew point temperatures are equal .

The values of dew point temperatures are generally given aong the saturation curve
of the chart as shown in the figure.
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4. Wet bulb temperature lines. The wet bulb temperature lines are inclined straight
lines and non-uniformly spaced as shown in Fig.10. At any point on the saturation curve, the
dry bulb and wet bulb temperatures are equal.

The values of wet bulb temperatures are generally given along the saturation curve of
the chart as shown in the figure.
5. Enthalpy (total heat) lines. The enthalpy (or total heat) lines are inclined straight

lines and uniformly spaced as shown in Fig.11. These lines are paralel to the wet bulb
temperature lines, and are drawn up to the saturation curve. Some of these lines coincide with

the wet bulb temperature lines also.

The values of total enthalpy are given on a scale above the saturation curve as shown
in the figure.

6. Specific volume lines. The specific volume lines are obliquely inclined straight

lines and uniformly spaced as shown in Fig.12. These lines are drawn up to the saturation
curve. The values of volume lines are generally given at the base of the chart.

—— Sp. humidity ——
—— Sp. humidity —

——— Dry bulb temperature ——»

—— Dry bulb temperature —>»

Fig. 11. Enthalpy lines. Fig. 12. Specific volume lines.



7. Vapour pressure lines. The vapour pressure lines are horizontal and uniformly
spaced. Generally, the vapour pressure lines are not drawn in the main chart. But a scale
showing vapour pressure in mm of Hg is given on the extreme left side of the chart as shown

in Fig.13.

30 =

(=) /
5 25 T T
=3 /
E 20 / > >
£ / o °
£ 15 . E E
2 = 2 2
172 B 3 . o
£10 o & o
85 { | 'I
S oEl |

Dry bulb temperature —» —— Dry bulb temperature —»

Fig. 13. Vapour pressure lines. Fig. 14. Relative humidity

lines.

8. Relative humidity lines. The relative humidity lines are curved lines and follow the
saturation curve. Generally, these lines are drawn with values 10%, 20%, 30% etc. and up to
100%. The saturation curve represents 100% relative humidity. The values of relative
humidity lines are generally given aong the lines themselves as shown in Fig. 14.

3.7 PSYCHROMETRIC PROCESSES

The various psychrometric processes involved in air conditioning to vary the
psychrometric properties of air according to the requirement are as follows:

1. Sensible heating, 2. Sensible cooling, 3. Humidification and dehumidification, 4.
Cooling and adiabatic humidification, 5. Cooling and humidification by water injection, 6.
Heating and humidification, 7. Humidification by steam injection, 8. Adiabatic chemical
dehumidification, 9. Adiabatic mixing of air streams.

We shall now discuss these psychrometric processes, in detail, in the following pages.

3.71 Sensible Heating

The hesating of air, without any-change in its specific humidity, is known as sensible
heating. Let air at temperature td, passes over a heating coil of temperature tqs, as shown in
Fig. 15 (). It may be noted that the temperature of air leaving the heating coil (tq2) will be
less than tqs. The process of sensible heating, on the psychrometric chart, is shown by a
horizontal line 1-2 extending from left to right as shown in Fig.15 (b). The point 3 represents
the surface temperature of the heating coil.

The heat absorbed by the air during sensible heating may be obtained from the
psychrometric chart by the enthalpy difference (h2 - h1) as shown in Fig. 15 (b). It may be
noted that the specific humidity during the sensible heating remains constant (i.e. W1 = W>).



The dry bulb temperature increases from tqs, to tq> and relative humidity reduces from @1, to
@2 as shown in Fig. 15 (b). The amount of heat added during sensible heating may also be
obtained from the relation:

Heat added, q

h, —h,
Cpa Cp—ty) + We, (15 —1,) ’
(Cm =W cm) (p—1,) = Cpm. (tp—1,)

The term (c,, + W c,) is called humid specific heat (c,,) and its value is taken as 1.022
kJ /kg K.
o .- Heat added, q = 1.022 (¢, —t,) kl/kg

Heating coil

=
i
b

—— Sp. humidity—s

th 1o ts
—— Dry bulb temperature —»

* L Steam
= o 2
(a) Psychrorretric process. (b) Psychrometric chart.

Fig.15 Sensible heating

Notes: 1. For sensible heating, steam or hot water is passed through the heating coil. The
heating coil may be electric resistance coil.

2. The sensible heating of moist air can be done to any desired temperature.

3.72 Sensible Cooling

The cooling of air without any change in its specific humidity, is known as sensible
cooling. Let air at temperature rd, passes over a cooling coil of temperature tqz as shown in
Fig. 16 (a). It may be noted that the temperature of air leaving the cooling coil (ts2) will be
more than tg3. The process of sensible cooling, on the psychrometric chart, is shown by a
horizontal line 1-2 extending from right to left as shown in Fig. 16
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(a) Psychrometric process. ®  (b) Psychrometric chart.

Fig. 16 Sensible cooling.



The heat rgjected by air during sensible cooling may be obtained from the
psychrometric chart by the enthalpy difference (h1 — h,) as shownin Fig. 16(b).

It may be noted that the specific humidity during the sensible cooling remains
constant (i.e.W1= W>). The dry bulb temperature reduces from tq: to te> and relative humidity
increases from @1 to @» as shown in Fig. 16(b). The amount of heat rejected during sensible
cooling may also be obtained from the relation:

Heat rejected, q=h-hs
= Cpa (tdl‘ td2) +W Cps(tdl - td2)
= (Cpa"' w Cps) (tdl - td2) =Cpm (tdl - td2)

The term (Cpat+ W Cys) is called humid specific heat (Com) and its value is taken as 1.022 kJ
/kg K.

- Heat rejected, g = 1.022 (ta1 - taz) kJkg
For air conditioning purposes, the sensible heat per minute is given as
SH = ma Cpm At=vp Cpm At kI/min .. (*m=vp)
where v = Rate of dry air flowing in m¥min,
p = Density of moist air at 20° C and 50% relative humidity
=1.2kg/ m3of dry air,
Cpm = Humid specific heat = 1.022 kJ /kg K, and
A t =tq1 - teo= Difference of dry bulb temperatures between
the entering and leaving conditions of air in ° C.
Substituting the values of p and cp,,, in the above expression, we get
SH=vx12x1022xAt=12264v x AtkJImin

= LEEOINXAT  o0B04d v Akl or BW

60
.. (-0 1kl/s=1kW)

3.73 By-pass Factor of Heating and Cooling Coil

The temperature of the air corning out of the apparatus (tq2) will be less than *tgs in
case the coil isaheating coil and more than tq3 in case the coil is a cooling coil.

Let 1 kg of air at temperature tq: is passed over the coil having its temperature (i.e.
coil surface temperature) tqs as shownin Fig. 17.



A little consideration will show that when air passes over a coil, some of it (say x kg)
just by-passes unaffected while the remaining (1 - X) kg comes in direct contact with the coil.
This by-pass process of air is measured in terms of a by-pass factor. The amount of air that

by-passes or the by-pass factor depends upon the following factors :

1. The number of fins provided in aunit length i.e. the pitch of the cooling cail fins;
2. The number of rowsin acoil in the direction of flow; and

3. The velocity of flow of ar.

It may be noted that the by-pass factor of a cooling coil decreases with decrease in fin
spacing and increase in number of rows.

f d1 ’ ,J/ pp ‘
J

v ? lh
1kg‘—|—> ng tdS —_’1kg
Altrm—-»“_x) — > Air out
(tn) —r’ kg —> (t)
577777‘,’.’.'""
Fig.17. By-pass factor
Balancing the enthal pies, we get
pm ’dl + (l = l‘) Cpm d3
= | x Com L ...(whcrch=Speciﬁc humid heat)
or X(tp=ty) = ty~t,
S il 1)
laz =g

where x is called the by-pass factor of the coil and is generally written as BPF. Therefore, by-pass
factor for heating coil, '

, A3, .
BPF = 442 | lay
lay =1y

Similarly, *by-pass factor for cooling coil,

t;, =1t |
BPF = 4243 |
tay = a3 :
The by-pass factor for heating or cooling coil may also be
obtained as discussed below :



Let the air passes over a heating coil. Since the temperature distribution of air passing
through the heating coil is as shown in Fig.18. therefore sensible heat given out by the coil.

Air hanling system

where
U = Overdl hest transfer coefficient,
Ac = Surface area of the coil, and
tm = Logarithmic mean temperature difference.

We know that logarithmic mean temperature difference,

-. (D)

b=t ta—1
fo= d2__dl__ and BPF = 242
og, | =—
Taz — i
lya —lay

'n = Tog, (1/ BPF)
Now the equation (i) may be written as

tyy—t j
d2  “dl - |
0 = UxA x —2 4 ... (i)
5 c
log, (1/ BPF) |
We have already discussed that the heat added during sensible heating,
Qs = m, cpm (tdz R Idl) se= (iii)
where ¢,,, = Humid specific heat = 1.022 kJ/kg K, and
m, = Mass of air passing over the coil.

Equating equations (i) and (iif), we have

UA. = m,c,, log,_ (1/BPF)

- 1 ) UA_
g, BPF oy m, Cc pmi
or og, (BPF) = — S

S SR
BPF — e \Macem)_  \102m,

... (iv)



Proceeding in the same* way as discussed above, we can derive the equation (iv) for a
cooling cail.

Note: The performance of a heating or cooling coil is measured in terms of a by-pass factor.
A coil with low by-pass factor has better performance.

3.74 Efficiency of Heating and Cooling Coils
Theterm (1 - BPF) isknown as efficiency of coil or contact factor.

=~ Efficiency of the heating coil,

fio = 1 ~BPF=1- ln—tan _ o —lar
Hy = B i
tn=ta sz~ ta

Similarly, efficiency of the cooling coil,

e = I tax —1g3 _ sy —la>
c = =
Tay — tas Ly —Ta3

3.75 Humidification and Dehumidification

The addition of moisture to the air, without change in its dry bulb temperature, is
known as humidification. Similarly, removal of moisture from the air, without change in its
dry bulb temperature, is known as dehumidification. The heat added during humidification
process and heat removed during dehumidification process is shown on the psychrometric
chartin Fig. 19 (a) and (b) respectively.

Ultrasonic humidification system

It may be noted that in humidification, the relative humidity increases from @1 to @>
and specific humidity also increases from W1 to W2 as shown in Fig. 19 (a). Similarly, in
dehumidification, the relative humidity decreases from @1 to @> and specific humidity also
decreases from W1 to W2 as shown in Fig. 19 (b).
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(a) Humidification. (b) Dehumidification.

Fig. 19 Humidification and dehumidification

It may be noted that in humidification, change in enthalpy is shown by the intercept
(h2 - hy) on the psychrometric chart. Since the dry bulb temperature of air during the
humidification remains constant, therefore its sensible heat also remains constant. It is thus
obvious that the change in enthalpy per kg of dry air due to the increased moisture content
equal to (W2 - W1) kg per kg of dry air is considered to cause a latent heat transfer (LH).
Mathematicaly,

Multiple small plate dehumidification system

LH = (h2 - hy) = heg (W2 - W1) where hyg is the latent heat of vaporization at dry bulb
temperature ().

Notes: 1. For dehumidification, the above equation may be written as:
LH = (h1 — hg) = htg (W1 - W>)

2. Absolute humidification and dehumidification processes are rarely found in
practice. These are aways accompanied by heating or cooling processes.

3. Inair conditioning, the latent heat |oad per minuteis given as

LH:maAh:mahngW:VphngW (-rna:Vp)



where v = Rate of dry air flowing in m3min,
p = Density of moist air = 1.2 kg/m® of dry air,
htg = Latent heat of vaporization = 2500 kJ /kg, and

AW = Difference of specific humidity between the entering and
leaving conditions of

ar = (W2 - W1) for humidification and (W1 — W>) for
dehumidification.

Substituting these values in the above expression, we get

LH =v x 1.2 x 2500 x AW = 3000 v x AW kJmin

3000 v x AW
= T =50 vx AWKkJ/s or kW

3.8 Methods of Obtaining Humidification and Dehumidification

The humidification is achieved either by supplying or spraying steam or hot water or
cold water into the air. The humidification may be obtained by the following two methods:

1. Direct method. In this method, the water is sprayed in a highly atomized state into
the room to be air-conditioned. This method of obtaining humidification is not very effective.

2. Indirect method. In this method, the water is introduced into the air in the air-
conditioning plant, with the help of an air-washer, as shown in Fig. 20. This -conditioned air
is then supplied to the room to be air-conditioned. The air-washer humidification may be

accomplished in the following three ways:

Eliminator ¥ 1
plates Spray | [ nozzles 4
—> AN —>

Airin X AN ’ Air out
— N Tank N s
= b N —>

__'f_‘\_x A —>
—_— T
Make-up = ~jL ________________________ ‘
water |~ =T ooooooToT A
Pump ‘“;S_J/
Heating or
cooling coil

Fig. 20. Air-washer.
(a) by using re-circulated spray water without prior heating of air,

(b) by pre-heating the air and then washing if with re-circulated water, and



(c) by using heated spray water.

