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14.9 LOSSES IN STEAM TURBINES

Steam turbine being work producing device running at quite high speed has number of losses occurring
in it. These losses when put together result into substantial loss of energy. Therefore, while selecting a
turbine due attention should be paid to the losses in turbine. Some of the losses occur within turbine
stages while some are external to stage. These losses are described ahead.

1. Losses in nozzles: Steam turbine nozzle is designed for isentropic expansion so as to result in
increase in velocity from inlet to exit. Practically  in a nozzle the steam leaving nozzle may not have
velocity equal to the designed velocity value. This deviation in operating state of nozzle may occur
because of non-isentropic expansion. The reasons for non-isentropic expansion may be friction losses
between the steam and nozzle wall, viscous friction resistance to flow in the steam particles, boundary
layer formation and separation, heat loss during flow etc. Mathematically, this shift from isentropic
expansion to non-isentropic expansion is quantified using the parameter called ‘nozzle efficiency’. Nozzle
efficiency as described earlier is defined by the ratio of ‘actual enthalpy drop’ to the ‘isentropic enthalpy
drop’ between inlet and exit of nozzle.

2. Losses in moving blades: In steam turbine stage steam is supposed to glide smoothly over
the moving blades after leaving nozzles or fixed blades. In actual turbine stage during flow of steam over
moving blade, there may be number of factors causing loss of energy as given under:

(i) Blade friction may incur frictional loss which is taken into account by the blade friction
factor. This friction factor largely depends upon the Reynolds number, although it is earlier
defined as the ratio of relative velocity leaving blades to the relative velocity of steam entering
blades. This loss may be termed as “passage loss”.

(ii) “Boundary layer separation” may occur due to sharp deflection of fluid within the blade
passage. Deflection results in centrifugal force which causes compression near concave
surface and the rarefaction near the convex surface of blade, thus resulting in separation of
boundary layer.

(iii) Loss of energy may be due to turbulence at outlet of preceding row of nozzles due to finite
thickness of nozzle exit edge. There is mixing of steam jet leaving nozzles and entering
moving blade. Due to this transition of flow from nozzle passage to blade passage there is
formation of eddies and turbulence gets set in. This turbulence is generally in the form of
trailing vortices which keep on disappearing at high velocities. These cause the reduction of
kinetic energy delivered to blades and are called “wake losses”. Wake losses are visible at
the trailing edge of fixed blades too due to thickness of trailing edge.

(iv) Loss of energy is also there due to breakage of flow which occurs upon the impingement
of steam upon the leading edge of moving blade. This is also termed as ‘impingement loss’.
These losses are less if the flow is laminar as compared to the turbulent flow.

(v) Loss of energy also occurs during passage of steam from one stage to other i.e. rows. This
loss is also termed as ‘carry over loss’. This carry over loss is minimum if spacing between
consecutive rows is kept small.

The different losses as described above are accounted by taking the profile loss coefficient (kp),
incidence loss coefficient (ki) and carry over loss coefficient (kc). Profile loss coefficient takes into
account the losses due to turbulence, friction, fluid deflection in blade passage, curvature of blade and
actual exit angle being different from blade exit angle. Incidence loss coefficient takes care of losses due
to turbulence introduced by angle of incidence. The carry over loss coefficient takes care of losses due
to kinetic energy loss during transition of flow between the rows. Therefore, the actual relative velocity
leaving blade shall be,  V2 = kp � ki � kc � V1        
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3. Disc friction loss: This is a kind of loss of energy visible whenever any object say disc is
rotated in air or other medium. The disc would cut the atmosphere and impart motion to surrounding air.
There shall always exist relative motion between solid wall of object and the air or surrounding fluid.
Due to this relative motion surrounding medium always exerts a resistance to motion of moving object.
This may result in loss of energy due to friction which may be felt by the increase in enthalpy of
surrounding fluid. In case of steam turbines too the rotor is completely surrounded by the steam which
offers resistance to the rotor motion. The loss of energy of rotor may go into the steam enveloping it.
This loss of energy is termed as ‘disc friction loss’. The disc friction loss may cause heating of steam
surrounding the rotor i.e. a portion of kinetic energy is transferred from the rotor disc to steam by
heating of steam. Disc friction loss is substantial in case of impulse stages as compared to reaction
stages where it is very small and can be neglected.

4. Windage loss: Windage loss occurs when the rotor blades come in contact with near station-
ary fluid (steam). In case of partial admission turbines i.e. generally impulse turbines there is churning of
steam in the region having no active steam in steam turbine. When moving rotor blades come in contact
with inactive steam then there is transfer of energy from blade to steam. This loss of energy from rotor
to fluid is termed as ‘windage loss’.

In case of full admission turbine the region inside turbine having inactive steam is negligible and so
the windage loss is nearly negligible. To minimize windage loss the turbine should be filled with moving
steam (active steam). Windage losses are very small in case of low pressure stages. Reaction turbines
have negligible windage losses as they are full admission turbines.

5. Loss due to leakage: Steam leakage may occur across the turbine shaft and between stages.
Leakage of steam may result in availability of less work from stage as steam is not fully utilized for
producing work. Leakage occurs during flow from one stage to other or from one row to other through
the clearance space between diaphragm and shaft. Leakage also occurs across the blade tip. Leakage
across diaphragm occurs in both impulse turbine and reaction turbine stages. Leakage across tip is not
prominent in case of impulse turbine as the pressure difference is very small. Tip leakage is prominent
in reaction turbine stages.

Due to this diaphragm and tip leakage effective mass flow rate for doing work gets reduced and is
consequently a loss of energy. Leakage is accompanied by the increase in entropy and so the decrease
in availability of work due to throttling of steam which is an irreversible process. Leakage loss can be
minimized by reducing the clearances as much as possible after providing for expansion of turbine parts
so that the metal-to-metal rubbing is avoided. Different seals such as labyrinths, carbon rings, water,
steam or air seals are used to prevent this leakage through clearance. Also in order to reduce leakage loss
the drum type construction is preferred to diaphragm and wheel type construction in reaction turbines.

Another type of leakage may be of balance-piston leakage which refers to leakage between balance
piston and casing. Here fluid leaks out in high pressure region of turbine and atmospheric air bleeds into
casing in low pressure sub atmospheric region (condensor side). Generally this is not a total loss as the
leakage out and leakage in are not varying too much. This kind of loss can also be prevented by
employing labyrinth packing. At low pressure/subsonic region (condenser side) of turbine the labyrinth
packing is fed with low pressure steam so that steam leaks in instead of air in case of unavoidable
leakage.

6. Losses in bearings: Turbine bearings are critical parts to support high speed rotation of shaft.
Generally, a loss to the tune of 1% of turbine output occurs in bearings. Although this loss depends upon
bearing load, oil viscosity, speed of shaft, bearing surface area and film thickness etc.

7. Losses at inlet and exit: Loss at inlet of steam turbine occurs at regulating valves at entry. At
these valves which may be stop valve or governor valves the throttling loss generally occurs causing
lowering of entering steam pressure.
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At the exit of steam turbine the steam becomes wet and the fluid now is mixture of water droplet
and steam. Due to wetness of steam at exit end the water particles being heavier cause loss of kinetic
energy. These water particles, if in excessive amount may also endanger the turbine blade. The kinetic
energy of fluid at exit of steam turbine is a total loss and theoretically the fluid leaving turbine must have
the lowest possible energy in it. This loss of energy may be of the order of 10 – 13 per cent.

8. Losses due to radiations: Radiation losses also occur in steam turbines, although they are very
small compared to other losses and may be neglected. In case of steam turbines the high temperature
steam is limited to small part of casing so losses are small. But the radiation losses are quite significant
in gas turbines. In order to prevent radiation losses the pipings, turbine casing etc. carrying hot fluid
should be well insulated.

14.10 REHEAT FACTOR

In case of steam turbine the expansion process must occur isentropically under ideal conditions. But in
actual practice due to large number of losses such as friction, leakage, entry and exit losses etc. the
expansion inside does not remain isentropic. These factors are actually resulting into the situation having
incomplete conversion of available energy into the shaftwork. Thus, the actual steam leaving turbine will
be leaving with higher enthalpy than the enthalpy of steam at exit under isentropic expansion. Figure. 14.26
shows the ideal and actual expansion process in case of single stage and multi stage steam turbine. Single
stage expansion shows that ideally steam enters at state 1 and leaves at 2.

Fig. 14.26 Ideal and actual expansion in steam turbine showing reheat effect on h–s diagram

While actually steam enters at state 1 and leaves at state 2� i.e. enthalpy at state 2� is higher than
at 2. Comparison of expansion process 1–2 and 1–2� shows that due to various losses the total available
energy (h1 – h2) is not completely converted into shaft work. Portion of available energy given by
{(h1 – h2) – (h1 – h2�

)} remains with expanding fluid i.e. steam itself. On h–s diagram the shift in state
after expansion from 2 to 2� due to non-ideal operation is understood as reheating of steam at constant
pressure. For the sake of simplicity this reheating from 2 to 2� is considered to be of constant pressure
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type, whereas actually it may not be so. If the state of steam after expansion lies in wet region then
it can be seen that non-isentropic expansion causes increase in dryness of steam at exit i.e. dryness
fraction at 2, (x2) will be less than that at 2�(x2 �

), x2 < x2 �
.

Reheating of steam is accompanied by increase in entropy i.e. s2� > s2. Figure 14.27 shows the
ideal and actual expansion in steam turbine on T–s diagram. For single stage expansion the T– s diagram
shows the amount of heat lost/dissipated due to the friction etc. and subsequently recovered by steam
expanding in steam turbine in the form of reheating by the area 22� BA.

Fig. 14.27 Ideal and actual expansion in steam turbine on T-S diagram

In case of multi stage expansion the h – s diagram shown in Fig. 14.26 indicates the four stage
expansion starting from state 1. In the first stage theoretically the ideal expansion is given by the line
1–2 while actually it is 1–2�. Second stage expansion shall begin from state 2� and isentropic and non-
isentropic expansion processes are shown by 2�–3 and 2�–3� respectively. Actual state after expansion in
second stage is 3� and the subsequent stage expansion begins from this point. Expansion in third stage
results in theoretical and actual states as 4 and 4� respectively. In the last stage starting from 4� the ideal
and actual states after expansion are at 5 and 5� respectively.

Thus for multi stage expansion the actual states at the end of each stage are 2�, 3�, 4� and 5�. For
any stage, say first stage the isentropic and non-isentropic enthalpy drop may be related to stage effi-
ciency as below,

Stage efficiency, �s for Ist stage = 
h h
h h
1 2

1 2

�

�
� �

 �
Here the locus of actual state points 1–2� – 3� – 4� – 5� is also called the ‘condition’ line as it

approximates actual state of steam during its exit through turbine stages. If we look at the enthalpy
drops occurring in ideal and actual conditions then it is seen that the sum of isentropic enthalpy drops in
stages i.e. (�h12 + �h2�3 + �h3�4 + �h4�–5) shall be different from the actual enthalpy drop (�h12� + �h2�3�

+ �h3�4�
 + �h4�5�

).
This sum of isentropic enthalpy drop (heat drop) is generally termed as cumulative heat drop

(�hc). Total enthalpy drop for isentropic expansion can be given by �h1-5�
 and this is also termed as

‘Rankine heat drop’ (�hRankine).
Let us look actual and ideal expansion in a stage, say second stage where expansion begins at 2�

and should go up to 3 while it actually ends at 3�. The shift in state from 3 to 3� indicates reheating of
steam during expansion. This phenomenon is called reheating of steam during expansion in steam
turbine and is quantified by ‘Reheat Factor’. ‘Reheat factor’ is defined by the ratio of ‘cumulative heat
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drop’ to ‘Rankine heat drop’ i.e. cumulative heat drop (�hc) to direct isentropic heat drop (�hRankine).

Reheat factor =
Cumulative heat drop
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Reheat factor value is always greater than unity because cumulative heat drop shall always be
more than Rankine heat drop. This may be seen from h–s diagram which has diverging constant pres-
sure lines because of which the cumulative heat drop becomes more than Rankine heat drop. Reheat
factor value increases with increase in number of stages for a given pressure range. If the stage effi-
ciency is reduced then also the value of reheat factor increases for given pressure range and number of
stages. From designer’s point of view the reheat factor must have value of unity under ideal conditions.
But, since unity reheat factor value can not be attained so efforts must be made to reduce the reheat
factor value to make it close to unity. Unity reheat factor indicates that actual expansion is similar to ideal
expansion and ‘cumulative heat drop’ equals to ‘Rankine heat drop.’

Reheat factor may be related to internal efficiency of turbine as detailed below. Internal efficiency
is given by the ratio of ‘sum of actual outputs of stages’ and ‘the available energy in turbine’. Internal
efficiency may also be given by the ratio of internal work done of turbine to the Rankine heat drop.

Mathematically, internal efficiency, �int =
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If the stage efficiency for turbine stages is given by �S and stage efficiency remains same for all
stages, then stage efficiency can be given as,
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Also, �h15� = �h12� + �h2�3� + �h3�4� + �h4�5�

Let us assume the available energy in each stage to be equal as, �hstage
�h12 = �h2�3 = �h3�4 = �h4�5 = �hstage

or,
�h12�

 = �S��hstage = �h2�3�
 = �h3�4�

 = �h4�5�

Substituting in internal turbine efficiency, for ‘n’ number of stages
�h15�
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From definition of reheat factor,
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�hRankine = RF
ch∆

Substituting �hRankine in �int,
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Thus it is obvious that the internal efficiency of a turbine having multiple stages is always more
than stage efficiency as Reheat factor is more than unity.

14.11 STEAM TURBINE CONTROL

In actual operation of steam turbine the speed and output of turbine are to be constantly monitored and
controlled as rarely any turbine operates at constant load. This operation of turbine at off-design condi-
tions also deteriorates performance of turbine. Therefore, for safe and optimum operation of turbine it
has certain control and monitoring instruments. Number and size of these control and monitoring instru-
ments depends upon size of turbine and its’ application. Some of typical controls and instruments used
are described below for monitoring pressure, temperature, speed, noise and vibration etc.

(i) Pressure measurement is done for oil pressure to bearing, water/steam pressure to gland
seals, steam pressure at stop valves, steam chest, inlet and exit of each stage in turbine.
Pressure gauges are mounted at suitable locations for each one of above.

(ii) Temperature measurement are done at almost all the locations of pressure measurement.
(iii) Speed measurement is required to know speed of turbine in rpm during starting and

shutdown of turbine. Turbine speed is obtained from the generator frequency recorder.
(iv) Eccentricity of shaft is also to be monitored for which an eccentricity recorder is provided

to indicate and record eccentricity of shaft at high pressure end of turbine. Eccentricity
recorder has a detector coil at low pressure end of shaft, a transfer switch on turning gear,
and a power unit and recorder mounted on control panel. Eccentricity of shaft causes
variation in air space between shaft and coil detector and therefore change in current flowing
through coil, which is being sensed appropriately.

(v) Vibrations at main bearings of turbine and generator are being monitored using vibration
amplitude recorder. This type of recorder has a detector at each bearing and detector voltage
is proportional to the bearing vibrations. Voltage variation is sent for suitable signal
transformation and vibration amplitude is recorded.

(vi) Due to excessive temperature the turbine casing may undergo axial expansion for which an
expansion indicator is put. Expansion is monitored with respect to some selected mark on
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foundation. Steady expansion of casing is permitted while unsteady expansion may be
harmful.

(vii) Noise of turbine operation is being measured using noise meter as any unusual sound level
may indicate possibility of failure.

(viii) Flow rate of steam at all crucial points in steam turbine is being measured employing flow
meters and signals monitored at control panel.

(ix) Control panel also has wattmeters, voltmeters, ammeters for respective measurements.
Control panel also has the digital control of various valves, governor control etc.

Now-a-days the control panel of turbines has all digital controls and monitoring employing suitable
microprocessors.

14.12 GOVERNING OF STEAM TURBINES

Governing of steam turbine is required for controlling and regulating the output of a turbine
according to variable demands in service. This regulation of turbine is done by maintaining accurate and
positive control of speed, pressure and flow by employing governors. Governing of turbine maintains
the speed of turbine at constant level irrespective of load. Governing of steam turbines can be of
following types depending upon the mechanism of regulation.

(i) Throttle governing
(ii) Nozzle control governing
(iii) By-pass governing
(iv) Combined governing i.e., Combination of above as ‘throttle and nozzle control governing’

or ‘throttle and by-pass governing’.
(i) Throttle Governing: Throttle governing of steam turbine bases upon the throttling of steam up

to suitable pressure and regulate the mass flow of steam through the turbine so as to control the output
of turbine. Here in throttle governing, aim is to alter the mass flow rate as for example by reducing it, the
available energy gets reduced and hence lowering of output.

Fig. 14.28 Throttle governing on h-s diagram

In throttle governing the steam entering is regulated by opening and closing of valve. As the valve
is closed, the throttling or constant enthalpy process occurs across the valve with an increase in entropy
and corresponding decrease in availability of energy per unit mass flow of steam. Also due to throttling
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the state of steam entering turbine stage gets modified and the modified expansion line for each load is
obtained. It may be noted that even when the governor valve is full open the pressure drop does occur
and thus it can be said that throttling is evident at all loads on turbine. Representation of throttle govern-
ing on h-s diagram shows that the steam is available at state ‘0’ at p0 pressure in the main steam line. At
the inlet from main steam line when the governor valve is full open the throttling results in modified state
1 from where expansion occurs following path 1–3 under insentropic expansion and non-isentropic
expansion occurs following path 1–3�. When mass flow rate is reduced for reduced load on turbine then
this partial closing of valve causes throttling as shown by 1–2. Now as a result of this throttling from 1
to 2 the modified expansion paths are 2–4 and 2–4� for isentropic and non-isentropic expansion in
turbine. Thus it shows that as a result of throttling the available energy gets reduced from �h1-3 to
�h2-4 and �h2-4 < �h1-3. Hence this lowering of available energy causes reduced output from turbine.

Fig. 14.29 Schematic of simple throttle governing

Schematic of simple throttle governing in steam turbines is shown in Fig. 14.29. Here a centrifgal
governor is used to sense the change in speed of shaft. The relay system has a pilot valve and servo-
motor. The displacement of servomotor piston either upward or downward decides the opening of
throttle valve ‘C’. Servomotor piston is actuated by the high pressure oil entering from pilot valve to
upper or lower half of servomotor piston D. Under normal operation the servomotor piston occupies
middle position and pilot valves keep the inlet and exit ports in closed position. When oil enters the upper
half of servomotor then servomotor piston lowers down and the throttle valve starts closing causing
reduction of steam flow rate and so the output till the speed is maintained to normal running speed.
Simultaneously, the oil from lower half of servomotor gets drained out through pilot valve port. When oil
under pressure enters lower half of servomotor then servomotor piston gets lifted up causing lift of
throttle valve.

For throttle governing of steam turbine the steam consumption rate may be plotted with load
resulting into characteristic line called Willans line as shown in Fig. 14.30.
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Fig. 14.30 Characteristics of throttle governing

During throttle governing the Willan’s line is straight line making an intercept on y-axis. Math-
ematically, it can be given as,

M = K·L + M0

where M is steam consumption in kg/h at any load L.
M0 is steam consumption in kg/h at no load i.e. L = 0
L is any load on turbine in kW.
K is the constant and gives slope of Willan’s line.

Here it shows that even at no load the steam consumption shall be M0 (kg/h) which is graphically
given by intercept on y-axis.

Above equation can also be written as, M
L

 = K + 
M

L
0

where M
L

 is the specific steam consumption at any load, kg/kW�h

and 
M

L
0  is the specific steam consumption at no load, kg/kW�h.

Throttle governing offers following disadvantages due to throttle action at inlet:
(a) Throttling increases initial superheat at inlet and the greatest variations in steam velocity

occur in the later stages.
(b) The wetness of steam gets reduced in later stages due to throttling. Due to this reduced

wetness there occurs reduction in stage efficiency at part load operation of turbine.
(ii) Nozzle Control Governing: Nozzle control governing is the one in which steam flowing

through nozzles is regulated by valves. Nozzle control governing is generally employed at
first stage of turbine due to practical limitations. The nozzle areas in remaining stages remain
constant. If some how the nozzle governing is provided for all nozzles in each and every
stage then an ideal condition of turbine flow passage areas conforming to mass flow rate
at all loads shall exist. Under such ideal conditions the pressure, velocities and nozzle and
blade efficiencies would be constant with load. For such ideal condition the Willan’s line
would be straight line as indicated for throttle governing of turbine.
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In nozzle governing the nozzles of turbines are grouped in two, three or more groups upto six or
eight groups. When nozzle governing is employed then the pressure and temperature of steam entering
first stage nozzles are independent of load. Figure 14.31 shows the schematic of nozzle control governing.

Fig. 14.31 Schematic of nozzle control governing

As the valves are being regulated for actuating nozzle control governing so there occurs some
throttling of steam at each valve. However, the amount of throttling is considerably lesser and the
decrease in availability of energy to turbine is not too much. In order to avoid this occurrence of
throttling very large number (infinite) of nozzle and governing valves may be put.

(iii) By Pass Governing: In case of by-pass governing arrangement is made for by-passing
surplus quantity of steam without allowing total steam quantity to contribute in turbine
output when load reduces. Arrangement of by pass governing is shown in Fig. 14.32.

Fig. 14.32 Arrangement in by pass governing
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Diagram shows that steam from main line enters the main valve which is controlled by speed
governor. Steam from main valve enters the nozzle box or steam chest. By pass valve is
also provided on the nozzle box. By pass valve is connected to a passage which delivers
steam being by passed to later end of turbine. By pass valve is actuated when load varies,
thus allowing only part of steam entering main valve to contribute in power output. By pass
valve is controlled by speed governor for all loads within its’ range. In this kind of governing
depending upon turbine and its’ application there may be more than one by pass valves.

(iv) Combined governing: Some times when the governing requirements are not met by any one
kind of arrangements of governing i.e. throttle, nozzle control and by pass governing, then
the combination of two governing mechanisms may be employed. These popular
combinations are ‘throttle and nozzle control combined governing’ and ‘throttle and by pass
combined governing’.

14.13 DIFFERENCE BETWEEN THROTTLE GOVERNING AND
  NOZZLE CONTROL GOVERNING

Differences between throttle governing and nozzle control governing are as given;
Throttle governing              Nozzle control governing

(a) This governing is realized by (a) This governing is realized by nozzle
throttling of steam at inlet to tur- control so the degree of throttling
bine so there occur severe thrott- losses in valves are negligible.
ling losses.

(b) It has smaller losses due to (b) It has large partial admission losses.
partial admission of steam.

(c) This governing is generally (c) This governing is employed in
employed in both impulse turbines impulse turbine and reaction turbines
and reaction turbines. having initial impulse stages.

14.14 DIFFERENCE BETWEEN IMPULSE AND REACTION TURBINES

Differences between the impulse turbine and reaction turbines are as under.
Impulse turbines Reaction turbines

(a) Impulse turbine has profile type (a) Reaction turbine has airfoil type blades

blades and has constant area between and has converging area between two

two consecutive blades. consecutive blades.

(b) Impulse turbine stage has pressure (b) Reaction turbine stage has pressure

drop occurring only in nozzles. No drop occurring in both fixed as well

pressure drop occurs in moving blade as moving blades.

row.

(c) Impulse turbines have incomplete (c) Reaction turbines have complete
admission of steam or steam being admission of steam or steam being

admitted at selected positions around admitted all around the rotor through

the motor. fixed blade ring.

(d) Impulse turbine diaphragm has (d) Reaction turbine has fixed blade

nozzles mounted on it. Velocity of ring attached to casing to serve

Cont.
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steam is quite large. as nozzle and guide blades for entering
steam. Velocity of steam is comparatively smaller.

(e) Impulse turbine has lesser (e) Reaction turbine has higher

efficiency and much power can not efficiency and is capable of

be developed from it. producing large power output.

(f) These occupy less space for same (f) These occupy large space for

power output. same power output.

(g) These are not very costly as (g) Reaction turbines are costly as

the manufacturing of impulse turbine their blades are very difficult to

blades is much simpler. be manufactured.

(h) Impulse turbines are suitable for (h) Reaction turbines are suited for

small power requirement. medium and higher power requirements.

 EXAMPLES

1. Single stage impulse turbine has equal blade angles and nozzle angle of 15°. Determine the
maximum possible blade efficiency if the blade velocity coefficient is 0.85. Determine the blade speed
to steam velocity ratio if the actual blade efficiency is 90% of maximum blade efficiency.

Solution:
Given, �1 = 15°, �1 = �2, K = 0.85

Maximum blade efficiency, �b,max =
cos cos

cos

2
1 1

22
1

� �

�
� �

�
�

�
�K

= cos2 15
2

�  (1 + 0.85)

= 0.863 or 86.3%

Maximum blade efficiency = 86.3%    Ans.

Actual blade efficiency = 0.90 � 0.863
= 0.7767

Blade efficiency for single stage impulse turbine can be given as,

�b = 2(1 + K) (� cos �1 – �2)
0.7767 = 2(1 + 0.85) (� cos 15 – �2)
0.2099 = (� � 0.966 – �2)

or,

�2 – 0.966� + 0.21 = 0

� = 0.653 or 0.347

         Blade speed to steam velocity ratio = 0.653
or 0.347 Ans.

2. A single stage of simple impulse turbine produces 120 kW at blade speed of 150 m/s when steam
mass flow rate is 3 kg/s. Steam enters moving blade at 350 m/s and leaves the stage axially. Considering
velocity coefficient of 0.9 and smooth steam entry without shock into blades, determine the nozzle angle
and blade angles. Solve using velocity diagram.
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Solution:

Given: U = 150 m/s, C1 = 350 m/s, 
V

V
2

1

 = 0.9, �2 = 90°

For impulse turbine single stage,

Output = 120 � 103 = 150 � �Cw � 3
�Cw = 266.67 m/s.

Let scale be 1 cm = 50 m/s for drawing velocity diagram using given information.

V1 = 255 m/s ��BD = 5.1 cm
 C1 = 350 m  ��AD = 7 cm
V2 = 229.5 m/s ��BE = 4.59 ��4.6 cm

Fig. 14.33

Steps:

(i) Draw AB = 3 cm = 150
50
�
�

�
�  corresponding to U.

(ii) Draw perpendicular from A as �2 = 90° for axial discharge from turbine.
Mark point F along AB corresponding to �Cw (= 266.67 m/s), AF = 5.33 cm

(iii) Draw perpendicular from F along FD. Open compass for C1 (= 350 m/s) i.e. 7 cm and mark
point D keeping needle at A. Join AD and DB corresponding to C1 and V1 respectively.
Measure V1 (= 5.1 cm or 255 m/s) by length BD. Estimate V2 = V1 � 0.9 = 229.5 m/s.

(iv) Open compass for V2 (= 229.5 m/s) i.e. 4.59 cm and mark point E keeping needle on B.
Join points E and A, E, B to show C2 and V2 respectively. This completes velocity diagram.

Measure, �BAD = �1 = 39°
� FBD = �1 = 61.5°
�ABE = �2 = 47°

                     Nozzle angle = 39°
                Blade angles at inlet and exit = 61.5° and 47°    Ans.

3. In a single stage simple impulse turbine the steam flows at rate of 5 kg/s. It has rotor of 1.2 m
diameter running at 3000 rpm. Nozzle angle is 18°, blade speed ratio is 0.4, velocity coefficient is 0.9,
outlet angle of blade is 3° less than inlet angle. Determine blade angles and power developed.
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Solution:

Given: � =
U
C1

 = 0.4, 
V

V
2

1

 = 0.9, �1 = 18°, �2 = �1 – 3

U =
2 3000 1

60 2
� � �

�

� .2
 = 188.5 m/s � C1 = 471.25 m/s

Using these parameters the velocity diagram is drawn.

Scale 1 cm = 50 m/s.

Fig. 14.34

From velocity diagram, �1 = 29°, �2 = 26°, �Cw = 495 m/s (= length FG)

Power developed = m ��U � �Cw

= 5 � 188.5 � 495 = 466537.5 J/s
= 466.54 kW

   Blade angles at inlet and exit = 29° and 26°
 Power developed = 466.54 kW            Ans.

4. In a single stage impulse turbine the isentropic enthalpy drop of 200 kJ/kg occurs in the nozzle
having efficiency of 96% and nozzle angle of 15°. The blade velocity coefficient is 0.96 and ratio of
blade speed to steam velocity is 0.5. The steam mass flow rate is 20 kg/s and velocity of steam entering
is 50 m/s. Determine

(a) the blade angles at inlet and outlet if the steam enters blades smoothly and leaves axially.
(b) the blade efficiency
(c) the power developed in kW
(d) the axial thrust.

Solve using velocity diagram.

Solution:

Let the state at inlet to nozzle, leaving nozzle and leaving blade be denoted using subscripts
0, 1 and 2.

Using nozzle efficiency the actual enthalpy drop may be calculated as.
Actual enthalpy drop in nozzle, �hN = 200 � 0.96 = 192 kJ/kg

Velocity of steam leaving nozzle, C1 = 2 0
2

� �� h CN  �
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Axial thrust, Fa =m � (Va1 – Va2)
= 20 � (170 – 75)
= 1900 N

             Axial thrust = 1900 N       Ans.

5. A De Laval turbine runs with steam supplied at 16 bar, 250°C.
The nozzle efficiency is 90%, blade velocity coefficient is 0.98, mechanical efficiency is 95%,

nozzle angle is 15°, symmetrical blades with 30° angle, mean diameter of wheel is 80 cm, back pressure
is 0.15 bar. Determine

(a) the speed of rotation,
(b) the steam consumption per-bhp-hr,
(c) the stage efficiency,
(d) the percentage energy loss at exit.

Solution:
From steam table at inlet to turbine nozzle, h0 = 2919.2 kJ/kg

s0 = 6.6732 kJ/kg·K

At exit i.e. back pressure 0.15 bar, s1 = s0 = 6.6732 kJ/kg·K

s1 = sf at 0.15 bar + x1� sfg at 0.15 bar

6.6732 = 0.7549 + x1 � 7.2536
x1 = 0.8159

Enthalpy h1 = hf at 0.15 bar + x1 � hfg at 0.15 bar

= (225.94 + (0.8159 � 2373.1))
h1 = 2162.15 kJ/kg

Isentropic heat drop = h0 – h1

= (2919.2 – 2162.15)
= 757.05 kJ/kg

Velocity of steam C1 = 2 757 05 0 103� � �. .90

C1 = 1167.34 m/s
Nozzle angle �1 = 15°, Blade angle �1 = �2 = 30°

 Blade velocity coefficient, 
V

V
2

1

 = 0.98

The velocity diagram is drawn using above information. Taking scale 1 cm = 100 m/s.

Fig. 14.36
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From velocity diagram, V1 = 630 m/s, given by length BD,

Length AB gives U = 570 m/s

Using blade velocity coefficient, V2 = 0.98 � V1 = 617.4 m/s

�Cw = Given by length GF = 1080 m/s

Length AE gives C2 velocity,

C2 = 320 m/s

U = 2� N � r � 570 = 2 � 22
7

 � N � 0 80
2
.

N = 226.7 rps
N = 13602 rpm

         Speed of rotation = 13602 rpm      Ans.

Work done per kg of steam, W = U ���Cw

= 570 � 1080 = 615600 W/kg
= 615.6 kW/kg

1hp = 0.7457 kW
hp per kg of steam per second = 826.86 hp

Using mechanical efficiency, bhp can be obtained as = 0.95 � 826.86
= 785.52 hp

Steam consumption per bhp-hr = 3600
785.52

 = 4.58 kg

         Steam consumption per bhp-hr = 4.58 kg    Ans.

Stage efficiency =
Workdone

Energysupplied tostage

= 615.6
757.05� 	

= 0.8132

Stage efficiency = 81.32%    Ans.

Loss at turbine exit per kg of steam = 
C2

2

2
= 51200 J/kg

Percentage energy loss at exit = 51200
757 05 103. �� �

 � 100

= 6.76%

         Percentage energy loss at exit = 6.76%      Ans.

6. Following data refer to a De Laval steam turbine having equiangular blades;

Steam entering nozzle = 100 m/s
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Horse power developed = 
m U Cw� � �

745 7.

=
3 200 485

745 7
� �

.

= 390.23 hp

           HP developed = 390.23 hp      Ans.

7. In a simple impulse steam turbine stage steam enters the nozzle at 15 bar, dry saturated with
velocity of 150 m/s. Nozzle angle is 20° and steam leaves nozzle at 8 bar and enters into smooth blades.
Considering nozzle velocity coefficient of 0.90 and blades to be equiangular determine the following
for maximum diagram efficiency.

(a) the blade angles,
(b) the blading efficiency,
(c) the stage efficiency.

Solution:
From steam tables, enthalpy at inlet to nozzle, h0 = hg at 15 bar, = 2792.2 kJ/kg

entropy, s0 = sg at 15 bar = 6.4448 kJ/kg.K
Let dryness fraction at exit of nozzle be x1 at 8 bar.

For isentropic expansion, s1 = s0 = 6.4448 kJ/kg·K
s1 = 6.4448 = sf at 8 bar + x1 � sfg at 8 bar

6.4448 = 2.0462 + (x1 � 4.6166)
x1 = 0.9528
h1 = hf at 8 bar + x1 � hfg at 8 bar

= 721.11 + (0.9528 � 2048)
h1 = 2672.44 kJ/kg

Isentropic heat drop in nozzle = (h0 – h1) = 119.76 kJ/kg

Velocity at exit of nozzle C1 = 2 0 1 0
2h h C� � �

= 2 119 76 10 0 1503 2. .9� � � � 	� �
C1 = 487.92 m/s

For maximum diagram efficiency the blade velocity can be obtained by,

� =
cos �1

2
 ��

U
C1

�=� 
cos� 1

2

U = 487.92 � 
cos15

2
 � U = 229.25 m/s

Velocity diagram is drawn considering C1 = 487.92 m/s, U = 229.25 m/s �1 = 20°, �1 = �2.
Scale 1 cm = 50 m/s.
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Fig. 14.38

From velocity diagram, length BD = 5.7 cm i.e. V1 = 285 m/s
Since blades are smooth so V1 = V2

C2 = 150 m/s (= length AE)
�Cw = 455 m/s (= length AF)

V2 = 285 m/s
�1 = 36° = �2

           Blade angle at inlet = 36°
           Blade angle at exit = 36°     Ans.

Work done per kg of steam = U ���Cw = (229.25 � 455) = 104.31 � 103 J/kg

Kinetic energy supplied per kg of steam =
C1

2

2
 = 487

2

2.92� 	

= 119.03 � 103 J/kg

Blading efficiency =
104 31 10
119 03 10

3

3

.

.
�

�
 = 0.8763

Stage efficiency =
Workdoneper kgof steam

Energysupplied per kgof steam tostage

=
104.31 �

� �
�
�
	



�
�

� 	

10

119 76 10
150

2

3

3
2

.
 = 0.7962

          Blading efficiency = 87.63%
          Stage efficiency = 79.62%        Ans.

8. Single row impulse turbine operates between 10 bar and 5 bar with expansion efficiency of
95%. 10 kg of dry saturated steam per second enters into nozzle and leaves nozzle at angle of 20° to the
axis of rotation of blades. The blade velocity coefficient is 0.90, blade speed is 200 m/s and internal
losses due to disc friction and windage losses is 0.5 kJ/kg of steam. Consider that there is no axial thrust
on the blades.

Determine,
(a) Blade angles,
(b) Stage efficiency,
(c) Stage output in hp and prepare heat balance sheet. Also reason out the error if any by

solving using velocity diagram.
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Solution:
From steam tables:
Enthalpy of steam entering, h0 = hg at 10 bar = 2778.1 kJ/kg
Entropy. s0 = sg at 10 bar = 6.5865 kJ/kg·K
For isentropic expansion s1 = s0 = 6.5865 kJ/kg·K
Let dryness fraction at exit of nozzle be x1 at pressure of 5 bar.

s1 = sf at 5 bar + x1 � sfg at 5 bar

6.5865 = 1.8607 � (x1 � 4.9606)
x1 = 0.9527

Enthalpy at exit of nozzle, h1 = hf at 5 bar + x1, hfg at 5 bar

= 640.23 + (x1 � 2108.5)
h1 = 2648.99 kJ/kg

Isentropic heat drop = (h0 – h1) = 129.11 kJ/kg
Actual heat drop = 0.95 � (h0 – h1) = 122.65 kJ/kg

Velocity of steam leaving nozzle considering negligible inlet velocity,

C1 = 2 00 1h h� � � .95

= 2 122 65 103� �.

C1 = 495.28 m/s

Given: U = 200 m/s, �1 = 20°, 
V

V
2

1

= 0.90

C1a = C2a (As there is no axial thrust)

Fig. 14.39

From velocity diagram V1 = 320 m/s, V2 = 0.90 � V1 = 288 m/s,

C2 = 180 m/s, �Cw = 485 m/s

angle �FBD = �1 = 32°

angle �ABE = �2 = 39°

Work done per kg of steam = U ���Cw

= (200 � 485)

= 97000 J/kg, Actual work = (97 – 0.5) = 96.5 kJ/kg
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Stage efficiency =
Work done per kgof steam

Energyinput per kgof steam tostage

=
97000 � ��10 0

129 11

3 .5

.

� �
 = 0.7474 or 74.74%

Output in hp =
97 0 10

0 7457
�� 	 �.5
.

 = 1294.09 hp

Energy lost in nozzle = (h0 – h1) � 0.05 = 6.46 kJ/kg

Energy lost in blade friction =
V V1

2
2
2

2

��
��

�
��

 = 
320 288

2

2 2� 	 � 	��
��

�
��

= 9.73 kJ/kg

Exit energy loss =
C2

2

2
 = 

180
2

2� 	
 = 16.2 kJ/kg

Heat balance sheet in kJ/kg of steam
Input, kJ/kg         %   Expenditure, kJ/kg    %

Heat supplied = 129.11 (i) Useful work = 96.5 74.63
100% (ii) Nozzle friction loss = 6.4 4.95

(iii) Blade friction loss = 9.7 7.50
(iv) Windage & disc friction loss = 0.5 0.38
(v) Exit energy loss = 16.2 12.55

129.11 129.3 kJ/kg, Error = 0.19 kJ/kg

Error of 0.19 kJ/kg is due to cumulative error creeping in from construction and rounding off
measurements from velocity diagram.

9. Following data refer to the velocity compounded impulse turbine with two rows of moving
blades:

Steam supply: 60 bar, 500°C
Speed of rotation: 3600 rpm

Mean radius of blades: 60 cm
Steam supply: 6 kg/s

Blade speed to steam velocity ratio: 0.2
Nozzle efficiency: 90%

Nozzle angle: 20°

Exit angles: 25°, 25° and 40° for first moving, fixed and second moving
blades respectively

Blade velocity coefficient: 0.85 for all blades
Disc friction and Windage loss: 20 hp.

Determine,
(a) the stage pressure
(b) the blading efficiency
(c) the power output
(d) the state of steam leaving stage.
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Solution:

Blade speed, U = r� = 
60 10 2 3600

60

2� � � �� �
 = 226.2 m/s

� = 0.2 = U
C1

 so C1 = 1131 m/s

Actual heat drop in stage, �h�01 =
C1

2

2
 = 1131

2

2� 	
 = 639.58 kJ/kg

Theoretical heat drop �h01 =
� h��
�

�
�

01

0.9
 = 710.64 kJ/kg

Enthalpy at state 1, h1 = h0 – �h01

Enthalpy at inlet to nozzle, h0 = hat 60 bar, 500°C

h0 = 3422.2 kJ/kg
Entropy s0 = 6.8803 kJ/kg·K

Fig. 14.40

hence, h1 = 2711.56 kJ/kg, s1 = s0 = 6.8803 kJ/kg·K
From mollies diagram, P1 = 3.8 bar corresponding to h1 vertically below 60 bar and 500°C state.

        Stage pressure = 3.8 bar    Ans.

Velocity diagram is drawn using scale of 1 cm = 100 m/s and following,
U = 226.2 m/s, C1 = 1131 m/s, �1 = 20°, �2 = 25°, �3 = 25°, �4 = 40°

V

V

V

V
2

1

4

3

 = 0.85

Fig. 14.41

From diagram, V1 = 935 m/s, V2 = 794.75 m/s, C2 = 610 m/s
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C

C
3

2

= 0.85, � C3 = 0.85 � C2 = 518.5 m/s

V3 = 335 m/s � V4 = 284.75 m/s

Velocity diagram is drawn in following steps:
(i) Draw AB corresponding to U (= 226.2 m/s)
(ii) Draw AD at angle 20° corresponding to C1 (= 1131 m/s)
(iii) Join D with B and measure BD (= 9.35 cm) or V1 = 935 m/s, Estimate V2 = 0.85 � V1

(iv) Draw BE corresponding to V2 = (794.75 m/s) at angle �2 (= 25°)
(v) Join E with A and measure AE (= 6.1 cm) or C2 = 610 m/s. For fixed blade C3 = 0.85

� C2, Estimate C3.
(vi) Draw AG at angle �3 (= 25°) corresponding to C3 (= 518.5 m/s)
(vii) Join G with B and measure BG (= 3.35 cm) or V3 = 335 m/s. Estimate V4 = 0.85 � V3

for IInd moving blade.
(viii) Draw BF at angle 40° corresponding to V4 (= 284.75 m/s)
(ix) Join F with A and measure AF (= 2.8 cm) or C4 = 280 m/s.

Length KH (= 15.6 cm) or �Cw Ist moving = 1560 m/s

Length JI (= 5.45 cm) or �Cw II moving = 545 m/s

Total Work done = (U � �Cw Ist moving) + (U � �Cw II moving)

per kg of steam

= 226.2 (1560 + 545)
= 476.15 kJ/kg

Blading efficiency = 476.15
639.58

 = 0.7444 or 74.44%

Net power output =
476.15 6

0 7457
��

�
�
�.

 – 20

= 3811.16 hp

Energy loss at exit per kg =
C4

2

2
�
��

�
��

 = 
280

2

2� 	
 = 39.2 kJ/kg

Heat equivalentof net work =
381116 0 7457

6
. .�

 = 473.66 kJ/kg

Hence �h = 473.66 + 39.2 = 512.86 kJ/kg

Corresponding to enthalpy drop of 512.86 kJ/kg from h0 the final condition of steam can be seen
from mollier diagram. The state is at 225° (superheated steam at 3.8 bar (approximately)

Blading efficiency = 74.44%
Net output = 3811.16 hp

State of steam leaving stage = 225°C          Ans.

10. Determine blade speed, blade and nozzle angles and work done per kg of steam, ratio of
height required for moving blades rows and fixed blade row with respect to nozzle height. Increase in
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volume of steam during expansion in velocity compounded impulse turbine having two moving blade
rows may be neglected. Further data required for analysis is given as under,

Velocity of steam leaving nozzle = 500 m/s
Angle at exit of second moving blade = 30° from plane of rotation of blades

Velocity coefficient = 0.90 for each blade.

There is no axial thrust on any of moving blade row and the discharge from stage is axial. The
axial velocity in first moving blade is twice that of second moving blade. Solve using velocity diagram.

Solution:
Let us draw the velocity diagram for the stages in backward manner starting from exit of second

moving blade and coming gradually to inlet of Ist moving Blade.

Given, C1 = 500 m/s, �4 = 30°, 
V

V
2

1

 = 
V

V
4

3

= 
C
C

3

2

 = 0.90

�4 = 90°, C2a = C1a and C2a = 2 � C3a

C3a = C4a

Steps:
(i) Start with any length AB designating U, say AB = 2 cm
(ii) Draw line BG at angle �4 (= 30°) such that G lies vertically below A, there is axial discharge

from stage. Measure BG = 2.7 cm which gives V4. Estimate V3, as V3 = 
V4

0.9
 = 3 cm

(iii) Draw a line GF parallel to AB as C3a = C4a. Using compass for 3 cm width mark state F
with compass needle at B. Join B and F. Measure AF (= 4.8 cm) which gives C3.

Estimate C2 =
C3

0.9
 = 5.33 cm

(iv) Draw a line ED parallel to AB as C2a = 2 � C3a i.e. 3.5 cm below AB and using compass
for 5.33 cm width mark state E with compass needle at A. Join E and A to show C2. Join

E and B which shows V2. Measure BE (= 7 cm) which gives V2. Estimate V1 = 
V2

0.9
 =

7.78 cm.
(v) Using compass open for 7.78 cm mark point D with compass needle at B. Join line BD and AD

which show V1 and C1 respectively. Measure length AD = 9.6 cm. Thus C1 of 500 m/s velocity
is shown on length of 9.6 cm. Scale comes out, 9.6 cm = 500 m/s, 1cm = 52.08 m/s

Fig. 14.42
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Hence using scale, 1 cm = 52.08 m/s.

So AB = 2 cm � U = 2 � 52.08 m/s, U = 104.16 m/s
�CwI moving = HI = 13.05 cm = 679.64 m/s
�CwII moving = 4.55 cm or 236.96 m/s

AG = C4 = C3a = 1.75 cm = 91.14 m/s
HE = C2a = C1a = 3.5 cm = 182.28 m/s

Angles ��BAD = �1 = 21°
��IBD = �1 = 26°
��ABE = �2 = 28.5°
��HAE = �2 = 39°
��BAH = �3 = 20°
��ABF = �3 = 33°

Blade speed = 104.16 m/s
Ist moving blade inlet and exit angle = 26°, 28.5°

Fixed blade inlet and exit angle = 39°, 20°
IInd moving blade inlet angle = 33°

Nozzle angle = 21°                    Ans.

Total work done = U � �CwI moving + U � �CwII moving
              per kg of steam

= 104.16 (679.64 + 236.96)
= 95473.056 J/kg � 95.47 kJ/kg

Using continuity equation, 
Area Flowvelocityoraxialvelocity

Specificvolume
�

 =constant,

Let height of nozzle first moving, fixed blade and second moving blades be ln, lm1, lf, lm2 respec-
tively

ln � Ca1 = lm1 � Ca2

l

l
m

n

1  = 
C

C
a

a

1

2

 = 182
182

.28

.28
 =  1

Ratio of height of Ist moving blade to nozzle = 1

Ratio of height of fixed blade to nozzle =
l

l
f

n

 = 
C

C
a

a

2

2

 = 1

Ratio of height of IInd moving blade to nozzle,
l

l
m

n

2  =
C

C
a

a

1

3

 = 182
9114

.28
.

 = 2

Ratio of height of Ist moving blade to nozzle = 1
Ratio of height of fixed blade to nozzle = 1

Ratio of height of IInd moving blade to nozzle = 2     Ans.
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11. In a Parson’s reaction turbine the rotor of 1m diameter runs at 3000 rpm. Determine
the isentropic enthalpy drop in the stage considering stage efficiency of 0.80 , � = 0.7, blade outlet
angle = 20°.

Solution:

Given,�� = U
C1

 = 0.7, �stage = 0.80, �2 = 20°

U = r� = 
2 3000 1

60 2
� � �

�

�
 = 157.08 m/s

or, C1 = 224.4 m/s

Drawing velocity diagram considering given information.
As it is Parson’s reaction turbine so �1 = �2 and �1 = �2
Scale 1 cm = 50m/s

Fig. 14.43

Steps:
 (i) Draw AB corresponding to U = 157.08 m/s.
(ii) Draw AD at angle �1 = �2 = 20° corresponding to C1 (= 224.4 m/s).
(iii) Join point D with B which gives V1 (= 95 m/s). Measure angle �FBD = �1 = 56°
(iv) Draw C2 along AE at angle �2 = �1 = 56°. Also draw EB at angle 20°.

It intersects at E. Lines AE and BE give C2 and V2 respectively.
(v) Length FG gives �Cw (= 260 m/s) of 5.2 cm.

Work output = U � �Cw
(per kg of steam) = 157.8 � 260

= 40840.8 J/kg

State efficiency �stage = 0.80 = 40840 8.
� hisentropic

�hisentropic = 51051 J/kg or 51.05 kJ/kg

            Enthalpy drop in stage = 51.05 kJ/kg     Ans.

12. A Parson’s reaction turbine has mean diameter of blades as 1.6 m and rotor moving at 1500
rpm. The inlet and outlet angles are 80° and 20° respectively. Turbine receives steam at 12 bar, 200°C
and has isentropic heat drop of 26 kJ/kg. 5% of steam supplied is lost through leakage. Determine the
following considering horse power developed in stage to be 600 hp.

(a) the stage efficiency
(b) the blade height.
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Solution:
Given: 50% reaction turbine with �1 = 80° & �2 = 20°
N = 1500 rpm, d = 1.6 m � �2 = 80° and �1 = 20°

U = r� = 
1 6 2 1500

2 60
. � � �

�

�
 = 125.66 m/s

Velocity diagram for turbine stage is drawn as below using above data.

Fig. 14.44

From velocity diagram, Length AD = C1 = 168.75 m/s

Length FG = �Cw = 170 m/s
Length FE = C2a = 52.5 m/s = C1a

Work done = U � �Cw = 125.66 � 170 = 21362.2 J/kg or 21.36 kJ/kg per kg of steam.
Since 5% of steam gets leaked so only 95% of steam supplied will be used for production of work

Net work per kg of steam = 0.95 � 21.36 = 20.29 kJ/kg

Stage efficiency = 
Work done

Heatsupplied
 = 20.29

26
 = 0.7804 or 78.04%

Let mass of steam supplied be m kg per second to produce 600 hp.

0.7457 � 600 = m � 20.29
m = 22.05 kg/s

Assuming heat drop per stage to be small so that the specific volume remains nearly constant
throughout in the stage.

Specific volume at inlet from steam table, v1 = vat 12 bar, 200°c

v1 = 0.16930 m3/kg
Let height of blades be ‘h’.
Volume of steam flow rate = � � d � h � C1a

22.05 � 0.16930 = � � 1.2 � h � 52.5
h = 0.01886 m or 1.89 cm

           Stage efficiency = 78.04%
           Height of blade = 1.89 cm     Ans.

13. In a reaction turbine 6 kg/s steam is admitted at 15 bar dry saturated in the first stage. Turbine
has eight pairs on mean diameter of 50 cm and run at 3000 rpm with mean blade speed to steam velocity
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ratio of 0.8. There occurs tip leakage of steam at all rows amounting to 10% of total and efficiency of
working steam is 85%. Considering blade outlet angles for both fixed and moving blades to be 20°,
determine the following analytically.

(i) the output from turbine in hp.
(ii) the pressure of steam leaving turbine,

(iii) the mean blade height.

Solution:
Let the degree of reaction be 50% for the reaction turbine.

Mean blade speed  U =
� � � � �

�

�50 10 2 3000
2 60

2

 = 78.54 m/s

Steam velocity, C1= U
�

 = 
78 54
0 8
.
.

 = 98.18 m/s

Angles, �1 = 20°, �2 = 20°
�Cw = 2C1 cos �1 – U

= {(2 � 98.18 � cos 20) – 78.54)}
�Cw = 105.98 m/s

Actual mass of steam flowing through rows, mactual = 6 � 0.90 = 5.4 kg/s

Power output = U � �Cw � mactual � no. of pairs

=
78 105 5 4 8 10

0 7454

3.54 .98 .
.

� � � � �

= 482.4 hp

          Output from turbine = 482.4 hp    Ans.

Theoretical heat drop in turbine can be obtained using efficiency of working steam,

�h =
482 4 0 7454

6 0 85
. .

.
�

�
 = 70.51 kJ/kg

At inlet to steam turbine the enthalpy may be seen from steam table as,

h1 = hat 15 bar, dry saturated = hg at 15 bar = 2792.2 kJ/kg

s1 = sg at 15 bar = 6.448 kJ/kg�K, v1 = 0.13177 m3/kg

Hence, enthalpy at exit of turbine

hexit = h1 – �h
= 2792.2 – 70.51

hexit = 2721.69 kJ/kg

Pressure at exit of turbine can be approximated from the mollier diagram corresponding to hexit
and sexit (= s1) vertically below state 1. Pressure at exit = 12 bar (approx.)

Pressure at exit = 12 bar    Ans.

Dryness fraction at exit of turbine, is obtained using entropy values,

s1 = sexit
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= sf at 12 bar + xexit � sfg at 12 bar

6.448 = 2.2166 + xexit � 4.3067
xexit = 0.98
vexit = vf at 12 bar + xexit’ vfg at 12 bar

= 0.001139 + 0.98 � (0.16333 – 0.001139)
vexit = 0.16009 m3/kg

Mean specific volume = 1 exit

2

v v+
 = 

0 13177 0 16009
2

. .�� 	

= 0.14593 m3/kg

Steam mass flow rate = 6 � 0.92 � 0.14593 = 
� � � �50

100
1h C a

Axial component of velocity C1a = C1sin α1

= 98.18 sin 20
C1a = 33.58 m/s

This axial component of velocity, C1a is approximated as average flow velocity
Substituting C1a, h is estimated as under

h =
6 0 0 14593 100

50 33
� � �

� �

.92 .
.58�

 = 0.0153 m

         Mean blade height = 1.53 cm     Ans.

14. A reaction turbine has mean blade speed of 180 m/s, blade speed to steam velocity ratio of 0.8,
outlet angles of fixed and moving blades as 20° and 30°, specific volume at outlet of fixed blade as
0.5 m3 and at moving blade outlet as 0.6 m3. Areas at exit of fixed blade and moving blades are same,
Consider the efficiency of blades as 90% when considered as nozzles and K2 = 0.88 where K is blade
velocity coefficient. Determine

(i) the degree of reaction,
(ii) adiabatic heat drop,

(iii) the overall stage efficiency.

Solution:
Given: �1 = 20°, �2 = 30°, � = 0.8, U = 180 m/s.

Steam velocity C1 =
Mean blade speed

Blade speed to steam velocity ratio

= 180
0.8

C1 = 225 m/s

Axial velocity component, at inlet C1a = C1 sin α1

= 225 sin 20
C1a = 76.95 m/s

From continuity equation, the steam mass flow rate at exit of fixed blades and moving blades shall
be same, so
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1

at exit of fixed blades

aC

v
 = 2

at exit of moving blades

aC

v

76.95
0.5

 =
C a2

0 6.
C2a = 92.34 m/s

From geometry of velocity diagrams,

C2a = V2 sin �2

V2 =
C a2

2sin �
 = 92 34

30
.

sin

V2 = 184.68 m/s
V1

2 = C1
2 + U 2 – 2C1U cos �1

= (225)2 + (180)2 – (2 � 225 � 180 � cos 20)
= 6309.9

Heat drop in fixed blades =
C K C

N

1
2 2

2
2

2

�

�

�
�
	



�
��

Heat drop in moving blades =
V K V

N

2
2 2

1
2

2

�

�

�
�
	



�
��

Here nozzle efficiency is given as 0.9 for both fixed and moving blades.

C2
2 = V2

2 + U 2 – 2UV2 cos �2

= (184.68)2 + (180)2 – (2 � 180 � 184.68 � cos 30)
C2

2 = 8929.18
C2 = 94.49 m/s

Heat drop in fixed blades =
225 0 88 8929 18

2 0

2� 	 � �� 	

�

�
�
	



�
�

. .
.9

= 23.76 kJ/kg

Heat drop in moving blades =
184 68 0 88 6309

2 0

2. . .9
.9

� 	 � �� 	

�

�
�
	



�
�

= 15.86 kJ/kg

Therefore, degree of reaction =
Heatdrop in movingblades

Total heat drop

= 15 86
23 76 15 86

.
. .�� 	

= 0.4003 or 40.03%

         Degree of reaction = 40.03%      Ans.

Adiabatic heat drop in one pair of blades = (23.76 + 15.86)
= 39.62 kJ/kg.
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Heat drop in a pair of blades = 39.62 kJ/kg      Ans.

Work done = U � �Cw

= U � (V2 cos �2 + C1 cos �1 – U)
= 180 � (184.68 cos 30 + 225 cos 20 – 180)
= 34446.31 J/kg = 34.45 kJ/kg

Stage efficiency = 34 45
39 62

.

.
 = 0.8695 or 86.95%

         Stage efficiency = 86.95%    Ans.

15. A multi stage steam turbine has steam entering at 20 bar, 300°C and leaving at 0.05 bar and
0.95 dry. Determine reheat factor, condition of steam at exit from each of five stages considering
efficiency ratio of 0.555 and all stages doing equal work.

Solution:
At inlet to turbine, the enthalpy h1 = hat 20 bar, 300°C

h1 = 3023.5 kJ/kg
s1 = 6.7664 kJ/kg�K

Enthalpy at exit, h6 = hf at 0.05 bar + x � hfg at 0.05 bar

= 137.82 + (0.95 � 2423.7)
h6 = 2440.34 kJ/kg

h1 – h6 = 583.16 kJ/kg = Actual heat drop

Given: Stage efficiency or efficiency ratio = 0.55
Since all the stages do equal work, so the useful enthalpy drop in each of stage shall be equal.

Fig. 14.45
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Enthalpy drop in each stage =
h h1 6

5

��
�

�
�  = 116.63 kJ/kg

For first stage, h1 – h2 = 116.63 kJ/kg

Stage efficiency =
h h

h h
1 2

1 2

�

� �

h1 – h2�
 = 116.63

0.555
= 210.05 kJ/kg

For second stage, h2 – h3 = 116.63 kJ/kg

Stage efficiency = 0.555 =
h h

h h
2 3

2 3

�

� �

h2 – h3�
 = 116.63

0.555
 = 210.05 kJ/kg

Similarly, for third stage h3 – h4� = 210.05 kJ/kg
for fourth stage, h4 – h5� = 210.05 kJ/kg

for fifth stage, h5 – h6� = 210.05 kJ/kg

After isentropic heat drop up to state 6�, s1 = s6� = 6.7664 kJ/kg�K

s6�
 = sf at 0.05 bar + x6�

 � sfg at 0.05 bar

x6�
 =

6.7664 0 4764
7

��
�

�
�

.
.9187

x6� = 0.7943

Enthalpy, h6� = hf at 0.05 bar + x6��� hfg at 0.05 bar

= 137.82 + (0.7943 � 2423.7)
h6�

 = 2062.96 kJ/kg

Reheat factor, RF  =

Cumulative heat drop

Adialaticheat drop

 � � �

� � � � � �

�

�
��

�

�
��

 �

� �

� � �

�

h h h h

h h h h h h

h h

1 2 2 3

3 4 4 5 5 6

1 6

� � � �

� � � � � �

� �

=
5 210 05

3023 2062
�

�� 	

.
.5 .96

RF = 1.09

             Reheat factor = 1.09     Ans.

Plotting the actual heat drop shown by 1-6 on Mollier diagram state of steam leaving each stage
can be given as under.

No. of stage 1 2 3 4 5
Pressure at exit of stage, bar 6.9 2.6 0.8 0.2 0.05
Condition of steam 235°C 160°C dry sat. 0.975 0.95

dryness dryness
factor factor

Ans.
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16. In a five stage turbine the steam is supplied at 35 bar, 450°C and leaves at 0.07 bar, 0.89 dry.
Determine the following for equal work between the stages:

(i) the state of steam at inlet to each stage,
(ii) the stage efficiency or efficiency ratio for all stages,

(iii) the reheat factor,
(iv) the overall turbine efficiency.

Solve using Mollier diagram.

Fig. 14.46

Solution:
From mollier diagram,

h1 – h6 = 1028 kJ/kg

Considering equal work the enthalpy drop in each stage = 
h h1 6

5

�

= 205.6 kJ/kg
Plotting the condition line as straight line between 1 and 6, the following states are obtained at inlet

of each stage

No. of stage          1 2 3 4  5
Pressure, at inlet bar 35 14.5 5.5 1.7 0.35
State of steam 450°C 342°C 235°C 125°C 0.95

The enthalpy drops as evident from mollier diagrams,
h1 – h2� = 264 kJ/kg, h2 – h3� = 246 kJ/kg, h3 – h4� = 240 kJ/kg,
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h4 – h5�
 = 240 kJ/kg, h5 – h6	

 = 235 kJ/kg
and h1 – h2 = h2 – h3 = h3 – h4 = h4 – h5 = h5 – h6 = 205.6 kJ/kg

Stage efficiency for different stages, �stage,I = 
h h

h h
1 2

1 2

�

� �

 = 205 6
264

.  = 0.7788

�stage,II =
h h

h h
2 3

2 3

�

� �

= 205 6
246

.  = 0.8358

�stage,III =
h h

h h
3 4

3 4

�

� �

 = 205 6
240

.  =  0.8567

�stage,IV =
h h

h h
4 5

4 5

�

� �

 = 205 6
240

.  = 0.8567

�stage,V =
h h

h h
5 6

5 6

�

� �

 = 205 6
235

.  = 0.8749

        Stage efficiencies = 77.88%, 83.58%, 85.67%, 85.67%, 87.49%    Ans.

From mollier chart. h1 – h6�
 = 1162 kJ/kg

Reheat factor , RF =
( ) ( ) ( ) ( ) ( )

( )
1 2 2 3 3 4 4 5 5 6

1 6

h h h h h h h h h h

h h
′ ′ ′ ′ ′

″

− + − + − + − + −
−

=
264 246 240 240 235

1162
� � � �� 	

RF = 1.05

Ans. Reheat factor = 1.05

Overall efficiency, � =
h h

h h
1 6

1 6

�

� �

 �
 �

 = 1028
1162

 = 0.8847

Overall efficiency = 88.47%    Ans.

17. One stage of an impulse turbine consists of a converging nozzle ring and one ring of moving
blades. The nozzles are inclined at 22° to the blades whose tip angles are both 35°. If the velocity of
steam at exit from the nozzle is 660 m/s, find the blade speed so that the steam passes without shock.
Find diagram efficiency neglecting losses if the blades are run at this speed.

[U.P.S.C., 1992]
Solution:
Diagram efficiency of impulse turbine, when losses are neglected, shall be equal to the maximum

diagram efficiency obtained for optimum blade speed-steam velocity ratio (�).

�diag, max =
cos2

1

2
�

 (1 + K·C)

Considering turbine to have smooth and symmetrical blades i.e. K = 1,C = 1 and Blade angles,
�1 = �2

Nozzle angle = �1 = 22°
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�diag, max = cos2 �1 = 0.8597 or 85.97%

Also �optimum =
cos � 1

2
 = U

C1

Velocity of steam leaving nozzle is C1 and given as 660 m/s.

cos22
2

 = U
660

U = 305.97 m/s

            Blade speed = 305.97 m/s
            Diagram efficiency = 85.97%        Ans.

18. A simple impulse turbine has a mean blade speed of 200 m/s. The nozzles are inclined at 20°
to the plane of rotation of the blades. The steam velocity from nozzles is 600 m/s. The turbine uses 3500
kg/hr of steam. The absolute velocity at exit is along the axis of the turbine. Determine (i) the inlet and
exit angles of the blades, (ii) the power output of the turbine, (iii) the diagram efficiency, and (iv) the
end thrust (per kg steam per second) and its’ direction.

[U.P.S.C., 1998]

Solution:
Given, U = 200 m/s, �1 = 20°, C1 = 600 m/s, �2 = 90°, m = 3500 kg/hr
scale: 1 cm = 50 m/s

Fig. 14.47

From geometry, C1 sin �1 = 600 sin 20 = 205.2 m/s

tan �1 =
C

C U
1 1

1 1

sin
cos

�

� �

�1 = tan–1 205
600 20 200

.2
.cos �� 	

�
��

�
��

�1 = 29.42°

For symmetrical blade, �1 = �2 = 29.42°

        Blade inlet angle = Blade exit angle = 29.42°       Ans.

Power output = m � U � �Cw

=
3500 200 600 20

1000 60 60
� � �

� �

cos

= 109.63 kW

Power output = 109.63 kW     Ans.
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Diagram efficiency =
m U C

m
C

w� �

�
�
��

�
��

� �

1
2

2

=
2 1 1

1
2

U C

C

� cos�

=
2 1

1

U

C

�cos�

=
2 200 20

600
� � cos

= 0.6265

Diagram efficiency = 62.65%      Ans.

From velocity diagram, V2 cos �2 = U, V2= U
cos� 2

= 200
29 42cos .

= 229.61m/s

End thrust = (C2 – C1 sin �1)
= (V2 sin �2 – C1 sin �1)
= (229.61 (sin 29.42) – 600 sin 20)
= – 92.43 N/kg·s

           End thrust = 92.43 N/kgs in reverse direction     Ans.

EXERCISE

14.1 Describe the principle of steam turbine operation.

14.2 Classify the steam turbines and differentiate between steam turbine and steam engines.

14.3 Differentiate between impulse and reaction turbines.

14.4 What do you understand by compounding of steam turbines? Describe different types of
compounding of steam turbines.

14.5 Describe the velocity diagram for single stage impulse turbine. Also obtain the expressions for
force, work done, diagram efficiency, gross stage efficiency and axial thrust.

14.6 Obtain the condition for maximum blade efficiency in single stage impulse turbine. Also show how
this efficiency varies with blade speed to steam velocity ratio.

14.7 Compare different types of compounding of steam turbines with one another.

14.8 Sketch the velocity diagram of a two stage velocity compounded turbine.

14.9 Obtain the optimum blade speed to steam velocity ratio for two stage velocity compounded
impulse turbine. Also plot the variation of diagram efficiency with blade speed to steam velocity
ratio.

14.10 What do you understand by axial discharge turbine?

14.11 Discuss the significance of “whirl component of velocity” and “flow component or axial
component of velocity” in steam turbine.

14.12 Describe the working of reaction turbine. Explain, why pure reaction turbine is not used in practice.

14.13 How does reaction turbine blades differ from impulse turbine.

14.14 Discuss different losses in steam turbines.
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14.15 Sketch the velocity diagram for a single stage reaction turbine having 50% degree of reaction.

14.16 Obtain the condition for maximum diagram efficiency of a reaction turbine in terms of absolute
angle at inlet to moving blade.

14.17 What is meant by reheat factor? Also discuss its’ relevance with the help of T–s and h–s diagrams

14.18 Describe the governing in steam turbines. Give different methods for governing in steam turbines.

14.19 Differentiate amongst different methods of governing of steam turbine.

14.20 Give the reason for following statement;

“Velocity compounded impulse stages are generally placed at the high pressure inlet end of steam
turbine”.

14.21 Show that the reheat factor in steam turbine having steam entering dry and saturated at absolute
temperature T1, and expanding up to the absolute temperature T2 with stage efficiency �s, shall
be

given as, RF = 
T T

T T Ts

1 2

2 1 22

�

� ��  �
The number of stages may be considered infinite and the condition line is straight line.

14.22 A steam turbine stage is supplied with steam at 50 bar, 350°C and leaves turbine at pressure of
5 bar. Determine steam supply rate if the isentropic efficiency is 82% and power output is 15224
kW      [37.8 kg/s]

14.23 A De Laval steam turbine has steam leaving nozzle with velocity of 1200 m/s at angle of 20° and
mean blade speed of 400 m/s. Considering blades to be symmetrical, blade velocity coefficient of
0.8 and steam flowing at rate of 1000 kg/hr, determine the following using velocity diagram,

(a) the blade angle

(b) the power developed

(c) the relative velocity of steam entering blades

(d) the blade efficiency.

[30°, 30°, 145.5 kW, 830 m/s, 72.8%]

14.24 Determine the turbine output from a single stage impulse turbine having smooth blades, steam
flow rate of 20 kg/s, steam velocity of 600 m/s, blade speed of 250 m/s, nozzle angle of 20° and
blade outlet angle of 25°. Also calculate axial thrust.       [3275 kW, 800N]

14.25 Determine nozzle angle, blade angles at inlet and exit for a single stage impulse steam turbine
developing 132 kW, speed of 3340 rpm, mean rotor diameter of 1 m, steam flow rate of 2 kg/s, blade
velocity coefficient of 0.9, steam leaving nozzle at 400 m/s and steam discharges axially from
turbine. Solve using velocity diagram.   [21°, 36°, 32°]

14.26 De-Laval turbine has nozzle angle of 20°, symmetrical blades and blade velocity coefficient of 0.85.
Determine maximum blade efficiency. Also find out the blade speed to steam velocity ratio if the
actual blade efficiency is 92% of maximum blade efficiency.    [81.6%, 0.6 or 0.34]

14.27 What shall be the nozzle angle for a De-Laval turbine offering maximum possible efficiency of
90%?  [18.44°]

14.28 A stage of simple impulse turbine has 10 kg/s steam entering the rotor having mean diameter of
105 cm, running at 50 r.p.s.. Nozzle angle is 18°, blade speed to steam velocity ratio is 0.42, blade
velocity coefficient is 0.84 and the exit angle of blade 3° less than inlet angle. Draw the velocity
diagram and obtain (a) the axial thrust on blades, (b) the tangential thrust on blades, (c) the
resultant thrust on blades (d) the power developed.  [250 N, 3900 N, 3908 N, 641.5 kW]

14.29 A singe stage impulse steam turbine has mean diameter of rotor as 1 m and runs at 3000 rpm. Steam
leaves nozzle at 20° with velocity of 300 m/s. Determine the power developed if the axial thrust on
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blades is 98 N, blades are symmetrical and there occurs 19% frictional loss of kinetic energy of
relative velocity at inlet to blades.      [181.2 kW]

14.30 Single row impulse turbine has blade speed of 175 m/s and steam leaves nozzle at 400 m/s. Steam
flows at the rate of 163.2 kg/min and leaves turbine axially. Considering blade velocity coefficient
of 0.9 determine nozzle angle, blade angles at inlet and exit, axial thrust, energy loss at exit, energy
loss in blades and diagram efficiency if turbine produces 180 kW output.

[19°, 32.6°, 36.3°, 4.35 N, 8.27 kJ/kg, 5.53 kJ/kg. 41.36%]

14.31 Following data refer to a stage of velocity compounded impulse steam turbine;

Nozzle angle: 16°

Angle at exit of first moving blade: 20°

Angle at exit of fixed blade: 25°

Angle at exit of second moving blade: 30°.

Velocity of steam leaving nozzle: 800 m/s

Blade speed: 150 m/s

Blade velocity coefficient for first moving, fixed and second moving blades: 0.8, 0.85 and 0.85.

Steam flow rate: 5 kg/s

Determine, (a) diagram efficiency, (b) the energy carried at exit, (c) the axial thrust on each moving
blade ring, (d) the power developed. [66.2%, 3.79 kJ/kg, 20.9 N, 27 N, 1059 kW]

14.32 A two stage velocity compound impulse steam turbine has mean blade speed of 150 m/s, steam
leaves nozzle with 675 m/s velocity at angle of 20°. The exit angles of first row moving blade, fixed
blade and second row moving blade are 25°, 25° and 30° respectively. For the blade velocity
coefficient of 0.9 for all blades and flow rate of4.5 kg/s determine,

(a) the power output, (b) the diagram efficiency.

[80.7 kW, 78.5%]

14.33 A simple impulse turbine has nozzles at angle of 20° to the direction of motion of moving blades
and steam leaves nozzle at 375 m/s, blade velocity coefficient is 0.85, steam flow rate is 10 kg/
s and blade speed is 165 m/s. Determine,

(a) Inlet and outlet angles for blades such that there is no axial thrust.

(b) The power output.

[34.4°, 41.6°, 532 kW]

14.34 A Parson’s reaction turbine has blade speed of 78.5 m/s, stage efficiency of 80%, blade speed
to steam velocity ratio of 0.7 and blade outlet angle of 20°. Estimate the isentropic enthalpy drop
in the stage.    [12.32 kJ/kg]

14.35 In a 50% reaction turbine the inlet and exit angles are 80° and 20° respectively. Blade speed is
113 m/s and steam is admitted in turbine at 12 bar, 200°C and leaves after adiabatic enthalpy drop
of 17.5 kJ/kg with only 95% of heat drop being utilized for producing work of 620 hp. Calculate
the stage efficiency and blade speed.        [78.5%, 2.29 cm]

14.36 A reaction turbine has mean blade speed of 220 m/s and blade speed to steam velocity ratio
of 0.7. Determine the angle at inlet of blade and work done per kg of steam flow if angle at exit
is 20°.

Also determine the percentage increase in diagram efficiency if turbine is run for optimum blade
speed to steam velocity ratio.

[55°, 81.5 kJ/kg, 93.8%]

14.37 A reaction turbine has eight pairs with mean blade speed of 68 m/s and average blade speed to
steam velocity ratio of 0.8. Steam at 15 bar, dry saturated is supplied at the rate of 300 kg/min.
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Angle at exit of fixed and moving blade is 20°. Determine (a) the horse power, (b) the average blade
height.    [312.6 hp, 1.35 cm]

14.38 In a four stage velocity compounded impulse turbine, steam is supplied at 35 bar, 420°C and leaves
at 0.07 bar. Obtain the initial pressure, quality at inlet of each stage and internal efficiency of
turbine if the average efficiency is 70%. Also find reheat factor.

[11.3 bar, 304°C, 2.9 bar, 189°C, 0.55 bar, 0.99, 74.6% 1.07]

14.39 A reaction turbine stage has steam leaving fixed blade at 3 bar, 0.94 dry and velocity of 143
m/s. Ratio of axial velocity of flow to blade velocity is 0.7 at entry and 0.75 at exit from moving
blades. Angles at exit of fixed and moving blades are same. The height of blade is 1.8 cm and
steam flow is 150 kg/min. For blade velocity of 70 m/s determine the degree of reaction.

[58.2%]

14.40 A three stage turbine has steam entering at 30 bar, 350°C and leaves first, second and third stages
at 7 bar, 1 bar and 0.1 bar respectively. For equal stage efficiency of 70% determine (a) the final
condition of steam, (b) the reheat factor, (c) the overall thermal efficiency.

[0.94, 1.05, 24.5%]

14.41 A four stage turbine has steam supplied at 20 bar, 350°C and leaves at 0.05 bar. Considering
overall efficiency to be 80% and equal work from the stages and straight condition line determine,
(a) the steam pressure at exit of each stage, (b) the each stage efficiency, (c) the reheat factor.

[9 bar, 2.4 bar, 0.5 bar, 0.05 bar, 72.5%, 76%, 78.4%, 82.5%, 1.04]
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15

��������	
�	���

15.1 INTRODUCTION

Condenser is one of the essential components of steam power plants as it facilitates condensation of
steam at given conditions with minimum expenditure of energy and minimum loss of heat and finally
gives condensate which can be recirculated by feed pump to boiler for steam generation. Condenser
generally operates at pressure less than atmospheric pressure. In the steam power plant the use of
condenser permits expansion in steam turbine even upto less than atmospheric pressure and subse-
quently condensing steam to yield condensate for recirculation thus improving plant efficiency and
output. Expansion in steam turbine/engine can not be extended to pressures less than atmospheric in the
absence of condenser.

“Condenser can be defined as device used for condensation of steam at constant pressure;
generally pressure is less than atmospheric pressure”. Condenser is thus a closed vessel which is
generally maintained at vacuum and cold fluid is circulated for picking heat from steam to cause its
condensation. Use of Condenser offers advantages such as hotter feed water for being sent to boiler’,
‘removal of air and non condensable dissolved gases from feed water’, ‘recovery of condensate reduces
treated water requirement’, ‘expansion upto subatmospheric conditions and capital cost is reduced by
recycling of feed water’ etc. Increase in expansion work due to use of condenser is shown in Fig. 15.1
on p-V diagram.

Fig. 15.1 p-V diagram showing how condenser increases work output in steam engine

Steam power plant employing condenser and the condensing plant are shown in Fig. 15.2.



Steam Condenser _______________________________________________________________  685

Fig. 15.2 Schematic for steam power plant having condensing plant

Discharge from steam turbine passes into condenser where it is condensed using cooling water
being circulated employing coolant pump. Condensate being at pressure less than atmospheric pressure
is to be sucked out using condensate extraction pump. Condensate is extracted and sent to hot well from
where it is pumped to boiler using feed pump. Dissolved gases and air etc. if any are extracted out from
condenser using air extraction pump. This air or vapour may be present because of air leaking into
vacuum system and air coming with steam. Cooling water for supply to condenser is taken either from
some river or from cooling tower. Cooling water requirement may be up to 100 kg water per kg of
steam or even more depending upon the type of condenser and its capacity. Cooling tower cools the hot
cooling water leaving condenser to get cooled by evaporation of water and heat exchange with air.

Water evaporated or lost in cooling tower is compensated by the make up treated water available
from feed water treatment plant.

15.2 CLASSIFICATION OF CONDENSER

Condenser can be broadly classified on the basis of type of heat exchange i.e. direct or indirect contact
condensers.

(i) Direct contact type or Mixing type or Jet condenser
(ii) Indirect contact type or Non-mixing type or Surface condenser
(iii) Evaporative condenser

Jet condensers have direct contact between steam and cooling fluid thereby causing contamina-
tion of condensate. Surface condensers have indirect heat exchange through metal interface and the two
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fluids do not come in direct contact to each other. Evaporative condensers use evaporation of water for
heat extraction and is well suited for dry weather so that evaporation is not difficult. Due to direct
contact of two fluids the circulating water requirement is much less in jet condenser as compared to
other types of condensers. Space requirement and size of condenser etc. are also less with jet condens-
ers. Surface condenser is advantageous over direct contact type condensers because any type of cool-
ing fluid can be used in it and also there is no scope of contamination etc. Different types of condensers
are discussed ahead.

(i) Jet condenser: In jet condenser the steam to be condensed and cooling water are intimately
mixed by breaking up of water in the form of spray and allowing small sized water particles to fall down
through the body of steam. The water may also be discharged out through suitably shaped nozzles into
body of steam. Thus it is desired to atomize water into small sized particles so that increased surface
area is available for heat exchange between hot and cold fluid. Number of arrangements for flow of
steam and water are available such as; counter flow type having steam entering from bottom and
flowing upwards while water enters from top and falls downwards with air pump connected on top
where air is colder etc. Jet condenser may be further classified based on relative movement of two
fluids, and based on arrangement used for removal of condensate.

Based on relative moment of two fluids jet condenser can be,
(a) Counter flow jet condenser
(b) Parallel flow jet condenser
Based on arrangement for removal of condensate jet condenser can be,
(a) Low level jet condenser
(b) High level jet condenser
(c) Ejector condenser

Fig. 15.3 Schematic of low level jet condenser
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(a) Low level jet condenser: Low level jet condenser is the one which is placed at low level such
that vacuum inside condenser draws cooling water into condenser from river/pond/cooling tower.
Difference between atmospheric pressure (at which cooling water is available) and condenser pressure
causes flow of cooling water from cooling water reservoir to condenser i.e. (patm – pcond). Flow of
steam and cooling water could be parallel flow or counter flow type. Counter flow type and parallel flow
type low level jet condensers are shown in Fig. 15.3. There is provision for extraction of air and
dissolved gases from top of condenser by using air extraction pump. Condensate extraction pump is
used for taking out condensate from condenser and sending it to hot well.

