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SECTION-A
Q-1(a): A wooden block of specific gravity 0.75 floats in water. If the size of the block is 1 mt × 0.5 mt

× 0.4 mt, find its metacentric height.

[12 Marks]

Sol:

0.4m

0.5m
A

B

G

M 1m

The metacentric height

GM = BM – BG

Let depth of immersion in water,

Buoyancy force = weight of solid

w × g× A ×  = b × g× A ×h

1×g× A ×  = 0.75 × g × A × 0.4

 = 0.3

The distance of centre of gravity of the displaced volume from A is AB

i.e. AB =
0.3= = 0.15m2 2



So, BG = AG – AB

=
0.4 – 0.15 = 0.052

Now volume of water displaced 3= A × = 0.5×1×0.3 = 0.15m

I =
 31× 0.5 = 0.0104
12

BM =
I 0.0104= = 0.069mV 0.15

So, metacentric height GM is

GM = BM – BG

= 0.069 – 0.05

= 0.019 = 1.9 cm
Q-1(b): In a cold winter night with an outside ambient temperature of 2°C, a wall of house steadily loses

30kJ per minute. If the inner and outer surface temperatures of the wall are maintained at 25°C and
8°C, respectively, determine the rate of energy destruction within the wall in watts.

[12 Marks]
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Sol: Since the process is steady. From entropy balance

Outer surface

T =8°CoutT =25°Cin

Wall

Q = 30kJ/m
T=2°C

Inner surface

Q

Entropy in – Entropy out + Energy generation = 0

  s gen = Sout – Sin

=
out in

Q Q 500 500– = –T T 281 298
 

= 0.1015 J/s.K

 Rate of energy destruction within the wall,

E =  s gen T   = 0.1015 × 275

= 27.913 J/s

destructionE = 27.913 Watt

Q-1(c): What are the physical assumptions necessary for a lumped capacity unsteady state heat transfer
analysis to be applied?

[12 Marks]

Sol: Physical assumption in lumped capacity unsteady state heat transfer analysis:

(i) The temperature of the body is uniform at any point of the body

(ii) Temperature is the function of time

(iii) Internal conductive resistance is minimum

(iv) Body or object has infinite thermal conductivity

(v) Small body with high thermal conductivities and low convection co-efficient

70°C 70°C

70°C 70°C

Copper ball

Q-1(d): The brake fuel conversion efficiency of an engine is 30%. The mechanical and combustion
efficiencies are 80% and 94%, respectively. The heat losses to the oil and coolant are 60 kW. The
chemical energy of the fuel entering the engine is 190 kW. What percentage of this energy
becomes (a) brake power; (b) friction power; (c) heat losses; (d) exhaust chemical energy; (e)
exhaust sensible energy?

[12 Marks]
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Sol: Data given:

BT = 30%

m = 80%

c = 94%

Heat loss = 60 kW = QL

Total chemical energy supplied to engine = 190 kW = f LV Tm ×Q = Q

(a) % of break power:

 e = 94%  of chemical energy supplied to engine = 190 kW

Thus fuel energy delivered to engine per cycle = 
190×94 = 178.6 kW

100

out of 178.6 kW, 60 kW is heat loss.

So, actual energy supplied = 178.6 – 60 = 118.6 kW

 BF = 30%,  so only 30% of the remaining energy converted to work.

30118.6×
100 = 35.58 kW = bp

% of bp of total energy =
35.58 =18.72%
190

(b) % of friction work = ?

m = 80%

bp = 35.58 kW

So, m =
bp
IP

or, IP =
m

bp 35.58= = 44.475 kW80

f P = IP – bp = 44.475 – 35.58 = 8.895 kW

% of f P of total energy 
8.895= = 4.68%
190

(c) % of heat loss = QL = 60 kW

 % L
60Q = ×100 = 31.58%

190
(d) Exhaust chemical = 6% of Qs (total energy)

 c = 94%

So, exhaust chemical energy 
6= 190× =11.4 kW100

% of exhaust chemical energy 
11.4= ×100 = 6%
190
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(e) Exhaust sensible energy (%) = ?

as heat given by exhaust = heat taken by oil and coolant = 60 kW

So percentage of exhaust sensible energy = 60/190 = 31.5%

Q-1(e): Briefly explain the working principle of a vortex tube refrigeration system.