The dehumidification may be accomplished with the help of an air-washer or by using
chemicals. In the air-washer system the outside or entering air is cooled below its dew point
temperature so that it loses moisture by condensation. The moisture removal is aso
accomplished when the spray water is chilled water and its temperature is lower than the dew
point temperature of the entering air. Since the air leaving the air-washer has its dry bulb
temperature much below the desired temperature in the room, therefore a heating coil is
placed after the air-washer. The dehumidification may aso be achieved by using chemicals
which have the capacity to absorb moisture in them. Two types of chemicals known as
absorbents (such as calcium chloride) and adsorbents (such as silica gel and activated
alumina) are commonly used for this purpose.

Sensible Heat Factor

As a matter of fact, the heat added during a psychrometric process may be split up
into sensible heat and latent heat. The ratio of the * sensible heat to the total heat is known us
sensible heat factor (briefly written as SHF) or sensible heat ratio (briefly written as SHR).
Mathematicaly,

4 Sensible heat — SH
~ Totalheat ~ SH+LH

where SH = Sensible heat, and
LH = Latent heat.

The sensible heat factor scale is shown on the right hand side of the psychrometric
chart.

3.9 Cooling and Dehumidification

This process is generally used in summer air conditioning to cool and dehumidify the
air. Theair is passed over a cooling coil or through a cold water spray. In this process, the dry
bulb temperature as well as the specific humidity of air decreases. The final relative humidity
of the air is generally higher than that of the entering air. The dehumidification of air is only
possible whén the effective surface temperature of the cooling coil (i.e.tqs) is less than the
dew point temperature of the air entering the coil (i.e., tapt.). The effective surface temperature
of the coail is known as apparatus dew point (briefly written as ADP). The cooling and
dehumidification processis shown in Fig. 21.
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ta1 = Dry bulb temperature of air entering the cail,

tap = Dew point temperature of the entering air = tqz and

tas = Effective surface temperature or ADP of the coil.

Under ideal conditions, the dry bulb temperature of the air leaving the cooling cail
(i.e. tas) should be equa to the surface temperature of the cooling coil (i.e. ADP), but it is
never possible due to inefficiency of the cooling coil. Therefore, the resulting condition of air
coming out of the coil is shown by a point 2 on the straight line joining the points 1 and 4.

The by-pass factor in this case is given by

t4, — ADP
t, — ADP
b, —hy

Also P
BPF = fd2"las _
Iy —lay
W, —W,
BPF = —
W, - W,

hl e Il4

Actualy, the cooling and dehumidification process follows the path as shown by a
dotted curvein Fig. 21(a), but for the calculation of psychrometric properties, only end points
are important. Thus the cooling and dehumidification process shown by a line 1-2 may be
assumed to have followed a path 1-A (i.e. dehumidification) and A-2 (i.e. cooling) as shown
in Fig. 21 (a). We see that the total heat removed from the air during the cooling and

dehumidification processis

g=hs-h2=(h1-ha) +(ha—h2) =LH + SH

where

LH = h; — ha = Latent heat removed due to condensation of

vapour of the reduced moisture content (W1 — W>), and

SH = ha — h2 = Sensible heat removed.

We know that sensible heat factor,



Sensible heat — SH hy, —h,
Totalheat — LH+SH I —h,

SHF =

Note: Theline 1-4 (i.e. the line joining the point of entering air and the apparatus dew point)
in Fig. 21 (b) isknown as sensible heat factor line.

Example 1. In a cooling application, moist air enters a refrigeration coil at the rate of
100 kg of dry air per minute at 35° C and 50% RH. The apparatus dew point of coil is
5° C and by-pass factor is 0.15. Determine the outlet state of moist air and cooling
capacity of cail in TR.

Solution Given: ma = 100 kg/min; ta: = 35°C; @ = 50%; ADP = 5°C; BPF =0.15
Outlet state of moist air
Let ta2, and @> = Temperature and relative humidity of air leaving the cooling coil.

First of al, mark the initial condition of air, i.e. 35° C dry bulb temperature and 50%
relative humidity on the psychrometric chart at point 1, as shown in Fig. 22. From the
psychrometric chart, we find that the dew point temperature of the entering air at point 1,

tope = 23°C

Since the coil or apparatus dew point (ADP) is less than the dew point temperature of
entering air, thereforeit is a process of cooling and dehumidification.

We know that by-pass factor,
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From the psychrometric chart, we find that the relative humidity corresponding to adry bulb
temperature (tq2,) of 9.5°Con theline 1-4 is @2 = 99%. Ans.

Cooling capacity of the coil

The resulting condition of the air coming out of the coil is shown by point 2, on the
line joining the points 1 and 4, as shown in Fig. 22. The line 1-2 represents the cooling and
dehumidification process which may be assumed to have followed the path 1-A (i.e.
dehumidification) and A-2 (i.e. cooling). Now from the psychrometric chart, we find that
enthalpy of entering air at point 1,



hi= 81 kJ/kg of dry air
and enthalpy of air at point 2,
ho= 28 kJ/kg of dry air
We know that cooling capacity of the coil
= ma(hs- h2) = 100 (81 - 28) = 5300 kJ/min
=5300/210=25.24 TR Ans. ....(* 1 TR = 210 kJ/min)

Example 2. 39.6 m3min of a mixture of re-circulated room air and outdoor air enters
cooling coil at 31°C dry bulb temperature and 18.5°C wet bulb temperature. The
effective surface temperature of the coil is 4.4°C. The surface area of the coil is such as
would give 12.5 kW of refrigeration with the given entering air state. Determine the dry
and wet bulb temperatures of theair leaving the coil and the by-passfactor.

Solution: Given: vi= 39.6 m¥min; ts= 31°C; twt = 18.5°C; ADP=tw= 4.4°C; Q=125
kW =12.5kJ/s=12.5 x 60 kJ/min

Dry and wet bulb temperature of theair leaving the coil
Let tq2 and tw2 = Dry and wet bulb temperature of the air leaving the coil.

First of al, mark the initial condition of air, i.e. 31°C dry bulb temperature and
18.5°C wet bulb temperature on the psychrometric chart at point 1, as shown in Fig. 23. Now
mark the effective surface temperature (ADP) of the coil at 4.4°C at point 4.

From the psychrometric chart, we find that enthalpy at point 1
/'. n

N
& by

h: =52.5kJ/ kg of dry air

Enthalpy at point 4, o & s ’2?3%\ : "
\ 2 NI T !
ha= 17.7kJkg of dry air : \/V/T\e -,
ADPNZZ " - fete L2 W,
Specific humidity at point 1 ‘ L _ :l : >
I ! :
W; = 0.0082 kg / kg of dry air = e

—— Dry bulb temperature, °C —>

Specific humidity at point 4,

W= 0.00525 kg / kg of dry air
Specific volume at point

Va1, = 0.872m% kg

We know that mass flow rate of dry air at point 1,

—— Sp. humidity —»



= = =44.41 kg/min
Ma = . 0872 e
and cooling capacity of the coil,
e Q = m, (h,—hy)
QO 12.5%60

—h, = =——" " =16.89 kJ/ kg of dry air
= A== Al

h, = h,—16.89=525-16.89 = 35.61 kJ / kg of dry air

'.I'.he equation for the condition line - 1-2—4 is given as
W, —W, _hy—hy
W -W, - by —hy
W,—-0.00525 _ 35.61-17.7
0.0082—0.00525 52.5-17.7

W, = 0.006 77 kg / kg of dry air

Now plot point 2 on the psychrometric chart such as enthalpy, h, = 35.61 kJ/kg of dry
air and specific humidity, W> = 0.00677 kg/kg of dry air. At point 2, we find that

tex = 18.5°C; and twz = 12.5°C Ans.
By-pass factor

We know that by-pass factor,

3.10 Heating and Humidification

This process is generally used in winter air conditioning to warm and humidify the
air. It is the reverse process of cooling and -- dehumidification. When air is passed through a
humidifier having spray water temperature higher than the dry bulb temperature of the
entering air, the unsaturated air will reach the condition of saturation and thus the air becomes
hot. The heat of vaporization of water is absorbed from the spray water itself and hence it
gets cooled. In this way, the air becomes heated and humidified. The process of heating and
humidification is shown by line 1-2 on the psychrometric chart as shown in Fig. 24.

Active desiccant system.

The air enters at condition 1 and leaves at condition 2. In this process, the dry bulb
temperature as well as specific humidity of air increases. The fina relative humidity of the air
can be lower or higher than that of the entering air.
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Fig.24 heating and humidification
Let mw1 and M2 = Mass of spray water entering and leaving the humidifier in kg,
hrw1 and hrwe = Enthal py of spray water entering and leaving the humidifier in kJ/kg,
W1 and W> = Specific humidity of the entering and leaving air in kg/kg of dry
h: and h2 = Enthalpy of entering and leaving air in kJ/kg of dry air, and
ma = Mass of dry air entering in kg.
For mass balance of spray water,

(mwz — Mw2) = Ma (W2 - Wa)

Mz = M1 - Ma (W2 — W1) ... (i)
or and for enthalpy balance,
M1 hfwi = Mz htwz = Ma(hz — hy) .. (ii)

Substituting the value of mw2 from equation (i), we have
M1 hewa — [ Mz - Ma (W2 - W1)] hiwe

=ma(h2 — hy)
m,
hy = hy = =% (g = b)) + (W= W) g,y

The temperatures ts1 and te shown in Fig. 24 (a) denote the temperatures of entering
and leaving spray water respectively. The temperature 13 is the mean temperature of the
spray water which the entering air may be assumed to approach.

Actually, the heating and humidification process follows the path as shown by dotted
curve in Fig. 24(b), but for the calculation of psychrometric properties, only the end points
are important. Thus, the heating and humidification process shown by a line 1-2 on the
psychrometric chart may be assumed to have followed the path 1-A (i.e. heating) and A-2



(i.e. humidification), as shown in Fig. 24(b). We see that the total heat added to the air during
heating and humidification is

g=ha—hi=(h2—hy) +(ha-h)=0q+0s

where g= (h2 - ha) = Latent heat of vaporization of the increased
moisture

content (W2 —W3y), and
gs = (ha - hi) = Sensible heat added

We know that sensible heat factor,

P e Sensible heat _ g5 O _ -k

TOla] heat q qS +(IL h2 "h]
Note: Theline 1-2in Fig. 24 (b) is called sensible heat factor line.
3.11 Heating and Humidification by Steam I njection

The steam is normally injected into the air in order to increase its specific humidity as
shown in Fig. 25 (a). This process is used for the air conditioning of textile mills where high
humidity is to be maintained. The dry bulb temperature of air changes very little during this
process, as shown on the psychrometric chart in Fig. 25 (b).

Let ms = Mass of steam supplied,

ma = Mass of dry air entering,
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(@) Psychrometric process. (b) Psychrometric chart.
Fig.25 heating and humidification by steam injection
W 1= Specific humidity of air entering,
W> = Specific humidity of air leaving,
h; = Enthalpy of air entering,

h, = Enthalpy of air leaving, and



hs = Enthalpy of steam injected into the air.

Now for the mass balance,

N0,

and for the heat balance,

m
hy=h,+ j xh=h+(W,-W)h [From equation (i)]

Example 3: Atmospheric air at a dry bulb temperature of 16° C and 25% relative
humidity passes through a furnace and then through a humidifier, in such a way that
the final dry bulb temperature is 30° C and 50% relative humidity. Find the heat and
moisture added to the air. Also deter mine the sensible heat factor of the-process.

Solution: Given: tg = 16° C; @1 = 25% ; tg2 = 30° C; 42 = 50%
Heat added to the air

First of al, mark theinitial condition of air i.e. a 16°C dry bulb temperature and 25%
relative humidity on the psychrometric chart a point 1, as shown in Fig. 16.47. Then mark
the final condition of air at 30° C dry bulb temperature and 50% relative humidity on the
psychrometric chart at point 2. Now locate the point A by drawing horizontal line through
point 1 and vertical line through point 2. From the psychrometric chart, we find that enthal py
of air at point 1,

hy = 23 kl/kg of dry air
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Enthalpy of air at point A,
ha = 38 kJ/kg of dry air

and enthalpy of air at point 2,



ho = 64 lalkg of dry air
- Hest added to the air
= hp- hy= 64 - 23 = 41 kJ/kg of dry air Ans.
Moisture added to the air
From the psychrometric chart, we find that the specific humidity in the air at point 1,
W31 =0.0026 kg/kg of dry air
and specific humidity in the air at point 2,
W> =0.0132 kg /kg of dry air
-~ Moisture added to the air
=W> - W7 =0.0132 - 0.0026 = 0.0106 kg/kg of dry air Ans.
Sensible heat factor of the process
We know that sensible heat factor of the process,

e hy, —h _38-23
= h, = h 64-23

=0.366 Ans.

Example 4: Air at 10°C dry bulb temperature and 90% relative humidity isto be ated
and humidified to 35°C dry bath temperature and 22.5°C wet bulb temperature. The
air is pre-heated sensibly before passing to the air washer in which water is re-
circulated. The relative humidity of the air coming out of the air washer is 90%. This
air is again reheated sensibly to obtain the final desired condition. Find: 1. the
temperature to which the air should be preheated. 2. the total heating required; 3. the
makeup water required in the air washer ; and 4. the humidifying efficiency of the air
washer .