Cooling water supplied to jet condenser has generally a large percentage of dissolved air which
gets liberated due to atomization of water, vacuum and heating of water and is extracted out. Low level
jet condenser suffers from inherent drawback that in the event of failure of condensate extraction pump
condenser shall be flooded with cooling water.

(b) High level jet condenser: High level jet condenser is the one which is placed at a height more
than that of water and water is to be injected into condenser using a pump and the condensate will flow
out of condenser because of gravity. Here no condensate extraction pump is required, instead pump is
required for pumping water upto condenser inlet. High level jet condenser is also called as ‘barometric
condenser’. High level jet condenser is placed at suitable height depending upon efficient drainage and
capacity of sump (hot well) into which tail pipe of condenser discharges out. Mathematically, it could be
said that jet condenser placed above hotwell by 10.36 m shall be high level jet condenser or barometric
condenser. High level jet condenser may also be of counterflow type or parallel flow type depending
upon the direction of flow of steam and cooling water. Figure 15.4 shows counterflow high level jet
condenser.

Fig. 15.4 Schematic of high level condenser
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*

Fig. 15.5 Ejector condenser

High level jet condenser do not pose problem of flooding of condenser in the event of failure of
pump as it is in case of low level jet condensers. But high level jet condensers are costlier than low level
jet condenser. Also there is loss of vacuum between turbine and condenser in case of high level jet
condenser.

Ejector condenser: Ejector condenser has water jet discharging through the series of guide cones
which guide steam on to the surface of water jet. Discharge of water through these convergent nozzles
causes partial vacuum due to conversion of potential energy into kinetic energy. Subsequently water jet
enters the diffuser nozzle where kinetic energy is converted into the pressure head and water is dis-
charged against the vacuum pull. Ejector condensers are well suited for moderate vacuum only.

Steam is injected in condenser with non return valve in between and is condensed by the mixing
with cooling water. Condensation of steam further increases vacuum.

Ejector condenser do not require air pump because of air entraining effect of water jet itself. Here
condensing jet has number of nozzles arranged concentrically and have their axis inclined at such an
angle that water jet assumes the form of inverted cone. Around the water jet the guide cones are
arranged with increasing area from bottom to top. Water will be colder in upper part of condensing cone
as compared to lower down. The temperature difference between steam and water at top will be greater
than at lower end and so the condensation is greatest at top and gradually diminishes to zero at bottom.
In case of failure of cooling water supply water may be sucked from hot well to go into steam pipe, but
this is prevented by non-return valve in steam supply line.

(ii) Non mixing type or surface condensers: Surface condensers are the most common types of
condenser and offer great advantage in terms of no contamination of feed water. In these condensers
the steam to be condensed and cooling fluid (water) do not come in contact with one another, instead
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the heat transfer occurs between two fluids through surface in between. Generally, cooling water flows
through the pipes/tubes and steam surrounds them. These condensers are preferred in the locations
where large quantity of poor quality cooling fluid (impure water) is available and condensate is to be
recirculated. Surface condensers can be classified based on number of passes of condenser i.e. single
pass or multipass. Number of times the cooling water crosses any transverse section is called a pass.
Surface condensers may be of ‘down flow type’ or ‘central flow type’ depending on the type of flow of
condensate and tube arrangement. Typical surface condenser having two passes, down flow type and
central flow type arrangement are shown in Fig. 15.6.

Fig. 15.6 Surface condenser

Two pass surface condenser has cooling water entering from one end and coming out after
twice traversing through the tubes (generally, brass) containing water and surrounded by steam to be
condensed. Condensate gets collected at bottom and is subsequently sucked by condensate extraction
pump. Steam is admitted from the top. Cooling water may be picked directly from river/pond/cooling
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tower. For extraction of air the provision is made for air pump. Thus, this type of condenser has three
pumps i.e. one for circulating cooling water, second for condensate extraction and third for air extrac-
tion. In surface condenser the space occupied by tubes in shell is about 10% of shell volume. Steam is
not passed through the tubes because at this steam pressure the specific volume of steam is large
requiring large number of tubes.

Down flow condenser has steam and air entering from top and flowing downwards across the
bundle of tubes having cooling water flowing through them. Air is extracted from bottom and before
being handled by air pump it is flown through air cooler so as to reduce the temperature of air. Low
temperature of air enhances the air handling capacity of pump. With the flow of steam down and
simultaneous heat exchange the condensate is taken out by condensate extraction pump.

Central flow condenser has air cooling section in the centre of condenser. Steam enters from top
and passes over the tube banks of similar type as in case of down flow condenser. As air is being sucked
from centre so the flow of steam is radially inwards towards the centre. During this flow steam passes
over tubes. Condensate is collected from bottom. In this type of condenser there is better contact
between steam and tubes because of radial flow of steam in whole of condenser, thus arrangement is
better as compared to down flow condenser.

In different designs of condenser it is always attempted to have maximum heat transfer between
two fluids. Also air extraction should be done effectively.

Thus designer of condenser should keep following things in consideration for making a better
design surface condenser.

(i) Steam should be uniformly distributed over cooling water tubes. i.e. cooling surface.
(ii) Distribution of steam should be such that there is minimum pressure loss.
(iii) Number of tubes should be minimum. Water must be flown inside tubes and steam should

surround them.
(iv) Tubes should be cleaned from inside and outside both. Although on external surface the

steam surrounding tubes prevents deposition. For internal cleaning of tubes mechanical or
chemical means of cleaning be used at frequent intervals.

(v) Leakage of air into condenser (due to vacuum) should be prevented as it reduces the work
output. Also this reduces the heat transfer rate. Even if there is leakage of air, arrangement
should be made for quick and effective removal of air with minimum work input.

(vi) Air should be cooled to maximum extent inside condenser before being thrown out as this
shall cause condensation if possible within condenser and thus reduce loss of condensate.
Also the cool air shall enhance air handling capacity of pump.

(vii) Rate of circulation of cooling water should be such that the range of temperature variation
in cooling water lies near the optimum temperature range. Generally, the cooling water
temperature rise is limited to 10°C for having maximum heat exchange between two fluids.

(viii) Material of tubes is generally taken as brass. Tube material should be such as to offer
maximum heat transfer rate i.e. high thermal conductivity. Generally, surface condensers are
bulky and require large space.

(ix) Cost of surface condenser should be kept low. Capital cost, running and maintenance cost
should be maintained as low as possible. Generally, these costs are high in case of surface
condenser as compared to other types of condensers.

(iii) Evaporative condenser: Evaporative condensers are generally used where the availability of
water is very poor. Figure 15.7 shows the schematic of such type of condenser where water falls from
top through the nozzles over the condenser coil. Water picks up heat from the steam flowing through
condenser coil and gets warmed up. This water is recirculated by circulation pump. Air flow inside
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condenser is maintained by using exhaust fan. This flow of air across condenser coil may be natural or
forced to enhance the cooling rate.

Fig. 15.7 Evaporative condenser

Water gets evaporated and evaporated vapours are taken by air leaving condenser. Heat required
for evaporation is extracted finally from the steam flowing inside tubes and thus causing its phase
transformation. For preventing the exit of water vapours with air going out the separator/eliminator is
put on the top before the final exit by which water vapour are recovered upto certain extent. Evaporative
condensers are named so because the technique of evaporation is used for realizing the cooling. Amount
of water to be sprinkled on condenser tubes should be just sufficient to maintain tube surface in thor-
oughly wet state. In case of air being humid the vapourizing capacity of wet air gets reduced compared
to dry air and so the performance of evaporative condenser deteriorates when humidity in atmosphere is
high.

Evaporative condenser is advantageous over the surface condenser as the vacuum maintained in
evaporative condenser is not very high and the water requirement is small. These condensers are gener-
ally used in small capacity power plants where shortage of water supply is there.

15.3 AIR LEAKAGE

Generally, inside the condenser pressure less than atmospheric pressure is maintained, thereby increasing
the chances of air leakage into condenser. Leakage of air occurs due to leaking joints, packings, glands
etc. along with air in dissolved form coming with feed water. This leakage of air accounts up to 0.005%
and 0.5% of steam condensed in case of jet type condenser and surface condensers respectively. Thus,
leakage of air is practically always there in the condensers. Air leakage causes the reduction in work
done per kg of steam as it increases the back pressure. Also the quantity of water required for condensation
of steam is increased due to lowering of partial pressure of steam due to pressure of air. At low pressure
the latent heat of steam to be released is more than at higher pressure. Air (having lower conductivity)
when present between water and steam hampers the heat exchange and also takes away a portion of
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heat. Because of this reason also the more quantity of cooling water is required. Hence, leakage of air
reduces the condenser efficiency and auxiliary devices such as reciprocating pump, rotary pump, steam
ejector or air pumps etc. are required. Also the presence of air increases corrosive action as the corrosion
depends largely upon the oxygen content.

Since air leakage in condenser is quite damaging to the performance of condenser so air leakage
should be detected and subsequent extraction of air being done. Air leakage is detected by isolating
condenser from the rest of plant after the steady states are attained in it i.e. pressure and temperature
become steady. After isolation of condenser from plant by stopping the steam and cooling fluid pump, if
the vacuum gauge and thermometer readings change then it shows that their is air leakage. For iden-
tifying location of leak points, the soap bubble test is carried out in carried out in which the bubble
formation occurs at leak point if soapy water is put on that after filling condenser with air. Thus, for
soap bubble test condenser needs to be emptied and filled with high pressure air. This test has drawback
that condenser is to be made non functional and running of plant suffers till the test is performed.

For locating the sources of air leakage during the operational state of condenser peppermint oil
test may be used. In this peppermint oil is applied at suspected sources of leak point and in case of
leakage at the joint peppermint oil fumes enter the condenser and will come out with the air. Odour of
peppermint could be felt in the air leaving condenser. Leak joints can also be detected by passing candle
flame over the probable joint. In case of leakage the flame gets distorted.

15.4 CONDENSER PERFORMANCE MEASUREMENT

The vacuum inside the condenser can be quantified by looking at barometer reading which gives atmos-
pheric pressure and vacuum gauge reading and taking their difference to get absolute pressure inside
condenser.

Thus, Absolute pressure (in cm) in condenser = (Barometric head in cm of Hg) – (Vacuum
pressure in cm of Hg)

Generally, this barometric head depends upon the atmospheric conditions and so the absolute
pressure also keeps on changing depending upon it. In order to take care for these variations a pressure
head called as corrected vacuum in condenser is being defined. This corrected vacuum pressure is
defined in reference to 76 cm of mercury which is the standard barometric head as below,

Corrected vacuum pressure (in cm of Hg) = 76 – Absolute pressure in condenser (in cm of Hg).
Therefore, the corrected vacuum pressure is used in cases where barometric head differs from

76 cm of mercury.
By the Dalton’s law of partial pressures, the absolute pressure inside condenser is the sum of

partial pressures of steam and air inside it. The partial pressure of steam shall be equal to the saturation
pressure corresponding to entering steam temperature. This partial pressure of steam could be seen
from steam table. Mathematically, absolute pressure in condenser (pc), as per Dalton’s law;

pc = pa + ps

where pa is partial pressure of air and ps is partial pressure of steam.
Theoretically the vacuum in condenser can be given as, pv, th = pb – ps where pv, th is theoretical

vacuum is condenser and pb is barometric pressure. It could be understood that the leakage of air into
condenser shall disturb the vacuum inside the condenser and actually due to this air leaked into con-
denser the condenser pressure is always greater than the theoretical condenser pressure.

In the absence of air leakage and with air leakage their is loss in performance of condenser and so
we need to quantify this effect. ‘Vacuum efficiency’ of condenser is such parameter which is defined by
the ratio of actual vacuum to theoretical vacuum inside condenser. Actually vacuum in condenser in the
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presence of air leakage can be given by;
pv, act = pb – (pa + ps)

Thus, vacuum efficiency of condenser = 
( )

( )
, act

, th

Actual vacuum in condenser 

Theoretical vacuum in condenser,

v

v

p

p

Vacuum efficiency = 
p p p

p p
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Here, partial pressure of air (pa) shall be zero in the absence of air leakage and vacuum efficiency
shall be 100%. If we look at mathematical expression of efficiency, it is obvious that vacuum efficiency
increases with reduction in partial pressure of air.

Also the vacuum efficiency shall increase with decrease in barometric pressure for constant exit
steam pressure and condenser actual pressure. In case of less cooling water the condenser pressure
increases and reduces the vacuum efficiency of condenser for other pressures remaining same. De-
signer always wishes to have condenser with highest vacuum efficiency i.e. close to 100%.

‘Condenser efficiency’ is another condenser performance parameter. It is given by the ratio of
actual rise in cooling water temperature to the maximum possible temperature rise. Condenser facilitates
heat exchange between two fluids and under ideal conditions the steam should only reject latent heat to
cooling water so as to yield condensate at saturated liquid condition. Thus, there should be no undercooling
of condensate in ideal condenser. Therefore, ideal condenser may be defined as condenser in which
steam rejects only latent heat to cooling fluid and condensate is available without any undercooling. Ideal
condenser requires minimum quantity of cooling water and shows maximum gain in cooling water
temperature so as to condense the steam. Mathematically,

Condenser efficiency = 
Actual rise in cooling water temperature

Maximum possible temperature rise

Here, the maximum possible temperature rise = {(Saturated temperature corresponding to condenser
       pressure) – (Cooling water inlet temperature)}

15.5 COOLING TOWER

Cooling tower is similar to evaporative condenser where water used for cooling is being cooled effec-
tively. Water used for cooling becomes hotter after extracting heat from condenser steam and needs to
be cooled down if it is to be recycled. Cooling towers are preferably used where the water supply is
limited and cooling water has to be recirculated without being thrown out.

Cooling tower is such an arrangement made of wood or metal structure having baffles inside to
facilitate better heat exchange between hot water falling down and atmospheric air blowing across it.
Generally, hot water is admitted from top and is broken into small size (atomized) while falling down. Air
enters tower at bottom and flows upward either due to natural draught or forced draught as the case
may be. Air picks up heat by intimate contact with hot water particles and leaves cooling tower from exit
passage at top. Cooled water falls down and is collected in a tank at bottom of cooling tower. The heat
transfer from hot water to air occurs due to evaporative cooling of water and convective heating of air
both. The effectiveness of cooling tower diminishes in humid weather conditions due to reduced capac-
ity of air. Dry air shall offer better cooling effectiveness as compared to moist air. During cooling there
occurs some loss of water as it is carried away by air. This water loss may be from 1 to 4% due to
evaporation and drift losses.
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 Typical values for a 500 MW steam power plant indicate that this plant has exhaust of steam at the
rate of 3.6 kg/kWh at full load, requiring 18 � 107 kg per hour of cooling water and to cool this cooling
water air requirement is about 30 � 106 kg per hour in cooling tower.

Fig. 15.8 Cooling tower

Figure 15.8 shows schematic of different cooling towers. The performance of cooling tower
depends largely upon the duration of contact between water particle and air, surface area of contact
between water particle and air, humidity of air and relative velocity of air and water flow etc.
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1. In a condenser the vacuum of 71 cm of Hg is maintained with barometer reading of 76 cm in
Hg. Temperature in condenser is 35°C while hot well is at temperature of 30°C. The cooling water is
circulated at the rate of 800 kg/min and condensate is available at 25 kg/min. The temperature of
cooling water at inlet and outlet are 15°C and 25°C. Determine the mass of air in kg/m3 of condenser
volume, dryness fraction of steam entering condenser and vacuum efficiency. Take mercury density as
0.0135951 kg/cm3, g = 9.81 m/s2.

Solution:
Absolute pressure in the condenser

pt = (76 – 71) � 10–2 � 0.0135951 � 106 � 9.81 = 6668.396 N/m2

= 6.67 kPa

Partial pressure of steam in condenser = Saturation pressure of steam corresponding to 35°C
(from steam table)

ps = 5.62 kPa

Partial pressure of air, pa = pt – ps = 6.67 – 5.63 = 1.04 kPa
Mass of air per m3 of condenser volume can be obtained from gas equation,

ma =
p V
RT
a �

�
�

�� � �

1 04 1
273 35 0 287

.
.

 = 0.012 kg/m3

Let the enthalpy of steam entering condenser be hs so by heat balance,

mw � Cpw
 � (Two

 – Twi
) = ms�(hs – Cpw

 � Tc)

mw= 800 kg/min, ms = 25 kg/min, Two
 = 25°C, Twi

 = 15°C, Tc = 30°C
800 � 4.18 (25 – 15) = 25 (hs – 4.18 � 30)

hs= 1463 kJ/kg

Let dryness fraction of steam entering be x.

hs = 1463 = hf at 35°C + x � hfg at 35°C

1463 = 146.68 + x � 2418.6

� x = 0.5442

Vacuum efficiency =
76 5 0 0135951 10 9 81

76 0 0135951 10 9 81 5 63 10

4

4 3
�� � � � �

� � � � �

. .

. . .� �� �

 = 0.9891 or 98.91%

Mass of air in kg/m3 of condenser volume = 0.012 kg/m3, dryness fraction of      Ans.
steam entering = 0.5442, Vacuum efficiency = 98.91%

2. A condenser has vacuum of 70 cm of Hg when barometer reading is 76 cm. Condenser has
temperature of 30°C. Air leaks into condenser at the rate of 1 kg air per 2500 kg steam. Calculate (i) the
capacity of air pump per kg of steam for removal of air from steam entering condenser, and (ii) the mass
of water vapour accompanying this air.
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Solution:
Absolute pressure in condenser = (76 – 70) cm of Hg

= 6 � 0.0135951 � 104 � 9.81 = 8002.67 Pa
pt = 8.003 kPa

Partial pressure of steam, ps = Saturation pressure corresponding to 30°C from steam table

ps = 4.246 kPa

Partial pressure of air, pa = Total pressure in condenser – Partial pressure of steam

pa = pt – ps = 3.757 kPa

Mass of air accompanying per kg steam due to leakage = 
1

2500
 = 0.0004 kg

Using gas equation, pa � V = mRT

Volume of air per kg of steam = mRT
pa

�
� � �� �0 0004 0 287 273 30

3 757
. .

.

= 9.26 � 10–3 m3/kg

         Capacity of air pump = 9.26 � 10–3 m3 per kg steam        Ans.

Volume of water vapour accompanying air shall be equal to the volume of air.
So volume of water vapour accompanying air = 9.26 � 10–3 m3/kg
Specific volume of dry steam at condenser temperature of 30°C = vg at 30°C = 32.89 m3/kg

Mass of water vapour accompanying air = 
9 26 10

32 89

3.
.

� �

= 2.82 � 10–4 kg/kg of steam
 

         Mass of water vapour accompanying air = 2.82 � 10–4 kg/kg of steam  Ans.

3. During the trial on a condenser it is seen to have vacuum of 67 cm of Hg while barometer
reading is 75 cm of Hg. The mean condenser temperature is 40°C and temperature of hot well is 35°C.
Circulating water flows at 1000 kg/min for giving condensate at the rate of 50 kg/min. Temperature of
cooling water at inlet and exit are 10°C and 25°C. Determine, (i) the vacuum corrected to standard
barometer reading of 76 cm. (ii) the vacuum efficiency of condenser, (iii) the undercooling of conden-
sate, (iv) the condenser efficiency, (v) the state of steam entering condenser, (vi) the mass of air per m3

of condenser volume, and (vii) the mass of air per kg of uncondensed steam.

Solution:
Vacuum corrected to standard barometer reading of 76 cm

= 76 – (75 – 67) = 68 cm Hg

       Corrected vacuum = 68 cm Hg       Ans.

Absolute pressure in condenser = 75 – 67 = 8 cm of Hg or (8 � 0.0135951
 � 104 � 9.81 = 10.67 kPa)

or, pt = 10.67 kPa

Partial pressure of steam, ps = Saturation pressure at 40°C from steam table
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ps = 7.384 kPa

Partial pressure of air, pa = pt – ps = 3.286 kPa

Vacuum efficiency = 
Actual vacuum

Theoretical vacuum
�

�� � � � �

� � � � �

75 8 0 0135951 10 9 81

75 0 0145951 10 9 81 7 384 10

4

4 3

. .

. . .� �

= 0.9645 or 96.45%

Ans.Vacuum efficiency = 96.45%
Undercooling of condensate = 40 – 35 = 5°C
Ans. Undercooling = 5°C

Condenser efficiency = 
T T

T T

w w

p wt

out in

sat corresponding to in

�

�

� �

� �
Saturation temperature corresponding to absolute pressure in condenser, 40.01 kPa.
T ptsat corresponding to  = 46.9°C, from steam table.

Tw out = 25°C, Tw in = 10°C

Condenser efficiency = 
25 10

46 9 10
�

�.
 = 0.4065 or 40.65%

Let us consider enthalpy of steam entering be h  kJ/kg and dryness fraction be x . By applying heat
balance,

ms � (h – cpw
 � Tc) = mw � cpw

 � (Two
 – Twi

)
ms = 50 kg/min, mw = 1000 kg/min

50(h – 4.18 � 40) = 1000 � 4.18 (25 – 10)
h = 1421.2 kJ/kg = hf at 40°C + x � hfg at 40°C

1421.2 = 167.57 + x�2406.7
x = 0.5209

        Dryness fraction of steam entering = 0.5209             Ans.

Mass of air per m3 of condenser volume

m = 
p V
RT
a

c

�
�

�

� �� �

3 286 1
0 287 273 40

.
.

 = 0.0366 kg/m3

Volume of per kg of uncondensed steam = vg at 40°C = 19.52 m3/kg
Mass of air in one kg of uncondensed steam = Mass of air in 19.52 m3 volume

=
3 286 19 52

0 287 40 273
. .

.
�

� �� �
 = 0.714 kg

Mass of air/m3 of condenser volume = 0.0366 kg/m3     Ans.
Mass of air in per kg of uncondensed steam = 0.714 kg

4. In a surface condenser operating with steam turbine the vacuum near inlet of air pump is 69 cm
of Hg when barometer reading is 76 cm of Hg. Temperature at inlet of vacuum pump is 30°C. Air
leakage occurs at the rate of 60 kg/hr. Determine,
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(i) the capacity of air pump in m3/hr and mass of vapour extracted with air in kg/hr.
(ii) the dimension of reciprocating air pump cylinder if it runs at 240 rpm and L/D ratio is 1.5.

Solution:
Absolute pressure at inlet to air pump = (76 – 69) = 7 cm Hg, or

= 7 � 0.0135951 � 104 � 9.81
pt = 9.336 kPa

Partial pressure of vapour at 30°C = Saturation pressure at 30°C

ps = 4.246 kPa

Partial pressure of air, pa = pt – ps = 5.09 kPa
Volume of 60 kg air at pressure of 89.112 kPa

V = 
60 0 287 273 30

5 09
� � �� �.

.

= 1025.1 m3/hr

         Capacity of air pump in m3/hr = 1025.1 m3/hr        Ans.

Volume handled, m3/hr =
�

4
 D2 � L � N � 60 = 1025.1

1025.1 = �

4
 � 1.5 D3 � 240 � 60

D = 0.3924 m or 39.24 cm
L = 58.86 cm

Mass of water vapour going with air =
at 30 C

1025.1

32.89g

V

V °

=  = 31.17 kg/hr

      
     Bore = 39.24 cm, Stroke = 58.86 cm
     Mass of water vapour extracted with air = 31.17 kg/hr Ans.

5. A steam condenser is supplied with 1000 kg/min steam in 0.9 dry state. The pressure at suction
of air extraction pump on condenser is 70 cm of Hg and barometer reads 77 cm of Hg. Temperature in
suction pipe is 30°C and air leaks at the rate of 5 � 10–4 kg per kg of steam. Cooling water temperature
gets increased by 15°C. Determine the mass handled by dry air extractor and cooling water circulation
rate in kg/min.

Solution:
Absolute pressure in condenser = (77 – 70) = 7 cm of Hg or (7 � 0.0135951 � 104 � 9.81)

pt = 9.34 kPa

Partial pressure of steam, ps = Saturation pressure corresponding to 30°C = 4.246 kPa
Partial pressure of air, pa = pt – ps = 5.094 kPa

Rate of air extraction per minute = 5 � 10–4 � 1000 = 0.5 kg/min

Volume of air extracted per minute = mRT
pa

�
� � �� �0 5 0 287 273 30

5 094
. .

.

= 8.54 m3/min
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Specific volume corresponding to 30°C, vg = 32.89 m3/kg
Volume of air extracted = Volume of mixture sucked per minute = 8.54 m3/min

Mass of steam extracted in mixture handled per minute = 8
32 89

.54
.

 = 0.2596 kg/min

Therefore, mass handled by air extraction pump = 0.5 + 0.2596 = 0.7596 kg/min

          Mass handled by air pump = 0.7596 kg/min   Ans.
Enthalpy of steam entering condenser, h = hf at 30°C + 0.9 (hfg at 30°C)

= 125.79 + (0.9 � 2430.5)
= 2313.24 kJ/kg

Mass flow rate of circulating water can be obtained by energy balance on condenser,

mw � Cpw � (	Tw) = ms � (h – Cpw � Tc)
mw � 4.18 � 15 = 1000 � (2313.24 – 4.18 � 303)

mw = 16693.78 kg/min

Water circulation rate = 16693.78 kg/min  Ans.
6. In a surface condenser vacuum of 70 cm Hg is maintained when the barometric pressure is

76 cm Hg. Steam enters 0.85 dry into condenser at the rate of 300 kg/min. Temperature of condensate is
30°C and the rise in circulating water temperature is 20°C. For sending water through condenser and
piping a pressure head of 5 m is required. For surface condenser determine,

(i) the flow surface area required when water flows at 50 m/min,
(ii) the cooling surface area required when heat transfer rate is 15 � 105 kJ/m2 � hr °C.

(iii) the total head required to be developed by pump
Solution:

Absolute pressure in condenser = 76 – 70 = 6 cm of Hg, or, (6 � 0.0135951 � 104 � 9.81) Pa
pt = 8.002 kPa

Partial pressure of steam, ps = Saturation pressure corresponding to 30°C
= 4.246 kPa

Applying heat balance on condenser,

mw � 4.18 � 20 = (hf at 30°C + 0.85 � hfg at 30°C – 4.18 � 30) �
300
mw = 7415 kg/min

Volume flow of water = 7415
1000

m3/min = 7.415 m3/min

Flow surface area requirement =
Velocity flow rateof water

Velocityof water flow
 = 7.415

50

= 0.1483 m2

           Flow surface area required = 0.1483 m2             Ans.

Cooling surface area required =
Total heat given by steam

Heat transfer rate

=

300
 at 30 C

�
�
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= 0.413 � 60
= 24.79 m2

          Cooling surface area required = 24.79 m2     Ans.

Velocity head present = 1
2

50
60

1
9 81

2

� ��


� �

.
 = 0.0354 m

Total head required = Pressure head + Velocity head
= 5 + 0.0354 = 5.0354 m

Head required = 5.0354 m        Ans.

7. A jet condenser has steam entering at 350 kg/min when vacuum of 680 mm is maintained in it
and the barometer reads 760 mm. Air mass going into condenser is 0.05% of steam mass entering. Water
at 20°C enters the condenser to condense the steam such that temperature of condensate is 30°C. Volume
of water required is 0.02 m3 per kg steam. The volume of air dissolved in the water injected may be
considered as 5% of volume of water at atmospheric pressure. Determine the volume handling capacity
of air pump for removing air and condensate when pump has volumetric efficiency of 90%.

Solution:

Absolute pressure in condenser = (76 – 68) = 8 cm of Hg
or, = (8 � 0.0135951 � 9.81 � 104 �
10–3)

pt = 10.67 kPa

Partial pressure of steam,

ps = Saturation pressure corresponding to 30°C
ps = 4.246 kPa

Partial pressure of air, pa = pt – ps = 10.67 – 4.246 = 6.424 kPa
Volume of cooling water required per minute = 350 � 0.02 = 7m3/min

Mass of air going into condenser with steam per minute = 
350 0 05

100
� .

= 0.175 kg/min

Volume of air entering per minute with cooling water = 
7 5
100

�

= 0.35 m3/min

Mass of air with cooling water, using pV = mRT, m = 
pV
RT

here p = atmospheric pressure = 101.3 kPa, V = 0.35 m3, R = 0.287 kJ/kg�K

T = 273 + 20 = 293 K

Mass of air with cooling water =
101 3 0 35
0 293

. .
.287

�

�
 = 0.422 kg/min

Thus, total mass of air inside condenser per minute
= (Mass of air with steam + Mass of air with cooling water)

= 0.175 + 0.422 = 0.597 kg/min
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Volume of air corresponding to 0.597 kg/min

=
0 0 273 30

6.424
.597 .287� � �� �

 = 8.08 m3/min

Volume of steam condensed (condensate) = 350 � vf at 30°C

= 350 � 0.001004 = 0.3514 m3/min

Total capacity of air pump (wet air pump) =  Volume of condensate/min + Volume of air/min
                      + Volume of cooling water/min.

= 0.3514 + 8.08 + 7
= 15.4314 m3/min

Actual capacity of air pump = 15 4314
0
.

.9
 = 17.15 m3/min

          Capacity of air pump = 17.15 m3/min         Ans.

8. A barometric jet condenser has steam entering at the rate of 20 kg/min and 12 kg cooling water
per kg of steam is supplied into it for condensation. After condensation the cooling water and conden-
sate leave at 40°C. Cooling water enters the condenser at 20°C. Vacuum of 650 mm Hg is maintained
inside condenser while barometer read 760 mm Hg. An air pump is put for extracting air from conden-
sate at the rate of 2m3 of wet mixture per minute. At the suction side of air pump a vacuum of 660 mm
Hg and temperature of 35°C is observed.

Determine,
(i) the dryness fraction of steam entering condenser,

(ii) the mass of air entering condenser per minute,
(iii) the effective pressure head at tail of barometric condenser.

Solution:

Absolute pressure in condenser, pt = (760 – 650) � 10–1 = 11 cm Hg
or,

pt = 11 � 104 � 0.0135951 � 9.81 � 10–3, kPa
pt = 14.67 kPa

Partial pressure of steam,                     ps = Saturation pressure corresponding to 40°C
= 7.384 kPa

Partial pressure of air, pa = pt – ps = 7.286 kPa
Cooling water required = 12 � 20 = 240 kg/min

Let the dryness fraction of steam entering condenser be x and enthalpy h.
Heat balance on condenser yields;

ms � h + mw � cpw � Twi = (ms + mw) cpw � Two

20�h + (240 � 4.18 � 20) = (20 + 240) � 4.18 � 40
h = 1170.4 kJ/kg = hf at 40°C + x�hfg at 40°C

1170.4 = 167.57 + (x�2406.7)
� x = 0.4167

          Dryness fraction of steam entering = 0.4167 Ans.
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Absolute pressure at suction of air pump = (760 – 660) � 10–1 = 10 cm Hg or
(10 � 0.0135951 � 104 � 9.81 � 10–3 = 13.34 kPa)
Partial pressure of steam at suction of air pump = Saturation pressure at 35°C.

p�s = 5.628 kPa
Partial pressure of air, p�a = 13.34 – 5.628 = 7.712 kPa
Now, at suction of pump volume of air will be equal to the volume of mixture.

Volume of mixture = Volume of air = 2 m3

Mass of air entering =
p V
RT

a

a

�

�
 = 

7 712 2
0 273 35

.
.287

�

� �� �

= 0.1745 kg/min

Effective pressure head tail of barometric condenser

= Head corresponding to (Barometric pressure – Absolute
pressure in condenser)

=
101 3 14 67 10

9 81 0 0135951 10

3

6

. .
. .

�� � �

� �
 = 0.649 m

Mass of air entering = 0.1745 kg/min          Ans.
Head = 0.649 m

9. A steam condenser has steam entering at 35°C and condensate being removed at 34°C. Con-
denser has two pumps one for extracting air and other for extraction of condensate. Air is removed at
temperature of 33°C. The air leaks into condenser at the rate of 3 kg/hr. Consider the pressure inside
condenser to remain uniform and neglect change in pressure due to air at steam inlet. Determine the
volume of air handled by air pump in kg/hr and also determine the volume to be handled if a combined
air and condensate pump is being used.

Solution:
Partial pressure of steam at 35°C = Saturation pressure corresponding to 35°C.

ps = 5.628 kPa

If the pressure of air at inlet is neglected then the total pressure in condenser,
pt = ps = 5.628 kPa.

At the suction of air pump, partial pressure of steam
= Saturation pressure corresponding to 33°C

ps�
= 5.075 kPa

Partial pressure of air, pa�
 = pt – ps�

 = 5.628 – 5.075 = 0.553 kPa

Volume of air handled by air pump =
mRT

p
a

a

�

�

 = 
3 0 273 33

0
� � �� �.287

.553

= 467.43 m3/hr

In case the air and condensate mixture is to be handled by same pump then,
Partial pressure of steam = Saturation pressure corresponding to 34°C

ps
 = 5.352 kPa

Partial pressure of air, pa
 = pt – ps

 = 5.628 – 5.352 = 0.276 kPa
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Volume of air = Volume of mixture handled by pump = 
3 0 273 34

0
� � �� �.287

.276
= 957.71 m3/hr

Volume of air handled = 467.43 m3/hr             Ans.
Volume of mixture handled = 957.71 m3/hr

10. In a surface condenser the vacuum at inlet is seen to be 72 cm Hg and at outlet it is 73 cm Hg.
The barometer reading is 76 cm and the dryness fraction of steam at inlet is 0.92. Cooling water entering
the condenser is at 20°C. Considering no air in the condenser and the temperature rise in cooling water
to be maximum determine.

(i) the minimum amount of undercooling.
(ii) the amount of cooling water required per kg of steam.

Solution:

Inlet pressure in condenser = (76 – 72) cm Hg = 4 cm Hg.
= 4 � 104 � 0.0135951 � 9.81 � 10–3

= 5.335 kPa
Outlet pressure in condenser = (76 – 73) cm Hg = 3 cm Hg

= 3 � 104 � 0.0135951 � 9.81 � 10–3

= 4.001 kPa

Since there is no air in condenser so the 5.335 kPa and 4.001 kPa will be the pressure of steam.
Saturation temperature corresponding to above pressures give temperature at inlet and outlet respec-
tively.

Saturation temperature at inlet =33.87°C, (from steam table at 5.335 kPa)
Saturation temperature at outlet =28.96°C, (from steam table at 4.001 kPa)

Thus, steam will leave at maximum temperature of 28.96°C
The minimum amount of undercooling = 33.87 – 28.96 = 4.91°C
For maximum temperature rise of cooling water the temperature of cooling water outlet will be

equal to the temperature of steam at inlet of 33.87°C.
Therefore, the maximum rise in cooling water temperature

= 33.87 – 20 = 13.87°C

Enthalpy of steam entering, h = hf at 33.87°C + 0.92 � hfg at 33.87°C

h = 141.97 + (0.92 � 2421.33) = 2369.59 kJ/kg

Let mass of cooling water required be m kg per kg steam.
Heat balance on condenser yields,

m � 4.18 � 13.87 = 1 � (2369.59 – 4.18 � 28.96)
�  m = 38.78 kg water per kg of steam

Undercooling = 4.91°C Ans.
Cooling water requirement = 38.78 kg/kg steam
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15.1 What do you understand by condenser? Discuss its significance.
15.2 How does condenser improve performance of steam power plant?
15.3 Discuss different types of condenser briefly.
15.4 Differentiate between surface condenser and jet condenser.
15.5 Give a sketch of barometric jet condenser and explain its working.
15.6 Discuss the effect of air leakage upon the performance of condenser.
15.7 How the air leaking into condenser is extracted out? Explain.
15.8 Describe the factors affecting the efficiency of condensing plant.
15.9 Discuss the relevance of Dalton’s law of partial pressures in condenser calculations.

15.10 What do you understand by cooling towers? Explain their utility.
15.11 Determine the vacuum efficiency of a surface condenser having vacuum of 715 mm of Hg and

temperature of 32°C. The barometer reading is 765 mm of Hg.   [98%]
15.12 A surface condenser having vacuum of 715 mm Hg and temperature of 32°C has cooling water

circulated at 800 kg/min. The cooling water entering condenser becomes warmer by 14°C. The
condensate is available from condenser at 25 kg/min. The hot well temperature is 30°C. Barometer
reading is 765 mm of Hg. Determine the mass of air in kg/m3 of condenser volume and dryness
fraction of steam entering. [0.022 kg/m3, 0.84]

15.13 A surface condenser has vacuum of 71 cm Hg and mean temperature of 35°C. The barometer
reading is 76.5 cm Hg. The hot well temperature is 28°C. Steam enters condenser at 2000 kg/hr
and requires cooling water at 8°C at the rate of 1000 kg/min. Cooling water leaves condenser at
24°C. Determine

(i) the vacuum efficiency of condenser,
(ii) the undercooling in condenser

(iii) corrected vacuum in reference to standard barometer reading, (iv) the condenser efficiency.
                                                       [0.982, 7°C, 70.5 cm Hg, 0.505]

15.14 In a surface condenser steam enters at 40°C and dryness fraction of 0.85. Air leaks into it at 0.25
kg/min. An air pump is provided upon the condenser for extracting out air. Temperature at suction
of air pump is 32°C while condensate temperature is 35°C. Determine.

(i) the reading of vacuum gauge
(ii) the volume handling capacity of air pump in m3/hr

(iii) the loss of condensate in kg/hr.
                                                    [705 mm Hg, 500 m3/hr, 16.9 kg/hr]

15.15 A steam turbine discharges steam into a surface condenser having vacuum of 700 mm Hg. The
barometer reading is 760 mm Hg. Leakage into condenser is seen to be 1.4 kg/min. The air pump
is employed for extracting out air leaking in. Temperature at the inlet of air pump is 20°C. The air
pump is of reciprocating type running at 300 rpm and has L : D ratio of 2 : 1. Determine,

(i) the capacity of air pump is m3/hr
(ii) the dimensions of air pump

(iii) the mass of vapour going out with air in air pump, kg/hr.
[1250  m3/hr, bore: 35.36 cm, stroke: 70.72 cm, 21.5 kg/hr]

15.16 A surface condenser handles condensate at 70.15 cm Hg when barometer reads 76 cm Hg. Steam
entering at 2360 kg/hr requires cooling water at 6.81 � 102 kg/hr, 10°C. Cooling water leaves
condenser at 27.8°C while condenser has mean temperature of 37°C. Air leaks into condenser at
0.3 kg/min. Determine,

(i) the mass of vapour going out with air per hour
(ii) the state of steam entering.

   [119 kg/hr, 0.89]
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15.17 A steam condenses working at 71.5 cm Hg vacuum and temperature of 32.28°C. Condenser has
steam entering at 13750 kg/hr. The leakage of air into condenser is 0.4 �10–3 kg/kg steam entering.
Considering volumetric capacity of air pump as 80% determine the capacity of air pump, handling
mixture of air and water vapour. [10.3 m3/min]

15.18 A jet condenser has pressure at inlet as 0.07 bar. It is supplied steam at 4000 kg/hr. Water is
supplied for condensation at 16 � 104 kg/hr. The volume of air dissolved in water at 1 bar, 15°C
is 0.05 of that water.
Air leaks in with steam at 0.05 kg/min. Temperature at suction of air pump is 30°C and volumetric
efficiency is 80%. Determine the capacity of air pump in m3/min for extracting out air.

   [519 kg/hr]
15.19 A surface condenser has steam entering at 0.09 bar, 0.88 dry at the rate of 16000 kg/hr. The air

leakage into condenser is 8 kg/hr. Temperature at condensate and air extraction pipe is 36°C. For
the average heat transfer rate of 133760 kJ/m2�hr, determine the surface required.      [254 m2]

15.20 A surface condenser has vacuum of 581 mm of Hg and steam enters into it at 57.4°C, 3100 kg/
hr. The barometer reads 726 mm of Hg. The temperature at suction of air pump is 50°C. The cooling
water is supplied at 5.6 � 104 kg/hr, 15°C and leaves at 43.6°C. Determine,

(i) the mass of air entering condenser per kg of steam
(ii) the vacuum efficiency.

                                                             [0.136 kg/kg steam, 0.981]
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16.1 INTRODUCTION

Compressors are work absorbing devices which are used for increasing pressure of fluid at the expense
of work done on fluid.

The compressors used for compressing air are called air compressors. Compressors are invariably
used for all applications requiring high pressure air. Some of popular applications of compressor are, for
driving pneumatic tools and air operated equipments, spray painting, compressed air engine, supercharging
in internal combustion engines, material handling (for transfer of material), surface cleaning, refrigeration
and air conditioning, chemical industry etc. Compressors are supplied with low pressure air (or any
fluid) at inlet which comes out as high pressure air (or any fluid) at outlet, Fig. 16.1. Work required for
increasing pressure of air is available from the prime mover driving the compressor. Generally, electric
motor, internal combustion engine or steam engine, turbine etc. are used as prime movers. Compressors
are similar to fans and blowers but differ in terms of pressure ratios. Fan is said to have pressure ratio
up to 1.1 and blowers have pressure ratio between 1.1 and 4 while compressors have pressure ratios
more than 4.

Fig. 16.1 Compressor

Compressors can be classified in the following different ways.
(a) Based on principle of operation: Based on the principle of operation compressors can be

classified as,
(i) Positive displacement compressors
(ii) Non-positive displacement compressors

In positive displacement compressors the compression is realized by displacement of solid boundary
and preventing fluid by solid boundary from flowing back in the direction of pressure gradient. Due to
solid wall displacement these are capable of providing quite large pressure ratios. Positive displacement
compressors can be further classified based on the type of mechanism used for compression. These
can be
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(i) Reciprocating type positive displacement compressors
(ii) Rotary type positive displacement compressors

Reciprocating compressors generally, employ piston-cylinder arrangement where displacement
of piston in cylinder causes rise in pressure. Reciprocating compressors are capable of giving large
pressure ratios but the mass handling capacity is limited or small. Reciprocating compressors may also
be single acting compressor or double acting compressor. Single acting compressor has one delivery
stroke per revolution while in double acting there are two delivery strokes per revolution of crank shaft.
Rotary compressors employing positive displacement have a rotary part whose boundary causes posi-
tive displacement of fluid and thereby compression. Rotary compressors of this type are available in the
names as given below;

(i) Roots blower
(ii) Vaned type compressors

Rotary compressors of above type are capable of running at higher speed and can handle large
mass flow rate than reciprocating compressors of positive displacement type.

Non-positive displacement compressors, also called as steady flow compressors use dynamic
action of solid boundary for realizing pressure rise. Here fluid is not contained in definite volume and
subsequent volume reduction does not occur as in case of positive displacement compressors. Non-
positive displacement compressor may be of ‘axial flow type’ or ‘centrifugal type’ depending upon type
of flow in compressor.

(b) Based on number of stages: Compressors may also be classified on the basis of number
of stages. Generally, the number of stages depend upon the maximum delivery pressure.
Compressors can be single stage or multistage. Normally maximum compression ratio of 5
is realized in single stage compressors. For compression ratio more than 5 the multi-stage
compressors are used.

Typical values of maximum delivery pressures generally available from different types of com-
pressor are,

(i) Single stage compressor, for delivery pressure up to 5 bar
(ii) Two stage compressor, for delivery pressure between 5 and 35 bar
(iii) Three stage compressor, for delivery pressure between 35 and 85 bar
(iv) Four stage compressor, for delivery pressure more than 85 bar

(c) Based on capacity of compressors: Compressors can also be classified depending upon the
capacity of compressor or air delivered per unit time. Typical values of capacity for different
compressors are given as;

(i) Low capacity compressors, having air delivery capacity of 0.15 m3/s or less
(ii) Medium capacity compressors, having air delivery capacity between 0.15 and 5 m3/s.
(iii) High capacity compressors, having air delivery capacity more than 5 m3/s.

(d) Based on highest pressure developed: Depending upon the maximum pressure available from
compressor they can be classified as low pressure, medium pressure, high pressure and
super high pressure compressors. Typical values of maximum pressure developed for
different compressors are as under;

(i) Low pressure compressor, having maximum pressure up to 1 bar
(ii) Medium pressure compressor, having maximum pressure from 1 to 8 bar
(iii) High pressure compressor, having maximum pressure from 8 to 10 bar
(iv) Super high pressure compressor, having maximum pressure more than 10 bar.
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16.2 RECIPROCATING COMPRESSORS

Reciprocating compressor has piston cylinder arrangement as shown in Fig. 16.2.

Fig. 16.2 Line diagram of reciprocating compressor

Reciprocating compressor has piston, cylinder, inlet valve, exit valve, connecting rod, crank,
piston pin, crank pin and crank shaft. Inlet valve and exit valves may be of spring loaded type which get
opened and closed due to pressure differential across them. Let us consider piston to be at top dead
centre (TDC) and move towards bottom dead centre (BDC). Due to this piston movement from TDC to
BDC suction pressure is created causing opening of inlet valve. With this opening of inlet valve and
suction pressure the atmospheric air enters the cylinder.

Air gets into cylinder during this stroke and is subsequently compressed in next stroke with both
inlet valve and exit valve closed. Both inlet valve and exit valves are of plate type and spring loaded so as
to operate automatically as  and when sufficient pressure difference is available to cause deflection in
spring of valve plates to open them. After piston reaching BDC it reverses its motion and compresses the
air inducted in previous stroke. Compression is continued till the pressure of air inside becomes suffi-
cient to cause deflection in exit valve. At the moment when exit valve plate gets lifted the exhaust of
compressed air takes place. This piston again reaches TDC from where downward piston movement is
again accompanied by suction. This is how reciprocating compressor keeps on working as flow device.
In order to counter for the heating of piston-cylinder arrangement during compression the provision of
cooling the cylinder is there in the form of cooling jackets in the body. Reciprocating compressor
described above has suction, compression and discharge as three prominent processes getting com-
pleted in two strokes of piston or one revolution of crank shaft.
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16.3 THERMODYNAMIC ANALYSIS

Compression of air in compressor may be carried out following number of thermodynamic processes
such as isothermal compression, polytropic compression or adiabatic compression. Figure 16.3 shows
the thermodynamic cycle involved in compression. Theoretical cycle is shown neglecting clearance
volume but in actual cycle clearance volume can not be negligible. Clearance volume is necessary
in order to prevent collision of piston with cylinder head, accommodating valve mechanism etc.
Compression process is shown by process 1–2, 1–2�, 1–2� following adiabatic, polytropic and isothermal
processes.

On p-V diagram process 4–1 shows the suction process followed by compression during 1–2
and discharge through compressor is shown by process 2–3.

Air enters compressor at pressure p1 and is compressed up to p2. Compression work requirement
can be estimated from the area below the each compression process. Area on p–V diagram shows that
work requirement shall be minimum with isothermal process 1–2�. Work requirement is maximum with
process 1–2 i.e. adiabatic process. As a designer one shall be interested in a compressor having minimum
compression work requirement. Therefore, ideally compression should occur isothermally for minimum
work input. In practice it is not possible to have isothermal compression because constancy of temperature

Fig. 16.3 Compression cycle on p-V diagram

during compression can not be realized. Generally, compressors run at substantially high speed while
isothermal compression requires compressor to run at very slow speed so that heat evolved during
compression is dissipated out and temperature remains constant. Actually due to high speed running of
compressor the compression process may be assumed to be near adiabatic or polytropic process following
law of compression as pVn = C with value of ‘n’ varying between 1.25 and 1.35 for air. Compression
process following three processes is also shown on T-s diagram in Fig. 16.4. It is thus obvious that
actual compression process should be compared with isothermal compression process. A mathematical
parameter called isothermal efficiency is defined for quantifying the degree of deviation of actual
compression process from ideal compression process. Isothermal efficiency is defined by the ratio of
isothermal work and actual indicated work in reciprocating compressor.
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Fig. 16.4 Compression process on T-s diagram

Isothermal efficiency = 
Isothermalwork

Actual indicated work

Practically, compression process is attempted to be closed to isothermal process by air/water
cooling, spraying cold water during compression process. In case of multi-stage compression process
the compression in different stages is accompanied by intercooling in between the stages.

Mathematically, for the compression work following polytropic process, pV n = C. Assuming
negligible clearance volume the cycle work done,

Wc = Area on p-V diagram
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In case of compressor having isothermal compression process, n = 1, i.e. p1V1 = p1V2

Wc, iso = p2V2 + p1V1 ln r – p1V1
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Wc, iso = p1V1 ln r, where r = 
V

V
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2

In case of compressor having adiabatic compression process, n = �
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or,
Wc, adiabatic = mCp (T2 – T1)

Wc, adiabatic = m (h2 – h1)
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The isothermal efficiency of a compressor should be close to 100% which means that actual
compression should occur following a process close to isothermal process. For this the mechanism be
derived to maintain constant temperature during compression process. Different arrangements which
can be used are:

(i) Faster heat dissipation from inside of compressor to outside by use of fins over cylinder.
Fins facilitate quick heat transfer from air being compressed to atmosphere so that
temperature rise during compression can be minimized.

(ii) Water jacket may be provided around compressor cylinder so that heat can be picked by
cooling water circulating through water jacket. Cooling water circulation around compressor
regulates rise in temperature to great extent.

(iii) The water may also be injected at the end of compression process in order to cool the air
being compressed. This water injection near the end of compression process requires special
arrangement in compressor and also the air gets mixed with water and needs to be separated
out before being used. Water injection also contaminates the lubricant film on inner surface
of cylinder and may initiate corrosion etc. The water injection is not popularly used.

(iv) In case of multistage compression in different compressors operating serially, the air leaving
one compressor may be cooled up to ambient state or somewhat high temperature before
being injected into subsequent compressor. This cooling of fluid being compressed between
two consecutive compressors is called intercooling and is frequently used in case of
multistage compressors.

Considering clearance volume: With clearance volume the cycle is represented on Fig. 16.3 (b).
The work done for compression of air polytropically can be given by the area enclosed in cycle 1–2–3–
4. Clearance volume in compressors varies from 1.5% to 35% depending upon type of compressor.

Wc, with CV = Area1234
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Here p1 = p4, p2 = p3
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�� (V1 – V4)

In the cylinder of reciprocating compressor (V1 – V4) shall be the actual volume of air delivered
per cycle. Vd = V1 – V4. This (V1 – V4) is actually the volume of air inhaled in the cycle and delivered
subsequently.

Wc, with CV =
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If air is considered to behave as perfect gas then pressure, temperature, volume and mass can be
inter related using perfect gas equation. The mass at state 1 may be given as m1, mass at state 2 shall be
m1, but at state 3 after delivery mass reduces to m2 and at state 4 it shall be m2.

So, at state 1, p1V1 = m1RT1

at state 2, p2V2 = m1RT2

at state 3, p3V3 = m2RT3 or, p2V3 = m2RT3

at state 4, p4V4 = m2RT4, or p1V4 = m2RT4

Ideally there shall be no change in temperature during suction and delivery  i.e., T4 = T1 and
T2 = T3. From earlier equation,
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Temperature and pressure can be related as,

p
p

n
n2

1

1

�
�
�
�

�� �

 =
T

T
2

1

and
p
p

n
n4

3

1

�
��
�
��

�� �

 =
T

T
4

3

 	� 
p
p

n
n1

2

1

�
�
�
�

�� �

 =  
T

T
4

3

Substituting,

Wc, with CV = n
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 (m1RT1 – m2RT4) 
T

T
2

1

1�
�
�	



��

Substituting for constancy of temperature during suction and delivery.

Wc, with CV = n
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T
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or,

Wc, with CV = n
n �
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��1

 (m1 – m2) R(T2 – T1)
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Thus, (m1 – m2) denotes the mass of air sucked or delivered. For unit mass of air delivered the
work done per kg of air can be given as,

Wc, with CV =
n

n �

�
��

�
��1

 R(T2 – T1), per kg of air

Thus from above expressions it is obvious that the clearance volume reduces the effective swept
volume i.e. the mass of air handled but the work done per kg of air delivered remains unaffected.

From the cycle work estimated as above the theoretical power required for running compressor
shall be as given ahead.

For single acting compressor running with N rpm, power input required, assuming clearance
volume.

Power required = 
n

n
p V V

p
p

n
n

�
�
�

�
� �

�
�
�
� �

�
��
��

�
��
��

�

�
	
	




�
�
�

�� �

1
11 1 4

2

1

1

 �  
 N

for double acting compressor, power = 
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Volumetric efficiency: Volumetric efficiency of compressor is the measure of the deviation from
volume handling capacity of compressor. Mathematically, the volumetric efficiency is given by the ratio
of actual volume of air sucked and swept volume of cylinder. Ideally the volume of air sucked should be
equal to the swept volume of cylinder, but it is not so in actual case. Practically the volumetric efficiency
lies between 60 and 90%.

Volumetric efficiency can be overall volumetric efficiency and absolute volumetric efficiency
as given below:

Overall volumetric efficiency = 
Volumeof freeair sucked into cylinder

Swept volumeof LP cylinder
or

(Volumetric efficiency
referred to free air conditions) = 

Massof air delivered per unit time
Massof air corresponding toswept
volume of LP cylinder per unit time
for free air conditions

� �

�
��

�
��

Here free air condition refers to the standard conditions. Free air condition may be taken as 1 atm
or 1.01325 bar and 15°C or 288 K. Consideration for free air is necessary as otherwise the different
compressors can not be compared using volumetric efficiency because specific volume or density of air
varies with altitude. It may be seen that a compressor at datum level (sea level) shall deliver large mass
than the same compressor at high altitude.

This concept is used for giving the capacity of compressor in terms of ‘free air delivery’ (FAD).
“Free air delivery is the volume of air delivered being reduced to free air conditions.” In case of air the
free air delivery can be obtained using perfect gas equation as,
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p V
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where subscript a or pa, Va, Ta denote properties at free air conditions

or, Va =
p T V V
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 �
 = FAD per cycle.

This volume Va gives ‘free air delivered’ per cycle by the compressor.

Absolute volumetric efficiency can be defined, using NTP conditions in place of free air condi-
tions.

Absolute volumetric efficiency =
Volumeof air sucked into cylinderat NTP

Swept volumeof LP cylinder

=  
Massof air delivered per unit time

Massof air corresponding to swept volume
of LP cylinder per unit time estimated at NTP

� �

� �
Thus, volumetric efficiency referred to free air conditions.

�vol. =
Volumeof air sucked referred tofreeair conditions FAD
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Here, Vs is swept volume, Vs = V1 – V3

and Vc is clearance volume, Vc = V3
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Let the ratio of clearance volume to swept volume be given by C.i.e. 
V
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Volumetric efficiency depends on ambient pressure and temperature, suction pressure and tem-
perature, ratio of clearance to swept volume, and pressure limits. Volumetric efficiency increases with
decrease in pressure ratio in compressor.

16.4 ACTUAL INDICATOR DIAGRAM

Theoretical indicator diagram of reciprocating compressor as shown in earlier discussion refers to the
ideal state of operation of compressor. The practical limitations, when considered in the indicator dia-
gram yield actual indicator diagram as shown in Fig. 16.5.

Fig. 16.5 Actual indicator diagram

Actual p-V diagram varies from theoretical p-V diagram due to following: Compressor has
mechanical types of valves so the instantaneous opening and closing of valves can never be achieved.
Also during suction and discharge there occurs throttling due to reduction in area of flow across inlet
and exit valve. 1234 shows theoretical indicator diagram and actual indicator diagram is shown by
12�34� on p-V diagram. Compression process 1–2 ends at state 2. At state 2 exit valve should open
instantaneously which does not occur and also due to restricted opening there shall be throttling causing
drop in pressure. Due to time lag in opening of exit valve compression process is continued up to 2�.
Thus, additional work is done during delivery from compressor as shown by hatched area 2 2�3.

After delivery stroke the inlet valve should theoretically open at 4 but does not open at this point
instead is opened fully at 4�. Shift from state 4 to 4� is there due to inertia in opening of valve throttling,
gradual opening, and friction losses etc. Thus it is seen that during suction there occurs intake depres-
sion as shown in actual indicator diagram. Work required as shown in actual indicator diagram is
more than theoretical diagram. In order to have compressor close to ideal compressor with minimum
losses it shall be desired to have actual indicator diagram close to theoretical diagram, which requires
less inertia and efficient operation of valves. Friction losses in pipings and across valves should be
minimized.
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16.5 MULTISTAGE COMPRESSION

Multistage compression refers to the compression process completed in more than one stage i.e. a part
of compression occurs in one cylinder and subsequently compressed air is sent to subsequent cylinders
for further compression. In case it is desired to increase the compression ratio of compressor then
multi-stage compression becomes inevitable. If we look at the expression for volumetric efficiency then
it shows that the volumetric efficiency decreases with increase in pressure ratio. This aspect can also be
explained using p-V representation shown in Fig. 16.6.

Fig. 16.6 Multistage compression

Figure 16.6 a, shows that by increasing pressure ratio i.e. increasing delivery pressure the volume
of air being sucked goes on reducing as evident from cycles 1234 and 12�3�4�. Let us increase pressure
from p2 to p2�

 and this shall cause the suction process to get modified from 4–1 to 4�–1. Thus volume

sucked reduces from (V1 – V4) to (V1 – V4�
) with increased pressure ratio from 

p

p
2

1

�
��
�
��  to 

p

p
2

1

��
��

�
�� ,

thereby reducing the free air delivery while swept volume remains same.

Therefore, the volumetric efficiency reduces with increasing pressure ratio in compressor with
single stage compression. Also for getting the same amount of free air delivery the size of cylinder is to
be increased with increasing pressure ratio. The increase in pressure ratio also requires sturdy structure
from mechanical strength point of view for withstanding large pressure difference.

The solution to number of difficulties discussed above lies in using the multistage compression
where compression occurs in parts in different cylinders one after the other. Figure 16.6 b, shows the
multistage compression occurring in two stages. Here first stage of compression occurs in cycle 12671
and after first stage compression partly compressed air enters second stage of compression and occurs
in cycle 2345. In case of multistage compression the compression in first stage occurs at low temperature
and subsequent compression in following stages occurs at higher temperature. The compression work
requirement depends largely upon the average temperature during compression. Higher average tem-
perature during compression has larger work requirement compared to low temperature so it is always
desired to keep the low average temperature during compression.

Apart from the cooling during compression the temperature of air at inlet to compressor can be
reduced so as to reduce compression work. In multistage compression the partly compressed air leav-
ing first stage is cooled up to ambient air temperature in intercooler and then sent to subsequent cylinder
(stage) for compression. Thus, intercoolers when put between the stages reduce the compression work
and compression is called intercooled compression. Intercooling is called perfect when temperature at
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inlet to subsequent stages of compression is reduced to ambient temperature. Figure 16.6 c, shows
multistage (two stage) intercooled compression. Intercooling between two stages causes temperature
drop from 2 to 2� i.e. discharge from first stage (at 2) is cooled up to the ambient temperature state (at
2�) which lies on isothermal compression process 1–2�–3�. In the absence of intercooling the discharge
from first stage shall enter at 2. Final discharge from second stage occurs at 3� in case of intercooled
compression compared to discharge at 3 in case of non-intercooled compression. Thus, intercooling
offers reduced work requirement by the amount shown by area 22�3�3 on p-V diagram. If the inter-
cooling is not perfect then the inlet state to second/subsequent stage shall not lie on the isothermal
compression process line and this state shall lie between actual discharge state from first stage and
isothermal compression line.

Fig. 16.7 Schematic for two-stage compression (Multistage compressor)

Figure 16.7 shows the schematic of multi stage compressor (double stage) with intercooler
between stages. T–s representation is shown in Fig. 16.8. The total work requirement for running this
shall be algebraic summation of work required for low pressure (LP) and high pressure (HP) stages.
The size of HP cylinder is smaller than LP cylinder as HP cylinder handles high pressure air having
smaller specific volume.

Fig. 16.8 T-s representation of multistage compression

Mathematical analysis of multistage compressor is done with following assumptions:
(i) Compression in all the stages is done following same index of compression and there is no

pressure drop in suction and delivery pressures in each stage. Suction and delivery pressure
remains constant in the stages.
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(ii) There is perfect intercooling between compression stages.
(iii) Mass handled in different stages is same i.e. mass of air in LP and HP stages are same.
(iv) Air behaves as perfect gas during compression.

From combined p-V diagram the compressor work requirement can be given as,
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Therefore, total work requirement, Wc = WLP + WHP, for perfect intercooling
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Power required can be given in HP as below, considering speed to be N rpm.

Power =
W Nc 



75 60
, HP

If we look at compressor work then it shows that with the initial and final pressures p1 and p2�

remaining same the intermediate pressure p2 may have value floating between p1 and p2�
 and change the

work requirement Wc. Thus, the compressor work can be optimized with respect to intermediate pres-
sure p2. Mathematically, it can be differentiated with respect to p2.
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Pressure ratio in Ist stage = Pressure ratio in IInd stage

Thus, it is established that the compressor work requirement shall be minimum when the pressure
ratio in each stage is equal.

In case of multiple stages, say i number of stages, for the delivery and suction pressures of pi +1
and p1 the optimum stage pressure ratio shall be,

Optimum stage pressure ratio = 
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Minimum work required in two stage compressor can be given by
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It also shows that for optimum pressure ratio the work required in different stages remains same
for the assumptions made for present analysis. Due to pressure ratio being equal in all stages the
temperature ratios and maximum temperature in each stage remains same for perfect intercooling.
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Cylinder dimensions: In case of multistage compressor the dimension of cylinders can be esti-
mated basing upon the fact that the mass flow rate of air across the stages remains same. For perfect
intercooling the temperature of air at suction of each stage shall be same.

If the actual volume sucked during suction stroke is V1, V2, V3 �� for different stages then by
perfect gas law, p1V1 = RT1, p2V2 = RT2, p3V3 = RT3

For perfect intercooling (T1 = T2 = T3 = �) so

p1V1 = RT1, p2V2 = RT1, p3V3 = RT1,
or p1V1  = p2V2 = p3V3 = �

If the volumetric efficiency of respective stages in �V1
, �V2

, �V3
, �

Then theoretical volume of cylinder 1, V1, th = 
V

V

1

1
�

; V1 = �V1
�V1, th

cylinder 2, V2, th =
V

V

2

2
�

; V2 = �V2 � V2, th

cylinder 3, V3, th=
V

V

3

3
�

; V3 = �V3 � V3, th

Substituting,

p1��V1�V1, th = p2��V2�V2, th = p3��V3�V3, th = �

Theoretical volumes of cylinder can be given using geometrical dimensions of cylinder as diam-
eters D1, D2, D3, � and stroke lengths L1, L2, L3���.

or V1, th = �

4
 D1

2�L1

V2, th = �

4
 D2

2�L2

V3, th = �

4
 D3

2�L3

or,

p1��Vi�
�

4
 D1

2 L1 = p2��V2�
�

4
 D2

2 L2  = p3��V3�
�

4
 D3

2�L3 = �

p1 �V1�D1
2 L1 = p2��V2�D2

2�L2 = p3��V3�D3
2�L3 = �

If the volumetric efficiency is same for all cylinders, i.e. �V1 = �V2 = �V3 = � and stroke for all
cylinder is same i.e. L1 = L2 = L3 = �

Then,  D1
2 p1 = D2

2 p2 = D3
2 p3 = �

These generic relations may be used for getting the ratio of diameters of cylinders of multistage
compression.

Energy balance: Energy balance may be applied on the different components constituting
multistage compression.
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For LP stage the steady flow energy equation can be written as below:

m�h1 + WLP = mh2 + QLP

QLP = WLP – m (h2 – h1)

QLP = WLP – mCp (T2 – T1)

Fig. 16.9

For intercooling (Fig. 16.10) between LP and HP stage steady flow energy equation shall be;

mh2 = mh2 �
 + QInt

or,

QInt = m (h2 – h2�
)

QInt = mCp (T2 – T2�)

Fig. 16.10

For HP stage (Fig. 16.11) the steady flow energy equation yields.

mh2�
 + WHP = mh3�

 + QHP

QHP = WHP + m (h2� – h3�)

QHP = WHP + mCp (T2�
 – T3�

) = WHP – mCp (T3� – T2�
)

Fig. 16.11

In case of perfect intercooling and optimum pressure ratio, T2� = T1 and T2 = T3�

Hence for these conditions,

QLP = WLP – mCp (T2 – T1)
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QInt = mCp (T2 – T1)
QHP = WHP – mCp (T2 – T1)

Total heat rejected during compression shall be the sum of heat rejected during compression and
heat extracted in intercooler for perfect intercooling.

Heat rejected during compression for polytropic process = 
�

�

�

�

�
�

�
�

n
1

 
 Work

16.6 CONTROL OF RECIPROCATING COMPRESSORS

Output from the compressors can be controlled by different measures which regulate the compressor
output. In practical applications the compressors are fitted with air receiver to store the high pressure air
and supply as and when required. Therefore, the compressors are run only for the duration required to
maintain the limiting pressure inside receiver. When the pressure inside receiver starts dropping down
then the compressor again starts supplying compressed air till the level is restored. Different ways for
this control are based on throttle, clearance, blow off control and speed control.

(i) Throttle control has the regulation of opening/closing of inlet valve so that the quantity of
air entering can be varied. With partial opening of inlet valve throttling occurs at valve and
quantity of air entering is reduced while the pressure ratio gets increased.

(ii) Clearance control is the arrangement in which the clearance volume is increased when
pressure ratio exceeds the limit. For this cylinder has clearance openings which are closed
by spring loaded valves. Whenever pressure exceeds, then the clearance openings get opened
and the increased clearance volume reduces maximum pressure.

(iii) Blow-off control has spring loaded safety valve or by pass valve for blowing out excess air
in receiver. After release of excess air automatically the valve gets closed on its own.

(iv) Speed of compressor can also be controlled by regulating the prime mover, thereby
regulating compressor output. Thus, compressor is run on variable speed for its’ control.

16.7 RECIPROCATING AIR MOTOR

Air motors are actually prime movers run using the compressed air. It is used extensively in the applica-
tions where electric motor/IC engine/Gas turbine etc. can not be used due to fire hazard, specially in
coal/oil mining applications. Apart from use of air motors in coal/oil mines these are also used
for running pneumatic tools in workshops and manufacturing/assembly lines. Air motors have a recip-
rocating piston-cylinder arrangement where compressed air is admitted in cylinder with inlet valve open
for limited period in suction stroke and this causes piston movement to yield shaft work. Thus air
motors are reverse of air compressors. Schematic for air motor and p–V diagram for cycle used is
shown in Fig. 16.12.

Compressed air enters the cylinder up to state 1 and expands up to state 2. Expansion process is
generally polytropic and yields expansion work. Expansion is terminated even before the atmospheric
pressure is reached because in later part of expansion the positive work is less than negative work. The
exhaust valve opens causing drop in pressure from 2 to 3. Exhaust pressure is slightly more or nearly
equal to atmospheric pressure. The exhaust of air occurs at constant pressure up to state 4 where the
closing of exhaust valve occurs. The inlet valve is opened at state 5 causing sudden rise in pressure upto
state 6 after which piston displacement begins and is continued with compressed air inlet up to state 1
after which expansion occurs with inlet valve closed. Here point of cut-off is at state 1 which can be
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suitably varied depending upon output required from air motor. Here, total work available is the result of
non-expansive work during 6–1 and expansion work during 1–2.

Work available from air motor can be quantified by the area enclosed on p-V diagram.

Wmotor = p1 (V1 – V6) + 
p V p V

n
1 1 2 2

1

�

�

�
��

�
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p V p V
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�

�
��
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Fig. 16.12 Reciprocating air motor

Air motor suffers from the drawback that in case of expansion the air temperature may even go
below the dew point temperature and moisture may condense or even get frozen also inside the cylinder.
This phenomenon may be prevented by increasing the temperature of air entering cylinder so that
temperature after expansion does not go near the dew point temperature. Some times air is heated before
being supplied to air motors in order to avoid condensation.

16.8 ROTARY COMPRESSORS

Rotary compressors are those compressors in which rotating action is used for compression of fluid.
Rotary air compressors have capability of running at high speeds up to 40,000 rpm and can be directly
coupled to any prime mover such as electric motor, turbine etc. due to compact design, no balancing
problem and less no. of sliding parts. Comparative study of rotary compressor with reciprocating
compressor shows that rotary compressors can be used for delivering large quantity of air but the
maximum pressure at delivery is less compared to reciprocating compressors. Generally, rotary com-
pressors can yield delivery pressure up to 10 bar and free air delivery of 3000 m3/min. Rotary compres-
sors are less bulky, and offer uniform discharge compared to reciprocating compressor even in the
absence of big size receiver. Lubrication requirement and wear and tear is less due to rotary motion of
parts in rotary compressors compared to reciprocating compressors.

Rotary compressors may work on the principle of positive displacement and dynamic action
both. Rotary compressors having positive displacement may be of following types:

(i) Roots blower

(ii) Screw type or Helical type compressor

(iii) Vane type compressor
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Rotary compressors employing dynamic action may be of centrifugal type or axial type depending
upon the direction of flow. These centrifugal type or axial compressors may also be termed as non-
positive displacement type steady flow compressors.

(i) Roots blower: Roots blower is a positive displacement type rotary compressor. It has two
rotors having two or three lobes having epicycloid and hypocycloid or involute profiles such that they
remain in proper contact. Figure 16.13 shows two lobe rotors in a roots blower. To prevent wear and
tear two rotors have clearance in between. Out of two rotors one is driven by prime mover while other
one is driven by first rotor. When two rotors rotate then their typical geometry divides the region inside
casing into two regions i.e. high pressure region and low pressure region. Although there occurs slight
leakage across the mating parts which can only be minimised not eliminated completely.

Fig. 16.13 Roots blower

Figure 16.13 b shows the general arrangement in roots blower. It has inlet at section 1–1 and exit
at 2–2. Air at atmospheric pressure enters the casing and is trapped between rotor A and the casing.
When the rotor rotate then air trapped in volume space V is displaced towards high pressure region due
to rotation of rotor. Exit end is connected to receiver in which air is gradually transferred and the
pressure inside receiver increases due to cumulative effect of air being transferred from atmospheric
pressure region to receiver region. In one revolution this positive displacement of air trapped between
rotor and casing from inlet end to receiver end shall occur four times in case of two lobe rotor as
shown. While in case of three lobes rotor this transfer shall occur six times. Every time when V volume
of air is displaced without being compressed to the receiver side high pressure region, then the high
pressure air rushes back from receiver and mixes irreversibly with this air until the pressure gets
equalized. Thus, gradually air pressure builds up and say this pressure becomes p2. For inlet air pressure
being p1, the work done per cycle,
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W = (p2 – p1) 
 V

In one revolution the total work required shall depend on number of lobes in rotor and in case of
two lobes rotor,

Wrevolution = (p2 – p1) 
 (4 V)

Let volume thus compressed in one revolution, be Vc = 4V

Wrevolution = (p2 – p1)�Vc = p1 
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The efficiency of compression can be defined by taking the ratio of work required in compressing
the air isentropically and actual work done. This efficiency is also called roots efficiency.

               Roots efficiency = 
( )Work required in reversibleadiabatic isentropic compression

Actual work required in compression

For compressing volume Vc from pressure p1 to p2 the work required in reversible adiabatic
(isentropic) compression shall be;
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The expression for roots blower efficiency shows that the efficiency depends upon pressure
ratio and the increase in pressure ratio yields decrease in roots efficiency. At low pressure ratios the
roots efficiency is quite high. Reduced efficiency with high pressure ratios is attributed to the mecha-
nism involved in pressure rise. With high pressure ratio there occurs the reversal of flow during positive
displacement of air from casing to receiver. This reversal causes the loss of energy thereby lowering
efficiency due to increased actual work requirement.
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Roots blower are available in the capacity ranging from 0.15 m3/min to 1500 m3/min and the
pressure ratios are of the order of 1 to 3.5. These are generally used for scavenging, supercharging of
IC engines etc. Generally the roots efficiency is around 50–60% but high efficiency values up to 80%
can also be achieved with low pressure ratios.

(ii) Screw type or Helical type compressor: Screw type compressor is very much similar to
roots blower.

Fig. 16.14 Line sketch of screw compressor

These may have two spiral lobed rotors, out of which one may be called male rotor having
3–4 lobes and other female rotor having 4–6 lobes which intermesh with small clearance. Meshing is
such that lobes jutting out of male rotor get placed in matching hollow portion in female rotors. Initially,
before this intermeshing the hollows remain filled with gaseous fluid at inlet port. As rotation begins the
surface in contact move parallel to the axis of rotors toward the outlet end gradually compressing the
fluid till the trapped volume reaches up to outlet port for getting discharged out at designed pressure.
Since the number of lobes are different so the rotors operate at different speed.

The material of casing may be cast iron or cast steel while rotors may be of steel and generally
internally cooled by circulation of lubrication oil. Surface of lobes are smooth and the shaft is sealed by
carbon rings at oil pressure. Two rotors are brought into synchronization by the screw gears. Thrust
upon rotors is taken care of by oil lubricated thrust bearings.

These compressors are capable of handling gas flows ranging from 200 to 20000 m3/h under
discharge pressures of 3 bar gauge in single stage and up to 13 bar gauge in two stages. Even with
increase in number of stages pressures up to 100 bar absolute have been obtained with stage pressure
ratio of 2.
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Mechanical efficiency of these compressors is quite high and their isothermal efficiencies are
even more than vane blowers and may be compared with centrifugal and axial compressors. But these
are very noisy, sensitive to dust and fragile due to small clearances.

(iii) Vane type compressor: Schematic of vane type compressor is shown in Fig. 16.15. It has
cylindrical casing having an eccentrically mounted rotor inside it. The rotor has number of slots in it
with rectangular vanes of spring loaded type mounted in slots. These vanes are generally non metallic
and made of fibre or carbon composites or any other wear resistant material. These vanes remain in
continuous contact with casing such that leakage across the vane-casing interface is minimum or
absent. It has one end as inlet end and other as the delivery end connected to receiver. Upon rotation the
eccentric rotor has the vanes having differential projection out of rotor depending upon their position.
Air is trapped between each set of two consecutive blades in front of inlet passage and is positively
displaced to the delivery end after compressing the volume V1 initially to V2, V3 and V4. When com-
pressed volume comes in front of delivery passage and further rotation results in the situation when
partly compressed air is forced to enter the receiver as their is no other way out. This cumulative
transfer of partly compressed air in receiver causes irreversible compression resulting in gradual pres-
sure rise. The p-V representation shown in Fig. 16.15 (b) indicates that the total pressure rise is due to
the combined effect of reversible pressure rise inside casing and irreversible pressure rise inside re-
ceiver. Generally, the contribution of reversible pressure rise and irreversible pressure rise is in propor-
tion of 50 : 50.

Fig. 16.15 Vane type compressor

Vane compressors are available for capacity up to 150 m3/min and pressure ratios up to 8 and
efficiency up to 75%. For higher pressure ratios the efficiency of vane compressors is more than that of
roots blower but the vane compressors have maximum speed up to 2500 rpm as compared to 7500 rpm
in case of roots blower. Vane compressors have large power requirement as compared to roots blower
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due to large number of vanes on rotor. However, with small number of vanes the power required by
vaned compressor may be comparable to roots blower. Vane compressors require large maintenance
due to wear of vanes and other moving parts.

Work required per revolution for vane compressor with n number of vanes shall be partly in
reversible and partly in irreversible process.

Let the inlet air be at pressure p1 and volume trapped is V1. This volume is partly compressed
up to volume V4 and pressure rises from to p1 to p2, p3 and p4. Thus, the irreversible compression
occurs for volume V4 and pressure rising from p4 to pf.

Total work required, W  = n
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16.9 CENTRIFUGAL COMPRESSORS

Centrifugal compressor is a radial flow machine compressing the fluid due to the dynamic action of
impeller. Centrifugal compressors have impeller mounted on driving shaft, diffuser and volute casing as
shown in Fig. 16.16. Centrifugal compressors have air inlet at the centre of impeller. The portion of
impeller in front of inlet passage is called impeller eye.

Fig. 16.16 Centrifugal compressor

Impeller is a type of disc having radial blades mounted upon it. Compressor casing has a diffuser
ring surrounding impeller and the air enters the impeller eye and leaves from impeller tip to enter diffuser
ring. Volute casing surrounds the diffuser ring. Volute casing has cross section area increasing gradually
up to the exit of compressor. These impellers of centrifugal compressors may also be of double sided
type such that air can enter from two sides (both) of impeller. Thus double sided impeller shall have
double impeller eye compared to single impeller eye as shown in Fig. 16.17.
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Fig. 16.17 Single sided impeller and double sided impeller

Air enters the impeller eye axially and flows radially outwards after having entered compressor.
Radial flow of air inside compressor is due to impeller (blades) rotating about its axis. These impeller
blades impart momentum to the air entering, thereby rising its pressure and temperature. Subsequently
the high pressure fluid leaving impeller enters the diffuser ring where the velocity of air is lowered with
further increase in pressure of air. Thus in diffuser ring the kinetic energy of air is transformed into
pressure head. High pressure air leaving diffuser is carried by volute casing to the exit of compressor.
Due to increased cross section area of volute casing some velocity is further reduced causing rise in its
pressure, although this is very small. Total pressure rise in compressor may be due to ‘impeller action’
and ‘diffuser action’ both. Generally, about half of total pressure rise is available in impeller and remain-
ing half in diffuser. Pressure and velocity variation in centrifugal compressor is shown in Fig. 16.18.

Fig. 16.18 Pressure and velocity variation in compressors

Centrifugal compressors are used in aircrafts, blowers, superchargers, etc. where large quantity
of air is to be supplied at smaller pressure ratios. Generally, pressure ratio up to 4 is achieved in single
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stage centrifugal compressors while in multistage compressors the pressure ratio up to 12 can be
achieved. These compressors run at speed of 20,000–30,000 rpm.

Thermodynamic analysis: In case of centrifugal compressors the fluid is being compressed
following reversible adiabatic process ideally. In actual case the frictionless adiabatic compression is not
possible due the frictional losses between fluid and casing. Irreversibilities also creep into compression
process due to the entry and exit losses such as throttling, shock at inlet and exit and eddy formation etc.
Therefore, the actual compression occurs following polytropic compression process. Figure 16.19
shows the T–s representation for ideal and actual compression process.