[12 Marks]

Sol: This device, called the vortex tube consists of a straight length of a tube with a concentric orifice located
in a diaphragm near one end and a nozzle located tangentially near the outer radius adjacent to the orifice
plate shown in figure (I) Compressed gas enters the tube tangentially through a nozzle forming a vortex
kind of motion. The diaphragm prevents leftward motion of the vortex which , therefore, travels towards
the right-hand side of the tube called the hot end. A hot stream at temperature Th which is above the
temperature of supply, say, T3 ejects from the hot end through the throttle valve, while the cold stream
at temperature Tc below the temperature of supply is received at the cold end through the orifice. The
throttle-valve opening controls the temperature and proportion of the cold stream with respect to the hot
stream; the larger the throttle valve opening, the lower the temperature of the cold stream and the smaller
its fraction and vice versa. The throttle valve is placed sufficiently distant from the nozzle and the
diaphragm immediately close to it.

Compressed
Gas

Tangential
Nozzle Hot Gas

Cold
Gas

Diaphragm

d D

Orifice

L

Vortex Tube 

Throttle
Valve

Figure (i)

The geometry of the vortex tube can be described by the diameter of the vortex tube D, diameter of the
orifice d, length of the vortex tube L, geometry and number of nozzles and design of the valve. The setting
of the valve determines the ratio of the hot and cold mass flow fractions  h c and  respectively. The
optimum diameter of the orifice is found to be half the tube diameter.

It may be seen from figure (i) that the vortex tube system is a modification of the open-type air-refrigeration
system with the expander having been replaced by a vortex tube. In the Joule cycle, a temperature drop

is obtained equal to the isentropic temperature drop,   s 3 4T T T  figure (ii). The work of expansion is
utilized to either run a cooling fan or a secondary compressor. The temperature drop obtained with the
vortex tube, T3 – Tc, is smaller than the isentropic drop. The air first expands to a state n in the nozzle
reaching a temperature T4 and velocity C given by
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2C
2

= Cp (T3 – T4)

If all this kinetic energy could be removed, we would obtain cold air at temperature T4 But without the
separation of kinetic energy, it is as good as air at temperature T3 which is the stagnation temperature
of the gas.

From the nozzle, the high-velocity gas travels from the periphery of the tube to the axis during which the
separation of kinetic energy occurs. The kinetic energy is retained by the outer layers due to which they
are heated and emerge from the hot end of the tube at state h. The central core after having lost some
kinetic energy emerges from the cold end at state c, i.e., at a temperature  slightly above the static
temperature of the expanded gas. The pressure of the cold-gas stream is usually lowered further due to
expansion in the vortex chamber.

It can be seen that the temperature drop is less than the isentropic-temperature drop. Also, the quantity
of cold air is only a fraction of the air supplied. Thus the COP of the system is much lower than that
of the Joule cycle. The energy balance of the vortex tube gives.

T3 =   c c h hT T

where    c h 1 and TTc and Th are the stagnation temperature of the two streams.

The energy efficiency e  of the vortex tube can now be defined as the ratio of the coefficient of
performance of the vortex tube to that of an ideal refrigerating machine in which the work done by the
expander is not recovered.

e =
  


c 3 c

3 4

T T
T T

It is seen that if all the air goes through the throttle valve, there will be no energy separation. Also, if all
the air leaves through the orifice, there will again be no energy separation. Thus, there will be optimum
values of fractions  c h and  for the maximum temperature drop, refrigerating effect and COP..

Q-2(a): The diameter of the horizontal pipe which is 300 mm is suddenly enlarged to 600 mm. The rate
of flow of water through this pipe is 0.4 m3/sec. If the intensity of pressure in the smaller pipe is
125 KN/m2, determine

(i) loss of head, due to sudden enlargement.

(ii) intensity of pressure in the larger pipe.

(iii) power lost due to enlargement.

[20 Marks]

Sol: Data given

Q = 0.4m3/sec

D1 = 300mm = 0.3m

Area A1 =  2 2× 0.3 = 0.0706m
4


Diameter of longer pipe D2 = 600mm = 0.6m
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Area ‘A2’ =  2 2× 0.6 = 0.282m
4