Solution: Given : tq = 10°C; @01 = 90%; t42,=35°C; tw2=22.5°C

First of al, mark theinitial condition of air i.e. a 10°C dry bulb temperature and 90%
relative humidity, on the psychrometric chart at point 1, as shown in Fig. 16.48. Now mark
the final condition of air i.e. at 35° C dry bulb temperature and 22.5° C wet bulb temperature
at point 2.

From point | , draw a horizontal line to represent sensible heating and from point 2
draw horizontal line to intersect 90% relative humidity curve at point B. Now from point B,
draw a constant wet bulb temperature line which intersects the horizontal line drawn through
point 1 at point A. The line 1-A represents preheating of air, line AB represents
humidification and line 8-2 represents reheating to final condition.
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1. Temperature to which the air should be preheated

From the psychrometric chart, the temperature to which the air should be preheated
(corresponding to point A) is4 taa = 32.6°C Ans.

2. Total heating required
From the psychrometric chart, we find that enthalpy of ,air at point 1.
hy =27.2 kJ/kg of dry air
Enthalpy of air at point A,
ha =51 kJ/kg of dry air
and enthalpy of air at point 2,
ho = 68 kJ/kg of dry air
We know that heat required for preheating of air
= ha- hy =51- 27.2 = 23.8 kJ/kg of dry air
and heat required for reheating of air
= hy- hg= 68 - 51 = 17 kJ/kg of dry air

=~ Total heat required = 23.8+ 17 = 40.8 kJkg of dry air Ans.

3. Make up water required in the air washer
From the psychrometric chart, we find that specific humidity of entering air,

W1 =0.0068 kg /kg of dry air



and specific humidity of leaving air,
W> =0.0122 kg /kg of dry air
=~ Make up water required in the air washer
=Wg—-Wa=W2-W,
=0.0122 - 0.0068 =0.0054 kg/kg of dry air Ans.
4. Humidifying efficiency of the air washer
From the psychrometric chart, we find that
tas = 19.1°C and tgs = 18°C
We know that humidifying efficiency of the air washer,

‘Actual drop in DBT _ 1,,
4 = Ideal drop in DBT

32.6—-19.1 135
32.6-18 146

—le

Tian — g

=0.924 or 92.4% A

3.12 Heating and Dehumidification -Adiabatic Chemical Dehumidification

This process is mainly used in industrial air conditioning and can aso be used for
some comfort air conditioning installations requiring either a low relative humidity or low
dew point temperature in the room.

In this process, the air is passed over chemicals which have an affinity for moisture.
As the air comes in contact with these chemicals, the moisture gets condensed out of the air
and gives up its latent heat. Due to the condensation, the specific humidity decreases and the
heat of condensation supplies sensible heat for heating the air and thus increasing its dry bulb
temperature.
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The process, which is the reverse of adiabatic saturation process, is shown by the line 1-2 on
the psychrometric chart as shown in Fig. 28. The path followed during the process is along
the constant wet bulb temperature line or-constant enthalpy line.

The effectiveness or efficiency of the dehumidifier isgiven as

_ Actual increase in dry bulb temperature

tiy =t
d
Ty = 3=t

Ideal increase in dry bulb temperature A

Notes: 1. In actual practice, the process is accompanied with a release of heat called heat of
adsorption, which is very large. Thus the sensible heat gain of air exceeds the loss of latent
heat and the process is shown above the constant wet bulb temperature linein Fig. 28.

2. Two types of chemicals used for dehumidification are absorbents and adsorbents.
The absorbents are substances which can take up moisture from air and during this process
change it chemically, physically or in both respects. These include water solutions or brines
of calcium chloride, lithium chloride, lithium bromide and ethylene glycol. These are used as
air dehydrators by spraying or otherwise exposing a large surface of the solution in the air
Stream.

The adsorbents are substances in the solid state which can take up moisture from the
air and during this process do not change it chemically or physically. These include silca gel
(which is a form of silicon dioxide prepared by mixing fused sodium silicate and sulphuric
acid) and activated alumina (which is a porous amorphous form of aluminum oxide).

Example 5: Saturated air at 21° C is passed through a drier so that its final relative
humidity is 20%. The drier uses silica gel adsorbent. The air is then passed through a
cooler until its final temperature is 21° C without a change in specific humidity.
Determine : 1. the temperature of air at the end of the drying process; 2. the heat
rgected during the cooling process ; 3. the relative humidity at the end of cooling
process; 4. the dew point temperature at the end of the drying process ; and 5. the
moistureremoved during the drying process.

Solution: Given: ta1, = tas = 21°C; @2= 20%
1.Temperature of air at the end of drying process

First of al, mark the initial condition of air i.e. at 21°C dry bulb temperature upto the
saturation curve (because the air is saturated) on the psychrometric chart at point 1, as shown
in Fig. 29. Since the drying process is a chemical dehumidification process, therefore-. it
follows a path aong-the-constant wet bulb temperature or the constant enthalpy line as
shown by the line 1- 2 in Fig. 29. Now mark the point 2 at relative humidity of 20%. From
the psychrometric chart, the temperature at the end of drying process at point 2, te> = 38.5°C
Ans.
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2. Heat rgected during the cooling process

The cooling process is shown by the line 2-3 on the psychrometric chart as shown in
Fig.29. From the psychrometric chart. we find that enthalpy of air at point 2.

h = 61 kJ /kg of dry air
and enthalpy of air at point 3,
hz = 43 kJ/kg of dry air
= Heat rejected during the cooling process
= hy - hs = 61— 43 = 18 kJ/kg of dry air A ns.
3. Relative humidity at the end of cooling process

From the psychrometric chart, we find that relative humidity at the end of cooling
process (i.e. at point 3),

@3 =55% Ans.
4. Dew point temperature at the end of drying process

From the psychrometric chart, we find that the dew point temperature at the end of the
drying process,

tgp2 = 11.6° C Ans.
5. Moisture removed during the drying process

From the psychrometric chart, we find that moisture in air before the drying process at
point 1,

W1 =0.0157 kg/kg of dry air
and moisturein air after the drying process at point 2,

W> =0.0084 kg/kg of dry air



MODULE 4
COMPRESSIBLE FLOW



INTRODUCTION

A compressible flow is that flow in which the density of the fluid changes during flow.
All real fluids are compressible to some extent and therefore their density will change
with change in pressure or temperature. If the relative change in density Ap/p is small, the
fluid can be treated as incompressible. A compressible fluid, such as air, can be
considered as incompressible with constant p if changes in elevation are small,
acceleration is small, and/or temperature changes are negligible. In other words, if
Mach’s number U/C, where C is the sonic velocity, is small, compressible fluid can be
treated as incompressible.

» The gases are treated as compressible fluids and study of this type of flow is often
referred to as ‘Gas dynamics’. * Some important problems where compressibility effect
has to be considered are : (i) Flow of gases through nozzles, orifices ; (ii) Compressors;
(iii) Flight of aeroplanes and projectiles moving at higher altitudes ; (iv) Water hammer
and acoustics.

 ‘Compressibility’ affects the drag coefficients of bodies by formation of shock waves,
discharge coefficients of measuring devices such as orificemeters, venturimeters and pitot
tubes, stagnation pressure and flows in converging-diverging sections.

BASIC EQUATIONS OF COMPRESSIBLE FLUID FLOW

The basic equations of compressible fluid flow are : (i) Continuity equation, (ii)
Momentum equation, (iii) Energy equation, and (iv) Equation of state.

16.2.1. Continuity Equation

In case of one-dimensional flow, mass per second = Pav (where p = mass density, A =
area of cross-section, V = velocity)

Since the mass or mass per second is constant according to law of conservation of mass,

therefore, pAV = constant



Dhnfferentiating the above equation, we get
d(pAV) =0 or pdiAV) + AVdp =0

or pATV + Vdd) = AVdp = 0 or pAdV + pVdd + AVdp =0

Drnding both sides by pAV and rearrangsing, we zet
IIJT_FI"'E"'E—EI (16.2)
n A V< [ 16.

Eqn. (16.2) 15 also known as equation of confimuty m differential form.

16.2.2. Momentum Equation

The momentum eguation for compressible flmds 15 similar to the one for incompressible
fluids. This 15 because in momentum equation the change in momentum flux iz eguafed fo force
reguired fo cause thiz change.

Momentum flux = mass flux x veloaty = pAV = ¥

But the mass flux e, pAV = constant ..By conbinmunty equation

Thus the momentum equation 15 completely independent of the compressibility effects and
for compressible fhinds the momentum equation, say in X-direction, mayv be expressed as :

IF, = (pAVV ), — (pAVV .} -(16.3)
16.2.3. Bernoulli's or Energy Equation
As the flow of compressible flind 1s steady, the Euler equation 1s grven as :

fel
i VdV + gdz =0 --(16.4)

J ﬂT—P+J E-’:ﬂ-’+J Eidz = constant

or J —— + — + g7 = constant . 16.5)

In compressible flow since p 1s not constant it cannot be taken outside the integration sign.

In compressible flinds the pressure (p) changes with change of density (p), depending on the type of
process. Let us find out the Bernoull's equation for isothermal and adiababic processes.

ia) Bernoulli's or energy equation for isothermal process :
In case of an 1sothermal process,
P
Pu = constant or E = constant = ¢; (=zay)

{where v = specific volume = Lip)

Hence J‘d_p=J‘;fo1=J‘E1?=“1J%=flluﬁﬁfp=glﬂﬁ‘-p[? r:1=§]

Euhsumungthevalueufj in egn. (16.5), we get

P i
- + — + g= = constant
0 log, » 5 &



Drnding both mides by g, we get

p Ve )
E log_p + E+E = constant .--(16.6)
Eqgn. (16.6) 15 the Bernoull's equation for compressible flow undergoing 1sothermal process.

&) Bernoulli’s equation for adiabatic process :
In case of an adiabatic process,

il
pv¥ = constant or —— = constant = ¢, (say)

p'l"
Ly
F,T=£M=[£]
E:I- E.-_..
dp dp i 1 il
Heune_[_= —— = =le) T —L-—JP='E'|TJP " dp
p T ey T T TS
—=+1 [J__l| 1-1
w| 2! e ip) Ty 1y [ v |
(q) = = (ea )77 ()
S
| | T

v ) 2 | 5
(5| 2 |
p T
1l 5-1

_[ ¥ ]@r’ T':{ ¥ ]g
—hr-1 p T-1]p

dp
wubstituting the value of J ? I eqn. (16.6), we get

vﬂ
{ﬁ]%+?+gﬁ = constant

Dividing both sides by 2, we get

1_;-3
[ﬁ]é +E + 7 = constant L A1ET

Egn. (16.7) 15 the Bernoulli'’s equation for compressible flow undergsoing adiabatic process.



PROPAGATION OF DISTURBANCESIN FLUID AND VELOCITY OF SOUND

The solids as well as fluids consist of molecules. Whereas the molecules in solids are
close together, these are relatively apart in fluids. Consequently whenever there is a
minor disturbance, it travels instantaneously in case of solids ; but in case of fluid the
molecules change its position before the transmission or propagation of the disturbance.
Thus the velocity of disturbance in case of fluids will be less than the velocity of the
disturbance in solids. In case of fluid, the propagation of disturbance depends upon its
elastic properties. The velocity of disturbance depends up on the changes in pressure and
density of the fluid. The propagation of disturbance is similar to the propagation of sound
through a media. The speed of propagation of sound in a media is known as acoustic or
sonic velocity and depends upon the difference of pressure. In compressible flow,

velocity of sound (sonic velocity) is of paramount importance.

Derivation of Sonic Velocity (velocity of sound)

Consider a one-dimensional flow through long straight rigid pipe of uniform cross-
sectional area filled with a frictionless piston at one end as shown in Fig. 16.1. The tube
is filled with a compressible fluid initially at rest. If the piston is moved suddenly to the
right with a velocity, a pressure wave would be propagated through the fluid with the

velocity of sound wave.