Fig. 16.19 T-s representation for compression in centrifugal compressor

Compression process may also be of cooled type and this cooling during compression modifies
the process to 1–2�. Actual compression process may have the index of compression value (generally,
n = 1.5 to 1.7) more than that of adiabatic process (for air, � = 1.4). But the cooling reduces the index
value even less than the adiabatic index.

In centrifugal compressor the fluid moves with significant velocity during compression i.e. it has
considerable kinetic energy which can not be neglected. For correct thermodynamic analysis the kinetic
energy of fluid should be considered. The stagnation properties are evolved for considering the effect of
fluid velocity. These considerations are not required in analysis of reciprocating compressors because
the velocities are quite small and so negligible. Stagnation property refers to thermodynamic property of
fluid upon being decelerated to zero velocity isentropically as described in earlier chapter of gas power
cycles.

Velocity diagram for centrifugal compressor: Figure 16.20 shows the velocity diagram for impeller
blade of centrifugal compressor. Air enters the blade at 1 and leaves at 2. The air velocity at inlet and exit
corresponding to the blade angles are shown on velocity diagrams for axial entry i.e. �1 = 90°.

Tangential force acting on blade can be estimated by change in whirl velocity value;
= m (Cw2 – Cw1); for axial entry Cw1 = 0

FT = m Cw2. This tangential force shall be responsible for rotation of shaft. The work done on
impeller can be estimated using tangential force and distance travelled along the direction of force. This
work is also called Euler’s work.

W = m�Cw2 
 U2
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Fig. 16.20 Velocity diagrams for centrifugal compressor

For radial blades on impeller the whirl velocity Cw2 shall coincide with U2 i.e. velocity diagram at
exit of impeller blade;

and, W = mU2
2

This work required can also be estimated in terms of thermodynamic properties. By steady flow
energy equation between sections 1 and 2 for no heat interaction in case of adiabatic compression
process for no change in potential energy.
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or W = mCp (T02 – T01)

Thus, impeller work can be given by the product of specific heat and change in stagnation tem-
perature from inlet to exit.
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Thus, it shows that stagnation pressure ratio depends on the square of blade tip speed. Here it has
been assumed that in case of radial blades blade tip speed is equal to the whirl velocity component,
which is not valid condition in reference to actual operation.

Actually, due to turbulence and secondary flow effects the Cw2 � U2 and the Cw2 < U2. Difference
between U2 and Cw2 i.e. (U2 – Cw2) is called the slip. This slip is quantified by the parameter called slip
factor. Slip factor is the ratio of actual whirl velocity component to the ideal whirl velocity component.

Slip factor = 
C

U
w2

2
 = 

Actual whirl velocity
Ideal whirl velocity 2

C
U

w2 �
 �

Losses in centrifugal compressor: Centrifugal compressor has losses at inlet. Every compressor
offers its optimum performance at design operation. Any deviation from design condition increases the
different losses occuring in it. Due to friction, turbulence, eddy formation etc. there are flow losses
inside the compressor. These losses are proportional to the square of flow velocity. Compressibility of
fluid at high Mach nos. also offers losses. Losses in diffuser, volute casing are also there due to friction.
Friction and secondary flow losses also cause slip and actual whirl component is less than theoretical
value.

16.10 AXIAL FLOW COMPRESSORS

Axial flow compressors have the fixed blades and moving blades mounted along the axis of compressor.
Air enters axially and leaves axially. It has primarily two components i.e. rotor and casing. The rotor has
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blades mounted on it constituting moving blade ring. Blades are also mounted on the inner side of casing
thereby constituting stages as fixed blade ring followed by moving blade ring followed by fixed blade
ring, moving blade ring and so on.

Due to the reduction in volume the volume space for compressed air may be gradually reduced.
Gradual reduction in volume can be done by flaring the rotor while keeping stator diameter uniform or
by flaring the stator while keeping rotor diameter constant as shown in fig. 16.21. The pressure of fluid
entering the axial flow compressor increases upon passing through the fixed and moving blades. This
flow of fluid over moving blades is accompanied by enthalpy rise while the fixed blades merely deflect
the fluid so as to facilitate smooth entry into moving blades. Absolute velocity of air increases along axis
of rotor due to work input from the prime mover. Relative velocity of air decreases during its flow
through rotor. Blades have aerofoil section so as to have minimum losses due to turbulence, boundary
layer formation and separation, eddy formation etc.

Fig. 16.21 Axial flow compressor

16.11 SURGING AND CHOKING

Let us look at the variation of theoretical pressure ratio with mass flow rate in case of a centrifugal
compressor running at constant speed, as shown in Fig. 16.22.
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Let the compressor be run with completely closed delivery valve thus the mass flow rate is zero
and pressure ratio available is shown by point a. This operating state of compressor shall not have any
amount of air entering into it instead the air trapped inside the impeller and casing shall be subjected to
impeller action (compression) causing its pressure rise upto the state a. Now upon opening of delivery
valve the flow of air into compressor and its discharge begins. With this gradual opening of delivery
valve the pressure ratio increases, say from state a to b and c along with increase in mass flow rate. The
pressure ratio reaches to some maximum value at point c. Further opening of delivery valve shows that
the mass flow rate increases but the pressure ratio decreases after point c i.e. beyond the point having
maximum pressure ratio. The decrease in pressure ratio is due to the dominance of pressure loss due to
friction etc. over the pressure rise in diffuser. After point c pressure losses are more than the pressure
rise thereby, showing net decrease in pressure ratio as evident from points d and e on the delivery
pressure vs mass flow rate characteristic curve.

Fig. 16.22 Surging and choking

Theoretically, the characteristic curve may be extrapolated and the maximum discharge (mass
flow rate) is evident from point f at which the pressure ratio becomes unity and efficiency is zero.
Maximum efficiency is available at the point (c) corresponding to the maximum pressure ratio. At the
state f all work input to compressor is used in overcoming frictional resistance. In actual case the state
‘e’ shall indicate the maximum mass flow rate practically possible. This maximum mass flow state is
known as choked mass flow. State of operation of compressor at point e is called ‘choking’ of com-
pressor. Choking gives the maximum mass flow from compressor and the pressure ratio corresponding
to this is less than maximum pressure ratio.
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Let us open delivery valve for increase in mass flow rate from mb to mb1. With this opening of
valve the delivery pressure increases from pb to pb1. At point b1 the pressure on upstream and down
stream do not rise simultaneously instead the pressure at upstream becomes pb1 while in downstream it
remains pb for some time, due to inertia till pressure is not equalized. Since pb < pb1 so there is no
problem in terms of flow reversal. Similarly as the delivery valve is gradually opened up to state c there
is no problem of flow reversal as upstream pressure is always more than downstream pressure up to c.
Upon partly closing the delivery valve, say from b to b2 the mass flow rate decreases from mb to mb2.
This is accompanied by decrease in pressure at both upstream and downstream. Pressure at upstream
gets changed (lowered) from pb to pb2 (pb2 < pb) instantaneously while the downstream pressure remains
equal to pb for some time due to inertia. Pressure gets equalized to pb2 after some time lag. During this
time lag the reversal of flow (stoppage of discharge from compressor) occurs from downstream to
upstream as in transient period downstream pressure pb is more than upstream pressure pb2. Reversed
flow stabilizes to normal flow after the pressure gets equalized. This reversal of flow occurs during part
closing of valve in the operating range from a to c. Reversal of flow causes pulsations to the compressor
and the noise, vibration and, jerks are felt during this transition period. This phenomenon is called
‘surging’. Similar, study of part closing and opening of valve when carried out in between c and e shows
that no such reversed flow is observed. This changed behaviour is seen as even in case of closing of
valve the mass flow rate shall decrease but the pressure ratio increases and in case of opening of valve
the mass flow rate increases although pressure ratio decreases. Region lying between c and e gives the
safe operating zone where surging phenomenon is not observed and also it is within the limits of choking
of compressor. Compressor should be therefore run between c and e for its’ smooth running. The
excessive surging may even lead to failure (fracture) of rotating parts in compressor and is therefore
completely avoided. For every compressor the safe zone for its operation is obtained and compressors
are run in that region.

Surging generally occurs in diffuser passages where the flow is slightly obstructed and gets
retarded due to friction near vanes. Surging tends to increase with increasing number of diffuser vanes
as with large no. of vanes it becomes difficult to divide air equally in all the passages. To avoid this the
number of diffuser vanes is kept less than the impeller blades so that each of diffuser vane passage is
provided with flow from more than one impeller blade channel. Thus, the condition of flow remain
nearly same for all diffuser passages and surging due to flow reversal does not occur.

16.12 STALLING

Stalling refers to the instability in the flow occurring due to flow separation from blade surfaces. Stalling
may occur due to the non-uniform flow passing through the channels/passage between consecutive
blades/vanes. In case of centrifugal compressor the flow output from impeller passes into the diffuser
vanes and subsequently to exit end. In case of breakdown of flow in any one channel in diffuser, which
may be due to reduced angle of incidence/increased angle of incidence, the flow pattern gets disturbed.
For example the Fig. 16.23 shows the reduced angle of incidence in channel B of diffuser section in
centrifugal compressor. Since the diffuser vanes are supposed to handle the similar amount of total flow
therefore, inspite of reduced flow through the channel B (due to reduced angle of incidence) the mass
flow rate does not change. Due to reduced flow through B the remaining channels have to carry
additional flow in order to compensate for flow reduction in one of channels. These different angles of
incidence into different channels result into non-uniform mass of air being handled by these channels.
Such as in present case channel A has higher angle of incidence and channel C has reduced angle of
incidence due to reduced flow through channel B. It results into flow separation due to increase and
decrease in angle of incidence. Flow separation disturbs the flow pattern and results into excessive
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vibrations. This stall phenomenon passes from one channel to the other gradually. Stall may rotate in
direction opposite to that of impeller rotation and is termed as rotating stall.

This phenomenon of flow separation from blade surface, called as stalling also occurs in axial
flow compressors, in the manner similar to that of centrifugal compressor. Stalling results in reduction
of delivery pressure at compressor exit which may eventually lead to reversal of flow or surging.
Stalling also leads to reduction in stage efficiency along with vibrations in compressor which may even
rise upto the level causing failure of compressor parts when frequency matches with natural frequency.

Fig.16.23 Stall propagation

16.13 CENTRIFUGAL COMPRESSOR CHARACTERISTICS

Compressor characteristics are the set of curves obtained between delivery pressure and temperature
plotted against mass flow for different values of rotational speed. Characteristics curves are machine
specific i.e. every compressor shall have its own unique characteristic curves. These characteristic
curves are plotted using non-dimensional parameters. Non-dimensional parameters used as the per-
formance indicator of compressor. depend upon entry pressure, temperature, physical properties of
fluid being compressed, mass flow rate and rotational speed etc. In order to obtain characteristic curve
excessively large number of experimental observations are needed which can not be presented con-
cisely. Use of non-dimensional parameters helps in combining number of parameters in order to get
dimensionless groups which can be used for getting compressor  characteristic curves. The non-

dimensional groups thus used are, 
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Different non-dimensional groups given here are termed as described below inspite of the fact
that some of these are no more dimensionless due to omission of R and D terms.
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Characteristic curves for centrifugal compressor are obtained by plotting;
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Fig. 16.24 Centrifugal compressor characteristic curve

Figures 16.24 and 16.25 shows the compressor characteristic curves. First curve is plot between
pressure ratio and mass flow rate. Similar type of plot has been referred while discussing surging and
choking. Here only the portion between surge line and choke line has been shown for different dimensionless
rotational speeds relative to design value of 0.6, 0.7, 0.8, 0.9, 1.0. The locus of points having maximum
efficiency is also shown on characteristic curve. This curve identifies the two extreme operating states
between which the compressor runs.
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Fig. 16.25 Isentropic efficiency of a centrifugal compressor (characteristic curve)

Similar to the plot between dimensionless pressure and dimensionless mass flow rate the plot
between dimensionless temperature and dimensionless mass flow rate can be obtained. Using these
patterns the plot between isentropic efficiency and dimensionless mass flow rate for different
dimensionless   rotational speeds can be obtained as shown in Fig. 16.25. These characteristic curves
give the operating range of compressor and are also used for matching of compressors with other
devices such as turbine etc. operating together. Characteristics of compressor and turbine operating
together in any plant should be matching else inefficiencies are observed. Looking at the centrifugal
compressor characteristic curves it can be concluded that, “for a given pressure ratio the increase in
speed shows increase in flow rate and simultaneous reduction in efficiency,” “for any particular speed
of compressor the decrease in mass flow rate is accompanied by increase in pressure ratio” and “at all
speeds the compressor operation is limited by surging on one end and choking on other end” etc.
Figure 16.26 shows a typical characteristic curve for some centrifugal compressor.

Fig. 16.26 Typical centrifugal compressor characteristic curve
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Here it may be noted that since axial flow compressor comprises of number of stages so each stage shall
also have its’ own characteristic curve, although stage characteristic curves are similar to over all
characteristic curve but with small pressure ratio. Characteristic curves show that the flow rate does
not change much with increase in pressure ratio near design conditions. The efficiency is seen to
decrease with decrease in flow rate and pressure ratios. Characteristic curves for axial flow compressor
can also be shown as in Fig. 16.28.

Fig. 16.28 Performance characteristic of axial flow compressor

It is evident from characteristic curves that when compressor is run at less than design speed
then rise in pressure and temperature is less than design value and also the choking decides the limiting
operating point for compressor.

16.15 COMPARATIVE STUDY OF COMPRESSORS

Comparative study of different types of compressors is presented below:

(i) Comparison of reciprocating compressors with rotary compressors

Reciprocating compressors Rotary compressors

1. These are suitable for low discharge 1. These are suitable for high discharge
rate at higher delivery pressures. rate at smaller delivery pressures.
Speed of rotation of reciprocating Speed of rotation of rotary compressors
compressors is quite small due to is quite high up to 40,000 rpm.
higher inertia of reciprocating parts.

2. Reciprocating compressor has inter- 2. Rotary compressor has continuous
mittent delivery of high pressure air delivery of high pressure air therefore
thereby requiring receiver for maintain- no receiver is required.
ing continuous delivery.

3. Reciprocating compressors have 3. Rotary compressors have better
balancing problems. balancing as compared to reciprocating

compressors.
(Contd.)
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Reciprocating compressors Rotary compressors

4. Quality of air delivered from 4. Air delivered is comparatively cleaner.
reciprocating compressors is poor
due to its contamination with
lubricant.

5. Lubrication requirements are severe 5. Lubricating requirements are less
in these compressors. compared to reciprocating compressors.

6. Reciprocating compressors can not be 6. Rotary compressors can be directly
directly coupled to high speed prime coupled to high speed prime movers.
movers such as turbines etc.

7. Reciprocating compressors are desi- 7. Rotary compressors have isentropic
gned to achieve compression close to process ideally but actually the compression
isothermal compression by cooling etc. occurs following polytropic compression
compression process with index more with index more than adiabatic index.

(ii) Comparison between the centrifugal compressor and axial flow compressor is given as under.
Centrifugal Compressor Axial flow compressor

(i) Centrifugal compressors generally (i) Axial flow compressors generally
have stage pressure ratio of aro- have stage pressure around 1.5
und 5 and have radial flow inside and have axial inlet and
with axial entry of fluid. Maxi- axial exit with flow inside
mum pressure up to 400 bar can compressor being parallel to the
be achieved by multistaging, compressor axis. Maximum pressure
although multistaging is slightly up to 10 bar is possible to be achieved
difficult. through multistaging which is very

convenient in axial compressors.
(ii) Centrifugal compressors have (ii) Axial flow compressors have

good part load efficiency and poor part load efficiency and narrow
wide operating range between operating range between surging and
surging and choking limits. choking limits.

(iii) Centrifugal compressors have (iii) Axial flow compressors have large
small starting torque requirement. starting torque requirement.

(iv) Due to large frontal area (iv) Due to small frontal area
these are well suited for land axial flow compressors are well
applications. suited for aviation applications.

(v) These have simple construction (v) These have complex construction
and are comparatively cheap. and are costly.

(vi) These have poor isentropic (vi) These have better isentropic
efficiency (� 70%). Power required efficiency (� 85 to 90%). Power
per kg of air flow rate is more. required per kg of air flow rate is less

in axial flow compressors.
(vii) Efficiency vs. speed characteristics (vii) Efficiency vs. speed characteristics is

for centrifugal compressor is flat. slightly bell shaped. It means higher
It has higher efficiency in large efficiency in narrow range of speed.
speed range.

(viii) Centrifugal compressor’s (viii) Axial compressor’s performance
performance does not alter with deteriorates with any kind of
any kind of deposition on blade deposition on blade surface.
surface.
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EXAMPLES

1. A reciprocating air compressor has cylinder with 24 cm bore and 36 cm stroke. Compressor
admits air at 1 bar, 17°C and compresses it up to 6 bar. Compressor runs at 120 rpm. Considering
compressor to be single acting and single stage determine mean effective pressure and the horse power
required to run compressor when it compresses following the isothermal process and polytropic process
with index of 1.3. Also find isothermal efficiency when compression is of polytropic and adiabatic type.

Solution:

Compression ratio = 
P

P
2

1

 = 6 = r

From cylinder dimensions the stroke volume

= �

4
 
 (0.24)2 
 (0.36)

= 0.01628 m3

Volume of air compressed per minute = 0.01628 
 120
= 1.954 m3/min

Let us neglect clearance volume.
Work done in isothermal process

Wiso = P1 V1 ln r

Mean effective pressure in isothermal process

mepiso =
p V r

V
1 1

1

ln
 = P1 ln r

= 1 
 102 
 ln 6 = 179.18 kPa

Work done in polytropic process with index n = 1.3, i.e. PV 1.3 = C

Wpoly =
n

n � 1
 P1 V1 

P

P

n

n
2

1

1

1
�
��
�
�� �

�

�
	
	




�
�
�

�

Mean effective pressure in polytropic process,

meppoly =

n
n

PV

V
P
P

n
n�

�
�

�
� �

�
�
� �

�

�
	
	




�
�
�

�

1
1

1 1

1

2

1

1

meppoly =
n

n
P

P
P

n
n

�
�
�

�
�
�
�
�
� �

�

�
	
	




�
�
�

�

1
11

2

1

1

= 1 3
1 3 1

.
. �

�
��

�
��  
 1 
 102 6 1

1 3 1
1 3� �

�

��
�	



��

.
.

meppoly = 221.89 kPa
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Fig. 16.29 p-V representation

Work done in adiabatic process, Wadibatic = 
�

� � 1
 P1 V1 

P
P

2

1

1

1�
�
�
� �

�

�
	
	




�
�
�

��

�

Mean effective pressure in adiabatic process, mepadiabatic = 
W

V
adiabatic

1

mepadiabatic =
�

� � 1
 P1

P
P

2

1

1

1�
�
�
� �

�

�
	
	




�
�
�

��

�

= 1 4
1 4 1

.
. �

�
��

�
��  
 1 
 102 6 1

1 4 1

1 4� �
�

��
�	



��

.

.

mepadiabatic = 233.98 kPa

Horse power required for isothermal process,

HPiso =
mepiso Volumeper minute



0 7457 60.

(As 1 hp = 0.7457 kW)

=
179 18 1

0 7457 60
. .954

.






HPiso = 7.825 hp

Horse power required for polytropic process,

HPpoly =
meppoly Volume per minute



0 7457 60.

=
221 89 1

0 7457 60
. .954

.






HPpoly = 9.69 hp
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Horse power required for adiabatic process,

HPadiabatic =
mepadiabatic Volume per minute



0 7457 60.

=
233 1

0 7457 60
.98 .954

.






= 10.22 hp

Isothermal efficiency =
Isothermal processpower required

Actual power required

Isothermal efficiencypoly =
HP

HP
iso

poly

= 7 825
9 69
.
.

 = 0.8075 or 80.75%

Isothermal efficiencyadiabatic =
HP

HP
adiabatic

poly

 = 7 825
10

.
.22

 = 0.7657 or 76.57%

mep: 179.18 kPa for isothermal, 221.89 kPa for polytropic process
HP required: 7.825 HP for isothermal, 9.69 HP for polytropic
Isothermal efficiency: 80.75% for polytropic process, 76.57% for adiabatic process      Ans.

2. A single stage single acting reciprocating air compressor has air entering at 1 bar, 20°C and
compression occurs following polytropic process with index 1.2 upto the delivery pressure of 12 bar. The
compressor runs at the speed of 240 rpm and has L/D ratio of 1.8. The compressor has mechanical
efficiency of 0.88. Determine the isothermal efficiency and cylinder dimensions. Also find out the rating
of drive required to run the compressor which admits 1 m3 of air perminute.

Solution:
Using perfect gas equation the mass of air delivered per minute can be obtained as,

m =
P V
RT
1 1

1

=
1 10 1

0 293

2
 



� �

� �
.287

= 1.189 kg/min

Compression process follows PV1.2 = constt.
Temperature at the end of compression;

T2 = T1 
P
P

n
n2

1

1

�
�
�
�

�

T2 = 293 12
1

1 2 1
1 2�� ��

�.
.

T2 = 443.33 K
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Work required during compression process, W = n
n �

�
��

�
��1

 
 mR (T2 – T1)

= 1
1 1

.2
.2 �

�
�

�
�  
 1.189 
 0.287 (443.33 – 293)

W = 307.79 kJ/min = 307 79
60 0 7457

.

.

 hp

W = 6.88 hp

Capacity of drive required to run compressor = 6.88
0 88.

 = 7.82 hp

Isothermal work required for same compression,

Wiso = m RT1 ln 
P
P

2

1

�
�
�
�

= (1.189 
 0.287 
 293) � ln 12
1
�� ��

Wiso = 248.45 kJ/min

Isothermal efficiency =
Isothermalwork

Actual work
 = 248.45

307.79
 = 0.8072

Volume of air entering per cycle = 1
240

 = 4.167 
 10–3 m3/cycle

Volume of cylinder = 4.167 
 10–3 = �

4
 D2 L

= 4.167 
 10–3 = �

4
 
 D2 
 1.8D

Bore, D = 0.1434 m or 14.34 cm
Stroke length L = 1.8 
 D = 1.8 
 14.34 = 25.812 cm

Isothermal efficiency = 80.72 %
Cylinder dimension, D = 14.34 cm

L = 25.812 cm
Rating of drive = 7.82 hp                  Ans.

3. A reciprocating compressor of single stage, double acting type delivers
20 m3/min when measured at free air condition of 1 bar, 27°C. The compressor has compression ratio of
7 and the conditions at the end of suction are 0.97 bar, 35°C. Compressor runs at 240 rpm with clear-
ance volume of 5% of swept volume. The L/D ratio is 1.2. Determine the volumetric efficiency and
dimensions of cylinder and isothermal efficiency taking the index of compression and expansion as
1.25. Also show the cycle on P-V diagram.

Solution:

P1 = 0.97 bar, T1 = 273 + 35 = 308 K, 
P
P

2

1

 = 7, N = 240 rpm
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V3 = 0.05 Vs, Vs = V1 – V3, V1 = 1.05 Vs

For free air condition of 1 bar, 27°C the mass of air delivered,

m = PV
RT

 = 
1 10 20
0 300

2
 



.287

m = 23.23 kg/min

Fig. 16.30 P-V representation

For compression process 1–2, PV 1.25 = Constant

T2 = T1 
 
P
P

2

1

1 25 1
1 25�

�
�
�

�.
.

= 308 
 (7)0.2

T2 = 454.54 K

For expansion process, 3–4, PV1.25 = Constant

V4 = V3 
 
P
P

3

4

1
1 25�

�
�
�

.

V4 = 0.05 Vs (7)1/1.25

V4 = 0.273 Vs

V1 – V4 = 1.05 Vs – 0.237 Vs = 0.813 Vs

Volume of air corresponding to the suction conditions can be obtained using the volume of free air
delivered

=
0 300

1 308
.97 




 
 (V1 – V4) = 

0 300
1 308
.97 




 
 0.813 Vs

= 0.768 Vs

Volumetric efficiency = 
0 768. V

V
s

s

 = 0.768 or 76.8%

         Volumetric efficiency = 76.8%          Ans.
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In order to find out the dimension of cylinder the volume of air sucked in one cycle. Volume of air

sucked in a cycle = 20
2 240


 = 0.0208 m3/cycle.

Volume per cycle = Swept volume

0.0208 = �

4
 D2 � L = �

4
 D 2 � (1.2 D)

	 D = 0.2805 m or 28.05 cm
L = 33.66 cm

Bore = 28.05 cm
Stroke = 33.66 cm            Ans.

Work required in reciprocating compressor

W =
n

n � 1
 mR (T2 – T1)

W = 1
1 1

.25
.25 �

�
��

�
��  
 23.23 
 0.287 (454.54 – 308)

= 4884.92 kJ/min

= 4884
60 0 7457

.92
.


, {as 1 hp = 0.7457 kW]

W = 109.18 hp

Work required when compression is isothermal, Wiso = m RT1 ln 
P
P

2

1

�
�
�
�

= 23.23 
 0.287 
 308 ln (7)
= 3995.81 kJ/min

= 3995 81
60 0 7457

.
.


Wiso = 89.31 hp

Isothermal efficiency = 
W

W
iso  = 89 31

109 81
.
.

 = 0.8133 or 81.33%

         Isothermal efficiency = 81.33% Ans.

4. A reciprocating compressor of single stage and double acting type is running at 200 rpm with
mechanical efficiency of 85%. Air flows into compressor at the rate of 5 m3/min measured at atmos-
pheric condition of 1.02 bar, 27°C. Compressor has compressed air leaving at 8 bar with compression
following polytropic process with index of 1.3. Compressor has clearance volume of 5% of stroke
volume. During suction of air from atmosphere into compressor its temperature rises by 10°C. There
occurs pressure loss of 0.03 bar during suction and pressure loss of 0.05 bar during discharge passage
through valves. Determine the dimensions of cylinder, volumetric efficiency and power input required to
drive the compressor if stroke to bore ratio is 1.5.
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Solution:
Considering the losses at suction and discharge, the actual pressure at suction and delivery shall be

as under.
Atmospheric pressure, Pa = 1.02 bar, Ta = 273 + 27 = 300 K, Va = 5 m3/min
Pressure at suction, P1 = 1.02 – 0.03 = 0.99 bar

T1 = 300 + 10 = 310 K
Pressure at delivery, P2 = 8 + 0.05 = 8.05 bar

Volume corresponding to suction condition of P1, T1,

V1 =
P T V

P T
a a

a

� �

�
1

1

 = 
1 02 310 5

0 300
.

.99

 




 = 5.32 m3/min

Therefore, work required for compression,

W = n
n � 1

 P1 V1 
P
P

n
n2

1

1

1�
�
�
� �

�

�
	
	




�
�
�

�

= 1 3
1 3 1

0 10 5 32
60

2.
.

.99 .
�

�
��

�
�� 



 
 8 05
0

1

0 3
1 3.

.99

.
.�

�
�
� �

�

�
	
	




�
�
�

= 23.66 kW or 31.73 hp

Power input required = 31 73
0 85

.
.

 = 37.33 hp

                                                
Power input = 37.33 hp           Ans.

Volumetric efficiency, �vol =
P T
P T

a

a

1

1

1 2

1

1

� �
�
�
�
�

�

�
	
	




�
�
�C C

P
P

n

Here, C = 0.05, so �vol = 
0 300
1 02 310

.99
.






 1 0 05 0 05 8 05

0

1
1 3

� � �
�

�
�

�

�
	
	




�
�
�

. . .
.99

.

= 0.7508 or 75.08%

Stroke volume per cycle = 5
2 200


 = 0.0125 m3/cycle

Actual stroke volume taking care of volumetric efficiency = 0 0125
0 7508
.
.

= 0.0167 m3/cycle

Stroke volume = �

4
 D2L = 0.0167

�

4
 D2 
 1.5D = 0.0167

D = 0.2420 m or 24.20 cm
Stroke L  = 1.5 D = 36.3 cm
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                Cylinder dimensions = bore of 24.20 cm, stroke of 36.3 cm.      Ans.
                 Volumetric efficiency = 75.08%

5. In a reciprocating air compressor the air is compressed at the rate of 4 m3/min at 1 bar, 27°C up
to the pressure of 8 bar following index of compression as 1.2. The compression occurs in two stages with
intercooling at optimum intercooler pressure and perfect intercooling. Compare the work input required
if the same compression occurs in single stage. Also compare the work input if same compression occurs
in two stages with imperfect intercooling up to 30°C at the optimum intercooling pressure. Consider
Cp = 1.0032 kJ/kg � K and R = 0.287 kJ/kg � K.

Solution:
Mass of air compressed per minute;

m =
1 10 4
0 300

2
 



.287
 = 4.65 kg/min

Fig. 16.31 P-V diagram

Different types of compression are shown on P–V diagram
For single stage compression from 1 bar to 8 bar, process 1–2–3, PV1.2 = Constt.

Work input, WI =
n

n � 1
 P1V1 

P
P

n
n3

1

1

1�
�
�
� �

�

�
	
	




�
�
�

�

= 1
1 1

.2
.2 �

�
��

�
��  
 1 
 102 
 4 8

1
1

1 2 1

1 2�� �� �
�

�
	
	




�
�
�

�.

.

WI = 994.113 kJ/min or 994 113
60 0 7457

.
.


�
��

�
��  = 22.22 hp

Optimum intercooling pressure = 8 1
  = 2.83 bar
For two stage compression with perfect intercooling;

Work input, WII, I/C = 2 
 n
n � 1

 P1V1 
P
P

n
n3

1

1
2

1�
�
�
� �

�

�
	
	




�
�
�

�



750 ________________________________________________________  Applied  Thermodynamics

= 2 
�
1

1 1
.2

.2 �

�
��

�
��  
 1 
 102 
 4 
 8

1
1

1 2 1
2 4�� �� �

�

�
	
	




�
�
�

�.
.

WII, I/C = 908.19 kJ/min or 20.29 hp

When there is two stage compression with imperfect intercooling:

Intercooler pressure, P2 = 2.83 bar, T2� = 273 + 30 = 303 K

Volume of air at inlet of HP cylinder, V2� = 
P V
T

T
P

1 1

1

2

2


 �

V2� =
1 4 303
300 2 83


 



 .
 = 1.43 m3/min

Hence, work required for two stage compression,

W�II,I/C = W�HP + W�LP

= n
n

P V
P
P

n
n

P V
P
P

n
n

n
n

�

�
�
�
� �

�
��
��

�
��
��

�

�
	
	




�
�
� �

�
�
�
�
�
� �

�
��
��

�
��
��

�

�
	
	




�
�
�

� �

1
1

1
11 1

2

1

1

2 2
3

2

1

W�II,I/C =
1

1 1
1 10 4 2 83 12

1 2 1
1 2

.2
.2

.
.

.
�

�
�

�
� 
 
 
 �

�
�	



��

� �
�� �

� �

+ 
1

1 1
2 83 10 1 43 8

2 83
12

1 2 1

1 2.2
.2

. .
.

.

.

�

�
��

�
�� 
 
 
 
 ��

�
� �

�
��
��

�
��
��

�

�
	
	




�
�
�

�

= [454.3] + [459.2] = 913.5 kJ/min or 20.42 hp
% saving in work when compression occur with perfect intercooling as compared to single stage

compression

= 100 
 
W W

W
I II I C

I

��
��

�
��

, /

= 8.69%     Ans.
% excess work to be done when two stage compression occurs with imperfect intercooling as

compared to two stage compression with perfect intercooling:

= 100 
 
W W

W
II I C II I C

II I C

� �

�

�
��

�
��

, / , /

, /

= 0.636%     Ans.
6. A reciprocating air compressor has four stage compression with 2 m3/min of air being delivered

at 150 bar when initial pressure and temperature are 1 bar, 27°C. Compression occur polytropically
following polytropic index of 1.25 in four stages with perfect intercooling between stages. For the
optimum intercooling conditions determine the intermediate pressures and the work required for driving
compressor.

Solution:
Here there is four stage compression with perfect intercooling at optimum intercooling conditions.

So optimum stage pressure ratio = 150 1 4� � /  = 3.499 � 3.5
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Intermediate pressure shall be as follows:

Between Ist and IInd stage = 3.5 bar
Between IInd and IIIrd stage = 12.25 bar
Between IIIrd and IVth stage = 42.87 bar

          Intermediate pressure: 3.5 bar, 12.25 bar, 42.87 bar Ans.

Since it is perfect intercooling so temperature at inlet of each stage will be
300 k.

So temperature at the end of fourth stage, T = T1 
 
P
P

n
n2

1

1

�
�
�
�

�

                                                               = 300 
 3
1 25 1

1 25.5
.

.� �
��

�
�
�

                                                            T = 385.42 K

Mass of air, kg/min, m = PV
RT

 = 
150 10 2
0 385 42

2
 



.287 .
  = 271.21 kg/min

Work required for driving compressor,

W = n
n �

�
��

�
��1

 m RT1 
P
P

n
n2

1

1

1�
�
�
� �

�

�
	
	




�
�
�

�

 
 4

= 1
1 1

.25
.25 �

�
��

�
��  
 271.21 
 0.287 
 300 3 1

1 25 1
1 25.5
.

.� �
�� �

��
�	



��  
 4

= 132978.04 kJ/min or 2972.11 hp 



�
�

�
�

132978 04
60 0 7457

.
.

.          Work input = 2972.11 hp              Ans.

7. A two stage reciprocating compressor has air entering at 1 bar, 17°C into LP compressor and
leaving HP stage at 16 bar. An intercooler working at 4 bar pressure is provided between the HP and LP
stages. The compression process follows the process given by PV1.3 = constant. The bore diameters of
HP and LP cylinder are 6 cm and 12 cm respectively while stroke lengths are equal. For perfect intercooling
determine the work done in compressing per unit mass of air. Also state whether the intercooler pressure
will rise, fall or no change if the volumetric efficiency is taken as 0.90 for LP cylinder. Neglect clear-
ance volumes.

Solution:
For perfect intercooling the amount of work required shall be;

W =
n m

n
RT

P

P

P

P

n

n

n

n


�

�
��
�
�� �

�
��
�
�� �

�

�
	
	




�
�
�

� �

1
21

2

1

1

3

2

1

         =
1 3 1
1 3 1
.
.




�
 
 0.287 
 (273 + 17) 4 16

4
2

1 3 1
1 3

1 3 1
1 3

� �
�� �

�

� �
�
�
	
	



�
�
�

.
.

.
.� �
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= 271.94 kJ/kg

.        Work = 271.94 kJ/kg          Ans.

The ratio of volumes handled by HP and LP stages. Using the perfect intercooling.

Fig. 16.32 Two stage compression on P-V diagram

State at inlet of LP cylinder = P1 V1

State at inlet of HP cylinder = P2 V2�

Since state 2� lies on isothermal compression process line so, P1 V1 = P2 V2 �
 or,

V

V
1

2 �

=
P

P
2

1

 = 4
1
�� ��  = 4

Volume at inlet to LP
Volumeat inlet to HP

= 4

From given cylinder dimensions, for given bore diameters and common stroke length,

Ratio of effective cylinder volumes =
Effective volume of LP cylinder
Effectivevolumeof HP cylinder

=
0.90 LP

HP


 �

�

�

�
4

4

2

2

D L

D L

=
0 0 12

0 06

2

2

.9 .
.


 � �

� �
 = 3.6

Theoretically, the volume ratio is 4 while considering volumetric efficiency  the ratio of effective
cylinder volumes comes out to be 3.6 which is less than the theoretical volume ratio. Therefore, it can
be concluded that less amount of air is given into HP cylinder than its’ capacity. Thus, the HP cylinder
would inhale volume equal to its’ capacity and since it has larger capacity than volume available so the
pressure of intercooler shall drop.

8. In a two stage reciprocating air compressor running at 200 rpm the air is admitted at 1 bar, 17°C
and discharged at 25 bar. At low pressure stage suction conditions the rate of air flow is 4 kg/minute.
The low pressure cylinder and high pressure cylinders have clearance volumes of 4% and 5% of respec-
tive cylinder stroke volumes. The index for compression and expansion processes in two stages are same
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as 1.25. Considering an optimum and perfect intercooling in between two stages determine the power
required, isothermal efficiency, free air delivered, heat transferred in each cylinder and the cylinder
volumes.

Solution:

For the optimum intercooling the pressure ratio in each stage = 25
1

 = 5

Fig. 16.33 P-V representation

P

P
2

1

 =
P

P
6

5

 = 5

Perfect intercooling indicates, T1 = T5 = 273 + 17 = 290 K

T2 = T1 
P

P

n

n
2

1

1

�
��
�
��

�

 = 400.12 K

 T6 = T5 
P

P

n

n6

5

1

�
��
�
��

�

 = 400.12 K

Actual compression work requirement,

W = WHP + WLP

= 2
1

n
n �

�
��

�
��  m RT1 

P

P

n

n
2

1

1

1
�
��
�
�� �

�

�
	
	




�
�
�

�

= 2 
 1
1 1

.25
.25 �

�
��

�
��  
 4 
 0.287 
 290 5 1

1 25 1
1 25� �

�� �

��
�	



��

.
.

W = 1264.19 kJ/min or 28.25 hp

Work requirement if the process is isothermal compression,

Wiso = m RT1 ln 
P

P
6

1

�
��
�
��  = 4 
 0.287 
 290 ln (25)

Wiso = 1071.63 kJ/min
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Isothermal efficiency = 
W

W
iso  = 0.8477 or 84.77%

Free air delivered = 
mRT

P
1

1

 = 
4 0 290

1 102


 





.287
 = 3.33 m3/min

Heat transferred in HP cylinder = Heat transferred in LP cylinder = Q
(Due to optimum and perfect intercooling)

Q = W
2
�� ��  – m Cp (T2 – T1)

= 1264 19
2

.�� �� – 4 
 1.0032 
 (400.12 – 290)

Q = 190.21 kJ/min

Volumetric efficiency, �vol = 
P T

P T
C C

P
P

a

a

n1

1

2

1

1

1
�

� �
�
�
�
�

�

�
	
	




�
�
�

Here the ambient conditions and suction conditions are same so expression gets modified as,

�vol = 1 + C – C 
P

P

n2

1

1

�
��
�
��

Volumetric efficiency of HP,

�vol, HP = 1 + CHP – CHP 
P

P

n6

5

1

�
��
�
��

CHP = 0.04
= 1 + 0.04 – 0.04 (5)1/1.25

�vol, HP = 0.895 or 89.5%

Volumetric efficiency of LP,

�vol, LP = 1 + CLP – CLP 

P

P

n2

1

1

�
��
�
��

CLP = 0.05
= 1 + 0.05 – 0.05 (5)1/1.25 = 0.8688 or 86.88%

Stroke volume of HP cylinder = 
Freeair delivery

Pressure ratio speed vol, HP
 
 �

Vs, HP =
3 33

5 200 0 895
.

.
 

 = 3.721 
 10–3 m3

Clearance volume, Vc, HP = 0.05 
 3.721 
 10–3 = 1.861 
 10–4 m3

Total HP cylinder volume, VHP = Vs, HP + Vc, HP = 3.907 
 10–3 m3 ;
Vc, HP = Clearance volume of HP

Stroke volume of LP cylinder = 
Freeair delivery
Speed vol, LP
 �

 = 3 33
200 0 8688

.
.
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Vs, LP = 0.01916 m3

Clearance volume, Vc, LP = 0.04 
 Vs, LP = 7.664 
 10–4 m3

Total LP cylinder volume, VLP = Vs, LP + Vc, LP = 0.019926 m3

Power required = 28.25 hp, Ans.
Isothermal efficiency  = 84.77%

Free air delivered = 3.33 m3/min,
 Heat transfer in HP cylinder = 190.21 kJ/min

           Heat transferred in LP cylinder = 190.21 kJ/min,
HP cylinder volume = 3.907 
 10–3 m3

LP cylinder volume = 0.019926 m3

9. A two stage double acting reciprocating air compressor running at 200 rpm has air entering at
1 bar, 25°C. The low pressure stage discharges air at optimum intercooling pressure into intercooler after
which it enters at 2.9 bar, 25°C into high pressure stage. Compressed air leaves HP stage at 9 bar. The
LP cylinder and HP cylinder have same stroke lengths and equal clearance volumes of 5% of respective
cylinder swept volumes. Bore of LP cylinder is 30 cm and stroke is 40 cm. Index of compression for both
stages may be taken as 1.2. Determine,

(i) the heat rejected in intercooler,
(ii) the bore of HP cylinder,

(iii) the hp required to drive the HP cylinder.

Solution:

Optimum intercooling pressure = 9  = 3 bar
LP stage pressure ratio = HP stage pressure ratio = 3
From the given dimensions of LP cylinder, the volume of LP cylinder, in m3/min

VLP = �

4
 
 (0.30)2 
 (0.40) 
 200 
 2

VLP = 11.31 m3/min

Volumetric efficiency of LP compressor, here ambient and suction conditions are same,

�vol, LP = 1 + C – C 
P

P

n2

1

1

�
��
�
��  = 1 + 0.05 – 0 05 3

1

1
1 2. .�� ��

�
��

�
��

�vol, LP = 0.9251 or 92.51%

Fig. 16.34 P-V diagram
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Volume of air inhaled in LP stage = VLP 
 �vol, LP

= 11.31 
 0.9251
= 10.46 m3/min

Mass of air per minute, m =
P V

RT
1 1

1

=
1 10 10 46

0 298

2
 





.
.287

 = 12.23 kg/min

Temperature after compression in LP stage,

T2 = T1 
 
P

P

n

n
2

1

1

�
��
�
��

�

= 298 
 3
1

1 2 1
1 2�� ��

�.
.

T2 = 357.88 K

Volume of air going into HP cylinder

V5 =
mRT

P
5

5

After intercooling, T5 = 298 K, P5 = 2.9 bar,

V5 =
12 0 298

2 102

.23 .287
.9

 





V5 = 3.61 m3/min

Since the clearance volume fraction and pressure ratio for both HP and LP stages are same so the
volumetric efficiency of HP stage referred to LP stage suction condition shall be same

�vol, HP = �vol, LP = 0.9251

Hence, the volume of HP cylinder/min = 
V5

�vol,HP

 = 3 61
0

.
.9251

 = 3.902 m3/min

Let bore of HP cylinder be DHP,

3.902 = �

4
 
 (DHP)2 
 0.40 
 2 
 200

DHP = 0.1762 m or 17.62 cm

Heat rejected in intercooler, Q = mCp (T2 – T5)

= 12.23 
 1.0032 
 (357.88 – 298)
= 734.68 kJ/min

In HP stage,
T

T
6

5

 =
P

P

n

n6

5

1

�
��
�
��

�

 	 T6 = 298 
 9
2

1 2 1
1 2

.9

.
.�

�
�
�

�

T6 = 359.91 K
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Work input required for HP stage, WHP = n
n �

�
��

�
��1

 mR (T6 – T5)

= 1
1 1

.2
.2 �

�
��

�
��  
 12.23 
 0.287 � (359.9 – 298)

WHP = 1303.62 kJ/min
or WHP = 29.14 hp

Heat rejected in intercooler = 734.68 kJ/min                  Ans.
Bore of HP cylinder = 17.62 cm

Horse power required to drive HP stage = 29.14 hp

10. During an experiment on reciprocating air compressor the following observations are being
taken;

Barometer reading = 75.6 cm Hg, Manometer reading across orifice = 13 cm Hg.
Atmospheric temperature = 25°C. Diameter of orifice = 15 mm.
Coefficient of discharge across the orifice = 0.65
Take density of Hg = 0.0135951 kg/cm3

Determine the volume of free air handled by compressor in m3/min.

Solution:

Cross-sectional area of orifice, A = �

4
 
 (15 
 10–3)2 = 1.77 
 10–4 m2

Atmospheric pressure = 75.6 
 0.0135951 
 9.81 
 104 
 10–3

= 100.83 kPa

Specific volume of air per kg at atmospheric conditions,

v = RT
P

 = 
1 0 298

100 83

 
.287

.
 = 0.848 m3/kg

Density of air = 1
v

 = 1.18 kg/m3

Pressure difference across orifice = 13 
 0.0135951 
 9.81 
 104 
 10–3

= 17.34 kPa

Height of air column for pressure difference across orifice.

�a 
 ha 
 g = 17.34 
 103

Put, �a = 1.18 kg/m3 	 ha = 1497.95 m

Free air delivery = Cd � A �� 2gha

= 0.65 
 1.77 
 10–4 2 9 81 1497
 
. .95

= 0.01972 m3/s or 1.183 m3/min

.          Free air delivery = 1.183 m3/min            Ans.

11. During a trial on single acting single stage compression the following observations are made;

Dimensions of cylinder: 10 cm bore and 8 cm stroke.
Speed of rotation: 500 rpm.
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Barometer reading: 76 cm Hg

Atmospheric temperature: 27°C
Delivery air temperature = 130°C
Free air delivery = 15 m3/hr

Spring balance of dynamometer type (electric motor) reading: 10 kg
Radius of arm of spring balance: 30 cm

Take mechanical efficiency = 0.90.

Determine the volumetric efficiency, shaft output per m3 of free air per minute.

Solution:

Free air delivery = 15 m3/hr = 0.25 m3/min

Volume of cylinder = �

4
 
 (0.10)2 
 (0.08) = 6.28 
 10–4 m3

Volumetric efficiency =
15 60

6.28 10 5004

� �


 
�� �  = 0.7962 or 79.62% Ans.

Shaft output =
2

60
� NT

Shaft output =
2 500 10 9 81 0 30 10

60

3
 
 
 
 
 
 �� . .

= 15.41 kJ/s or 20.66 hp

Shaft output per m3 of free air per minute = 20 66
0

.
.25

      = 82.64 hp per m3 of free air per minute.   Ans.
12. Determine the minimum number of stages required in an air compressor which admits air at 1

bar, 27°C and delivers at 180 bar. The maximum discharge temperature at any stage is limited to 150°C.
Consider the index for polytropic compression as 1.25 and perfect and optimum intercooling in between
the stages. Neglect the effect of clearance.

Solution:
Let there be ‘i’ number of stages. So the overall pressure ratio considering inlet state as Pa and Ta

and delivery state pressure as Pi.

P

P
i

a

 = 31 2

1 2 1

i

a i

P PP P

P P P P −

× × × ⋅ ⋅ ⋅ ×

When perfect and optimum intercooling is considered then pressure ratio in each stage will be
same.

P

P

P

P

P

Pa

1 2

1

3

2

   = � = 
P

P
i

i � 1

 = r

P

P
i

a

 = (r)i, for any stage, say second stage,

T1 = 273 + 27 = 300 K
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and T2 = 273 + 150 = 423 K

and
P

P
2

1

 =
T

T

n
n2

1

1�
��
�
��

�
, 

P

P
i

a

 = (r)i = 
T

T

in
n2

1

1�
��
�
��

�

180
1

�� ��  = 423
300

1 25

1 25 1�
�

�
�




�

i .

. , Taking log for solving,

ln 180 =
1
0

423
300

.25
.25

ln
i�� �� �� ��

Upon solving, i = 3.022 � say 3 stages

         3 stages  Ans.

13. In a triple stage reciprocating compressor of single acting type the air enters at 1 bar, 27°C.
The compressor has low pressure cylinder with bore of 30 cm and stroke of 20 cm. Clearance volume of
LP cylinder is 4% of the swept volume. The final discharge from compressor takes place at 20 bar. The
expansion and compression index may be taken uniformly as 1.25 for all the stages. The intercooling
between the stages may be considered to be at optimum intercooling pressure and perfect intercooling.
Determine, the interstage pressures, effective swept volume of low pressure cylinder, temperature and
volume of air delivered in each stroke and the work done per kg of air.

Solution:
Here P1 = 1 bar, T1 = 300 K, C = 0.04, P10 = 20 bar, n = 1.25, See Fig. 16.35
For optimum and perfect intercooling,

P

P

P

P

P

P
2

1

6

2

10

6

   = 20
1

1
3�� ��  = 2.714

P2 = 2.714 bar, T5 = T1 = 300 K
P6 = 7.366 bar T9 = T1 = 300 K

Volumetric efficiency of LP stage,

�vol, LP = 1 + C – C 
P

P
2

1

1
1 25�

��
�
��

.

= 1 + 0.04 – 0.04 (2.714)1/1.25

= 0.9511 or 95.11%

LP swept volume, V1 – V3 = �

4
 D2 L = �

4
 
 (0.30)2 
 0.20 = 0.01414 m3

Effective swept volume of LP cylinder, V1 – V4 = �vol, LP 
 (V1 – V3)

                                                      V1 – V4 = 0.9511 
 0.01414 = 0.01345 m3

Temperature of air delivered, T10 = T9 
 
P

P
10

6

1 25 1

1 25�
��

�
��

�.

.
 = 300 
 2 714

1 25 1
1 25.
.

.� �
�� �

= 366.31 K
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Fig. 16.35 P-V representation

For the compression process of air as perfect gas;

P V V

T
1 1 4

1


 � �
 =

P V V

T
10 10 11

10


 � �

V10 – V11 =
V V T P

T P
1 4 10 1

1 10

� 
 





 �

=
0 01345 366.31 1 10

300 20 10

2

2

. 
 
 



 


Volume of air delivered = V10 – V11 = 8.2115 
 10–4 m3

Total Work done per kg air,

W = 3 
 n
n

RT
P

P�

�
��
�
�� �

�

�
��

�

�
��

�
��
��

�
��
��

�

1
11

2

1

1 25 1
1 25
.

.

= 3 
 1
1 1

0 300 2 714 1
1 25 1

1 25
.25

.25
.287 .

.
.

�
�
�

�
� 
 
 
 ��

�
�
�

���
���

� �
�� �

= 285.44 kJ/kg of air

Intermediate pressure = 2.714 bar, 7.366 bar                     Ans.
          Effective swept volume of LP cylinder = 0.01345 m3

Temperature of air delivered = 366.31 K
Volume of air delivered = 8.2115 
 10–4 m3

Work done = 285.44 kJ/kg of air

14. A two stage reciprocating air compressor has air being admitted at 1 bar, 27°C and delivered
at 30 bar, 150°C with interstage pressure of 6 bar and intercooling up to 35°C. Compressor delivers at
the rate of 2 kg/s. Clearance volumes of LP and HP cylinders are 5% and 7% of stroke volume respec-
tively. The index of compression and expansion are same throughout. Determine the swept volume of
both cylinders in m3/min, amount of cooling required in intercooler and total power required. Also
estimate the amount of cooling required in each cylinder.



Reciprocating and Rotary Compressor ______________________________________________  761

Solution:
Given: P1 = 1 bar, T1 = 300 K, P2 = 6 bar, P6 = 30 bar,
T6 = 273 + 150 = 423 K, T5 = 273 + 35 = 308 K, CLP = 0.05, CHP = 0.07, m = 2 kg/s

Fig. 16.36 P-V representation

For process 5–6, P2 = P5

P

P
6

5

 =
T

T

n
n6

5

1�
��
�
��

�

	
30
6
�� ��  = 423

308
1�� ��

�

n
n

Taking log of both sides,

	 ln (5) =
n

n � 1
 ln (1.3734)

Upon solving we get,

n = 1.245

Volumetric efficiency of LP cylinder,

�vol, LP = 1 + CLP – CLP 

P

P
2

1

1
1 245�

��
�
��

.

= 1 + 0.05 – 0.05 6
1

1
1 245�� ��
.

= 0.8391 or 83.91%

Volumetric efficiency of HP cylinder,

�vol, HP = 1 + CHP – CHP 
P

P
6

5

1
1 245�

��
�
��

.

= 1 + 0.07 – 0.07 30
6

1
1 245�

�
�
�

.

�vol, HP = 0.815 or 81.50%
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For suction of LP cylinder

P1 � (V1 – V4) = mRT1

(V1 – V4) =
2 0 300

1 102


 





.287
 = 1.722 m3/s or 103.32 m3/min

�vol, LP =
V V

V V
1 4

1 3

�

�
 = 0.8391 	 (V1 – V3)

=
103.32

0.8391
 = 123.13 m3/min

            Swept volume of LP cylinder = 123.13 m3/min          Ans.

For HP cylinder, P2 
 (V5 – V8) = m RT5

	 (V5 – V8) =
mRT

P
5

2

=
2 0 308

6 102


 





.287
 = 0.2946 m3/s or 17.676 m3/min

�vol, HP =
V V

V V
5 8

6 7

�

�
 	 (V6 – V7) = 17 676

0 815
.
.

 = 21.69 m3/min

            Swept volume of HP cylinder = 21.69 m3/min Ans.

For compression in LP stage,

T2 = T1 

1

2

1

n

nP

P

−

 
 
 

= 300 
 6
1

1 245 1
1 245�� ��

�.
.

T2 = 426.83 K

Cooling required in intercooler, QI/C = m 
 Cp 
 (T2 – T5)

= 2 
 1.0032 
 (426.83 – 308)
QI/C = 238.42 kJ/s

           Heat picked in intercooler = 238.42 kW         Ans.

Work input required = WLP + WHP

= n
n � 1

 m RT1 
P

P

n

n
2

1

1

1
�
��
�
�� �

�

�
	
	




�
�
�

�

 + n
n � 1

 m RT5 
P

P

n

n
6

5

1

1
�
��
�
�� �

�

�
	
	




�
�
�

�

= n
n � 1

 mR T
P
P

T
P
P

n
n

n
n

1
2

1

1

5
6

5

1

1 1�
�
�
� �

�
��
��

�
��
��

�
�
��
�
�� �

�
��
��

�
��
��

�

�
	
	




�
�
�

� �
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                =  1
1 1

.245
.245 �

�
��

�
��  
 2 
 0.287 300 6

1
1 308 30

6
1

1 245 1
1 245

1 245 1

1 245�� �� �
�
��
��

�
��
��

� �� �� �
�
��
��

�
��
��

�

�
	
	




�
�
�

� �.
.

.

.

                =  704.71 kJ/s

           Total work required = 704.71 kW Ans.

Heat transferred in LP cylinder = Amount of cooling required in LP cylinder

QLP = m 
� �

�
�
�

�
�

n
n 1

 
 Cv 
 (T2 – T1)

= 2 
 
1 4 1
1 1
. .245
.245

�

�

�
��

�
��  
 0.72 
 (426.83 – 300)

= 115.55 kJ/s

.          Amount of cooling required in LP cylinder = 115.55 kW     Ans.

Heat transferred in HP cylinder = Amount of cooling required in HP cylinder

QHP = m 
� �

�
�
�

�
�

n
n 1

 
 Cv 
 (T6 – T5)

= 2 
 
1 4 1
1 1
. .245
.245

�

�

�
��

�
��  
 0.72 
 (423 – 308)

= 104.77 kJ/s

            Amount of cooling required in HP cylinder = 104.77 kW Ans.

15. A roots blower handles free air of 0.5 m3/s at 1 bar and 27°C and delivers air at pressure of
2 bar. Determine indicated power required to drive compressor and isentropic efficiency.

Solution:
Indicated power required = (P2 – P1) 
 V1

Wroots = (2 – 1) 
 102 
 0.5 = 50 kJ/s
Wroots = 50 kW or 67.05 hp

Indicated power when isentropic compression occurs,

Wisentropic =
�

� � 1
 
 P1 V1 

P
P

2

1

1

1�
�
�
� �

�
��
��

�
��
��

�� ��

�

= 1 4
1 4 1

.
. �

�
��

�
��  
 1 
 102 
 0.5 2

1
1

1 4 1

1 4�� �� �
�
��
��

�
��
��

�.

.

= 38.33 kW or 51.4 hp

Fig. 16.37
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Isentropic efficiency of roots blower = 
W

W
isentropic

roots

 = 38 33
50
.  = 0.7666 or 76.66%

Indicated power of roots blower = 67.05 hp,          Ans.
Isentropic efficiency = 76.66%

16. A vaned compressor handles free air of 0.6 m3/s at 1 bar and compresses up to 2.3 bar. There
occurs 30% reduction in volume before the back flow occurs. Determine the indicated power required
and isentropic efficiency.

Solution:
Here on P–V diagram the state 2 indicates the point at which delivery occurs. While 2� is the point

up to which air is compressed inside. V2 = 0.7 
 V1

P

P
2

1

 =
V
V

1

2

�
�
�
�

�

 = 
V

V
1

1

1 4

0 7.

.�
��

�
��

	 P2 = 1 
 1
0 7

1 4

.

.�
�

�
�  = 1.65 bar

Fig. 16.38 P-V diagram

Indicated power required for vaned compressor

Wvane =
�

� �

�
�

�
�1

 P1 V1 
P
P

2

1

1

1�
�
�
� �

�
��
��

�
��
��

��

�
 + (P2� – P2) 
 V2

= 1 4
1 4 1

.
. �

�
��

�
�� 
 1 
 102 
 0.6 1 65 1

1 4 1
1 4.
.

.� �
�� �

�� �  + (2.3 – 1.65) 
 102 
 (0.7 
 0.6)

= 59.60 kJ/s or 79.925 hp

Power requirement when compression occurs isentropically,

Wisentropic =
�

� � 1
 P1 V1 

P
P
2

1

1

1�

�

�
�

�
� �

�
��
��

�
��
��

�

�
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= 1 4
1 4 1

.
. �

�
��

�
��  
 1 
 102 
 0.6 2 3

1
1

1 4 1
1 4.
.

.�� �� �
�
��
��

�
��
��

�

= 56.42 kJ/s or 75.66 hp

Isentropic efficiency of Vane compressor = 
W

W
isentropic

vane
 = 75 66

79
.
.925

= 0.9466 or 94.66%

           Indicated power required = 79.925 hp, isentropic efficiency = 94.66%     Ans.

17. A centrifugal compressor delivers free air of 18 kg/min. Air is sucked at static states of 1 bar,
27°C with inlet velocity of 50 m/s. The total head pressure ratio is 4 and isentropic efficiency of
compressor is 0.75. The mechanical efficiency of motor attached to it is 0.90. Determine total head
temperature of air at exit of compressor and brake power required to drive compressor.

Solution:

Stagnation temperature at inlet, T01= T1 + 
V

Cp

1
2

2

T01 = 300 + 
50

2 1 0032 10

2

3

� �


 
.
 = 301.25 K

Isentropic efficiency of compressor,

�isen =
T T

T T
02 01

02 01

� �

�

For process 1–2,

T

T
02

01

� =
P
P

02

01

1

�
��

�
��

��

�

	 T02� = T01 
 4
1 4 1

1 4� �
�� �.

.

T02�
= 301.25 
 4 0 4 1 4� � . / .  = 447.66 K

Fig. 16.39

Substituting temperature values in expression of isentropic efficiency,
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T02 =
T T02 01� � �

� isen

 + T01

=
447 66 301

0 75
. .25

.
�� �

 + 301.25

T02 = 496.46 K

Total head temperature at exit = 496.46 K       Ans.

Brake power of drive required =
m C T Tp
 
 �02 01 �

�mech

=
18 1 0032 496.46 301

60 0

 
 �� �




. .25
.9

= 65.28 kW or 87.54 hp

            Brake power required = 87.54 hp         Ans.

18. A double-acting single cylinder reciprocating air compressor has a piston displacement of
0.015 m3 per revolution, operates at 500 r.p.m. and has a 5% clearance. The air is received at 1 bar and
delivered at 6 bar. The compression and expansion are polytropic with n = 1.3. Determine,

(i) the volumetric efficiency
(ii) the power required

(iii) the heat transferred and its direction, during compression if inlet temperature of air is 20°C.
       [U.P.S.C., 1998]

Solution:
V = 0.015 m3 per revolution, N = 500 r.p.m., C = 5% or 0.05, n = 1.3, P1 = 1 bar, P2 = 6 bar,

T1 = 20°C

Volumetric efficiency, �vol = 1 + C – C 
P

P

n2

1

1

�
��
�
��

= 1 + 0.05 – 0.05 6
1

1
1 3�� ��
.

= 0.8516 or 85.16%

Ans.    Volumetric efficiency = 85.16%

Power required = n
n

PV
P

P

n

n

�

�
��
�
�� �

�

�
	
	




�
�
�

�

1
11 1

2

1

1

Here swept volume in cylinder = Vs = V 
 2N
= 0.015 
 2 
 500

Vs = 15 m3/min
Actual air inhaled = V1 = 15 
 0.85

V1 = 12.75 m3/min
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Mass of air entering, m = 
PV

RT
1 1

1

 = 
1 10 12 75

0 293

2
 





.
.287

 = 15.16 kg/min.

Power required = 
1 3

1 3 1
.

.
� �

�� �
 
 1 
 102 
 12.75 6

1
1

1 3 1
1 3�� �� �

�

�
	
	




�
�
�

�.
.

= 2829.21 kJ/min

Ans.  Power required = 2829.21 kJ/min

Heat transferred during compression, (this is heat rejected), for a polytropic process

Q = m Cv ��
� �

�
�
�

�
�

n
n 1

 (T2 – T1)

During compression process

T

T
2

1

 =
P

P

n

n
2

1

1

�
��
�
��

�

T2 = 298 
 6
1

1 3 1
1 3�� ��

�.
.

T2 = 450.59 K

Substituting in heat transferred Q,

Q = 15.16 
 0.718 
 
1 4 1 3
1 3 1
. .
.

�

�

�
��

�
��  (450.59 – 293)

Q = 571.78 kJ/min

         Heat rejected during compression = 571.78 kJ/min      Ans.

��������

16.1 Classify the compressors.
16.2 Discuss the applications of compressed air to highlight the significance of compressors.
16.3 Describe the working of single stage reciprocating compressor.
16.4 Discuss the indicator diagram for reciprocating compressor. Also describe the factors responsible

for deviation of hypothetical indicator diagram to actual indicator diagram.
16.5 Obtain the volumetric efficiency of single stage reciprocating compressor with clearance volume

and without clearance volume.
16.6 Discuss the effects of clearance upon the performance of reciprocating compressor.
16.7 Define isothermal efficiency. Also discuss its significance.
16.8 What do you understand by multistage compression? What are its’ merits over single stage

compression?
16.9 Show that the volumetric efficiency with respect to free air delivery is given by,

�vol. =

1

1 2

1 1

1
n

a

a

P T P
C C

P T P

   + −   ⋅    

where all the terms of expression have their usual meanings.
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16.10 Discuss the significance of intercooling upon the performance of multi-stage compression.
16.11 What is the optimum pressure ratio for perfect intercooling in between two stages of compression?

The inlet and outlet pressures may be taken as P1 and P3.
16.12 Discuss the control of reciprocating air compressor.
16.13 Discuss the working of positive displacement rotary compressors.
16.14 Describe the working of centrifugal compressors.
16.15 What do you understand by surging and choking phenomenon?
16.16 Explain the stalling and its effect on the compressor performance.
16.17 Describe the characteristics of centrifugal compressor.
16.18 Compare the axial flow compressor with centrifugal compressors.
16.19 Show that the heat rejected in each stage of a reciprocating compressor with perfect intercooling

is given by,

Q = v 1p

n
C C

n

  γ −+  −  
 (T2 – T1)

16.20 Write short notes on the following:
(i) Free air delivery

(ii) Volumetric efficiency
(iii) Axial flow compressors
(iv) Air flow rate measurement in reciprocating compressors.

16.21 A single stage single cylinder reciprocating compressor has 60 m3/hr air entering at 1.013 bar, 15°C
and air leaves at 7 bar. Compression follows polytropic process with index of 1.35. Considering
negligible clearance determine mass of air delivered per minute, delivery temperature, indicated
power and isothermal efficiency.                                 [1.225 kg/min, 202.37°C, 4.23 kW, 77.1%]

16.22 A reciprocating compressor of single stage and double acting type has free air delivered at 14
m3/min measured at 1.013 bar, 288 K. Pressure and temperature at suction are 0.95 bar and 305
K. The cylinder has clearance volume of 5% of swept volume. The air is delivered at pressure of
7 bar and expansion and compression follow the common index of 1.3. Determine the indicated
power required and volumetric efficiency with respect to free air delivery.            [63.55 kW, 72.4%]

16.23 A single stage double acting reciprocating compressor delivers 14 m3/min measured at suction
states of 1 bar and 20°C. Compressor runs at 300 rpm and air is delivered after compression with
compression ratio of 7. Compressor has clearance volume of 5% of swept volume and compression
follows polytropic process with index 1.3. Determine the swept volume of cylinder and indicated
power in hp. [0.028 m3, 76.86 hp]

16.24 A single stage single acting reciprocating air compressor handles 0.5 m3/min of free air measured
at 1 bar. Compressor delivers air at 6.5 bar while running at 450 rpm. The volumetric efficiency
is 0.75, isothermal efficiency is 0.76 and mechanical efficiency is 0.80. Determine indicated mean
effective pressure and power required to drive the compressor. [0.185 MPa, 3.44 hp]

16.25 A single stage single acting reciprocating air compressor compresses air by a ratio of 7. The
polytropic index of both compression and expansion is 1.35. The clearance volume is 6.2% of
cylinder volume. For volumetric efficiency of 0.8 and stroke to bore ratio of 1.3 determine the
dimensions of cylinder.                                                         [14.67 cm and 19.08 cm]

16.26 A single stage single acting reciprocating air compressor runs with air entering at 1 bar and
leaving at 7 bar following PV1.3 = constant. Free air delivery is 5.6 m3/minute and mean piston

speed is 150 m/min. Take stroke to bore ratio of 1.3 and clearance volume to be 
1

th
15

 of swept



Reciprocating and Rotary Compressor ______________________________________________  769

volume per stroke. The suction pressure and temperature are equal to atmospheric air pressure
and temperature. Determine volumetric efficiency, speed of rotation, stroke and bore. Take mean
piston speed = 2 
 stroke 
 rpm.                               [76.88%, 164 rpm, 45.7 cm, 35.1 cm]

16.27 A reciprocating compressor of single acting type has air entering at 1.013 bar, 15°C and leaving
at 8 bar. Compressor is driven by electric motor of 30.84 hp and the mechanical efficiency is 0.87.
The clearance volume is 7% of swept volume and the bore is equal to stroke. The compression
and expansion follow PV1.3 = constant. Determine (i) free air delivered in m3/min, (ii) volumetric
efficiency, and (iii) cylinder dimensions.                      [4.47 m3/min, 72.68%, L = D = 29.7 cm]

16.28 A reciprocating compressor has two stages with inlet air going into LP stage at 1 bar, 16°C and
at the rate of 12 m3/min. Air is finally delivered at 7 bar and there is perfect intercooling at optimum
pressure between the stages. The index for compression is 1.25 and compressor runs at 600 rpm.
Neglecting clearance volume determine intermediate pressure, total volume of each cylinder and
total work required.                                            [2.645 bar, 0.02 m3, 0.0075 m3, 57.6 hp]

16.29 A two stage reciprocating air compressor delivers 4.2 kg of free air per min at 1.01325 bar and 15°C.
The suction conditions are 0.95 bar, 22°C. Compressor delivers air at 13 bar. Compression
throughout occurs following PV1.25 = C. There is optimum and perfect intercooling between the
two stages. Mechanical efficiency is 0.75. Neglecting clearance volume determine

(i) the heat transfer in intercooler per second.
(ii) the capacity of electric motor.

(iii) the % saving in work if two stage intercooling is compared with single stage compressor
between same limits.                                                       [7.6 kJ/s, 44.65 hp, 13%]

16.30 A single acting reciprocating air compressor has two stages with the optimum and perfect
intercooling in between. Compressor has air sucked at 1 bar and at the rate of 2.4 m3/min when
measured at 1.013 bar, 288 K. Compressor delivers air at 70 bar. Temperature at the end of suction
stroke is 32°C. The compression and expansion follows polytropic process PV1.25 = C uniformly.
The clearance volume is 3% of swept volume in each HP and LP cylinder. Compressor runs at
750 rpm. If the mechanical efficiency is 0.85 then determine the power of drive required, swept
volumes of each cylinder, % saving in power as compared to single stage compression within
limits.                                                          [35.8 hp, 3963 cm3, 473 cm3, 20.89%]
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17.1 INTRODUCTION

History of internal combustion engines dates back to year 1680 when Christian Huygens developed an
engine using gun powder for explosion inside a cylindrical tube. Subsequently, in year 1860 a non
compression engine utilising coal gas was developed by ‘Lenoir’ in France. Engine was called Lenoir
engine and it was operationally similar to steam engine. In 1866 ‘Otto-Langen free piston engine’ was
developed in Germany and it had thermal efficiency more than ‘Lenoir engine.’ In 1876 four stroke
engine based on Otto cycle was developed by Nikolous Otto in Germany which revolutionised the
developments of internal combustion engines and are even used till date. The compression ignition
engine technology and engines based on it evolved in year 1892. Such engines are credited to Rudolf
Diesel another German engineer and are so named as Diesel engine. Two stroke engines came up in
1881 in Scotland and were first developed by Dugald Clerke. ‘Brayton engine’ based on Brayton cycle
and ‘Atkinson engine’ based on Atkinson cycle were developed in year 1873 and 1885 respectively.
Apart from conventional two stroke and four stroke engines described earlier the ‘Wankel engine’ which
was rotary engine and the ‘Stirling engine’ which was external combustion engine came up in years
1957 and 1938 respectively. In 1923 an engine called as free piston engine was developed by Pateras
Pescara in France. Free piston engine is actually a combination of reciprocating piston-cylinder engine
and turbine. “Engine refers to a device which transforms one form of energy into the other form”. “Heat
engine is a modified form of engine used for transforming chemical energy of fuel into thermal energy
and subsequently for producing work”. Based on the mechanism used for adding thermal energy they
can be classified into the following:

(a) External combustion engine
(b) Internal combustion engine.
External combustion engine have combustion occuring outside engine and adding heat to the working

fluid used in the engine. Thus, in external combustion engines heat released during combustion is
indirectly utilized by the working fluid in external combustion engine. Internal combustion engines have
combustion occuring in engine itself and heat released during combustion is directly utilized for getting
shaft work. Internal combustion engines have numerous advantages over external combustion engines
such as lower weight to power output ratio, simplicity, smaller initial cost, and higher efficiency etc.
Due to indirect heat transfer the external combustion engines permit for the use of any cheaper fuel such
as coal, wood, oil etc. for combustion.

Internal combustion engines are exhaustively used in automobiles, gas turbine etc. and external
combustion engines are used in steam turbine, steam engine, nuclear power plant etc. Internal combustion
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engines are efficient than external combustion engines and also are smaller than external combustion
engine of similar capacity.

17.2 CLASSIFICATION OF IC ENGINES

Internal combustion engines can be classified on the following basis.
(a) Based on number of strokes : Number of strokes involved in a cycle of IC engine can be two

strokes or four strokes. Such engine can be;
(i) Two stroke engines

(ii) Four stroke engines
(b) Based on thermodynamic cycle : Depending upon thermodynamic cycle used in the internal

combustion engines these can be classified as:
(i) Engines based on Otto cycle (‘Spark-Ignition engine’)

(ii) Engines based on Diesel or Dual cycle (‘Compression-Ignition engine’)
(c) Based on mechanism of ignition: Internal combustion engines have combustion as the basic

process. Combustion process may be initiated using externally assisted ignition (spark ignition) or
it may get initiated on its’ own due to excessive compression (compression ignition). Such engines
are called:
(i) Spark ignition engines

(ii) Compression ignition engines.
The spark ignition engines may have “magneto ignition system” or “battery ignition system” for
creating necessary electric potential for producing spark.

(d) Based on type of fuel used: IC engines may be classified depending upon the type of fuel being
used. These can be:
(i) Petrol engines (petrol being used as fuel)

(ii) Gas engines (gaseous fuel being used)
(iii) Diesel engines (diesel being used as fuel)
(iv) Multi-fuel engines (more than one fuel being used)

(e) Based on fuel admission: IC engines can be of different types depending upon arrangement used
for fuel admission:
(i) Carburettor type engines (use carburettor fuel metering)

(ii) Injection type engines (use fuel injector and injection system)
(f) Based on type of cooling: IC engines have inherent requirement of continuous cooling of engine.

Based on type of cooling these can be classified as:
(i) Air cooled engines (Generally used in small sized engines)

(ii) Water cooled engines (Generally used in large sized engines)
(g) Based on type of motion: IC engines may have reciprocating motion of piston or it may also have

rotary motion. Such engines can be:
(i) Reciprocating engines

(ii) Rotary engines
Reciprocating engines may have different cylinder arrangements such as:
(i) Opposed cylinder engines

(ii) Inclined cylinder engines
(iii) V-shaped cylinder arrangement.
Rotary engines may be further classified as single rotor engines or multirotor engines i.e.
(i) Single rotor engine

(ii) Multi rotor engine
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17.3 IC ENGINE TERMINOLOGY

Some of the basic components and generally used terms in internal combustion engines are given as
under.

1. Cylinder: It is a cylindrical block having cylindrical space inside for piston to make reciprocating
motion. Upper portion of cylinder which covers it from the top is called cylinder head. This is manufactured
by casting process and materials used are cast iron or alloy steel.

2. Piston and Piston rings: Piston is a cylindrical part which reciprocates inside the cylinder and
is used for doing work and getting work. Piston has piston rings tightly fitted in groove around piston
and provide a tight seal so as to prevent leakage across piston and cylinder wall during piston’s reciprocating
motion. Pistons are manufactured by casting or forging process. Pistons are made of cast iron, aluminum
alloy. Piston rings are made of silicon, cast iron, steel alloy by casting process.

3. Combustion space: It is the space available between the cylinder head and top of piston when
piston is at farthest position from crankshaft (TDC).

4. Intake manifold: It is the passage/duct connecting intake system to the inlet valve upon cylinder.
Through intake manifold the air/air-fuel mixture goes into cylinder.

5. Exhaust manifold: It is the passage/duct connecting exhaust system to the exhaust valve upon
cylinder. Through exhaust manifold burnt gases go out of cylinder.

6. Valves: Engine has both intake and exhaust type of valves which are operated by valve operating
mechanism comprising of cam, camshaft, follower, valve rod, rocker arm, valve spring etc. Valves are
generally of spring loaded type and made out of special alloy steels by forging process.

7. Spark plug: It is the external ignitor used for initiating combustion process. Spark plug is
activated by electrical energy fed by electrical system with engine. It delivers spark with suitable energy
to initiate combustion at appropriate time for suitable duration.

8. Bearing: Bearings are required to support crank shaft. Bearings are made of white metal leaded
bronze.

9. Connecting rod:  It is the member connecting piston and crankshaft. It has generally I section
and is made of steel by forging process.

10. Crank: It is the rigid member connecting the crankshaft and connecting rod. Crank is mounted
on crankshaft. Crank transfers motion from connecting rod to crankshaft as it is linked to connecting
rod through crank pin.

11. Crankshaft: It is the shaft at which useful positive work is available from the piston-cylinder
arrangement. Reciprocating motion of piston gets converted into rotary motion of crankshaft. Crankshaft
are manufactured by forging process from alloy steel.

12. Crankcase: Crankcase actually acts like a sump housing crank, crankshaft, connecting rod
and is attached to cylinder. These are made of aluminium alloy, steel, cast iron etc. by casting process.

13. Gudgeon pin: It is the pin joining small end of the connecting rod and piston. This is made of
steel by forging process.

14. Cams and Camshafts: Cams are mounted upon camshaft for opening and closing the valves
at righ timings and for correct duration. Camshaft gets motion from crankshaft through timing gears.

15. Carburettor: Carburettor is device to prepare the air fuel mixture in right proportion and supply
at right time.

16. Bore: It is nominal inner diameter of the cylinder.
17. Piston area: It is the area of a circle of diameter equal to bore.
18. Stroke: It is the nominal distance travelled by the piston between two extreme positions in the

cylinder.
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Fig. 17.1 Internal combustion engine

19. Dead centre: It refers to the extreme end positions inside the cylinder at which piston reverses
it’s motion. Thus, there are two dead centres in cylinder, called as ‘top dead centre’ or ‘inner dead
centre’ and ‘bottom dead centre’ or ‘outer dead centre’.

Top dead centre (TDC) is the farthest position of piston from crankshaft. It is also called inner dead
centre (IDC).

Bottom dead centre (BDC) refers to the closed position of piston from crankshaft. It is also called
outer dead center (ODC).

20. Swept volume : It is the volume swept by piston while travelling from one dead centre to the
other. It may also be called stroke volume or displacement volume.

Mathematically, Swept volume = Piston area × Stroke
21. Clearance volume: It is the volume space above the piston inside cylinder, when piston is at

top dead centre. It is provided for cushioning considerations and depends, largely upon compression
ratio.

22. Compression ratio: It is the ratio of the total cylinder volume when piston is at BDC to the
clearance volume.

Compression ratio = 
Swept volume + Clearance volume

Clearance volume

17.4 4-STROKE SI ENGINE

Spark ignition (SI) engines employ external ignition system for initiating the combustion process. Spark
plug is the most commonly used ignition method used in spark ignition engines. Let us first understand



774 ________________________________________________________  Applied  Thermodynamics

working of 4-stroke SI engine. Figure 17.3 shows the different strokes and processes associated with
them.

Valve position
State Action Work Heat

Inlet Exhaust

1 Just Just
opened closed

1–2 Open Closed Air-fuel Air to None
intake piston

2 Just Closed
closed

2–3 Closed Closed Compression Piston None
to air

3 Closed Closed Ignition
3–4 Closed Closed Combustion Input to gas
4 Closed Closed Max. T, P
4–5 Closed Closed Expansion Gas to None

piston
5 Closed Just

opened
5–6 Closed Open Exhaust None Gas to

blowdown atmosphere
6 Closed Open Pressure drop None Gas to

to atmosphere atmosphere
6–1 Closed Open Exhaust Piston Gas to

to gas atmosphere

Fig. 17.2 P-V and T-s diagram for SI engine cycle (Otto cycle)

Let us start with piston at TDC, state 1. As piston moves for TDC to BDC, the inlet vlave gets
opened and fresh air-fuel mixture prepared in carburettor enters the cylinder. This supply of air-fuel
mixture into cylinder is called suction process or suction stroke during which inlet valve is open while
exhaust valve remains closed. After the piston reaches BDC, it reverses its motion and moves towards
TDC. During this piston travel both inlet and exhaust valves remain closed. Thus, the air-fuel mixture
inside cylinder gets compressed till piston reaches TDC. This is the second stroke and called compression
stroke or compression process (2–3).
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IVC : Inlet valve closed, IVO: Inlet valve open, EVC: Exhaust valve closed, EVO: Exhaust valve open.