• Pressure in smaller pipe = 125 × 103 N/m2

• Velocity 1
1

Q 0.4V = = = 5.665 m/secA 0.0706

• Velocity, 2
2

Q 0.4V = = =1.418 m/secA 0.282

Loss due to sudden enlargement

=
 21 2V – V

2g

=
 2

e
5.665 1.418 = 0.919 = h

2×9.81


Let pressure intensity in larger pipe = P2

By Bernoulli’s equation,

2
1 1P V+g 2g =

2
2 2

e
P V+ +hg 2g

Or 2P
g =

2 2
1 1 2

e
P V V+ – – hg 2g 2g

or 2P
g =

   2 23125×10 5.665 1.418+ – – 0.919
1000×9.81 2×9.81 2×9.81

P2 = 14.88 × 1000 × 9.81

= 145.97 kN/m2

(iii) Power loss due to sudden enlargement

P = e×g×Q×h
1000


 = 

1000×9.81×0.4×0.919
1000

P = 3.6 kW

Q-2(b): Argon at 39.85°C with a volume of 0.5 m3 is initially contained in a piston-cylinder (cross sectional
area 0.7 m2 and height 5.7m) system with a massless piston loaded with water at 20°C and outside
atmosphere (atmospheric pressure, PO = 101.203 kPa) as shown in figure. If the piston just touches
the stops, the volume of argon would be 0.8 m3. Heat is now added until the temperature of argon
reaches 251.85°C. Plot the entire process on P-v diagram. Assume piston to be adiabatic, determine

(i) the final pressure inside the cylinder

(ii) work done (in kJ) and

(iii) heat transfer during the process (in kJ)

Neglect the volume occupied by the piston and stops.
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Take g = 9.807 m/s2, specific volume of water = 0.001002 m3/kg.

R for argon = 0.2081 kJ/kgK

  for argon = 0.312 kJ/kgK

g

Po

Water

Argon

[20 Marks]

Sol: P0

Water

Argon Argon

g

h1

h=5.7m

P0

Water

h2

Initial stage
(1)

Initial stage
(2)

Initial volume of Argon V1 = A.h1

0.5 = 0.7 h1

 h1 = 0.714 m

Final volume of Argon, V2 = A.h2

 0.8 = 0.7.h2

h2 = 1.143 m

Initial pressure inside the cylinder

 0 w 1P + g h – h

P1

P1 =  0 w 1P + g h – h

=  5 9.8071.0123×10 + 5.7 0.714
0.001002



= 150.030 kPa
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Final pressure inside the cylinder, when piston just touches the stops.

 0 w 2P + g h – h

P2

P2 =  0 w 2P + g h – h

=
 3 9.807 5.7 1.1431.0123×10 +

0.001002


= 145.831 kPa

(i) Hence final pressure inside the cylinder, after complete heat addition, when temperature of
argon 251.85°C

1 1

1

P V
T = 3 3

3

P V
T

1 1

1

P V
T = 3 2

3

P V
T

150.030×0.5
312.85 = 3P ×0.8

524.85

3P = 157.310 kPa

Now P1 – P2 =    w 1 w 2g h – h – g h – h 

=  w 1 2g h – h – h + h

=  w 2 1g h – h

P1 – P2 = 2 1
w

V – Vg A
   
 

P1 – P2 =  w
2 1

g V – VA
  
 

This represents the equation of straight line.

P(kPa)

P =150.0301
1

2P =145.8312

V =0.51 V =0.82 V(m )3

3P =157.03103
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Work done, W =   1 2 2 1
1 P +P V – V
2

=   1 150.030 +145.831 0.8 0.5
2



= 44.379 kJ

(ii)  W = 44.379 kJ

(iii) Heat transfer during the process is utilize to increase the internal energy of Argon as well as work
done by the gas on piston.

 dQ = dW + dU

= W + m Cv(T2 – T1)

=  1 1 v
2 1

1

P V C
W + T – TRT

                                       =  
3

3
150.030×0.5×0.312×1044.379 + 251.85 39.85

0.2081×10 ×312.85


= 44.379 + 76.213 = 120.592 kJ

dQ =120.592 kJ

Q-2(c): Aluminum fins 1.5 cm wide and 1.0 mm thick are placed on a 2.5 cm diameter tube to dissipate
the heat. The tube surface temperature is 170°C and the ambient fluid temperature is 25°C. Calculate
the heat loss per fin for h = 130 w/m2°C. Assume k = 200 w/m°C for aluminum. Use the fin-
efficiency curves given below:

L r1

r2

t
60

40

20

0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

80

100

L  (h/kA )c m
3/2 1/2

3
4 5

r /r2c 1

1

2

Fi
n 

ef
fic

ie
nc

y 
, p

er
ce

nt
f 

[20 Marks]

Sol: Data given h = 130 W/m2°C
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k = 200 W/m°C