Sicton Rigid Wave front
pipe r
FEA S A EEE T RES FEFESERREEE BTSN TREEEE

t =l
&

P SR TR RN FFFFFFrFrrrrsr’” .-"E.r x r;'..r.r..";
—»  de=Wdt je— (dL-dx)

|47 (dL = Cdt) 4-{

Fig. 16.1. One dirmensional pressure wove propagniion.
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Let A = cross-sectional orea of the pipe,
V = pston velocity,
p = fhnd pressure in the pipe before the piston movement,
p = flmd density before the piston movement,
gt = a small interval of time during which piston moves, and
C = velooity of pressure wave or sound wave (travelling in the flhod).
Before the movement of the piston the length &L has an imitial density p, and its total mass
=pxdl x A
When the piston moves through a distance dr, the flud density within the compressed
rezion of length (dL — dx) will be increased and becomes (p + dp) and subsequently the total mass
nfﬂmdmthemmpeasedr@un_[p+dp}ﬁ dx)x A
L prdl=xA=(p+dp)idl —dx)x A ..bv principle of contimauty.
But dl = O dt and dx = Vdt ; therefore, the above equation becomes
pCdt = (p + dp) (C - V) dt
pPC=p+dp) (C=Vimw pC=pC-pV+dp. C—dp. V

or,
oF, 0=-pV+dp. C—-dp. V¥V
Neglecting the term dp.V (V being much smaller than ), we get
pV
dp . C=pVer C = :Tp .-.{16.8)

Further in the region of compressed fluid, the flind particles have attsaned a velooty whach
1s apparently equal to V (velocity of the piston), sccompanied by an increase in pressure dp due to
sudden motion of the piston. Applying inpulse-momentum equation for the fluid in the compressed
region during of, we et

dpxAxdt = prxdlxA(V-0)
(force on the fluid)  (rate of change of momentum)
dL Calt
or, dp = F'EV IH?!V pCV (s dL = Cdt)
c- 2 16.9
oF, = |I."V L1169
Multiplying eqns. (16.8) and (16.9), we get
oV dp dp
=gy * o7 =3



E
16.3.2. Sonic Velocity in Terms of Bulk Modulus
The bulk modulus of elasticty of flmd (K) is defined as
dp
E= _(E]

&

o

where, dv = decrease in volume, and ¢ = original volume
[—ve sgn mdicates that volume decreases with Increase In pressure)

1
Alzo, volume o = E, or vp = constant
Dhifferentiating both sides, we get
dv_dp
v

vdp + pdv =0 or — =?

substtuting the value of — E[:%] from eqn. (1), we get
U
do _dp dp K

E- 3 %"

dp
cubstituting this value of ?p in eqn. (16.10]), we get

c I'E
“Ve
Egn. (16.11) is applicable for hquds and gases.
16.3.3. Sonic Velocity for Isothermal Process

r
For 1sothermal process : E = gonstant
Differentiating both smdes, we get
p.dp—p.dp dp p.dp
—= =0 or —-——= =0
P P p
dp  p.dp dp _p
or —=—=— or —=— =RT
p p dp p

.-[16.10)

1)

.(16.11)

-{16.12)

P_RT ...equation of st-ute]
P

d;
oubstituting the value of d_JI; in eqgn. (16.10), we get

—

C=1,|I§ = J/RT

..[16.13)



16.3.4. Sonic Velocity for Adinbatic Process

For isentropic (reversible adiabatic) process - ﬂ,{ = constant

or P . P = constant

Differentiating both sides, we have p(- ¥i. p™dp + pdp =0

Dividing both sides by p, we get
—pyptdp+dp=Dordp=pypdp

dp p . P
£ _E . _ BT ;. ==RT
o dp |JT ; . P
Substituting the value of j—"l; n egn. (16.10), we get
C= [T (1614

The following points are worth noting :

(i) The processis assumed to be adiabatic when minor disturbances are to be propagated

through air ; due to very high velocity of disturbances/pressure waves appreciable heat

transfer does not take place.

(ii) For calculation of velocity of the sound/pressure waves, isothermal process is
considered only when it is mentioned in the numerical problem (that the process is

isothermal). When no process is mentioned in the problem, calculation are made

assuming the process to be adiabatic.
MACH NUMBER

The mach number is an important parameter in dealing with the flow of compressible

fluids, when elastic forces become important and predominant.

Mach number is defined as the square root of the ratio of the inertia force of a fluid to

the elastic force.

Mnertis force | pAV”
- Mach mumber, M= | oaforce  pd
| Elastic foree | EA

=)

V vV v —
= = = v oEKip=C _Eqgn (1611
| Kip y"E_JrI:' C [ Elp qn. | I
v
M=F (1615)
Thus. u Veloeity at a point in a flud

- Velocity of sound at that point at a given instant of fime



Depending on the value of Mach number, the flow can be classified as follows:

1. Subsonic flow : Mach number islessthan 1.0 (or M < 1) ; inthiscase V < C.

2. Sonic flow : Mach number isequal to 1.0 (or M =1) ; inthiscase V= C.

3. Supersonic flow : Mach number is greater than 1.0 (or M > 1) ; inthiscase V > C.
When the Mach number in flow region is slightly less to dightly greater than 1.0, the
flowis termed as transonic flow.

The following points are worth noting:

(i) Mach number is important in those problems in which the flow velocity is comparable
with the sonic velocity (velocity of sound). It may happen in case of airplanes travelling
at very high speed, projectiles, bullets etc.

(if) If for any flow system the Mach number is less than about 0.4, the effects of
compressibility may be neglected (for that flow system).

STAGNATION PROPERTIES

The point on the immersed body where the velocity is zero is called stagnation point. At
this point velocity head is converted into pressure head. The values of pressure (ps),
temperature (Ts) and density (pS) at stagnation point are called stagnation properties.
16.6.1. Expression for Stagnation Pressure (ps) in Compressible Flow

Consider the flow of compressible fluid past an immersed body where the velocity
becomes zero. Consider frictionless adiabatic (isentropic) condition.

Let us consider two points, O in the free stream and the stagnation point S as shown in
Fig. 16.4.

Let, pO = pressure of compressible fluid at point O,

VO = velocity of fluid at O,

p0 = density of fluid at O,

TO = temperature of fluid at O,



and p, V. p, and T, are corresponding values of Streamlines -

pressure, velocity density, and temperature at point A\ / S

3. : / T, !E'-.E
Applying Bernoulli’s equation for adiabatic - '_lI . _ Body

(frictionless) flow at points @ and S, (ziven by

¥y r

eqn. 16.7), we et O

- S (stagmation point
a 3
T | B W, "
T-1)pog 28 v-1/p.g Zg \ —

But 75 = z_ ; the above equation reduces to —
[ Y | = +1r;ﬁ _( ¥ ] B V2 Fig. 16.4. Stagnation properties.
v—1)ppe 2g \Y¥-1llpg Z2g

Canealling ‘" on both the sides, we have

3 a

e

T-1)pg 2 T-1jp, 2

At point 5 the wvelocity is zere, e, V, = 0 ; the above equation becomes

o

2
r 2
or, [ ¥ ]ﬂ[l—&}:p—n]=_1}_ﬂ
' T—-1) g P: Po 2
- [ ¥ ]ﬂ[l_&xﬂ]=_ﬁ i
T-1)Po Py P 2
1
qudiuhuﬁcprms:ﬂ=ﬁnri=pi_;mﬂ=[i]r )
pIII.r p:'l" Py P Ps F2
substtufing thevulueufl;ﬁinaqn. (1), we gat
L]
1
= r 3
[ ¥ ]r-n 1_&;{[&]? __ W
T—1)Po Py | P 2
1-= 3
or [ ¥ ]ﬂjl_[&] " __ W
¥-1 Pnl Po 2
¥-1]
¥ a
or. 1_[ﬂ] =_i[1;1]&
Mo 2 T Do
-1

20y _1 ——
or, 1. ¥ [ ' ]ﬂ BT (i
2 T 'Pp Po



For adiabatic process, the somic velocity 1s given by,

_ AT =42 [ E:Rr]
C=x Ve p
) | Po - P
For pont O, Cy= \?qu‘]_=?a

oubstituting the value of I;h = Cﬂ'-' in egn. (iic), we get
(]

1|;_;I"'_"
l+i[':'—llx—1.r= LA
2 Cy~ | Pa

- -1
D | Y
1 (v—11=|=—=
"y’ [Pn]
. -1 - \
My~ IAE [ b _ :J
1+ — (f-1)=|= C =M
+ 2 '[T :' [ ] | CI:I
-1
(&) -]
m -
P _ =
;:=[1+(T21]Mu“ "1 {iv)
1 T
Y- y-1
p:=pn[1+( 5 ]Mf} (16.17)

Egn. (16.17) gives the value of stagnation pressure.

Compressibility correction factor :

If the mght hand side of eqn. (16.17) 15 expanded by the binomial theorem, we get

- Tag2 Yapd, Y2-7) .6

2 2
M2 M 2- )
P -"ﬂ'; i [1+ s MTMU"I-F'”J -(16.18)
- Tk'?,]z_ W =‘-’T:13Pﬂ [ {:u9=ﬂ]
Pa

But: Mﬂ'=F—EL -m:l
e



cubstituting the value of M[;-F in eqn. (16.18), we get

r2 2 9_
p:= pu+ %Tx‘h_pu[l+ﬂ%+i.un¢+...]

og 24
Ve [, Mg 2-7,.4
or, P,=Pg+ 5 [1+T+H‘M“ e -(16.19)
p¥a’
Also, p =py+ 2 {when compressibility effects are nezlected) -{16.20)

The comparison ufheqns- (16.19) and (16.20) shows that the effects of compressibihity are
1solated in the bracketed gquantity and that these effects depend only upon the Mach number. The

4 24

correction factor. It 15 worth noting that :
@ For M =02, the compressibihty affects the pressure difference (p_— py) by less than I per ceni
and the simple formmla for flow at constant density 15 then sufficiently acourate.
# For larger value of M, as the terms of binomial expansion become significant, the
compressiblity effect must be token into account.
# When the Mach number exceeds a value of about 0.3 the Prifoé-stafic tube uszed for
measuring aircraft speed needs calibration to take into account the compressibility

effects.

16.6.2. Expression for Stagnation Density (p )
From eqn. (17), we have

2
brucketedqumtityl,‘lel, [1+Mn +2—'|" I‘I-fﬂd'+]‘| may thus be considered as a compressibility

1 1 1
Pa By |¥ Ps B |F B ¥
—=—| or —=|—| orp,=pPg|—
Ps [Ps] Po [Pﬂ] ’ ﬂ[pn]
oubstituting the value of [E] from eqn. (iv), we get

-1 1
or, P, = Py 1+[TT] M2 |‘r (16.21)

16.6.3. Expression for Stagnation Temperature (T )

ra
'I'l‘Emu.ﬁunnfEtutEiﬂgimby:F:RT

For stasnation point, the equation of state mav be written as :

P - 1P
p, ~BLr .=y,



Substituting the values of p, and p, from eqns. (16.17) and (16.18), we get

T
T - aly-1
1”[1+( 7o
voE R
ol 1415720
2
_Lafy (12T =1
R pg 2
1 [LlJ
s ] i alr-1
=& F'u|:1+[ 5 ]MD]
Y1)y 2 : . P _
T:=Tn|:1+( 5 ]Muq] —16.29) [ pn_RIE]]

Example 16.8. An geroplane 1z flving at 1000 km/h through still air having a pressure of
78.5 kEN/m® (abs.) and temperature — 8°C. Calculate on the stognation point on the nose of the
plare :

(i) Stagnation pressure, (1) Stagnation temperature, and
(ziz) Stagnation densify.
Take forair :R =287 Jikg K and 7= 1.4

Saol. Speed of seroplane, V' = 1000 km'h = 10007 1000 = 2T7.77 mfs
60 = 60
Pressure of air, pp = 785 kKNim?
Temperature of air, T,=-8+2183=265K
Forair: R=28T Jkg KL v=14
The sonie velocity for adiabatic flow is given by,
Cy= .hﬁ'l’,h = 1|||']_4.‘-\<: 287 = 265 = 326.5]1 m's
=£=w=ﬂﬂiﬁl
C, 32631

. Mach number, M,

i) Stagnation pressure, p_:
The stagnation pressure (p,) is given by the relation,

_ -1
p,=p, [1+( ! 5 1] HuEJ' _[Eqn. (16.17)]

14

or, p. =85 [h(%] x08st [

= 78.5 (114557 = 126.1 kNm® (Ans.)



(ir) Stagnation temperature, T, :
The stagnation temperature 1s given by,

7-1
T.=T, [1+{ 5 ]HuEJ _[Eqn (16.22]

_ %65 {1+ X Dfﬁlﬂ] - 3034 Kor 30.4°C (Ans.)

(i) Stagnation density, p,_ :
The stagnation density ip,) is given by,

& = RT = Bs
B E or pj HT:
126.1x 10°

- 3
P:= 3375034 - LA48 ke (Ans)

Example 16.9. Air has a velocity of 1000 km 'k at a pressure of 9.81 kEN/m® in vacuum
and a temperature of 47°C. Compufe itz stagnafion properfies and the local Mach number. Take
atmospheric pressure = 98.1 kNI/m” B =287 Jikg K and y= 1.4

What would be the compressibilify correction facfor for o pifot-static tube to measure the
velocity at @ Mach number of 0.5

) ) 1000 = 1000
Sol. Velocity of mr, Vp = 1000 km/h = Te0x60 = 277.78 mis
Temperature of air, T,=47+ 273 =320K
Atmospheric pressure, P = 98.1 KN/m?
Pressure of air (static), pp=981-951 =58.29 kNfm®
E=25TJk=zE 7t=14
Sondc velocity, Co= 1Ry = |/14% 287 x 520 = 358.6 m/s
. Vo 27778 .
. Mach number, M, = c, =" 3586 =07746
Stagnation pressure, p, :
The stagnation pressure is given by,
- o ly-1 .
7,=2, {1 5 1] el [Eqn (1617]
14
ar. 5, =83%9 [1+ 1“‘2‘ L umeﬂ] el

= 8820 (11235 = 13127 kNmm? (Amns.)
Stagnation temperature, T, :

5"

i}

T,- T, [1 +( Y- l] MUEJ _[Eqn. (16.22]

14-1

o

or, T =320 [1+ x ﬂ?Téﬁ“] — 3584 K or 85.4°C (Ans.)