Fig. 17.3 Working of 4-stroke S.I. engine

Now highly compressed air-fuel mixture is available inside the cylinder and ready for combustion.
With piston at TDC, the spark plug is activated and it releases spark for igniting air-fuel mixture. Spark
plug used in the SI engines gets activated by suitable mechanism in the engine and provides suitable
amount of energy in the form of spark for initiating combustion process. This burning of mixture is
accompanied by sudden increase in pressure and temperature while piston passes the TDC position.
Here constant volume heat addition takes place and state 4 is attained. Due to this release of fuel energy,
the combustion products try to expand and piston moves from 4–5 i.e. TDC to BDC. During this travel
the inlet and exhaust valves remain closed. This stroke is called expansion stroke or power stroke or
expansion process. This is the stroke accompanied by positive work available at shaft. Now while
piston is at BDC the exhaust valve gets opened and combustion products are exhausted out during 5–6.
Cylinder is further emptied and made ready for being recharged while piston travels from BDC to TDC,
6–1 pushing out burnt gases. This is called exhaust stroke.

Here we have seen that out of suction, compression, expansion and exhaust strokes only expansion
stroke is accompanied by the production of positive work, rest three strokes are work absorbing strokes.
Work requirement for the three strokes is met from the work available during expansion stroke. For
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storing the excess energy and releasing it when required, a flywheel is mounted over the crankshsaft.
Cycle gets completed in two revolutions of crankshaft. Examples of four stroke engines are petrol
engines used in cars etc.

17.5 2-STROKE SI ENGINE

2-stroke SI engine is a modified form of 4-stroke engine
where all the four processes required for completion of
one cycle of SI engine get completed in two strokes.
Thus, obviously in each stroke two processes get
completed. Figure 17.4 shows the line diagram of
2-stroke SI engine.

General arrangement shows that here there are no
valves as in case of 4-stroke engines, instead it has exhaust
and suction ports. Piston has a projection on its top, which
acts like deflector. Mixture of air-fuel goes into crank
case first and then gets transferred to top of piston at
appropriate time. Let us start piston movement from TDC
to BDC. When piston reverses its motion from BDC to
TDC then the suction port gets uncovered and fresh
mixture enters and goes into crank case. With piston
moving from TDC to BDC and during covered position
of suction port the mixture gets transferred to the top of piston through transfer port. Upon reversal
during piston travelling from BDC to TDC, the air fuel mixture on top of piston gets compressed and
subsequently gets ignited by spark from spark plug. The combustion of fuel-air mixture results in
release of excessive energy which forces piston to move from TDC to BDC. Simultaneously as piston
uncovers exhaust port the burnt gases go out through exhaust port. Again when piston reaches BDC it
reverses its motion and during travel from BDC to TDC the suction takes place as  explained above at
the bottom of piston while compression of fuel air mixture takes place on top of piston. Thus, suction
and compression, both processes get completed during travel of piston from BDC to TDC. Expansion
and exhaust processes occur during travel of piston from TDC to BDC along with transfer of fresh fuel
air mixture from crankcase to top of piston.

Here all four processes occur during two strokes and one revolution of crank shaft. Thermodynamic
cycle followed by 2-stroke SI engine is Otto cycle. Scooter engines are generally two stroke engines.
2-stroke SI engines are used for smaller applications.

17.6 4-STROKE CI ENGINE

Compression ignition (CI) engines operate generally on “Diesel”/“Dual” cycle. In these engines the
combustion is realized due to excessive compression and are so called compression ignition engines.
Here air alone is sucked inside the cylinder during suction stoke and compressed. Degree of compression
is much more than that of spark ignition (SI) engines. After compression of air the fuel is injected into
the high pressure and high temperature compressed air. Due to high temperature of air the combustion
of fuel gets set on its’ own. Self ignition of fuel takes place due to temperature of air-fuel mixture being
higher than self ignition temperature of fuel. Thus in CI engines, larger amount of compression causes
high temperature, therefore unassisted combustion.

Fig. 17.4 2-stroke SI engine



Introduction to Internal Combustion Engines ________________________________________  777

Schematic of 4-stroke CI engine is quite similar to that of 4-stroke SI engine with the only major
difference that spark plug is replaced by fuel injector for injecting fuel at high pressure into compressed
air. 4-Stroke CI engine works with following four processes getting completed in separate strokes.
General arrangement in CI engine is similar to that of SI engine with spark plug replaced by fuel injector.
Stroke 1: Piston travels from TDC to BDC and air is sucked.
Stroke 2: Piston travels from BDC to TDC, while air is compressed with inlet and exit passages

closed.
Stroke 3: Piston reaches TDC and air gets compressed. Fuel injector injects fuel into compressed air

for certain duration. Ignition of fuel also takes place simultaneously as air temperature is
much higher than self ignition temperature of fuel. Burning of fuel results in release of fuel
chemical energy, which forces piston to travel from TDC to BDC. Contrary to SI engine
where heat addition gets completed near instantaneously, in CI engines fuel injection and thus
heat addition is spread in certain stroke travel of piston i.e. heat addition takes place at
constant pressure during which piston travels certain stroke  length as decided by cut-off
ratio. This is expansion process and piston comes down to BDC with both inlet and exit
valves closed.

Stroke 4: After expansion piston reverses its motion upon reaching BDC and travels up to TDC with
exit passage open. During this piston travel burnt gases are expelled out of cylinder i.e.
exhaust stroke.
Completion of above four stroke requires two revolutions of crankshaft.

17.7 2-STROKE CI ENGINE

Fig. 17.5 shows the general arrangement in 2-stroke CI engine. Here the structure of CI engine is very
much similar to that of SI engine with the major difference that spark plug is replaced by fuel injector,
structure is made more sturdy to withstand high compression ratio.

Working of 2-stroke compression ignition engine is shown in (a), (b), (c), (d) explaining the suction,
compression, expansion and exhaust processes. During piston travel from BDC to TDC air enters
crankcase. When piston reaches TDC and reverses its motion to BDC air in crankcase gets partly
compressed and is transferred from crankcase to top of piston through transfer port. Upon reversal of
piston motion from BDC to TDC the compression of air occurs by the top side of piston while on the
bottom side of piston air again enters into crankcase. Upon piston reaching TDC fuel is injected into
compressed air which is at high temperature and pressure. As fuel is injected into compressed air the
fuel ignition gets set on its own due to temperature being more than self ignition temperature of fuel, i.e.
compression ignition. Fuel injection is continued for some duration along with its ignition which causes
release of excessive fuel energy. This energy release causes piston to go back from TDC to BDC, i.e.
the expansion process as shown in (c). As piston reaches BDC it simultaneously forces air in crank case
to get transferred to cylinder space and forces burnt gases out of cylinder i.e. exhaust process.

Here also cycle gets completed in single revolution of crankshaft i.e two processes occurring
simultaneously in each stroke.
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Fig. 17.5 2-stroke CI engine

17.8 THERMODYNAMIC CYCLES IN IC ENGINES

Thermodynamic cycles used in IC engines are Otto cycle, Diesel cycle and Dual cycle and are described
in Chapter 9 under title of ‘Air standard cycles’ However, the comparison of these cycles with one
another for different reference conditions is presented here.

(a) Comparison of Otto, Diesel and Dual cycles for same compression ratio and heat input:
Figure 17.6 shows the three cycles on P-V and T-s diagram for same compression ratio and heat

input.
For same heat input, T-s diagram shows;

Area bcef = Area bc" e" f = Area bb' c'e'f
(Otto) (Diesel) (Dual)
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Fig. 17.6 Comparison of Otto Diesel and Dual cycles on P-V and T-s diagram for same compression
ratio and heat input. Comparison can be made by looking at these cycle representations.

Heat rejected can be given as;
For Otto = Area a d e f

For Diesel = Area a d"e" f
For Dual = Area a d' e' f

A look at areas on T-s diagram shows
Area a d e f < Area a d'e'f < Area a d" e" f.
Since heat input is same therefore based on the heat rejected one can say that as heat rejected for

Otto cycle is smallest so this has highest efficiency. It is followed by Dual cycle and smallest efficiency
is for Diesel cycle.

(b) Comparison of Otto, Diesel and Dual cycles for same maximum pressure and same heat input:
For carrying out comparison the P-V and T-s representations for three cycles are shown in

Fig. 17.7.

Fig. 17.7 Comparison of Otto, diesel and Dual cycles on P-V and T-s diagram for
same maximum pressure and same heat input.
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Here heat input is same so,
Area bcfg = Area b' c' f' g = Area b" c" d" f" g.
(Otto) (Diesel) (Dual)

Heat rejected shall be given by;
Area adfg for Otto cycle
Area ad' f ' g for Diesel cycle
Area ae" f" g for Dual cycle
Area adfg > Area ae" f" g > Area ad' f' g ⇒  WDiesel > WDual  > WOtto
Here W refers to net work in respective cycle.
Hence, it can be seen that heat rejected is highest in Otto cycle followed  by Dual cycle and Diesel

cycle. Thus, efficiency shall be maximum for Diesel cycle due to largest work available followed by
Dual cycle and minimum for Otto cycle at same maximum pressure and same heat input.

17.9 INDICATOR DIAGRAM AND POWER MEASUREMENT

Internal combustion engines have combustion taking place inside and power is available at crankshaft.
The shaft work available is less than the total energy released inside the cylinder due to frictional and
other losses.

For performance evaluation of internal combustion engine one is interested in following different
powers.

(a) Indicated power: It refers to the power available inside the cylinder i.e. the power provided to
piston.

Mathematically:
Indicated power = (Energy in fuel) – (Energy loss in exhaust, coolant, radiation etc.)

It is measured from the indicator diagram which is obtained using indicator mechanism.
(b) Brake power: It refers to the power available at crankshaft i.e. it is the useful shaft work.
Mathematically:
Brake power = (Indicated power) – (Energy loss in friction, pumping and unaccounted losses etc.)
Brake power is usually measured by absorption or transmission type dynamometers. It can be

given as:

Brake power = 
2

60

NTπ
 Watt

where {N is speed of rotation of shaft in rpm, T is torque, N . m.}
(c) Friction  power: It refers to the power lost due to friction and other reasons. It is quantified by

the difference between indicated power and brake power.
Friction power = Indicated power – Brake power

Indicator diagram: Indicator diagram is the graphical description of pressure and volume variations
occurring inside cylinder. An indicator diagram for a four-stroke internal combustion engine is shown in
Fig. 17.8 along with the four different processes.
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(a) Four processes in 4-stroke IC engine (Otto cycle)

(b) Indicator diagram of 4-stroke IC engine (Otto cycle).

Fig 17.8 Indicator diagram and processes in IC engine

For getting the indicator diagram, “indicator diagram mechanism” is put over the IC engine and real
variation of pressure and volume states obtained.

Indicator mechanism shown in Fig. 17.9, has number of links ‘g’ and chord for transferring linear
displacement of piston rod into the rotation of drum ‘f ’. A stylus ‘d ’ is operated over the drum through
a parallel motion link ‘e’. Displacement of ‘e’ is caused along y-axis by an indicator piston rod ‘h’,
which is connected to indicator piston ‘b’ put in indicator cylinder ‘a’ as shown. Indicator piston is
resisted by an indicator spring ‘c’. In between indicator cylinder and engine cylinder a cock is provided
to isolate it after indicator diagram is obtained. Indicator mechanism has thus drum ‘f ’ rotating about its
axis and stylus ‘d’ operated by  pressure variation inside cylinder along y-axis. Thus, displacement along
volume axis is made available by rotation of drum and along pressure axis it is made available by vertical
reciprocatory movement of stylus depending upon pressure inside engine cylinder.
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Fig. 17.9 Indicator diagram mechanism

For getting indicated power we need mean effective pressure (average pressure) and volume displaced.
From the indicator diagram obtained the mean effective pressure can be obtained, knowing area of

diagram, length of diagram and indicator spring constant. Area of diagram can be estimated using
planimeter and length of diagram measured.

Mean effective pressure, mep = d

d

A
C

L
×

where Ad is area enclosed in diagram
Ld is length of diagram
C is indicator spring constant given as N/cm2 × cm travel.
Using mean effective pressure the indicated power can be obtained by product of pressure and

volume displaced.

Indicated power for 2-stroke engine, = 
60

mep A L N n× × × ×
 Watt

where mep = mean effective pressure in Pa

A = cross-sectional area of cylinder. A = 
4

π
D2, where D is bore.

L = length of stroke.
N = rpm
n = no. of cylinders.
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In case of 4-stroke engines, 2 revolutions are required for completing one cycle, therefore effective
rpm shall be N/2.

Indicated power for 4-stroke engine = 
( / 2)

60
mep A L N n× × × ×

 Watt

Based on indicated power and brake power, the mechanical efficiency of engine can be obtained as
below.

Mechanical efficiency of engine

ηmech = 
Brake power

Indicated power

Mechanical efficiency is thus indicator of how efficiently indicated power is converted into brake
power.

17.10 COMBUSTION IN SI ENGINE

Combustion is the process of oxidation of fuel resulting into the release of energy equivalent to calorific
value of fuel. Energy released in combustion is in the form of heat. Combustion process in spark ignition
engine has requirement of the ‘mixture of fuel and air in right proportion,’ ‘mechanism for initiation of
combustion process’ and ‘stabilization and propagation of flame for complete burning.’

For complete combustion of every fuel there is chemically correct fuel-air ratio also called
stoichiometric fuel-air ratio. This fuel air ratio may be rich or lean depending upon the proportion of fuel
and air present in mixture. In SI engine this fuel air ratio generally varies between 1 : 7 to 1 : 30 with lean
mixture at 1 : 30 and rich mixture at 1 : 7. Stoichiometric fuel-air ratio is around 1 : 14 to 1 : 15 for
hydrocarbon fuel. The extreme values of fuel-air ratio permissible in SI engine on both rich and lean
ends put limits as ‘lower ignition limit’ and ‘upper ignition limit’. Varying fuel-air  ratio is required in SI
engine due to varying loads on engine between no load to full load on engine. The ratio of actual fuel-air
ratio to stoichiometic fuel-air ratio is given by ‘equivalence ratio’ or ‘relative fuel-air ratio’. Appropriate
fuel-air ratio is maintained in SI engines through ‘carburettor’ (the fuel metering system).

Combustion in SI engine may be described to be occurring in following significant phase:
(i) After compression of fuel-air mixture in cylinder the high temperature spark is delivered by spark

plug in the compressed fuel-air mixture. Temperature at the tip of spark plug electrode may go even
more than 10,000ºC at the time of release of spark. Sparkles released have sufficiently high temperature
to initiate the combustion of fuel. For complete combustion of fuel mere initiation of combustion does
not serve the purpose instead a sustainable combustion process is required. After setting up of combustion
a sustainable flame front or flame nuclei is needed so that it proceeds across the combustion space to
ensure complete combustion. Thus, this phase in which spark is first released followed by setting up of
sustainable flame front is called “preparation phase” and may consume around 10º of crank angle
rotation. Crank angle rotation consumed in “preparation phase” depends upon the speed of engine,
constructional feature of cylinder, piston, location of spark plug, strength of spark, characteristics of
fuel, fuel-air ratio etc. Designer always wishes to complete combustion in smallest possible time as,
theoretically Otto cycle requires combustion to occur instantaneously. Therefore, this first phase termed
as preparation phase should be as small as possible. Figure 17.10 shows different  phases of combustion.

Preparation phase is shown to occur from ‘a’ to ‘b’ with small or negligible pressure rise as initially
rate of burning is very small.

(ii) After sustainable combustion flame is set up then the flame nuclei get scattered due to excessive
turbulence in combustion space causing pressure to rise from ‘b’ to ‘c’. This phase of combustion
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Fig. 17.10 Phases of combustion in SI engine

depends upon the turbulence inside cylinder, strength of compbustion nuclei, fuel-air ratio, strength of
spark, cylinder geometry, fuel properties etc. This phase of combustion is called as “flame propagation
phase” and is accompanied by the excessive pressure rise. Flame propagation phase should also be as
small as possible.

(iii) After the maximum amount of fuel-air mixture is burnt, the residual gets burnt after the piston
has moved across the TDC. This last phase is termed as “after burning phase” and occurs during the
expansion stroke.

Hence, it can be summarised that the complete combustion in SI engine occurs in three distinct
zones i.e. preparation phase, flame propagation phase and after burning phase. In order to complete
combustion in smallest possible time the flame propagation phase and preparation phase should be
shortened. It is seen that out of total distance travelled in combustion space in first phase i.e. preparation
phase about 10% of combustion space length is covered
in about 20–30% of total time for combustion. Flame
propagation phase is spread in about 80% of combustion
space length and is covered in 60–70% of total time of
combustion. ‘After burning’ occurs in less than 10% of
combustion space in less than 10% of total combustion
time as evident from Fig. 17.11. Combustion may also
sometimes occur abnormally. “Abnormal combustion”
is said to occur when combustion begins inside the
cylinder on its’ own before the stipulated time for it.
This abnormal combustion may be due to preignition
(i.e. ignition of fuel even before spark plug ignites it)
and results in uncontrolled pressure rise. Abnormal
combustion is also termed as detonation or knocking
and can be felt by jerky operation of engine, excessive
noise, reduced power output etc.

I = Preparation phase
II = Flame propagation phase
III = After burning phase
Non-firing : Piston is made

to reciprocate
due to cranking
in the absence
of combustion.

Firing : Engine runs
with combustion
occurring.

Fig. 17.11 Duration of combustion phases
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17.11 COMBUSTION IN CI ENGINES

Combustion in CI engines differ from SI engine due to the basic fact that CI engine combustion is
unassisted combustion occurring on its’ own. In CI engine the fuel is injected into combustion space
after the compression of air is completed. Due to excessively high temperature and pressure of air the
fuel when injected in atomised form gets burnt on its’ own and burning of fuel is continued till the fuel
is injected. Theoretically this injection of fuel and its’ burning should occur simultaneously upto the cut-
off point, but this does not occur in actual CI engine. Different significant phases of combustion are
explained as under.

(i) Injection of fuel in atomized form is initiated into the combustion space containing compressed
air. Fuel upon injection does not get burnt immediately instead some time is required for preparation
before start of combustion. Fuel droplet injected into high temperature air first gets transformed into
vapour (gaseous form) and then gets enveloped around by suitable amount of oxygen present so as to
form combustible mixture. Subsequently, if temperature inside is greater than self ignition temperature
at respective  pressure then ignition gets set. Thus, the delay in start of ignition may be said to occur due
to ‘physical delay’ i.e. time consumed in transformation from liquid droplet into gaseous form, and
‘chemical delay’ i.e. time consumed in preparation for setting up of chemical reaction (combustion).
The duration of ignition delay depends upon fuel characteristic, compression ratio (i.e. pressure and
temperature after compression), fuel injection, ambient air temperature, speed of engine, and geometry
of combustion chamber etc. Ignition delay is inevitable stage and in order to accommodate it, the fuel
injection is advanced by about 20º before TDC. Ignition delay is shown by a – b in Fig. 17.12, showing
pressure rise during combustion. Fuel injection begins at ‘a’ and ignition begins at ‘b’. Theoretically, this
ignition delay should be as small as possible.

Fig. 17.12 Pressure rise during combustion in CI engines

(ii) During the ignition delay period also the injection of fuel is continued as it has begun at point ‘a’
and shall continue upto the point of cut-off. For the duration in which preparation for ignition is made,
the continuous fuel injection results in accumulation of fuel in combustion space. The moment when
ignition just begins, if the sustainable flame front is established then this accumulated fuel also gets burnt
rapidly. This burning of accumulated fuel occurs in such a manner that combustion process becomes
uncontrolled resulting into steep pressure rise as shown from ‘b’ to ‘c’. The uncontrolled burning

I = Ignition delay
II = Uncontrolled combustion
III = Controlled combustion
IV = After burning
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continues till the collected fuel gets burnt. During this ‘uncontrolled combustion’ phase if the pressure
rise is very abrupt then combustion is termed as ‘abnormal combustion’ and may even lead to damage
of engine parts in extreme conditions.

Thus, it is obvious that ‘uncontrolled combustion’ depends upon the ‘ignition delay’ period as
during ignition delay itself the accumulation of unburnt fuel occurs and its’ burning results in steep
pressure rise. Hence in order to have minimum uncontrolled combustion the ignition delay should be as
small as  possible. During this uncontrolled combustion phase about one-third of total fuel heat is
released.

(iii) After the ‘uncontrolled combustion’ is over then the rate of burning matches with rate of fuel
injection and the combustion is termed as ‘controlled combustion’. Controlled combustion is shown
between ‘c’ to ‘d’ and during this phase maximum of heat gets evolved in controlled manner. In controlled
combustion phase rate of combustion can be directly regulated by the rate of fuel injection i.e. through
fuel injector. Controlled combustion phase has smooth pressure variation and maximum temperature is
attained during this period. It is seen that about two-third of total fuel heat is released during this phase.

(iv) After controlled combustion, the residual if any gets burnt and the combustion is termed as
‘after burning’. This after burning may be there due to fuel particles residing in remote position in
combustion space where flame front could not reach. ‘After burning’ is spread over 60 – 70º of crank
angle rotation and occurs even during expansion stroke.

Thus, it is seen that the complete combustion in CI engines may be comprising of four distinct
phases i.e. ‘ignition delay’ followed by ‘uncontrolled combustion,’ ‘controlled combustion’ and ‘after
burning’. Combustion generally becomes abnormal combustion in CI engines when the ignition delay is
too large resulting into large uncontrolled combustion and zig-zag pressure rise. Abnormal combustion
in CI engines may also be termed as ‘knocking’ in engines and can be felt by excessive vibrations,
excessive noise, excessive heat release, pitting of cylinder head and piston head etc. In order to control
the knocking some additives are put in CI engine fuel so as to reduce its’ self ignition temperature and
accelerate ignition process. Also, the combustion chambers are properly designed so as to have reduced
physical and chemical delay.

17.12 IC ENGINE FUELS

Fuels used in SI engines and CI engines are different as the nature of combustion process is different in
the two engines. Normally hydrocarbon fuels are used for both the applications and should possess
desirable properties such as high calorific value, suitable combustion characteristics, ease of handling,
environment friendly etc. In SI engines the fuel used is generally ‘gasoline’ also called as petrol and is
mixture of different hydrocarbons. Gasoline is available from refining process and its’ exact composition
depends upon the degree of refining and source etc. Gasoline should have capability of mixing rapidly
with air, suitable volatility, resistance to abnormal combustion etc.

SI engine fuels are characterised in respect to its’ resistance to abnormal combustion by its’ rating
in terms of “Octane number”. Octane number of fuel is determined by comparing the combustion
performance of actual fuel with that of reference fuel. Octane number is defined as the percentage by
volume of iso-octane in a mixture of iso-octane (C8H18) and n-heptane (C7H16). Iso octane is low boiling
point fuel having very high resistance to abnormal combustion and is arbitrarily assigned octane number
of 100. ‘n-heptane’ is seen to have very poor resistance to abnormal  combustion and is so assigned
octane number of 0. These ‘iso-octane’ and ‘n-heptane’  are also called as ‘primary reference fuels’. In
order to determine octane number of any fuel its combustion characteristics are matched with those of
a variable mixture of ‘iso-octane’ and ‘n-heptane’. The composition of iso-octane fraction and n-heptane
fraction which yields the similar combustion characteristics is used to know the octane number. Say,
for example in a particular test the mixture of 80% by volume of iso-octane and 20% by volume of n-
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heptane offers the combustion similar to that of test fuel. Then the test fuel shall have octane number of
80. Octane number generally lies between 0 and 100 but can be extended beyond 100 by using certain
additives. ‘Tetra ethyl lead’ is the most popular additive used in SI engines which further increases
resistance to abnormal combustion i.e. even more than that of iso-octane.

In CI engines the Diesel fuel is generally used which is also available during pertroleum refining but
is impure as compared to SI engine fuel. CI engine fuels are also characterized by a rating given in terms
of ‘Cetane number’ which also indicates the resistance of fuel to knocking. Cetane number for any fuel
is given by percentage by volume of cetane (C16 H34) in a mixture of cetane and α-methyl napthalene
(C10H7CH3) which offers the combustion characteristics similar to that of test fuel.

Cetane is arbitrarily assigned cetane number of 100 as it offers maximum knock resistance and α-
methyl napthalene is assigned cetane number of 0 as it has mimimum knock resistance. Cetane rating is
also obtained by the test similar to that for octane rating.

17.13 MORSE TEST

In IC engines there are three powers namely ‘indicated power’ which is developed inside cylinder,
‘brake power’ which is available at crank shaft and ‘friction power’ which is lost in overcoming friction
and other losses. Brake power can be measured by using dynamometer at the crank shaft of engine.
Friction power can be experimentally determined by number of methods namely ‘Willan’s line method’,
‘Motoring test’ and by the numerical difference between indicated power and brake power.

Morse test is experimental method for estimating the friction  power of the multi cylinder engine.
Here engine is first run upto certain speed of rotation. Subsequently, one by one each cylinder of the
engine is isolated from contributing to shaft work either by switching off electric supply to spark plug
or by stopping fuel supply. When one cylinder is not producing power i.e. due to its isolation then also
piston reciprocates in this cylinder similar to other cylinders thus the frictional losses remain constant
for the shaft running at same speed. When second cylinder is cut then also frictional losses remain same
but the brake power and indicated power get reduced accordingly. This process of cutting off each
cylinder one by one is carried out till last cylinder and the brake power is measured by dynamometer
attached to crank shaft which is maintained to run at same speed of rotation when cylinders are cut off
one by one.

Mathematically, if there are n number of cylinders in a multicylinder engine. Then initially when all
cylinders are working.

Indicated power from n cylinders, (ip)n = (bp)n + (fp)n; here ip, bp  and fp refer to indicated power,
brake power and friction power respectively.

When one cylinder is cut then,
(ip)n –1 = (bp)n – 1 + (fp)n

When second cylinder is cut then,
(ip)n –2 = (bp)n – 2 + (fp)n

From above the power produced from first cylinder being cut off can be obtained as:
(ip)nth cylinder = (bp)n – (bp)n – 1

Total indicated power from engine: (ip)n = ∑ (ip)nth cylinder
Thus, after knowing indicated power of engine the friction power can be determined as under,

because brake power is also known through dynamometer.
(fp)n = (ip)n – (bp)n

Friction power estimated using Morse test gives fairly correct estimate. Although, there may be
slight deviation because when each cylinder is cut then there is substantial increase in engine vibrations
and the friction losses may change due to change in back pressure etc.
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17.14 COMPARATIVE STUDY OF IC ENGINES

Comparative study of IC engines with other prime movers is described here.
(a) Difference between SI and CI engine

SI engine CI engine

1. It works on Otto cycle 2. It works on Diesel/Dual cycle
2. Compression ratio is from 5 to 15. 2. Compression ratio is from 12 to 30.
3. Petrol (Gasoline) is used as fuel. 3. Diesel is used as fuel.
4. Fuel should have high self ignition 4. Fuel should have low self ignition

temperature. temperature.
5. A mixture of air and fuel is sucked inside 5. Air alone is sucked during suction process.

the cylinder during suction process.
6. Carburettor is required for preparing 6. Carburettor is not required.

air-fuel mixture.
7. Fuel goes into cylinder alongwith air 7. Fuel is injected after compression. For

during suction. injection of fuel a fuel pump and injector is
required

8. Spark plug is required to initiate 8. Ignition of fuel takes place on its’ own due to
combustion. high temperature of air inside cylinder.

9. Combustion takes place isochorically. 9. Combustion takes place isobarically.
10. Due to low compression ratio the engine 10. To withstand high Compression ratio the

structure is light. engine structure is sturdy.
11. Engine speed is higher. 11. Engine speed is lower.
12. Efficiency is low. 12. Efficiency is high.
13. Generally used in 2-wheeler automobiles 13. Generally used in 4 wheelers and bigger

and smaller and lighter engines. engines.

(b) Comparison of 2-stroke engine with 4-stroke engine

2-stroke engine 4-stroke engine

1. One cycle is completed in one revolution 1. One cycle is completed in two revolution of
of crankshaft. crankshaft.

2. Power stroke is available in each 2. Power stroke is available in alternate
revolution of crankshaft. revolution  of crankshaft.

3. Thermal efficiency is low. 3. Thermal efficiency is high.
4. Volumetric efficiency is less due to 4. Volumetric efficiency is high due to large

less time available for suction. time available for suction.
5. Lighter flywheel is required due to more 5. Heavier flywheel is required due to less

uniform torque available. uniform torque available.
6. Engine is compact and light in weight. 6. Engine is heavy.
7. Cooling requirements are less. 7. Cooling requirements are high.
8. Valves are not required. 8. Complex valve operating mechanism is

required.
9. Cost is low. 9. Cost is high.

10. Used in light vehicles and small engines. 10. Used in heavy duty vehicles and bigger engines.
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(c) Comparison of IC engines with gas turbine

IC engines Gas turbine

1. IC engine have good part load efficiency. 1. Gas turbines have poor part load efficiency.
These have internal combustion. These may have external combustion or

internal combustion both as per requirement.
2. IC engines are well suited for smaller 2. Gas turbines are not well suited for smaller

applications such as automobiles. IC applications, specially automobiles. These are
engines can be used for small capacity well suited for aviation applications and land
power plants. applications in power plants etc. as prime

movers. It has small specific weight and small
size capability which make these suitable
for aeroplanes.

3. Balancing is poor due to reciprocating 3. Balancing is good due to absence of
parts. Mechanical efficiency is also poor. reciprocating parts. Mechanical efficiency is

good due to rotary parts and no sliding members
4. Maintenance requirement is high. 4. Poor maintenance requirement.
5. Type of fuels which can be used 5. Large number of different types of fuels can

is limited in number. be used.
6. Operation is noisy and large vibrations 6. Operation is silent and smooth.

are present.
7. No modification is possible for 7. Modifications such as reheating, regeneration

improving efficiency and output in and intercooling etc. are possible in order
existing IC engines. to improve efficiency and output.

(d) Comparison of gas turbine with steam turbines

Gas turbine Steam turbines

1. These are generally internal combustion 1. These are of external combustion type.
type, but may be of external combustion
type too.

2. High quality fuel is being used. 2. Any type of poor or good quality fuel can be
utilized.

3. Thermal efficiency is better. 3. Thermal efficiency is poor than gas turbines.
4. It does not require boiler, feed water 4. It requires boiler, feed water supply, feed

supply, condensing plant etc. Number pump, condensing plant etc. instead of comp-
of components involved is small. ressor, combustion chamber as in gas turbines.

Number of components involved is large.
5. These can be started quickly. 5. These take time to start because of time

required in generating steam.
6. Maintenance cost is small. 6. Maintenance cost is high.
7. These have smaller specific weight and 7. These have large specific weight and size

size i.e. small weight per kW output and and are exclusively suited for land
so these can be used in aviation applications.
applications.

8. Initial cost and running cost are small. 8. Initial cost and running cost are large in
steam turbines.
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(e) Comparison between Diesel engine, Gas turbine and Steam turbine based plants: (Parametric form)

Parameter Diesel engine Steam turbine plant Gas turbine

1. Power generation 10 kW to 10 MW 1 MW to 1000 MW 100 kW to 100 MW
capacity

2. Efficiency 0.35 to 0.40 0.30 to 0.40 0.20 to 0.40
3. Fuel High grade fuel, liquid Medium to low grade High to medium grade,

fuel of diesel grade fuel, may be gaseous, may be liquid or gas
liquid or solid fuel. fuel.

4. Size and weight Medium Large Small
5. Capital cost $US 110–180 $US 140–1200 $US 80–300 per kW

US$ per kW per kW
6. Lubrication Frequent oil and filter Negligible Oil topping up.

requirement changes
7. Maintenance period Weekly and monthly Daily Monthly and annual
8. Specific installation Very heavy foundations, Coal handling facility, Intake and exhaust

needs vibration isolation, Ash handling facility, mufflers etc.
enclosures for making enough supplies of
its operation quiet etc. water, exhaust

emission control etc.
9. Plant life 10–12 years 25 to 35 years 15 to 30 years

EXAMPLES

1. A four cylinder diesel engine of 4-stroke type has stroke to bore ratio as 1.2 and the cylinder diameter
is 12 cm. Estimate indicated power of the engine using the indicator diagram arrangement. Indicator
card shows the diagram having area of 30 cm2 and length as  half of stroke. Indicator spring constant
is 20 × 103 kN/m2 and engine is running at 2000 rpm. Also find out mechanical efficiency of engine if
10% of power is lost in friction and other losses.

Solution:

From stroke to bore ratio i.e. 
L

D
 = 1.2 and cylinder diameter = bore, i.e. D = 12 cm, so L = 14.4 cm

Area of indicator diagram = 30 cm2 = 30 × 10–4 m2

Length of indicator diagram = 
1

2
 × stroke

= 7.2 cm or 7.2 × 10–2 m

Mean effective pressure = 
4 3 3

2

30 10 20 10 10

7.2 10

−

−
× × × ×

×
m.e.p. = 8333.333 × 102 N/m2

Cross-sectional area of piston = 
2

4
D

π
 = 0.01131 m2
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For one cylinder indicated power

= 
2 28333.333 10 0.01131 14.4 10 2000

2 60

−× × × × ×
×

= 22619.9 W
For four cylinders total indicated power = 90479.6 W
Frictional power loss = 0.10 × 90479.6 = 9047.96 W

Brake power available = Indicated power – Frictional power
= (90479.6 – 9047.96)
= 81431.64 W

Therefore, mechanical efficiency of engine = 
brake power

indicated power

= 
81431.64

90479.6
= 0.90

Indicated power = 90479.6 W
Mechanical efficiency = 90%      Ans.

2. Determine the power required to drive a double acting reciprocating pump having indicator diagram
with area 40 cm2 and length 8 cm. Bore and stroke of the pump are 15 cm and 20 cm. The pump motor
runs at 100 rpm. Indicator spring constant is 1.5 × 108 Pa per m.

Solution:
Reciprocating Pump is work absorbing machine having its mechanism similar to the piston-cylinder
arrangement in IC engine.

Mean effective pressure = 
4 8

2

40 10 1.5 10

8 10

−

−
× × ×

×
m.e.p. = 7.5 × 106 Pa

Indicated power = (Piston area × Stroke × mep × Speed × No. of cylinder)
(It is double acting so let us assume total power to be double of that in single acting)

= 
2 6 100

(0.15) 0.20 7.5 10 1 2
4 60

π × × × × × × ×  
= 88357.29 W

Power required to drive = 88.36 kW     Ans.

3. An engine with 90% mechanical efficiency has rating of 38 kW brake power. Estimate its indicated
power and frictional power loss. Also determine the mechanical efficiency at quarter load assuming
frictional power to remain same.

Solution:

Indicated power = 
Brake power

Mechanical efficiency
 = 

38

0.9
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= 42.22 kW
Frictional power loss = Indicated power – Brake power

= 42.22 – 38
= 4.22 kW

Brake power at quarter load = 0.25 × 38
= 9.5 kW

Mechanical efficiency = 
Brake power

Indicated power
 = 

9.5

9.5 + 4.22

= 0.6924 or 69.24%

Indicated power = 42.22 kW
Frictional power loss = 4.22 kW

Mechanical efficiency = 69.24%   Ans.

4. An eight cylinder diesel engine of two stroke type has specific fuel consumption of 0.25 kg/kWh. The
brake mean effective pressure of each cylinder is 1.5 MPa and engine run at 100 rpm. The bore and
stroke of cylinder are 85 cm and 220 cm respectively. Considering the calorific value of diesel as 43 MJ/
kg determine the brake power of engine, fuel consumption in kg/hr and brake thermal efficiency of
engine.

Solution:
Brake power of engine = Pb mep × L × A × N

= 

3 21.5×10 (2.2) (0.85) 100
4

60

π × × × ×  

= 3120.97 kW or 31.21 MW

Brake power = 31.21 MW Ans.

The fuel consumption in kg/hr = 0.25 × 3120.97 = 780.24 kg/hr
In order to find out brake thermal efficiency the heat input from fuel per second is required.

Heat from fuel, kJ/s = 
3780.24 43 10

3600

× ×
 = 9319.53 kJ/s

Energy to brake power = 3120.97 kW

Brake thermal efficiency = 
3120.97

9319.53
 = 0.33488 or 33.49%

Fuel consumption = 780.24 kg/hr, Brake thermal efficiency = 33.49%   Ans.

5. A four cylinder, four stroke diesel engine has brake mean effective pressure of 6 bar at full load speed
of 600 rpm and specific fuel consumption of 0.25 kg/kWh. The cylinder has bore of 20 cm and stroke
length of 30 cm. The air fuel ratio is measured as 26 from the exhaust gas analysis. The ambient
conditions are 1 bar, 27ºC. Assuming the calorific value of fuel as 43 MJ/kg determine the brake
thermal efficiency and the volumetric efficiency. Also find out brake power.
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Solution:

Brake thermal efficiency = 
3600

(brake specific fuel consumption × Calorific value)

= 3

3600

(0.25 43 10 )× ×
 = 0.3349 or 33.49%

Brake thermal efficiency = 33.49%    Ans.

Brake power = 

2 24 6 10 0.30 (0.20) 600
4

60

π × × × × × ×  
 = 226.19 kW

Brake power = 226.19 kW    Ans.

Brake specific fuel consumption = brake power
fm

0.25 = 
226.19

fm
 ⇒  mf = 56.55 kg/hr

Air consumption from given air fuel ratio = 26 × 56.55 = 1470.3 kg/hr
or

ma = 24.505 kg/min
Using perfect gas equation,

P · Va = ma RT
1 × 102 × Va = 24.505 × 0.287 × 300

Va = 21.098 m3/min

Swept volume, Vs = 
4

π
 D2 L = 

4

π
 × (0.30)2 × 0.4 = 0.02827 m3

Volumetric efficiency, ηvol. = 
number or cylinders

2

a

s

V
N

V × ×

= 
21.09 2

0.02827 600 4

×
× ×

= 0.6217 or 62.17%

Volumetric efficiency = 62.17%   Ans.

6. A two stroke two cylinder engine runs with speed of 3000 rpm and fuel consumption of 5 litres/hr.
The fuel has specific gravity of 0.7 and air-fuel ratio is 19. The piston speed is 500 m/min and
indicated mean effective pressure is 6 bar. The ambient conditions are 1.013 bar, 15ºC. The volumetric
efficiency is 0.7 and mechanical efficiency is 0.8. Determine brake power output considering R for
gas = 0.287 kJ/kg · K
(Take piston speed, m/min = 2 LN where L is stroke (m) and N is rpm)
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Solution:
Let the bore of cylinder be ‘D’ meter.
Using piston speed, 500 = 2 × L × 3000
⇒                          L = 0.0833 m

Volumetric efficiency, ηvol. = 
3Air sucked (m /min)

Swept volume× × number of  cylindersN

0.7 = 
2

Air sucked 

· 3000 2
4

D L
π  × ×  

⇒ Air sucked = 274.78 D2 m3/min
Air requirement, kg/min = A/F ratio × Fuel consumption per minute

= 19 × 
3 35 0.7 10 10

60

−× × ×

ma = 1.11 kg/min
Using perfect gas equation, PVa = ma RT

Va = 2

1.11 0.287 288

1.013 10

× ×
×

Va = 0.906 m3/min
Ideally, Air sucked = Va

274.78 D2 = 0.906
⇒ D = 0.0574 m or 57.4 mm

Indicated power = Pimep × L × A × N × no. of cylinders

= 6 × 102 × 0.0833 × 
2(0.0574) 3000 2

4 60

π × ××

= 12.93 kW
Brake power = Indicated power × Mechanical efficiency

= 12.93 × 0.8 = 10.34 kW

Brake power = 10.34 kW   Ans.

7. During trial of four stroke single cylinder engine the load on dynamometer is found 20 kg at radius
of 50 cm. The speed of rotation is 3000 rpm. The bore and stroke are 20 cm and 30 respectively. Fuel is
supplied at the rate of 0.15 kg/min. The calorific value of fuel may be taken as 43 MJ/kg. After some
time the fuel supply is cut and the engine is rotated with motor which required 5 kW to maintain the same
speed of rotation of engine. Determine the brake power, indicated power, mechanical efficiency, brake
thermal efficiency, indicated thermal efficiency, brake mean effective pressure, indicated mean effective
pressure.

Solution:
After switching off fuel supply the capacity of motor required to run engine will be the friction power
required at this speed of engine.

Friction power = 5 kW
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Brake power = 2π NT = 
32 3000 20 9.81 0.5 10

60

π −× × × × × ×

= 30.82 kW
Indicated power = Brake power + Friction power = 35.82 kW

Mechanical efficiency = 
Brake power

Indicated power
 = 

30.82

35.82
 = 0.8604 or 86.04%

Brake specific fuel consumption = 
Specific fuel consumption

Brake power

= 
0.15× 60

30.82
 = 0.292 kg/kW hr

Brake thermal efficiency = 
3600

Brake specific fuel consumption ×calorific value

= 3

3600

0.292× 43×10
 = 0.2867 or 28.67%

Also, Mechanical efficiency = 
Brake thermal efficiency

Indicated thermal efficiency

⇒ Indicated thermal efficiency = 
0.2867

0.8604
 = 0.3332 or 33.32%

Indicated power = Pimep × L × A × N

35.82 = Pimep × 0.30 × 
4

π
 × (0.20)2 × 

3000

60
⇒ Pimep = 76.01 kPa

Also, Mechanical efficiency = 
mep

mep

b

i

P

P

Brake mean effective pressure = Pimep × Mechanical efficiency

Pimep = 76.01 × 0.8604 = 65.39 kPa

Brake power = 30.82 kW, Indicated power = 35.82 kW
Mechanical efficiency = 86.04%. Brake thermal efficiency = 28.67%

Indicated thermal efficiency = 33.32%, Brake mean effective pressure = 65.39 kPa,
Indicated mean effective pressure = 76.01 kPa Ans.

8. A four stroke four cylinder diesel engine running at 300 rpm produces 250 kW of brake power. The
cylinder dimensions are 30 cm bore and 25 cm stroke. Fuel consumption rate is 1 kg/min while air fuel
ratio is 10. The average indicated mean effective pressure is 0.8 MPa. Determine indicated power,
mechanical efficiency, brake thermal efficiency and volumetric efficiency of engine. The calorific
value of fuel is 43 MJ/kg. The ambient conditions are 1.013 bar, 27ºC.
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Solution:
Given, D = 0.3 m, L = 0.25 m, N = 300 rpm, mf = 1 kg/min, F/A = 20,
Pimep = 0.8 MPa, Brake power = 250 kW

Indicated power kW = Pimep × L × A × 
4

60

N ×
 = 0.8 × 0.25 × 

4

π
 × (0.3)2 × 

300

60
 × 4 × 103

= 282.74 kW

Mechanical efficiency = 
Brake power

Indicated power
 = 

250

282.74
 = 0.8842 or 88.42%

Brake specific fuel consumption = 
1×60

250
 = 0.24 kg/kW hr

Brake thermal efficiency = 
3600

bsfc×CV  = 
3600

0.24× 43000
 = 0.3488 or 34.88%

Swept volume, Vs = 
4

π
 D2 L = 

4

π
 × (0.30)2 × 0.25 = 0.01767 m3

Mass of air corresponding to above swept volume, using Perfect gas equation
PVs = ma RT

ma = 
21.013 10 0.017

0.287 300

× ×
×

= 0.02 kg

Volumetric efficiency , ηvol = 
Mass of  air taken/minute

Mass corresponding to swept volume per minute

Mass of air taken per minute = 1 × 10  = kg/min

Mass corresponding to swept volume per minute = 0.02 × 4 × 
300

2
 = 12 kg/min

Volumetric efficiency = 
10

12
 = 0.8333 or 83.33%

Indicated power = 282.74 kW, Mechanical efficiency = 88.42%

Brake thermal efficiency = 34.88%, Volumetric efficiency = 83.33%        Ans.

9. During an experiment on four stroke single cylinder engine the indicator diagram obtained has
average height of 1 cm while indicator constant is 25 kN/m2 per mm. The engine run at 300 rpm and the
swept volume is 1.5 × 104 cm3. The effective brake load upon dynamometer is 60 kg while the effective
brake drum radius is 50 cm. The fuel consumption is 0.12 kg/min and the calorific value of fuel oil is
42 MJ/kg. The engine is cooled by circulating water around it at the rate of 6 kg/min.

The cooling water enters at 35º C and leaves at 70ºC. Exhaust gases leaving have energy of
30 kJ/s with them. Take specific heat of water as 4.18 kJ/kg K. Determine indicated power output, brake
power output and mechanical efficiency. Also draw the overall energy balance in kJ/s.



Introduction to Internal Combustion Engines ________________________________________  797

Solution:
Indicated mean effective pressure = 10 × 25 = 250 kPa

Indicated power = Pimep × L × A × 
2

N
 here as it is four stroke

2

N
N

 = 
 

= 250 × 1.5 × 104 × 
300

2 60×  × 10–6  = 9.375 kW

Brake power = 2πNT = 2 × π × 
300

2 60×  × (60 × 9.81 × 0.50) × 10–3 = 4.62 kW

Mechanical efficiency = 
Brake power

Indicated power  = 
4.62

9.375

= 0.4928 or 49.28%

Indicated power = 9.375 kW,
Brake power = 4.62 kW,

Mechanical efficiency = 49.28%   Ans.

Energy liberated from fuel = 
342×10 0.12

60

×
 = 84 kJ/s

Energy available as brake power = 4.62 kW

Energy to coolant = 
6

60
 × 4.18 × (70 – 35) = 14.63 kW

Energy carried by exhaust gases = 30 kJ/s
Unaccounted energy loss = 84 – 4.62 – 14.63 – 30 = 34.75 kW
Energy Balance on per second basis

Energy input, kJ/s Energy consumed, kJ/s in %

Heat from fuel = 84 kJ/s, 100% Energy consumed as brake
power = 4.62 kW 5.5%
Energy carried by coolant = 14.63 kW 17.42%
Energy carried by exhaust gases = 30 kW 35.71%
Unaccounted losses = 34.75 kW 41.37%

10. During 15 minutes trial of an internal combustion engine of 2-stroke single cylinder type the total 4
kg fuel is consumed while the engine is run at 1500 rpm. Engine is cooled employing water being
circulated at 15 kg/min with its inlet and exit temperatures as 27ºC and 50ºC. The total air consumed is
150 kg and the exhaust temperature is 400ºC. The atmospheric temperature is 27ºC. The mean specific
heat of exhaust gases may be taken as 1.25 kJ/kg K. The mechanical efficiency is 0.9. Determine, the
brake power, brake specific fuel consumption and indicated thermal efficiency. Also draw energy balance
on per minute basis. Brake torque is 300 Nm and the fuel calorific value is 42 MJ/kg.

Solution:

Brake power = 2πNT = 
2 1500 300

60

π× × ×
 = 47.124 kW
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Brake power = 47.124 kW   Ans.

Brake specific fuel consumption = 
4 60

15 47.124

×
×

 = 0.339 kg/kW hr.

Brake specific fuel consumption = 0.339 kg/kW hr   Ans.

Indicated power = 
Brake power

Mechanical efficiency
 = 

47.124

0.9
 = 52.36 kW

Indicated thermal efficiency = 3

52.36

4×42×10
15 60

 
  × 

 = 0.2805 or 28.05%

Indicated thermal efficiency = 28.05%   Ans.

Heat available from fuel, kJ/min = 
4

15
 × 42 × 103 = 11200 kJ/min

Energy consumed as brake power = 47.124 × 60 = 2827.44 kJ/min
Energy carried by cooling water = 15 × 4.18 × (50 – 27) = 1442.1 kJ/min

Energy carried by exhaust gases = 
150 4

15

+ 
    ×1.25× (400 – 27)

= 4786.83 kJ/min
Unaccounted energy loss = 11200 – (2827.44 + 1442.1 + 4786.83)

= 2143.63 kJ/min. Heat balance on per minute basis

Heat input, kJ/min % Heat consumed, kJ/min %

Heat from fuel = 11200 100% 1. Brake power = 2827.44 25.24%
2. Cooling water = 1442.1 12.88%
3. Exhaust gases = 4786.83 42.74%
4. Unaccounted loss = 2143.63 19.14%

(by difference)
Total = 11200 kJ/min 100% Total = 11200 kJ/min 100%

11. During Morse Test experiment on a six cylinder petrol engine the brake power output was found
50 kW when all cylinders run at full load. When one by one each cylinder is cut and load is reduced to
bring engine back to original speed, the measured brake power outputs are as under. Determine the
indicated power of engine and mechanical efficiency of engine.

No. of cylinders cut Brake power, kW

1 40.1
2 39.5
3 39.1
4 39.6
5 39.8
6 40
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Solution:
Indicated power of Ist cylinder = 50 – 40.1 = 9.9 kW

Indicated power of IInd cylinder = 50 – 39.5 = 10.5 kW
Indicated power of IIIrd cylinder = 50 – 39.1 = 10.9 kW
Indicated power of IVth cylinder = 50 – 39.6 = 10.4 kW
Indicated power of Vth cylinder = 50 – 39.8 = 10.2 kW

Indicated power of VIth cylinder = 50 – 40 = 10 kW
Total indicated power =  61.9 kW

Mechanical efficiency = 
Brake power

Indicated power  = 
50

61.9
 = 0.8077 or 80.77%

Indicated power = 61.9 kW
Mechanical efficiency = 80.77%   Ans.

12. During trial of a four cylinder four stroke petrol engine running at full load it has speed of 1500 rpm
and brake load of 250 N when all cylinders are working. After some time each cylinder is cut one by one
and then again brought back to same speed of engine. The brake readings are measured as 175 N,
180 N, 182 N and 170 N. The brake drum radius is 50 cm. The fuel consumption rate is 0.189 kg/min
with the fuel whose calorific value is 43 MJ/kg and A/F ratio of 12. Exhaust gas temperature is found
to be 600ºC. The cooling water flows at 18 kg/min and enters at 27ºC and leaves at 50ºC. The atmospheric
air temperature is 27ºC. Take specific heat of exhaust gas as 1.02 kJ/kg K. Determine the brake power
output of engine, its indicated power and mechanical efficiency. Also draw a heat balance on per
minute basis.

Solution:

Brake power output of engine = 
2

60

NTπ
 = 

–32 1500 250 0.50 10
60

π× × × ×
 = 19.63 kW

Brake power when cylinder 1 is cut = 
–32 1500 175 0.5 10

60
π× × × × ×

 = 13.74 kW

Indicated power of first cylinder = 19.63 – 13.74 = 5.89 kW

Brake power when cylinder 2 is cut = 
–32 1500 180 0.5 10

60
π× × × × ×

 = 14.14 kW

Indicated power of second cylinder = 19.63 – 14.14 = 5.49 kW

Brake power when cylinder 3 is cut = 
–32 1500 182 0.5 10

60
π× × × × ×

 = 14.29 kW

Indicated power of third cylinder = 19.63 – 14.29 = 5.34 kW

Brake power when cylinder 4 is cut = 
–32 1500 170 0.5 10

60
π× × × × ×

 = 13.35 kW

Indicated power of fourth cylinder = 19.63 – 13.35 = 6.28 kW
Total indicated power output = 5.89 + 5.49 + 5.34 + 6.28 = 23 kW
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Engine’s mechanical efficiency = 
Brake power

Indicated power  = 
19.63

23
 = 0.8535 or 85.35%

B.P. = 19.63 kW, I.P. = 23 kW, ηmech = 83.35%   Ans.

Heat liberated by fuel, kJ/min = 0.189 × 43 × 103 = 8127 kJ/min
Heat carried by exhaust gases = (12 + 1) × 0.189 × 1.02 × (600 – 27)  = 1436.02 kJ/min

Heat carried by cooling water = 18 × 4.18 × (50 – 27) = 1730.52 kJ/min
Energy to brake power = 19.63 × 60 = 1177.8 kJ/min

Unaccounted losses = 8127 – (1436.02 + 1730.52 + 1177.8) = 3782.66 kJ/min

Heat balance sheet on per minute basis

Energy in, kJ/min % Energy out, kJ/min %

Heat released by fuel = 8127 100% (a) Brake power = 1177.8 14.50
(b) Exhaust gases = 1436.02 17.67
(c) Cooling water = 1730.52 21.29
(d) Unaccounted = 3782.66 40.54

(by difference)

Total = 8127, kJ/min 100% Total = 8127 kJ/min 100%

13. During the trial of a single acting oil engine, cylinder diameter is 20 cm, stroke 28 cm, working on
two stroke cycle and firing every cycle, the following observations were made:

Duration of trial :1 hour
Total fuel used :4.22 kg
Calorific value :44670 kJ/kg
Proportion of hydrogen in fuel : 15%
Total number of revolutions : 21000
Mean effective pressure : 2.74 bar
Net brake load applied to a drum of 100 cm diameter : 600 N
Total mass of cooling water circulated : 495 kg
Total mass of cooling water : inlet 13ºC, outlet 38ºC
Air used : 135 kg
Temperature of air in test room : 20ºC
Temperature of exhaust gases : 370ºC
Assume Cp, gases = 1.005 kJ/kg K,
Cp, steam at atmospheric pressure = 2.093 kJ/kg K
Calculate thermal efficiency and draw up the heat balance. [U.P.S.C. 1997]

Solution:
Brake power = 2π NT

N = 
21,000

60
 rpm  = 350 rpm

T = 600 × 0.5 = 300 N . m
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Brake power = 
2 ×350×300

60×1000

π
 = 10.996 kW

Indicated power = 
mep

60 1000

× ⋅ ⋅
×
L A N

 kW

= 
5 22.74 10 0.28 (0.2) 300

60 1000 4

π× × × × ×
× ×

 = 14.06 kW

(A) Heat added = 
4.22

3600
 × 44670 = 52.36 kJ/s or 3141.79 kJ/min

Thermal efficiency, η = 
Indicated power

Heat added

= 
14.06

4.22
44670

3600
×

= 0.2685 or 26.85%
(B) Heat equivalent of brake power = 10.996 × 60 = 659.76 kJ/min
(C) Heat lost to cooling water = mw × Cpw × ∆T

= 
495

60
 × 4.18 × (38 – 13)

= 862.13 kJ/min
Heat carried by exhaust gases = Heat carried by steam in exhaust gases + Heat carried

by fuel gases (dry gases) in exhaust gases
Mass of exhaust gases = mass of air + mass of fuel

= 
(135 4.22)

60

+
 kg/min

= 2.32 kg/min

Mass of steam in exhaust gases = 9 × 
4.22

0.15
60

 ×  
= 0.095 kg/min

Mass of dry exhaust gases = 2.32 – 0.095
= 2.225 kg/min

(D) Heat carried by steam in exhaust = 0.095 × {4.18 (100 –20) + 2256.9 + 2.093 × (370 – 100)}
= 299.86 kJ/min

(E) Heat carried by fuel gases (dry gases) in exhaust gases
= 2.225 × 1.005 (370 – 20)
= 782.64 kJ/min

(F) Unaccounted loss = A – B – C – D – E
= (3141.79) – (659.76) – (862.13) – (299.86) – (782.64)
= 537.4 kJ/min
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Heat balance sheet (on per minute basis)

Input Expenditure

Heat, kJ/min %, Percentage Heat, kJ/min %, Percentage

(A) Heat added by 100 (B) Heat equivalent 21%
fuel = 3141.79 to brake power = 659.76

(C) Heat lost to cooling water = 862.13 27.44%
(D) Heat carried by steam in exhaust 9.54%

gases = 299.86
(E) Heat carried by dry fuel gases in 24.92%

exhaust gases = 782.64
(F) Unaccounted losses = 537.4 17.10%

Ans.

��������

17.1 Give classification of internal combustion engines.

17.2 Give a sketch of simple one cylinder internal combustion engine and label important parts.

17.3 What is meant by spark ignition and compression ignition engines?
17.4 Explain the working of 4-stroke SI engine.

17.5 Describe the working of 4-stroke CI engine.
17.6 Explain working of 2-stroke CI engine.

17.7 Explain working of 2-stroke SI engine.

17.8 What is meant by indicator diagram? Describe the arrangement for getting it?
17.9 Explain the power measurement using indicator diagram arrangement.

17.10 Explain the combustion in SI engines.

17.11 Explain the combustion in CI engines.
17.12 Describe some IC engine fuels.

17.13 What is More test? How is it carried out?
17.14 Compare SI engines with CI engines.

17.15 Compare 2 stroke SI engine with 4-stroke SI engines.

17.16 Write short notes on the following:
Brake power, Indicated power, Brake specific fuel consumption, Indicated specific fuel consumption,
Brake mean effective pressure, Indicated mean effective pressure, Mechanical efficiency. Brake ther-
mal efficiency, Indicated thermal efficiency.

17.17 A single cylinder four stroke CI engine runs at 200 rpm and the cylinder has bore and stroke of 10 cm
and 12.5 cm respectively. The indicator diagram taken has length of 10 cm and area of 20 cm2. The
indicator constant is 30 kPa per mm. Considering mechanical efficiency of 0.8 determine indicated
mean effective pressure and indicated power. [600 kPa, 5.89 kW]

17.18 Determine the dimensions of cylinder, brake thermal efficiency and indicated mean effective pressure
for the single cylinder four stroke diesel engine producing 100 kW of brake power. Engine runs
at speed of 400 rpm, brake mean effective pressure of 850 kPa, brake specific fuel consumption of
0.335 kg/kW hr. The mechanical efficiency is 0.8 and stroke to bore ratio is 1.25.
The calorific value of fuel may be taken as 43.5 MJ/kg. [D = 33 cm, L = 41.25 cm, 24.7%, 10.62 bar]
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17.19 Determine thermal efficiency and mean effective pressure of thermodynamic cycle used by a 4-stroke
petrol engine. Details of cycle are as follows.
Compression ratio = 7

Initial state = 100 kPa and 90ºC
Swept volume = 0.1 m3

Heat added to cycle at constant volume = 100 kJ/cycle.
Consider air as working fluid. [54%, 530 kPa]

17.20 A 4-stroke four cylinder petrol engine has bore and stroke as 0.15 m and 0.17 m respectively. Indicator
diagram arrangement when put on a cylinder yields indicator diagram having area of 25 cm2 and length
of diagram as 6 cm. The speed of engine is 2500 rpm. Determine the indicated power and frictional
power if mechanical efficiency is 88%. Take indicator spring constant as 20 × 103 kN/m3.

[208.6 kW, 25 kW]
17.21 Determine the cylinder diameter and stroke length for a 8 cylinder, single acting, 2-stroke diesel engine

for which details of engine and indicator diagram are as under;
Indicated power = 16266.7 kW

Speed = 150 rpm
L : D ratio = 1.5

Area of indicator diagram = 550 mm2

Length of diagram = 60 mm
Indicator spring constant = 14.7 × 107 Pa per m [80 cm, 120 cm]

17.22 Determine the capacity of motor required for running a single-cylinder, double acting reciprocating
water pump at 50 rpm. Indicator diagram arrangement gives an indicator diagram with area of 37.5 cm2

and length 7.5 cm. Indicator spring constant is 14.7 × 107 Pa per m. Pump cylinder diameter and stroke
are 15 cm and 20 cm Mechanical efficiency of arrangement is 90%. [33.66 kW]

17.23 During a test on single cylinder four stroke diesel engine having bore of 15 cm, stroke of 18 cm gives
indicator diagram of 10 cm length and area of 9 cm2. Engine has speed of 480 rpm, fuel consumption of
0.05 kg/min and cooling water flow rate of 250 kg/hr. Cooling water enters at 27ºC and leaves at 67ºC.
The calorific value of fuel is 44000 kJ/kg. Brake torque is 200 Nm. Determine the indicator constant,
brake specific fuel consumption and brake thermal efficiency. Take mechanical efficiency as 87.8%.

[0.298 kg.kW hr, 27.4%]
17.24 A two cylinder four stroke engine runs at 240 rpm developing a torque of 5.16 kN . m. The bore and

stroke of cylinder are 30 cm and 58.5 cm respectively.
Engine runs with gaseous fuel having calorific value of 16.8 MJ/m3. The gas and air mixture is supplied
in proporation of 1 : 7 by volume.
The volumetric efficiency is 0.85. Determine
(i) the brake power

(ii) the mean piston speed in m/s
(iii) the brake mean effective pressure
(iv) the brake thermal efficiency. [129.68 kg, 4.68 m/s, 4.89 bar, 27.37%]

17.25 A four cylinder petrol engine has output of 52 kW at 200 rpm. During the Morse test being performed
each cylinder is cut one by one. The brake load readings are 35.47 kg, 36.08 kg, 34.25 kg and 34.66 kg
when one by one all cylinders are cut and the engine is brought back to original running speed. The
brake drum radius may be taken as 50 cm. The specific fuel consumption at this speed is 364 gm/kW
hr. The calorific value of fuel may be taken as 42 MJ/kg. Determine the mechanical efficiency, brake
thermal efficiency, and indicated thermal efficiency of engine. [81.61%, 23.54%, 28.87%]

17.26 In the testing of two stroke engine the following observations are made.
Bore and stroke = 20 cm, 25 cm

Brake drum radius = 60 cm
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Speed = 360 rpm
Brake load = 500 N

Fuel consumption = 0.06 kg/min
Calorific value of fuel = 42000 kJ/kg

Cooling water flow rate = 350 kg/hr
Cooling water temperature rise = 30°C

Area of indicator diagram = 2.8 cm2

Length of indicator diagram = 10 cm
Spring constant = 100 kPa/min

Determine indicated power, brake power and thermal efficiency. [13.19 kW, 11.31 kW, 26.93%]
17.27 A four stroke engine has single cylinder with bore of 18 cm and stroke of 34 cm. Engine has indicated

mean effective pressure of 555 kPa at 390 rpm. At this the brake load is 510 N at brake radius of 56.5 cm.
Cooling water is flown at the rate of 270 kg/hr with its inlet and exit temperatures being 18ºC and 58ºC.
The fuel has calorific value of 43000 kJ/kg and the fuel is supplied at 3.6 kg/ hr. The exhaust gases carry
38% of fuel energy. Determine mechanical efficiency and brake thermal efficiency. Also prepare a heat
balance sheet on per second basis. [75.54%, 27.36%]

17.28 Trial on a four stroke single cylinder engine results in following observations:
Bore = 16.5 cm, Stroke = 30.5 cm

Speed = 300 rpm
Brake load = 360 N

Brake diameter = 0.9 m
Gas consumption = 4.95 m3/hr

Calorific value of gaseous fuel = 18850 kJ/m3

Cooling water supply = 204 kg/hr
Cooling water temperature rise = 30ºC

Indicated mean effective pressure = 455 kPa
Determine
(i) the mechanical efficiency.

(ii) the indicated thermal efficiency
(iii) the brake thermal efficiency
Draw the energy balance on per second basis. [68.86%, 28.51%, 19.63%]
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18.1 INTRODUCTION

Refrigeration refers to the use of mechanical devices or heat activated devices for producing and maintaining
the temperature in a region less than that of surroundings. American Society of Refrigerating Engineers
defines refrigeration as “the science of providing and maintaining temperature below that of the surrounding
atmosphere”. Refrigerating a region in reference to the human comfort is called air conditioning. Thus, air
conditioning refers to maintaining a space for the human comfort i.e. temperature, humidity and ventilation
are the parameters to be controlled. When refrigeration provides temperature below – 150ºC then this is
known as cryogenics. Equipment used for removing the heat continuously for maintaining low temperature
in a space is called ‘refrigerator’ and cycles on which it operates are called ‘refrigeration cycles’. The
working fluids used for carrying away heat are called ‘refrigerants’ which are used in both refrigeration
and air conditioning equipments. Equipment used for air conditioning are called airconditioners. The air
conditioning of space may also be the requirement of various goods, equipments and processes etc. When
air conditioning is done for human comfort then it is called comfort air conditioning while when it is done
for industrial purposes then it is called ‘industrial air conditioning’. Comfort air conditioning can be further
categorized as summer air conditioning and winter air conditioning. Summer air conditioning is used in
summer season and generally requires cooling and dehumidification. Winter air conditioning used in winter
generally requires heating and humidification.

Comfort air conditioning is extensively used in residential buildings, hospitals, offices, working
spaces, vehicles, trains, aeroplanes etc.

Industrial air conditioning is used for spot cooling/heating, environmental laboratories, printing
industry, textile industry, precision parts manufacturing, photographic product handling, computer rooms,
control rooms of power plants etc.

Refrigeration is extensively used for increasing the storage life of perishable items specially food
products, vegetables, fruits, milk, beverages, chilling of water, ice formation etc. along with industrial
applications in chemical manufacturing, petroleum refinery, petrochemical plants, paper and plup industry
etc.

History of refrigeration system dates back to 1834 when Jacob Perkins had got first patent on
mechanical type refrigeration system using ‘ether’ as refrigerant. First successful commercial refrigeration
system was produced in 1857 by James Harrison and D.E. Siebe using ethyl ether as refrigerant.

Refrigeration can be achieved by using refrigeration cycle which may be open cycle type or closed
cycle type. In open cycle the refrigerant passes through the system once for refrigerating the space and
is thrown away as it gets contaminated. In closed cycle the refrigerant flows inside tubes while
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refrigerating the space and does not get contaminated. Thus, in closed cycle a definite mass of refrigerant
can be used for quite long time while it is not so in case of open cycle where for every run fresh
refrigerant is to be picked up.

Different methods for refrigeration are described below:
(i) Refrigeration by evaporation: Refrigeration effect can be realized by evaporation of liquid.

Evaporation of liquid requires latent heat of evaporation which is provided by the surroundings of
region where liquid is being evaporated. This causes the cooling of the region supplying latent
heat for evaporation. Examples of this type of refrigeration are:

– Cooling of water kept in earthen pot. Earthen pot has porosity thereby allowing evaporation
of water and cooling down the inside remaining water.

– Cooling of water kept in desert bag (made of thick canvas i.e. tight woven fabric). Here
some quantity of water always keeps on leaking out across the cloth surface. This water
which appears on the surface of bag gets evaporated after absorbing heat from atmospheric
air and water inside the bag, thus cooling the water kept in bag.

– Sweating from the human skin is also example of such refrigeration which keeps the human
being cool.

– Evaporative condensers also use this concept for cooling.
(ii) Refrigeration by ice: Ice is being popularly used for refrigeration. In this kind of refrigeration ice

is kept in between the walls of an insulated cabinet. Apart from above there can be some other
arrangements too such as ice may be kept in a tray upon the insulated box having flow of air
across ice blocks to the refrigerated space.
Temperature inside refrigerated space is controlled by flow rate of air and the temperature upto
5ºC can be attained like this.

(iii) Refrigeration by expansion of air: Generally, the expansion of air is accompanied by the cooling
air due to reduction in its temperature. Subsequently cool air is passed into the region where
refrigeration is to be done. Generally the adiabatic expansion of air is used in air refrigeration
system described ahead.

(iv) Refrigeration by throttling process: Throttling of certain gases show the reduction in temperature
of gas after throttling. Effect of throttling is evident by Joule-Thomson coefficient which shows
whether the throttling is accompanied by cooling or heating of gases. Throttling is constant
enthalpy process for which Joule-Thomson coefficient (µ) is given as:

µ = 
h

p

T

∂ 
 ∂ 

; for µ > 0 the cooling is seen.

(v) Refrigeration by dry ice: Dry ice is oftenly used in packaging of frozen foods for maintaining
them at low temperature. Carbon dioxide in solid phase is termed as dry ice. It has typical property
of getting transformed directly from solid phase to vapour phase at its sublimation temperature of
–78ºC at atmospheric pressure. Dry ice blocks in suitable sizes are stacked around the frozen
food for keeping them in frozen state.

(vi) Refrigeration using liquid gases: Liquid gases such as liquid nitrogen, liquid carbon dioxide are
used for refrigeration in refrigerated cargo vehicles. Liquid gases are expanded thereby causing
its transformation from liquid to gas accompanied by lowering of temperature of refrigerated
space.
Liquid gases are sprayed inside the cooling area and it gets transformed into vapour which is
exhausted out from vehicle. Nitrogen and carbon dioxide being cheaply available are generally
used as liquid refrigerant. It facilitates attainable temperature up to –30ºC.
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(vii) Vapour Refrigeration system: Vapour refrigeration system based on vapour compression
refrigeration system and vapour absorption refrigeration system are discussed ahead.

18.2 PERFORMANCE PARAMETER

Refrigerator’s performance is given by coefficient of performance (COP), COP for a refrigerator shown
in block diagram, Fig. 18.1 can be given as under. COP is the ratio of refrigeration effect and net work
done upon refrigerator. COP is dimensionless quantity so the two quantities should have same units.

COP of refrigeration = 
Desired effect

Net work done
Here the desired effect is the continuous removal of heat at the rate of Q2 for maintaining body at

lower temperature T2. Net work done for getting this refrigeration effect is W.

COP = 2Q

W
 = 

2

1 2( )−
Q

Q Q

COP of refrigerator may have any magnitude i.e. less than unity or greater than unity.

R

Q1

Q2

W

Body,T2

High temp, T1, 
surroundings

T T2 1<

Fig. 18.1 Refrigerator
Heat pump is the device which runs exactly similar to the refrigerator but its purpose is to maintain

the body at temperature higher than that of surroundings. Therefore, heat pump supplies heat at constant
rate to the body to be maintained at higher temperature. Performance of heat pump is also given by the
parameter defined exactly like COP but instead of calling it COP, it is called as energy performance ratio.
Different name of EPR is assigned to differentiate it from COP of refrigerator.

Thus, COP of heat pump = Energy performance ratio (EPR)

= 1Q

W

EPR = 
1

1 2−
Q

Q Q

or, EPR = COP 1+
EPR shall always have its magnitude greater than unity.

HP

Q1

Q2

W

Body,T1

 
Surroundings

at low temp, T2

T T2 1<

Fig. 18.2 Heat pump
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18.3 UNIT OF REFRIGERATION

Refrigeration effect is the amount of heat extracted by refrigerator from the refrigerated space. The
higher capacity of refrigerator means higher shall be the refrigeration effect. This refrigeration effect is
defined by the unit of refrigeration called ‘Ton’ of refrigeration. ‘Ton’ as unit of refrigeration has been
defined based on formation of ice as described ahead.

“One ‘Ton’ of refrigeration can be defined by the amount of heat being removed from one ton of
water at 0ºC to form one ton of ice at 0ºC within 24 hours.” Thus, a Ton of refrigeration shall quantify
the latent heat required to be removed for solidification of water at 0ºC.

Latent heat of solidification from water to ice at 0ºC = 334.5 kJ/kg
1 Ton of refrigeration = mass of water × latent heat at 0ºC from water to ice (in SI units)

= 
(1000 334.5)

24

×
 kJ/hr

= 
3334.5 10

24 3600

×
×

 = 3.87 kJ/sec

Generally, 1 Ton is taken as 3.5 kJ/sec. This deviation from 3.87 to 3.5 kJ/sec is there because Ton
was originally defined in fps units and the approximations during conversion yielded numerical value of
3.5 kJ/sec which is now universally accepted.

1 Ton of refrigeration (in MKS units) = 
1000 80

24 60

×
×  = 55.4 kcal/min

= 50 kcal/min
In MKS units this is commonly taken as 50 kcal/min.
Therefore,

1 Ton = 3.5 kJ/sec
and 1 Ton = 50 kcal/min

18.4 CARNOT REFRIGERATION CYCLE

Carnot cycle being the most efficient and ideal cycle can also be used for getting the refrigeration effect
upon its reversal. Reversed carnot cycle is shown in Fig. 18.3.

R

Qh

QI

W

Body,TI

Surroundings
Th

T Th I>

( ) Refrigeratora

Th

TI

s1s4

14

23

Qh,heat rejected

Ql, heat absorbed

( )   representationc T-s

T

s

Rev. adiabatic process

Rev. lsothermal process
3

2

4

1

( ) - representationb p-V

P

V

Fig. 18.3 Reversed Carnot cycle for refrigeration
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Here, the refrigerated space/body is to be maintained at low temperature Tl for which heat Ql should
be removed at constant rate and rejected to surroundings at high temperature, Th. Amount of heat
rejected to surroundings is Qh while the net work done upon refrigerator is W.

Different processes in reversed Carnot cycle are,
1–2 Reversible adiabatic compression
2–3 Reversible isothermal heat rejection, Qh at temperature, Th
3–4 Reversible adiabatic expansion
4–1 Reversible isothermal heat absorption, Ql at temperature, Tl

Refrigeration effect is seen during process 4–1.
For cyclic process; Net work W = Qh – Ql

W = Th (S1 – S4) – Tl (S1 – S4)

W = (S1 – S4) (Th – Tl)
For reversed Carnot cycle

COP = lQ

W
 = 

1 4

1 4

( )

( )( )
l

h l

T S S

T T S S

−
− −  = 

l

h l

T

T T

 
 − 

The coefficient of performance of refrigerator depends upon the two temperature values i.e. low
temperature Tl and high temperature Th. For COP value to be high the low temperature Tl should be high
while higher temperature Th should be small. With increasing low temperature value the COP goes on
increasing, while with decreasing high temperature Th value the COP goes on increasing. Practically, the
lower temperature requirement is decided by the user while higher temperature is generally fixed by the
atmospheric temperature value. Thus, it could be said that for certain low temperature to be maintained,
COP of refrigerator shall be more during cold days as compared to hot days.

COPcold days > COPhot days because Th, cold days < Th, hot days

Similar to the carnot power cycles, reversed carnot cycle for refrigeration is not feasible in practice.
Therefore, number of modified cycles are practically used for refrigeration as discussed ahead. But the
reversed carnot cycle provides the basis for comparison and provides the benchmark for achieving
maximum COP.

18.5 AIR REFRIGERATION CYCLES

Refrigeration cycles using air as refrigerant are termed as air refrigeration cycles. Air refrigeration
cycles offer distinct advantage of refrigerant being available in abundance and free of cost. Bell-Coleman
cycle is one such cycle running on air as refrigerant. Bell-Coleman cycle is modified form of reversed
carnot cycle in order to make it feasible cycle. Here isothermal heat addition and release are replaced by
isobaric processes, Bell-Coleman cycle based  refrigerators are the ancient refrigeration systems used in
cargo ships.

Figure 18.4 shows the schematic of refrigeration system based on this cycle. It has a compressor,
heat exchanger, expander and refrigeration unit.
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Refrigeration
unit
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Cool high pressure air
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(a) Schematic Bell Coleman cycle based refrigeration system
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1

p2

p1

S

T

Isobaric process

(b) p-V diagram (c) T-s diagram
Fig. 18.4 Bell Coleman cycle

Bell-Coleman cycle is actually the reversed Brayton cycle.
Different processes in Bell-Coleman cycle are as under.
1–2: Adiabatic compression of air causing rise in its pressure and temperature inside compressor.

Ideally, this compression process is considered isentropic whereas actually it may not be so.
2–3: Isobaric heat rejection causing cooling of high pressure and high temperature air coming

from compressor making it low temperature and high pressure air inside heat exchanger.
Water may be used as cooling fluid inside heat exchanger.

3–4: Adiabatic expansion inside expander causing further cooling of high pressure low temperature
air entering expander. This very cool air enters the refrigeration unit subsequently. Ideally
expansion can be considered to be of isentropic type whereas actually it may not be isentropic.

4–1: Low temperature cool air enters refrigeration space and picks up heat from space thereby
showing refrigeration effect. Subsequently low temperature air gets heated up and leaves the
space after showing desired refrigeration to enter in to compressor. Thus, process 4–1 is the
actual process which is giving the desired refrigeration effect.

Thermodynamically, the refrigeration effect, net work supplied and COP estimated are as under.
Heat picked up from refrigerated space:
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Qabsorbed = mCp (T1 – T4)
Net work done upon system, W = (Heat rejected – heat absorbed), as for a cycle.

∑Wcycle = ∑Qcycle

heat rejected,

Qrejected = mCp (T2 – T3)
Hence, W = mCp (T2 – T3) – mCp (T1 – T4)

COP = 
Desired effect

Net work
 = 

1 4

2 3 1 4

( )

( ) ( )
p

p p

mC T T

mC T T mC T T

−
− − −

Theoretical COP for ideal cycle, ideal
2 3

1 4

1
COP COP

1
T T

T T

= =
 − − − 

Above expression for COP is correct till the different processes are of isobaric or isentropic type. In
actual practice the expansion and compression processes are of polytropic type and given by pV n =
constant i.e. both expansion and compression are assumed to follow same index. Actual cycle shall have
heat absorption and heat rejection occurring with some pressure loss thereby deviating from ideal
isobaric process.

Work required in compressor, Wc = 
1

n

n −  [p2 V2 – p1V1] × m

Wc = 1

n

n
 
 −   R[T2 – T1] × m

Work available from expander, We = 
1

n

n −  [ p2 V3 – p1 V4] × m

Wc = 1

n

n
 
 −   R[T3 – T4] × m

Net work, Wactual = Wc – We

Wactual = 1

n

n
 
 −   · m · R [(T2 – T1) – (T3 – T4)]

as Cp = ( 1)

Rγ
γ − , so

Wactual = 1

n

n
 
 −   · m · Cp · 

1γ
γ

 −
 
 

[(T2 – T1) – (T3 – T4)]

Therefore, COPactual = 
1 4

2 1 3 4

( )

1
[( ) ( )]

1

p

p

mC T T

n
mC T T T T

n

γ
γ

−
 −  − − −   −   
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COPactual = 
2 3

1 4

1

1
1

1
T Tn

n T T

γ
γ

    −−  −     − −      
For isentropic process, γ = n and COPideal = COPactual

Using isentropic considerations, COPideal = 
2 3

1 4

1

1
T T

T T

  − −  −  

COPideal = 
3

2 2

41

1

1

1
1

1

T

T T
TT
T

  −      −     −    

For isentropic process between states 1 and 2, 3 and 4.

1

2

1

p

p

γ
γ
−

 
 
 

= 
2

1

T

T  and 

1

2

1

p

p

γ
γ
−

 
 
 

 = 
3

4

T

T

 
 
 

Upon equating we get,

2

1

T

T = 
3

4

T

T

or, 4

1

T

T
= 3

2

T

T
 or 1 4

2 3

T T

T T

−
−

 = 1

2

T

T

Therefore, upon substitution,

COPideal = 
2

1

1

1
T

T

 
− 

 

1
ideal

2 1

COP
T

T T

 
=  − 

( )
1

actual

2 1

COP
1

1

T

n
T T

n
γ
γ

=
 −  −   −   

Comparing the COP of ideal Bell Coleman cycle with reversed Carnot cycle COP we find that COP of
Bell Coleman cycle will be less than that of COP of reversed Carnot cycle.