Ts = 170°C, T = 25 C 

Let length of fin (L) = Width of fin(b)

i.e. L = b = 1.5cm

t = 1mm = 0.1 cm

r1 =  2.5 =1.25cm radius of tube
2

rc = 2c 1r = r +L + t / 2

=
0.11.25 +1.5 + = 2.8
2

Now 2c

1

r
r =

2.8 = 2.24
1.25

So we have to follow curve in between 2c

1

r
2 to 3.r

Lc =
t 0.1L + =1.5 + =1.552 2

Let fin is insulated of end

Am = 2 × b × L = 2 × 1.5 × 1.5 cm2

So,  
1/2

3/2
c

m

hL × kA
 
 
 

=  
1/2

3/2 1301.55 ×
200 ×2×1.5×1.5

  
 

= 0.7334

For these value f 63%   from curve

As fin =  
actual

ideal s

Q Heat dissipate from fin=Q 2×b ×L ×h T – T

Or 0.63 =
 

Heat dissipate from fin
1.5 1.52× × ×130 170 25100 100 

Or Heat dissipate from 1 fin = 5.34 W

Q-3(a): A four cylinder SI engine has a stroke of 90 mm and a bore of 60 mm, with rated speed of 2800
rpm. The engine is tested at the rated speed against a brake which has a torque arm of 0.356 m.
The brake load is 155 N and the fuel consumption is 6.74 hrl . The specific gravity of the petrol
used is 0.735. The net heating value of the petrol used is 44200 kJ/kg. A Morse test is carried out
and the cylinders are cut out in the order 1, 2, 3, 4 with corresponding brake load of 111N, 106.5
N, 104.2 N and 111 N respectively. Calculate for this speed, the engine torque, the bmep, the brake
thermal efficiency, the specific fuel consumption, the mechanical efficiency and the indicated
mean effective pressure.

[20 Marks]
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Sol: Number of cylinders, n = 4

Bore, D = 60 mm = 0.06 m

Stroke, L = 90 mm = 0.09m

Speed, N = 2800 r.p.m.

Torque arm = 0.356m

Net brake load = 155N

Fuel Consumption = 6.74 /hr

= 6.74 × 1 × 0.735 kg/h

= 4.9539 kg/h

Specific gravity of fuel = 0.735

Calorific value = 44200 kJ/kg

(i) Engine Torque, T = Net brake load × torque arm

= 155 × 0.356

= 55.18 N.m

(ii) The bmep, Pmb

Brake power, B.P. =
2 NT 2 × 2800×55.18= =16.17 kW

60×1000 60×1000
 

 B.P. = mbnp LANk ×10
6

16.17 =
 2mb

14 ×P ×0.09× × 0.06 × 2800 × ×104 2
6



 Pmb = 6.8 bar

(iii) Brake thermal efficiency, bth

bth =
f

B.P
m ×C

=
16.17

4.9539 × 442003600
= 0.265 = 26.5%

(iv) Specific fuel consumption, s.f.c

s.f.c = fm 4.9539= = 0.306 kg/kWh
B.P 16.17

(v) Mechanical efficiency, mech

Since the speed in constant, substituting the brake loads instead of the values of B.P as follows:

IP1 = BP – BP1 = 155 – 111 = 44 N

IP2 = BP – BP2 = 155 – 106.5 = 48.5 N

IP3 = BP – BP3 = 155 – 104.2 = 50.8 N

IP4 = BP – BP4 = 155 – 111 = 44 N
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Total I.P produced = IP1 + IP2 + IP3 + IP4

= 44 + 48.5 + 50.8 + 44 = 187.5 N

mech =
BP 155= = 82%
IP 187.5

Indicated mean effective pressure, IP = imP ×L× A ×n×k
60000

187.5 =
 2im

2800P x0.09× × 0.06 × × 44 2 = 7.9 bar60000



Q-3(b): Describe the working of steam jet-ejector refrigeration system with the help of a neat sketch. Also
state the important relations for normal shock in the steam jet refrigeration system.

[20 Marks]

Sol: A simple water vapour refrigeration system and its thermodynamic cycle are shown in figure (i) and (ii).
Water at 9 expands to 11 through throttle openings into the flash chiller. Due to vaporization (flashing)
of a part of it, the remaining water is chilled to the required temperature T0. The pressure in the flash
chamber is maintained at p0 which corresponds to saturation pressure at T0. The chilled water at 7 can
be recirculated after taking up the load in the cooling coil of the air-conditioning equipment. Corresponding
to the amount of water vaporized, the make-up water at 6 is added to the flash chamber through a throttle
valve. Water vapour at 0 can be compressed to 4 by an ejector driven by steam (motive vapour) at 1.
The processes taking place within the ejector are shown in figure (iii). The compressed water vapour
(steam) at 4 is finally condensed to 5 and is pumped to the boiler.