Stagnation density, p, :
p, 18127 10°

- — ot 3
p, = RI,  237x3584 = L276 kgim” (Ans.)
Compressibility factor at M = 0.8
C ibility factor 1 —ME' 21 gt
Dmpressl =1+ T
1 0 +2_14 08 = 11702 (Ans
=1+ 4 24 X U, = LA 1 -'

Example 16.10. Air af a pressure of 220 kN/m? and temperature 27°C iz moving af a
velocity of 200 m/z. Calculate the stognation pressure if
(1) Compressibility 1z neglected ; (11) Compressibility iz accounfed for.
For air fake R =287 Jikg K 7= 14
Sol. Pressure of awr, py = 200 kN/m®
Temperature of air, T = 27 + 233 = 300 K
Velocity of air, V, = 200 m/s
Stagnation pressure, p, :
i7] Compressibility is neglected :
Py
P=Py+
B 220 % 10°
where Do= B =257 300 = 2595 kefm’
2555 % 200° )
p, =220+ — a2 107 (kN/m®) = 271.1 kNm®, Ans.
i11) Compressibility is accounted for :
The stagnation pressure, when compressibility 1s accounted for, 15 given by,

PoVe My 2-7,.4
] [“Tﬂ* 71 o *] Ean (1619]
V200 200 |
Mach number,  My= 2= ——== - 0576
i V=, BT, (ld=287x300
:.' r _ b1
Whence, p, <o, ZEAAT, 10“[1 0e E:*m.smij

or, p, =220+ 511 (1+ 00829 + l].[l]i?&-] = 37547 KNm® {Ans.)



AREA-VELOCITY RELATIONSHIP AND EFFECT OF VARIATION OF AREA
FORSUBSONIC, SONIC AND SUPERSONIC FLOWS

For an incompressible flow the continuity equation may be expressed as :
AV = constant, which when differentiated gives
dd 4V

AdV+ VdA =0 or 2T -(16.23)

But in case of compressible flow, the contimuty equation 15 ziven by,
pAV = constant, which can be differentiated to give
pd(AV)+ AVdp =0 or p(ddV + Vdd)+ AVdp =10
or, pddV + pVdd + AVdp =0
Drnding both sides by pAV, we get

- t5 t— =0 -.[16.24)

—_———— _ — )
ar, n v 0 ..[16.24 (a]]

The Euler's equation for compressible fluid 1= given by,

%+de+gdz=[]

d;
Neglecﬁ:gﬂmztﬂmsthenbumaquaﬁunmdumtn:%+Vﬂf=D

This equation can also be expressed as :
d d
EJ-:_F:I+"[-"|:E'|ir’=[f| or E3"E—I}+’[-".rl"[-"=l]
p = dp dp p
dp
But n'_p = (* ..[Eqn. (16.10]]
& d dp ViV
ﬂ'—"xp+1"n"i"'=l]urf3p_—1"d'i"ur ) ST @



dp
oubstituting the value uf? n egn. (16.24), we get

dV 44 VdV
vV TaT ¢t
dA VAV 4V dv [V |
o AT T v Twv et
da 4V ( v]
— e — - T M:—
=7 (M? - 1) . -{16.25)

This important equation 1s due to Hugoniof.

dA
Egns. (16.23) and (16.25) give variation of (T] for the flow of incompressible and com-

dA dV
pressible fluids respectively. The ratios (?] and [?] are respectively fractional varations in
the values of area and flow velocity in the flow passage.

Further, in order to study the variation of pressure with the change in flow area, an expres-
sion similar to egn. (16.25), as given below, can be obtoined.

(1 |aa
From eqns. (16.25) and (16.26), it 15 possible to formulate the following conclusions of prac-
ticol significance.
(7) For subsonic flow (M = 1) :
av dA
?:U;T =0 ; dp = 0 (convergent nozzle)
av dA
?-ccl]; A =0; dp = 0 |{divergent diffuser)
"“‘“‘“‘Uzmm,_m MMJMW

'y
W, =W, V, <V,
P2<P, P2 ® Py
Pz = Py Pz= M
—* W, Wy ;“t T,<T, ‘|Tb‘u’1 VT T.>T,

T
WM

(2} Cormergent nozzle. (i) Divergent diffuser.

Fig 16.5. Subsomnic flow (M < 1).
(i) For supersonic flow (M = 1) :
a
Vv

av a4 .
?{D;I:D:dp}l](mnvugmt&ﬂ’mu]

da
=0; — =0; dp =0 (divergent nozzle)



W, =W,
Pa = Py

P25 M

%.q_
W, <V,
P2 ™ Py
Pz =M
UE_-.‘ Tz }Tl|

(@) Divergent nozzle. (b} Comvergent nozzle.

Fig. 16.6. Supersonic flow (M = 1).

(z17) For sondc flow (M = 1) :

dA
Y = 0 |straght flow passage

Throat
A A= A

snce @4 must be zero)
and dp = (zero/zern) ic, indeterminate, but
when evaluated, the change of pressure

P= l]: since dd = [ and the flow 15 fre- FFFFFFFFFFFFFFFFFFFFFFFFFFF
Fig. 16.7. Sonic flow (M =1).

tionless.

16.8. FLOW OF COMPRESSIELE FLUID THROUGH A CONVERGENT NOZZLE

Fig. 16.8 shows a large tankfressel fitted with a
short convergent noszle and containing a compressible
fluid. Consider two points 1 and 2 inside the tank and
exit of the nozzle respectively.

Let p; = pressure of fluid at the peint 1,

V, = veloaity of flwnd in the tank (= 0),

T, = temperature of fluid at peint 1,

p, = density of fhnd at poant 1, and p,, V,,, T, and
o are corresponding values of pressure, velocity, tem-
perature and den=sity at point 2.

Assuming the flow to take place adiabafically,
then by using Bernoulll's equation (for adiabatic flow),
we have

- i
v-1pe 28 T y-1

Hutzl=zgu.11dvl=|]

Y m_[ v | Vo
T-1pwe " \v-1/pag 2g

L

f Large tank
p Vy=10
' ! Comeergent
nozzle
Py
1 2
T, N f-"""h'z v
P2. 2. T2

N A
P2 Y3

Fig. 16.5. Flow of fhoid through a
convergent noezle.

pag 2z T2 [Eqn. (16.7]]

3 " 3
. [_‘f ] B om|_ W {ﬂ_&Jlﬁ_
' T-1) ;e me| 2e -1 P2] 2



I o
V,= = |A_BA
Ty-Dip pa
I g
y,- |2 ﬂ[l_ﬂ_ﬂ] M
Jo-Ipml P2 M
! 1
For adiabatic flow - ﬂ=i'1,1:|rﬂ=[ﬂ] mﬂ={ﬂ]T EY
U U Y P2\ P2
substituting the value of % n eqn. (1), we get
| i 1 | 1-1
v |2 ml e (a2 A L[ﬂ] v
ﬂ‘w—l]pl m | P "qw—l}pl P1
| [ 11
o]
Va= '] (Y-1 p m -(16:27)
The mass rate of flow of the compressible flid,
m = pd,V,, A, being the area of the nossle at the ext
|' 1-1
.21' o [pg]]’ oy
= —=1-] == ., [substtu V,fro 16.27)]
PR G Dy | ) |0 ubsBiutingVafomean (1630
|I -1
P A - Y 1_[&] g
ftr-1p (]

From eqn. (1), we have py= _l:':lﬂ_= i [ﬂ]-r

cubstituting this value in the above eguation, we zet
|

2
| 2y m z[m]? [H]T
m = ——K'}l —_ 1_ —_—
A""T—lll'l m n




¥+l

|
Wy
e (2] H2)
=4, |— —-= - == (1628
" :"lJ'I'—lplpl o1 Pl { :

'Ihemnssrutenfﬂuw[m]bpmdsmﬂmvulueufﬂ[ﬁarthegimvnlueanfplmﬂplnt
m
point 1)
'ir'ulueufﬂfurmu::inmu value of mass rate of flow :

M
d

3
n
As pther quantities except the ratio 22 are constant
1

im) =0

For masamum value of m, we have

1+l

o |22

T
ar, [ﬂ] - [;]T _(16.29)

Fgn (16.29) 15 the condition for maximum mass flow rafe through the nozzle.

It may be pointed ouf that a convergent nozzle iz emploved when the exit pressure 15 egual
to or more than the critical pressure, and a convergent-divergent nozzle iz used when the dis-
charge pressure iz less than the eritical pressure.

For air vath v = 14 the ecritical pressure rakio,

14

o T1d-1
a2 _ [1; 1]“ 1 o0sos ..(16.30)
m a2+




Relevant relations for ertical density and temperature are :
1

Pz 2 1

= - [16.30 (a)
by [‘r’+1] [ (]
& 2

T, = T+1 .[16.30 (B]]

Value vl:lf"ﬁp"5 for maximum rate of flow of fluid :

cubstituting the value of % from egr (16.29) in egn. (16.27), we get

|I 2 » 75| [ 2
W -
V= B 1_[ = ]T L. ‘_Tﬂ[l__]
‘~|T— pr| ly+l Vr-1p T ve1
_ e ﬂ['ml—z]: e ﬂ['f—l]

V-1l v+1 JT{r-ip vt

2y
- = friip =6 _{1631)

Maximum rate of flow of fluid through nozzle, m___ :

cubstituting the value of % from eqn (16.530) in egn. (16.28), we get

2y 2 'r-lx%
mIl'liII=A'E ]|‘{T_l]plp1['u'+l]
|

For air, 7= 14,

| 3 14+1
2x14 2 JLi-1 2 JLe-1
”‘=ﬂ=‘4ﬂ1'|.:1.4-1|m 14+1) \14:1

= 4, [Tz, (040158 —03348)

or m . =0685 A4, 1|'p]_|:|1 -(16.32)
Variation of mass flow rate of compressible fluid with pressure ratio [ﬂ] :
P1

A passage In which the sonic velocity has been reached and thus in which the mass flow
rate 1s maxamum, 15 often said to be choked or in cholang conditions. It 15 evident from eqn.
(16.28) that for a fixed value of inlet pressure the mass flow depends on noszle exat pressure.



Fig. 169. depicts the varation of actual and
mr"m:
theoretical mass flow rate versus % . Following Actual l_ A
points are worthnoting : P
i1) The flow rate increnses with a decrease in C:::fd o Subsonic
s flow
the pressure ratio 2 and attains the maxamum & S
m -\E r’“‘\.
value of the cntical pressure ratio E = 0.528 for { Thearatical
alr. ,."r
(11} With further decrease in exit pressure J
below the eritical value, the theoreticnl mass flow If
rate decreases. This 15 contrary to the actual re- T
sults where the mass flow rate remains constant 2 py
after attaining the moximum value. This may be Pressure ratio P -

explained as follows :

At critical pressure ratio, the velocity V, at
the throat 15 equal to the sonie speed {derived below).
For an accelerating flow of a compressible flind in a convergent noezle the velocity of flow withan
the nozzle 15 subsomic with a masxmum velooity equal to the sonic velocity at the throat - Thus
once the velocity V, at the throat has attained the sorac speed at the critical pressure ratio, it

Fiz. 16.9. Mass flow rote thoough
o convergent noezle.

P
mmuinsutt.hes-umevalmﬁ}rn]lthevﬂmd[g]lessﬂxunﬁﬁmlpmmmﬁn:m&ﬂm

in the noszle 15 being continnously accelerated with the reduction in the throat pressure below the
critical values and henece the velocity cannot reduce. Thus, the mass flow rate for all values of

[g
B
solid horeontal hne in Fig. 16.9). This fact has been verified experimentally too.
Velocity at outlet of nozzle for moxdmum flow rate :

The veloaty at cutlet of noszle for macommm flow rate 15 ziven by,

i_z'f n ,
Va= 1‘| ¥ +1] oy _IEqn. (16.31]]

] less than critical pressure ratio remains constant at the masomum value (indicated by the

. feel 2 Jr-1
Now pressure ratio, P]__[T"'l]
~ P - 2 V-1
By = 3 —P'_"[.E,_'_l]

1
T = =
For adiabatic flow - a5 ﬂ=[ﬂ] ,%=[ﬂ]7=[ﬂ] T
i P



1 1

1 ¥
- — =
_ AR [ 2 -1y [ 2 1l-y
p]_ pg['m] ':'rl:'g _T+1] m‘pg -:.+1

5, h

Substituting the values of p; and p; in the above eqn. (16.51), we get

r .1 -1
lE}' P2 2 |17 -1 2 |, pal 2
=-|||r .K—.K[ -Il l
r+1) pa ly+1 jLr+1) paiv+l
.' o
n v lE_T]Kﬂl"f_ﬂ]= ',
T+ Pat 2 ¥ P2 :
ie., V,=C, {1653

Hence the velocity at ;.he cutlet of noezle for maximum flow rate equals senic veloaty.

FLOW THROUGH LAVAL NOZZLE (CONVERGENT-DIVERGENT NOZZLE)

Laval nozzle is a convergent-divergent nozzle (named after de Laval, the swedish
scientist who invented it) in which subsonic flow prevails in the converging section,
critical or transonic conditions in the throat and supersonic flow in the diverging section.
Let p2 (= pc) = pressure in the throat when the flow is sonic for given pressure pl. When
the pressure in the receiver, p3 = pl, there will be no flow through the nozzle, this is

shown by line a inFig.