COPBell Coleman < COPCarnot
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Carnot cycle operating between the temperature limits of Bell Coleman cycle shall have COP given

by, COPcarnot = 
1

3 1

T

T T−
Since T2 > T3 so, COPBell Coleman < COPCarnot.
Constant pressure heat transfer results in operating range which is greater than minimum range

given by temperature of those parts of the surroundings with which heat is exchanged.
Air refrigeration systems offer advantages as these run on air as refrigerant which is cheap, non-

inflammable and non toxic. Also, air refrigeration systems are light weight per ton of refrigeration
compared to other refrigeration systems and is used in aircraft applications. Leakage of air refrigerant
may not be dangerous problem.

Air refrigeration systems are disadvantageous due to lower COP compared to other refrigeration
systems. There is significant possibility of freezing of moisture accompanied by atmospheric air due to
low temperature in refrigeration space. Air may also pick up moisture while passing through refrigeration
space. Quantity of air refrigerant required is more compared to other refrigerants for similar refrigeration
capacity. This is because of fact that air only carries heat in the form of sensible heat and so its large
quantity is required compared to other refrigerants.

18.6 VAPOUR COMPRESSION CYCLES

Vapour compression cycle based refrigeration systems are extensively used in refrigeration systems.
These cycles are used for most of small domestic and large industrial applications.

The vapour compression cycle has the refrigerant being circulated in closed circuit through
compressor, condenser, throttle valve or expansion valve and evaporator as shown in Fig. 18.5. Refrigerant
(in gas/vapour) is compressed isentropically in compressor from state 1 to 2. High pressure and high
temperature refrigerant enters the condenser at state 2 where its condensation occurs and refrigerant is
available in liquid form at state 3. Refrigerant in the form of saturated liquid at high pressure is passed
through expansion valve where isenthalpic expansion occurs. Refrigerant leaving expansion valve at
state 4 is in the form of low pressure wet mixture of liquid and vapour. Low pressure liquid-vapour
mixture is passed through evaporator section in which refrigerant picks up heat from surroundings
thereby showing refrigeration effect. As a result of this heat absorption the liquid-vapour mixture
refrigerant gets transformed into dry gaseous refrigerant in case of dry compression as shown in Fig.
18.5 (b). Compression of dry and saturated or superheated refrigerant is called dry compression.

Compression of dry refrigerant yields superheated state of refrigerant as shown by state 2. (Fig.
18.5 (b))

Wcompressor

CompressorQabsorbed

Qrejected

Compressor

Evaporator

Expansion valve

1

1'

4'4

3

3'

2'2

(a) Schematic for vapour compression cycle

1–2 or 1'–2' : - Isentropic compression
2–3 or 2'–3' : - Isobaric heat rejection
3–4 or 3'–4' : - Isenthalpic expansion

process or throttling process
4–1 or 4'–1' : - Isobaric heat absorption
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(b) T-s and p-h diagram for dry compression
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T
3' 2'
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(c) T-s and p-h diagram for wet compression

Fig. 18.5 Vapour compression cycle

Wet compression: It is also possible that the refrigerant is in wet state i.e. liquid-vapour mixture at
inlet of compressor, state 1'. Compression of wet mixture gets transformed into dry refrigerant (gaseous
form) as shown by state 2'. Dry refrigerant at high pressure and high temperature is passed through
condenser where refrigerant gets condensed and condensate is available in saturated liquid form at high
pressure. Subsequently refrigerant is throttled from high pressure to low pressure inside expansion
valve from state 3' to 4'. Low pressure refrigerant in wet state is passed through evaporator from state
4' to 1' where it picks up heat from surroundings and some of its liquid fraction gets transformed into
vapour but it does not become dry (gas) refrigerant at inlet to compressor. This  wet refrigerant is
compressed inside compressor.

In case of dry compression the compressor efficiency is found to be more than that of wet
compression due to higher volumetric efficiency with dry refrigerant and also chances of damage by
liquid refrigerant are absent. During dry compression the temperature of compressed refrigerant becomes
more than condensation temperature. Due to this high temperature after compression the compressor
becomes very hot therefore requiring cooling. Coolant used in condenser may also be used for cooling
compressor as its temperature is lower than compressor temperature. This cooling of compressor
reduces compression work.

T-s and p-h diagram for vapour compression cycle shows that the refrigeration capacity can be
increased by subcooling the condensate before it enters the expansion valve and also by increasing the
degree of expansion in expansion valve.

Here in second option the condensation temperature is fixed and evaporator temperature is lowered
which increases expansion ratio  and compression ratio. This increase in compression ratio shows poor
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volumetric efficiency in single stage dry compression. The temperature after compression also gets
increased with increased compression ratio which may be harmful to refrigerant properties. To regulate
the excessive rise in refrigerant temperature the intercooling during compression with multistage
compression is used. This intercooled compression may be devised using refrigerant itself as intercooling
medium.

Thermodynamic analysis: For simple vapour compression cycle shown in Fig. 18.6 the COP,
refrigeration effect and work input can be estimated based on following assumptions:

(i) All process of refrigeration cycle are internally reversible except the expansion through valve
which is throttling process and is irreversible.

(ii) Compressor and expansion valve have no heat interaction with surroundings during their
operation i.e. they operate adiabatically.

(iii) Refrigerant leaving condenser is saturated liquid.
(iv) Refrigerant entering compressor is saturated vapour in case of ‘dry compression’ and liquid-

vapour mixture in case of ‘wet compression’.
(v) Changes in kinetic energy and potential energy are negligible.

For mass flow rate of refrigerant being given by ‘m’ kg/s the refrigeration capacity or refrigeration
effect. Qabsorbed = m(h1 – h4), in dry compression

Qabsorbed = m(h1′ – h4') in wet compression

Net work = Work input, Wcompressor =  m(h2 – h1), in dry compression

Wcompressor =  m(h2′ – h1′), in wet compression.

Therefore, COP = 
1 4

2 1

( )

( )

m h h

m h h

−
−  = 

1 4

2 1

( )

( )

h h

h h

 −
 − 

, in dry compression

COP = 
1' 4 '

2 ' 1'

( )

( )

m h h

m h h

−
−  = 

1' 4 '

2 ' 1'

( )

( )

h h

h h

 −
 − 

, in wet compression.

Some calculations in vapour compression cycle: Let us take three different cases of vapour
compression cycle similar to the dry and wet compression.

Case 1: Compression yields dry and saturated vapour at the end of compression.
Vapour compression cycle in which the compression process produces vapour dry and saturated, is

shown on T-s diagram in Fig. 18.6.
Different processes are,
1–2 : Isentropic compression
2–3 : Heat rejection in condenser
3–4 : Isenthalpic expansion in expansion valve

(throttling)
4–1 : Heat absorption in evaporator or

refrigerated space.
Work done in the cycle can be given by the area

enclosed 1–2–3–5–1 on T-s diagram. The work
required for compression process.

The refrigeration effect in evaporator can be
given by area enclosed 1–4–9–10–1 on T–s diagram.

 Fig. 18.6
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Compressor work, W = Area 1 – 2 – 3 – 5 – 1
= (Area 2 – 3 – 5 – 7 – 10 – 2) – (Area 1 – 5 – 7 – 10 – 1)
= (Enthalpy at 2) – (Enthalpy at 1)

W = h2 – h1

Here, h2 = at 2g Th

Refrigeration effect = Area 1 – 4 – 9 – 10 – 1 = (Area 1 – 5 – 7 – 10 – 1) – (Area 4 – 5 – 7 – 9 – 4)
= (Enthalpy at 1) – (Enthalpy at 4)

Refrigeration effect = h1 – h4
Enthalpy at 3 = Enthalpy at 4

For throttling process 3 – 4, h3 = h4
(Area 3 – 7 – 8 – 3) = (Area 4 – 5 – 7 – 9 – 4)

or,
(Area 3 – 5 – 6 – 3) = (Area 6 – 5 – 7 – 8 – 6)

= (Area 6 – 5 – 7 – 8 – 6) – (Area 4 – 6 – 8 – 9 – 4)
or,

(Area 3 – 5 – 6 – 3) = (Area 4 – 6 – 8 – 9 – 4)
(Area 3 – 5 – 7 – 8 – 3) – (Area 5 – 7 – 0 – 5) – (Area 6 – 5 – 0 – 8 – 6) = (Area 4 – 6 – 8 – 9 – 4)
(Enthalpy at 3) – (Enthalpy at 5) – (T1 × ∆s56) = (T1 × ∆s46)

⇒ (Area 3 – 5 – 6 – 3) = {( at at2 1f T f Th h− ) – T1 × ( at at2 1f T f Ts s− )}

Here enthalpy at 3 and enthalpy at 5 are enthalpies for saturated liquid states at temperature T2 and
T1 respectively.

Enthalpy at 3 = at 2f Th  = h3

Enthalpy at 5 = at 1f Th = h5

State 6 lies vertically below 3 so, s3 = s6 and,

Entropy at 5 = at 1f Ts  = s5

Entropy at 3 = at 2f Ts  = s3 = s6

∆s56 = s6 – s5 = (s3 – s5) = ( at 2f Ts – at 1f Ts )

So, for known h3, h5, ∆s56 the entropy change ∆s46 can be obtained as under;

∆s46 = 
1

1

T
 ( at at2 1f T f Th h− ) – ∆s56

Therefore, for getting work,
W = Area 1 – 2 – 3 – 5 –1

= (Area 3 – 5 – 6 – 3) + Area (2 – 3 – 6 – 1 – 2)

= {( at at2 1f T f Th h− ) – T1 × ( at at2 1f T f Ts s− )} + {(T2 – T1) × ∆s23}

W = {( at at2 1f T f Th h− ) – T1 × ( at at2 1f T f Ts s− )} + {(T2 – T1) × (s2 – s3)}

W = {( at at2 1f T f Th h− ) – T1 × ( at at2 1f T f Ts s− )} + {(T2 – T1) × ( at at2 2g T f Ts s− )}

The refrigeration effect = (Area 1 – 4 – 9 – 10 – 1)
= T1 × ∆s14 = T1 × (∆s16 – ∆s46)
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here, ∆s16 = s1 – s6 = at at2 2g T f Ts s−
Substituting ∆s16 and ∆s46 values in expression for refrigeration effect.

Refrigeration effect = T1 {( at at2 2g T f Ts s− ) – (
1

1

T
 ( at at2 1f T f Th h− ) – ∆s56)}

= T1 {( at at2 2g T f Ts s− ) – 
1

1

T
 ( at at2 1f T f Th s− ) + ( at at2 1f T f Ts s− )}

= T1 {( at at2 1g T f Ts s− ) – 
1

1

T
 ( at at2 1f T f Th h− )}

Here, COP of cycle = 
Refrigeration effect

Work done

COP = 
{ }

{ }
1 at at at at 12 1 2 1

at at 1 at at 2 1 at at2 1 2 1 2 2

( ) ( )(1/ )

( ) ( ) ( )·( )

g T f T f T f T

f T f T f T f T g T f T

T s s h h T

h h T s s T T s s

− − −

− − − + − −

Case 2 : Compression yields wet vapour at the end of compression
Figure 18.7 gives T-s representation of the vapour compression cycle having compression process

yielding wet vapour after compression i.e. at state 2. Let wetness after compression be x2.
Work done = Area 1 – 2 – 3 – 5 – 1

= (Area 3 – 5 – 6 – 3) + (Area 2 – 3 – 6 – 1 –2)
From earlier analysis,

Area 3 – 5 – 6 – 3 = Area (4 – 6 – 8 – 9 – 4)

Area 3 – 5 – 6 – 3 = {( at at2 1f T f Th h− ) – T1 ( at at2 1f T f Ts s− )}

23

6 4 15
T1

T2

7 0 8 9 10 s

T

Fig. 18.7

Work = {Area 3 – 5 – 6 – 3} + {Area 2 – 3 – 6 – 1 – 2}

Work = {( at at2 1f T f Th h− ) – T1 ( at at2 1f T f Ts s− )} + 
2 at 2

2 1
2

·
( ) fg Tx h
T T

T

 
− × 

 
Refrigeration effect = Area 1 – 4 – 9 – 10 – 1
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= {Area 1 – 6 – 8 – 10 – 1}– {Area 4 – 6 – 8 – 9 – 4}
= {Area 1 – 6 – 8 – 10 – 1} – {Area 3 – 5 – 6 – 3}

= {T1 · (x2 · at 2fg Ts )} – {( at at2 1f T f Th h− ) – T1 ( at at2 1f T f Ts s− )}

Refrigeration effect = 1 2 at at at at at2 2 1 2 1
{ (( ) )} { }⋅ ⋅ + − − −fg T f T f T f T f TT x s s s h h

COP may be obtained by taking the ratio of refrigeration effect and work.
Case 3: Compression yields superheated vapour after compression
Vapour compression cycle having the compression process yielding superheated vapour at the end

of compression is shown on T-s diagram in Fig. 18.8.
Cycle is shown as 1–2–3–4–1.

2
3

6 4
1

5T1

T2

7 0 8 9 12 s

11

10

T5

2'

T

Fig. 18.8

In this cycle additional work shown by area 2 – 2' – 11 – 1 – 2 is done and also the additional
refrigeration effect shown by area 1 – 11 – 12 – 10 – 1 is available.

Additional work W' = Area 2 – 2' – 11 – 1 – 2
= (Area 2 – 2' – 12 – 10 – 2) – (Area 1 – 11 – 12 – 10 – 1)

W' = Cp (T5 – T2) – 5
1

2

· lnp
T

T C
T

  
     

Additional refrigeration effect = (Area 1 – 11 – 12 – 10 – 1)

= T1 Cp ln
5

1

T

T

 
 
 

Therefore, COP of system could be obtained by ratio of total refrigeration effect and total work
done.

COP = 
Refrigeration effect (= Area 1 – 4 – 9 – 10 – 1)

Work done (= Area 2 – 2  – 3 – 5 – 1 – 2)'

This ratio of mass fraction of gas (vapour) to liquid i.e. 9

7

m

m

 
 
 

 can be estimated by energy balance

on flash chamber. State 3 can be determined by the energy balance on mixing box.
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Thermodynamic analysis
Thermodynamic analysis of multistage vapour compression cycle can also be carried out for the dry
compression considered here based on the assumptions as under

(i) All processes of refrigeration cycle are internally reversible except the processes in expansion
valve, flash chamber and mixing box.

(ii) The processes in expansion valve, flash chamber, mixing box and compressors operate
adiabatically.

(iii) Refrigerant leaving condenser is saturated liquid and the refrigerant entering low pressure
compressor is saturated vapour.

(iv) There are no changes in kinetic and potential energies in different processes.
For mass flow rate of m kg/s and dryness fraction of refrigerant at inlet of flash chamber being x,

the refrigeration effect, net work and COP can be given as under.
Refrigeration capacity or refrigeration effect,

Qabsorbed = (m – x · m) · (h1 – h8) kJ/s
Net work or Work input, Wcompressor = {(m – x · m) (h2 – h1) + m (h4 – h3)}kJ/s

COP = 
1 8

2 1 4 3

( )( )

{( )( ) ( )}

m xm h h

m xm h h m h h

− −
− − + −

= 
1 8

2 1 4 3

(1 )( )

{(1 )( ) ( )}

x h h

x h h h h

− −
− − + −

18.7 MULTISTAGE VAPOUR COMPRESSION CYCLE

Intercooled compression using flash chamber is shown in Fig. 18.9. Here compression for total
compression ratio occurs in two stages i.e. LP compressor and HP compressor.

Qabsorbed

Condenser

Evaporator

Expansion valve 2

1
8

m, kg/s

5

6

9
3

27

Expansion valve 1

(m-xm), kg/s
x.m, kg/s

(m-xm), kg/s

4 m, kg/s

High pressure
compressor

Low pressure
compressor

Mixing box
Flash
chamber

Qrejected

m, kg/s

(a) Two stage intercooled vapour compression cycle with flash chamber
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(b) T-s representation of two stage intercooled vapour compression cycle

Fig. 18.9 Multistage vapour compression cycle

Refrigerant is partly compressed in LP stage from 1 to 2. Compressed refrigerant leaving compressor
is cooled by mixing it with the cool vapour leaving flash chamber at state 9 and finally yielding low
pressure refrigerant at low temperature, state 3 (Temperature at 3 < Temperature at 2). This reduced
temperature of refrigerant from 2 to 3 results in smaller compressor work requirement. Subsequently,
refrigerant is compressed in high pressure compressor upto state 4. High pressure refrigerant is passed
through condenser where it gets condensed into saturated liquid form of refrigerant and passed through
expansion valve (expansion valve 1) from state 5 to state 6. Expansion is carried out till the refrigerant’s
pressure gets reduced to interstage pressure and sent to flash chamber. Liquid vapour mixture entering
flash chamber is separated such that liquid fraction of refrigerant passes into next expansion valve
(expansion valve 2) at state 7 and the gaseous (vapour) fraction of refrigerant leaves flash chamber at
state 9 for intercooling refrigerant in mixing box between state 2 and 3. Fraction of liquid refrigerant
entering expansion valve is expanded from state 7 to 8. As a result of expansion the refrigerant’s
pressure gets reduced and low pressure liquid refrigerant is passed through evaporator from state 8 to
1 and its phase transformation occurs from liquid to vapour. Inside evaporator this phase transformation
from liquid to vapour (gas) occurs by absorbing latent heat of vaporization from the refrigerated space
thereby showing cooling affect.

18.8 ABSORPTION REFRIGERATION CYCLE

In vapour compression cycle it is seen that the power input is made for compressing refrigerant from
low pressure to high pressure. For constant refrigerating capacity the COP of refrigeration system can
be improved by reducing the work input to cycle. Here in order to reduce work input to cycle the
compressor is being replaced by pump if the refrigerant is in liquid form instead of being in gas (vapour)
form. Since the average specific volume of liquid solution is much less than that of refrigerant in vapour
form so considerably less amount of work is required for increasing its pressure in pump.

The absorption refrigeration cycle is based on this premise of employing pump for raising pressure
of refrigerant in order to take advantage of less work requirement. For realizing it entirely different
arrangement is  employed as shown in Fig. 18.10. Such arrangement is called absorption refrigeration
system. Here aqua-ammonia absorption refrigeration system has been discussed. Ammonia works as
refrigerant and water acts as carrier for refrigerant in this cycle. Ammonia vapour leaving evaporator
enter the absorber where ammonia vapours are released through perforated pipe into water for getting

1–2, 3–4 Reversible adiabatic
compression

5–6, 7–8 Irreversible throttling process
6–7, 6–9 In flash chamber
4–5 Isobaric condensation
9–3–2 Mixing of refrigerant from LP

compressor with cool vapour
from flash chamber.



Introduction to Refrigeration and Airconditioning ____________________________________  821

absorbed in water. This dissolving of NH3 in water result in strong aqua-ammonia solution. Mixing of
NH3 in water is an exothermic process where heat is released similar to condensation process of pure
substance. Due to heat release in absorber some arrangement should be made so that heat could be
extracted out for maintaining its constant temperature. This mixing of ammonia into water is more when
temperature of water mixing is low. Therefore, it is always tried to maintain absorber at low temperature
and for this cooling water may be circulated in absorber. This strong aqua-ammonia solution prepared in
absorber is pumped employing a pump for being sent to generator at high pressure i.e. condenser
pressure. Generator is used for separating out NH3 vapour. For driving out ammonia from strong-aqua-
ammonia solution heat is added to generator. The separation of NH3 from strong solution is an endothermic
process similar to evaporation process. Generator may have arrangement for heat addition employing
burners. Ammonia vapours leaving generator at high pressure are sent to condenser at state 2 where the
condensation of ammonia takes place yielding high pressure ammonia in liquid form at state 3. High
pressure ammonia liquid is passed through expansion valve from state 3 to 4. Weak solution of aqua-
ammonia left inside generator is sent to absorber at state d. Thus, it is seen that the combination of
absorber, pump and generator helps in getting high pressure refrigerant (ammonia) without using
compressor.

Qabsorbed

Qrejected

Generator

Evaporator

Expansion valve

4

3

Low pr. NH3

High pr. NH liquid3 

A
Qadd

Valve

Absorber

Pump
a

Wpump

d

c, Weak liquid
    solution of
    (H O + NH )2 3

NH3 

 vapour

NH
vapour

3

1

b, strong liquid
    solution of
    (H O + NH )2 3

Heat added for removal of 
NH  from strong solution3 

A

OutCooled water, in

2

Condenser

Fig 18.10 Ammonia-water absorption system

Low pressure ammonia leaving expansion valve may be pure liquid or liquid-vapour mixture for
being sent to evaporator at state 4. Ammonia leaving evaporator after picking up heat from refrigerating
space gets transformed into vapour at state 1. Ammonia vapours enter into absorber for getting mixed
with weak aqua-ammonia solution to result in strong aqua-ammonia solution at state a. It is obvious
from the arrangement that work input to absorption cycle gets considerably reduced but the cost
incurred in replacing compressor by absorber, pump and generator and heat source etc. is quite large
and nullifies the advantage of small work input. Here in absorption system the arrangement of components
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between stages 2, 3, 4 and 1 is similar to that of vapour compression system i.e. condenser followed by
expansion valve and evaporator as shown on left of section A–A on schematic of ammonia water
absorption system (Fig. 18.10).

Performance of aqua-ammonia absorption depends largely upon the characteristics of binary mixtures
i.e. water and ammonia in present case. The generic phase equilibrium diagram for ammonia-water
mixture is shown in Fig. 18.11.

Vapour at p2 

Vapour at p1

Liquid at p1

Liquid at p2
a1

b2
b1

a

C
2

0 1.0

Temp.

Saturated liquid line
Saturated vapour line

mNH3

m + mNH H O3 2

Here

x

x =

Fig. 18.11 Ammonia-water mixture equilibrium diagram

Phase equilibrium diagram has temperature on y axis and mass fraction of ammonia, x on x-axis.
The saturated liquid states and saturated vapour states are shown on saturated liquid line and saturated
vapour lines given by firm lines and dotted lines respectively. Saturation curves are shown for two
pressures p1 and p2 between which vapour absorption cycle operates. Here when x = 0 then mixture
shall be complete water and the temperature shall be saturation temperature of water at respective
pressure. When x = 1 then mixture shall be complete ammonia and temperature is saturation temperature
of ammonia at respective pressure. Phase equilibrium diagram shows that the saturated liquid and
saturated vapour can exist together in equilibrium as evident from states a and a1 respectively at any
temperature. It also shows that at any temperature the concentration of ammonia is more in vapour than
liquid i.e. ( 1

( )a ax x> ). For the absorption cycle shown in Fig. 18.11 the saturated liquid at state a
leaving absorber at pressure p1 enters the pump for being pumped upto pressure p2. For causing evaporation
of NH3 the mixture is heated in generator upto state b. Further heat addition in generator causes evaporation
of liquid to vapour yielding state b2. Transformation from b1 to b2 results in formation of ammonia rich
vapour thereby reducing concentration of ammonia in liquid. If the pressure and temperature are not
changed then evaporation gets stopped as lower concentration liquid is not at its boiling point. With
further heat addition the evaporation of mixture continues and the mixture’s temperature is raised showing
new liquid and vapour states as C and 2. Liquid at C is weak aqua-ammonia mixture and is passed
through valve back to absorber. NH3 vapour (gas) leaves at state 2 from generator to the condenser for
being condensed.

18.9 MODIFIED ABSORPTION REFRIGERATION CYCLE

In the absorption cycle discussed earlier it is seen that the strong ammonia solution preparation requires
low temperature in absorber while vaporization of NH3 from strong aqua-ammonia solution needs heating
up. Thus, weak solution leaving generator shall be at higher temperature while strong solution leaving
absorber shall be at lower temperature. It may be noted that it will be desirable to send strong solution
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into generator at high temperature so that less external heat addition is required. Also, it is desirable to
send weak solution into absorber at lower possible temperature so that less external cooling is needed
for effective absorption. Using above two facts the absorption cycle can be modified by employing a
heat exchanger between generator and absorber as shown in Fig. 18.12.

Fig. 18.12 Modified ammonia-water absorption system

Ammonia vapour leaving generator are outcome of evaporation from aqua-ammonia mixture due to
its heating and there is possibility of water vapour accompanying the ammonia vapour leaving generator.
This moisture in refrigerant may undergo freezing (probably at expansion valve or evaporator) and
choke the refrigerant flow circuit which is not desirable. Therefore, for preventing moisture accompanying
refrigerant from entering into circuit the device called rectifier is put after generator where traces of
water are separated out and retained. Rectifier is shown in schematic of modified absorption cycle,
Fig. 18.12. Thus, modified absorption cycle employing heat exchanger and rectifier permits to take
advantage of heat of weak solution and make refrigerant free of moisture content.

Such type of absorption cycle can also be run using ‘lithium-bromide’ as absorbent and ‘water’ as
refrigerant on the principle similar to ‘water-ammonia system’ discussed here. This lithium bromide and
water system may not offer very low temperature refrigeration and so this cycle may be cascaded with
another cycle using refrigerant having good low temperature characteristic, such as ammonia. This
combination is termed as cascade refrigeration system.

18.10 HEAT PUMP SYSTEMS

Heat pump refers to the device which is used for maintaining a region or body at temperature more than
that of surroundings. Heat pumps have their working similar to refrigerator with only difference of
objective i.e. heat pump maintains temperature more than surroundings contrary to refrigerator which
maintains temperature less than surroundings temperature. Heat pump systems can be based upon
vapour compression cycle, absorption cycle etc. and are extensively used for space heating applications
in domestic and industrial premises.

Reversed Carnot cycle is the ideal thermodynamic cycle for heat pumps similar to the refrigerators.
Heat pump system based on vapour compression cycle is described here in Fig. 18.13.
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Fig. 18.13 Heat pump system based on vapour compression cycle

Here compressor compresses the refrigerant from low pressure state 1 to high pressure state 2.
High pressure gaseous refrigerant is sent to condenser where the condensation of refrigerant occurs
rejecting heat equal to the latent heat of condensation to the space being heated up. Subsequently
refrigerant in saturated liquid form passes into expansion valve from state 3 to 4. Low pressure liquid
refrigerant leaving expansion valve subsequently enters the evaporator where its evaporation occurs up
to state 1. Evaporation of refrigerant occurs due to heat being provided by surroundings, water in rivers/
ponds, wells or solar collectors etc. Hence the performance of heat pump can be given by:

COP of heat pump = 
Desired effect (heating of  space)

Net work

= 
2 3

2 1

( )
( )

m h h
m h h

−
−

COP of heat pump = 
2 3

2 1

( )
( )
h h
h h

− 
 − 

Here, heat pump works between the low temperature surroundings or other heat sources giving
heat of Qabsorbed and the region/body acting as high temperature body where heat Qrejected is rejected to
region/body. These heat pumps are not very attractive options when used for only direct heating but
they become very attractive when used with some other application.

18.11 REFRIGERANTS

Refrigerant is the working fluid used in refrigeration/air conditioning equipments having capability of
carrying heat/rejecting heat in the form of sensible heat or latent heat. Refrigerants carrying heat/rejecting
heat in the form of latent heat are more effective and for this refrigerant should possess suitable properties
to get transformed from liquid to gas and vice-versa. During selection of refrigerant its chemical,
physical and other general properties are being looked into along with refrigeration cycle requirements
and application. Refrigerants can be classified into two main categories as ‘Primary refrigerants’ and
‘Secondary refrigerants’. The primary refrigerants are those refrigerants which are directly involved in
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refrigeration system while secondary refrigerants are first cooled by primary refrigerants and then used
for imparting refrigeration. The primary refrigerants are used in vapour compression systems while
secondary refrigerants are liquids used for transporting low-temperature heat energy from one place to
another as done by ‘brine’, antifreeze agents etc. Commonly used refrigerants are air, ammonia, carbon-
dioxide, sulphur-dioxide, fluorinated hydrocarbons and Freons etc. All refrigerants are assigned with
internationally acceptable number such as R–12, R–717 etc.

(i) Primary refrigerants: Primary refrigerants can be further classified into following categories
depending upon their characteristics.
(a) Halocarbon compounds: Halocarbon group includes refrigerants containing one or more of

three halogens such as chlorine, fluorine and bromine. These refrigerants are traded in market
under the brand names of Freon, Genetron, Isotron and Arctron. Halocarbons, specially
chlorine containing halocarbons (chloro fluoro carbons, CFCs) were commonly used from
about 1940 to 1990s in most of vapour compression systems. But due to disastrous effect of
chlorine in refrigerant upon the earth’s protective ozone layer the efforts are being made to
replace the use of CFCs by the class of refrigerants having hydrogen in place of chlorine.
Such new ecofriendly refrigerants are called hydrofluoro carbons (HFCs) for example
R–134a (CF3 CH2F) can replace R-12 (CCl2F2).

Table 18.1 Halocarbon refrigerants

Name of Chemical name Chemical formula
refrigerant

R–11 Trichloro mono fluoro-methane CCl3F
R–12 Dichloro difluoro-methane CCl2F2

R–13 Monochloro trifluoro-methane CClF3

R–21 Dichloro monofluoro-methane CHCl2F

R–22 Monochloro difluoro-methane CHClF2

R–30 Methylene-chloride CH2Cl2
R–40 Methly chloride CH3Cl

R–100 Ethyl chloride CH3CH2Cl
R–113 Trichloro tetrafluoro-ethane C2F3Cl3
R–114 Dichloro tetrafluoro-ethane CClF2CClF2

R–152 Difluoro-ethane CH3CH3F2

The numbering of halocarbon group refrigerants is based on;
– first digit on right gives number of fluorine atoms.
– second digit from right is one more than the number of hydrogen atoms.
– third digit from right is one less than the number of carbon atoms. Third digit is not given

when it is zero.
Some halocarbon refrigerants are as given in Table 18.1.

(b) Inorganic compounds: Refrigerants used in olden days were inorganic compounds. Some of such
refrgerants are still used in different applications such as ice plants, steam refrigeration, aeroplanes
and ship refrigeration etc. due to their inherent thermodynamic and physical properties. These
inorganic compounds are listed in Table 18.2.
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Table 18.2 Inorganic compound refrigerants

Name of refrigerant Chemical name Chemical formula

R–717 Ammonia NH3
R–718 Water H2O
R–729 Air
R–744 Carbondioxide CO2
R–764 Sulfurdioxide SO2

(c) Hydrocarbons: Some of hydrocarbons as given in Table 18.3, are also used as refrigerants particularly
in petroleum and petrochemical industry.

Table 18.3 Hydrocarbon refrigerants

Name of refrigerant Chemical name Chemical formula

R–50 Methane CH4
R–170 Ethane C2H6
R–290 Propane C3H8

(d) Azeotropes: Azeotropes are those mixture of different refrigerants which do not separate into their
components by distillation or with the change in pressure and temperature. Azeotrope refrigerants
behave differently from their constituents such as azeotrope evaporates and condenses as single
substance having properties  that are different from those of either constituents.

Examples of azeotrope are; R–502 is azeotrope which is mixture of 48.8%, R–22 and 51.2% of
R–115.  R–500 is azeotrope which is mixture of 73.8% R–12 and 26.2% of R–152.

(e) Unsaturated organic compounds: These are refrigerants from hydrocarbon group and have ethylene
or propylene as the base. Table 18.4 gives-such refrigerants.

Table 18.4 Unsaturated organic compounds

Name of refrigerant Chemical name Chemical formula

R–1120 Trichloro ethylene C2H4Cl3
R–1130 Dichloro ethylene C2H4Cl2
R–1150 Ethylene C2H4
R–1270 Propylene C3H6

(ii) Secondary refrigerants: Secondary refrigerants are indirect refrigerants that carry heat from the
substance being cooled to the evaporator. Secondary refrigerants undergo change in their
temperature by absorbing heat and rejecting it at evaporator without any phase change. Examples
of secondary refrigerants are water, brine and antifreezes etc. Antifreezing agents may be solution
of water and ethylene glycol, propylene glycol or calcium chloride, with freezing temperature
well below 0ºC.

Secondary refrigerants offer advantages of ease of handling and control, ease of maintaining
temperature of large buildings by controlling flow of secondary refrigerants such as brine etc. Secondary
refrigerants also eliminate requirement of long primary refrigerant lines.
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18.12 DESIRED PROPERTIES OF REFRIGERANTS

A refrigerant being used in refrigeration should have following thermodynamic properties, physical
properties and working properties.

(i) Boiling temperature of refrigerant should be quite low at atmospheric conditions for effective
refrigeration. For refrigerants having higher boiling temperatures at atmospheric conditions the
compressor is run at higher vacuum.

(ii) For an ideal refrigerant the freezing temperature of refrigerant should be quite low so as to
prevent its freezing at evaporator temperature. Freezing point temperature should be less than
evaporator temperature. For example, refrigerant R–22 has freezing point of – 160ºC and normally
most of refrigerants have freezing point below – 30ºC.

(iii) Critical temperature of the ideal refrigerant should be higher than the condenser temperature for
the ease of condensation.

(iv) Refrigerant should have large latent heat at evaporator temperature as this shall increase the
refrigerating capacity per kg of refrigerant.

(v) Refrigerant should have small specific volume at inlet to compressor as this reduces compressor
size for same refrigeration capacity.

(vi) Specific heat of refrigerant in liquid form should be small and it should be large for refrigerant in
vapour form, since these increase the refrigerating capacity per kg of refrigerant.

(vii) Thermal conductivity of refrigerant should be high.
(viii) Viscosity of refrigerants should be small for the ease of better heat transfer and small pumping

work requirement.
(ix) Refrigerant should be chemically inert and non toxic.
(x) Refrigerant should be non-flammable, non explosive and do not have any harmful effect upon

coming in contact with material stored in refrigeration space.
(xi) Refrigerant may have pleasant distinct odour so as to know about its leakage.

(xii) Refrigerant should be readily available at lesser price.
Choice of refrigerant: Selection of suitable refrigerant depends upon the number of parameters as

there can not be single refrigerant well suited for all kinds of refrigeration systems. Thermodynamic
properties, physical properties and other properties are considered in reference to the refrigeration
system during choice of suitable refrigerant. Apart from these properties, due consideration should be
given to the working pressure and temperature range and pressure ratio, space restrictions, corrosiveness
and inflammability, oil miscibility etc. before selecting refrigerant with suitable compressor and other
equipments of refrigeration system.

18.13 PSYCHROMETRY

Psychrometry or Psychrometrics refers to the study of system involving dry air and water. Properties
of mixture of air and water are called psychrometric properties. Psychrometry becomes very important
from air conditioning point of view as in air conditioning the human comfort conditions defined in terms
of temperature, humidity and air circulation/ventilation are being considered. Different psychrometric
properties, charts and processes generally used are defined ahead.

(i) Dry air: Atmospheric air having 79% nitrogen and 21% oxygen by volume is considered dry air.
Its, molecular weight is taken as 29.

(ii) Moist air: Moist air is the mixture of dry air and water vapour in which dry air is treated as if it
were pure component. Quantity of water vapour present in the mixture depends upon the
temperature of air and it may vary from zero in dry air to the maximum quantity when mixture is
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saturated of water vapour (called saturation capacity of air). Moist air is assumed to behave as
ideal gas for the purpose of analysis. Mixture pressure is the sum of partial pressures of dry air
and water vapour. When the partial pressure of water vapour corresponds to the saturation
pressure of water at mixture temperature then mixture is said to be saturated. Saturated air is the
mixture of dry air and saturated water vapour. When the temperature of mixture of air and vapour
is above the saturation temperature of water vapour then the vapour is called superheated vapour.

(iii) Humidity ratio or specific humidity: This is given by the ratio of the mass of water vapour to the
mass of dry air. It can also be defined as mass of water vapour present in per kg of dry air.

It is given in terms of grams per kg of dry air. Mathematically, humidity ratio or specific humidity,

ω = 
a

m

m
v

where mv and ma are mass of water vapour and dry air respectively.
Humidity ratio can also be given in terms of partial pressures and molecular weights.

mv = 
· ·M p V

RT
v v

ma = 
· ·M p V

RT
a a

where pv and pa are partial pressures of water vapour and dry air respectively, Mv and Ma are molecular
weights of water vapour and dry air respectively. For total pressure of mixture being p, the Dalton’s law
of partial pressure says,

p = pa + pv
or, pa = p – pv

Hence, upon substitution,

ω = 
·

·a a

M p

M p
v v  = 

·

·( )a

M p

M p p−
v v

v

or,   0.622
p

p p
ω

 
=  − 

v

v

Humidity ratio is measured using an instrument called ‘hygrometer’ in which moist air sample is
processed till the moisture present in it gets absorbed and moisture absorbed can be quantified.

(iv) Absolute humidity: Absolute humidity refers to the weight of water vapour present in unit volume
of air.

(v) Relative humidity: Relative humidity gives an account of moisture content in an actual mixture as
compared to the mixture in saturated state at same temperature and pressure. It can be given by
the ratio of actual mass of water vapour in given volume to the mass of water vapour if the air is
saturated at the same temperature and pressure.

Mathematically, relative humidity (φ) can be given as:

φ = ( )
(Actual mass of  water vapour in given volume of  mixture)

Maximum mass of  water vapour in same volume of  mixture being staurated at 
same temperature and pressure
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φ = 
m

m
v

v, sat
, where mv and mv, sat  are the actual and maximum mass of water vapour in same

volume of mixture as defined earlier.

φ = 

· ·

· ·

M p V

RT
M p V

RT

 
  

 
 
 

v v

v v, sat

or,

φ = 
p

p
v

v, sat
, where pv and pv, sat are the partial pressures of ‘actual mass of water vapour’

and ‘maximum mass of water vapour in same volume of mixture as defined
earlier’.

(vi) Enthalpy of moist air or Mixture enthalpy: The enthalpy of moist air can be estimated by
addition of the enthalpy contribution of each constituent component i.e water vapour and dry air
at the state of mixture. Thus, enthalpy of mixture (moist air) of dry air and water can be given as,

H = Ha + Hv = ma ha + mv hv, or, 
a

H

m  = ha + 
m

m

 
 
 

v

a
hv

(Enthalpy of moist air per unit mass of dry air) = (Enthalpy of unit mass of dry air)

+ (Enthalpy of water vapour associated with unit mass of dry air)

Here H and h refer to total enthalpy and specific enthalpy values respectively. Subscripts a and v
refer to dry air and water vapour respectively.
(vii) Dry bulb temperature: Dry bulb temperature refers to the temperature of air measured with

ordinary  thermometer having its bulb open.
(viii) Wet bulb temperature: Wet bulb temperature refers to the temperature measurement with the

thermometer having its bulb covered with wet cloth and exposed to air stream whose temperature
is being measured. For getting wet bulb temperature thermometer bulb is covered with water wet
cloth/wick moistened with water and then temperature is measured. Difference between dry bulb
temperature and wet bulb temperature is called wet bulb depression. Wet bulb depression is zero
in case of saturated air as the dry bulb temperature and wet bulb temperatures are equal.

(ix) Dew point temperature: It is the temperature at which condensation of water vapour present in
moist air just begins. It could be understood from different examples that if the moist air temperature
is reduced then water vapour gets condensed. Examples for such condensation is formation of
dew on grass, condensation of water vapour on exterior surface of steel tumbler having cold
water inside, condensation of water vapour on glass window-panes during winter season etc.
Dew point temperature shall be equal to the saturation temperature corresponding to partial pressure
of water vapour in moist air. Difference between dew point temperature and dry bulb temperature
is called dew point depression.

(x) Humid specific volume: It refers to the volume of mixture per kg of dry air in mixture and is
given by m3/kg of dry air.
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(xi) Psychrometric charts: Psychrometric chart gives the graphical representation of different important
properties of moist air. These charts are readily available for different mixture pressure. Fig. 18.14
shows psychrometric chart. Abscissa (x-axis) of chart gives the dry bulb temperature (ºC) and
the ordinate (y-axis) has humidity ratio (ω) in kg or gram of water vapour per kg of dry air.

Fig. 18.14 Psychrometric chart

Since humidity ratio can be directly related to partial pressure of water vapour so vapour pressure
(pv) can also be shown on ordinate. Constant relative humidity (φ) curves are also shown on psychrometric
chart for different φ values such as φ = 10%, ..., 60%, ..., 100%. Mixture enthalpy per unit mass of dry
air (kJ/kg of dry air) is also available on psychrometric chart. Dew point temperature for the moist air
can be known by following the line of constant ω (or constant pv) up to saturation line, φ = 100% as the
dew point refers to the state where mixture becomes saturated when cooled at constant vapour pressure.
Wet bulb temperature is also available on psychrometric chart where constant wet bulb temperature is
also available on psychrometric chart where constant wet bulb temperature lines run from upper left to
the lower right of chart. These constant wet bulb temperature lines approximate to the lines of constant
mixture enthalpy per unit mass of dry air. Pscychrometric chart also has lines representing volume per
unit mass of dry air (m3/kg). These specific volume lines can be approximated as state giving volume of
dry air or water vapour per unit mass of dry air since each component of mixture i.e. air and water
vapour occupy the same volume.
(xii) Psychrometric processes: Different psychrometric processes commonly encountered in air

conditioning are as follows.
(a) Sensible heating or sensible cooling: Sensible heating or cooling refers to the heating or cooling

without phase change i.e. heating or cooling of air without increase or decrease of moisture
content. For sensible heating the air is passed over heating coils (electrical resistance type or
steam type) while for sensible cooling the air is passed over cooling coils (such as evaporator coil
of refrigeration cycle), as shown in Fig. 18.15.
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Air outAir in

Heating coil

1 2

Air outAir in

Cooling coil

1 2

  (a) Sensible heating (without by-pass) (b) Sensible cooling (without by-pass)

1

TDBT

3 2 2

TDBT
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(c) Sensible heating on psychrometric chart (d) Sensible cooling on psychrometric chart

Air outAir in

Heating coil

1
3

1kg
1 kg

(1–B)

By pass

B B kg

Air outAir in

Cooling coil

By pass

1 3

   (e) Sensible heating with by-pass (f ) Sensible cooling with by-pass

Fig. 18.15 Sensible heating and sensible cooling

This heating and cooling may be for complete amount of air being passed over the coil as shown in
Fig. 18.15 a and b, or the portion of air flowing can be by passed through by-pass passage thus, only a
fraction is passed over coil. Later arrangement is called sensible heating or sensible cooling with by pass
as shown in Fig. 18.15 e and f. Sensible heating and sensible cooling without by pass is shown on
psychrometric charts Fig. 18.15 c and d, respectively between states 1 and 2. Thus, for inlet air temperature
being T1, the heating/cooling causes change in temperature up to T2. When some amount of air is by
passed then the temperature of air coming out shall be different from T2. In case of sensible heating with
by pass, temperature of air coming out is less than temperature of air wihout by pass i.e. T3 < T2.
Similarly in case of sensible cooling with by pass temperature of air leaving is more than temperature of
air without by pass i.e. T3 > T2.

Heat added can be quantified by the amount of heat gained by dry air and water vapour between dry
bulb temperature T1 and T2.

Qsensible heating = Cpa (T2 – T1) + ω · Cpv (T2 > T1)

= (Cpa + ω Cpv) (T2 – T1)
Qsensible heating = Cpm · (T2 – T1), Hence Cpm is mean specific heat.
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In case of sensible heating with by pass, if the amount of air by passed is B kg per kg of air then heat
balance can be given as below. Here (1 – B) kg of air passes over the coil and later on mixes with by
passed air at exit.

B · (Cpa + ω Cpv) T1 + (1 – B) (Cpa + ω Cpv) T2 = 1 × (Cpa + ω Cpv) · T3
or,

By pass factor, B = 2 3

2 1

T T

T T

−
−  = 2-3

2-1

length  on psychrometric chart

length  on psychrometric chart

This amount of air by passed per kg of air flowing is also called as By-pass factor of the coil. Factor
(1 – B) is called contact factor.

(b) Cooling with dehumidification: This process refers to the reducing air temperature along with
removal of water vapour from air. Removal of moisture content can be done by reducing the
temperature of air below dew point temperature so as to allow condensation of water vapour.
Arrangement for cooling with humidification is shown in Fig. 18.16 where moist air entering is
first passed over cooling coil having cool refrigerant inside. Water vapour present in moist air gets
condensed and saturated moist air leaves dehumidification section at state 2.

(a) Schematic

(b) Representation on psychrometric chart

Fig. 18.16 Cooling with dehumidification
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Condensate also gets cooled up to temperature T2 before leaving dehumidification section. Moist air
at state (2) may be excessively cooled so that it can be subsequently heated by passing it over heating
coil. Thus, at state (3) the available air shall be at least temperature and in dehumidified form. States (1),
(2) and (3) are also shown on psychrometric chart.
Mass balance shows,
Dry air at section (1) and (2) ma1= ma2 = ma
Vapour content at section (1) and (2); mv1= mw + mv2, or mw= mv1 – mv2,
It can also be given: mv1 = ω1 · ma ; mv2 = ω2 · ma

Mass of water condensed per unit mass of dry air; ω1 – ω2 = 
w

a

m

m
Between section (2) and (3), ω2 = ω3.

(c) Humidification: This is the process of adding moisture to the air. Humidification may be required
during air conditioning when air being circulated in occupied space may have little moisture in it.
Available means for increasing humidity are to inject steam or spray liquid water into air. Normally
the steam being injected shall be at temperature more than that of air and humidification shall be
accompanied by increase in humidity ratio and dry-bulb temperature. When liquid water is sprayed
then the moist air shall leave humidification section with lower temperature than at inlet and
increased humidity ratio. Figure 18.17 shows schematic for humidification process along with
representation on psychrometric chart for humidification using steam and liquid water spray
both.

(a) Schematic for humidifier (b) Psychrometric chart representation
for humidification

Fig. 18.17 Humidification

(d) Evaporator cooling: This type of cooling is needed in hot and dry climates. Evaporative cooling
has arrangement for spray of spraying liquid water into air or passing air through a pad soaked
with water. Due to less humidity of air it shall evaporate some amount of water in its contact and
thus reduce its temperature because of heat extracted for evaporation of water. This air leaving
evaporative cooler shall have temperature less than inlet air temperature and also due to moisture
being picked up the humidity ratio gets increased. Arrangement for such type of cooling and its
representation on psychrometric chart is shown in Fig. 18.18.
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(a) Evaporative cooler (b) Representation of evaporative cooling
on psychrometric chart

Fig. 18.18 Evaporative cooling

(e) Adiabatic mixing of moist air stream: Adiabatic mixing of moist air streams is the one in which
there is no heat interaction during mixing.
Obviously there is no work interaction during mixing. This process of mixing of moist air streams
is used very frequently in air conditioning systems. Figure 18.19 shows adiabatic mixing of two
streams entering at (1) and (2) and leaving at (3).

Fig. 18.19 Adiabatic mixing

If dry air entering be ma1 & ma2 and water vapour flow rate be mv1 & mv2 with streams (1) and (2)
respectively at steady state then mass balances and energy balances can be given as under:

For dry air, ma1 + ma2 = ma3

For water vapour, mv1 + mv2 = mv3

Since mv1= ω1 · ma1, mv2 = ω2 · ma2, mv3 = ω3 · ma3, then substitution yields;

ω1 · ma1 + ω2 · ma2 = ω3 · ma3

or, ω1 · ma1 + ω2 · ma2 = ω3 (ma1 + ma2)

Energy balance yields; following as Q = 0, W = 0.

ma1 · (ha1 + ω1 hg1) + ma2 · (ha2 + ω2 hg2) = ma3 · (ha3 + ω3 hg3)
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18.14 AIR CONDITIONING SYSTEMS

Air conditioning systems require basic arrangement for getting refrigeration effect through cooling coil
followed by subsequent humidification/dehumidification and heating etc. in order to provide air conditioned
space with air at desired temperature and humidity. Air conditioning systems require different arrangements
depending upon the atmospheric air condition and comfort condition requirement. Such as summer air
conditioning systems and winter air conditioning  systems are different. These systems have different
arrangement if outdoor conditions are hot and humid, hot and dry etc. Summer air conditioning system
for hot and dry outdoor condition is given in Fig. 18.20. Here the comfort conditions may require
delivery of air to air-conditioned space at about 25ºC DBT and 60% relative humidity where the outdoor
conditions may be up to 40–44º C DBT and 20% relative humidity in Indian conditions. Generic
arrangement has air blower which blows air across the air filter between (1) and (2). Air coming out
from filter passes over cooling coils and is subsequently sent for humidification between states (3) and
(4). Large size water particles carried by air are retained by water eliminator. Air finally coming out at
state (5) is sent to air conditioned space. Here psychrometric representation is made considering negligible
change in humidity in water eliminator.

(a) Schematic summer airconditioning

   (b) Representation on psychrometric chart

Fig. 18.20 Summer air conditioning
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Winter air conditioning has slightly different arrangement as compared to summer air conditioning.
Figure 18.21 shows the schematic for winter air-conditioning along with representation on psychrometric
chart.

(a) Schematic for winter airconditioning

T T6 1
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2 3

6 4
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 >  
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ω
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4

Chang e  in
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(b) Representation on psychrometric chart

Fig. 18.21 Winter air conditioning

Let us assume air from atmosphere to be available at 10ºC and 80% relative humidity while comfort
conditions are 25ºC DBT and 60% relative humidity.

Here atmospheric air is blown into air filter and it comes out at (2). Air is passed across heating coil
for being heated. Hot air at (3) passes through humidifier section where its humidity increases as shown
on psychrometric chart by state (4). It is further passed through water eliminator to retain large sized
water particles. Air may again be passed through heating coil section so as to compensate for temperature
reduction in humidifier section and attain desired temperature.
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18.15 COMPARISON OF VARIOUS REFRIGERATION METHODS

Merits and demerits of Vapour compression system over Air-refrigeration system.
Vapour compression system when compared with air refrigeration system possess following merits

and demerits.

Merits
� Thermodynamic cycle involved in vapour compression system is very close to Carnot cycle

hence its COP is quite high of the order of 3–4 while for air refrigeration COP is generally less
than unity.

� Refrigerant required is smaller in vapour compression system because the heat is carried away by
latent heat of vapour and so the amount of liquid refrigerant circulated per ton is less. Also size of
evaporator is small.

� Operating cost of vapour compression system is very less as compared to air refrigeration system
on ground.

� Refrigerated space temperature can be easily regulated by controlling the throttle valve.

Demerits
� Initial investment is too large as compared to air refrigeration system.
� There are chances of leakage of refrigerant as large pressure differential exists throughout the

cycle.
� Air leakage into refrigerant offers reduced performance of vapour compression system and so it

should be prevented.
Merits and demerits of Vapour absorption system over Vapour compression system.

The merits and demerits of vapour absorption system over vapour compression system are listed as
under:

Merits
� Vapour absorption system has no moving component throughout cycle, so it works quietly and

has reduced maintenance requirement.
� Lesser work input is required for pump as compared to compression in vapour compression

system.
� Vapour absorption system may be run with some installation rejecting waste heat, which may be

used to run generator, thus energy conservation.
� Vapour absorption system is well suited for large refrigeration capacity applications such as even

above 1000 tons, which is difficult in vapour compression systems.
� Vapour absorption systems offer smaller variation with load whereas COP of vapour compression

system varies largely with load. At smaller loads the COP of absorption system is more than that
of vapour absorption system.

Demerits
� Size of absorption system is large and is bulky to handle.
� If heating source (such as electric heating) is costly then the vapour absorption system becomes

costly than vapour compression system.
� At very high loads the COP of vapour compression system is more than that of vapour absorption

system.
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Fig. 18.22

EXAMPLES

1. A refrigerator operating on reversed Carnot cycle extracts 500 kJ/min heat from a refrigerated space
being maintained at –16ºC and rejects heat to the atmosphere at 27ºC. Determine the work input required
to run the refrigerator.

Solution:
For refrigerator working on reversed Carnot cycle.

1

( 16 273)

Q

− +
= 2

(27 273)

Q

+

1

2

Q

Q
= 

257

300

Also it is given that Q1 = 500 kJ/min
Q2 = 583.66 kJ/min

Work input required, W = Q2 – Q1
= 83.66 kJ/min

Work input = 83.66 kJ/min   Ans.

2. A refrigerator operating between –5ºC and 27°C has the capacity of 800 tons. Determine the mass
rate of ice formation considering water being supplied at atmospheric temperature of 27ºC. Also find
the minimum hp required. Consider the refrigerator to work upon reversed Carnot cycle. Latent heat for
ice formation from water may be taken as 335 kJ/kg.

Solution:
Refrigeration capacity = 800 × 3.5 = 2800 kJ/s = Heat extraction rate
Let the ice formation rate be ‘m’ kg/s.
Heat to be removed from per kg of water for its transformation into ice.

= 4.18 × (27 – 0) + 335 kJ/kg
= 447.86 kJ/kg

Ice formation rate = 
Refrigeration capacity

Heat removed for getting per kg of  ice

= 
2800

447.86
 = 6.25 kg/s

Mass rate of ice formation = 6.25 kg/s   Ans.

COP of refrigerator, =  1

2 1

T

T T−
 = 

Refrigeration capacity

Work done

Here T1 = 273 – 5 = 268 K, T2 = 27 + 273 = 300 K

COP = 
268

300 – 268
 = 

2800

W
W = 334.33 kJ/s

R

Q1

Q2

W

27°C
Atmosphere

–16°C 
Refrigerated

space
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= 
334.33

0.7457
 hp {as 1 hp = 0.7457 kW}

= 448.34 hp

HP required = 448.34 hp   Ans.

3. 3 hp per ton of refrigeration is required to maintain temperature of –27ºC in refrigerator working on
Carnot cycle. Determine COP of cycle and temperature of surroundings to which heat is rejected by
refrigerator.

Solution:

COP = 1

2 1

T

T T−
 = 

2

246

246T −

Also, COP = 
Refrigeration effect

Work input

= 
1×3.5

3× 0.7457
COP = 1.56

COP = 1.56  Ans.

Equating COP,

1.56 = 
2

246

× 246T

T2 = 403.69 K

Temperature of surroundings = 403.69 K   Ans.

4. An air refrigeration cycle has pressure ratio of 8, temperature of air at beginning of compression is
–30ºC and air is cooled up to 27ºC after compression. Compression and expansion processes have
isentropic efficiency of 85% and 90% respectively. Determine the refrigeration capacity and coefficient
of performance. Consider Cp = 1.005 kJ/kg ·K, γ = 1.4 and air flow rate of 1 kg/s.

Solution:
Given:
T1 = –30ºC, T3 = 27ºC or 300 K
During process 1–2′,

2

1

p

p
= 

1
2 '

1

T

T

γ
γ − 

 
 

T1 = –30 + 273 = 240 K 

2 '

1

T

T
= 

1

2

1

P

P

γ
γ
−

 
 
 

Fig. 18.23
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T2' = 240 × ( )
(1.4 1)

1.48
−

Theoretical temperature after compression T2' = 434.75 K
For compression process,

ηisen,compr. = 0.85 = 
2 ' 1

2 1

T T

T T

−
−

(T2 – 240) = 
(434.75 240)

0.85
−

T2 = 469.12 K

For expansion process, 3–4',
4 '

3

T

T
= 

1

1

2

P

P

γ
γ
−

 
 
 

T4' = 300 × 

1.4 1
1.41

8

−
 
  

T4' = 165.61 K

ηisen, expansion = 0.90 = 
3 4

3 4 '

T T

T T

−
−  = 4300

300 165.61

T−
−

or, T4 = 179.05 K
Work during compression, Wc = 1 × Cp × (T2 – T1)

= 1 × 1.005 (469.12 – 240)

= 230.27 kJ/s
Work during expansion WT = 1 × Cp × (T3 – T4)

WT = 1 × 1.005 × (300 – 179.05)
= 121.55 kJ/s

Refrigeration effect is realized during process, 4–1. So refrigeration effect shall be,
Qref = 1 × Cp × (T1 – T4)

= 1 × 1.005 (240 – 179.05)
Qref = 61.25 kJ/s or 17.5 ton

Net work required = WC – WT = 230.27 – 121.55 = 108.72 kJ/s

COP = ref

C T

Q

W W−  = 
61.25

108.72
 = 0.56

Refrigeration capacity = 17.5 ton or 61.25 kJ/s
COP = 0.56 Ans.

5. A refrigeration system has air leaving refrigerated space at 7ºC and 1 bar and subsequently air is
compressed isentropically to 5 bar. After being compressed air is cooled up to 27ºC at this pressure and
then expanded isentropically up to 1 bar and discharged into refrigerated space. Determine COP of
system.

Fig. 18.24
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Solution:
Given

T1 = 7ºC or 280 K
T3 = 27ºC or 300 K

P1 = 1 bar, P2 = 5 bar
For isentropic compression process:

1

2

1

P

P

γ
γ
−

 
 
 

= 
2

1

T

T

T2 = 280 × ( )
(1.4 1)

1.45
−

T2 = 443.47 K
For isentropic expansion process:

1

3

4

P

P

γ
γ
−

 
 
 

= 
3

4

T

T

 
 
 

 = 

1

2

1

P

P

γ
γ
−

 
 
 

3

4

T

T

 
 
 

=  ( )
(1.4 1)

1.45
−

T4 = 189.42 K
Heat rejected during process 2–3, Q23 = m × Cp × (T2 – T3)

= m × 1.005 × (443.47 – 300)

Q23 = 144.19 m
Refrigeration process, heat picked during process 4–1, Q41  = m × Cp × (T1 – T4)

= m × 1.005 × (280 – 189.42)
Q41 = 91.03 m

Net work = Q23 – Q41

= (144.19 – 91.03) m

W = 53.16 m kJ

COP = 
Refrigeration effect

Net work
 = 

91.03m

53.16m
 = 1.71

COP = 1.71        Ans.

6. In a refrigerator working on Bell Coleman cycle the air enters compressor at 1 bar and –10ºC and gets
compressed up to 5.5 bar. Compressed air is cooled to 27ºC at same pressure before being sent to
expander for expansion up to 1 bar and then passes through refrigerated space. Determine refrigeration
capacity, hp required to run compressor and COP of system if air flow rate is 0.8 kg/s.

Solution:
Given:
T1 = –10ºC or 263 K, P1 = 1 bar, T3 = 27ºC or 300 K, P2 = 5.5 bar, m = 0.8 kg/s.

Fig. 18.25



842 ________________________________________________________  Applied  Thermodynamics

For process 1–2,

1

2

1

P

P

γ
γ
−

 
 
 

= 
2

1

T

T

T2 = 263 × ( )
(1.4 1)

1.45.5
−

T2 = 428.04 K
For process 3–4,

1

3

4

P

P

γ
γ
−

 
 
 

= 
3

4

T

T

T4 = T3 × 

1

4

3

P

P

γ
γ
−

 
 
 

 = T3 × 

1

1

2

P

P

γ
γ
−

 
 
 

T4 = 184.33 K
Refrigeration capacity = mCp (T1 – T4)

= 0.8 × 1.005 (263 – 184.33)

= 63.25 kJ/s or 18.07 ton

Refrigeration capacity = 18.07 ton      Ans.

Work required to run the compressor = 
1

m n

n

×
−

 (p2v2 – p1v1)

= 
1

m n

n

×
−  R(T2 – T1)

= 
0.8 1.4

(0.4)

×
 × 0.287 (428.04 – 263)

= 132.63 kJ/s
or

HP required to run compressor = 
132.63

0.7457
 = 177.86 hp

HP required to run compressor = 177.86 hp     Ans.

Net work input = mCp {(T2 –T3) – (T1 – T4)}
= 0.8 × 1.005 {(428.04 – 300) – (263 – 184.33)}

W = 39.69 kJ/s

COP = 
Refrigeration capacity

Work
 = 

63.25

39.69
 = 1.59

COP = 1.59     Ans.

Fig. 18.26
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7. Air refrigeration system for an aircraft has two cooling turbines, one intercooler and a fan. First
cooling turbine is supplied with ram air at 1.2 bar, 15ºC and delivers it after expansion to intercooler at
0.9 bar for cooling the air coming from compressor at 4 bar. The cooling air from intercooler is sucked
by fan and discharged to atmosphere and the cooled air from intercooler is expanded upto 1 bar in
second turbine and discharged into passenger cabin. The air is exhausted from cabin at 25ºC and 10 ton
of refrigeration is required in cabin. Index of compression and expansion are 1.45 and 1.30 respectively.
Determine the air mass flow rate in cabin, ram air mass flow rate, and COP of system if compressed air
is cooled to 50ºC in intercooler and temperature rise in intercooler for ram air is limited to 30ºC.

Solution:

Fig. 18.27 Schematic air refrigeration cycle

Given:
P1 = P6 = 1.2 bar, T1 = T6 = 15ºC = 288 K, P7 = 0.9 bar
P3 = P2 = 4 bar, P4 = 1 bar,  T5 = 25ºC, T3 =  50ºC or 323 K, T8 = 30ºC
For process 1–2, n = 1.45;

2

1

T

T = 

1

2

1

n

nP

P

−
 
 
 

T2 = 288  

1.45 1
1.454

1.2

−
 
  

T2 = 418.47 K
For process 3–4, n' = 1.3,

4

3

T

T = 

' 1
'

4

3

n

nP

P

− 
   

 
 

C : Compressor
T : Turbine
CT1 = Cooling turbine 1
CT2 = Cooling turbine 2
I/C = Intercooler
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T4 = 323 

1.3 1
1.31

4

−
 
  

T4 = 234.57 K
Refrigeration effect in passenger cabin with m kg/s mass flow rate of air.

10 × 3.5 = m × CP (T5 – T4)
10 × 3.5 = m × 1.005 (298 – 234.57)

m = 0.55 kg/s

Air mass flow rate in cabin = 0.55 kg/s   Ans.

Let the mass flow rate of air through intercooler be m1 kg/s then the energy balance upon intercooler
yields,

m1 × CP × (T8 – T7) = m × CP (T2 – T3)

During process 6 – 7, 
7

6

T

T = 

1.3 1
1.3

7

6

P

P

−
 
 
 

T7 = 288 

1.3 1
1.30.9

1.2

−
 
  

 = 269.5 K

Substituting T2, T3, T7, T8 and m in energy balance on intercooler,
m1 = 1.005 × (303 – 269.5) = 0.55 × 1.005 × (418.47 – 323)
m1 = 1.57 kg/s

Total ram air mass flow rate = m + m1 = 0.55 + 1.57
= 2.12 kg/s

Ram air mass flow rate = 2.12 kg/s      Ans.

Work input to compressor = m × CP (T2 – T1)
= 0.55 × 1.005 (418.47 – 288)
= 72.12 kJ/s

COP = 
Refrigeration effect

Work input

= 
10×3.5

72.12
COP = 0.485

COP = 0.485       Ans.

8. An air cooling system for aeroplane has refrigeration capacity of 15 tons. Atmospheric air is avail-
able at 0.9 bar, 3ºC and due to ramming action pressure rises up to 1 bar. The ram air leaves main
compressor at 4 bar and subsequently 66% of heat of compressed air is removed in air cooled heat
exchanger and then passed through an evaporator for further cooling. Temperature of air gets lowered
by 10ºC in evaporator and this cool air is then expanded in cooling turbine before being supplied to
passenger cabin maintained at 1.03 bar. Air leaves cabin at 25ºC. Considering isentropic efficiency of
compressor and turbine as 0.9 and 0.8 determine, (a) HP required to run the system, (b) COP of system.
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Solution:
Given:
P0 = 0.9 bar, T0 = 3ºC or 276 K, P2 = P3 = P4 = 4 bar, P5 = 1.03 bar.
T3 – T4 = 10, T6 = 25ºC or 298 K

Schematic or air refrigeration system

Fig. 18.28

Considering index of compression and expansion as 1.4.
During ramming action, process 0–1,

1

0

T

T = 

1

1

0

P

P

γ
γ
−

 
 
 

T1 = 276 × 

1.4 1
1.41

0.9

−
 
  

T1 = 284.43 K
During compression process 1–2'

2 '

1

T

T = 

1

2

1

P

P

γ
γ
−

 
 
 

T2' = 284.43 

1.4 1
1.44

1

−
 
  

T2' = 422.66 K
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ηisen, c = 0.9 = 
2 ' 1

2 1

T T

T T

−
−  or, T2 = 438.02 K

In heat exchanger 66% of heat loss shall result in temperature at exit from heat exchanger to be,
T3 = 0.34 × 438.02 = 148.93 K. Subsequently for 10ºC temperature drop in evaporator,

T4 = 148.93 – 10
T4 = 138.93 K

Expansion in cooling turbine during process 4–5',

5 '

4

T

T = 

1

5

4

P

P

γ
γ
−

 
 
 

T5' = 138.93 

1.4 1
1.41.03

4

−
 
  

T5' = 94.29 K

ηisen, T = 
4 5

4 5'

T T

T T

−
−

0.8 = 5138.93

138.93 94.29

T−
−

T5 = 103.22 K
Let the mass flow rate of air through cabin be m kg/s. Using refrigeration capacity heat balance

yields.
15 × 3.5 = m × CP (T6 – T5)

m = 
15 3.5

1.005 (298 103.22)

×
× −

m = 0.268 kg/s
Work input to compressor = 0.268 × 1.005 (T2 – T1)

= 41.37 kJ/s or 55.48 hp

COP = 
Refrigeration effect

Work input

= 
15× 3.5

41.37
COP = 1.27

COP = 1.27
HP required = 55.48 hp       Ans.

9. A refrigerator working on simple vapour compression cycle operates between the temperature of 25ºC
and – 15ºC with NH3, refrigerant. Ammonia is found to be dry after compression and no under cooling
of liquid refrigerant occurs in cycle. Using following data obtain COP of system.
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Properties of NH3

Temperature Enthalpy, kJ/kg Entropy, kJ/kg · K
hf hg sf sg

– 15ºC – 54.51 1303.74 – 0.2132 5.0536
25ºC 99.94 1317.95 0.3386 4.4809

Solution:
T1 = –15ºC or 258 K,  T2 = 25ºC or 298 K
h2 = hg at 25ºC = 1317.95 kJ/kg

s2 = sg at 25ºC = 4.4809 kJ/kg·K
h3 = hf at 25ºC = 99.94 kJ/kg

s3 = sf at 25ºC = 0.3386 kJ/kg·K

Fig. 18.29 T-s representation

Here work done, W = Area 1– 2 – 3 – 9 – 1

Refrigeration effect = Area 1– 5 – 6 – 4 – 1
Area 3 – 8 – 9 = (Area 3 – 11 – 7) – (Area 9 – 11 – 10) – (Area 9 – 8 – 7 – 10)

= (h3) – (h9) – T1 × (s3 – s9)
here h9 = hf at – 15ºC = – 54.51 kJ/kg,

s9 = hf at – 15ºC = – 0.2132 kJ/kg · K
Substituting

Area 3 – 8 – 9 = (99.94 – (– 54.51) – 258 (0.3386 + 0.2132)
= 12.09 kJ/kg

During throttling process between 3 and 4.
h3 = h4

(Area 3 – 11 – 7 – 3) =  (Area  4 – 9 – 11 – 6 – 4)
(Area 3 – 8 – 9) + (Area 8 – 9 – 11 – 7 – 8)

= (Area 4 – 6 – 7 – 8 – 4) + (Area 8 – 9 – 11 – 7 – 8)

or (Area 3 – 8 – 9) = (Area 4 – 6 – 7 – 8 – 4)
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(Area 4 – 6 – 7 – 8 – 4) =  12.09 kJ/kg
Also, (Area 4 – 6 – 7 – 8 – 4) = T1 × (s4 – s8)

12.09 = 258 × (s4 – s8)
 s4 – s8 = 0.0469 kJ/kg · K

Also,  s3 = s8 = 0.3386 kJ/kg · K
therefore,  s4 =  0.3855 kJ/kg · K

Also s1 = s2 = 4.4809 kJ/kg
Refrigeration effect = Area (1 – 5 – 6 – 4 – 1) = T1 ×  (s1 – s4)

= 258 × (4.4809 – 0.3855)
= 1056.61 kJ/kg

Work done = Area 1 – 2 – 3 – 9 – 1
= (Area 3 – 8 – 9) + ((T2 – T1) × (s1 – s8))

= 12.09 + ((298 – 258) × (4.4809 – 0.3386))
= 177.782 kJ/kg

COP = 
Refrigeration effect

Work done
 = 

1056.61

177.782
 = 5.94

COP = 5.94   Ans.

10. A vapour compression cycle works on Freon-12 refrigerant with condensation temperature of 40ºC
and evaporator temperature of – 20ºC. Refrigeration effect of 2.86 ton is desired from the cycle. The
compressor runs with 1200 rpm and has clearance volume of 2%. Considering compression index of
1.13 and following data determine.

(a) the COP
(b) the piston displacement in the reciprocating compressor used for compression.

Properties of Freon - 12

Temperature Saturation Specific Enthalpy, Entropy, specific heat
ºC pressure, volume, kJ/kg kJ/kg·K kJ/kg·K

bar vgm3/kg hf hg sf sg Cpf Cpg

– 20 1.51 0.1088 17.8 178.61 0.0730 0.7082 – 0.605
40 9.61 – 74.53 203.05 0.2716 0.682 0.976 0.747

Solution:
Given T1 = – 20ºC = 253 K. During expansion (throttling) between 3 and 4,
h3 = h4, h3 = hf at 40ºC = 74.53 kJ/kg = h4
Process 1–2 is adiabatic compression so

s1 = s2
and s1 = sg at – 20ºC = 0.7082 kJ/kg · K

0.7082 = sg at 40ºC + Cpg at 40ºC · ln 
2

313

T 
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0.7082 = 0.682 + 0.747 ln 
2

313

T 
  

Temperature after compression T2 = 324.17 K

Enthalpy after compression, h2 = hg at 40ºC + Cpg at 40ºC · (324.17 – 313)
= 203.05 + (0.747 × (324.17 – 313))

h2 = 211.39 kJ/kg

Fig. 18.30

Compression work required, per kg = h2 – h1
= 211.39 – hg at – 20ºC
= 211.39 – 178.61

Wc = 32.78 kJ/kg
Refrigeration effect during cycle, per kg = h1 – h4

= 178.61 – 74.53
= 104.08 kJ/kg

Mass flow rate of refrigerant, m = 
2.86 3.5

104.08

×

m = 0.096 kg/s

COP = 
104.08

32.78
 = 3.175

Volumetric efficiency of reciprocating compressor, given C = 0.02

ηvol = 1 +  C – C 

1

2

1

nP

P

 
 
 

= 1 + 0.02 – 0.02 

1
1.139.61

1.51
 
  

ηvol = 0.9171
Let piston displacement by V, m3.
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Mass flow rate, 0.096 = 
g at–20ºC

0.9171 1200
60

V × ×
× v

0.096 = 
0.9171 1200

60 0.1088

V × ×
×

V = 569.45 cm3

COP = 3.175
Piston displacement = 569.45 cm3    Ans.

11. A vapour compression refrigeration cycle operates between the condensation temperature of 20ºC
and evaporator temperature of –10ºC with carbon dioxide as refrigerant. Temperature after isentropic
compression is 40ºC and condensate leaves at 10ºC before being passed through expansion valve. Deter-
mine COP of system and mass flow rate of CO2 required to get refrigeration effect of 2 kW. Properties
of CO2 are given as under:

Properties of CO2

Temperature Saturation Specific Enthalpy, Entropy, Specific heat
ºC Pressure, Volume,vg kJ/kg kJ/kg·K kJ/kg·K

bar m3/kg hf hg sf sg Cpf Cpg

20 57.27 –   144.11 299.62 0.523 1.0527 2.889 2.135
– 10 26.49 0.014 60.78 322.28    0.2381 1.2324 – –

Solution:
Processes of vapour compression cycle are shown on T-s diagram

1 – 2 : Isentropic compression process
2 – 3 – 4: Condensation process

4 – 5: Isenthalpic expansion process
5 – 1: Refrigeration process in evaporator

h1 = hg at – 10ºC = 322.28 kJ/kg
h2 = hg at 20ºC + Cpg at 20ºC × (40 – 20)

= 299.62 + (2.135 × 20)
h2 = 342.32 kJ/kg

Entropy at state 2, s2 = sg at + 20ºC + Cpg at 20ºC × ln 
273 40

273 20

+ 
 + 

= 1.0527 + 2.135 × ln 
313

293
 
  

s2 = 1.1937 kJ/kg·K
Entropy during isentropic process, s1 = s2

1.1937 = sf at – 10ºC + x1 × sfg at – 10ºC

1.1937 = 0.2381 + x1 × (1.2324 – 0.2381)

x1 = 0.961
Fig. 18.31 T-s representation
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Enthalpy at state 1, h1 = hf at – 10ºC + x1 × hfg at – 10ºC

= 60.78 + (0.961 × (322.28 – 60.78))

h1 = 312.08 kJ/kg
h3 = hf at 20ºC = 144.11 kJ/kg

Since undercooling occurs up to 10ºC, so, h4 = h3 – Cpf · ∆T

= 144.11 – (2.889 × (20 – 10))

h4 = 115.22 kJ/kg
Also, h4 = h5 = 115.22 kJ/kg

Refrigeration effect per kg of refrigerant = (h1 – h5) = (312.08 – 115.22)
= 196.86 kJ/kg

Let refrigerant flow rate be m kg/s.
Refrigeration effect ⇒  2 = m × 196.86

m = 0.1016 kg/s
Compressor work, wc= h2 – h1 = 342.32 – 312.08

wc = 30.24 kJ/kg

COP = 
Refrigeration effect per kg

Compressor work per kg  = 
196.86

30.24
 = 6.51

COP = 6.51, Mass flow rate = 0.1016 kg/s          Ans.

12. Determine partial pressure of vapour and relative humidity in the atmospheric air having specific
humidity of 16 gm/kg of air and 25ºC DBT.

Solution:
Here pressure of atmospheric air may be taken as 1.013 bar

Specific humidity, ω = 0.622 
p

p p

 
 − 

v

v

0.016 = 0.622 1.013

p

p

 
 − 

v

v

or, pv = Partial pressure of vapour = 0.0254 bar

Relative humidity φ = 
p

p

 
   

v

v, sat

From psychrometric properties of air table pv, sat at 25ºC = 0.03098 bar

φ = 
0.0254

0.03098
= 0.8198  or 81.98%

Partial pressure of vapour = 0.0254
Relative humidity = 81.98%         Ans.
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13. For the atmospheric air at room temperature of 30ºC and relative humidity of 60% determine partial
pressure of air, humidity ratio, dew point temperature, density and enthalpy of air.

Solution:
At 30ºC from steam table, saturation pressure, pv, sat = 0.0425 bar

Partial pressure of vapour = Relative humidity × pv, sat

= 0.6 × 0.0425 = 0.0255 bar
Partial pressure of air = Total pressure of mixture – Partial pressure of vapour

= 1.013 – 0.0255
= 0.9875 bar

Partial pressure of air = 0.9875 bar       Ans.

Humidity ratio, ω = 0.622 
v

v

p

p p−

= 0.622 
0.0255

1.013 - 0.0255
 
  

ω = 0.01606 kg/kg of dry air.

Humidity ratio = 0.01606 kg/kg of dry air       Ans.

Dew point temperature may be seen from the steam table. The saturation temperature correspond-
ing to the partial pressure of vapour is 0.0255 bar. Dew point temperature can be approximated as
21.4ºC by interpolation.

Dew point temperatrure = 21.4ºC        Ans.

Density of mixture = Density of air (ρa) + Density of vapour (ρv)
= ρa + ρv

= ρa + ω  · ρa

= ρa (1 + ω)

= a

a

P

RT
 (1 + 0.01606)

= 
21.013 10 1.01606

0.287 303

× ×
×

= 1.1835 kg/m3

Density = 1.1835 kg/m3        Ans.

Enthalpy of mixture, h = Cp · T + ω (hg at 30ºC + 1.860 (30 – 21.4))
= (1.005 × 30) + (0.01606 × (2540.1 + 1.86 × 8.6))

= 71.2 kJ/kg of dry air

Enthalpy of mixture = 71.2 kJ/kg of dry air       Ans.

14. Determine the mass of water added and heat transferred for conditioning atmospheric air at 15ºC
and 80% relative humidity to temperature of 25ºC and relative humidity of 50%. Final volume of
conditioned air is 0.8 m3/s.
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Solution:
Initial state at 15ºC and 80% relative humidity is shown by point 1 and final state at 25ºC and 50%
relative humidity is shown by point 2 on psychrometric chart.

ω1 = 0.0086 kg/kg of air and h1 = 37 kJ/kg
ω2 = 0.01 kg/kg of air and h2 = 50 kJ/kg
v2 = 0.854 m3/kg

Mass of water added between states 1 and 2 = ω2 – ω1
= 0.01 – 0.0086
= 0.0014 kg/kg of air

Fig. 18.32 Psychrometric chart

Mass flow rate of air = 
2

0.8

v
 = 

0.8

0.854
 = 0.9368 kg/s

Total mass of water added = 0.9368 × (ω2 – ω1) = 0.9368 × 0.0014
= 0.001312 kg/s

Heat transferred = ma (h2 – h1)
= 0.9368 × (50 – 37) = 12.18 kJ/s

Mass of water added = 0.001312 kg/s, Heat transferred = 12.18 kW       Ans.

15. Two streams of moist air, one having flow rate of 3 kg/s at 30ºC and 30% relative  humidity, other
having flow rate of 2 kg/s at 35ºC and 85% relative humidity get mixed adiabatically. Determine
specific humidity and partial pressure of water vapour after mixing. Take Cp, stream = 1.86 kJ/kg · K

Solution:
Let temperature after mixing be TºC. For getting final enthalpy after adiabatic mixing the enthalpy of two
streams are required.
For moist air stream at 30ºC and 30% relative humidity.



854 ________________________________________________________  Applied  Thermodynamics

φ1 = 
1

sat at 30ºC

vp

pv

pν sat at 30ºC = 0.04246 bar, so, pv1 = 0.3 × 0.04246 = 0.01274 bar

Corresponding to vapour pressure of 0.01274 bar the dew point temperature  shall be 10.5ºC.

Specific humidity, ω1 = 
1

1

0.622

( )

p

p p

×
−

v

v
 = 

0.622 0.01274

(1.013 0.01274)

×
−

ω1 = 0.007922 kg/kg of air
At dew point temperature of 10.5ºC, enthalpy, hg at 10.5ºC = 2520.7 kJ/kg.

h1 = Cp, air × T1 + ω1{hg at 10.5ºC – Cp, stream × (T1 – Tdp1)}

= (1.005 × 30) + 0.007922 {2520.7 – 1.86 × (30 – 10.5)}
h1 = 49.83 kJ/kg of dry air

For second moist air stream at 35ºC and 85% relative humidity.