4 Ejector 1 Motive
Vapour

0
Suction
Vapour

Throttle
Valve 6

8

107 Make-up
Water

B
O
I
L
E
R

From Boiler

9

11

Flash Chiller

11

To BoilerCooling Load
QCondensate

Pump

5

12

C
O
N
D
E
N
S
E
R

Figure: (i) Simple water-vapour refrigeration system
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p1

pk

Power Cycle
1

4

0

12

5
6

9
7, 8

11 10 p0, T0

s

Refrigeration CycleT

Figure  (ii) Thermodynamic cycle of water-vapour refrigeration system:

It is seen that steam ejector system is another kind of heat-operated refrigerating machine. The processes
between boiler pressure p1 and condenser pressure pk from the heat engine part of the cycle. And the
processes between evaporator pressure p0 and pk form the refrigeration part of the cycle.

Note: The control of capacity in the steam ejector system is possible either by throttling the steam inlet
pressure, or by providing more than one nozzle operating in parallel, each driving a certain amount of
vapour from the flash chamber.

To
Condenser

4

Subsonic
Diffuser

Shock
DiffuserChamber

Mixing

0 Suction
Vapour

Motive
Vapour

Figure  (iii) Schematic diagram of steam ejector:

1 2

3a 3b

It can be seen that because of the extremely low pressure in the flash chamber, the suction vapour
consists of a very large volume which makes even a centrifugal compressor uneconomical to use. The
suction vapour, therefore, in water vapour refrigeration is invariably compressed by an ejector using steam
as the motive vapour.

A schematic steam ejector is shown in figure (iii) and pressure variation along its length in figure (iv). The
high-pressure motive vapour at 1 expands to a pressure slightly above the pressure of the suction vapour
at 0. The high velocity jet at 2 entrains the suction vapour and mixing takes place at constant pressure.
The state after mixing at 3a is still at a very high velocity (supersonic). The mixing chamber is followed
by a constant area section where a normal shock may occur. After the shock at 3b, the fluid stream
consisting of both the motive and suction vapours is compressed to the condenser pressure to state 4
in the diffuser section. The thermodynamic states at various points are shown on the temperature-entropy
diagram in figure (v).
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Expansion

1

0 2

3b

Pr
es

su
re

Shock
3a

Constant Pressure
Mixing

4

Diffusion

Along Ejector
Figure: (iv) Pressure variation along ejector

Figure (v): Thermodynamic processes within ejector
s

0
2 3a

3b

4

p0

p1 1

T

2

4
p =p

4
k

Q-3(c): A combination of a heat engine driving a heat pump as shown in figure, takes waste energy at

50°C as a source 1Qw ,  to the heat engine rejecting heat at 30°C. The remainder 2Qw  goes into

the heat pump that delivers a HQ  at 150°C. If the total waste energy is 5 MW, find the rate of energy

delivered at the higher temperature.

HE

Waste energy 50°C

Qw1 Qw2

HP
W

QL QH

T  = 150°CH30°C

[20 Marks]

Sol: Assuming both the devices heat engine and heat pump are reversible devices.
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Waste energy, Q=5MW
T =50°C=323K1

HE

T =30°C
=303K
L

HE

T =150°C
=423K
L

1WQ
2WQ

HQLQ

W

Using clausius inequality on heat engine.

dQ
T = 0

1W L

1 L

Q Q–T T

 
= 0

 LQ
303


= w1Q
323


...(i)

Again using clausius inequality on heat pump

dQ
T = 0

2w H

1 h

Q Q–T T

 
= 0

 2wQ
323


= H

h

Q
T


...(ii)

Now work output from engine = work input to pump

1W LQ – Q  = 2H WQ – Q 

From equation (i) & (ii)

1
1

W
W

Q ×303
Q –

323


 = H

H
Q ×323Q – 423


1W
20 Q

323
  
 

 = H
100 Q
423

  
 



 1WQ = H
323×5 Q

423
  
 



But it is also given that,

1 2W WQ + Q  = 5MW

 H
323×5 323+ Q423 423

            
 = 5

 HQ =
5× 423 = 1.0913 MW6×323
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Hence rate of energy delivers at higher temperature

HQ = 1.0913 MJ/s

Q-4(b): Determine the geometric shape factor for a very small disk A1 and a large parallel disk A2 located
co-axially at a distance L directly above the smaller one. The radius of the large disk may be taken
as  .