—+ Flow #, ] Recear

Pa

) __\_ /,;;F*_‘_f__:_:__'
» /"r/ ]

Inlet Thirzat Exit



Fig. 16.10. (a) Laval nozzle (convergent-divergent nozzle) ; (b) Pressure distribution
through a convergent-divergent nozzle with flow of compressible fluid.

» When the receiver pressure is reduced, flow will occur through the nozzle. As
long as the value of p3 is such that throat pressure p2 is greater than the critical
pressure 0.528 pl, the flow in the converging and diverging sections will be
subsonic. This condition is shown by line ‘b’.

» With further reduction in p3, a stage is reached when p2 is equal to critical
pressure pc = 0.528 p1, &t thisline M = 1 in the throat. This condition is shown by
line ‘c’. Flow is subsonic on the upstream as well the downstream of the throat.
The flow isalso isentropic.

» If p3isfurther reduced, it does not effect the flow in convergent section. The flow
in throat is sonic, downstream it is supersonic. Somewhere in the diverging
section a shock wave occurs and flow changes to subsonic (curve d). The flow
across the shock is non-isentropic. Downstream of the shock wave the flow is
subsonic and decelerates.

» If the value of p3 is further reduced, the shock wave forms somewhat downstream
(curvee).

» For p3 equal to pj, the shock wave will occur just at the exit of divergent section.

» If the value of p3 lies before pf and pj oblique waves are formed at the exit.

SHOCK WAVES

Whenever a supersonic flow (compressible) abruptly changes to subsonic flow, a shock
wave (analogous to hydraulic jump in an open channel) is produced, resulting in a sudden
rise in pressure, density, temperature and entropy. This occurs due to pressure
differentials and when the Mach number of the approaching flow M1 > 1. A shock wave
is a pressure wave of finite thickness, of the order of 10-2 to 10-4 mm in the atmospheric
pressure. A shock wave takes place in the diverging section of a nozzle, in a diffuser,

throat of a supersonic wind tunnel, in front of sharp nosed bodies.



Shock waves are of two types:

1. Normal shocks which are almost perpendicular to the flow.

2. Obligue shocks which are inclined to the flow direction.

16.11.1. Normal Shock Wave

Consider a duct having a compressible sonic flow (see Fig. 16.11).

Let pl, pl, T1, and V1 be the pressure, density, temperature and velocity of the flow (M1
> 1) and p2, p2, T2 and V2 the corresponding values of pressure, density, temperature and
velocity after a shock wave takes place (M2 < 1).

Mormal shock wave

.-'.'.-".-".-".-".-".-'r'.-'.“..".-".-".-".-".-'.-'r'r'..‘.-‘.-".-".-".-".-'/r'.".-".-".-".-’.-".-’r'.-'.'..".-".-".-’.-".-’.-'r'r'

/
{ i
I'I V=G, . V<G, . If'r\".l

|
I,L M= f M<1 J
L L L L L L L ELLL LR L L

Fig. 16.11. Mormal shock wave.
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For analysing a normal shock wave, use will be made of the continuity, momenfum and
energy equations.

Assume unit area cross-section, A, = 4, = L.

Continuify eguation : m = p,V; = p,V, AT
Momentum equation : IF = pd - pA,=m (V= V)= p AV — pd, Vi
for A, = A, = 1, the pressure drop across the shock wave,

P1-By=pVy - oV 1)

B+ 0V = oy + PV
Ceonsider the flow across the shocl wave as adiobatic.

f P ] f r2
Energy equation : ! ﬂ+i S T Vi ..[Eqn. (16.7]]
-m 2 ir-1/pp 2
(#; = #,, duct being in horzontal pesition)
r3 yrd
or - P'—ﬂ]=—1 L (i)
: T-1ipp M 2
Combining confinuity and momentum equations [refer eqns. (1) and ()], we zet
P T"' a 5 P
SR L (1642)

M R



This equation 15 known as Rankine Line Equation.
MNow combining continuuty and enersy equations [refer egns. () and (z1]], we et
) o)
r-1{p 2p,*

2 1-11p
This equation 15 called Fanno Line Equation.
B3

Filrtha'mnbimngeqns.{f],ﬁilmd{iﬁ}mdmhringﬁnﬁ:weget
["r;l]&_l
m_{1-1n
A ["f;l]_ﬂ_:
-1 m
Salving for density ratio % . the same equations yield
'I"+1]Pz
1+ — &
w n M2
mh W [‘r‘+l]+ﬂ
T-1) m

The eqns. (16.44) and (16.45) are called Ranlang-Hugoniot equations.

(16.43)

(16.44)

(16.45)

. T
Ome can alsa s 22 h &und_zinha'msnfMachnumha'usfn]lmﬁ:

n'w'n
P ET ﬂd’f - I:}' - 1]
P (4]
Topy 1+ M7
Va © p_l S -D M +2
T, [y-DM7+2ARy M2 -(y-1]
Lo (v + 17 My

(16.46)

(1647)

-.[16.48)

By algebraic mampulation the following equation between M, and M, can be obtained.

M2 (-1 +2
AN

-.[16.493)



16.11.2. Obligue Shock Wave Shook
As shown m Fig. 16.12, when a supersonic flow

undergoes a sudden turn through a small angle o (posi- Supersonic
tive), an oblique wave 15 established at the corner. In

:
\

comparison with normal shock waves, the obhque shock —_—

waves, being weaker, are preferred. —: — )
The shock waves should be avoided or made a5 s —

wenk as possible, since during o shock wave conversion

of mechanical energy into heat energy takes place. Sharp comer
16.11.3. Shock Strength Fig. 16.12. Oblique shock wave.

The strength of shock 15 defined as the ratio of pressure rise across the shock to the upstream
DTessure.

: Pa-P1_ P
e & of shock ———==_]
Le. oirength = n
MY -(r-D ) 2o (-D-(r+D)
- 71+1 T+1
MM -y +1-7-1 MR -2 2
DMy oyeloy-l IMy -y X,
7+1 7+1 74171
2
Hence, strength of shock = 2= (M2-1) .[16.50)



MODUE 5
RECIPROCATING COMPRESSOR



What is Compressor ?

Compressor is a device which is

used to increase the pressure

of air from low pressure to high

pressure by using some

external energy

e For filling the air in tube of
vehicles

* In automobile service station
to clean vehicles.

* For spray painting in paint
industries.

* |n vehicle to operate air
brakes.

e For cleaning workshop
machines.

e For supercharging of an IC
engines.

e For operation of pneumatic
tools i.e. rock drills, vibrators
etc.

PD: Operate by trapping a specific volume of

air and forcing it into a smaller volume. Sliding Vane
Centrifugal: Operate by accelerating the air
and converting the energy to pressure

Liquid Piston

Artificially cooled,
pressure ratio more
than 1.15, fluid

Compressor

Piston

Radial /
Centrifugal

Dynamic Mixed

Continuous flow

Rotary Helical
medium - Gas

Intermittent Lobe
flow / positive
displacement

(PD) Screw

. . Mechanical
Reciprocating

Ejector Axial



Male Rator

Balance Pision GAS INLET

: i Il.'Balanue Piston
Hydraulic Cylinder
*Quiet operation
eHigh volume of
air, steady flow.
*Lower energy
cost, small size
*Suitable for
continuous
operation (24/7),
* low efficiency
*Low pressure
ratio

Radial Bearing
Theust Bearing

Mechanical Seal

Radial Bearing

Input Shaft

Low mass flow rate,
Service life longer,
high pressure ratios,

Female Rotor

me-uﬂ pressure (22barG,/ 320p5iG) serica &" bigger size, and is
application: Gas twrbine fuel gas boosters =T .
Refrigarators a 27 GasouTLET relatively cheap. Reciprocating
Heat pumps =
I
O e e oGS Rotary — screw compressor
Impeller {centrifugal compressor) Turbine stator
Pressure-cabin attached to turbine via main shaft blades

air compressor

Muff around jet pipe
supplying hot air for

Pneumatic cabin heating

system air
compressor
(wheel brakes

Tail cone (turbine

Jet pipe

fairing)
Air inlets
(supplied from Main shaft
intakes in air- connecting
craft wing root) impeller
and turbine

Ejector

Process plant optimization. Gas compression. compressor:
Production boosting. | Jet engine
" cutaway
showing the
. . . . . ey \ centrifugal
Centrifugal compressor is widely used in chemical and  Sane motor (notftted) Fuslines oinjecors 16 Combuston s compressor

petroleum refinery industry for specifies services. chambers around engine and other parts



Definitions of Compressor

Compression ratio:- It is defined as the ratio of volume of air before compression to the
volume of air after compression.

Compressor capacity:- It is the quantity of air actually delivered by a compressor in m3/minute
or m3/sec.

Free air Delivered(FAD):- It is the volume of air delivered by compressor under the compressor
intake conditions ( i.e. temperature and pressure ).

Swept Volume:- The volume displaced or swept by piston when it moves between top dead
center and bottom dead center.

Clearance volume:- it is the difference between the total volume and the swept volume,
basically the gap that remains between the piston head and the cylinder head when at top
dead center.

Efficiencies:

Volumetric efficiency:-

It is the ratio of actual volume of the FAD at standard atmospheric condition in one delivery
stroke (Actual air intake) to the swept volume (theoretical air intake) by the piston during

the stroke.

Isothermal efficiency:-

It is defined as the ratio of isothermal power (P,.,) (i.e. required input power at isothermal
process) done to the indicated power (IP) or actual work done.

Mechanical efficiency:-

It is the ratio of indicated power (IP) to the shaft(Brake) Power (P .¢)-

Overall efficiency:-

It is the ratio of isothermal power (P,.) to the shaft(Brake) Power (P .«)-




The Analysis Objectives

e To calculate air pressure and temperature before
and after compression process

* To calculate indicated work/power

e To obtain compressor efficiency

* To calculate free air delivery rate (kg/s or m3/s)



Reciprocating Compressor

The primary components of a
typical reciprocating compressor
system can be seen in Figures.
The compression cylinders, also
known as stages, of which a
particular design may have from
one to six or more, provide
confinement for the process gas
during compression. A piston is
driven in a reciprocating action
to compress the gas.
Arrangements may be of single-
or dual-acting design. (In the
dual-acting design, compression
occurs on both sides of the
piston during both the advancing
and retreating stroke.) Some
dual-acting cylinders in high-
pressure applications will have a
piston rod on both sides of the
piston to provide equal surface
area and balance loads.

PISTON

/_,,_F — AIR FILTER

I DISCHARGE PORT

——— DISCHARGE VAIVE
PISTON SLEEVE DISCHARGE TUBE

MOTOR

CONNECTING ROD — HOUSING

TO 110 VOLTS AC

AlR SUPFLY

CHECK VAIVE

— UNLOADER
TUBE

AlR
" STORAGE
TANK



PISTON

/_,f—— AlR FILTER
A ) ___— DISCHARGE PORT

Reciprocating Compressor mwwws\

————= DISCHARGE VAIVE

Tandem cylinder arrangements VALVE PLATE _ --
help minimize dynamic loads by PISTON 3L EEVE r Ol 12 DISCHARGE TUBE
locating cylinders in pairs, CONNECTING ROD : — HUsiNG
connected to a common TO 110 YOS AC § T

crankshaft, so that the
movements of the pistons
oppose each other. Gas
pressure is sealed and wear of
expensive components is
minimized through the use of
disposable piston rings and
rider bands respectively. These
are formed from comparatively
soft metals relative to piston
and cylinder/liner metallurgy or
materials such as
polytetrafluoroethylene (PTFE).

ECCENTRIC

COMPRESSED
AlR SUPFLY




Reciprocating Compressor Suctionline  Valve plate
In a reciprocating compressor, a volume of air is \ /
drawn into a cylinder, it is trapped, and compressed Headﬁ

by piston and then discharged into the discharge line. Suctio/
The cylinder valves control the flow of air through the valve
cylinder; these valves act as check valves. \R.
. . ings
Slpgle Acting compressor | Connecting \
It is a compressor that has one discharge per

Rod \ Piston
revolution of crankshaft.

Double — Acting Compressor

It is a compressor that completes two discharge
strokes per revolutions of crankshaft. Most heavy- /
duty compressors are double acting. Crankshaft

Multi-staging :Reduction in power required to drive the

compressor.

= Better mechanical balance of the whole unit and
uniform torque.

" |ncrease in volumetric efficiency.

= Reduced leakage loss.

= Less difficulty in lubrication due to low working
temperature.

= Lighter cylinders can be used.

= Cheaper materials can be used for construction as
the operating temperature is lower.

Discharge valve

\ Disch}e line



Manometer
Reading
(orifice) 1% Stage 15
cylinder
T, \
P1
Silencer
cum filter
Unloader

valve

Front Face View

P2 Intercooler

/T3

2"d Stage cylinder

(/L/ guard

Dial weight
Reading (Kg)

Mechanical
dynamometer



Reciprocating Compressor

Assumptions
The working fluid is assumed as a perfect gas and P-v-T can be calculated by using simple equation of state.