φ2 = 0.85 = 2

sat at 35ºC

p

p
v

v
 = 2

0.005628

pv

or, pv2 = 0.004784 bar

Specific humidity ω2 = 
2

2

0.622

( )

p

p p

×
−

v

v
 = 

0.622 0.004784

(1.013 0.004784)

×
−

ω2 = 0.002951 kg/kg of air
Corresponding to vapour pressure of 0.004784 bar the dew point temperature is 32ºC.
So, enthalpy of second stream,

h2 = Cp, air · T2 + ω2 {hg at 32ºC  + Cp, stream × (T2 – Tdp2)}

= 1.005 × 35 + 0.002951 {2559.9 + 1.86 × (35 – 32)}
h2 = 42.75 kJ/kg of dry air

Enthalpy of mixture after adiabatic mixing

= 
1 2

1

( )m m+  × 
1 1 2 2

1 2(1 ) (1 )

h m h m

ω ω
 × ×+ + + 

= 
1

5
 × 

49.83 3 42.75 2

1.007922 1.002951

 × ×    +        
= 46.71 kJ/kg of moist air

Mass of vapour per kg of moist air = 
1

5
 × 

1 1 2 2

1 2(1 ) (1 )

m mω ω
ω ω

 × ×+ + + 

= 
1

5
 × 

0.007922 3 0.002951 2

1.007922 1.002951

 × ×    +        
= 0.005893 kg per kg of moist air

Specific humidity of mixture = 
0.005893

1 0.005893−
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= 0.00593 kg/kg of dry air

ω = 
0.622 p

p p

×
−

v

v

0.00593 = 
0.622

1.013

p

p

×
−

v

v

Partial pressure of water vapour = 0.00957 bar

Specific humidity of mixture = 0.00593 kg/kg dry air
Partial pressure of water vapour in mixture = 0.00957 bar    Ans.

16. Calculate the amount of heat added to moist air entering heating coil at 15ºC dbt and 80% relative
humidity at a rate of 3m3/s. Air leaves the heating coil at 30ºC and atmospheric pressure is 1.013 bar.

Solution:
The type of heating involved is sensible heating. Locating state 1 on psychrometric chart corresponding
to 15ºC dbt and 80% relative humidity the other property values shall be,
h1 = 36.4 kJ/kg, ω1 = 0.0086 kg/kg of air, v1 = 0.825 m3/kg
Final state 2 has, h2 = 52 kJ/kg

Mass of air = 
3

0.825
 = 3.64 kg/s

Amount of heat added = 3.64 × (52 – 36.4)
= 56.78 kJ/s.

Heat added = 56.78 kJ/s        Ans.

��������

18.1 Define refrigeration and compare it with air conditioning.
18.2 Explain reversed Carnot cycle and its limitations.
18.3 Define unit of refrigeration.
18.4 Explain working of a Carnot refrigerator and state why it cannot be used in practice.
18.5 Describe air-refrigeration cycles.
18.6 Explain simple air refrigeration cycle being used in aeroplanes.
18.7 What do you understand by vapour compression cycle? Explain the processes on T-s and p-h diagrams.
18.8 Compare Carnot refrigeration cycle with vapour compression cycle.
18.9 What is meant by wet compression and dry compression in vapour compression cycles? Explain.

18.10 What is there in multistage vapour compression cycle? List its advantages over simple vapour
compression cycle.

18.11 Describe the vapour absorption cycle for ammonia-water system and its working.
18.12 Explain the modified absorption-refrigeration cycle and its working.
18.13 Describe heat pump system based on vapour compression cycle.
18.14 Classify refrigerants and list desired properties of refrigerants.
18.15 Explain sensible heating and sensible cooling on psychrometric chart.
18.16 Write short notes on relative humidity, specific humidity, dry bulb temperature, dew point temperature,

wet bulb temperature.
18.17 Discuss the working of summer air-conditioning system.
18.18 Describe working of winter air-conditioning system.
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18.19 Show that the moisture content ‘ω’ of the atmospheric air is given as,

ω = 
0.622

a

p

p

× v

where pv and pa are partial pressure of vapour and air respectively.
18.20 Determine power required to run the compressor and heat rejected by compressor per second from a

refrigerator working on reversed Carnot cycle between temperatures of 266 K and 300 K. Refrigerator
produces 0.139 kg/s ice at –5ºC from water at 287 K. Also determine COP of refrigerator.

[9.76 hp, 63.19 kJ/s, 7.82]
18.21 A refrigerator working between –5ºC and 20ºC has capacity of 600 tons. Determine the minimum hp

required for machine. [266 hp]
18.22 An air refrigeration cycle has pressure ratio of 4 and the air enters compressor at 15ºC and expander at

30ºC. Consider compression and expansion index to be 1.25 and 1.35 respectively. Determine COP of
refrigeration cycle. [1.7]

18.23 Show that the ratio of maximum COP of Bell-Coleman cycle and COP of Carnot cycle is given by:

Bell–Colemen

carnot

COP

COP  = 

2
1 2

2

T T

T

 −
 
 

where T1 and T2 are the temperature of surroundings and refrigerated space. Assume that the rise in
temperature of air passing through heat exchanger (cooler) is same in both cases and is constant.

18.24 A Bell-coleman refrigeration cycle of 75.8 kJ/s refrigeration capacity runs between pressures of 1 bar
and 5 bar. Refrigerated space is maintained at 0ºC and ambient temperature is 300 K. For isentropic
efficiency of compression and expansion being 0.85 and 0.90 respectively. Determine COP of system.

[0.815]
18.25 An air refrigeration system working on reversed Brayton cycle has refrigeration capacity of 10 ton and

pressure ratio of 3. Pressure in refrigerated space is 1.4 bar, temperature of air at inlet to compressor is
253 K and air is cooled to a temperature of 323 K in cooler. Considering Cp = 1.07 kJ/kg·K determine
COP of system, air circulation per minute, theoretical piston displacement and power required.

[2.43, 114 kg/min, 59.13 m3/min, 13 kW]
18.26 An air refrigeration cycle works between 1 bar and 12 bar to produce refrigeration capacity of 25 tons

when air leaves cooler at 25ºC and air leaves refrigerated space at 0ºC. Considering compression and
expansion processes to have index of 1.35 determine.
(i) the COP of system

(ii) the HP required
(iii) the mass of air circulated per minute
(iv) the piston displacements of compressor and expanders.

[1.94, 116 hp, 133 kg/min, 35.5 m3/min, 20.35 m3/min]
18.27 Air cooled aeroplane system has pressure of air getting increased from atmospheric pressure of 0.9

bar to 1 bar due to ram action. Compressed air leaves compressor at 3.5 bar and temperature of
compressed air leaving heat exchanger is 355 K and subsequently leaving the evaporator is 348 K.
High pressure cool air leaving evaporator enters the cooling turbine  and subsequently to passenger
cabin at 1.03 bar. Considering isentropic efficiencies of compression and expansion to be 0.8 and 0.75
determine hp required for desired cooling and COP of system when stale air leaves passenger cabin at
298 K. Ambient air temperature is 296 K. [596 hp, 0.16]

18.28 The passenger cabin of an aircraft is maintained at 298 K when ambient air is at 0.35 bar and –15ºC.
Compressor in aircraft has pressure ratio of 3 and aircraft is moving at 1000 kmph. Compressed air
leaving compressor is passed through a heat exchanger and cooled there upto ambient air temperature.
Subsequently this cool air passes through cooling turbine so as to leave it at 1.06 bar. Considering
cooling load to be 200 ton determine.
(i) the stagnation temperature and pressure
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(ii) the COP of system
(iii) the mass flow rate of air

Take Cpair = 1 kJ/kg·K, γ = 1.4 [296.5 K, 0.57 bar, 0.31, 2 kg/s]

18.29 Calculate COP of vapour compression system running on ammonia (NH3) as refrigerant between 25ºC
and – 10ºC such that the refrigerant is dry saturated at the end of compression and there is no
undercooling. Properties of NH3 are;

Temperature, Enthalpy, kJ/kg Entropy, kJ/kg·K
ºC hf hfg sf

25 100.32 1228.92 0.3469
–10 – 33.52 1345.96 – 0.1379

[7.16]

18.30 A vapour compression cycle running on NH3 had refrigeration capacity of 1990.5 ton while operating
between temperature limits of 298 K and 258 K. The  vapour is dry saturated at the end of compression
and actual COP of cycle is only 60% of theoretical COP, then determine power required to drive
compressor.
Properties of NH3

Temperature, Enthalpy, kJ/kg Entropy, kJ/kg·K
ºC hf hg sf sg

25ºC 99.94 1318 0.0347 4.4809
–15ºC –54.51 1303.7 – 0.2132 5.0536

[43.8 hp]
18.31 Determine the COP of vapour compression system running with CO2 and operating between temperature

of 25ºC and – 5ºC such that carbon dioxide entering compressor is 0.6.
Properties of CO2

Temperature, Enthalpy, kJ/kg Entropy, kJ/kg·K
ºC hf hg sf sg

25 81.09 202.31 0.2508 0.6287
– 5 – 7.52 236.59 – 0.0418 0.8402

[3.3]
18.32 A water cooler working on Freon– 12 as refrigerant operates between 299 K and 275 K such that the

vapour leaves evaporator dry saturated. Considering volumetric efficiency of compressor as 80%,
mechanical efficiency of compressor as 85%, 20% of useful cooling getting lost and cooler cooling
water from 299 K to 279 K at the rate of 100 kg/hr determine.
(i) the hp required in compressor

(ii) the volumetric capacity of compressor
Properties of Freon-12

Temperature, Sp. volume Enthalpy, Entropy, Specific heat
ºC vg, m3/kg kJ/kg kg/kg·K kg/kg·K

hf hg sf sg Cpf Cpg

26 0.027 443.12 583.95 4.2665 4.737 60.9948 0.6729
2 0.053 419.88 573.54 4.1867 4.745 60.9405 0.618

[0.442 hp, 0.085 m3/min.]
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19.1 INTRODUCTION

World War-II witnessed the use of a new gas turbine engine type aircraft being developed independ-
ently in Germany and in England. These engines were called as jet engines. In these aircraft thrust
generated by propulsion system caused movement of aircraft in air. Underlying principle for the
creation of thrust was Newton’s third law of motion. In jet propulsion system working fluid is
accelerated by the system and reaction to this acceleration produces force on the system. Amount of
thrust created is directly proportional to the mass flow rate through engine and exit velocity of gas.
Jet engines have atmospheric air being inducted into compressor for being compressed and subse-
quently used for burning fuel in combustor. High temperature, high pressure burnt gases are then
expanded in gas turbine and hot exhaust gases are finally passed through a nozzle for creation of
thrust. Rocket engines also work on similar principle but unlike jet engine these rocket engines carry
oxygen with them for combustion.

History of jet propulsion dates back to 100 B.C. when Hero of Alexandria first developed engine
called ‘aeolipile’ which was basically reaction turbine working on steam. In 1500 A.D. Leonardo Vinci
used hot air coming out from chimney to drive rotor called chimney jack. Steam jet propelled wagon
was developed in 1687 A.D. in Dutch. Major breakthrough was achieved when the gas turbine was
patented in the name of John Barbar in 1791 A.D. This evolution of gas turbine paved way for develop-
ment of gas based engines for use in gas turbine power plants and aircraft etc. By the year 1903 A.D.
number of gas turbine based plants came up and gas turbine was found to be successful.

19.2 PRINCIPLE OF JET PROPULSION

Jet propulsion refers to the imparting of forward motion to the object as a reaction to exit of high
velocity gas/liquid stream from the rear end of object. Jet propulsion devices are popularly used in high-
speed, high altitude aircraft/missile/spacecrafts etc. Simple example of jet propulsion is forward motion
of an inflated balloon when air is suddenly released from it.

Jet propulsion is based on the principle of Newton’s second law and third law of motion. In a jet
propulsion engine the objective is to get the propelling thrust for the engine and for getting it the momen-
tum change occurs in fluid stream such that the reaction to the impulse created by momentum change
gives propelling thrust. Thus, the change of momentum of the fluid stream flowing across engine and
the reaction to the impulse due to momentum change are responsible for jet propulsion. For realizing
momentum change the high temperature and pressure gas stream is expanded through a nozzle so that
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the gas stream comes out in atmosphere with significantly high velocity, thus giving change of momen-
tum. This momentum change yields impulse force whose reaction produces propelling thrust. Figure. 19.1
gives block diagram for jet propulsion engine.

Fig. 19.1 Principle of jet propulsion engine

Let us consider jet propulsion device as shown in Fig. 19.1. Let the inlet and exit of device be
indicated by subscript ‘i’ and ‘e’. Cross-sectional area, velocity of gas, pressure of gas at inlet and exit
are given by Ai , Ci , pi and Ae, Ce, pe respectively. Let us analyze for air entering device and flowing
through device such that velocity changes from inlet ‘Ci’ to exit ‘Ce’.

Atmospheric air enters device at atmospheric pressure pa, velocity Ci. Consider mass of air enter-
ing into engine be at the rate of ma kg/s. Mass of gas leaving engine will be at the rate of (ma + mf ) kg/s
where mf is mass flow rate of fuel required for running. Expansion occurring in engine shall be complete
when the pressure at exit pe equals to atmospheric pressure, pa. In actual case this expansion may not be
complete.

For simplicity the mass flowing through device may be assumed constant i.e., fuel added is
negligible, then the thrust T may be estimated by the rate of change of momentum. This is called as
momentum thrust.

Tm = ma (Ce – Ci)
considering mass of fuel added.

Fm = {(ma + mf )· Ce – ma·Ci}
In case of incomplete expansion the exhaust gas may leave device with pressure pe which is

greater than pa. This incomplete expansion would cause additional pressure thrust exerted over the
device exit area Ae equal to Ae· (pe – pa). This total thrust will have two components i.e., momentum
thrust and pressure thrust.

Total thrust, T = Momentum thrust, Tm + Pressure thrust, Tp
T = ma (Ce – Ci) + Ae (pe – pi)

Above mathematical equation shows that the total thrust may thus be maximized by increasing
momentum thrust and pressure thrust both or any one of these. Key parameters responsible for increase
in total thrust could be high velocity of jet leaving (Ce), high mass flow rate (ma) high pressure differ-
ence at exit and higher cross sectional area at exit. But in view of the interdependency of these param-
eters the required thrust may be said to be available either by high velocity jet of small mass flow or a
low velocity jet of high mass flow.

While considering the fuel mass addition the total thrust may be given as,

T = { }( ) ( )a f e a i e e im m C m C A p p+ ⋅ − ⋅ + −
Basic arrangement required in a jet propulsion engine comprises of a compressor for compressing

air, followed by combustor (combustion chamber) for generating high pressure and high temperature
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gases followed by a turbine for generating shaft work to drive compressor and a nozzle at end to
finally exhaust the gas stream. Figure 19.2 shows the schematic of turbojet engine. The jet leaving
engine has quite high velocity and the reaction of this jet propels the engine (device) in direction
opposite to that of jet.

Fig. 19.2 Turbojet, Turbofan and Turboprop engines

Total thrust, T = m C C A p pa e i e e a( ) ( );− + −     (neglecting fuel addition)

T = { }( ) ( );a f e a i e e am m C m C A p p+ − ⋅ + −     (considering fuel addition)

19.3 CLASSIFICATION OF JET PROPULSION ENGINES

Jet propulsion engines can be broadly classified based on type of suction. In case of jet engine sucking
atmospheric air it is called air-breathing jet engines or atmospheric jet engines. Jet engines may be fed
with oxygen carried separately in engine and such engines do not induct atmospheric air. These engines
which carry their own oxidizer for combustion of fuel are called non-air breathing jet engines or rocket
engines. Thus, jet propulsion engines can be;

(i) Air breathing jet engines or atmospheric jet engines
(ii) Non-air breathing jet engines or rocket engines

(i) Air breathing jet engines or atmospheric jet engines can be further classified depending on the
type of air flow as,

(a) Continuous air flow engines or steady combustion type engines.
(b) Intermittent air flow engines or intermittent combustion type engines.

Continuous air flow type engines can be further classified as,
(a.1) Turbojet engines
(a.2) Turbofan engines
(a.3) Turbojet with afterburner
(a.4) Turboprop or propjet
(a.5) Ramjet or Athodyds and Lorin tube
(ii) Non-air breathing jet engine or rocket engine can be classified based on the type of propelling

fluid used. It could be liquid propellant type rocket engine and solid propellant type rocket engine.
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19.4 PERFORMANCE OF JET PROPULSION ENGINES

Performance of jet propulsion engine can be judged by the performance parameters given below. Let us
consider turbojet engine as shown in Fig. 19.1, moving with velocity through air as Ca. Thus the
velocity of air entering engine would be Ca (approach velocity) if the atmospheric air is at rest.

Thrust obtained per kg of air (N/kg of air/s) flowing can be given as :

T = 1 ( )
f e

e a e a
a a

m A
C C p p

m m

    + ⋅ − + −   
     

(i) Thrust power (TP): Thrust power indicates the actual power available for propulsion. It refers
to the work done per unit time by the engine. This thrust power can be expressed by the product of
thrust and velocity with which engine moves (flight velocity).

TP = T × Ca

= 1 ( )
f e

e a e a a
a a

m A
C C p p C

m m

    + ⋅ − + − ⋅   
     

Neglecting pressure thrust it could be given as:

TP = 1 f
e a a

a

m
C C C

m

  
+ ⋅ − ⋅  

   
Neglecting mass of fuel added;

TP = (Ce – Ca)·Ca , W/kg of air
(ii) Propulsive power (PP): Propulsive power indicates the total energy available for propulsion.

It can be estimated by the difference between the rate of kinetic energy entering with air and leaving
with jet of exit gases. Mathematically;

PP = K.E.leaving – K.E.entering = ∆KE

⇒ ∆ KE =
1
2

1
2

2
2

+
�
��

�
��

−
m

m
C

Cf

a
e

a. ; W/kg of air
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⇒ PP =
2 21

1 ;
2

f
e a

a

m
C C

m

   + ⋅ −  
   

W/kg of air

Neglecting fuel mass addition, propulsive power can be given by,

PP =
C Ce a

2 2

2
−

; W/kg of air

(iii) Propulsive efficiency (ηηηηηProp): Propulsive efficiency is measure of effectiveness by which
propulsive power is transformed into thrust power i.e., how efficiently propelling duct can propel the
engine.

Mathematically, it can be given by ratio of thrust power (TP) to propulsive power (PP). Propulsive
efficiency is also called Froude efficiency.

ηprop =
2 2

1

1
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e a a
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f
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Neglecting fuel mass addition, propulsive efficiency can be given as,

ηprop = 2 2
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The above expression indicates that propulsive efficiency would be unity when exit jet velocity
equals to approach velocity, but this is not desired as it decreases thrust available.

(iv) Thermal efficiency (ηηηηηth): Thermal efficiency can be given by the ratio of kinetic energy
available and total heat supplied.

ηth =
Kinetic energy available

Heat supplied

=

1
2

2 2( )

×

m m C m C

m

a f e a a

f

+ −��	
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Calorific value of fuel
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e a

Calorific value of fuel
where FA is fuel-air ratio.
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(v) Overall efficiency (ηηηηηoverall): Overall efficiency can be given by the ratio of useful workdone
to the energy supplied.

ηoverall =

1 +
�
��

�
��

−
�

�
�
�

�

�
�
�

�
��
�
��

m

m
C C C

m

m

f

a
e a a

f

a

.

× Calorific value of fuel

= ηth × ηprop
(vi) Jet efficiency (ηηηηηjet): Jet efficiency is given by the ratio of final kinetic energy in jet to the total

of isentropic heat drop in jet pipe and carry over from turbine.
Comparative performance of turbojet and other propulsion engines in respect to the propulsive

efficiency and jet velocity is shown in Fig. 19.3. Figure 19.4 shows comparison of specific fuel
consumption with jet plane speed for these different devices.

                                   

Fig. 19.3 Comparison of propulsive efficiency                              Fig. 19.4 Comparison of specific fuel consumption

19.5 TURBOJET ENGINE

Fig. 19.5 shows the schematic of turbojet engine. It has a diffuser section at inlet for realizing some
compression of air passing through this section. Due to this air reaching compressor section has pres-
sure more than ambient pressure. This action of partly compressing air by passing it through diffuser
section is called “ramming action” or “ram effect”. Subsequently compressor section compresses air
which is fed to combustion chamber and fuel is added to it for causing combustion. Combustion
products available at high pressure and temperature are then passed through turbine and expanded there.
Thus, turbine yields positive work which is used for driving compressor.

Expanding gases leaving turbine are passed through exit nozzle where it is further expanded and
results in high velocity jet at exit. This high velocity jet leaving nozzle is responsible for getting desired
thrust for propulsion. Pressure variation along the length of turbojet is shown in Fig. 19.5. Velocity and
temperature variations are also shown there in. Different salient states shown are plotted on tempera-
ture-entropy (T–s) diagram as given in Fig. 19.5. Ambient air at state ‘a’ enters the diffuser section and
ram effect is seen from ‘a’ to ‘1’ resulting into small pressure rise. Desired compression occurs be-
tween ‘1’ to ‘2’. Subsequent combustion occurs in combustor section resulting into combustion prod-
ucts at state ‘3’. Expansion occurs in turbine from ‘3’ to ‘4’ and subsequently expanded from ‘4’ to ‘5’.
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Between states ‘a’ and ‘1’ diffusion of air entering occurs isentropically with velocity varying from Ca
to zero for diffuser section having 100% efficiency. Actually diffuser efficiency may be 0.9–0.95. T–s
diagram depicts both theoretical states and actual states. Actual states have been shown as 1′, 2′, 4′ and
5′, while theoretical states are 1, 2, 3, 4 and 5.

Fig. 19.5 Turbojet engine
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Considering the states shown on T–s diagram to be static states the mathematical equations for
different sections can be given as under.

In diffuser section (a – 1) the energy equation yields;

C
h qa

a a

2

12
+ + − =

C
h wa

1
2

1 12
+ + −

For ideal diffuser, C1 = 0, qa–1 = 0 and wa–1 = 0, which means after ram compression air gets
decelerated to C1 = 0, diffuser section is perfectly insulated and no work interaction occurs in this
section.

h1 = h
C

a
a+
2

2

or, T1 = T
C

Ca
a

p

+
2

2
Deviation from ideal diffusion process to actual can be quantified through diffuser efficiency.
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; Here Ma is Mach no. at ‘a’.

Similar to diffuser section the energy equation when applied to compressor section between states
1 and 2 yields, (neglecting change in potential energy)
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substituting stagnation property,

h02 = h
C

2
2
2

2
+ ,  h h

C
01 1

1
2

2
= +



866 _________________________________________________________  Applied Thermodynamics

wcomp = h02 – h01
Neglecting change in kinetic energy and potential energy the work required by compressor shall

be,
wcomp = h2 – h1 = Cp (T2 – T1)
wcomp = h2 – h1 = Cp (T2 – T1)

Actual state at the end of compressor lies at state 2′ instead of 2. This shift from 2 to 2′ can be
quantified by compressor efficiency (ηcomp) as given below:

ηcomp =
( )
( )
h h

h h
2 1

2 1

−
−

=
′

Ideal compressor work
Actual compressor work

Heat addition in combustion chamber occurs between states 2 and 3. Neglecting mass of fuel
added, the heat supplied can be estimated as;

q2–3 = h3 – h2 = Cp (T3 – T2)
Actual heat supplied can be given as:

Q2–3 = { }3 2( ) ( )a f am m h m h ′+ ⋅ − ⋅

After combustion the hot gases enter turbine for expansion between 3 and 4. Energy equation can
be written for turbine, as

h
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Considering expansion in turbine to be occurring adiabatically; q3–4 = 0
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In terms of stagnation properties;
wturbine = h03 – h04

Neglecting change in kinetic energy across turbine,
wturbine = h h3 4−
wturbine = CpT3 – CpT4

Actual turbine work, w′ turbine = (h3 – h4′)

Turbine efficiency,    ηturbine =
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At the exit of turbine gases pass through exit nozzle from 4 to 5. Energy equation can be given as,
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for actual expansion in exit nozzle;
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Considering above T-s diagram thermal efficiency can be mathematically given as
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19.6 TURBOFAN ENGINE

Turbofan engine is the modified turbojet engine in which additional thrust is realised by putting fan at the
entry of the engine casing. Fan blades propel by pass air around engine core between inner and outer
engine casing. This air does not participate in combustion but provides additional thrust while leaving
through exit nozzle. Figure. 19.6 shows the schematic of turbofan engine. The propeller fan put at inlet
to engine sucks air and it passes through by pass passage as shown up to the exit nozzle end. Thus there
are two streams of air flowing, one air stream gets rammed, compressed, burnt, expanded in turbine
and finally passes through exit nozzle and other air stream passes through passage between outer and
inner casings from inlet to nozzle exit. Total thrust created will be due to two jet streams one due to cold
air or fan air and other due to burnt gases leaving turbine.

Fig. 19.6 Turbofan engine

Arrangement in turbofan engine indicates that the proportion of air flowing through bypass and
engine play significant role, this is mathematically defined as bypass ratio. Bypass ratio is given by the
ratio of flow through bypass duct and flow through compressor. Generally bypass ratio has value in the
range 0.3 to 0.8. Thus, for bypass mass flow rate being m′b and mass flow rate through compressor
being m′c the bypass factor (B) shall be

B =
m

m
b

c

′
′  and

total air entering turbofan, m′a = m mb c′ + ′

or m′a = m B m
m

Bc c
a′ + ⇒ ′ = ′

+
( )1

1
Let the velocity of bypass duct air leaving jet be given by Cb and velocity of gas leaving jet be Ce,

then the thrust can be given as;

Thrust = ( )c e b b a am C m C m C′ ⋅ + ′ ⋅ − ′ ⋅
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Turbo fan engine’s performance primarily depends on the fan pressure ratio, bypass ratio, overall
pressure ratio, turbine inlet temperature, cruising speed and altitude. Amongst these thermodynamic
parameters. For optimum performance of turbofan engine the plot of specific fuel consumption for the
varying bypass ratio is shown in Fig. 19.7.

Fig. 19.7 Specific fuel consumption vs. specific thrust for turbofan engine

19.7 TURBOPROP ENGINE

Turboprop (Turbo-propeller) engine, also called turboshaft engine or propjet engine differs slightly
from turbofan engine. It uses thrust to turn a propeller. It consists of a compressor for compressing
the inlet air, combustion chamber and turbine followed by exit nozzle. A part of turbine output is
used to drive the compressor and remaining for driving propeller. Thus some stages of turbine give
shaft work for driving compressor and some stages produce shaft work for driving propeller as
shown in Fig. 19.8. It can also be understood as if the gases expand through main turbine which
drives compressor and also expands through power turbine which drive propeller through suitable
reduction gear box. Turboprop engines are used in small passenger planes, cargo planes etc.

Fig. 19.8 Turboprop engine

19.8 TURBOJET ENGINE WITH AFTERBURNER

Turbojet engine with afterburner is similar to turbojet engine with afterburner in tail pipe. Figure 19.9
shows schematic for turbojet engine with afterburner where exhaust leaving turbine is passed through
afterburner in which combustion causes rise in exhaust gas temperature. Thus exhaust gas have high
potential to produce thrust for propulsion.
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Fig. 19.9 Turbojet engine with afterburner

19.9 RAMJET ENGINE

Ramjet engine is the simplest of jet engines having no moving parts. Ramjet is a typically shaped duct open
at both ends with air being compressed merely due to forward motion of engine. Fuel is subsequently
added for combustion and thus high pressure, high temperature gases exit from exhaust nozzle. High
pressure air is continuously available as engines keeps on moving forward. These ramjets are extensively
used for propulsion in number of high speed aircrafts.

Fig. 19.10 Ramjet engine

Ramjet is also called Athodyd Lorin tube based on the name of its inventor Rene Lorin, a French
engineer. First ramjet engine was developed in 1913 and it had steady flow through inlet diffuser,
combustion chamber and outlet nozzle. These can not operate under stationary condition as sole
compression of air occurs due to ram compression. Ram pressure ratio is relatively small initially as
forward speed is slow but increases as the speed increases. Ramjet is boosted up to substantially high
speed using turbojet or rocket engine for getting desired thrust by ramjet. Ramjet are boosted up to
speed of 300 km/hr.

The efficiency of ramjet largely depends upon the design of diffuser section.

Fig. 19.11 Schematic and T–s diagram of ramjet
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Advantages of ramjet engine are:
(i) It has no moving parts and hence ramjet are better balanced.

(ii) It yields greater thrust per unit mass as compared to any other propulsion engine at super-
sonic speed.

(iii) It is much simpler in construction and light in weight.
(iv) It yields much greater thrust per unit frontal area at supersonic speeds. Best performance

can be had at 1700 km/hr to 2200 km/hr speed range.
(v) Variety of fuels can be used in ramjet.

(vi) These are ideal propulsion device for aircraft missiles.
Disadvantages of ramjet engine are:

(i) Forward motion is very much necessary to realize ram compression.
(ii) Ram pressure ratio increases gradually.

(iii) Ramjets are unable to work at low flight speeds.
Ram compression results in decrease in velocity and increase of pressure of air passing through

this diffuser section. At the end of diffuser section a pressure barrier is created and after this point fuel
is injected through nozzles and ignited using spark plug. Combustion results in expansion of gases
which is restrained due to pressure barrier on one side and so move out through exit nozzle with high
velocity.

19.10 PULSE JET ENGINE

Pulse jet engine was developed by German scientist Paul Schmidt in 1930. It is quite similar to ramjet
engine except the difference that pulse jet employs a non-return type mechanical valve of V-type for
preventing flow of hot gases through diffuser. Pulse jet engine has diffuser section in which ram
compression occurs and after diffuser section a grid of non-return valves is put for maintaining
intermittent flow of compressed air. In combustion section fuel is atomized during injection and burnt
using spark plug or igniters. Combustion of air and fuel results in combustion products having high
pressure and temperature. Due to high pressure of combustion product non-return valve remains closed
and causes flow through tail pipe so as to produce thrust. When combustion gases move out from
combustion chamber then the pressure lowers down in this side as compared to pressure available in
diffuser section. Due to this pressure differential the flow of compressed air again occurs into the combustion
chamber which again burns and flows out from exit nozzle. Thus there occur the processes of suction,
combustion and exhaust one after the other. Pulse jet engine tube shown in Fig. 19.12 has temperature
varying continuously from inlet to exit. This pulse jet engine has advantages of being cheap compared to
turbojet engine and produces static thrust. Pulse jet engine produces thrust more than drag at lower speed
compared to ramjet. Pulse jet engines have disadvantages of noise, maintenance in view of mechanical
operation of valves, high fuel consumption rate and vibration etc.

Fig. 19.12 Pulse jet engine
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19.11 PRINCIPLE OF ROCKET PROPULSION

Rocket engines are non-air breathing engines and carry their own oxidiser for burning of fuel. Rocket
propulsion is realized by the thrust produced by combustion products leaving exit nozzle. It has
injection system for fuel and oxidizer followed by combustion chamber and exit nozzle as shown in
Fig. 19.13.

Fig. 19.13 Layout for rocket engine

In rocket engines the combustion products get discharged from the exit nozzle with supersonic
velocity and thus have very high kinetic energy. Rocket gets desired thrust by the reaction available from
the nozzle stream. Thrust is available due to change of momentum and pressure with which jet comes
out.

Net thrust available; T = m′p Ce + Ae ( pe – pa)

where m′p is mass flow rate of propellant, jet exit velocity Ce, area of exit nozzle Ae, pressure of
exit jet pe and atmospheric pressure is pa.

Above expression shows that for maximizing thrust exit velocity should be maximized, pressure
difference at exit (pe – pa) should be maximized. Thus rocket would get maximum thrust when atmos-
pheric pressure is not there i.e., pa = 0, which means maximum thrust would be available in vacuum.

Thrust could also be given in terms of rocket performance parameter called effective jet velocity.

T = m′p Ce + Ae ( pe – pa) = m′p·Cej

Here Cej is effective jet velocity which could be given as,

Cej = C
A

m
p pe

e

p
e a+

′
−( )

Specific impulse can be given as

Isp =
T

m p′
 = Ce j

i.e., Specific impulse is the thrust produced per unit mass flow rate of propellant.
Thrust power in case of rocket engine can be given as;

TP = T·Ca = m′p ·Cej ·Ca

here Ca is the velocity with which rocket moves forward.
Propulsive efficiency: For rocket engine

ηprop =
TP

TP + loss of kinetic energy
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19.12 ROCKET ENGINE

Rocket engines as described earlier can be classified based on type of propellant carried by them. These
could be solid propellant and liquid propellant resulting into,

(i) Solid propellant rocket engine
(ii) Liquid propellant rocket engine.

Since Rocket engines carry propellant fuel and oxidizer along with, therefore, the characteristics of
propellant have to be such as to give best performance with minimum oxidizer requirement. Desired properties
of propellant for rocket engine are,

(i) propellant should have large heating value.
(ii) propellant should have high density so that storage space required is small.

(iii) propellant should be capable of having smooth ignition.
(iv) propellant should have stability and ease of handling and storage.
(v) propellant should be non-toxic and non-corrosive.

(vi) propellant should be environment friendly.
Applications of rocket engines have proved boon for our civilization as satellites in space which

are serving air communication and other requirements are rocket engines. Rocket engines are also
extensively used in spacecrafts, missiles, jet assisted air planes, pilotless aircraft, etc.

19.13 SOLID PROPELLANT ROCKET ENGINES

These rocket engines use solid propellants which burns using oxidizer present within it. There are two
types of solid propellant rockets depending upon type of burning i.e., restricted burning and unrestricted
burning. Figure 19.14 shows the different arrangements in solid propellant rocket engines. Solid propellant
has composition such that all essential requirements for combustion are met. Specific requirements of
solid propellant are,

(i) Propellant should have sufficient compressive and impact strength at low temperature.
(ii) Propellant should give uniform burning.

(iii) Propellant should give high specific impulse.

Fig. 19.14 Solid propellant rocket engines
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Arrangement shows that it has seamless sturdy steel tube closed at one end. At the open end exit
nozzle is provided and this may be single nozzle type or multi nozzle type exit. Propellant is filled in tube
while in liquid state and gets solidified gradually upon cooling and fits tube completely. Solid propellant
filled inside tube is burnt gradually so as to give combustion products for producing desired thrust. Re-
stricted burning rocket engines have the propellant burnt only on its exposed surface towards exit nozzle.
Gradually complete propellant is burnt and combustion products move out through exit nozzle. Thus
restricted burning nozzles are very similar to cigarette whose burning begins at one end and goes till end.
Restricted burning rockets are suited for small thrust applications for longer duration.

Unrestricted burning in rocket engine occurs such that all exposed surfaces of solid propellant are
burnt simultaneously inside tube. Since burning of whole solid fuel is initiated so it gets burnt quickly
and produces large thrust.

19.14 LIQUID PROPELLANT ROCKET ENGINES

Figure 19.15 shows the schematic of liquid propellant rocket engines. These contain liquid propellants stored in
containers outside combustion chamber. Liquid propellant fuel is being fed using either pressure feed or pump
feed to transfer fuel from storage tank to combustion chamber. Pressure feed system has pump driven by small
turbine. This feed system is relatively cheap and simple compared to other feed systems.

Fig. 19.15 Liquid propellant rocket engines

There could be mono-propellant or bi-propellant type rocket engines. Mono-propellant systems
are heavier in view of additional quantity of fuel required. Schematic shows two liquid bi-propellant
rocket system with rocket motor and propellant system etc. Rocket motor has propellant injector for
injecting liquid fuel and oxidizer, ignition systems, combustion chamber and exit nozzle as shown.
Liquid propellant is heated up by circulating it around the combustion chamber and nozzle walls for
cooling it before being injected for combustion. Cooling is done so as to maintain temperature of walls
low, so that excessive thermal stresses are not developed. Liquid propellants are selected based on
specific impulse, availability, cost, ease of handling and density etc. There are number of oxidizer and
liquid propellants available, namely, liquid oxygen + liquid hydrogen, liquid oxygen + ethyl alcohol, liquid
oxygen + high quality gasoline, nitric acid + aniline etc.

EXAMPLES

1. A jet propulsion engine moves with speed of 200 m/s at an altitude where total pressure and total
temperature at inlet to compressor are 0.5 bar and 272 K. Isentropic efficiency of compressor and
turbine are 0.84 and 0.82 respectively.

Total pressure and temperature of gases at inlet to turbine are 3 bar and
1000 K and static back pressure of propulsion nozzle is 0.4 bar and nozzle efficiency based on total
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pressure drop is 92%. Determine (i) power required to run compressor per kg of air, (ii) the air-fuel ratio,
(iii) the total pressure of gas leaving turbine, (iv) thrust per unit air flow rate, (v) Plot the processes on
h–s diagram.

Take 
gas

1.13 kJ/kg.K,pC =  γgas = 1.33,  
air

1.005 kJ/kg.KpC = , γair = 1.4 and Calorific value =

41.84 MJ/kg of fuel.
Solution:

We know,
T

T
02

01
=

p

p
02

01

1

�
��

�
��

−γ
γ

  ⇒  T02 = 272
3

0 5

1 4 1

1 4

.

.

.�
��
�
��

−�
��

�
��

T02 = 453.83 K
Considering compressor efficiency,

ηcompr = 0 84 02 01

02 01

.
( )
( )

= −
−′

T T

T T
 ⇒  T02′ = 488.46 K

Wcompr = Cpair
 ( )T T02 01′ −

= 1.005 (488.46 – 272) = 217.54 kW/kg
Power required for compressor = 217.54 kW/kg   Ans.

Fig. 19.16

In combustion chamber,

gas air03 02( ) C.Va f p a p fm m C T m C T m′′ + ′ ⋅ − ′ ⋅ = ′ ×

or,
m

m
a

f

′
′ =

gas

gas air

03

03 02

CV p

p p

C T

C T C T ′

 − ⋅ 
 ⋅ −  

=
( . × )

( . × . × . )
41840 1 13 1000

1 13 1000 1 005 488 46
−
−

m

m
a

f

′
′

= 63.69

Air fuel ratio : 63.69   Ans.
In this arrangement the power developed in turbine is used for driving compressor so,
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C T Tpair
( )02 01′ − = C T T

m

mp
f

a
gas

( )03 04 1− +
′
′

�
��

�
��′

⇒ 1.005 (488.46 – 272) = 1 13 1000 1
1

63 6904. ( )
.

− +���
�
��′T

⇒ T04′ = 810.46 K

From turbine isentropic efficiency, ηturb = −
−

′( )
( )
T T

T T
03 04

03 04

or 0.82 =
T

T T
03

03 04

810 46−
−

�
��

�
��

.

⇒ T04 = 768.85 K
For isentropic expansion,

p

p
04

03
=

gas( / 1)

04

03

gas

T

T

γ γ −
 
 
 

Pressure of gas leaving turbine,

⇒ p04 = 3 768 85
1000

1 33
0 33.
.
.�

��
�
��
�
��

�
��
 = 1.04 bar   Ans.

Considering T04 and p04 as static values,

Ts = T
p

p4
5

4

1 0 33
1 33

810 46
0 4
1 04

639 4′

−
�
��
�
��

= �
��

�
�� =

( ) .
.

.
.

.
.

γ
γ

 K

For exit nozzle, ηnozzle =
( )
( )
T T

T T
4 5

4 5

′ ′

′

−
−

0.92 =
( . )

( . . )
810 46

810 46 639 4
5−

−
′T

⇒ T5′ = 653.08 K

Exit jet velocity, C5′ = 2 4 5( )h h′ ′−

= 2 4 5C T Tpgas
( )′ ′−

= 2 1 13 810 46 653 08 1000× . × ( . . ) ×−
C5′ = 596.4 m/s = Ce

Thrust per kg of air per second

T = 1 +
′
′

�
��

�
��

−
m

m
C Cf

a
e a

=
1

1 596.4 200
63.69

 + × −  
Thrust = 405.73 N/kg/s      Ans.
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2. A jet propulsion engine has compressor with pressure ratio 4 and compressed air enters into combus-
tion chamber where combustion occurs so as to yield temperature of 500°C at turbine inlet. Actual
temperature at inlet to combustion chamber is 10% more than that of isentropic compressor temperature
rise. Exhaust from turbine is expanded up to atmospheric pressure of 1 bar. The ambient temperature is
285 K. Determine, (i) power required to drive compressor, (ii) air fuel ratio if calorific value of fuel is
43100 kJ/kg, (iii) static thrust developed per kg of air per second.
Solution:

T1 = 285 K, p1 = 1 bar, T3 = 773 K

p

p
2

1
= 4  ⇒   p2 = 4 bar,

T2 = T
p

p1
2

1

1

�
��
�
��

−γ
γ

= 285 × (4)0.286

T2 = 423.7 K

Fig. 19.17

Actual temperature rise, ( ) . ( )T T T T2 1 2 11 1′ − = −
⇒ T2 ′ = T T T1 2 11 1+ −. ( )

= 285 + 1.1 (423.7 – 285)
T2 ′ = 437.57 K

Work required in compressor, Wcompr = C T Tpair
( )2 1′ −

= 1.005 (437.57 – 285)
= 153.3 kJ/kg of air.

Power required to drive compressor = 153.3 kW/kg of air  Ans.
Heat added in combustion chamber,

qadd = Cpair
 (T3 – T2′)

= 1.005 (773 – 437.57)
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qadd = 337.11 kJ/kg of air

for air-fuel mass ratio being 
m

m
a

f

′
′

;

m

m
qa

f

′
′

× add = C.V.

m

m
a

f

′
′

�

��
�

�� =
43100
337 11

127 85
.

.=  kg of air / kg of fuel

Air-fuel ratio = 127.85  Ans.

For isentropic expansion, 
T

T
5

3
 = 

p

p
1

2

1

�
��
�
��

−�
��

�
��

γ
γ

⇒ T5 = T
p

p3
1

2

1

�
��
�
��

−γ
γ

 = 773
1
4

0 286�
��
�
��

.

T5 = 519.9 K
Enthalpy drop in nozzle = ( ) ( )h h h h3 5 2 1− − −′

= C T T C T Tp p( ) ( )3 5 2 1− − −′

= 1 005 773 519 9 437 57 285. ( . ) ( . )− − −� �
= 101.03 kJ/kg of air

Velocity of exit gas from nozzle, Ce = 2 101 03 1000× . ×

Ce = 449.5 m/s  Ans.

Thrust, T = 1 +
′
′

�
��

�
��

−
m

m
C Cf

a
e a

for negligible velocity at inlet, i.e., Ca = 0

T = 1
1

127 85
449 5 0+���
�
�� −

.
.

Thrust = 453.02 N/kg of air/s  Ans.
3. Following data refer to double spool turbofan engine in which low pressure turbine drives fan and
high pressure turbine drives compressor.

Ambient state           : 1 bar, 15°C
Fan pressure ratio : 1.5
Overall pressure ratio : 28

By pass ratio, 
m

m
p

c

′
′

�
��

�
�� : 5.5

Mass flow rate of air : 200 kg/s.
Stagnation temperature at turbine inlet : 1300°C
Mechanical efficiency ηmech. = 96%
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Polytropic efficiency of fan and compressor = ηpoly, fan = ηpoly, compr. = 90%
Polytropic efficiency of turbine, ηpoly, turb = 95%
Pressure loss in combustion chamber = 1.5 bar
Nozzle efficiency, ηnozzle = 95%

Lower calorific value of fuel : 43100 kJ/kg

Cpair
= 1.005 kJ/kg·K

Cpgas = 1.14 kJ/kg·K

γgas = 1.33
Determine air-fuel ratio, specific fuel consumption and specific thrust.
Solution:
Using the polytropic efficiency for compression and expansion the index of compression and

expansion can be obtained.

For compression: 
n

n
e

e

−�
��

�
��

1
 = 

1 1
η

γ
γpoly , compr

−�
��

�
��

=
1

0 87
1 4 1

1 4
0 328

.
.

.
.

−�
��

�
�� =

For expansion:
n

n
T

T

−�
��

�
��

1
=

gas
poly, turb

gas

1 0.33
0.90

1.33

γ
η

γ
 −  =       

= 0.223

In fan,
T

T
02

01

′
=

p

p

n

n
c

c02

01

1

�
��

�
��

−�
��

�
��
; Take, p01 = pa and T01 = Ta

T02′ = 288
1 5
1

0 328
.

.�
��
�
��

T02′ = 328.96 K

In compressor
T

T
03

02

′

′
=

p

p

n

n
T

T03

02

1

�
��

�
��

−�
��

�
��

T03′ = 328.96 
28
1 5

631 82
0 223

.
.

.�
��
�
�� =  K

For flow of bypass atmospheric air through nozzle the nozzle may be checked for whether it is in
choked state or not.

Critical pressure ratio for by pass air nozzle, 
/( 1)

02

2

1
cp

p

γ γ

γ

− 
=  + 

p

p
c

02
=

2
1 4 1

1 4
1 4 1

.

.
( . )

+
�
��

�
��

−
 ⇒  

p

p
c

02

0 528= .
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⇒
p

pc

02
= 1.89

Actual pressure ratio for this nozzle, 
p

pa

02
 = 

1 5
1

1 5
.

.=

Since critical pressure ratio (1.89) is more than actual expansion pressure ratio (1.5) so it means
that by pass air nozzle is not choked and p8 may be taken equal to pa.

Fig. 19.18 Twin spool turbofan engine.

Using nozzle efficiency

T T02 8′ ′− = η

γ
γ

nozzle T
p

p
a

02
02

1

1′

−

−
�
��

�
��

�

�

�
�
�

�

�

�
�
�

( )

= 0 95 328 96 1
1

1 5

1 3 5

. × .
.

/ .

− ���
�
��

�

�
�
�

�

�
�
�

T02′ – T8′ = 34.22 K
Velocity at exit of nozzle,

C8 = 2 1 005 10 34 223× . × × .  = 26.2 m/s

Mass flow rate of bypass air, M
m B

Bb
a′ = ′
+

=
( )

× .
( . )1

200 5 5
6 5  = 169.23 kg/s

Mass flow rate of hot gases, mc′ = 200 – 169.23 = 30.77 kg/s
Thrust available due to by pass air,

Tb = m′b × C8
= 169.23 × 262.26

Tb = 44.382 kN
Applying energy balance on combustion chamber we get,

1 04+
′
′

�
��

�
��

m

m
C Tf

c
pgas =

air 03
f

p
c

m
C T LCV

m′
′

⋅ + ×
′

1 1 14 1573+
′
′

�
��

�
��

m

m
f

c

× . × = ( . × . ) ×1 005 631 82 43100+
′
′

�
��

�
��

m

m
f

c
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m

m
f

c

′
′ = 0.028

For HP turbine driving the HP compressor the work output from HP turbine may be equated to
work required in HP compressor.

C T Tpair
( )03 02′ ′− = ηmech gas

1 04 05+
′
′

�
��

�
��

− ′
m

m
C T Tf

c
p× ( )

1.005 (631.82 – 328.96) = 0.96 (1 + 0.028) × 1.14 × (1573 – T05′)
T05′ = 1302.45 K

LP turbine is used for driving fan so, output of LP turbine goes for driving fan.

gas mech 05 06( )pC T Tη ′ ′⋅ − = ( ) ( )1 02 01+ −′B C T Tpair

⇒  1.14 × 0.96 (1302.45 – T06′) = (1 + 55) × 1.005 (328.96 – 288)

T06¢ = 1057.96 K

Pressure at inlet to HP turbine, p04 = p03 – ∆ploss = 28 – 1.5 = 26.5 bar
Pressure at exit of LP turbine, (p06) may be estimated as under,

 p05 = p
T

T

n

n
T

T

04
05

04

1 1 0 223

26 5
1302 45

1573
11 37′

−
�
��

�
���

��
�
��

= �
��

�
�� =.

.
.

/ .

 bar

and p06 = p
T

T

n

n
T

T

05
06

05

1 1 0 223

11 37
1057 96
1302 45

4 476′

′

−
�
��

�
���

��
�
��

= �
��

�
�� =.

.

.
.

/ .

 bar

Critical expansion pressure ratio of nozzle handling hot gases,

=

gas

gas( 1)gas 1

2

γ
γγ −+ 

 
 

 = 
2 33

2

1 33
0 33.
.
.�

��
�
��

Critical pressure ratio = 1.85
Since critical pressure ratio is less than expansion ratio in nozzle for hot gas so nozzle will be in

choked state.
p

pa

06
> Critical pressure ratio

so,
p

p
06

7
= 1.85

For exit nozzle ⇒ p7 = 2.42 bar

( )T T06 7′ ′− =

gas

gas

1

7
nozzle 06

06

1
p

T
p

γ
γ

η

 −
   

′

 
  

−  
   

=

0.33
1.331

0.95 1057.96 1
1.85

 
  

 
  × −     

( )T T06 7′ ′− = 142.28 K
Velocity of hot gases at exit of nozzle,

C7 = 2 06 7C T Tpgas
× ( )′ ′−
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C7 = 2 1 14 1000 142 28× . × × .

C7 = 569.55 m/s
Thrust due to hot gases = m Cc′ × 7

= 30.77 × 569.55 = 17.525 kN
Total thrust = thrust due to bypass air + thrust due to hot gases

= 44.382 + 17.525 = 61.91 kN

Specific thrust =
61 91
200

.
 = 0.309 kN/kg/s  Ans.

Specific fuel consumption =

m

m
mf

c
c

′
′

�
��

�
��

′× × 3600

Total thrust

=
0 028 30 77 3600

61 90 103

. × . ×
. ×  = 0.05 kg/h.N  Ans.

4. A turbojet plane flies with speed of 1000 kmph and inducts air at the rate of 50 kg/s. Air fuel
ratio is 52 and the expansion of gases occurs up to ambient pressure. Lower calorific value of fuel is
43100 kJ/kg. For maximum thrust the flight to jet velocity ratio is 0.5. Determine (i) jet velocity,
(ii) maximum thrust, (iii) specific thrust, (iv) thrust power, (v) propulsive, thermal and overall efficiencies,
(vi) Specific fuel consumption.

Solution:
Velocity of turbojet plane = 1000 kmph = 277.78 m/s

For maximum thrust power, Velocity of jet at exit, Ce = 277 78
0 5

.
.

Ce = 555.56 m/s
Jet velocity = 555.56 m/s Ans.

Air will be admitted in plane with the velocity with which plane moves forward.

Thrust, T = ( )a f e a am m C m C′ + ′ − ′ ⋅

= 50
50
52

555 56 50 277 78+�
��

�
��

�
��

�
��

−
�
�
	

�
�


× . ( × . )

T = 14423.19 ~−  14.42 kN  Ans.

Specific thrust =
14423 19

50
.

 = 288.46 N/kg/s  Ans.

Thrust power = 14.42 × 277.78 = 4005.58 kW  Ans.

Propulsive efficiency ηprop =
2

1
1

0 5

0 6666
+ ��

�
�

= ≈

.

.  66.66%  Ans.

Thermal efficiency, ηth =
( )

× ×
1

2

2 2+ −FA C C

FA
e a

Calorific value
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=

1
1

52
555 56 277 78

2
1

52
43100 10

2 2

3

+��
�
� −( . ) ( . )

× × ×

= 0.1432 ≈  14.32%  Ans.

Overall efficiency ηoverall = ηprop × η th

= 0.1432 × 0.6666

= 0.0954 = 9.54%  Ans.

Specific fuel consumption =
m f′ × 3600

Thrust

=

50
52

3600

14423 19

�
�
�
� ×

.
 = 0.2399 kg/h N  Ans.

5. A turboject engine has air entering at 2.2 bar, – 53°C and 260 m/s. Turbojet has compressor
pressure ratio of 12, turbine inlet temperature of 1000°C, pressure at exit of nozzle as 2.2 bar, isentropic
processes in diffuser & nozzle and isentropic efficiecies of compressor and turbine as 85% and 88%
respectively. Neglecting pressure drop in combustion chamber determine the pressure and temperature at
all salient points and the velocity at exit of nozzle. Also consider air as working fluid throughout.

Solution:

p1 = 2.2 bar

T1 = 220 K or  – 53°C

C1 = 260 m/s

CCCD NT

1 2
3 3 ' 5 5 '4 6

D : Diffuser, CC : Combustion chamber,  C : Compressor
T : Turbine,   N : Nozzle, 3' and 5' are actual states.

Fig. 19.19

Stagnation properties at inlet state can be estimated for knowing the states at point 2 which is inlet
of compressor. In diffuser section kinetic energy will be getting transformed to modify pressure and
temperature at inlet to diffuser leading to negligible kinetic energy at inlet to compressor.

T2 = 
2 2
1

1 3

(260)
220

2 (2 1.005 10 )p

C
T

C
+ = +

× ×
 = 253.63K
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p2 = 
/( 1)

2
1

1

T
p

T

γ γ− 
 
 

 = 
3.5253.63

2.2
220

 
  

 = 3.62 bar

p3 = p2 × 12 = 3.62 × 12 = 43.44 bar = p4

T3 = 

( 1)
(1.4 1)

3 1
2

2

253.63(12)
p

T
p

γ−
−γ 

= 
 

 = 516.23K

Compressor isentropic efficiency, 0.85 = 3 2

3 2

T T

T T′

−
−

0.85 = 
3

516.23 253.63

253.63T ′

−
−

 ⇒  T3′ = 562.57K

In case of turbojet engine, under ideal condition the work requirement of compressor should be
equal, Wcomp = Wtrubine

Cp(T3′ – T2) = Cp(T4 – T5′)

Given turbine inlet temperature, T4 = 1273K

(562.57 – 253.63) = (1273 – T5′)

⇒ T5′ = 964.06 K

Turbine iseutropic efficiency, 0.88 = 4 5

4 5

( )

( )

T T

T T
′−

−

0.88 = 
5

(1273 964.06)

(1273 )T

−
−

 ⇒  T5 = 921.93 K

Corresponding to this temperature T5 , pressure p5 can be determined

p5 = 

/( 1) 3.5
5

4
4

921.93
43.44

1273

T
p

T

γ γ−   =     

p5 = 14.042 bar

T2 = 
2(200)

260
2 1005

+
×

T2 = 279.9 K

Considering diffuser efficiency,

0.9 = 2 1

2 1

T T

T T′

−
−

⇒ T2′ = 282.11 K

Fig. 19.20
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p2 = 

( 1)

0.2862
1

1

282.11(8)
T

p
T

γ−
γ 

= 
 

Considering compressor efficiency, 0.8 = 3 2

3 2

T T

T T
′

′ ′

−
−

0.8 = 
3

511.33 282.11

( 282.11)T ′

−
−

T3′ = 568.635 K

Turbine inlet temperature,  T4 = 1000K

Considering energy balance on combustion chamber;

mf × CV + m3 × Cp × T3′ = (m3 + mf) × Cp × T4

3
3CV p

f

m
C T

m
′

 
+    

= 3
41 p

f

m
C T

m

 
+ ⋅   

3
3 4( )p p

f

m
C T C T

m
′

 
−   

= CpT4 – CV

Air–Fuel ratio, 3

f

m

m

 
   

= 
4

3 4

( CV)

( )
p

p p

C T

C T C T′

−
−

Temperature at exit of nozzle for given exit pressure of 2.2 bars

p6 = 2.2 bar; T6 = 

( 1)

6
5

5

p
T

p

γ−
γ 

 
 

T6 = 

(1.4 1)
1.42.2

921.93
14.042

−
 
  

T6 = 542.83 K

Velocity at exit of nozzle,

2
6

62 p

C
T

C
+ = T5

C6 = 5 62( ) pT T C−

C6 = 872.92 m/s

Velocity of exit of nozzle = 872.92 m/s.  Ans.
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6.  A jet engine plane is moving at 200 m/s and admits air at 0.7 bar, 260 K in diffuser section
having inlet cross section area of 1000 cm2 from where it enters compressor with negligible velocity.
Compressor pressure ratio is 8 and turbine inlet temperature is  1000°C. Combustion gases expand in
turbine and subsequently leave nozzle at 0.7 bar. Efficiencies of nozzle section, diffuser section, com-
pressor and turbine are 0.9, 0.9, 0.8 and 0.8 respectively. Fuel used in combustion chamber has calorific
value of  45000 kJ/kg of fuel and pressure drop in combustion chamber is 0.15 bar. Determine the fuel
air ratio, specific thrust and total thrust available. Neglect change in specific heat of air when trans-
formed into combustion products and treat it as air. Take Cp = 1.005 kJ/kg·K.

Solution: Temperature at inlet to compressor

T2 = 
2
1

1 2 p

C
T

C
+

3

f

m

m
= 

(45000 (1000 1.005)

((1.005 1000) (1.005 568.635))

− ×
× − ×

Air-Fuel ratio = 101.48 : 1

Turbine inlet pressure, p4 = p3 – 0.15 = 7.248 – 0.15 = 7.098 bar

We know that in jet engines normally the turbine output should be just sufficient to run compres-
sor; so Wcompressor = Wturbine

Cp(T3′ – T2′) = Cp(T4 – T5′)

(568.635 – 282.11) = (1000 – T5′)

⇒ T5′ = 713.475K

Considering turbine efficiency

0.8 = 4 5

4 5 5

1000 713.475

1000

T T

T T T
′− −=

− −

 ⇒ T5 = 641.84K

Considering adiabatic expansion

p5 = 
3.5

( 1)
5

4
4

641.84
7.098

1000

T
p

T

γ
γ−   =     

 = 1.5036 bar

In nozzle exit pressure is given, so, p6 = 0.7 bar

T6 = 

( 1)
0.286

6
5

5

0.7
713.475

1.5036

p
T

p

γ−
γ

′
   =     

 = 573.35K

Considering nozzle efficiency; 0.9 = 5 6 6

5 6

(713.475 )

(713.475 573.35)

T T T

T T
′ ′ ′

′

− −=
− −

T6′ = 587.36 K
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Velocity at exit of nozzle, C6 = 5 62 ( )pC T T′ ′−

= 2 1005(713.475 587.36)× −

C6 = 503.48 m/s

Volume flow rate of air = 200 × 1000 × 10–4 = 20 m3/s

Mass flow rate = 
20.7 10 20

0.287 260

p v

RT

⋅ × ×=
×

 = 18.76 kg/s

Specific thrust = 6
3

1 fm
C

m

 
+ × 

 

Specific thrust = 508.44 N/kg of air/s  Ans.

Total thurst = 18.76 × 508.44 = 9538.33N  Ans.

7. An aeroplane flying at speed of 250 m/s, running on jet engine inducts air at 0.3 bar and –20°C
from atmosphere, compressor pressure ratio is 6 and the turbine inlet temperature is 700 °C. Velocity at
exit of turbine is 180 m/s, turbine and compressor efficiencies are 0.85 each and jet engine efficiency is
90%. Thurst power produced is 800kW, and calorific value of fuel is 43000 kJ/kg. Considering following
properties for air and gas determine overall efficiency, rate of air consumption, power developed by
turbine, and exit area of jet.

For air, Cp,air = 1.005 kJ/kg·K, γair = 1.4, R = 0.287 kJ/kg·K
For gas, Cp,gas = 1.087 kJ/kg·K, γgas = 1.33

Solution: Let mass flow rate of air and fuel be mair & mfuel kg/s

Writing down energy balance on combustion chamber;

(mfuel × CV) + (mair·Cpair·T2′) = (mfuel + mair)·Cpgas.T3

In diffuser

T1 = 
2 2
0

0
(250)

253
2 2 1005pair

C
T

C
+ = +

×
= 284.09K

p1 = 

/( 1)
1

0
0

T
p

T

γ γ−
 
 
 

 = 0.31 bar

Let, fuel

air

m
FA

m

 
= 

 

Thus energy balance on combustion chamber;

FA × CV = (1 + FA)Cp,gas·T3 – Cp,air T2′

In compressor, T2 = T1(6)0.286 = 474.25K

                 Fig. 19.21
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T2′ = 2 1
1

compr.

( )T T
T

η
−

+

= 
284.09 (474.25 284.09)

0.85

+ −

T2′ = 507.81K, T3 = 973 K

p2 = p1 × pressure ratio = 0.31 × 6 = 1.86 bar = p3

Substituting in energy balance on combustion chamber;

FA × 43000 = {(1 + FA) × 1.005 × 973} – (1.087 × 507.81)

FA = 0.01013 or Air – fuel ratio = 98.67 : 1  Ans.

Ideally, Wcompr = Wturb

Cp,air = (T2′ – T1) = cpgas (1 + FA) × (T3 – T4′)

1.005(507.81 – 284.09) = 1.087(1 + 0.01013) (973 – T4′)

T4′ = 768.23 K

Isentropic expansion in turbine yields,

ηturb = 3 4

3 4

T T

T T
′−

−

⇒ 0.85 = 
4

(973 768.23)

(973 )T

−
−

 ⇒ T4 = 732.09 K

p4 = 

gas

gas( 1)
4

3
3

T
p

T

γ
γ − 

× 
 

p4 = 

1.33
(1.33 1)732.09

1.86
973

− 
  

 p4 = 0.5909 bar

In exit nozzle jet, T5 = 

gas

gas

1

5
4

4

p
T

p

γ
γ

 −
   

′
 
 
 

T5 = 

(1.33 1)
1.330.3

768.23
0.5909

−
 
  

T5 = 649.3K

Jet engine efficiency = 0.9 = 
2
5

2
gas 4 5 4

( / 2)

( ) ( / 2)p

C

C T T C′ ′− +
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Given C4′ = 180 m/s ⇒  0.9 = 
2
5

2

( / 2)

{1087(786.23 649.3) (180 / 2)}

C

− +

Nozzle exit velocity. C5 = 511.72 m/s.

Overall efficiency = 5 0 0{(1 ) }

{ }

FA C C C

FA CV

+ − ⋅
×

= 3

{(1 0.01013) 511.72 250} 250

(0.01013 43000) 10

+ × − ×
× ×

= 0.1532 or 15.32%

It is given that engine develops thrust power of 800 kW.

Hence, Thrust power = 800 = 5 0 air 0{(1 ) },

1000

FA C C m C+ − ×

⇒ mair = 11.99 kg/s

Rate of air consumption = 11.99 kg/s  Ans.

Power produced by turbine = mair (1 + FA)Cp gas(T3 – T4′)

= 11.99(1 + 0.01013) × 1.087(973 – 768.23)

Power produced by turbine = 2695.83 kW  Ans.

The actual state at exit of nozzle jet may not be result of isentropic expansion in nozzle, let actual
state at exit of nozzle be 5′,

Cp,gas(T4′ – T5′) = 
2 2
5 4

2

C C ′−

1.087 × 103(768.23 – T5′) = 
2 2(511.72) (180)

2

−

T5′ = 662.68K

Density of exhaust gases, 5′ρ = 
2

5

5

0.3 10

0.287 662.68

p

RT
′

′

×=
×

= 0.1577 m3/kg

Let cross-sectional area of jet at exit be Aj m
2.

Aj × C5 × 5′ρ = mair(1 + FA)

Aj = 
11.99(1 0.01013)

511.72 0.1577

+
×  = 0.15m2

Jet exit area = 0.15m2     Ans.
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8. A jet aeroplane flies at speed of 900 km/h. The density of air at this altitude is 0.15 kg/m3 and
drag on plane is 6800kW. Considering jet plane to have 2 jets and engine working on turbo-prop system
with propulsive efficiency of 56% determine the absolute velocity of jet and diameter of jet.

Solution:

Velocity of aeroplane = 
900 1000

3600

×
 = 250 m/s

Propulsive efficiency = 
2

( )
a

e a

C

C C+

Here Ca = 250 m/s, Ce = Relative velocity of jet leaving

0.56 = 
2 250

( 250)eC

×
+

Ce = 642.86 m/s

Absolute velocity of jet = Ce – Ca = 642.86 – 250 = 392.86 m/s

Drag on plane or thrust = m′(Ce – Ca)

.6800 = m′(642.86 – 250)

m′ = 17.31 kg/s

Volume flow rate = 
17.31

0.15
 = 115.4 m3/s

Let jet diameter of jet be dj;

Volume flow rate = 115.4 = 
22

4 j ed C
π× ×

⇒ dj = 0.338 m

Jet diameter = 33.8 cm  Ans.

9. An aeroplane is flying at speed of 900 km/hr. It is run by turbojet engine. The plane has wing area
of 2 × 105 cm2, drag coefficient is 0.018 and jet velocity is 550 m/s. Considering Cp = 1.005 kJ/kg. K
for air and density ratio between STP and flight altitude being 0.4 determine specific thrust.

Solution:

Density at STP =
21.01325 10

0.287 288

×
×

 = 1.226 kg/m3

Density of air at altitude = 0.4 × 1.226 = 0.488 kg/m3

Thrust on Aeroplane =
2

2
a

d
C

c A× ×ρ×

=
3 2

5 4 (900 10 / 3600)
0.018 (2 10 10 ) 0.488

2
− ×× × × × ×

= 5490 N or 5.49 kN
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Jet velocity, Ce = 550 m/s

Thurst can also be given as, = m′(Ce – Ca)

5490 = 
3900 10

550
3600

m
  ×′ −      

m′ = 18.3 kg/s

Specific thrust = 
5490

18.3
 = 300 N/kg of air    Ans.

10. An air craft running with speed of 900 km/hr uses turbo– jet engine taking air at rate of
55 kg/s. The air-fuel ratio is 85 and combustion efficiency is 0.96. Fuel has lower calorific value
of 43000 kJ/kg. The turbo jet engine nozzle has isentropic enthalpy change of 220 kJ/kg and
velocity coefficient is 0.95. Calculate propulsive power, thrust power, propulsive efficiency, overall
efficiency, fuel flow rate and thrust neglecting fuel mass addition.

Solution: Given Ca = 900 km/hr = 
900 1000

3600

×
 = 250 m/s

Jet velocity = Velocity coeff × 2 Enthalpy change in nozzle×

= 30.95 2 220 10× × ×
Ce = 615.67 m/s

Specific thrust per kg of air = 1 × (615.67 – 250) = 400.67 N/kg air

For given Air-Fuel ratio, fuel flowrate = 
1

3600 55
85

  × ×  
Fuel flow rate = 2329.4 kg/hr

Specific fuel consumption = 
2329.4

400.67 55×  = 0.1057 kg/N·hr

Thrust power = m′ (Ce – Ca) × Ca = 55 × 250 × (615.67 – 250)
= 5027962.5 W or 5027.96 kW

Propulsive power = 
{ }2 22 2 55 (615.67) (250)( )

2 2
e am C C × −′ −

=

= 8705112.59 W or 8705.11 kW   Ans.

Propulsive efficiency = 
Thrust power 5027.96

Propulsive power 8705.11
=  = 0.5776 or 57.76%   Ans.

Overall efficiency = 
Thrust power

Heat supplied
 = 

5027.96
1

55 43000 0.96
85

 × × ×  

= 0.1882 or 18.82%   Ans.
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19.1 Describe the principle of jet propulsion.
19.2 Classify the jet propulsion engines.
19.3 Define and give mathematical expressions for thrust power, propulsive power and propul-

sive efficiency.
19.4 Compare turbojet engine with other jet propulsion engines.
19.5 Compare between solid propellent rocket engine and liquid propellant rocket engines.
19.6 Discuss the working of turboprop, ramjet and pulse jet engines.
19.7 Determine specific fuel consumption and propulsive efficiency for the following turbojet

engine.
Forward speed of engine : 862.5 km/hr
Ambient pressure and temperature : 0.265 bar, –49.8°C
Compressor pressure ratio : 10
Stagnation temperature at turbine inlet : 1400 K
Lower calorific value of fuel : 4.31 × 105 kJ/kg
Isentropic efficiency of intake : 0.93
Isentropic efficiency of compressor : 0.87
Isentropic efficiency of turbine : 0.90
Isentropic efficiency of exit nozzle : 0.95
Mechanical efficiency : 0.98
Combustion efficiency : 0.98
Combustion pressure loss : 4% of compressor exit pressure
Cpa

 = 1.005 kJ/kg·k, Cpg
 = 1.148 kJ/kg·K, γ = 1.33

[0.13 kg/h·N, 0.57]
19.8 Considering a jet propulsion unit to have isentropic compression and expansion and heat

supply at constant pressure show that thrust developed per kg of air per second for

negligible velocity of approach can be given by;          [2Cp·Ta (t – 1) 
( 1)

( 1)pr
γ −

γ − ]

Here t is the ratio of absolute temperature after combustion and before combustion, rp is
compression ratio and Ta is absolute atmospheric temperature.
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1. Thermodynamic system refers to a portion of
(a) Universe (b) Surroundings
(c) Control surface (d) None of these

2. Units of temperature, mass, time, length and energy in SI system of units are given by
(a) Celsius, kilogram, second, metre and watt
(b) Kelvin, kilogram, second, metre and joule
(c) Kelvin, gram, hour, metre and joule
(d) Kelvin, kilogram, second, centimetre, joule

3. Which of the following set has all intensive properties?
(a) Pressure, volume, energy, heat, specific volume
(b) Pressure, volume, energy, heat density
(c) Pressure, volume, temperature, density, specific volume
(d) Pressure, volume, heat, density, specific volume

4. Which of the following sets has all open systems?
(a) Window air conditioner, scooter engine, thermometer
(b) Boiler, gas turbine, compressor
(c) Pump, thermosflask, refrigerator
(d) None of these

5. Locii of the series of state change during heat addition to a gas shall be,
(a) Process (b) Path
(c) State change (d) All of the above

6. In engineering thermodynamics the macroscopic approach is followed and it may also be
called as:
(a) Statistical thermodynamics (b) Classical thermodynamics
(c) Microscopic study (d) None of these

7. Time, length, mass and temperature are:
(a) Primary dimensions (b) Secondary dimensions
(c) Both of above (d) None of these

8. Difference between the pressure of a fluid and the pressure of atmosphere is called as:
(a) Absolute pressure (b) Barometric pressure
(c) Gauge pressure (d) None of these

9. Which of the following sets has all properties as point functions?
(a) Pressure, temperature, heat
(b) Entropy, enthalpy, work
(c) Temperature, enthalpy, internal energy
(d) Heat, work, enthalpy
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10. Which of the following is not property of thermodynamic system?
(a) Temperature (b) Work
(c) Pressure (d) Internal energy

11. At a given temperature and pressure all molecules of gas occupy the same volume. This is
called
(a) Charle’s law (b) Boyle’s law
(c) Avagadro’s law (d) Regnault’s law

12. At constant pressure the volume of gas is directly proportional to its temperature. This refers
to
(a) Charle’s law (b) Boyle’s law
(c) Dalton’s law (d) None of these

13. If temperature in degree Celsius is 37° then the equivalent temperature in Fahrenheit will be:
(a) 98.6 (b) 99
(c) 98.3 (d) 98

14. The characteristic gas constant R and universal gas constant R  can be related through
molecular weight M as under,

(a) R = R  � M (b) R  = R � M

(c) R  = R + M (d) R = R  + M
15. ‘Work’ done upon the system and ‘heat’ added to the system shall have sign convention

as shown respectively.
(a) (–) and (–) (b) (–) and (+)
(c) (+) and (+) (d) (+) and (–)

16. In a constant volume gas thermometer the thermometric property used is
(a) length (b) volume (c) mass (d) resistance

17. A car’s tyre become hotter due to their exposure to sunlight. Considering air in tyre as
system determine sign of heat and work interactions.
(a) (+) and (+) (b) (–) and (+)
(c)  (–) and (–) (d) (+) and (–)

18. Specific heats at constant pressure (Cp) and at constant volume (Cv) can be related by
(a) Cp = Cv (b) Cp < Cv
(c) Cp > Cv (d) Cp + Cv = 0

19. In reference to thermodynamic equilibrium it is required to have,
(a) Mechanical equilibrium
(b) Chemical equilibrium
(c) Thermal equilibrium
(d) Mechanical, chemical and thermal equilibrium

20. The real gas follows the modified form of gas equation involving compressibility factor Z
and may be given by:

(a) P  = ZR T (b) P  = 
RT

Z

(c) P  = R T (d) None of these

21. If ideal gas equation p  = R T is used to model a real gas then modeling will becoming more
accurate when
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(a) Pressure decreases, temperature decreases and molar mass decreases
(b) Pressure decreases, temperature increases and molar mass decreases
(c) Pressure increases, temperature increases and molar mass increases
(d) Pressure increases, temperature decreases and molar mass increases.

22. Compressibility factor (correction factor for real gas) is function of following properties of
real gas
(a) V and � (b) U and s
(c) P and T (d) T and U

23. In the van der Waals equation for real gas the constant b refers to
(a) Co-volume
(b) Mutual attraction amongst molecules
(c) Both
(d) None of these

24. Which of the following represent the real gas law?
(a) nRT = (P + a/v2) (v – b) (b) nRT = (P – a/v2) (v + b)
(c) nRT = (P – a/v2) (v + nb) (d) nRT = (P + n2�a/v2) (v – nb)

25. Gas constants for hydrogen and carbon dioxide shall be:
(a) 4.124 and 0.189 (b) 0.287 and 2.077
(c) 0.260 and 0.287 (d) 0.461 and 0.260

26. Steam point and ice point temperatures in Fahrenheit scale can be given as:
(a) 491.67 and 671.67 (b) 212 and 32
(c) 373.15 and 273.15 (d) 100 and 0

27. Triple point of water temperature in Rankine scale can be given by:
(a) 491.69 (b) 0.01 (c) 273.16 (d) 32.02

28. Solid, liquids and gases have how many values for specific heat of respective phases.
(a) 1, 1 and 1 (b) 2, 2 and 2
(c) 1, 1 and 2 (d) 0, 1 and 2

29. A polytropic process pVn = C having the value of index ‘n’ as infinity refers to
(a) Isobaric process (b) Isochoric process
(c) Isothermal process (d) None of these

30. For an ideal gas the hyperbolic process will be similar to:
(a) Isobaric process (b) Isochoric process
(c) Isothermal process (d) Isentropic process

31. As per the Zeroth law of thermodynamics if the two bodies A and B are in thermal
equilibrium with a third body C separately then the two bodies A and B shall also be in
thermal equilibrium with each other. Using this law as basis of temperature measurement of
the body A the thermometer shall be refering to
(a) Body A (b) Body B
(c) Body C (d) None of these

32. Which of the following temperature and volume relation is correct for an adiabatic process
between state 1 and 2?

(a)
T
T

1

2
 = 

V
V

1

2

1�
�
�
�

��

(b)
T
T

2

1

�
�
�
�  = 

V
V

1

2

�
�
�
�

�� 1

(c)
T
T

1

2

1�
�
�
�

��

 = 
V
V

1

2

�
�
�
� (d)

T
T

2

1

�
�
�
�

�� 1

 = 
V
V

1

2

�
�
�
�
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33. For a hyperbolic process between the states 1 and 2, the heat interaction can be given as,

(a) q = Cv 
� �

�

�
��

�
��

n

n1
 � (T2 – T1) (b) q = 0

(c) q = Cp (T2 – T1) (d) q = Cv (T2 – T1) + RT1 ln 
V

V
2

1

�
��
�
��

34. The specific heat for polytropic process can be given as,

(a) Cn = Cv 
� �

�

�
��

�
��

n

n1
(b)  Cn = Cv 

n

n

�

�

�
��

�
��

�

1

(c) Cn = Cv 
1 �

�

�
��

�
��

n

n�
(d) Cn = Cv 

n

n

�

�

�
��

�
��

1

�

35. In case of free expansion between the states 1 and 2 following is correct, considering no
heat interaction.
(a) U1 = U2 (b) W1–2 = 0
(c) Q1–2 = 0 (d) All of these

36. The work interaction between two states 1 and 2, if given by W1–2 = 
1

2

� P×dV refers to,
(a) Flow work (b) Non-flow work
(c) Steady flow work (d) None of these

37. Enthalpy remains constant during which of the following process?
(a) Throttling process (b) Free expansion
(c) Isothermal process (d) None of these

38. Amongst the following which cannot be reversible process
(a) Isothermal (b) Throttling
(c) Adiabatic process (d) None of these

39. For a perfect gas the internal energy is the function of,
(a) Pressure only (b) Temperature only
(c) Volume only (d) None of these

40. Specific heat at constant pressure can be related to R and � as under,

(a)
�

�

R
� 1

(b) R
� � 1

(c)  �  � R (d) None of these
41. The work done by 2m3 of air at 5N/m2 while getting expanded freely to 10 m3 shall be,

(a) 40 J (b) Zero
(c) 10 J (d) 50 J

42. For the expansion of air occurring between volume state V1 and V2 the adiabatic process
and isothermal process lines shall be as under,
(a) A : adiabatic, B : isothermal
(b) A : isothermal, B : adiabatic
(c) Any one may refer to any of process
(d) None of these
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43. Change in internal energy in a reversible process occurring in closed system will be equal
to heat transferred if process occurs at constant
(a) Pressure (b) Volume (c) Temperature (d) Enthalpy

44. Flow work between the state 1 and 2 is given by

(a)
1

2

� vdp (b)
1

2

� pdv

(c)
1

2

� vdp + 
1

2

�  p�dv (d) None of these

45. Steady flow energy equation when applied to boiler shall yield,
(a) �q = h2 – h1 (b) �q = �w
(c) �q = 0 (d) None of these

46. Law of energy conservation is also stated by,
(a) Zeroth law of thermodynamics (b) First law of thermodynamics
(c) Second law of thermodynamics (d) Third law of thermodynamics

47. Which of the following is/are correct?
(a) h = u + pv (b) dq = du + d�

(c) �h = 
1

2

� Cp dT (d) All of these

48. Heat interaction in polytropic process can be given by,

(a)
�

�

�

�

�
��

�
�� �

n

1
�w (b)

� �

�

�
��

�
�� �

n

n 1
�w

(c)
�

�

�

�

�
��

�
�� �

n

n
�w (d)

�

� �

�
��

�
�� �n

�w

49. If a Carnot engine rejects heat at temperature of 400 K and accepts at 750 K. What shall
be heat absorbed, if heat rejected is 1000 kJ,
(a) 946 kJ (b) 800 kJ (c) 1875 kJ (d) 750 kJ

50. A perpetual motion machine of second kind refers to a heat engine having 100% efficiency.
This heat engine will not be possible as it violates
(a) Zeroth law of thermodynamics
(b) First law of thermodynamics
(c) Second law of thermodynamics
(d) Third law of thermodynamics



Multiple Answer Type Questions __________________________________________________  897

51. Efficiency of Carnot engine depends upon the highest and lowest
(a) Temperatures (b) Pressures
(c) Volumes (d) None of these

52. Efficiency of Carnot engine having the limiting temperatures Tmax and Tmin, shall be minimum
when,
(a) Tmax > Tmin (b) Tmax = Tmin
(c) Tmin = 0 (d) None of these

53. Which of the following is correct in reference to first law of thermodynamics?
(a) No difference between heat and work
(b) No indication of direction of process
(c) Law of energy conservation
(d) All of these

54. Which amongst the following is not necessary requirement for a device to be heat engine?
(a) Cyclic processes
(b) Operation between high temperature source and low temperature sink
(c) Reversible processes
(d) Converting heat into work

55. A heat engine has efficiency of 60% and operates between temperatures of T1 and 300 K.
What shall be the temperature T1?
(a) 120 K (b) 750 K
(c) 120 K or 750 K (d) None of these

56. Joule’s law states that the internal energy of an ideal gas is function of only
(a) Temperature  (b) Volume (c) Pressure (d) None of these

57. Coefficient of performance for heat pump may have value:
(a) Slightly more than 0 (b) Equal to 1
(c) Greater than 1 (d) All of these

58. Difference between the COP of heat pump and COP of refrigerator is
(a) 0 (b) 1 (c) > 1 (d) < 1

59. For reversible heat engine operating between source and sink having temperatures T1 and
T2 and heat interactions being Q1 and Q2 respectively thermodynamic temperature scale
states

(a)
Q
Q

1

2
 = 

T
T

1

2
(b)

Q
Q

1

2
 = 

T
T

2

1

(c)
Q
T

Q
T

1

1
� 2

2
 = 1 (d) None of these

60. In case of adiabatic process which of the following may not be true.
(a) �s = 0 (b) �Q = 0

(c) �W = 
P V P V1 1 2 2

1
�

��
(d) None of these

61. For a reversible adiabatic process the following is/are true.
(a) �s = 0 (b) �Q = 0

(c)  �W = 
P V P V1 1 2 2

1
�

��
(d) All of these
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62. Carnot cycle has following processes:
(a) Two adiabatics and two isothermal processes
(b) Two reversible adiabatics and two reversible isothermal processes
(c) Two isentropic processes and two isothermal processes
(d) None of these

63. C.O.P. of a reversible heat pump is 1.2. If it is reversed to run as reversible heat engine
then its efficiency shall be:
(a) 0.833 (b) 0.2 (c) 1.2 (d) None of these

64. For a reversible engine cycle the Clausius inequality says,

(a)
dQ
T�  > 0 (b)

dQ
T�  < 0

(c)
dQ
T�  = 0 (d) None of these

65. For an irreversible process in isolated system the entropy change can be given as,
(a) dSisolated > 0 (b) dSisolated < 0
(c) dSisolated = 0 (d) None of these

66. For a reversible process in isolated system the entropy change can be given as,
(a) dSisolated > 0 (b) dSisolated < 0
(c) dSisolated = 0 (d) None of these

67. The entropy generated and the total entropy change for a process to be impossible shall be,
(a) Sgen or �Stotal = 0 (b) Sgen or �Stotal > 0
(c) Sgen or �Stotal < 0 (d) None of these

68. The entropy change in polytropic process can be given by,

(a) Cv ln 
T
T

n
n

2

1 1
�
�
�
� �

�

�
�
�

�
�

�
(b) Cv ln 

T
T

n
n

2

1

1�
�
�
� �

�

�
�
�

�
��

(c) Cv ln 
T
T

2

1
(d) None of these

69. Entropy change for an adiabatic process can be given by,

(a)
( )2

1

pC T dT

T∫ – R ln 
P

P
2

1

�
��
�
�� (b) Cv ln 

T

T
2

1

�
��
�
��  – R ln 

�

�
2

1

�
�
�
�

(c) Cp ln 
T
T

2

1
(d) Cv ln 

T
T

2

1

70. Which of the following relation(s) is/are correct?
(a) Tds = du + p�dv (b) dh = T�ds + v�dp
(c) Tds = Cp�dT – v dp (d) All of these

71. On T-s diagram the slope of constant pressure line (mp) and the slope of constant volume
line (mv) can be related as,
(a) mp = mv (b) mv > mp
(c) mp > mv (d) mp � mv = 1

72. Exergy can not be less than zero as the maximum work interaction can not be
(a) Less than zero (b) Greater than zero
(c) Zero (d) None of these
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73. Law of degradation of energy says that the unavailable energy is gradually increasing due to
(a) Increase in reversible processes
(b) Increase in irreversible processes
(c) Increase in unavailable energy
(d) None of these

74. Which of the following is/are correct? I: Irreversibility, A: Availability Wc, max: Maximum
work, T0: Dead state temperature, �Sc: Combined system entropy change.
(a) I = T0 � �Sc (b) Wc = A – I
(c) A = Wc, max (d) All of these

75. The efficiency of reversible and irreversible heat engine cycles can be related as,
(a) �rev = �irrev (b) �rev < �irrev
(c) �rev > �irrev (d) None of these

76. Which of the following is/are correct?
(a) Entropy is used as a convenient coordinate in thermodynamics.
(b) Entropy is used to decide whether a process is reversible, irreversible or impossible.
(c) Entropy is used to determine the heat transfer in reversible process
(d) All of these.

77. Equation �G = �H – T��S tells us that an exothermic reaction will be associated with which
of the following:

(i) – ve �H (ii) + ve �H
(iii) More disordered, +ve �s (iv) Spontaneous reaction
(v) More ordered – ve �s
Possible answers
(a)  (i) and (v) (b) (ii) and (v)
(c) (ii) and (iii) (d) (i), (iii) and (iv)

78. Availability of a closed system at state 1 and dead states referred with subscript 0 is given
by
(a) (E1 – E0) + p0(V1 – V0) – T0(S1 – S0)
(b) (E1 – E2) + p0(V1 – V2) – T0(S1 – S2)

(c) (h1 – h0) + g(Z1 – Z0) – T0(S1 – S0) + 
V1

2

2
(d) None of these

79. The availability of steadily flowing fluid, also called stream availability is given by; (the
current state is 1 and dead state is given by 0).
(a) (E1 – E0) + p0(V1 – V0) – T0(S1 – S0)

(b) (h1 – h2) + g(Z1 – Z2) – T0(S1 – S2) + 
V V1

2
2
2

2

��
��

�
��

(c) (h1 – h0) + g(Z1 – Z0) – T0(S1 – S0) + 
V1

2

2
(d) None of these

80. A characteristic function is one from which all properties of a substance can be obtained
by differentiation alone, so that no arbitrary functions requiring supplementary data for their
evaluation are required. Characteristic function is/are out of the following:
(a) f (u, v, s) = 0 (b) f (h, p, s) = 0
(c) f (g, p, t) = 0 (d) All of these
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81. Which of the following is/are incorrect Maxwell equations?

(a)
�

�

�
��

�
��

T

sv
 = – 

�

�

�
��

�
��

p

s v

(b)
�

�

�
��

�
��

T

p s

 = 
�

�

�
��

�
��

v
s p

(c)
�

�

�
��

�
��

p

vT
 = 

�

�

�
��

�
��

s
v T

(d) None of these

82. The equation relating the following three measurable properties is called:
(i) The slope of saturation pressure-temperature line
(ii) The latent heat
(iii) The change in volume during phase transformation
(a) Joule’s equation
(b) Clapeyron equation
(c) Maxwell relation
(d) None of these

83. Joule Thomoson coefficient has its value changing on two sides of inversion line as under,
(a) + ve to the right and – ve on the left of inversion line
(b) – ve to the right and + ve on the left of inversion line
(c) Zero on the right and zero on the left of inversion line
(d) None of these

84. Critical point pressure and temperature for water are,
(a) 22.12 MPa and 374.15°C (b) 0.23 MPa and –268°C
(c) 18.2 MPa and 899°C (d) None of these

85. On T-s diagram the state change during transformation of 0°C water to 0°C steam at
atmospheric pressure due to heat addition can be shown by
(a) Slant line (b) Vertical line
(c) Horizontal line (d) None of these

86. On T-s diagram the state change during transformation of 0°C water to 100°C water at
atmospheric pressure due to heat addition can be shown by
(a) Line with positive slope (b) Vertical line
(c) Horizontal line (d) None of these

87. Slope of constant pressure line on enthalpy-entropy diagram of steam  with increasing
pressure.
(a) Increases (b) Decreases
(c) Remains unaltered (d) None of these

88. The value of dryness fraction at critical point for water-steam phase transformation may be,
(a) 0 (b) 1 (c)  Either 0 or 1 (d)  All of these

89. During the dryness fraction measurement using throttling calorimeter the wet state of steam
is throttled so as to lie in
(a) Superheated state (b) Wet state
(c) Subcooled state (d) None of these

90. The expression for air standard efficiency of Diesel cycle is

(a) � = 1 – 
1

1r� �
(b) � = 1 – 1 1

11�

�

�

�

�

�

�

�
	



�
�
�r � �

(c) � = 1 – 1 1

1 11r �

�� �

� � � ��

� �

� � � �

�
	



�
�
� � � �

(d) None of these

Here r, �, � are compression ratio, cut-off ratio and pressure ratio.
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91. The mean effective pressure for Diesel cycle is,

(a) mep = 
r r p

r

� �

�

� � � � �

� �

1
11 1

1 1

� � � �
� � � � (b) mep = 

p r r

r
1

11 1

1 1

� � � � � �

� �

�� � �� � �

�

� � � �
� � � �

(c) Both of these (d) None of these
Here r,��, p1 and � are compression ratio, cut-off ratio pressure at beginning of compression
and pressure ratio.

92. Thermodynamic processes constituting a Rankine cycle are isobaric heat addition, adiabatic
expansion, isobaric heat release and ...,
(a) Adiabatic pumping (b) Isothermal pumping
(c) Polytropic pumping (d) None of these

93. Rankine cycle efficiency can be improved by
(a) Reduced heat addition in boiler (b) Increasing expansion work
(c) Reduced feed pump work (d) All of these

94. For the same compression ratio and same heat input the Otto, Diesel and Dual cycle
efficiencies can be given as,
(a) �Otto > �Dual > �Diesel (b) �Otto > �Diesel > �Dual

(c) �Diesel > �Dual > �Otto (d) None of these
95. Carnot vapour power cycle comprises of following processes.

(a) Two reversible isothermals and two reversible adiabatic processes
(b) Two isothermals and two adiabatic processes
(c) Two isothermals and two isentropic processes
(d) Two isobarics and two adiabatic processes

96. The steam is superheated in boiler at
(a) Isothermal process (b) Isobaric process
(c) Isochoric process (d) None of these

97. Throttling process can be shown on Mollier diagram by,
(a) Vertical line (b) Horizontal line
(c) Inclined line (d) None of these

98. The heat required for vaporization of water to steam decreases with
(a) Increasing steam generation pressure
(b) Decreasing steam generation pressure
(c) Decreasing steam generation temperature
(d) None of these

99. Adding heat to wet steam causes increase in its dryness fraction while the temperature and
pressure remain constant in
(a) Subcooled region (b) Superheated region
(c) Wet region (d) None of these

100. Latent heat of vaporization of water at critical point is
(a) Zero (b) 539 kcal/kg
(c) 1 kcal/kg (d) None of these

101. The combustion analysis in which the fuel is separated into arbitrary constituents such as
moisture, volatile matter, fixed carbon and ash etc. is called as
(a) Ultimate analysis (b) Proximate analysis
(c) Stoichiometric analysis (d) None of these
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102. A combustion has all the oxygen supplied with air to the reactants being used and no free
oxygen appears in products. Such air supplied is called as
(a) Stoichiometric air (b) Excess air
(c) Dry air (d) None of these

103. Composition of dry air on mass basis is
(a) 0.232 kg O2 and 0.768 kg N2 (b) 0.21 kg O2 and 0.79 kg N2
(c) 1 kg O2 and 3.31 kg N2 (d) None of these

104. Enthalpy of combustion of any fuel containing hydrogen in it and the H2O present in liquid
form in products is termed as,
(a) Higher heating valve (b) Lower heating valve
(c) Enthalpy of hydration (d) None of these

105. When the temperature of a pure substance approaches zero on Kelvin scale then the entropy
of substance approaches zero. This is stated by
(a) First law of thermodynamics (b) Second law of thermodynamics
(c) Third law of thermodynamics (d) None of these

106. The efficiency of Carnot cycle may be equal to which of the following cycle running
between same temperature limits,
(a) Rankine cycle (b) Stirling cycle
(c) Brayton cycle (d) Otto cycle

107. Which of the following is not vapour power cycle?
(a) Rankine cycle (b) Carnot vapour power cycle
(c) Otto cycle (d) None of these

108. The amount of energy added by heat transfer to the cycle to produce unit of net work output
is called
(a) Heat rate (b) Work ratio
(c) Back work ratio (d) Thermal efficiency

109. Difference between temperature of feed water outlet and saturation temperature of steam
entering the heater is called
(a) Pinch point (b) Terminal temperature difference
(c) LMTD (d) None of these

110. Deaerator is feed water heater of which type
(a) Closed type feed water heater (b) Surface type feed water heater
(c) Open type feed water heater (d) None of these

111. Effectiveness by second law of thermodynamics can be given by

(a)
Availability output

Availability in
(b)

�

�
thermal

thermal, rev

(c)
Availability used

Availability supplied
(d) All of these

112. Which of the following is incorrect?
(a) Availability follows the law of conservation
(b) Availability is function of states of matter under consideration and environment
(c) Availability always depends upon pressure
(d) Availability increases with temperature drop at low temperatures

113. For a reversible isothermal and isochoric process the Helmholtz free energy,
(a) Increases (b) Decreases
(c) Remains constant (d) Nothing can be said
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114. Clausius-Clapeyron equation given by 
d p
p

�
�

�
� sat

 = hfg �
�
��

�
��

d T
RT 2

sat

 is valid for

(a) Low pressure phase transformation of liquid-vapour type
(b) High pressure phase transformation of liquid-vapour type
(c) High pressure phase transformation of solid-vapour type
(d) None of these

115. Expression given by 
1
v

v
�

�

�

�
��

�
��

�
	



�
�
T P

 refers to

(a) Isothermal compressibility (b) Coefficient of volume expansion
(c) Isothermal bulk modulus (d) None of these

116. Mayer’s relation is given by; (Here 	 and � are volume expansivity and isothermal
compressibility).

(a) Cp – Cv = 
2T β

α
⋅ ⋅v

(b) Cp – Cv = 
T

α
⋅v

(c) Cp – Cv = v·T·	 2 (d) None of these
117. Fuel-air mixture will be called lean when the equivalence ratio has its value

(a) < 1 (b) > 1 (c) 1 (d) None of these
118. Which of the following is/are type of coal?

(a) Peat (b) Lignite
(c) Bituminous coal (d) All of these

119. Natural gas has highest fraction of which of the following in it,
(a) CH4 (b) C2H4 (c) C2H6 (d) CO

120. Minimum air required per kg of fuel for complete combustion can be given by, (considering
mass fraction being C, H, O and S of respective constituent),

(a)
1
23

8
3

8
8

C H O S� � �� � (b)
1
21 3

8
8

�
� � �C H O S� �

(c)
1
23

8 8
8

C H O S� � �� � (d) None of these

121. Equipment used for carrying out volumetric analysis of dry products of combustion is
called,
(a) Bomb calorimeter (b) Orsat analyzer
(c) Gas calorimeter (d) None of these

122. Lancashire boiler has how many number of fire tubes in it?
(a) Three (b) Four (c) Two (d) One

123. Cornish boiler has how many flue tubes in it?
(a) One (b) Two (c) Three (d) None

124. Which of the following is/are super critical boiler?
(a) Cochran boiler (b) Locomotive boiler
(c) Benson boiler (d) Lancashire boiler

125. Which of the following is/are fire tube boiler(s)?
(a) Velox boiler (b) Nestler boiler
(c) Locomotive boilers (d) All of these
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126. Water level indicator has how many vertical tubes?
(a) One (b) Two (c) Three (d) Four

127. Fusible plug has plug made of copper and the body is made of
(a) Gun metal (b) Aluminium (c) Iron (d) Bronze

128. Feed pump in boilers may be of
(a) reciprocating pump type (b) centrifugal pump type
(c) injector type (d) All of these

129. The maximum discharge through a natural draught chimney can be given as function of m
(mass of air supplied per kg of fuel), Ta (atmospheric temperature) and Tg (hot gas
temperature).

(a) Tg = 
T m

m
a � �� 	2 1

(b) Tg = 
T m
m
a �

�� 	

2
1

(c) Tg = 
T m

m
a � �� 	1

2
(d) None of these

130. The power requirement in forced draught and induced draught shall be related as,
(a) Pinduced = Pforced (b) Pinduced < Pforced
(c) Pinduced > Pforced (d) None of these

131. State which of the following is/are incorrect?
(a) Combustion is better in forced draught
(b) Fan size of induced draught is larger than forced draught fan
(c) Maintenance in F.D. fan is easy as compared to ID fan
(d) None of these

132. Steam jet draught is not of following type
(a) Natural draught (b) Induced draught
(c) Forced draught (d) Artificial draught

133. Boiler efficiency is given by the the ratio of heat used in steam generation and
(a) Heat recovered using artificial draught
(b) Heat lost due to use of natural draught
(c) Heat available due to fuel burning
(d) None of these

134. Mean temperature of heat addition gets increased and shows increase in cycle thermal
efficiency. This cycle is called,
(a) Regenerative cycle (b) Reheat cycle
(c) Carnot cycle (d) None of these

135. At a given compression ratio the Otto cycle efficiency for the working fluids having � = 1.2,
1.4 and 1.67 can be related as,
(a) �� = 1.2 > �� = 1.4 > �� = 1.67 (b) �
 = 1.2 < �� = 1.4 < �� = 1.67
(c) �� = 1.2 = �� = 1.4 = �� = 1.67 (d) None of these

136. Intercooling in between the compression process of gas turbine cycle causes
(a) Reduction in expansion work (b) Increase in compression work
(c) Increase in expansion work (d) Reduction in compression work

137. Stagnation temperature can be related to the static temperature and dynamic temperature as
under
(a) Stagnation temperature = Static temperature – Dynamic temperature
(b) Stagnation temperature = Static temperature + Dynamic temperature
(c) Stagnation temperature = Dynamic temperature – Static temperature
(d) None of these



Multiple Answer Type Questions __________________________________________________  905

138. In case of multistage compressor inspite of constant stage efficiency the isentropic
compression efficiency goes on reducing with increasing pressure ratio due to
(a) Preheating effect
(b) Increase in temperature due to friction
(c) Friction in a stage results in more work requirement in next stage
(d) All of above

139. Modified index of compression (n) accounting for non-isentropic compression can be given
as function of compressor’s polytropic efficiency, �poly,c as

(a)
n

n

� 1
 = 

�

� �

�

�

�
��

�
��

1

poly,c
(b)

n

n

� 1
 = 

�

�

��
��

�
��

1
 �poly,c

(c)
n

n

� 1
 = 

� �

�

�

�

�
��

�
��

poly,c

1
(d) None of these

140. Modified index of expansion (n), accounting for non-isentropic expansion can be given as
function of turbine’s polytropic efficiency, �poly,T.

(a)
n

n

� 1
 = 

�

� �

�

�

�
��

�
��

1

poly,T
(b)

n

n

� 1
 = 

� �

�

poly,T � �� 	�
��

�
��

1

(c)
n

n

� 1
 = 

� �

�

poy,T �

�� 	

�
��

�
��1

(d) None of these

141. Which of the following cycles may have highest efficiency under ideal conditions?
(a) Ericsson cycle (b) Stirling cycle
(c) Carnot cycle (d) All of these

142. In a steam engine eccentric the ratio of ‘throw of eccentric’ and ‘radius of eccentric’ is
equal to
(a) 1 (b) 2 (c) 0.5 (d) None of these

143. Distance by which valve uncovers the steam port when piston is at dead centre is called
(a) Lead (b) Stroke
(c) Clearance (d) None of these

144. Expansion in steam engine cylinder is following type of thermodynamic process
(a) Adiabatic process (b) Isobaric process
(c) Isochoric process (d) Hyperbolic process

145. Mean effective pressure for steam engine without clearance volume can be given as function
of inlet pressure p1, back pressure pb, expansion ratio ‘r’ as under:

(a)
p r

r
1 1 �� 	ln

 – pb (b)
p r

r
1 1 �� 	ln

 + pb

(c)
p r

r
1 1 �� 	ln

 – pb (d) None of these

146. Actual indicator diagram differs from the hypothetical indicator diagram in steam engine due to
(a) Pressure drop because of friction
(b) Non instantaneous operation of inlet and exit valves
(c) Expansion not occurring hyperbolically in actual engine
(d) All of these
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147. Diagram factor in steam engines has its value
(a) Less than unity (b) Greater than unity
(c) Equal to unity (d) None of these

148. Condensation can be prevented in steam engines by
(a) Supplying superheated steam
(b) Providing steam jacket around cylinder wall
(c) Increasing speed of engine for certain output
(d) All of these

149. If all the steam states during expansion are found to be dry and saturated then the expansion
curve is called
(a) Saturation curve (b) Willan’s line
(c) Missing curve (d) None of these

150. A special kind of valve employed for cut-off governing of steam engine is called
(a) D-slide valve (b) Piston valve
(c) Meyer’s expansion valve (d) None of these

151. Compounding of steam engine offers the advantages of
(a) Possibility of increased pressure and temperature of steam at inlet
(b) Reduced thermal stresses
(c) Reduced condensation losses
(d) All of these

152. Two pistons of HP and LP cylinders are mounted in a compound steam engine with zero
phase difference. This type of engine is called
(a) Tandem compound engine (b) Woolf compound engine
(c) Receiver compound engine (d) None of these

153. The mean effective pressure of HP referred to LP cylinder can be given by

(a)
mepHP LP

HP

� �

�

V
V

(b)
mep V

V
HP HP

LP

� �

�

(c)
mepLP HP

LP

� �

�

V
V

(d) None of these

154. For equal power developed in each cylinder of compound steam engine having LP and HP
cylinders it can be said that
(a) mepLP = mepHP referred to LP (b) mepLP � mepHP = 1
(c) mepLP � �VHP = mepHP � �VLP (d) None of these

155. The variation of cross-sectional area (A), velocity of gas flowing (C), and Mach number (M)
during flow through a variable cross section area duct can be related as,

(a)
dA

A
 = 

d C
C

M1 2�� � (b)
dA

A
 = 

d C
C

M 2 1�� �

(c)  
d C
C

 = 
dA

A
 (M2 – 1) (d) None of these

156. For a subsonic flow the increase in velocity from inlet to exit may be obtained from a duct
of,
(a) Diverging cross-sectional area type
(b) Diverging-converging cross-sectional area type
(c) Converging cross sectional area type
(d) None of these
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157. For supersonic flow the increase in velocity from inlet to exit may be obtained from a duct
of,
(a) Diverging cross-sectional area type
(b) Converging-diverging cross-sectional area type
(c) Converging cross-sectional area type
(d) None of these

158. The critical pressure ratio for maximum discharge through nozzle can be given as,

(a) 1
1

1

n

n
n

�

�
��

�
��

�
(b)

n
n

n��
�

�
�

�1

2
1

(c) 2
1

1

n

n

n

�

�
��

�
��

�

(d) 2
1

1

n

n
n

�

�
��

�
��

�

159. The critical pressure ratio for air flowing through nozzle shall be,
(a) 0.528 (b) 0.545 (c) 0.577 (d) none of these

160. The maximum discharge per unit area at throat for critical conditions for perfect gas flowing
through nozzle can be given by,

(a) �
�

�

�
�

�

�
��

�
��

�

�p1

1

1

12
1v

(b)
�

�

�

��

�

�
��

�
��

�

�p1

1

1

12
1v

(c) �
�

�

�
�

�

�
��

�
��

�

�
p1 1

1

12
1

v (d) None of these

161. When the back pressure of nozzle is below the designed value of pressure at exit of nozzle
then the nozzle is called,
(a) Inder-expanding nozzle (b) Over-expanding nozzle
(c) Designed operation nozzle (d) None of these

162. When the back pressure of a nozzle is equal to critical pressure then such operating state
of nozzle is called,
(a) Under-expanding nozzle (b) Over-expanding nozzle
(c) Choked operation of nozzle (d) None of these

163. If the velocity at inlet to nozzle is C1 and the velocity at exit of nozzle during isentropic
expansion and non isentropic expansion are C2 and C 2� respectively, then the nozzle
efficiency shall be;

(a)
C C

C C
2
2

1
2

2
2

1
2

�

�'

(b)
C

C
2
2

2
2
' (c)

C C

C C
1
2

2
2

2
2

1
2

�

�

' (d)
C C

C C
2
2

1
2

2
2

1
2

� �

�

164. Phenomenon of supersaturation, when occurring in nozzle causes,
(a) Increase in discharge (b) Reduced velocity at exit
(c) Increase in dryness fraction and entropy (d) All of these

165. The ratio of saturation pressure corresponding to the temperatures of steam states in stable
equilibrium and metastable equilibrium during steam flow through nozzle is called
(a) Degree of supersaturation (b) Degree of undercooling
(c) Critical pressure ratio (d) None of these
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166. The difference between the saturation temperature corresponding to the steam states in
stable equilibrium and metastable equilibrium during steam flow through nozzle is called
(a) Degree of supersaturation (b) Degree of undercooling
(c) Critical temperature difference (d) None of these

167. In a steam turbine the substantial static pressure drop occurs in stationary nozzle and rotor
blade passage, the type of turbine may be
(a) Impulse turbine (b) Reaction turbine
(c) Branca’s turbine (d) None of these

168. In a steam turbine if the leakage along the mating surface of shaft and casing is reduced
by using the principle of steam throttling then the type of sealing arrangement may be
(a) Carbon rings (b) Packings
(c) Labyrinth glands (d) None of these

169. Radial flow turbines are also called as
(a) Rateau turbine (b) Ljungstrom turbine
(c) Curtis turbine (d) None of these

170. A steam turbine rejects steam at a pressure much above the atmospheric pressure and this
steam is being used for some purposes such as heating etc. This could be:
(a) Back pressure turbine (b) Passout turbine
(c) Mixed pressure turbine (d) None of these

171. Which of the following is not a part of impulse steam turbine?
(a) Nozzle (b) Symmetrical moving blades ring
(c) Aerofoil type blades (d) None of these

172. A steam turbine stage has nozzle followed by moving blade ring followed by fixed blade ring
and lastly moving blade ring. This could be
(a) Rateau turbine
(b) Curtis turbine
(c) Pressure compounded impulse turbine
(d) None of these

173. The ratio of blade velocity to steam velocity remains constant in which type of compounding
of impulse steam turbines
(a) Pressure compounding (b) Velocity compounding
(c) Pressure-Velocity compounding (d) None of these

174. The efficiency of a compound impulse turbine goes on decreasing with increase in the
number of stages. This could be,
(a) Pressure compounding (b) Velocity compounding
(c) Pressure-Velocity compounding (d) None of these

175. In case of an impulse turbine the blade velocity coefficient shall have its value for actual case
as,
(a) < 1 (b) > 1 (c) = 1 (d) None of these

176. The component of velocity which is responsible for maintaining the flow of steam across
the moving blade row is called,
(a) Relative velocity (b) Absolute velocity
(c) Tangential component of velocity (d) Axial component of velocity

177. In an impulse turbine the absolute angle at inlet should be selected depending upon
(a) Thrust requirement (b) Maintaining flow across the blade row
(c) Both (a) and (b) (d) None of these
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178. The ratio of work done to the energy supplied to rotor in a turbine stage is called,
(a) Blading efficiency (b) Stage efficiency
(c) Nozzle efficiency (d) None of these

179. The ratio of rate of work done and energy supplied to the stage in a turbine is called
(a) Blading efficiency (b) Stage efficiency
(c) Nozzle efficiency (d) None of these

180. Stage efficiency, nozzle efficiency and diagram efficiency can be related as,

(a) �stage = 
�

�
diagram

nozzle
(b) �stage = �diagram � �nozzle

(c) �nozzle = �stage � �diagram (d) None of these
181. The diagram efficiency is highest for a simple impulse turbine stage having smooth and

symmetrical blade when blade—steam speed ratio can be given as,

(a) cos �1 (b)
cos�1

4
(c)

cos�1

2
(d) none of these

182. Steam turbines having the complete nozzle coverage of blades are called,
(a) Full admission turbine (b) Partial admission turbine
(c) Reaction turbines (d) None of these

183. The optimum value of blade to steam speed ratio can be generalised for ‘n’ number of
moving blade rows in impulse turbine as,

(a)
cos�1

2n
(b)

cos�1

2 �n
(c) cos �1 (d) None of these

184. If the degree of reaction is 0.75 then the enthalpy changes occurring in rotor and stator
blades in a stage can be related as,

(a) �hstator = 1
3
�  �hrotor (b) 3 � �hstator = 4��hrotor

(c) �hrotor = 1
3
�  �hstator (d) None of these

185. Which of the following may be reaction turbine?
(a) Curtis turbine (b) Rateau turbine
(c) Parson’s turbine (d) None of these

186. Reheat factor for steam turbine stages has its value,
(a) > 1 (b) < 1 (c) = 1 (d) None of these

187. The ratio of sum of actual output of stages and the available energy in turbine is called
(a) Reheat factor (b) Stage efficiency
(c) Internal efficiency (d) None of these

188. Use of condenser in a steam power plant offers advantages such as
(a) It permits the recirculation of condensate
(b) It allows for lower back pressure
(c) It increases the turbine output
(d) All of these

189. Condenser generally operates at
(a) Sub-atmospheric pressure (b) Atmospheric pressure
(c) Above atmospheric pressure (d) None of these
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190. Which of the following can not be achieved by using condenser?
(a) Removal of air and other non-condensable dissolved gases
(b) Reduced load on water treatment plant
(c) Availability of hotter feed water
(d) None of these

191. The condenser in which there is direct contact between the steam and cooling fluid could
be
(a) Surface condenser (b) Jet condenser
(c) Evaporative condenser (d) None of these

192. A condenser is placed at low level such that the vacuum inside condenser draws cooling
water into condenser from river. Such condenser may be
(a) Low level jet condenser (b) High level jet condenser
(c) Surface condenser (d) None of these

193. A condenser is placed at a height more than that of water and water is to be injected into
condenser using a pump and condensate flows out of condenser due to gravity. This
condenser may be,
(a) Low level jet condenser (b) High level condenser
(c) Surface condenser (d) None of these

194. Ejector condenser does not require air pump because of
(a) No air present
(b) Air entraining effect of water jet itself
(c) Air being separated and released separately
(d) None of these

195. In ejector condenser in the event of failure of cooling water supply water may be sucked
from hot well to go into steam pipe. But this is prevented due to
(a) Non return valve in steam line (b) High pressure
(c) Low pressure (d) None of these

196. While designing the condenser it is desired to have,
(a) Maximum heat transfer between two fluids
(b) Effective air extraction
(c) No air leakage
(d) All of these

197. A surface condenser should preferably have,
(a) Uniform distribution of steam over cooling water tubes
(b) Minimum pressure loss of steam
(c) Minimum number of tubes
(d) All of these

198. Leakage of air into condenser causes,
(a) Reduction in work done per kg of steam due to increase in back pressure
(b) Increased heat exchange between water and steam
(c) Increased efficiency of auxiliary devices
(d) None of these

199. Air leakage into condenser could be identified by
(a) Drop in thermometer reading, after isolation of condenser from plant
(b) Soap bubble test
(c) Peppermint oil test (d) All of above
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200. Vacuum efficiency of condenser can be given by,

(a)
Theoretical vacuum

Actual vacuum
(b)

Actual vacuum

Theoretical vacuum

(c)
Condenser pressure

Ideal condenser pressure
(d) None of these

201. Condenser efficiency is given by,

(a)
Actual cooling water temperature rise

Maximum possible temperature rise

(b)
Actual vacuum

Theoretical vacuum

(c)
Actual cooling water required

Minimum cooling water requirement
(d) none of these

202. Effectiveness of cooling tower diminishes due to,
(a) Humid weather conditions (b) Drift losses
(c) Poor atomization of hot water (d) All of these

203. The performance of cooling tower depends upon,
(a) Duration of contact between water and air
(b) Area of contact between water and air
(c) Relative velocity of air and water flow
(d) All of these

204. For delivery pressure more than 85 bar the number of stages desired in compressor may
be
(a) 1 (b) 2 (c) 3 (d) 4

205. The compression work requirement is minimum in case of the compression following
process of,
(a) Adiabatic type (b) Isochoric type
(c) Isothermal type (d) Hyperbolic type

206. The ratio of volume of free air sucked into cylinder and the swept volume of LP cylinder
is called,
(a) Volumetric efficiency (b) Diagram factor
(c) Compression efficiency (d) None of these

207. Volumetric efficiency referred to free air conditions in case of reciprocating air compressor
can be given by,

(a)
P T

P T
C C

P

P
a

a

n
1 �

�

�
��

�
�� � �

�
��
�
��
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��
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1

1
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(b)
P T
P T

C C
P
P

a

a

n
�

�
�
�

�
� � �
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�
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(c)
P T

P T
C C

P

P
a

a

n
1

1

2

1

1

1
�

�

�
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��
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(d) None of these

208. What will happen to the volumetric efficiency with increasing pressure ratio in case of single
stage compression in compressors?
(a) Decrease (b) Increase
(c) Remains unaffected (d) None of these
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209. In order to get the same free air delivery from a compressor how should the size of cylinder
be changed with increasing pressure ratio?
(a) Increased (b) Reduced (c) No change (d) None of these

210. For the multistage compression with perfect intercooling the work requirement shall be
minimum when,
(a) Pressure ratio in each stage are equal
(b) Pressure ratio in first stage is greater than second stage
(c) Pressure ratio in second stage is double of pressure ratio in first stage
(d) None of these

211. Which of the following is not a positive displacement type compressor?
(a) Roots blower (b) Screw type compressor
(c) Vane type compressor (d) None of these

212. In vane type compressor the contribution of reversible pressure rise and irrversible pressure
rise is generally in the proportion of
(a) 3 : 1 (b) 1 : 3 (c) 1 : 1 (d) None of these

213. Slip factor for a centrifugal compressor may be given by the ratio of
(a) Actual whirl velocity and ideal whirl velocity
(b) Actual tangential velocity and ideal absolute velocity
(c) Relative velocity and absolute velocity
(d) None of these

214. For the centrifugal compressor having radial flow blades the stagnation pressure may be
given by

(a) 1 01

2
2

1
�
�
��

�
��

�� 	C T

U
p

�

�
(b) 1 01

2
2

1

�
�
��

�
��

�

C T

U
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�

�

(c) 1 2
2

01

1
�

�
��

�
��

�� 	U
C Tp

�

�

(d) None of these

215. The index of compression value in case of air compression process of cooled type in
centrifugal compressor may
(a) Be equal to adiabatic index (b) Be even less than adiabatic index
(c) Be more than from adiabatic index (d) None of these

216. What shall happen to surging if the number of diffuser vanes is increased in a centrifugal
compressor?
(a) Increases (b) Decreases
(c) Remains unchanged (d) None of these

217. In order to prevent surging due to flow reversal the number of diffuser vanes (nd) and the
number of impeller blades (ni) shall be as under in case of centrifugal compressor,
(a) nd = ni (b) ni < nd (c) ni > nd (d) None of these

218. Which of the following occurs due to stalling?
(a) Reduced stage efficiency (b) Increased vibrations
(c) Reduced delivery pressure (d) All of these

219. Which of the following refers to centrifugal compressor characteristics?
(a) For a given pressure ratio the increase in speed shows increase in flow rate and

simultaneous reduction in efficiency.
(b) For a particular speed of compressor the decrease in mass flow rate is accompanied

by increase in pressure ratio.
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(c) At all speeds the compressor operation is limited by surging and choking at the two
ends.

(d) All of these
220. Which of the following refers to axial flow compressor characteristics?

(a) Flow rate changes too much with increase in pressure ratio at design conditions
(b) Efficiency decreases with decreasing flow rate
(c) Efficiency increases with decreasing pressure ratio
(d) All of these

221. Isentropic efficiencies for the centrifugal compressor and the axial flow compressor can be
related as,
(a) �isen, cent = �isen, axial (b) �isen, cent > �isen, axial

(c) �isen, cent < �isen, axial (d) None of these
222. Starting torque requirements of centrifugal compressor and axial flow compressor can be

related as,
(a) Tcentrifugal > Taxial (b) Tcentrifugal < Taxial

(c) Tcentrifugal = Taxial (d) None of these
223. Morse test is used for measurement of,

(a) Torque (b) Specific fuel consumption
(c) Brake power (d) Friction power

224. Which of the following are phases of combustion in CI engine?
(a) Ignition delay (b) Uncontrolled combustion
(c) Controlled combustion (d) All of these

225. One ton of refrigeration is equivalent to
(a) 3.87 kJ/s (b) 3 kJ/s
(c) 56 kcal/min (d) None of these

226. For a definite low temperature to be maintained, the COP of refrigerator can be related for
cold and hot days as,
(a) COPhot days > COPcold days (b) COPhot days < COPcold days
(c) COPhot days = COPcold days (d) None of these

227. Bell-Coleman cycle based refrigeration system has
(a) Isobaric heat addition (b) Isothermal heat release
(c) Isochoric heat addition (d) Isothermal heat addition

228. COP of Bell-Coleman cycle and reversed Carnot cycle can be related as
(a) COPBell-Coleman > COPCarnot (b) COPBell-Coleman < COPCarnot
(c) COPBell-Coleman = COPCarnot (d) None of these

229. For the compression of refrigerant beginning with wet state of refrigerant in compressor,
the compression process is called,
(a) Dry compression (b) Wet compression
(c) Adiabatic compression (d) None of these

230. Throttling of certain gases may be used for getting the refrigeration. The value of Joule-
Thomson coefficient for such throttling processes shall be,
(a) 
 = 1 (b) 
 < 0 (c) 
 > 0 (d) 
 = 0

231. Energy performance ratio (EPR) and Coefficient of performance (COP) can be related by,
(a) EPR = COP + 1 (b) EPR + COP = 1
(c) EPR = COP (d) None of these
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232. The absorption refrigeration cycle employs following devices for raising pressure of
refrigerant,
(a) Compressor (b) Pump (c) Generator (d) Absorber

233. The coolant used in ammonia-LiBr, water absorption refrigeration system is
(a) Ammonia only (b) Water only
(c) Ammonia-LiBr (d) Ammonia-water

234. In ammonia-water absorption system the separation of ammonia from strong aqua-ammonia
solution requires,
(a) Heat addition to it (b) Heat extraction from it
(c) No energy interaction (d) None of these

235. Absorber used in ammonia-water absorption system should be kept at low temperature
because it,
(a) Helps in generating high pressure ammonia
(b) Facilitates better mixing of ammonia into water
(c) Drives out ammonia quickly
(d) None of these

236. The low pressure ammonia leaving expansion valve in ammonia-water absorption system is
(a) Pure vapour (b) Pure liquid
(c) Liquid-vapour mixture (d) Pure liquid or liquid-vapour mixture

237. Device used in absorption system for preventing the moisture accompanying refrigerant
from entering into the circuit of absorption cycle is called,
(a) Rectifier (b) Evaporator (c) Generator (d) Absorber

238. Which of the following are secondary refrigerants?
(a) Brine (b) Water
(c) Anti-freeze agents (d) All of these

239. For increasing the refrigerating capacity the refrigerant should have small value of specific
heat in liquid form and its specific heat value in vapour form should be,
(a) Small (b) Large
(c) Nothing can be said (d) None of these

240. Which of the following is/are desired properties of refrigerants?
(a) High viscosity (b) Low thermal conductivity
(c) Large specific volume (d) None of these

241. Humidity ratio can be given in terms of partial pressures of dry air (pa) and water vapour
(pv) as,

(a) 0.622 
p

p
a

v

�
��
�
�� (b) 0.622 

p

p
v

a

�
��
�
��

(c) 0.622 
p

p pa

v

v �

�
��

�
�� (d) None of these

242. Wet bulb depression in case of saturated air shall be,

(a) 0 (b)
w bt
d bt

(c) wbt (d) dbt

243. The saturation temperature corresponding to the partial pressure of water vapour present in
moist air can be given as,
(a) Dry bulb temperature (b) Wet bulb temperature
(c) Dew point temperature (d) None of these
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244. If air is passed over the cooling coils then this process is termed as
(a) Sensible cooling (b) Cooling with humidification
(c) Cooling with dehumidification (d) None of these

245. If in a process the humidity ratio and dry bulb temperature increase then the process may
be,
(a) Sensible heating (b) Dehumidification
(c) Humidification (d) None of these

246. What processes could be there in summer air conditioning?
(a) Cooling (b) Humidification
(c) Dehumidification (d) All of these

247. The generally used comfort conditions required in air conditioned space in India are
(a) 30°C DBT and 60% relative humidity
(b) 15°C DBT and 50% relative humidity
(c) 25°C DBT and 60% relative humidity
(d) 25°C DBT and 50% relative humidity

248. Which of the following is demerit with vapour compression system over air refrigeration
system
(a) Large initial investment (b) Small refrigerant requirement
(c) Smaller operating cost (d) All of these

249. Which of the following is advantage with vapour absorption system over the vapour
compression system?
(a) No moving component (b) Less work input requirement
(c) Utilization of waste energy (d) All of these

250. Which of the following gives demerit with vapour absorption system over vapour
compression system?
(a) Large size (b) Requirement of heating source
(c) Poor COP at high loads (d) All of these

ANSWERS

1. (a) 2. (b) 3. (c) 4. (b) 5. (b) 6. (b)
7. (a) 8. (c) 9. (c) 10. (b) 11. (c) 12. (a)

13. (a) 14. (b) 15. (b) 16. (a) 17. (a) 18. (c)
19. (d) 20. (a) 21. (b) 22. (c) 23. (a) 24. (d)
25. (a) 26. (b) 27. (a) 28. (c) 29. (b) 30. (c)
31. (c) 32. (b) 33. (d) 34. (a) 35. (d) 36. (b)
37. (a) 38. (b) 39. (b) 40. (a) 41. (b) 42. (b)
43. (b) 44. (a) 45. (a) 46. (b) 47. (d) 48. (a)
49. (c) 50. (c) 51. (a) 52. (b) 53. (d) 54. (c)
55. (c) 56. (a) 57. (d) 58. (b) 59. (a) 60. (a)
61. (d) 62. (b) 63. (a) 64. (c) 65. (a) 66. (c)
67. (c) 68. (a) 69. (a) 70. (d) 71. (b) 72. (a)
73. (b) 74. (d) 75. (c) 76. (d) 77. (d) 78. (a)
79. (c) 80. (d) 81. (d) 82. (b) 83. (a) 84. (a)
85. (c) 86. (a) 87. (a) 88. (d) 89. (a) 90. (b)
91. (b) 92. (a) 93. (d) 94. (a) 95. (a) 96. (b)
97. (b) 98. (a) 99. (c) 100. (a) 101. (b) 102. (a)
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115. (b) 116. (a) 117. (a) 118. (d) 119. (a) 120. (a)
121. (b) 122. (c) 123. (a) 124. (c) 125. (d) 126. (b)
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139. (a) 140. (b) 141. (d) 142. (b) 143. (a) 144. (d)
145. (c) 146. (d) 147. (a) 148. (d) 149. (a) 150. (c)
151. (d) 152. (a) 153. (b) 154. (a) 155. (b) 156. (c)
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217. (c) 218. (d) 219. (d) 220. (b) 221. (c) 222. (b)
223. (d) 224. (d) 225. (a) 226. (b) 227. (a) 228. (b)
229. (b) 230. (c) 231. (a) 232. (b) 233. (b) 234. (a)
235. (b) 236. (d) 237. (a) 238. (d) 239. (b) 240. (d)
241. (b) 242. (a) 243. (c) 244. (a) 245. (c) 246. (d)
247. (c) 248. (a) 249. (d) 250. (d)



APPENDIX
Table 1 Ideal-gas specific heats of various common gases at 300 K

Gas Gas constant R cp cv
Formula kJ/(kg.K) kJ/(kg.K) kJ/(kg.K) γ

Air – 0.2870 1.005 0.718 1.400
Argon Ar 0.2081 0.5203 0.3122 1.667
Butane C4H10 0.1433 1.7164 1.5734 1.091
Carbon dioxide CO2 0.1889 0.846 0.657 1.289
Carbon monoxide CO 0.2968 1.040 0.744 1.400
Ethane C2H6 0.2765 1.7662 1.4897 1.186
Ethylene C2H4 0.2964 1.5482 1.2518 1.237
Helium He 2.0769 5.1926 3.1156 1.667
Hydrogen H2 4.1240 14.307 10.183 1.405
Methane CH4 0.5182 2.2537 1.7354 1.299
Neon Ne 0.4119 1.0299 0.6179 1.667
Nitrogen N2 0.2968 1.039 0.743 1.400
Octane C8H18 0.0729 1.7113 1.6385 1.044
Oxygen O2 0.2598 0.918 0.658 1.395
Propane C3H8 0.1885 1.6794 1.4909 1.126
Steam H2O 0.4615 1.8723 1.4108 1.327

Table 2  Saturated Steam (temperature) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Temp. press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
°C kPa liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
T Psat vf vg uf ufg ug h f hfg hg sf sfg sg

0.01 0.6113 0.001000 206.14 0.0 2375.3 2375.3 0.01 2501.4 2501.4 0.000 9.1562 9.1562
5 0.8721 0.001000 147.12 20.97 2361.3 2382.3 20.98 2489.6 2510.6 0.0761 8.9496 9.0257

10 1.2276 0.001000 106.38 42.00 2347.2 2389.2 42.01 2477.7 2519.8 0.1510 8.7498 8.9008
15 1.7051 0.001001 77.93 62.99 2333.1 2396.1 62.99 2465.9 2528.9 0.2245 8.5569 8.7814
20 2.339 0.001002 57.79 83.95 2319.0 2402.9 83.96 2454.1 2538.1 0.2966 8.3706 8.6672
25 3.169 0.001003 43.36 104.88 2409.8 2309.8 104.89 2442.3 2547.2 0.3674 8.1905 8.5580
30 4.246 0.001004 32.89 125.78 2290.8 2416.6 125.79 2430.5 2556.3 0.4369 8.0164 8.4533
35 5.628 0.001006 25.22 146.67 2276.7 2423.4 146.68 2418.6 2565.3 0.5053 7.8478 8.3531
40 7.384 0.001008 19.52 167.56 2262.6 2430.1 167.57 2406.7 2574.3 0.5725 7.6845 8.2570
45 9.593 0.001010 15.26 188.44 2248.4 2436.8 188.45 2394.8 2583.2 0.6387 7.5261 8.1648
50 12.349 0.001012 12.03 209.32 2234.2 2443.5 209.33 2382.7 2592.1 0.7038 7.3725 8.0763
55 15.758 0.001015 9.568 230.21 2219.9 2450.1 230.23 2370.7 2600.9 0.7679 7.2234 7.9913
60 19.940 0.001017 7.671 251.11 2205.5 2456.6 251.13 2358.5 2609.6 0.8312 7.0784 7.9096
65 25.03 0.001020 6.197 272.02 2191.1 2463.1 272.06 2346.2 2618.3 0.8935 6.9375 7.8310
70 31.19 0.001023 5.042 292.95 2176.6 2469.6 292.98 2333.8 2626.8 0.9549 6.8004 7.7553
75 38.58 0.001026 4.131 313.90 2162.0 2475.9 313.93 2321.4 2635.3 1.0155 6.6669 7.6824
80 47.39 0.001029 3.407 334.86 2147.4 2482.2 334.91 2308.8 2643.7 1.0753 6.5369 7.6122
85 57.83 0.001033 2.828 355.84 2132.6 2488.4 355.90 2296.0 2651.9 1.1343 6.4102 7.5445
90 70.14 0.001036 2.361 376.85 2117.7 2494.5 376.92 2283.2 2660.1 1.1925 6.2866 7.4791
95 84.55 0.001040 1.982 397.88 2102.7 2500.6 397.96 2270.2 2668.1 1.2500 6.1659 7.4159
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Table 2  Saturated Steam (temperature) table

Specific volume Internal energy Enthalpy Entropy
 Te- Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)
 mp. press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
 °C kPa liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
  T Psat vf vg uf ufg ug h f hfg hg sf sfg sg

100 0.10135 0.001044 1.6729 418.94 2087.6 2506.5 419.04 2257.0 2676.1 1.3069 6.0480 7.3549
105 0.12082 0.001048 1.4194 440.02 2072.3 2512.4 440.15 2243.7 2683.8 1.3630 5.9328 7.2958
110 0.14327 0.001052 1.2102 461.14 2057.0 2518.1 461.30 2230.2 2691.5 1.4185 5.8202 7.2387
115 0.16906 0.001056 1.0366 482.30 2041.4 2523.7 482.48 2216.5 2699.0 1.4734 5.7100 7.1833
120 0.19853 0.001060 0.8919 503.50 2025.8 2529.3 503.71 2202.6 2706.3 1.5276 5.6020 7.1296
125 0.2321 0.001065 0.7706 524.74 2009.9 2534.6 524.99 2188.5 2713.5 1.5813 5.4962 7.0775
130 0.2701 0.001070 0.6685 546.02 1993.9 2539.9 546.31 2174.2 2720.5 1.6344 5.3925 7.0269
135 0.3130 0.001075 0.5822 567.35 1977.7 2545.0 567.69 2159.6 2727.3 1.6870 5.2907 6.9777
140 0.3613 0.001080 0.5089 588.74 1961.3 2550.0 589.13 2144.7 2733.9 1.7391 5.1908 6.9299
145 0.4154 0.001085 0.4463 610.18 1944.7 2554.9 610.63 2129.6 2740.3 1.7907 5.0926 6.8833
150 0.4758 0.001091 0.3928 631.68 1927.9 2559.5 632.20 2114.3 2746.5 1.8418 4.9960 6.8379
155 0.5431 0.001096 0.3468 653.24 1910.8 2564.1 653.84 2098.6 2752.4 1.8925 4.9010 6.7935
160 0.6178 0.001102 0.3071 674.87 1893.5 2568.4 675.55 2082.6 2758.1 1.9427 4.8075 6.7502
165 0.7005 0.001108 0.2727 696.56 1876.0 2572.5 697.34 2066.2 2763.5 1.9925 4.7153 6.7078
170 0.7917 0.001114 0.2428 718.33 1858.1 2576.5 719.21 2049.5 2768.7 2.0419 4.6244 6.6663
175 0.8920 0.001121 0.2168 740.17 1840.0 2580.2 741.17 2032.4 2773.6 2.0909 4.5347 6.6256
180 1.0021 0.001127 0.19405 762.09 1821.6 2583.7 763.22 2015.0 2778.2 2.1396 4.4461 6.5857
185 1.1227 0.001134 0.17409 784.10 1802.9 2587.0 785.37 1997.1 2782.4 2.1879 4.3586 6.5465
190 1.2544 0.001141 0.15654 806.19 1783.8 2590.0 807.62 1978.8 2786.4 2.2359 4.2720 6.5079
195 1.3978 0.001149 0.14105 828.37 1764.4 2592.8 829.98 1960.0 2790.0 2.2835 4.1863 6.4698
200 1.5538 0.001157 0.12736 850.65 1744.7 2595.3 852.45 1940.7 2793.2 2.3309 4.1014 6.4323
205 1.7230 0.001164 0.11521 873.04 1724.5 2597.5 875.04 1921.0 2796.0 2.3780 4.0172 6.3952
210 1.9062 0.001173 0.10441 895.53 1703.9 2599.5 897.76 1900.7 2798.5 2.4248 3.9337 6.3585
215 2.104 0.001181 0.09479 918.14 1682.9 2601.1 920.62 1879.9 2800.5 2.4714 3.8507 6.3221
220 2.318 0.001190 0.08619 940.87 1661.5 2602.4 943.62 1858.5 2802.1 2.5178 3.7683 6.2861
225 2.548 0.001199 0.07849 963.73 1639.6 2603.3 966.78 1836.5 2803.3 2.5639 3.6863 6.2503
230 2.795 0.001209 0.07158 986.74 1617.2 2603.9 990.12 1813.8 2804.0 2.6099 3.6047 6.2146
235 3.060 0.001219 0.06537 1009.89 1594.2 2604.1 1013.62 1790.5 2804.2 2.6558 3.5233 6.1791
240 3.344 0.001229 0.05976 1033.21 1570.8 2604.0 1037.32 1766.5 2803.8 2.7015 3.4422 6.1437
245 3.648 0.001240 0.05471 1056.71 1546.7 2603.4 1061.23 1741.7 2803.0 2.7472 3.3612 6.1083
250 3.973 0.001251 0.05013 1080.39 1522.0 2602.4 1085.36 1716.2 2801.5 2.7927 3.2802 6.0730
255 4.319 0.001263 0.04598 1104.28 1596.7 2600.9 1109.73 1689.8 2799.5 2.8383 3.1992 6.0375
260 4.688 0.001276 0.04221 1128.39 1470.6 2599.0 1134.37 1662.5 2796.9 2.8838 3.1181 6.0019
265 5.081 0.001289 0.03877 1152.74 1443.9 2596.6 1159.28 1634.4 2793.6 2.9294 3.0368 5.9662
270 5.499 0.001302 0.03564 1177.36 1416.3 2593.7 1184.51 1605.2 2789.7 2.9751 2.9551 5.9301
275 5.942 0.001317 0.03279 1202.25 1387.9 2590.2 1210.07 1574.9 2785.0 3.0208 2.8730 5.8938
280 6.412 0.001332 0.03017 1227.46 1358.7 2586.1 1235.99 1543.6 2779.6 3.0668 2.7903 5.8571
285 6.909 0.001348 0.02777 1253.00 1328.4 2581.4 1262.31 1511.0 2773.3 3.1130 2.7070 5.8199
290 7.436 0.001366 0.02557 1278.92 1297.1 2576.0 1289.07 1477.1 2766.2 3.1594 2.6227 5.7821
295 7.993 0.001384 0.02354 1305.2 1264.7 2569.9 1316.3 1441.8 2758.1 3.2062 2.5375 5.7437
300 8.581 0.001404 0.02167 1332.0 1231.0 2563.0 1344.0 1404.9 2749.0 3.2534 2.4511 5.7045
305 9.202 0.001425 0.019948 1359.3 1195.9 2555.2 1372.4 1366.4 2738.7 3.3010 2.3633 5.6643
310 9.856 0.001447 0.018350 1387.1 1159.4 2546.4 1401.3 1326.0 2727.3 3.3493 2.2737 5.6230



Appendix _____________________________________________________________________  919

Table 2  Saturated Steam (temperature) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Temp. press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
°C MPa liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
T Psat vf vg uf ufg ug h f hfg hg sf sfg sg

315 10.547 0.001472 0.016867 1415.5 1121.1 2536.6 1431.0 1283.5 2714.5 3.3982 2.1821 5.5804
320 11.274 0.001499 0.015488 1444.6 1080.9 2525.5 1461.5 1238.6 2700.1 3.4480 2.0882 5.5362
330 12.845 0.001561 0.012996 1505.3 993.7 2498.9 1525.3 1140.6 2665.9 3.5507 1.8909 5.4417
340 14.586 0.001638 0.010797 1570.3 894.3 2464.6 1594.2 1027.9 2622.0 3.6594 1.6763 5.3357
350 16.513 0.001740 0.008813 1641.9 776.6 2418.4 1670.6 893.4 2563.9 3.7777 1.4335 5.2112
360 18.651 0.001893 0.006945 1725.2 626.3 2351.5 1760.5 720.3 2481.0 3.9147 1.1379 5.0526
370 21.03 0.002213 0.004925 1844.0 384.5 2228.5 1890.5 441.6 2332.1 4.1106 0.6865 4.7971

374.14 22.09 0.003155 0.003155 2029.6 0 2029.6 2099.3 0 2099.3 4.4298 0 4.4298

Table 3  Saturated steam (pressure) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Press. Temp. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
kPa °C liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
P Tsat v f vg u f ufg ug hf hfg hg sf sfg sg

0.6113 0.01 0.001000 206.14 0.00 2375.3 2375.3 0.01 2501.3 2501.4 0.0000 9.1562 9.1562
1.0 6.98 0.001000 129.21 29.30 2355.7 2385.0 29.30 2484.9 2514.2 0.1059 8.8697 8.9756
1.5 13.03 0.001001 87.98 54.71 2338.6 2393.3 54.71 2470.6 2525.3 0.1957 8.6322 8.8279
2.0 17.50 0.001001 67.00 73.48 2326.0 2399.5 73.48 2460.0 2533.5 0.2607 8.4629 8.7237
2.5 21.08 0.001002 54.25 88.48 2315.9 2404.4 88.49 2451.6 2540.0 0.3120 8.3311 8.6432
3.0 24.08 0.001003 45.67 101.04 2307.5 2408.5 101.05 2444.5 2545.5 0.3545 8.2231 8.5776
4.0 28.96 0.001004 34.80 121.45 2293.7 2415.2 121.46 2432.9 2554.4 0.4226 8.0520 8.4746
5.0 32.88 0.001005 28.19 137.81 2282.7 2420.5 137.82 2423.7 2561.5 0.4764 7.9187 8.3951
7.5 40.29 0.001008 19.24 168.78 2261.7 2430.5 168.79 2406.0 2576.8 0.5764 7.6750 8.2515
10 45.81 0.001010 14.67 191.82 2246.1 2437.9 191.83 2392.8 2584.7 0.6493 7.5009 8.1502
15 53.97 0.001014 10.02 225.92 2222.8 2448.7 225.94 2373.1 2599.1 0.7549 7.2536 8.0085
20 60.06 0.001017 7.649 251.38 2205.4 2456.7 251.40 2358.3 2609.7 0.8320 7.0766 7.9085
25 64.97 0.001020 6.204 271.90 2191.2 2463.1 271.93 2346.3 2618.2 0.8931 6.9383 7.8314
30 69.10 0.001022 5.229 289.20 2179.2 2468.4 289.23 2336.1 2625.3 0.9439 6.8247 7.7686
40 75.87 0.001027 3.993 317.53 2159.5 2477.0 317.58 2319.2 2636.8 1.0259 6.6441 7.6700
50 81.33 0.001030 3.240 340.44 2143.4 2483.9 340.49 2305.4 2645.9 1.0910 6.5029 7.5939
75 91.78 0.001037 2.217 384.31 2112.4 2496.7 384.39 2278.6 2663.0 1.2130 6.2434 7.4564
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Table 3  Saturated steam (pressure) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Press. Temp. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
MPa °C liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
P Tsat v f vg uf ufg ug h f hfg hg sf sfg sg

0.100 99.63 0.001043 1.6940 417.36 2088.7 2506.1 417.46 2258.0 2675.5 1.3026 6.0568 7.3594
0.125 105.99 0.001048 1.3749 444.19 2069.3 2513.5 444.32 2241.0 2685.4 1.3740 5.9104 7.2844
0.150 111.37 0.001053 1.1593 466.94 2052.7 2519.7 467.11 2226.5 2693.6 1.4336 5.7897 7.2233
0.175 116.06 0.001057 1.0036 486.80 2038.1 2524.9 486.99 2213.6 2700.6 1.4849 5.6868 7.1717
0.200 120.23 0.001061 0.8857 504.49 2025.0 2529.5 504.70 2201.9 2706.7 1.5301 5.5970 7.1271
0.225 124.00 0.001064 0.7933 520.47 2013.1 2533.6 520.72 2191.3 2712.1 1.5706 5.5173 7.0878
0.250 127.44 0.001067 0.7187 535.10 2002.1 2537.2 535.37 2181.5 2716.9 1.6072 5.4455 7.0527
0.275 130.60 0.001070 0.6573 548.59 1991.9 2540.5 548.89 2172.3 2721.3 1.6408 5.3801 7.0209
0.300 133.55 0.001073 0.6058 561.15 1982.4 2543.6 561.47 2163.8 2725.3 1.6718 5.3201 6.9919
0.325 136.30 0.001076 0.5620 572.90 1973.5 2546.4 573.25 2155.8 2729.0 1.7006 5.2646 6.9652
0.350 138.88 0.001079 0.5243 583.95 1965.0 2548.9 584.33 2148.1 2732.4 1.7275 5.2130 6.9405
0.375 141.32 0.001081 0.4914 594.40 1956.9 2551.3 594.81 2140.8 2735.6 1.7528 5.1647 6.9175
0.40 143.63 0.001084 0.4625 604.31 1949.3 2553.6 604.74 2133.8 2738.6 1.7766 5.1193 6.8959
0.45 147.93 0.001088 0.4140 622.77 1934.9 2557.6 623.25 2120.7 2743.9 1.8207 5.0359 6.8565
0.50 151.86 0.001093 0.3749 639.68 1921.6 2561.2 640.23 2108.5 2748.7 1.8607 4.9606 6.8213
0.55 155.48 0.001097 0.3427 655.32 1909.2 2564.5 665.93 2097.0 2753.0 1.8973 4.8920 6.7893
0.60 158.85 0.001101 0.3157 669.90 1897.5 2567.4 670.56 2086.3 2756.8 1.9312 4.8288 6.7600
0.65 162.01 0.001104 0.2927 683.56 1886.5 2570.1 684.28 2076.0 2760.3 1.9627 4.7703 6.7331
0.70 164.97 0.001008 0.2729 696.44 1876.1 2572.5 697.22 2066.3 2763.5 1.9922 4.7158 6.7080
0.75 167.78 0.001112 0.2556 708.64 1866.1 2574.7 709.47 2057.0 2766.4 2.0200 4.6647 6.6847
0.80 170.43 0.001115 0.2404 720.22 1856.6 2576.8 721.11 2048.0 2769.1 2.0462 4.6166 6.6628
0.85 172.96 0.001118 0.2270 731.27 1847.4 2578.7 732.22 2039.4 2771.6 2.0710 4.5711 6.6421
0.90 175.38 0.001121 0.2150 741.83 1838.6 2580.5 742.83 2031.0 2773.9 2.0946 4.5280 6.6226
0.95 177.69 0.001124 0.2042 751.95 1830.2 2582.1 753.02 2023.1 2776.1 2.1172 4.4869 6.6041
1.00 179.91 0.001127 0.19444 761.68 1822.0 2583.6 762.81 2015.3 2778.1 2.1387 4.4478 6.5865
1.10 184.09 0.001133 017753 780.09 1806.3 2586.4 781.34 2000.4 2781.7 2.1792 4.3744 6.5536
1.20 187.99 0.001139 0.16333 797.29 1791.5 2588.8 798.65 1986.2 2784.8 2.2166 4.3067 6.5233
1.30 191.64 0.001144 0.15125 813.44 1777.5 2591.0 814.93 1972.7 2787.6 2.2515 4.2438 6.4953
1.40 195.07 0.001149 0.14084 828.70 1764.1 2592.8 830.30 1959.7 2790.0 2.2842 4.1850 6.4693
1.50 198.32 0.001154 0.13177 843.16 1751.3 2594.5 844.89 1947.3 2792.2 2.3150 4.1298 6.4448
1.75 205.76 0.001166 0.11349 876.46 1721.4 2597.8 878.50 1917.9 2796.4 2.3851 4.0044 6.3896
2.00 212.42 0.001177 0.09963 906.44 1693.8 2600.3 908.79 1890.7 2799.5 2.4474 3.8935 6.3409
2.25 218.45 0.001187 0.08875 933.83 1668.2 2602.0 936.49 1865.2 2801.7 2.5035 3.7937 6.2972
2.5 223.99 0.001197 0.07998 959.11 1644.0 2603.1 962.11 1841.0 2803.1 2.5547 3.7028 6.2575
3.0 233.90 0.001217 0.06668 1004.78 1599.3 2604.1 1008.42 1795.7 2804.2 2.6457 3.5412 6.1869
3.5 242.60 0.001235 0.05707 1045.43 1558.3 2603.7 1049.75 1753.7 2803.4 2.7253 3.4000 6.1253

4 250.40 0.001252 0.04978 1082.31 1520.0 2602.3 1087.31 1741.1 2801.4 2.7964 3.2737 6.0701
5 263.99 0.001286 0.03944 1147.81 1449.3 2597.1 1154.23 1640.1 2794.3 2.9202 3.0532 5.9734
6 275.64 0.001319 0.03244 1205.44 1384.3 2589.7 1213.35 1571.0 2784.3 3.0267 2.8625 5.8892
7 285.88 0.001351 0.02737 1257.55 1323.0 2580.5 1267.00 1505.1 2772.1 3.1211 2.6922 5.8133
8 295.06 0.001384 0.02352 1305.57 1264.2 2569.8 1316.64 1441.3 2758.0 3.2068 2.5364 5.7432
9 303.40 0.001418 0.02048 1350.51 1207.3 2557.8 1363.26 1378.9 2742.1 3.2858 2.3915 5.6722

10 311.06 0.001452 0.018026 1393.04 1151.4 2544.4 1407.56 1317.1 2724.7 3.3596 2.2544 5.6141

Contd.
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Table 3  Saturated steam (pressure) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Press. Temp. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
MPa °C liquid vapour liquid Evap. vapour liquid Evap. vapour liquid Evap. vapour
P Tsat v f vg u f ufg ug h f hfg hg sf sfg sg

11 318.15 0.001489 0.015987 1433.7 1096.0 2529.8 1450.1 1255.5 2705.6 3.4295 2.1233 5.5527
12 324.75 0.001527 0.014263 1473.0 1040.7 2513.7 1491.3 1193.3 2684.9 3.4962 1.9962 5.4924
13 330.93 0.001567 0.012780 1511.1 985.0 2496.1 1531.5 1130.7 2662.2 3.5606 1.8718 5.4323
14 336.75 0.001611 0.011485 1548.6 928.2 2476.8 1571.1 1066.5 2637.6 3.6232 1.7485 5.3717
15 342.24 0.001658 0.010337 1585.6 869.8 2455.5 1610.5 1000.0 2610.5 3.6848 1.6249 5.3098
16 347.44 0.001711 0.009306 1622.7 809.0 2431.7 1650.1 930.6 2580.6 3.7461 1.4994 5.2455
17 352.37 0.001770 0.008364 1660.2 744.8 2405.0 1690.3 856.9 2547.2 3.8079 1.3698 5.1777
18 357.06 0.001840 0.007489 1698.9 675.4 2374.3 1732.0 777.1 2509.1 3.8715 1.2329 5.1044
19 361.54 0.001924 0.006657 1739.9 598.1 2338.1 1776.5 688.0 2464.5 3.9388 1.0839 5.0228
20 365.81 0.002036 0.005834 1785.6 507.5 2293.0 1826.3 583.4 2409.7 4.0139 0.9130 4.9269
21 369.89 0.002207 0.004952 1842.1 388.5 2230.6 1888.4 446.2 2334.6 4.1075 0.6938 4.8013
22 373.80 0.002742 0.003568 1961.9 125.2 2087.1 2022.2 143.4 2165.6 4.3110 0.2216 4.5327

22.09 374.12 0.003155 0.003155 2029.6 0 2029.6 2099.3 0 2099.3 4.4298 0 4.4298

Table 4  Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 0.01 MPa (45.81 ºC) P = 0.05 MPa (81.33 ºC) P = 0.10 MPa (99.63 ºC)
Sat. 14.674 2437.9 2584.7 8.1502 3.240 2483.9 2645.9 7.5939 1.6940 2506.1 2675.5 7.3594

50 14.869 2483.9 2592.6 8.1749
100 17.196 2515.5 2687.5 8.4479 3.418 2511.6 2682.5 7.6947 1.6958 2506.7 2676.2 7.3614
150 19.512 2587.9 2783.0 8.6882 3.889 2585.6 2780.1 7.9401 1.9364 2582.8 2776.4 7.6134
200 21.825 2661.3 2879.5 8.9038 4.356 2659.9 2877.7 8.1580 2.172 2658.1 2875.3 7.8343
250 24.136 2736.0 2977.3 9.1002 4.820 2735.0 2976.0 8.3556 2.406 2733.7 2974.3 8.0333
300 26.445 2812.1 3075.5 9.2813 5.284 2811.3 3075.5 8.5373 2.639 2810.4 3074.3 8.2158
400 31.063 2968.9 3279.6 9.6077 6.209 2968.5 3278.9 8.8642 3.103 2967.9 3278.2 8.5435
500 35.679 3132.3 3489.1 9.8978 7.134  3132.0 3488.7 9.1546 3.565 3131.6 3488.1 8.8342
600 40.295 3302.5 3705.4 10.1608 8.057 3302.2 3705.1  9.4178 4.028 3301.9 3704.4 9.0976
700 44.911 3479.6 3928.7 10.4028 8.981 3479.4 3928.5 9.6599 4.490 3479.2 3928.2 9.3398
800 49.526 3663.8 4159.0 10.6281 9.904 3663.6 4158.0 9.8852 4.952 3663.5 4158.6 9.5652
900 54.141 3855.0 4396.4 10.8396 10.828 3854.9 4396.3 10.0967 5.414 3854.8 4396.1 9.7767

1000 58.757 4053.0 4640.6 11.0393 11.751 4052.9 4640.5 10.2964 5.875 4052.8 4640.3 9.9764
1100 63.372 4257.5 4891.2 11.2287 12.674 4257.4 4891.1 10.4859 6.337 4257.3 4891.0 10.1659
1200 67.987 4467.9 5147.8 11.4091 13.597 4467.8 5147.7 10.6662 6.799 4467.7 5147.6 10.3463
1300 72.602 4683.7 5409.7 11.5811 14.521 4683.6 5409.6 10.8382 7.260 4683.5 5409.5 10.5183
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Table 4  Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 0.20 MPa (120.23 ºC) P = 0.30 MPa (133.55 ºC) P = 0.40 MPa (143.63 ºC)
Sat. 0.8857 2529.5 2706.7 7.1272 0.6058 2543.6 2725.3 6.9919 0.4625 2553.6 2738.6 6.8959
150 0.9596 2576.9 2768.8 7.2795 0.6339 2570.8 2761.0 7.0778 0.4708 2564.5 2752.8 6.9299
200 1.0803 2654.4 2870.5 7.5066 0.7163 2650.7 2865.6 7.3115 0.5342 2646.8 2860.5 7.1706
250 1.1988 2731.2 2971.0 7.7086 0.7964 2728.7 2967.6 7.5166 0.5951 2726.1 2964.2 7.3789
300 1.3162 2808.6 3071.8 7.8926 0.8753 2806.7 3069.3 7.7022 0.6548 2804.8 3066.8 7.5662
400 1.5493 2966.7 3276.6 8.2218 1.0315 2965.6 3275.0 8.0330 0.7726 2964.4 3273.4 7.8985
500 1.7814 3130.8 3487.1 8.5133 1.1867 3130.0 3486.0 8.3251 0.8893 3129.2 3484.9 8.1913
600 2.013 3301.4 3704.0 8.7770 1.3414 3300.8 3703.2 8.5892 1.0055 3300.2 3702.4 8.4558
700 2.244 3478.8 3927.6 9.0194 1.4957 3478.4 3927.1 8.8319 1.1215 3477.9 3926.5 8.6987
800 2.475 3663.1 4158.2 9.2449 1.6499 3662.9 4157.8 9.0576 1.2312 3662.4 4157.3 8.9244
900 2.705 3854.5 4395.8 9.4566 1.8041 3854.2 4395.4 9.2692 1.3529 3853.9 4395.1 9.1362

1000 2.937 4052.5 4640.0 9.5663 1.9581 4052.3 4639.7 9.4690 1.4685 4052.0 4639.4 9.3360
1100 3.168 4257.0 4890.7 9.8458 2.1121 4256.8 4890.4 9.6585 1.5840 4256.5 4890.2 9.5256
1200 3.399 4467.5 5147.5 10.0262 2.2661 4467.2 5147.1 9.8389 1.6996 4467.0 5146.8 9.7060
1300 3.630 4683.2 5409.3 10.1982 2.4201 4683.0 5409.0 10.0110 1.8151 4682.8 5408.8 9.8780

Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 0.50 MPa (151.86 ºC) P = 0.60 MPa (158.85 ºC) P = 0.80 MPa (170.43 ºC)
Sat. 0.3749 2561.2 2748.7 6.8213 0.3157 2567.4 2756.8 6.7600 0.2404 2576.8 2769.1 6.6628
200 0.4249 2642.9 2855.4 7.0592 0.3520 2638.9 2850.1 6.9665 0.2608 2630.6 2839.3 6.8158
250 0.4744 2723.5 2960.7 7.2709 0.3938 2720.9 2957.2 7.1816 0.2931 2715.5 2950.0 7.0384
300 0.5226 2802.9 3064.2 7.4599 0.4344 2801.0 3061.6 7.3724 0.3241 2797.2 3056.5 7.2328
350 0.5701 2882.6 3167.7 7.6329 0.4742 2881.2 3165.7 7.5464 0.3544 2878.2 3161.7 7.4089
400 0.6173 2963.2 327l.9 7.7938 0.5137 2962.1 3270.3 7.7079 0.3843 2959.7 3267.1 7.5716
500 0.7109 3128.4 3483.9 8.0873 0.5920 3127.6 3482.8 8.0021 0.4433 3126.0 3480.6 7.8673
600 0.8041 3299.6 3701.7 7.3522 0.6697 3299.1 3700.9 8.2674 0.5018 3297.9 3699.4 8.1333
700 0.8969 3477.5 3925.9 8.5952 0.7472 3477.0 3925.3 8.5107 0.5601 3476.2 3924.2 8.3770
800 0.9896 3662.1 4156.9 8.8211 0.8215 3661.8 4156.5 8.7367 0.6181 3661.1 4155.6 8.6033
900 1.0822 3853.6 4394.7 9.0329 0.9017 3853.4 4394.4 8.9486 0.6761 3852.8 4393.7 8.8153

1000 1.1747 4051.8 4639.1 9.2328 0.9788 4051.5 4638.8 9.1485 0.7340 4051.0 4638.2 9.0153
1100 1.2672 4256.3 4889.9 9.4224 1.0559 4256.1 4889.6 9.3381 0.7919 4255.6 4889.1 9.2050
1200 1.3596 4466.8 5146.6 9.6029 1.1330 4466.5 5146.3 9.5185 0.8497 4466.1 5145.9 9.3855
1300 1.4521 4682.5 5408.6 9.7749 1.2101 4682.3 5408.3 9.6906 0.9076 4681.8 5407.9 9.5575
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Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 1.00 MPa (179.91 ºC) P = 1.20 MPa (187.99 ºC) P = 1.40 MPa (195.70 ºC)
Sat. 0.19444 2583.6 2778.1 6.5865 0.16333 2588.8 2784.8 6.5233 0.14084 2592.8 2790.0 6.4693
200 0.2060 2621.9 2827.9 6.6940 0.16930 2612.8 2815.9 6.5898 0.14302 2603.1 2803.3 6.4975
250 0.2327 2709.9 2942.6 6.9247 0.19234 2704.2 2935.0 6.8294 0.16350 2698.3 2927.2 6.7467
300 0.2579 2793.2 3051.2 7.1229 0.2138 2789.2 3045.8 7.0317 0.18228 2785.2 3040.4 6.9534
350 0.2825 2875.2 3157.7 7.3011 0.2345 2872.2 3153.6 7.2121 0.2003 2869.2 3149.5 7.1360
400 0.3066 2957.3 3263.9 7.4651 0.2548 2954.9 3260.7 7.3774 0.2178 2952.5 3257.5 7.3026
500 0.3541 3124.4 3478.5 7.7622 0.2946 3122.8 3476.3 7.6759 0.2521 3121.1 3474.1 7.6027
600 0.4011 3296.8 3697.9 8.0290 0.3339 3295.6 3696.3 7.9435 0.2860 3294.4 3694.8 7.8710
700 0.4478 3475.3 3923.1 8.2731 0.3729 3474.4 3922.0 8.1881 0.3195 3473.6 3920.8 8.1160
800 0.4943 3660.4 4154.7 8.4996 0.4118 3659.7 4153.8 8.4148 0.3528 3659.0 4153.0 8.3431
900 0.5407 3852.2 4392.9 8.7118 0.4505 3851.6 4392.2 8.6272 0.3861 3851.1 4391.5 8.5556

1000 0.5871 4050.5 4637.6 8.9119 0.4892 4050.0 4637.0 8.8274 0.4192 4049.5 4636.4 8.7559
1100 0.6335 4255.1 4888.6 9.1017 0.5278 4254.6 4888.0 9.0172 0.4524 4254.1 4887.5 8.9457
1200 0.6798 4465.6 5145.4 9.2822 0.5665 4465.1 5144.9 9.1977 0.4855 4464.7 5144.4 9.1262
1300 0.7261 4681.3 5407.4 9.4543 0.6051 4680.9 5407.0 9.3698 0.5186 4680.4 5406.5 9.2984

Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 1.60 MPa (201.41 ºC) P = 1.80 MPa (207.15 ºC) p = 2.00 MPa (212.42 ºC)
Sat 0.12380 2596.0 2794.0 6.4218 0.11042 2598.4 2797.1 6.3794 0.09963 2600.3 2799.5 6.3409
225 0.13287 2644.7 2857.3 6.5518 0.11673 2636.6 2846.7 6.4808 0.10377 2628.3 2835.8 6.4147
250 0.14184 2692.3 2919.2 6.6732 0.12497 2686.0 2911.0 6.6066 0.11144 2679.6 2902.5 6.5453
300 0.15862 2781.1 3034.8 6.8844 0.14021 2776.9 3029.2 6.8226 0.12547 2772.6 3023.5 6.7664
350 0.17456 2866.1 3145.4 7.0694 0.15457 2863.0 3141.2 7.0100 0.13857 2859.8 3137.0 6.9563
400 0.19005 2950.1 3254.2 7.2374 0.16847 2947.7 3250.9 7.1794 0.15120 2945.2 3247.6 7.1271
500 0.2203 3119.5 3472.0 7.5390 0.19550 3117.9 3469.8 7.4825 0.17568 3116.2 3467.6 7.4317
600 0.2500 3293.3 3693.2 7.8080 0.2220 3292.1 3691.7 7.7523 0.19960 3290.9 3690.1 7.7024
700 0.2794 3472.7 3919.7 8.0535 0.2482 3471.8 3971.8 7.9983 0.2232 3470.9 3917.4 7.9487
800 0.3086 3658.3 4152.1 8.2808 0.2742 3657.6 4151.2 8.2258 0.2467 3657.0 4150.3 8.1765
900 0.3377 3850.5 4390.8 8.4935 0.3001 3849.9 4390.1 8.4386 0.2700 3849.3 4389.4 8.3895