Usually, these assumptions are used to calculate estimate pressure, P, volume, V, and temperature, T, of
the working fluid.

PV = mRT PV/T =K, PV" =K, C b

= Compressor without clearance volume
= Compressor with clearance volume
= Multistage compressors

a
Compressor without clearance volume
The Cycle of Operation g = m\\mmﬂm\\w@ma\\\mmx\w
* The cycle of operation of a reciprocating §
. . \\
air-compressor is best shown on a ?§“\_ ——1"'_"

pressure-volume (p-V) diagram.

e |t is known as an indicator diagram for
the compressor.

e The cycle comprises of three processes:
d - a: An induction stroke

a - b: A compression stroke

b - c: A delivery stroke

NN

SRR A A A

ARSI



Reciprocating Compressor | Compressor without

clearance volume

Description of the Processes
d — a: The induction stroke
Intake valve opens, while exhaust valve closed.
Atmospheric air is drawn into the cylinder at constant
pressure pl1 and temperature T1. Ideally, there is no
heat loss to the surrounding from the air.

a — b: The compression stroke

Both intake and exhaust valves closed. The air is
compressed according to a polytropic law pV " =
constant. Its pressure is increased from p1 to p2. The
temperature is also increased from T1 to T2.

b — c: The delivery stroke

The intake valve closed while the exhaust valve opens.

The compressed air is pushed out of the cylinder at
constant pressure p2 and temperature T2. There is no
heat loss from the air to the surroundings.

IS STTSSIT

If?’;}'
Z

LS

Delivery

During compression, due to its excess temperature above the compressor surrounding, the air will
lose some heat. Thus neglecting the internal effect of friction the index is less than y (i.e. <1.4), the

adiabatic index. If n=y =1.4, area under curve is biggest, i.e. reversible adiabatic or entropy constant.
Since work must be put into an air compressor to run it, every effort is made to reduce this amount of
work input. It is observed that if compression is along isothermal, work done is less (though in practical

it is not possible). Isothermal is attempted by cooling the compressor either by adding cooling fan of

water jacket.



Reciprocating Compressor | Compressor without

clearance volume

Analysis of Cycle
Indicated work per cycle

The area under the p-V diagram represents the net or

indicated work done on the air per cycle.

Indicated work / cycle = area a-b-c-d = area 1-2-3-4-1

=area under 1-2+area under 2-3 — area under 4-1

p.V, — pV,
:(—2 ;_fl 1j+ PV, — PVy This work must
0 be done on
W = (n——lj( PV, — pV,) compressor

Assuming the air as a perfect gas,

pV,=mRT, p,V, =mRT,
where m is the mass of air induced and delivered per
cycle, R is the universal gas constant, where R = 0.287
kl/kgK.
Substituting,
Indicated work / cycle W = (LJ mR(T,-T,)

IS STTSSIT
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] Delivery
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W, =["pdv , pv'=C

-C LZV‘”dV = ﬁ(cv;-“ -cv, ")

1

= ﬁ( PV, xV, " = pV” xvll_n)



Reciprocating Compressor

Compressor without
clearance volume

Analysis of Cycle

Other form of the equation for indicated work/ cycle is
n-1

W:(ijRT1 L&j 1
n-1 o)

n
W = (n——lj A

Indicated Power (IP):
The indicated power (IP) is the work done on the air per unit

n-1

B
Py

time. The mass flow per unit time m is often used to compute

the work done/time or indicated power.
n

IP - (n—_lj mR(T2 _Tl)
Mechanical efficiency:-
It is the ratio of indicated power to the shaft Power.

Shaft power = indicated power + friction power

Shaft power is the power supplied by the electric motor to compressor.

Motor efficiency:-

It is the ratio of shaft power to the input Power.
Input power is the electric power supplied to the electric motor

IS STTSSIT

,
i
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For Polytropic process

p1V1 _ p2V2 p1V1 = PV,
T1 T2

1 n-1 .
o n el
Vz Py T1 P T1 V1



Reciprocating Compressor

Isothermal efficiency:-

Compressor without
clearance volume

It is the ratio of isothermal power (P, ) to indicated power (IP)

Isothermal Power:
Rso - mRTl ln( p2/ pl)

n=1 PV =(C process

LC
W =[—aV =Cln2
'V V

V

i

V
W =PV In—
V

)

I

V
=PV, In -
: V

I

=PV, g”ﬂ
) P

)

For ideal gas: PV =mRT =C = T =const

V

W =mRT In—=
V

i

=mRT ff!‘i

2




Reciprocating Compressor | compressor with Fffect of the clearance

volume is to reduce the

Analvsis of Cvcl clearance volume volume actually aspirated.
nalysis of Cycle
. : . p
It is a spacing between the top of the piston and the valve’s heads when i
the piston is at the end of the delivery stroke. Good quality machineshas p,[6.8 _ 2 b
a clearance volume of about 6%. But compressors with clearance of 30 - c V' = C
35% are also common.
Processes
d — a: Induction process ; )
. . . . p > 1
The inlet valve opens. Fresh atmospheric air is ' . dl, a
. . . \")
induced into the cylinder at constant pressure p1 T ; e —
.. . ective swept =
and temperature T1. The volume of air induced is volume =V, =V,
(Va — Vd). Ideally, there is no heat transfer from Vo,lff,ieéaf{,‘:‘i v [ : Swopt volume
. . . R R S
the air to the surroundings. ) Total volume =V, ;

a — b: Compression process

Both valves closed. The induced air is compressed according to the polytropic law of p\"
= const., until the pressure and temperature increases to p2 and T2, respectively. Ideally,
there is no heat transfer from the air to the surroundings of cylinder.

Clearance volume:

= Give a mechanical freedom to the moving parts
= Reduce noise and vibration during operation

* Prevent damage to moving components



Deliver valve open,

Reciprocating Compressor | compressor with ve, residual compress gas starts

§as delivering from the
_ clearance volume vlinder
Analysis of Cycle Y
It is a spacing between the top of the piston and the valve’s heads when As piston
the piston is at the end of the delivery stroke. Good quality machines has begin intake
a clearance volume of about 6%. But compressors with clearance of 30 —- V' =c| stroke
0, ] ’
35% are also common. Because of presence of clearance residual gas
Processes volume , volumetric efficiency is ' expand
always less than unity, between 60% according to
. to 85 %. -
b — c: Delivery process pvi=const
The exhaust valve opens. The compressed air is ; )
i : P v 1
delivered out of the cylinder at constant pressure ' y dl, a
. v
p2 and temperature T2. Ideally, there is no heat T * o —
. . ective swept -
transfer from the air to the surroundings. volume =V, =V, |
Clearance . Swept volume
volume =V, =V, > [* =V, -V,=V
¢ —d: Expansion process ' < Total volume =V, >

The piston begins the induction stroke. The compressed air occupying the clearance volume
Vc expands according to the polytropic law of pV " = const., until the pressure and
temperature fall to p1 and T1, respectively. Ideally, there is no heat transfer from the air to
the surroundings.

Note: At the end of the delivery stroke, the clearance volume Vc is filled with compressed air

at pressure p2 and temperature T2. : : :
It is the ratio between FAD at standard atmospheric

. . . A condition in one delivery stroke (Actual air intake) to the
Volumetric efficiency= —— : .
V, -V, swept volume (theoretical air intake)




Reciprocating Compressor | compressor with

, . clearance volume
Assuming polytropic index to be same

for both compression and clearance PA
expansion Indicated work / cycle = p, 6.3 ——2b
n-1 n-1
n 0 pv'=C
WZ(LJ ov | [ P=]" 1 _KLJ o[ 2] -1
n-1 o) n-1 P,
But p,=p,, ps=p, therefore
n-1
n p, | "
(2o (2] s
a
n-1 o Vv, d v, v,
| Effective swept o A
n volume =V, -V, g
W[ Jm, - )RET, -] v [ WP ..
' < Total volume =V, -
Volumetric efficiency =
V-V, V-V, The greater is the clearance ratio
V, -V, V, through a reciprocating

=1+k—k(V,/V,) Where, k=clearance ratio = V_/(V-V;)=Vc/Vs

—1+k—k(p,/ p)" Ratio has a value 4% - 10 %
o 2

=1+k- k( p?,/ p4)1/n

compressor, the greater will be the
effect of the clearance volume
since the clearance air will expand
through greater volume before
intake condition is reached.




Reciprocating Compressor

Actual p-V (indicator diagram for single stage compressor

At point 4, the clearance air actually reduced to atmospheric pressure. <‘

The inlet valve in practice will not open. Reason : (i) inlet valve inertia (ii)
there must be a pressure difference across the inlet valve in order to
move it. Thus pressure drop away until the valve is forced off its seat.
Some valve bounce will then set in (wavy line) Therefore intake will
become near enough steady at some pressure below atmospheric
pressure. The negative pressure difference, i.e. intake depression settles
naturally.

Similar situation occurs at point 2. There is a constant pressure rise,
followed by valve bounce and the pressure then settles at some pressure
above external delivery pressure (i.e. Receiver tank pressure).

Other small effects at inlet and delivery

would be gas inertia and turbulence. Clearance

So, practical effects are responsible for  volume =V, =V;™>

the addition of the two small ripple
negative work areas shown in figure.

p15

pVv

1]
o

Y
—

Effective swept
volume =V, -V,

Swept volume

=V1 —V3=VS

Total volume =V,

<«

reduced from (Va — Vd) to (Va — Vd’), and so on, whereas swept volume Vs is remains

There are certain disadvantages to increase the delivery pressure to a high value.
When the delivery pressure is increased to p3, the volume of the fresh air induced is

Nvo = (Va—Vd )/ Vs

constant. Since the volumetric efficiency is given by

the volumetric efficiency decreases with increasing delivery pressure.

Vs

This situation can be improved by performing
Ve multistage compression process.




Reciprocating Compressor

Multistage compression

Observation

After the first stage compression, the air is
passed into a smaller cylinder, in which it is
further compressed to desired final pressure.
The cycle assumes that the delivery process of
the first stage and the induction process of the
second stage take place at the same pressure pi.
Advantage

e Each cylinder works with lower pressure ratio.
Thus the operational safety of the compressor is
improved.

» The overall volumetric efficiency, n, increases.
e Mass flow rate is increased , as clearance air
expansion is reduced and effective swept
volume of this cylinder is increased.

(i) Single stage Compressor, for delivery pressure upto 5 bar.

(ii) Two stage Compressor, for delivery pressure between 5 to 35 bar
(iii) Three stage Compressor, for delivery pressure between 35 to 85 bar.
(iv) Four stage compressor, for delivery pressure more than 85 bar




Reciprocating Compressor

Multistage compression

Indicated power for stage 1.

n-1

we{aige )

Indicated power for stage 2.

n-1

W:(Lj MRT.. (&j 1
n-1 P,

= With multistage compression, the air can be
cooled as it is being transferred from one
cylinder to the next, by passing it through an
intercooler.

The process of cooling the air is called the
intercooling process.

With intercooling process, temperature is
reduced, therefore internal energy of
delivered air reduced. Since energy must
have come from the input energy required to
drive the machine, this results in a decrease
in input work requirement for a given mass
of delivered air. Thus the power supplied to
the compressor can be reduced.

Complexity of machine limits the number of stages.

pd or
/
T, =T
a b
ps or
Water T lWatcr
out in

%
n T, T = p— :
. Intercooler
First or Second or
LP stage

cycle abed

HP stage
l cycle a’b’c'd’
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Reciprocating Compressor

Delivery

Perfect intercooling:
after initial
compression in the L.P.

Multistage compression (Without Vc)

) (ps or py)
Single stage compressor: W=

o2 g (3]

P

Ps
Py

n-1

Ps

pressure —»

cylinder with the
consequent
temperature rise, the
air is cooled in an
intercooler back to its
Perfect griginal temperature,
intercooling . .
i.e. T2=T1, where point
2 lies on isothermal
through pomt 1.

pVC

Without
intercooling

@

L.P.

1
1
|
|
|
|
|
1
I
|
|
|
|
|
I
|
\
1
|
|
|
| . . ~

I Considering clearance volume™ «
|

»

a
Deliver temperature, T, =T, (_]

Two stage compressor, P e,

without intercooling: W= v

n-1 n-1

n P, | " n Ps | " Intake
V|22 1|+ — |pV || =] -1 d
(” Jpl (pl) (n—ljp“ * Lm] varng ]

>

Without clearance volume

Deliver temperature same as above......
Two stage compressor,

With perfect intercooling: W=

n-1
n P,
o [

n n
— -1{+| — | pV
p1 j (n _1] p2 ’
Deliver temperature, T,=T. [

if Tz =T1’ pzvz = p1 Py =

<\V

2453 = Work savings occurs




Reciprocating Compressor Delvery I
Multistage compression (Without Vc) (Pg or p)

Condition for minimum work done:

It is observed that an intermediate pressure p2
-->p1, then area 2453 --> 0. Also p2-->p3, then
area 2453 --> 0. this means , therefore there
exists an intermediate pressure p2 which makes
area 2453 maximum and W minimum.

n-1 n-1 Intermediate

Without

intercooling

Perfect
intercooling

I
I
1
I
|
|
|
|
|
1
I
1
|
1
|
1
{
I
I
|
|
1
1
|

pVv' =

Perfect intercooling:
after initial
compression in the L.P.
cylinder with the
consequent
temperature rise, the
air is cooled in an
intercooler back to its
original temperature,
i.e. T2=T1, where point
c _ .
2 lies on isothermal

Ece)rr;T::]r::uur;n W : [&jT +[&jT must pre(;:;.nre = WA _ 4 through point 1.
pl p2 P ~ e pv=C
n-1 n-1 itaks - . \. Considering clearance volume™ «
D o o n i @ & B & pressure —»8 L8 > 1
d|| == +| — e D, - p (P or pe) Without clearance volume
Py P, 2 "
=0 Vv
dp2 n-1 n_—l
2n n 2n "
n- P, n- Py P, or Py
) r12_—:L B n-1 B T P, or P
n n XN “r xn
W = (—j oV || 2|7 “1or (—j PV, Py 1™ _q | for x stage P, or P,
n-1 o n-1 Py

Where p(xﬂ)/p1 is the pressure ratio through compressor at x stage.