1000 0.3668 4049.0 4635.8 8.6938 0.3260 4048.5 4635.2 8.6391 0.2933 4048.0 4634.6 8.5901
1100 0.3958 4253.7 4887.0 8.8837 0.3518 4253.2 4886.4 8.8290 0.3166 4252.7 4885.9 8.7800
1200 0.4248 4464.2 5143.9 9.0643 0.3776 4463.7 5143.4 9.0096 0.3398 4463.3 5142.9 8.9607
1300 0.4538 4679.9 5406.0 9.2364 0.4034 4679.5 5405.6 9.1818 0.3631 4679.0 5405.1 9.1329
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Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 2.50 MPa (223.99 ºC) P = 3.00 MPa (233.90 ºC) P = 3.50 MPa (242.60 ºC)
Sat. 0.07998 2603.1 2803.1 6.2575 0.06668 2604.1 2804.2 6.1869 0.05707 2603.7 2803.4 6.1253
225 0.08027 2605.6 2806.3 6.2639
250 0.08700 2662.6 2880.1 6.4085 0.07058 2644.0 2855.8 6.2872 0.05872 2623.7 2829.2 6.1749
300 0.09890 2761.6 3008.8 6.6438 0.08114 2750.1 2993.5 6.5390 0.06842 2738.0 2977.5 6.4461
350 0.10976 2851.9 3126.3 6.8403 0.09053 2843.7 3115.3 6.7428 0.07678 2835.3 3104.0 6.6579
400 0.12010 2939.1 3239.3 7.0148 0.09936 2932.8 3230.9 6.9212 0.08453 2926.4 3222.3 6.8405
450 0.13014 3025.5 3350.8 7.1746 0.10787 3020.4 3344.0 7.0834 0.09196 3015.3 3337.2 7.0052
500 0.13993 3112.1 3462.1 7.3234 0.11619 3108.0 3456.5 7.2338 0.09918 3103.0 3450.9 7.1572
600 0.15930 3288.0 3686.3 7.5960 0.13243 3285.0 3682.3 7.5085 0.11324 3282.1 3678.4 7.4339
700 0.17832 3468.7 3914.5 7.8435 0.14838 3466.5 3911.7 7.7571 0.12699 3464.3 3908.8 7.6837
800 0.19716 3655.3 4148.2 8.0720 0.16414 3653.5 4145.9 7.9862 0.14056 3651.8 4143.7 7.9134
900 0.21590 3847.9 4387.6 8.2853 0.17980 3846.5 4385.9 8.1999 0.15402 3845.0 4384.1 8.1276

1000 0.2346 4046.7 4633.1 8.4861 0.19541 4045.4 4631.6 8.4009 0.16743 4044.1 4630.1 8.3288
1100 0.2532 4251.5 4884.6 8.6762 0.21098 4250.3 4883.3 8.5912 0.18080 4249.2 4881.9 8.5192
1200 0.2718 4462.1 5141.7 8.8569 0.22652 4460.9 5140.5 8.7720 0.19415 4459.8 5139.3 8.7000
1300 0.2905 4677.8 5404.0 9.0291 0.24206 4676.6 5402.8 8.9442 0.20749 4675.5 5401.7 8.8723

Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 4.0 MPa (250.40 ºC) P = 4.5 MPa (257.49 ºC) P = 5.0 MPa (263.99 ºC)
Sat. 0.04978 2602.3 2801.4 6.0701 0.04406 2600.1 2798.3 6.0198 0.03944 2597.1 2794.3 5.9734
275 0.05457 2667.9 2886.2 6.2285 0.04730 2650.3 2863.2 6.1401 0.04141 2631.3 2838.3 6.0544
300 0.05884 2725.3 2960.7 6.3615 0.05135 2712.0 2943.1 6.2828 0.04532 2698.0 2924.5 6.2084
350 0.06645 2826.7 3092.5 6.5821 0.05840 2817.8 3080.6 6.5131 0.05194 2808.7 3068.4 6.4493
400 0.07341 2919.9 3213.6 6.7690 0.06475 2913.3 3204.7 6.7047 0.05781 2906.6 3195.7 6.6459
450 0.08002 3010.2 3330.3 6.9363 0.07074 3005.0 3323.3 6.8746 0.06330 2999.7 3316.2 6.8186
500 0.08643 3099.5 3445.3 7.0901 0.07651 3095.3 3439.6 7.0301 0.06857 3091.0 3433.8 6.9759
600 0.09885 3279.1 3674.4 7.3688 0.08765 3276.0 3670.5 7.3110 0.07869 3273.0 3666.5 7.2589
700 0.11095 3462.1 3905.9 7.6198 0.09847 3459.9 3903.0 7.5631 0.08849 3457.6 3900.1 7.5122
800 0.12287 3650.0 4141.5 7.8502 0.10911 3648.3 4139.3 7.7942 0.09811 3646.6 4137.1 7.7440
900 0.13469 3843.6 4382.3 8.0647 0.11965 3842.2 4380.6 8.0091 0.10762 3840.7 4378.8 7.9593

1000 0.14645 4042.9 4628.7 8.2662 0.13013 4041.6 4627.2 8.2108 0.11707 4040.4 4625.7 8.1612
1100 0.15817 4248.0 4880.6 8.4567 0.14056 4246.8 4879.3 8.4015 0.12648 4245.6 4878.0 8.3520
1200 0.16987 4458.6 5138.1 8.6376 0.15098 4457.5 5136.9 8.5825 0.13587 4456.3 5135.7 8.5331
1300 0.18156 4674.3 5400.5 8.8100 0.16139 4673.1 5399.4 8.7549 0.14526 4672.0 5398.2 8.7055
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Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 6.0 MPa (275.64 ºC) P = 7.0 MPa (285.88 ºC) P = 8.0 MPa (295.06 ºC)
Sat. 0.03244 2589.7 2784.3 5.8892 0.02737 2580.5 2772.1 5.8133 0.02352 2569.0 2758.0 5.7432
300 0.03616 2667.2 2884.2 6.0674 0.02947 2632.2 2838.4 5.9305 0.02426 2590.9 2785.0 5.7906
350 0.04223 2789.6 3043.0 6.3335 0.03524 2769.4 3016.0 6.2283 0.02995 2747.7 2987.3 6.1301
400 0.04739 2892.9 3177.2 6.5408 0.03993 2878.6 3158.1 6.4478 0.03432 2863.8 3138.3 6.3634
450 0.05214 2988.9 3301.8 6.7193 0.04416 2978.0 3287.1 6.6327 0.03817 2966.7 3272.0 6.5551
500 0.05665 3082.2 3422.2 6.8803 0.04814 3073.4 3410.3 6.7975 0.04175 3064.3 3398.3 6.7240
550 0.06101 3174.6 3540.6 7.0288 0.05195 3167.2 3530.9 6.9486 0.04516 3159.8 3521.0 6.8778
600 0.06525 3266.9 3658.4 7.1677 0.05565 3260.7 3650.3 7.0894 0.04845 3254.4 3642.0 7.0206
700 0.07352 3453.1 3894.2 7.4234 0.06283 3448.5 3888.3 7.3476 0.05481 3443.9 3882.4 7.2812
800 0.08160 3643.1 4132.7 7.6566 0.06981 3639.5 4128.2 7.5822 0.06097 3636.0 4123.8 7.5173
900 0.08958 3837.8 4375.3 7.8727 0.07669 3835.0 4371.8 7.7991 0.06702 3832.1 4368.3 7.7351

1000 0.09749 4037.8 4622.7 8.0751 0.08350 4035.3 4619.8 8.0020 0.07301 4032.8 4616.9 7.9384
1100 0.10536 4243.3 4875.4 8.2661 0.09027 4240.9 4872.8 8.1933 0.07896 4238.6 4870.3 8.1300
1200 0.11321 4454.0 5133.3 8.4474 0.09703 4451.7 5130.9 8.3747 0.08489 4449.5 5128.5 8.3115
1300 0.12106 4669.6 5396.0 8.6199 0.10377 4667.3 5393.7 8.5475 0.09080 4665.0 5391.5 8.4842

Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 9.0 MPa (303.40 ºC) P = 10.0 MPa (311.06 ºC) P = 12.5 MPa (327.89 ºC)
Sat. 0.02048 2557.8 2742.1 5.6772 0.018026 2544.4 2724.7 5.6141 0.013495 2505.1 2673.8 5.4624
325 0.02327 2646.6 2856.0 5.8712 0.019861 2610.4 2809.1 5.7568
350 0.02580 2724.4 2956.6 6.0361 0.02242 2699.2 2923.4 5.9443 0.016126 2624.6 2826.2 5.7118
400 0.02993 2848.4 3117.8 6.2854 0.02641 2832.4 3096.5 6.2120 0.02000 2789.3 3039.3 6.0417
450 0.03350 2955.2 3256.6 6.4844 0.02975 2943.4 3240.9 6.4190 0.02299 2912.5 3199.8 6.2719
500 0.03677 3055.2 3386.1 6.6576 0.03279 3045.8 3373.7 6.5966 0.02560 3021.7 3341.8 6.4618
550 0.03987 3152.2 3511.0 6.8142 0.03564 3144.1 3500.9 6.7561 0.02801 3125.0 3475.2 6.6290
600 0.04285 3248.1 3633.7 6.9589 0.03837 3241.7 3625.3 6.9029 0.03029 3225.4 3604.0 6.7810
650 0.04574 3343.6 3755.3 7.0943 0.04101 3338.2 3748.2 7.0398 0.03248 3324.4 3730.4 6.9218
700 0.04857 3439.3 3876.5 7.2221 0.04358 3434.7 3870.5 7.1687 0.03460 3422.9 3855.3 7.0536
800 0.05409 3632.5 4119.3 7.4596 0.04859 3628.9 4114.8 7.4077 0.03869 3620.0 4103.6 7.2965
900 0.05950 3829.2 4364.8 7.6783 0.05349 3826.3 4361.2 7.6272 0.04267 3819.1 4352.5 7.5182

1000 0.06485 4030.3 4614.0 7.8821 0.05832 4027.8 4611.0 7.8315 0.04658 4021.6 4603.8 7.7237
1100 0.07016 4236.3 4867.7 8.0740 0.06312 4234.0 4865.1 8.0237 0.05045 4228.2 4858.8 7.9165
1200 0.07544 4447.2 5126.2 8.2556 0.06789 4444.9 5123.8 8.2055 0.05430 4439.3 5118.0 8.0937
1300 0.08072 4662.7 5389.2 8.4284 0.07265 4460.5 5387.0 8.3783 0.05813 4654.8 5381.4 8.2717
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Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 15.0 MPa (342.24 ºC) P = 17.5 MPa (354.75 ºC) P = 20.0 MPa (365.81 ºC)
Sat. 0.010337 2455.5 2610.5 5.3098 0.007920 2390.2 2528.8 5.1419 0.005834 2293.0 2409.7 4.9269
350 0.011470 2520.4 2692.4 5.4421
400 0.015649 2740.7 2975.5 5.8811 0.012447 2685.0 2902.9 5.7213 0.009942 2619.3 2818.1 5.5540
450 0.018445 2879.5 3156.2 6.1404 0.015174 2844.2 3109.7 6.0184 0.012695 2806.2 3060.1 5.9017
500 0.02080 2996.6 3308.6 6.3443 0.017358 2970.3 3274.1 6.2383 0.014768 2942.9 3238.2 6.1401
550 0.02293 3104.7 3448.6 6.5199 0.019288 3083.9 3421.4 6.4230 0.016555 3062.4 3393.5 6.3348
600 0.02491 3208.6 3582.3 6.6776 0.02106 3191.5 3560.1 6.5866 0.018178 3174.0 3537.6 6.5048
650 0.02680 3310.3 3712.3 6.8224 0.02274 3296.0 3693.9 6.7357 0.019693 3281.4 3675.3 6.6582
700 0.02861 3410.9 3840.1 6.9572 0.02434 3324.6 398.7 6.8736 0.02113 3386.4 3809.0 6.7993
800 0.03210 3610.9 4092.4 7.2040 0.02738 3601.8 4081.1 7.1244 0.02385 3592.7 4069.7 7.0544
900 0.03546 3811.9 4343.8 7.4279 0.03031 3804.7 4335.1 7.3507 0.02645 3797.5 4326.4 7.2830

1000 0.03875 4015.4 4596.6 7.6348 0.03316 4009.3 4589.5 7.5589 0.02897 4003.1 4582.5 7.4925
1100 0.04200 4222.6 4852.6 7.8283 0.03597 4216.9 4846.4 7.7531 0.03145 4211.3 4840.2 7.6874
1200 0.04523 4433.8 5112.3 8.0108 0.03876 4428.3 5106.6 7.9360 0.03391 4422.8 5101.0 7.8707
1300 0.04845 4649.1 5376.0 8.1840 0.04154 4643.5 5370.5 8.1093 0.03636 4638.0 5365.1 8.0442

Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 25.0 MPa P = 30.0 MPa P = 35.0 MPa
375 0.0019731 1798.7 1848.0 4.0320 0.0017892 1737.8 1791.5 3.9305 0.0017003 1702.9 1762.4 3.8722
400 0.006004 2430.1 2580.2 5.1418 0.002790 2067.4 2151.1 4.4728 0.002100 1914.1 1987.6 4.2126
425 0.007881 2609.2 2806.3 5.4723 0.005303 2455.1 2614.2 5.1504 0.003428 2253.4 2373.4 4.7747
450 0.009162 2720.7 2949.7 5.6744 0.006735 2619.3 2821.4 5.4424 0.004961 2498.7 2672.4 5.1962
500 0.011123 2884.3 3162.4 5.9592 0.008678 2820.7 3081.1 5.7905 0.006927 2751.9 2994.4 5.6282
550 0.012724 3017.5 3335.6 6.1765 0.010168 2970.3 3275.4 6.0342 0.008345 2921.0 3213.0 5.9026
600 0.014137 3137.9 3491.4 6.3602 0.011446 3100.5 3443.9 6.2331 0.009527 3062.0 3395.5 6.1179
650 0.015433 3251.6 3637.4 6.5229 0.012596 3221.0 3598.9 6.4058 0.010575 3189.8 3559.9 6.3010
700 0.016646 3361.3 3777.5 6.6707 0.013661 3335.8 3745.6 6.5606 0.011533 3309.8 3713.5 6.4631
800 0.018912 3574.3 4047.1 6.9345 0.015623 3555.5 4024.2 6.8332 0.013278 3536.7 4001.5 6.7450
900 0.021045 3783.0 4309.1 7.1680 0.017448 3768.5 4291.9 7.0718 0.014883 3754.0 4274.9 6.9386

1000 0.02310 3990.9 4568.5 7.3802 0.019196 3978.8 4554.7 7.2867 0.016410 3966.7 4541.1 7.2064
1100 0.02512 4200.2 4828.2 7.5765 0.020903 4189.2 4816.3 7.4845 0.017895 4178.3 4804.6 7.4037
1200 0.02711 4412.0 5089.9 7.7605 0.022589 4401.3 5079.0 7.6692 0.019360 4390.7 5068.3 7.5910
1300 0.02910 4626.9 5354.4 7.9342 0.024266 4616.0 5344.0 7.8432 0.020815 4605.1 5333.6 7.7653
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Table 4 Superheated steam table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 40.0 MPa P = 50.0 MPa P = 60.0 MPa
375 0.0016407 1677.1 1742.8 3.8290 0.0015594 1638.6 1716.6 3.7639 0.0015028 1609.4 1699.5 3.7141
400 0.0019077 1854.6 1930.9 4.1135 0.0017309 1788.1 1874.6 4.0031 0.0016335 1745.4 1843.4 3.9318
425 0.002532 2096.9 2198.1 4.5029 0.002007 1959.7 2060.0 4.2734 0.0018165 1892.7 2001.7 4.1626
450 0.003693 2365.1 2512.8 4.9459 0.002486 2159.6 2284.0 4.5884 0.002085 2053.9 2179.0 4.4121
500 0.005622 2678.4 2903.3 5.4700 0.003892 2525.5 2720.1 5.1726 0.002956 2390.6 2567.9 4.9321
550 0.006984 2869.7 3149.1 5.7785 0.005118 2763.6 3019.5 5.5485 0.003956 2658.8 2896.2 5.3441
600 0.008094 3022.6 3346.4 6.0144 0.006112 2942.0 3247.6 5.8178 0.004834 2861.1 3151.2 5.6452
650 0.009063 3158.0 3520.6 6.2054 0.006966 3093.5 3441.8 6.0342 0.005595 3028.8 3364.5 5.8829
700 0.009941 3283.6 3681.2 6.3750 0.007727 3230.5 3616.8 6.2189 0.006272 3177.2 3553.5 6.0824
800 0.011523 3517.8 3978.7 6.6662 0.009076 3479.8 3933.6 6.5290 0.007459 3441.5 3889.1 6.4109
900 0.012962 3739.4 4257.9 6.9150 0.010283 3710.3 4224.4 6.7882 0.008508 3681.0 4191.5 6.6805

1000 0.014324 3954.6 4527.6 7.1356 0.011411 3930.5 4501.1 7.0146 0.009480 3906.4 4475.2 6.9121
1100 0.015642 4167.4 4793.1 7.3364 0.012496 4145.7 4770.5 7.2184  0.010409 4124.1 4748.6 7.1195
1200 0.016940 4380.1 5057.7 7.5224 0.013561 4359.1 5037.2 7.4058 0.011317 4338.2 5017.2 7.3083
1300 0.018229 4594.3 5323.5 7.6969 0.014616 4572.8 5303.6 7.5808 0.012215 4551.4 5284.3 7.4837

Table 5 Compressed liquid water table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 5 MPa (263.99 ºC) P = 10 MPa (311.06 ºC) P = 15 MPa (342.24 ºC)
Sat. 0.0012859 1147.8 1154.2 2.9202 0.0014524 1393.0 1407.6 3.3596 0.0016581 l585.6 1610.5 3.6848

0 0.0009977 0.04 5.04 0.0001 0.0009952 0.09 10.04 0.0002 0.0009928 0.15 15.05 0.0004
20 0.0009995 83.65 83.65 0.2956 0.0009972 83.36 93.33 0.2945 0.0009950 83.06 97.99 0.2934
40 0.0010056 166.95 171.97 0.5705 0.0010034 166.35 176.38 0.5686 0.0010013 165.76 180.78 0.5666
60 0.0010149 250.23 255.30 0.8285 0.0010127 249.36 259.49 0.8258 0.0010105 248.51 263.67 0.8232
80 0.0010268 333.72 338.85 1.0720 0.0010245 332.59 342.83 1.0688 0.0010222 331.48 346.81 1.0656

100 0.0010410 417.52 422.72 1.3030 0.0010385 416.12 426.50 1.2992 0.0010361 414.74 430.28 1.2955
120 0.0010576 501.80 507.09 1.5233 0.0010549 500.08 510.64 1.5189 0.0010522 498.40 514.19 1.5145
140 0.0010768 586.76 592.15 1.7343 0.0010737 584.68 595.42 1.7292 0.0010707 582.66 598.72 1.7242
160 0.0010988 672.62 678.12 1.9375 0.0010953 670.13 681.08 1.9317 0.0010918 667.71 684.09 1.9260
180 0.0011240 759.63 765.25 2.1341 0.0011199 756.65 767.84 2.1275 0.0011159 753.76 770.50 2.1210
200 0.0011530 848.1 853.9 2.3255 0.0011480 844.5 856.0 2.3178 0.0011433 841.0 858.2 2.3104
220 0.0011866 938.4 944.4 2.5128 0.0011805 934.1 945.9 2.5039 0.0011748 929.9 947.5 2.4953
240 0.0012264 1031.4 1037.5 2.6979 0.0012187 1026.0 1038.1 2.6872 0.0012114 1020.8 1039.0 2.6771
260 0.0012749 1127.9 1134.3 2.8830 0.0012645 1121.1 1133.7 2.8699 0.0012550 1114.6 1133.4 2.8576
280 0.0013216 1220.9 1234.1 3.0548 0.0013084 1212.5 1232.1 3.0393
300 0.0013972 1328.4 1342.3 3.2469 0.0013770 1316.6 1337.3 3.2260
320 0.0014724 1431.1 1453.2 3.4247
340 0.0016311 1567.5 1591.9 3.6546
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Table 5 Compressed liquid water table

T v u h s v u h s v u h s
ºC m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K) m3/kg kJ/kg kJ/kg kJ/(kg·K)

P = 20.0 MPa (365.81 ºC) P = 30 MPa P = 50 MPa
Sat. 0.002036 1785.6 1826.3 4.0139

0 0.0009904 0.19 20.01 0.0004 0.0009856 0.25 29.82 0.0001 0.0009766 0.20 49.03 0.0014
20 0.0009928 82.77 102.62 0.2923 0.0009886 82.17 111.84 0.2899 0.0009804 81.00 130.02 0.2848
40 0.0009992 165.17 185.16 0.5646 0.0009951 164.04 193.89 0.5607 0.0009872 161.86 211.21 0.5527
60 0.0010084 247.68 267.85 0.8206 0.0010042 246.06 276.19 0.8154 0.0009962 242.98 292.79 0.8052
80 0.0010199 330.40 350.80 1.0624 0.0010156 328.30 358.77 1.0561 0.0010073 324.34 374.70 1.0440

100 0.0010337 413.39 434.06 1.2917 0.0010290 410.78 441.66 1.2844 0.0010201 405.88 456.89 1.2703
120 0.0010496 496.76 517.76 1.5102 0.0010445 493.59 524.93 1.5018 0.0010348 487.65 539.39 1.4857
140 0.0010678 580.69 602.04 1.7193 0.0010621 576.88 608.75 1.7098 0.0010515 569.77 622.35 1.6915
160 0.0010885 665.35 687.12 1.9204 0.0010821 660.82 693.28 1.9096 0.0010703 652.41 705.92 1.8891
180 0.0011120 750.95 773.20 2.1147 0.0011047 745.59 778.73 2.1024 0.0010912 735.69 790.25 2.0794
200 0.0011388 837.7 860.5 2.3031 0.0011302 831.4 865.3 2.2893 0.0011146 819.7 875.5 2.2634
220 0.0011695 925.9 949.3 2.4870 0.0011590 918.3 953.1 2.4711 0.0011408 904.7 961.7 2.4419
240 0.0012046 1016.0 1040.0 2.6674 0.0011920 1006.9 1042.6 2.6490 0.0011702 990.7 1049.2 2.6158
260 0.0012462 1108.6 1133.5 2.8459 0.0012303 1097.4 1134.3 2.8243 0.0012034 1078.1 1138.2 2.7860
280 0.0012965 1204.7 1230.6 3.0248 0.0012755 1190.7 1229.0 2.9986 0.0012415 1167.2 1229.3 2.9537
300 0.0013596 1306.1 1333.3 3.2071 0.0013304 1287.9 1327.8 3.1741 0.0012860 1258.7 1323.0 3.1200
320 0.0014437 1415.7 1444.6 3.3979 0.0013997 1390.7 1432.7 3.3539 0.0013388 1353.3 1420.2 3.2868
340 0.0015684 1539.7 1571.0 3.6075 0.0014920 1501.7 1546.5 3.5426 0.0014032 1452.0 1522.1 3.4557
360 0.0018226 1702.8 1739.3 3.8772 0.0016265 1626.6 1675.4 3.7494 0.0014838 1556.0 1630.2 3.6291
380 0.0018691 1781.4 1837.5 4.0012 0.0015884 1667.2 1746.6 3.8101

Table 6  Saturated ice-steam (temperature) table

Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Temp.Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
°C kPa ice vapour ice Subl. vapour ice Subl. vapour ice Subl. vapour

T Tsat vi
 × 103 vg ui uig ug hi hig hg si sig sg

0.01 0.6113 1.0908 206.1 –333.40 2708.7 2375.3 –333.40 2834.8 2501.4 –1.221 10.378 9.156
0 0.6108 1.0908 206.3 –333.43 2708.8 2375.3 –333.43 2834.8 2501.3 –1.221 10.378 9.157

–2 0.5176 1.0904 241.7 –337.62 2710.2 2372.6 –337.62 2835.3 2497.7 –1.237 10.456 9.219
–4 0.4375 1.0901 283.8 –341.78 2711.6 2369.8 –341.78 2835.7 2494.0 –1.253 10.536 9.283
–6 0.3689 1.0898 334.2 –345.91 2712.9 2367.0 –345.91 2836.2 2490.3 –1.268 10.616 9.348
–8 0.3102 1.0894 394.4 –350.02 2714.2 2364.2 –350.02 2836.6 2486.6 –1.284 10.698 9.414

–10 0.2602 1.0891 466.7 –354.09 2715.5 2361.4 –354.09 2837.0 2482.9 –1.299 10.781 9.481
–l2 0.2176 1.0888 553.7 –358.14 2716.8 2358.7 –358.14 2837.3 2479.2 –1.315 10.865 9.550
–14 0.1815 1.0884 658.8 –362.15 2718.0 2355.9 –362.15 2837.6 2475.5 –1.331 10.950 9.619
–16 0.1510 1.0881 786.0 –366.14 2719.2 2353.1 –366.14 2837.9 2471.8 –1.346 11.036 9.690
–18 0.l252 1.0878 940.5 –370.10 2720.4 2350.3 –370.10 2838.2 2468.1 –1.362 11.123 9.762
–20 0.1035 1.0874 1128.6 –374.03 2721.6 2347.5 –374.03 2838.4 2464.3 –1.377 11.212 9.835
–22 0.0853 1.0871 1358.4 –377.93 2722.7 2344.7 –377.93 2838.6 2460.6 –1.393 11.302 9.909
–24 0.0701 1.0868 1640.1 –381.80 2723.7 2342.0 –381.80 2838.7 2456.9 –1.408 11.394 9.985
–26 0.0574 1.0864 1986.4 –385.64 2724.8 2339.2 –385.64 2838.9 2453.2 –1.424 11.486 10.062

Contd.
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Specific volume Internal energy Enthalpy Entropy
Sat. m3/kg kJ/kg kJ/kg kJ/(kg.K)

Temp.Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
°C kPa ice vapour ice Subl. vapour ice Subl. vapour ice Subl. vapour

T Tsat vi
 × 103 vg u i uig ug hi hig hg si sig sg

–28 0.0469 1.0861 2413.7 –389.45 2725.8 2336.4 –389.45 2839.0 2449.5 –1.439 11.580 10.141
–30 0.0381 1.0858 2943 –393.23 2726.8 2333.6 –393.23 2839.0 2445.8 –1.455 11.676 10.221
–32 0.0309 1.0854 3600 –396.98 2727.8 2330.8 –396.98 2839.1 2442.1 –1.471 11.773 10.303
–34 0.0250 1.0851 4419 –400.71 2728.7 2328.0 –400.71 2839.1 2438.4 –1.486 11.872 10.386
–36 0.0201 1.0848 5444 –404.40 2729.6 2325.2 –404.40 2839.1 2434.7 –1.501 11.972 10.470
–38 0.0161 1.0844 6731 –408.06 2730.5 2322.4 –408.06 2839.0 2430.9 –1.517 12.073 10.556
–40 0.0l29 1.0841 8354 –411.70 2731.3 2319.6 –411.70 2839.9 2427.2 –1.532 12.176 10.644

Table 7  Critical Point Data For Some Substances

Substance Formula Molecular Temperature Pressure Volume
Weight T

c’
 K p

c’
 MPa m3/kmol

Ammonia NH
3

17.03 405.5 11.28 .0724
Argon Ar 39.948 151 4.86 .0749
Bromine Br

2
159.808 584 10.34 .1355

Carbon Dioxide CO
2

44.01 304.2 7.39 .0943
Carbon Monoxide CO 28.001 133 3.50 0.930
Chlorine Cl

2
70.906 417 7.71 .1242

Deuterium D
2

4.00 38.4 1.66 —
Helium He 4.003 5.3 0.23 0.578
Helium3 He 3.00 3.3 0.12 —
Hydrogen H

2
2.016 33.3 1.30 .0649

Krypton Kr 83.80 209.4 5.50 .0924
Neon Ne 20.183 44.5 2.73 .0417
Nitrogen N

2
28.013 126.2 3.39 .0899

Nitrous Oxide N
2
O 44.013 309.7 7.27 .0961

Oxygen O
2

31.999 154.8 5.08 .0780
Sulfur Dioxide SO

2
64.063 430.7 7.88 .1217

Water H
2
O 18.015 647.3 22.09 .0568

Xenon Xe 131.30 289.8 5.88 .1186
Benzene X

2
H

6
78.115 562 4.92 .2603

n-Butane C
4
H

10
58.124 425.5 3.80 .2547

Carbon Tetrachloride CCl
4

153.82 556.4 4.56 .2759
Chloroform CHCl

2
119.38 536.6 5.47 .2403

Dichlorodifluoromethane CCl
2
F

2
120.91 384.7 4.01 .2179

Dichlorofluoromethane CHCl
2
F 102.92 451.7 5.17 .1973

Ethane C
2
H

6
30.070 305.5 4.88 .1480

Ethyl Alcohol C
2
H

5
OH 46.07 516 6.38 .1673

Ethylene C
2
H

14
28.054 282.4 5.12 .1242

n-Hexane C
6
H

4
86.178 507.9 3.03 .3677

Methane CH
4

16.043 191.1 4.64 .993
Methyl Alcohol CH

3
OH 32.042 513.2 7.95 .1180

Methyl Chloride CH
3
Cl 50.488 416.3 6.68 .1430

Propane C
3
H

8
44.097 370 4.26 .1998

Propene C
3
H

6
42.081 365 4.62 .1810

Propyne C
3
H

4
40.065 401 5.35 —

Trichlorofluoromethane CCl
3
F 137.37 471.2 4.38 .2478
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Table 8  Saturated Ammonia Table

Specific volume Enthalpy Entropy
m3/kg kJ/kg kJ/(kg.K)

Te- Abs. Sat. Sat. Sat. Sat. Sat. Sat.
mp. Press. Liquid Evap. Vapor Liquid Evap. Vapor Liquid Evap. Vapor
°C kpa v f v fg v g h f hfg hg sf sfg sg

P
–50 40.88 0.001 424 2.6239 2.6254 –44.3 1416.7 1372.4 –0.1942 6.3502  6.1561
–48 45.96 0.001 429 2.3518 2.3533 –35.5 1411.3 1375.8 –0.1547 6.2696 6.1149
–46 51.55 0.001 434 2.1126 2.1124 –26.6 1405.8 1379.2 –0.1156 6.1902 6.0746
–44 57.69 0.001 439 1.9018 1.9032 –17.8 1400.3 1382.5 –0.0768 6.1120 6.0352
–42 64.42 0.001 444 1.7155 1.7170 –8.9 1394.7 1385.8 –0.0382 6.0349 5.9967
–40 71.77 0.001 449 1.5506 1.5521 0.0 1389.0 1389.0 0.0000 5.9589 5.9589
–38 79.80 0.001 454 1.4043 1.4058 8.9 1383.3 1392.2 0.0380 5.8840 5.9220
–36 88.54 0.001 460 1.2742 1.2757 17.8 1377.6 1395.4 0.0757 5.8101 5.8858
–34 98.05 0.001 465 1.1582 1.1597 26.8 1371.8 1398.5 0.1132 5.7372 5.8504
–32 108.37 0.001 470 1.0547 1.0562 35.7 1365.9 1401.6 0.1504 5.6652 5.8156
–30 119.55 0.001 476 0.9621 0.9635 44.7 1360.0 1404.6 0.1873 5.5942 5.7815
–28 131.64 0.001 481 0.8790 0.8805 53.6 1354.0 1407.6 0.2240 5.5241 5.7481
–26 144.70 0.001 487 0.8044 0.8059 62.6 1347.9 1410.5 0.2605 5.4548 5.7153

– 24 158.78 0.001 492 0.7373 0.7388 71.6 1341.8 1413.4 0.2967 5.3864 5.6831
–22 173.93 0.001 498 0.6768 0.6783 80.7 1335.6 1416.2 0.3327 5.3188 5.6515
–20 190.22 0.001 504 0.6222 0.6237 89.7 1329.3 1419.0 0.3684 5.2520 5.6205
–18 207.71 0.001 510 0.5728 0.5743 98.8 1322.9 1421.7 0.4040 5.1860 5.5900
–16 226.45 0.001 515 0.5280 0.5296 107.8 1316.5 1424.4 0.4393 5.1207 5.5600
–14 246.51 0.001 521 0.4874 0.4889 116.9 1310.0 1427.0 0.4744 5.0561 5.5305
–12 267.95 0.001 528 0.4505 0.4520 126.0 1303.5 1429.5 0.5093 4.9922 5.5015
–10 290.85 0.001 534 0.4169 0.4185 135.2 1296.8 1432.0 0.5440 4.9290 5.4730
–8 315.25 0.001 540 0.3863 0.3878 144.3 1290.1 1434.4 0.5785 4.8664 5.4449
–6 341.25 0.001 546 0.3583 0.3599 153.5 1283.3 1436.8 0.6128 4.8045 5.4173
–4 368.90 0.001 553 0.3328 0.3343 162.7 1276.4 1439.1 0.6469 4.7432 5.3901
–2 398.27 0.001 559 0.3094 0.3109 171.9 1269.4 1441.3 0.6808 4.6825 5.3633

0 429.44 0.001 566 0.2879 0.2895 181.1 1262.4 1443.5 0.7145 4.6223 5.3369
2 462.49 0.001 573 0.2683 0.2698 190.4 1255.2 1445.6 0.7481 4.5627 5.3108
4 497.49 0.001 580 0.2502 0.2517 199.6 1248.0 1447.6 0.7815 4.5037 5.2852
6 534.51 0.001 587 0.2335 0.2351 208.9 1240.6 1449.6 0.8148 4.4451 5.2599
8 573.64 0.001 594 0.2182 0.2198 218.3 1233.2 1451.5 0.8479 4.3871 5.2350

10 614.95 0.001 601 0.2040 0.2056 227.6 1225.7 1453.3 0.8808 4.3295 5.2104
12 658.52 0.001 608 0.1910 0.1926 237.0 1218.1 1455.1 0.9136 4.2725 5.1861
14 407.44 0.001 616 0.1789 0.1805 246.4 1210.4 1456.8 0.9463 4.2159 5.1621
16 752.79 0.001 623 0.1677 0.1693 255.9 1202.6 1458.5 0.9788 4.1597 5.1385
18 803.66 0.001 631 0.1574 0.1590 265.4 1194.7 1460.0 1.0112 4.1039 5.1151
20 857.12 0.001 639 0.1477 0.1494 274.9 1186.7 1461.5 1.0434 4.0486 5.0920
22 913.27 0.001 647 0.1388 0.1405 284.4 1178.5 1462.9 1.0755 3.9937 5.0692
24 972.19 0.001 655 0.1305 0.1322 294.0 1170.3 1464.3 1.1075 3.9392 5.0467
26 1033.97 0.001 663 0.1228 0.1245 303.6 1162.0 1465.6 1.1394 3.8850 5.0244
28 1098.71 0.001 671 0.1156 0.1173 313.6 1153.6 1466.8 1.1711 3.8312 5.0023
30 1166.49 0.001 680 1.1089 0.1106 322.9 1145.0 1467.9 1.2028 3.7777 4.9805
32 1237.41 0.001 689 0.1027 0.1044 332.6 1136.4 1469.0 1.2343 3.7246 4.9589
34 1311.55 0.001 698 0.0969 0.0986 342.3 1127.6 1469.9 1.2656 3.6718 4.9374
36 1389.03 0.001 707 0.0914 0.0931 352.1 1118.7 1470.8 1.2969 3.6192 4.9161
38 1469.92 0.001 716 0.0863 0.0880 361.9 1109.7 1471.5 1.3281 3.5669 4.8950
40 1554.33 0.001 726 0.0815 0.0833 371.7 1100.5 1472.2 1.3591 3.5148 4.8740
42 1442.35 0.001 735 0.0771 0.0788 381.6 1091.2 1472.8 1.3901 3.4630 4.8530
44 1734.09 0.001 745 0.0728 0.0746 391.5 1081.7 1473.2 1.4209 3.4112 4.8322
46 1829.65 0.001 756 0.0689 0.0707 401.5 1072.0 1473.5 1.4518 3.3595 4.8113
48 1929.13 0.001 766 0.0652 0.0669 411.5 1062.2 1473.7 1.4826 3.3079 4.7905
50 2032.62 0.001 777 0.0617 0.0635 421.7 1052.0 1473.7 1.5135 3.2561 4.7696
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Table  9 Superheated Ammonia Table

  Abs. Press.
  kPa Temperature, °C

–20 –10 0 10 20 30 40 50 60 70 80 100
v 2.4474 –2.5481 2.6482 2.7479 2.8473 2.9464 3.0453 3.1441 3.2427 3.3413 3.4397

50 h 1435.8 1457.0 1478.1 1499.2 1520.4 1541.7 1563.0 1584.5 1606.1 1627.8 1649.7
s 6.3256 6.4077 6.4865 6.5625 6.6360 6.7073 6.7766 6.8441 6.9099 6.9743 7.0372
v 1.6233 1.6915 1.7591 1.8263 1.8932 1.9597 2.0261 2.0923  2.1584 2.2244 2.2903

75 h 1433.0 1454.7 1476.1 1497.5 1518.9 1540.3 1561.8 1583.4 1605.1 1626.9 1648.9
s 6.1190 6.2028 6.2828 6.3597 6.4339 6.5058 6.5756 6.6434 6.7096 6.7742 6.8373
v 1.2110 1.2631 1.3145 1.3654 1.4160 1.4664 1.5165 1.5664 1.6163 1.6659 1.7155 1.8145

100 h 1430.1 1452.2 1474.1 1495.7 1517.3 1538.9 1560.5 1582.2 1604.1 1626.0 1648.0 1692.6
 s 5.9695 6.0552 6.1366 6.2144 6.2894 6.3618 6.4321 6.5003 6.5668 6.6316 6.6950 6.8l77
v 0.9635 1.0059 1.0476 1.0889 1.1297 1.1703 1.2107 1.2509 1.2909 1.3309 1.3707 1.4501

125 h 1427.2 1449.8 1472.0 1493.9 1515.7 1537.5 1559.3 1581.1 1603.0 1625.0 1647.2 1691.8
s 5.8512 5.9389 6.0217 6.1006 6.1763 6.2494 6.3201 6.3887 6.4555 6.5206 6.5842 6.7072
v 0.7984 0.8344 0.8697 0.9045 0.9388 0.9729 1.0068 1.0405 1.0740 1.1074 1.1408 1.2072

150 h 1424.1 1447.3 1469.8 1492.1 1514.1 1536.1 1558.0 1580.0 1602.0 1624.1 1646.3 1691.1
s 5.7526 5.8424 5.9266 6.0066 6.0831 6.1568 6.2280 6.2970 6.3641 6.4295 6.4933 6.6167
v 0.6199 0.6471 0.6738 0.7001 0.7261 0.7519 0.7774 0.8029 0.8282 0.8533 0.9035

200 h 1442.0 1465.5 1488.4 1510.9 1533.2 1555.5 1577.7 1599.9 1622.2 1644.6 1689.6
s 5.6863 5.7737 5.8559 5.9342 6.0091 6.0813 6.1512 6.2189 6.2849 6.3491 6.4732
v 0.4910 0.5135 0.5354 0.5568 0.5780 0.5989 0.6196 0.6401 0.6605 0.6809 0.7212

250 h 1436.6 1461.0 1484.5 1507.6 1530.3 1552.9  1575.4 1597.8 1620.3 1642.8 1688.2
s 5.5609 5.6517 5.7365 5.8165 5.8928 5.9661 6.0368 6.1052 6.1717 6.2365 6.3613
v 0.4243 0.4430 0.4613 0.4792 0.4968 0.5143 0.5316 0.5488 0.5658 0.5997
h 1456.3 1480.6 1504.2 1527.4 1550.3 1573.0 1595.7 1618.4 1641.1 1686.7

300 s 5.5493 5.6366 5.7186 5.7963 5.8707 5.9423 6.0114 6.0785 6.1437 6.2693
v 0.3605 0.3770 0.3929 0.4086 0.4239 0.4391 0.4541 0.4689 0.4837 0.5129

350 h 1451.5 1476.5 1500.7 1524.4 1547.6 1570.7 1593.6 1616.5 1639.3 1685.2
s 5.4600 5.5502 5.6342 5.7135 5.7890 5.8615 5.9314 5.9990 6.0647 6.1910
v 0.3125 0.3274 0.3417 0.3556 0.3692 0.3826 0.3959 0.4090 0.4220 0.4478

400 h 1446.5 1472.4 1497.2 1521.3 1544.9 1568.3 1591.5 1614.5 1637.6 1683.7
s 5.3803 5.4735 5.5597 5.6405 5.7173 5.7907 5.8613 5.9296 5.9957 6.1228
v 0.2752 0.2887 0.3017 0.3143 0.3266 0.3387 0.3506 0.3624 0.3740 0.3971

450 h 1441.3 1468.1 1493.6 1518.2 1542.2 1565.9 1589.3 1612.6 1635.8 1682.2
s 5.3078 5.4042 5.4926 5.5752 5.6532 5.7275 5.7989 5.8678 5.9345 6.0623

20 30 40 50 60 70 80 100 120 140 160 180

v 0.2698 0.2813 0.2926 0.3036 0.3144 0.3251 0.3357 0.3565 0.3771 0.3975

500 h 1489.9 1515.0 1539.5 1563.4 1587.1 1610.6 1634.0 1680.7 1727.5 1774.7
s 5.4314 5.5157 5.5950 5.6704 5.7425 5.8120 5.8793 6.0079 6.1301 6.2472
v 0.2217 0.2317 0.2414 0.2508 0.2600 0.2691 0.2781 0.2957 0.3130 0.3302

600 h 1482.4 1508.6 1533.8 1558.5 1582.7 1606.6 1630.4 1677.7 1724.9 1772.4
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s 5.3222 5.4102 5.4923 5.5697 5.6436 5.7144 5.7826 5.9129 6.0363 6.1541
v  0.1874 0.1963 0.2048 0.2131 0.2212 0.2291 0.2369 0.2522 0.2672 0.2821

700 h 1474.5 1501.9 1528.1 1553.4 1578.2 1602.6 1626.8 1674.6 1722.4 1770.2
s 5.2259 5.3179 5.4029 5.4826 5.5582 5.6303 5.6997 5.8316 5.9562 6.0749
v 0.1615 0.1696 0.1773 0.1848 0.1920 0.1991 0.2060 0.2196 0.2329 0.2459 0.2589

800 h 1466.3 1495.0 1522.2 1548.3 1573.7 1598.6 1623.1 1671.6 1719.8 1768.0 1816.4
s 5.1387 5.2351 5.3232 5.4053 5.4827 5.5562 5.6268 5.7603 5.8861 6.0057 6.1202
v 0.1488 0.1559 0.1627 0.1693 0.1757 0.1820 0.1942 0.2061 0.2178 0.2294

900 h 1488.0 1516.2 1543.0 1569.1 1594.4 1619.4 1668.5 1717.1 1765.7 1814.4
s 5.1593 5.2508 5.3354 5.4147 5.4897 5.5614 5.6968 5.8237 5.9442 6.0594
v 0.1321 0.1388 0.1450 0.1511 0.1570 0.1627 0.1739 0.1847 0.1954 0.2058 0.2162

1000 h 1480.6 1510.0 1537.7 1564.4 1590.3 1615.6 1665.4 1714.5 1763.4 1812.4 1861.7
s 5.0889 5.1840 5.2713 5.3525 5.4292 5.5021 5.6392 5.7674 5.8888 6.0047 6.1159
v 0.1129 0.1185 0.1238 0.1289 0.1338 0.1434 0.1526 0.1616 0.1705 0.1792

1200 h 1497.1 1526.6 1554.7 1581.7 1608.0 1659.2 1709.2 1758.9 1808.5 1858.2
s 5.0629 5.1560 5.2416 5.3215 5.3970 5.5379 5.6687 5.7919 5.9091 6.0214
v 0.0944 0.0995 0.1042 0.1088 0.1132 0.1216 0.1297 0.1376 0.1452 0.1528

1400 h 1483.4 1515.1 1544.7 1573.0 1600.2 1652.8 1703.9 1754.3 1804.5 1854.7
s 4.9534 5.0530 5.1434 5.2270 5.3053 5.4501 5.5836 5.7087 5.8273 5.9406
v 0.0851 0.0895 0.0937 0.0977 0.1053 0.1125 0.1195 0.1263 0.1330

1600 h 1502.9 1534.4 1564.0 1592.3 1646.4 1698.5 1749.7 1800.5 1851.2
s 4.9584 5.0543 5.1419 5.2232 5.3722 5.5084 5.6355 5.7555 5.8699
v 0.0739 0.0781 0.0820 0.0856 0.0926 0.0992 0.1055 0.1116 0.1177

1800 h 1490.0 1523.5 1554.6 1584.1 1639.8 1693.1 1745.1 1796.5 1847.7
s 4.8693 4.9715 5.0635 5.14825 3018 5.4409 5.5699 5.6914 5.8069

v 0.0648 0.0688 0.0725 0.0760 0.0824 0.0885 0.0943 0.0999 0.1054

2000 h 1476.1 1512.0 1544.9 1575.6 1633.2 1687.6 1740.4 1792.4 1844.1

s 4.7834 4.8930 4.9902 5.0786 5.2371 5.3793 5.5104 5.6333 5.7499
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Table 10  Saturated Freon - 12 Table

Specific volume Enthalpy Entropy
m3/kg kJ/kg kJ/(kg.K)

Temp. Abs. Sat. Sat. Sat. Sat. Sat. Sat.
°C Press. Liquid Evap. Vapor Liquid Evap. Vapor Liquid Evap. Vapor

MPa v f v fg v g h f hfg hg sf sfg sg
P

–90 0.0028 0.000 608 4.414 937 4.415 545 –43.243 189.618 146.375 –0.2084 1.0352 0.8268
–85 0.0042 0.000 612 3.036 704 3.037 316 –38.968 187.608 148.640 –0.1854 0.9970 0.8116
–80 0.0062 0.000 617 2.137 728 2.138 345 –34.688 185.612 150.924 –0.1630 0.9609 0.7979
–75 0.0088 0.000 622 1.537 030 1.537 651 –30.401 183.625 153.224 –0.1411 0.9266 0.7855
–70 0.0123 0.000 627 1.126 654 1.127 280 –26.103 181.640 155.536 –0.1197 0.8940 0.7744
–65 0.0168 0.000 632 0.840 534 0.841 166 –21.793 179.651 157.857 –0.0987 0.8630 0.7643
–60 0.0226 0.000 637 0.637 274 0.637 910 –17.469 177.653 160.184 –0.0782 0.8334 0.7552
–55 0.0300 0.000 642 0.490 358 0.491 000 –13.129 175.641 162.512 –0.0581 0.8051 0.7470
–50 0.0391 0.000 648 0.382 457 0.383 105 –8.772 173.611 164.840 –0.0384 0.7779 0.7396
–45  0.0504 0.000 654 0.302 029 0.302 682 –4.396 171.558 167.163 –0.0190 0.7519 0.7329
–40 0.0642 0.000 659 0.241 251 0.241 910 –0.000 169.479 169.479 –0.0000 0.7269 0.7269
–35 0.0807 0.000 666 0.194 732 0.195 398 4.416 167.368 171.784 0.0187 0.7027 0.7214
–30 0.1004 0.000 672 0.158 703 0.159 375 8.854 165.222 174.076 0.0371 0.6795 0.7165
–25 0.1237 0.000 679 0.130 487 0.131 166 13.315 163.037 176.352 0.0552 0.6570 0.7121
–20 0.1509 0.000 685 0.108 162 0.108 847 17.800 160.810 178.610 0.0730 0.6352 0.7082
–15 0.1826 0.000 693 0.090 326 0.091 018 22.312 158.534 180.846 0.0906 0.6141 0.7046
–10 0.2191 0.000 700 0.075 946 0.076 646 26.851 156.207 183.058 0.1079 0.5936 0.7014
–5 0.2610 0.000 708 0.064 255 0.064 963 31.420 153.823 185.243 0.1250 0.5736 0.6986

0 0.3086 0.000 716 0.054 673 0.055 389 36.022 151.376 187.397 0.1418 0.5542 0.6960
5 0.3626 0.000 724 0.046 761 0.047 485 40.659 148.859 189.518 0.1585 0.5351 0.6937

10 0.4233 0.000 733 0.040 180 0.040 914 45.337 146.265 191.602 0.1750 0.5165 0.6916
15 0.4914 0.000 743 0.034 671 0.035 413 50.058 143.586 193.644 0.1914 0.4983 0.6897
20 0.5673 0.000 752 0.030 028 0.030 780 54.828 140.812 195.641 0.2076 0.4803 0.6879
25 0.6516 0.000 763 0.026 091 0.026 854 59.653 137.933 197.586 0.2237 0.4626 0.6863
30 0.7449 0.000 774 0.022 734 0.023 508 64.539 134.936 199.475 0.2397 0.4451 0.6848
35 0.8477 0.000 786 0.019 855 0.020 641 69.494 131.805 201.299 0.2557 0.4277 0.6834
40 0.9607 0.000 798 0.017 373 0.018 171 74.527 128.525 203.051 0.2716 0.4104 0.6820
45 1.0843 0.000 811 0.015 220 0.016 032 79.647 125.074 204.722 0.2875 0.3931 0.6806
50 1.2193 0.000 826 0.013 344 0.014 170 84.868 121.430 206.298 0.3034 0.3758 0.6792

 55 1.3663 0.000 841 0.011 701 0.012 542 90.201 117.565 207.766 0.3194 0.3582 0.6777
60 1.5259 0.000 858 0.010 253 0.011 111 95.665 113.443 209.109 0.3355 0.3405 0.6760

 65 1.6988 0.000 877 0.008 971 0.009 847 101.279 109.024 210.303 0.3518 0.3224 0.6742
70 1.8858 0.000 897 0.007 828 0.008 725 107.067 104.255 211.321 0.3683 0.3038 0.6721
75 2.0874 0.000 920 0.006 802 0.007 723 113.058 99.068 212.126 0.3851 0.2845 0.6697
80 2.3046 0.000 946 0.005 875 0.006 821 119.291 93.373 212.665 0.4023 0.2644 0.6667
85 2.5380 0.000 976 0.005 029 0.006 005 125.818 87.047 212.865 0.4201 0.2430 0.6631
90 2.7885 0.001 012 0.004 246 0.005 258 132.708 79.907 212.614 0.4385 0.2200 0.6585
95 3.0569 0.001 056 0.003 508 0.004 563 140.068 71.658 211.726 0.4579 0.1946 0.6526

l00 3.3440 0.001 113 0.002 790 0.003 903 148.076 61.768 209.843 0.4788 0.1655 0.6444
105 3.6509 0.001 197 0.002 045 0.003 242 157.085 49.014 206.099 0.5023 0.1296 0.6319
110 3.9784 0.001 364 0.001 098 0.002 462 168.059 28.425 196.484 0.5322 0.0742 0.6064
112 4.1155 0.001 792 0.000 005 0.001 797 174.920 0.151 175.071 0.5651 0.0004 0.5655
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Table 11 Superheated Freon - 12 Table

Temp. v h s v h s v h s
ºC m3/kg kJ/kg kJ/kg K m3/kg kJ/kg kJ/kg K m3/kg kJ/kg kJ/kg K

0.05 MPa 0. 10 MPa 0.15 MPa
–20.0 0.341 857 181.042 0.7912 0.167 701 179.861 0.7401
–10.0 0.356 227 186.757 0.8133 0.175 222 185.707 0.7628 0.114 716 184.619 0.7318

 0.0 0.370 508 102.567 0.8350 0.182 647 191.628 0.7849 0.119 866 190.660 0.7543
10.0 0.384 716 198.471 0.8562 0.189 994 197.628 0.8064 0.124 932 196.762 0.7763
 20.0 0.398 863 204.469 0.8770 0.197 277 203.707 0.8275 0.129 930 202.927 0.7977
 30.0 0.412 959 210.557 0.8974 0.204 506 209.866 0.8482 0.134 873 209.160 0.8186
 40.0 0.427 012 216.733  0.9175 0.211 691 216.104 0.8684 0.139 768 215.463 0.8390
 50.0 0.441 030 222.997 0.9372 0.218 839 222.421 0.8883 0.144 625 221.835 0.8591
 60.0 0.455 017 229.344 0.9565 0.225 955 228.815 0.9078 0.149 450 228.277 0.8787
 70.0 0.468 978 235.774 0.9755 0.233 044 235.285 0.9269 0.154 247 234.789 0.8980
 80.0 0.482 917 242.282 0.9942 0.240 111 241.829 0.9457 0.159 020 241.371 0.9169
90.0 0.496 838 248.868 1.0126 0.247 159 248.446 0.9642 0.163 774 248.020 0.9354

0.20 MPa 0.25 MPa 0.30 MPa

0.0 0.088 608 189.669 0.7320 0.069 752 188.644 0.7139 0.057 150 187.583 0.6984
 10.0 0.092 550 195.878 0.7543 0.073 024 194.969 0.7366 0.059 984 194.034 0.7216
20.0 0.096 418 202.135 0.7760 0.076 218 201.322 0.7587 0.062 734 200.490 0.7440
 30.0 0.100 228 208.446 0.7972 0.079 350 207.715  0.7801 0.065 418 206.969 0.7658
 40.0 0.103 989 214.814 0.8178 0.082 431 214.153 0.8010 0.068 049 213.480 0.7869
50.0 0.107 710 221.243 0.8381 0.085 470 220.642 0.8214 0.070 635 220.030 0.8075
 60.0 0.111 397 227.735 0.8578 0.088 474 227.185 0.8413 0.073 185 226.627 0.8276
 70.0 0.115 055 234.291 0.8772 0.091 449 233.785 0.8608 0.075 705 233.273 0.8473
 80.0 0.118 690 240.910 0.8962 0.094 398 240.443 0.8800 0.078 200 239.971 0.8665
90.0 0.122 304 247.593 0.9149 0.097 327 247.160 0.8987 0.080 673 246.723 0.8853

100.0 0.125 901 254.339 0.9332 0.100 238 253.936 0.9171 0.083 127 253.530 0.9038
 110.0 0.129 483 261.147 0.9512 0.103 114 260.770 0.9352 0.085 566 260.391 0.9220

0.40 MPa 0.50 MPa 0.60 MPa

120.0 0.045 836 198.762 0.7199 0.035 646 196.935 0.6999
130.0 0.047 971 205.428 0.7423 0.037 464 203.814 0.7230 0.030 422 202.116 0.7063
140.0 0.050 046 212.095 0.7639 0.039 214 210.656 0.7452 0.031 966 209.154 0.7291
150.0 0.052 072 218.779 0.7849 0.040 911 217.484 0.7667 0.033 450 216.141 0.7511
160.0 0.054 059 225.488 0.8054 0.042 565 224.315 0.7875 0.034 887 223.104 0.7723
170.0 0.056 014 232.230 0.8253 0.044 184 231.161 0.8077 0.036 285 230.062 0.7929
180.0 0.057 941 239.012 0.8448 0.045 774 238.031 0.8275 0.037 653 237.027 0.8129
190.0 0.059 846 245.837 0.8638 0.047 340 244.932 0.8467 0.038 995 244.009 0.8324
200.0 0.061 731 252.707 0.8825 0.048 886 251.869 0.8656 0.040 316 251.016 0.8514
210.0 0.063 600 259.624 0.9008 0.050 415 258.845 0.8840 0.041 619 258.053 0.8700
220.0 0.065 455 266.590 0.9187 0.051 929 265.862 0.9021 0.042 907 265.124 0.8882
230.0 0.067 298 273.605 0.9364 0.053 430 772.923 0.9198 0.044 181 272.231 0.9061
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0.70 MPa 0.80 MPa 0.90 MPa

40.0 0.026 761 207.580 0.7148 0.022 830 205.924 0.7016 0.019 744 204.170 0.6982
 50.0 0.028 100 214.745 0.7373 0.024 068 213.290 0.7248 0.020 912 211.765 0.7131
 60.0 0.029 387 221.854 0.7590 0.025 247 220.558 0.7469 0.022 012 219.212 0.7358
70.0 0.030 632 228.931 0.7799 0.026 380 277.766 0.7682 0.023 062 226.564 0.7575
80.0 0.031 843 235.997 0.8002 0.027 477 234.941 0.7888 0.024 072 233.856 0.7785
90.0 0.033 027 243.066 0.8199 0.028 545 242.101 0.8088 0.025 051 241.113 0.7987

100.0 0.034 189 250.146 0.8392 0.029 588 249.260 0.8283 0.026 005 248.355 0.8184
110.0 0.035 332 257.247 0.8579 0.030 612 256.428 0.8472 0.026 937 255.593 0.8376
120.0 0.036 458 264.374 0.8763 0.031 619 263.613 0.8657 0.027 851 262.839 0.862
130.0 0.037 572 271.531 0.8943 0.032 612 270.820 0.8838 0.028 751 270.100 0.8745
140.0 0.038 673 278.720 0.9119 0.033 592 278.055 0.9016 0.029 639 277.381 0.8923
150.0 0.039 764 285.946 0.9292 0.034 563 285.320 0.9189 0.030 515 284.687 0.9098

1.00 MPa 1.20 MPa 1.40 MPa

50.0 0.018 366 210.162 0.7021 0.014 483 206.661 0.6812
60.0 0.019 410 217.810 0.7254 0.015 463 214.805 0.7060 0.012 579 211.457 0.6876
70.0 0.020 397 225.319 0.7476 0.016 368 222.687 0.7293 0.013 448 219.822 0.7123
80.0 0.021 341 232.739 0.7689 0.017 221 230.398 0.7514 0.014 247 227.891 0.7355
90.0 0.022 251 240.101 0.7895 0.018 032 237.995 0.7727 0.014 997 235.766 0.7575

100.0 0.023 133 247.430 0.8094 0.018 812 245.518 0.7931 0.015 710 243.512 0.7785
110.0 0.023 993 254.743 0.8287 0.019 567 252.993 0.8129 0.016 393 251.170 0.7988
120.0 0.024 835 262.053 0.8475 0.020 301 260.441 0.8320 0.017 053 258.770 0.8183
 130.0 0.025 661 269.369 0.8659 0.021 018 267.875 0.8507 0.017 695 266.334 0.8373
140.0 0.026 474 276.699 0.8839 0.021 721 275.307 0.8689 0.018 321 273.877 0.8558
150.0 0.027 275 284.047 0.9015 0.022 412 282.745 0.8867 0.018 934 281.411 0.8738
160.0 0.028 068 291.419 0.9187 0.023 093 290.195 0.9041 0.019 535 288.946 0.8914

1.60 MPa 1.80 MPa 2.00 MPa

70.0 0.011 208 216.650 0.6959 0.009 406 213.049 0.6794
80.0 0.011 984 225.177 0.7204 0.010 187 222.198 0.7057 0.008 704 218.859 0.6909
90.0 0.012 698 233.390 0.7433 0.010 884 230.835 0.7298 0.009 406 228.056 0.7166

100.0 0.013 366 241.397 0.7651 0.011 526 239.155 0.7524 0.010 035 236.760 0.7402
110.0 0.014 000 249.264 0.7859 0.012 126 247.264 0.7739 0.010 615 245.154 0.7624
 l20.0 0.014 608 257.035 0.8059 0.012 697 255.228 0.7944 0.011 159 253.341 0.7835
130.0 0.015 195 264.742 0.8253 0.013 244 263.094 0.8141 0.011 676 261.384 0.8037
140.0 0.015 765 272.406 0.8440 0.013 772 270.891 0.8332 0.012 172 269.327 0.8232
150.0 0.016 320 280.044 0.8623 0.014 284 278.642 0.8518 0.012 651 277.201 0.8420
160.0 0.016 864 287.669 0.8801 0.014 784 286.364 0.8698 0.013 116 285.027 0.8603
 170.0 0.017 398 295.290 0.8975 0.015 272 294.069 0.8874 0.013 570 292.822 0.8781
 180.0 0.017 923 302.914 0.9145 0.015 752 301.767 0.9046 0.014 013 300.598 0.8955
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Table 11 Superheated Freon - 12 Table

Temp. v h s v h s v h s
ºC m3/kg kJ/kg kJ/kg K m3/kg kJ/kg kJ/kg K m3/kg kJ/kg kJ/kg K

2.50 MPa 3.00 MPa 3.50 MPa

90.0 0.006 595 219.562 0.6823
100.0 0.007 264 229.852 0.7103 0.005 231 220.529 0.6770
110.0 0.007 837 239.271 0.7352 0.005 886 232.068 0.7075 0.004 324 222.121 0.6750
120.0  0.008 351 248.192 0.7582 0.006 419 242.208 0.7336 0.004 959 234.875 0.7078
130.0 0.008 827 256.794 0.7798 0.006 887 251.632 0.7573 0.005 456 245.661 0.7349
140.0 0.009 273 265.180 0.8003 0.007 313 260.620  0.7793 0.005 884 255.524 0.7591
150.0 0.009 697 273.414 0.8200 0.007 709 269.319 0.8001 0.006 270 264.846 0.7814
160.0 0.010 104 281.540 0.8390 0.008 083 277.817 0.8200 0.006 626 273.817 0.8023
170.0 0.010 497 289.589 0.8574 0.008 439 286.171 0.8391 0.006 961 282.545 0.8222
180.0 0.010 879 297.583 0.8752 0.008 782 294.422 0.8575 0.007 279 291.100 0.8413
 190.0 0.011 250 305.540 0.8926 0.009 114 302.597 0.8753 0.007 584 299.528 0.8597
200.0 0.011 614 313.472 0.9095 0.009 436 310.718 0.8927 0.007 878 307.864 0.8775

4.00 MPa

120.0 0.003 736 224.863 0.6771
130.0 0.004 325 238.443 0.7111
140.0 0.004 781 249.703 0.7386
150.0 0.005 172 259.904 0.7630
160.0 0.005 522 269.492 0.7854
170.0 0.005 845 278.684 0.8063
180.0 0.006 147 287.602 0.8262
 190.0 0.006 434 296.326 0.8453
200.0 0.006 708 304.906 0.8636
210.0 0.006 972 313.380 0.8813
220.0 0.007 228 321.774 0.8985
230.0 0.007 477 330.108 0.9152
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Table 12  Enthalpies of Formation. Gibbs Function of Formation and Absolute
Entropy at 25°C and 1 atm Pressure

Enthalpy of Gibbs Absolute
formation function of Entropy

 (kJ/kgmol) formation
Substance M (kJ/kgmol) (kJ/kgmol.K)

Acetylene C2H2(g) 26.038 226 866 209 290 200.98

Ammonia NH3(g) 17.032 –45 926 –16 390 192.72

Benzene C6H6(g) 78.108 82 976 129 732 269.38

Butane C4H10(g) 58.124 –126 223 –17 164 310.32

Carbon C graphite 12.011 0 0 5.69

Carbon Dioxide CO2(g) 44.01 –393 757 –344  631 213.83

Carbon Monoxide CO(g) 28.001 –110 596 –137 242 197.68

Ethane C2H6(g) 30.07 –84 718 –32 905 229.64

Ethene C2H4(g) 28.054 52 315 681 59 219.58

Hydrazine N2H4(g) 32.048 95 410 159 260 238.77

Methane CH4(g) 16.043 –74 917 –50 844 186.27

Octane C8H18(g) 114.23 –208 581 16 536 467.04

Octane C8H18(l) 114.23 –250 102 6 614 361.03

Propane C3H8(g) 44.097 –103 909 –23 502 270.09

Water H2O(g) 18.015 –241 971  –228 729 188.85

Water H2O(l) 18.015 –286 010 –237 327 69.98

Dodecane C12H26(g) 170.328 –290 971

Dodecane C12H26(l) 170.328 –394 199
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A
α-methyl napthalene  787

Absolute humidity  828

Absolute volumetric efficiency  714

Absorption Refrigeration cycle  820

Accessories  459

Actual indicator diagram  715

Adiabatic expansion index  574

Adiabatic flame temperature  400

Adiabatic mixing  834

Air breathing jet engines or
atmospheric jet engine 860

Air compressors  706

Air conditioning systems  835

Air cooled engines  771

Air fuel ratio  398

Air leakage  691

Air preheater  465

Air refrigeration cycles  809

Air requirement  409

Air standard cycle  330, 778

Air standard efficiency  331

Ammonia-water absorption system  821

Angle of advance  514

Artificial draught  474

Axial flow compressor characteristics  739

Axial flow compressors  732

Axial flow turbine  616

Axial thrust  628

Azeotropes  826

B
Babcock and Wilcox boiler  448

Back pressure turbine  273, 618

Back work ratio  251

Balanced draught  476

Bearings  614, 772

Bell-Coleman  810

Benson boiler  451

Bent water tube boilers  440

Binary vapour cycle  268

Blade height  632

Blade velocity coefficient  625, 627

Blow off cock  463

Blowers  706

Boiler  436

Boiler efficiency  478

Boiler mountings  459

Boiler trial  481

Bomb calorimeter  402

Bore  772

Bottom dead centre (BDC)  708, 773

Brake power  780, 787

Brake thermal efficiency  524

Branca’s impulse turbine  611

Brayton cycle  340

By pass factor  833

By-pass governing  650, 653

C
Calorific value  402

Cams and Camshafts  772

Carburettor  772

Carnot cycle 121

Carnot engine 121
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Carburettor type engines  771

Carnot gas power cycle  250

Carnot refrigeration cycle  808

Carnot vapour power cycle  250, 251

Cascade method  265

Casing  612

Central flow type  689

Centrifugal compressor characteristics  736

Centrifugal compressors  728, 730

Cetane  788

Cetane number  788

Chimney  468

Choice of refrigerant  827

Choked flow  576

Choking  733

Classification of jet propulsion engines  860

Classification of steam engines  506

Classification of steam turbines  614

Clearance volume  519, 773

Cloud point  400

Cochran boiler  443

Coefficient of performance  807

Coefficient of velocity  581

Cogeneration  272

Combined cycle  270

Combined governing  650

Combined heat and power  272

Combustion analysis  407

Combustion in CI engines  785

Combustion in SI engine  783

Comfort air conditioning  805

Composite boilers  442

Composition of air  400

Compound steam engine  508, 527, 530

Compounded impulse turbine  634

Compressible flow  565

Compression ignition engines  771, 772

Compression ratio  331, 773

Compressor and turbine efficiency  358

Compressors  706

Condenser  684

Condenser efficiency  693

Condensing engine  508

Condensing plant  685

Condensing turbine  618

Continuum 3

Connecting rod  510, 772

Control of Reciprocating Compressors  722

Convergent nozzle  577

Convergent-divergent nozzle  578

Cooling tower  693

Cooling with dehumidification  832

COP 807

Cornish boiler  446

Corrected vacuum  692

Counter flow jet condenser  686

Crank  509, 512, 772

Crank pin  510

Crank shaft  509, 512, 772

Crankcase  772

Critical pressure ratio  573, 575

Cross flow compound turbine with double flow  615

Cross flow compound turbine with single flow  615

Cross head  509, 512

Cumulative heat drop  647

Curtis turbine  621

Cut-off governing  508, 525, 526, 534

Cylinder  772

D
D-slide valve  514

Damper  449

Dead centre  773

Dead state 233

Dead steam  509

Dead weight safety valve  460

Deaerator  262

Degree of reaction  639

Degree of supersaturation  583

Degree of undercooling  583

Dew point temperature  829

Diagram efficiency  629

Diagram efficiency or blading efficiency  628
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Diagram factor  519

Diaphragm  613

Diesel cycle  250, 334, 779

Diesel engines  771, 790

Diffuser  569, 570

Dimensionless mass flow  737

Dimensionless pressure  737

Dimensionless rotational speeds  737

Direct contact heaters  262

Direct contact type  685

Disc friction loss  645

Dissociation  400

Double acting engine  507

Double flow single casing turbine  615

Down flow type 689

Draught  467

Driving thrust  626

Dry bulb temperature  829

Dry compression  813

Dry ice 806

Dual cycle  250, 337, 779

E
Eccentric  513

Economizer  464

Efficiency 192

Efficiency of chimney  473

Ejector condenser  686, 688

Energy performance ratio  807

Enthalpy of combustion  400

Enthalpy of formation  400

Enthalpy of moist air or mixture enthalpy  829

Equivalence ratio  399

Equivalent Evaporation  477, 478

Ericsson cycle  362, 250

Evaporative condenser  685, 690

Evaporator cooling  834

Excess air  399

Exhaust hood  614

Exhaust manifold  772

Expansive type  507

External combustion engine  770

Externally fired boilers  437

F
Fans  706

Feed check valve  462

Feed pump  465

Feed water  684

Feed water heaters  261

Fire bridge  444

Fire point  399

Fire tube  438

Fire tube boilers  437, 438

Fired boilers  438

Flash point  399

Flow velocity  624

Flue gas analysis  411

Fluidized bed boiler  454

Forced circulation boilers  438

Forced draught  474

Four stage compressor  707

Four stroke engines  771

Free air condition  713

Free air delivery  713

Friction  power  780

Friction on nozzle  580

Friction power  787

Fuel  401

Fuel cells  413

Fuel feed hopper  449

Fusible plug  461

G
Gas calorimeter  404, 405

Gas engines  771

Gas fired boilers  437

Gas power cycle  250, 330

Gas turbine  790

Gas turbine irreversibilities  355
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Gaseous fuels  402

Governor  614

Gross efficiency  629

Gudgeon pin  772

Guide blades  612

Guide ways  509

Guideways  512

Gustaf de laval  611

H
Halocarbon refrigerants  825

Heat Pump Systems  823

Heat rate  251

Heat recovery steam generators  456

Height of blade  643

Helical type compressor  723

Hero’s reaction turbine  611

HHV = LHV  400

High capacity compressors  707

High level jet condenser  686

High pressure boiler  450

High pressure compressor  707

High speed engine  507

High speed steam turbine  618

High steam and low water safety valve  460

Higher heating value (HHV)  400

Horizontal boiler  437

Humid specific volume  829

Humidification  833

Humidifier  833

Humidity ratio or specific humidity  828

Hydrocarbons  826

Hyperbolic expansion  515

Hypothetical indicator diagram  518

I
IC engine fuels  786

IC engines  789

Impulse turbines  614, 619, 654

Inclined boiler  437

Inclined cylinder engines  771

Indicated power  780, 787

Indicated thermal efficiency  524

Indicator diagram  518, 780

Indirect contact type  685

Induced draught  475

Industrial air conditioning  805

Injection type engines  771

Inorganic compounds  825

Intake manifold  772

Intercooling  351

Internal combustion engine  770

Internal efficiency  648

Internally fired  437

Isentropic compressor efficiency  358

Isentropic efficiency  737

Isentropic turbine efficiency  358

Iso-octane  786

Isothermal efficiency  710

J
Jet condenser  685, 686

Jet efficiency  863

Jet propulsion  858

L
La Mont boiler  453

Labyrinth seals  613

Lancashire Boiler  444

Lead  514

Liquid fuel fired boilers  437

Liquid fuels  401

Liquid propellant rocket engines  873

Live steam  509, 514

Locomotive boilers  446

Locomotive engine  508

Loeffler boiler  452

Loss due to leakage  645

Losses at inlet and exit  646

Losses due to radiations  646
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Losses in bearings  645

Losses in moving blades  644

Losses in nozzles  644

Low capacity compressors  707

Low level jet condenser  686

Low pressure compressor  707

Low speed steam turbine  618

Lower heating value  400

M
Mach number  567

Manhole and mud box  463

Marine engine  508

Maximum discharge  473, 574

Mean effective pressure  333

Mechanical draught  474

Mechanical efficiency  524

Mechanical stoker  449

Medium capacity compressors  707

Medium pressure compressor  707

Medium speed engine  507

Metastable flow  583

Methods of Compounding  527

Missing quantity  519, 520

Mixed pressure turbine  274

Modified absorption refrigeration cycle  822

Modified rankine cycle  515

Morse test  787

Moving blades  612

Multi pressure HRSG  457

Multi rotor engine  771

Multi stage turbine  616

Multi-fuel engines  771

Multistage compression  716

Multistage intercooled compression  352

Multistage vapour compression cycle  819

N
N-heptane  786

Natural circulation boilers  437

Natural draught  467

Nestler boilers  448

Non condensing engine  508

Non-air breathing jet engines or rocket engines  860

Non-condensing turbine  618

Non-expansive steam engine  507

Non-positive displacement compressors  706

Normal speed steam turbine  618

Nozzle  564

Nozzle control governing  650, 654

Nozzle efficiency  580, 629

Nozzle flow analysis  567

O
Octane number  786

Off design operation  577

Open type heaters  262, 264

Opposed cylinder engines  772

Optimization  630

Optimum blade speed to steam velocity ratio  643

Orsat analyzer  412

Otto cycle  250, 331, 779

Over-expanding nozzles  577

Overall efficiency  525, 629, 863

Overall volumetric efficiency  713

P
Package boilers  437

Packing  613

Parallel flow jet condenser  686

Pass out or extraction turbine  274

Pass out turbine  618

Petrol engines  771

Piston  772

Piston and piston rod  509

Piston area  772

Piston rings  510, 772

Piston valve  515

Polytropic compression  730

Polytropic efficiency  358, 361
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Portable boiler  437

Positive displacement compressors  706

Pour point  400

Power  476

Power cycles  250

Pressure compounded impulse turbine  620

Pressure gauge  462

Pressure waves  565

Pressure-velocity compounded
impulse turbine  620, 622

Primary reference fuels  786

Primary refrigerants  825

Process 6

Property 18

Propulsive efficiency  862

Propulsive power  861

Proximate analysis  401

Psychrometric charts  830

Psychrometric processes  830

Psychrometry  827

Pulse jet engine  870

R
Radial flow turbine  616

Radius of eccentric  513

Ramjet engine  869

Ramjet or athodyds and lorin tube  860

Rankine cycle  250, 253

Rankine efficiency  525

Rankine heat drop  648

Rateau turbine  620

Reaction force  615

Reaction turbines  614, 637, 654

Receiver compound engines  527

Reciprocating air motor  722

Reciprocating compressors  708

Reciprocating engines  771

Reciprocating type positive displacement
compresso  707

Refrigerants  824

Refrigeration  355, 805

Refrigeration by evaporation  806

Refrigeration by ice  806

Refrigeration cycle  805

Regenerative cycle  250, 260

Regenerative cycle efficiency  266

Regenerative gas turbine cycle  345, 247

Reheat and Intercooling  354, 355

Reheat cycle  250, 258

Reheat factor  646, 648

Relative efficiency  525

Relative humidity  828

Relative velocity  624

Ring or wheel  612

Rocket engine  872

Rocket propulsion  871

Roots blower  707, 723

Roots efficiency  725

Rotary compressors  723

Rotary engines  771

Rotary type positive displacement compressors  707

S
Safety valve  460

Saturation curve  519

Saturation curve  520

Screw type  723

Secondary refrigerants  825, 826

Sensible cooling  830

Sensible heating  830

Shaft  612

Simple impulse turbine  623

Simple steam engine  508

Single acting engine  507

Single flow single casing turbine  615

Single pressure HRSG  457

Single rotor engine  771

Single stage  508

Single stage compressor  707

Single stage turbine  617

Slide valve  514
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Slip factor  732

Slow speed engine  507

Smoke box  449

Solid fuel  401

Solid fuel fired boilers  437

Solid propellant rocket engines  872

Sonic flow  567

Sound waves  565

Spark ignition engines  771

Spark plug  772

Spark-Ignition engine  771

Specific steam consumption  251, 524

Stack  468

Stage efficiency  629, 647

Stage efficiency  359

Stagnation enthalpy  568

Stagnation properties  356

Stalling  735

Standard reference state  400

Stationary engine  508

Stationary nozzle  612

Stationery boiler  437

Steam chest  509, 613

Steam engine  506

Steam generator  436

Steam injector  584

Steam jet draught  477

Steam trap  466

Steam turbine control  649

Steam turbine plant  790

Steam turbines  611

Stirling boiler  449

Stirling cycle  250, 364

Stop valve  462

Straight water tube boilers  440

Stroke  773

Stuffing box  512

Subatmospheric  684

Subsonic flow  567, 569

Summer air conditioning systems  835

Super high pressure compressor  707

Superheater  463

Supersaturation  582

Supersonic flow  567

Supplementary fired boilers  438

Surface condenser  685

Surface type heaters method  263

Surging  733

Swept volume  773

Symmetrical blades  626

T
Tandem compound engines  527

Tangential flow turbine  616

Tangential force  626

Terminal temperature difference  262

Theoretical air  399

Thermal efficiency  250, 524, 862

Three stage  508

Three stage compressor  707

Throat  573

Throttle governing  508, 525, 533, 650, 654

Throttle valve  614

Throttling process  806

Throw of eccentric  513

Thrust power  861

Ton  808

Top dead centre  773

Top dead centre (TDC)  708

Trip mechanism  614

Triple cross flow compound turbine
with double flow  615

Turbofan engines  860, 867

Turbojet engine with afterburner  868

Turbojet engines  860, 863

Turbojet with afterburner  860

Turboprop engine  868

Turboprop or propjet  860

Turning gear  614

Two stage  508

Two stage compressor  707

Two stroke engines  771
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U
Ultimate analysis  401

Under-expanding  577

Unfired boilers  438

Uniflow Engine  535

Unsaturated organic compounds  826

V
V-shaped cylinder arrangement  771

Vacuum efficiency  693

Valves  772

Vaned type compressors  707, 723

Vapour compression cycles  813

Vapour power cycle  250

Vapour refrigeration system  807

Velocity compounded impulse turbine  620, 621

Velocity diagram  623, 730

Velox boiler  452

Vertical boiler  437

Volume handled  476

Volumetric and gravimetric analysis  400

Volumetric efficiency  714

W
Waste geat boiler  456

Water cooled engines  771

Water level indicator  459

Water tube boilers  437, 438

Wet and dry analysis of combustion  400

Wet bulb temperature  829

Wet compression  814

Whirl velocity  624

Windage loss  645

Winter air conditioning  systems  835, 836

Woolf compound engines  527

Work ratio  251

Z
Zeroth law 40