Isothermal power P, =mRT, In P )

Py
Heat Transferred in intercooler = MC, (T,-T,) = mc, (T,-T,)

T,orT,
=T;orT,

1Perfect
intercooling

S




MODULE 6
STEAM TURBINES
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Steam Turbine

Steam turbine convert a part of the energy of the steam evidenced by high
temperature and pressure into mechanical power-in turn electrical power

The steam from the boiler 1s expanded in a nozzle. resulting in the emission of
a high velocity jet. This jet of steam impinges on the moving vanes or blades.
mounted on a shaft. Here it undergoes a change of direction of motion which

gives rise to a change in momentum and therefore a force.

~ The mofive power in a steam turbine 1s obtained by the rate of change in

momentum of a high velocity jet of steam impinging on a curved blade which

1s free to rotate.

» The conversion of energy in the blades takes place by impulse. reaction or
impulse reaction principle.

~ Steam turbines are available in a few kW(as prime mover) fo 1500 MW
Impulse turbine are used for capacity up to

Steam, Gas and Hydraulic Turbines

The working substance differs for different types of turbines.

Steam turbines are axial flow machines (radial steam turbines are rarely
used) whereas gas turbimes and hydraulic turbines of both axial and radial
flow type are used based on applications.

The pressure of working medium used in steam turbines 1s very high,

whereas the temperature of working medium used is gas turbine is high

comparatively.

The pressure and temperature of working medium in hydraulic turbines is
lower than steam turbines.

Steam turbines of 1300 MW single units are available whereas largest gas

turbines unit 1s 530 MWand 815 MW



Merits and Demerits of Steam Turbine

Merits:

* Ability to utilize high pressure and high temperature steam.
* High component efficiency.

* High rotational speed.

* High capacity/weight ratio.

* Smooth, nearly vibration-free operation.

* No internal lubrication.

* Oil free exhaust steam.

* Can be built in small or very large units (up to 1200 MW).
Demerits:

* For slow speed application reduction gears are required.

* The steam turbine cannot be made reversible.

* The efficiency of small simple steam turbines is poor

Steam Turbine Classification

Steam turbines can be classified in several different ways:
1. By details of stage design
* Impulse or reaction.
2. By steam supply and exhaust conditions
 Condensing. or Non-condensing (back pressure).
* Automatic or controlled extraction.
* Mixed pressure
* Reheat
3. By casing or shaft arrangement
- Single casing. Tandem compound or Cross compound
4. By number of exhaust stages in parallel:
* Two flow, Four flow or Six flow.
5. By direction of steam flow:
» Axial flow, Radial flow or Tangential flow
6. Single or multi-stage
7. By steam supply



Types of Steam Turbine

Impulse turbine Reaction turbine

Impulse turbine Reaction turbine

* Process of complete * Pressure drop with
expansion of steam takes expansion and generation of
place 1 stationary nozzle kinetic energy takes place
and the velocity energy 1s in the moving blades

converted mto mechanical
work on the turbine work
turbine blades.

De Laval Impulse Turbine. Parsons Reaction Turbine



Impulse Reaction Turbine

» Modern turbines are neither purely impulse or reaction but a combination
of both.

~ Pressure drop is effected partly in nozzles and partly in moving blades
which are so designed that expansion of steam takes place in them.

» High velocity jet from nozzles produce an impulse on the moving blade
and jet coming out from still higher velocity from moving blades produces
a reaction.

~ Impulse turbine began employing reaction of upto 20% at the root of the
moving blades in order to counteract the poor efficiency incurred from zero
Or even negative reaction.

~ Reaction at the root of reaction turbines has come down to as little as 30%
to 40% resulting in the reduction of the number of stages required and the
sustaining of 50% reaction at mid point.

» It may be more accurate to describe the two design as

Disc and diaphragm turbine using low reaction blading
Drum rotor turbine using high reaction blading

Flow Through Steam Turbine Stage

Distance through turbine(impuls m?,f;:f;;m through turbine(reaction

turbine)
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Compounding of Steam Turbines

» This is done to reduce the rotational speed of the impulse turbine to
Compounding of Steam Turbines practical limits.

» Compounding 1s achieved by using more than one set of nozzles,
blades rotors in a series keyed to a common shaft: so that either the

steam pressure or the jet velocity 1s absorbed by the turbine in
stages.

Three main types of compounded impulse turbines are:

* a. Pressure compounded
* b. Velocity compounded
* ¢. Pressure and velocity compounded impulse turbines.

Pressure
compoundind

Involves splitting up of the
whole pressure drop

into a series of smaller
pressure drops across
several stages of impulse
turbine.

The nozzles are fitted into a
diaphragm locked in

| N
Pressure Compcounding

separates one wheel
chamber from

the casing that another. All
rotors are mounted on the
same shaft.



continue
Pressure velocity
compounding gives the

advantage of
producing a shortened rotor

Velocity drop is achieved through many moving

compared to pure velocity

compounding.
In this design steam
velocity at exit to the

Ny

rows of blades instead of a single row of
moving blades. It consists of a nozzle or a
set of nozzles and rows of moving blades
attached to the rotor or the wheel and rows
of fixed blades attached to the casing

i

Velocity Compounded

nozzles is kept

reasonable and thus the
blade speed (hence rotor
Ipm)

reduced.

F"I"ESSHI'E-VElOCW COH’IPOUT‘IE

Comparison between Impulse &
Reaction Turbine

Impulse turbine

.

An impulse turbine has fixed nozzles that
orient the steam flow into high speed jets.

Blade profile is symmetrical as no
pressure drop takes place in the rotor
blades

Suitable for efficiently absorbing

the high velocity and high

pressure

Steam pressure is constant across the

blades and therefore fine tip clearances are
not necessary

Efficiency is not maintained in the lower
pressure stages (high velocity cannot be
achieved m steam for the lower pressure
stages)

Reaction turbine

rd

Reaction turbine makes use of the reaction
torce produced as the steam accelerates
through the nozzles formed by the rotor

Blades have aerofoil profile (convergent p
drop occurs partly in the rotor

Blades passage) since pressure
Efficient at the lower pressure stages

Fine blade tip clearances are necessary due
to the pressure leakages

Inefficient at the high pressure stages
due to the pressure leakages around
the blade tips

Fine tip clearances can cause damage to
the tips of the blades



IMPULSE TURBINE

PRESSURE EQUALIZING
HOLES

~ AXIAL DIRECTION

Blade efficiency or Diagram efficiency or
Utilization factor is given by T A e

Yin = —_—
(R ) KE  sunplied

_ 2UAE,

T
E;rlz

Wari dorne & £fe rator

stage efficiency = 1 = -
= Fogrtroprs erpibalpy o

no o= AN, AR, ?5'3(!-—"{2 f'FE:l
B W . [ P'ii ] P2 Ny o
FER
2

or.

Or. Tz = Tlg *Tl,y [T, = Aoz=zie gfficiercy]

The maximum value of blade efficiency
(M2 ) e = 200 EOE G — o201 + &

- “Oi o

For equiangular blades

2
0 Ins = (141)

If the friction over blade surface is neglected . | _ .2,



Compounding in Impulse Turbine

» Ifhigh velocity of steam is allowed to flow through one row of moving
blades. it produces a rotor speed of about 30000 rpm which 1s too high for
practical use.

« It 1s therefore essential to mcorporate some mmprovements for practical use
and also to achieve high performance. This is possible by making use of
more than one set of nozzles. and rotors. in a series. keved to the shaft so
that either the steam pressure or the jet velocity is absorbed by the turbine
i stages. This 1s called compounding. Two types of compounding can be
accomplished: (a) velocity compounding and (b) pressure compounding
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Velocity And Pressure Compounding
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Stage Efficiency and Reheat factor

The Thermodynamic effect on the turbine efficiency can be understood by
considering a number of stages between two stages as shown in Figure

Wa  actwal enthalpy drap (1-2)
o™

toerirapte heal drop (1-210

Chramaelative enthalpy drap (foentrapic)

Roheat factar (F.F.)=
oheat factor (R Fentrapic enibaipy drop (overadl)

Enthalpy
fg = Lhyy _ My By kg
Ay Alyg  Ahy, Adgp,
Bty + By + 8y + Dty
or, ﬂs =

Mgt hdp A+ Ak

actual  enthalpy drap

| Camnlative enthalpy drop (iceniropic)

Entropy ——»

Mg =M XRF

Veocity Triangles

#» The three velocity vectors namely, blade speed, absolute velocity
and relative velocity in relation to the rotor are used to form a
triangle called velocity triangle.

» Velocity triangles are used to illustrate the flow in the bladings of
turbo machinery.

» Changes in the flow direction and velocity are easy to understand

with the help of the velocity triangles.

» Note that the velocity triangles are drawn for the mlet and outlet of
the rotor at certain radii.



Velocity triangle

Inlet Velocity Triangles Outlet Velocity Triangles

S D




Work Done — Impulse Steam Turbine

If the blade 15 symmetrical then 1 = p2 and neglectmg frictional effects of the
blades on the steam, W1 =W2.

In actual case, the relafive velocity 1s reduced by friction and expressed by a blade
velocity coefficient k.

Thus k=W2/W1
From Euler’s equation, work done by the steam 15 given by;
Wt=U(Vwl + Vw2) (1)

Smce Vw2 15 m the negative r direction, the work done per unit mass flow 1s given by,
Wt=U(Vwi+Vw2) (2)
If Val # Va2, there will an axial thrust in the flow direction. Assume that Va is constant then,

Wt =TUVa (tanal+ tana2) (3)

WUV (tB+tp) @

Wt =UVa tanf1+ tanp2) Equation (4) is often referred to as the diagram work per unit mass flow and
hence the diagram efficiency 1s defined as

T-l . Rate of work performed per unit mass flow
Energy supplied per unit mass of steam
.2 2UAV,
'rl d= (UAV Jx—= —
noon

maximum diagram efficiency

dcose, | cos e,
=———| Cosa, —
2\

oI 5, =4co0s a,



Work Done — Impulse Steam Turbine

-rl _ Rate of work performed per unit mass flow
Energy supplied per unit mass of steam
2 2UAF, )
Na= @ar)e2p =22 ao
G

Using the blade velocity coefficient (k=W,/W ) and symmetrical blades (f;= B).
then: AV, =2V cose, —U

Hence AV, =2V, cosa, -U)UJ (11
And the rate of work performed per vnit mass = 2(F, coser, — U U

Therefore; 7; = 2(F coser, —U )V ﬁ/; s
1
AV, cose, NI AU U J

CO5ary -

r2 f
[l I’1 4 1/

Ma

where L is called the blade speed ratio

v, (12)

Degree of reaction

~ Degree of reaction 1s a parameter that describes the relation
between the energy transfer due to the static pressure change
and the energy transfer due to dynamic pressure change.

» Degree of reaction is defined as the ratio of static pressure
drop 1n the rotor to the static pressure drop 1n the stage. It 1s
also defined as the ratio of static enthalpy drop in the rotor to
the static enthalpy drop in the stage



Degree of reaction

Zero reaction stage

Let us first discuss the special
case of zero reaction. According
to the definition

of reaction. When A = 0. equation
(upper) reveals that hl =h2 and
equation (lower) that

p1=p2.

Fifty percent reaction stage
From equation (16) for A=0.5 ¢l
= B2 and the veloecity diagram 1s
symmetrical Because of
symmetrical. symmetry, it 1s also
clear that 02 = 1. For A=1/2.

the enthalpy drop in the nozzle
row equals the enthalpy drop in
the rotor.

hOo-hl=hl-h2

“r""on_ ‘_'hnz ,,(l ‘
|
1 7,
A=—+ ~(tan 3, + fan «r, )

20

- =

Puftting A = 0 in equation we gef

(8,=8,) AndV,=VyandforA=05. (B, =¢,)

Blade Height in Axial Flow turbine

The continuity equation 71 = p4V may be used to find the blade
height ‘h’. The annular area of flow = nDh. Thus the mass
flow rate through an axial flow turbine 1s

m = prDhl,

h=

- paDV,

Blade height will increase in the direction of flow 1n a turbine
and decrease 1n the direction of flow in a compressor.
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