[20 Marks]

Sol: Refer to figure

A2

dx
x



dA1

1

2
r L

2 2r = L + x

Figure: Geometrical Factor for a Small Area to a Disk

The geometrical factor F12 may be evaluated from the equation

F12 = 1 2 2
12A1 A21

cos cos dA1 dAA S
  

    

 A1 F12 = 1 2 2
12A1 A2

cos cos dA
dA

S
  

   
Considering an elemental area of radius x and thickness dx as shown in figure, we have

dA2 = 2 xdx

Here 1 = 2 =  and S = r 

Since dA1 is itself a infinitesimal area, hence its integration will remain as dA1. Thus dA1 from both sides
may be cancelled.

 F12 =
2

2

2A

cos .2xdx=
r



But L =
 

2 2

2 2

LL + x  and cos =
L + x



The limit of x = 0 to x = / 2,  hence

F12 =    
2x= /2

2 2 2 2x=0

2x L× dx
x +L x +L
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=  

/22 2 2/2
2 2 2 2 20 2 2 0

2xL L 4Ldx = – =
x + L ) 4L +x + L


  

 
 



Q-4(c): An insulated 0.75 kg copper container containing 0.2 kg water, both in equilibrium at a temperature
of 20°C. An experimenter now places 0.05 kg of ice at 0°C in the container. The specific heat of
copper is 0.418 kJ/kgK and latent heat of fusion of ice at 0°C is 333 kJ/kg.

(i) What will be the temperature (Tf ) at the equilibrium condition when all the ice has melted?

(ii) Compute the entropy generation during the process (J/K).

(iii) What will be the minimum work needed by a stirrer to bring back the temperature of water
at 20°C in kJ?

Take specific heat of water as 4.187 kJ/kgK.

[20 Marks]

Sol:

0.2kg Water

T = 20°C = 293Ki 

0.75kg insulated copper
container

wm = 0.2 kg

cm = 0.75 kg

icem = 0.05 kg at 0°C (273 K)

(CP)copper = 0.418 kJ/kgK

(Lf)ice = 333 kJ/kg

(i) Let final temperature = Tf

At by conservation of energy we have

Heat loss by copper container at 20°C + heat loss by water at 20°C

= Heat gain by ice at 0°C.

i.e. 0.75 × 0.418 (293 – Tf) + 0.2 × 4.187 (293 – Tf) =      ice f ice f Pice waterm × L + m × T – 273 × C 

 1.1509 (293 – Tf) = 333 × 0.05 + 0.05 (Tf – 273) × 4.18

or Tf = 277.6811 = 4.68°C

(ii)  systemS  =      icewatercopperS + S + S  

     =  
 

 ice f icef f f
c p w p ice pwater water

m × LT T Tm × C ln +m × C ln + +m × C ×ln293 293 273 273
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Or  system
277.68 277.68 0.05×333 277.68S = 0.75×0.418× ln + 0.2× 4.18×ln + + 0.05× 4.18×293 293 273 273

           
     

     = 2.75 J/K

(iii) Minimum work = work needed to bring copper to 20°C from 4.68°C + work needed to bring
(0.2 + 0.05) kg of water to 20°C from 4.68°C

     c p c
= m C × 20 – 4.68 + 0.25× 4.18× 20 4.68

= 0.75 × 0.418 (20 – 4.68) + 0.25 × 4.18 × (20 – 4.68) = 20.812 kJ

SECTION-B
Q-5(a): Explain how the use of a draft tube at the exit of a Francis turbine will increase its efficiency but

may initiate the problem of cavitation.

[12 Marks]

Sol: Draft tube is an integral part of the low head turbines with large through flow, i.e., for reaction
turbines of the Francis and Kaplan type. The unit consists an airtight diverging conduit with cross-
sectional area increasing along its length. One end of this diverging tube is connected to the runner
exit and the other is located below the level of tail race.

A draft type has the following function to perform:

• decrease the pressure at the runner exit to a value less than atmospheric pressure and there by
increase the working head.

• recover a portion of the exit kinetic energy which otherwise goes waste to the tail race.

Turbine
casing

22

Draft
tube

Atmospheric
pressure Pa

hs

Tail race
level

3 3

Figure: Theory of a draft tube

These two factors help the turbine to develop more power and thereby the efficiency of the turbine
increases. The unit also serves to fix the turbine above the tail race and that ensures proper inspection
of the turbine.

Consider a turbine that is not fitted with a draft tube; water from the runner exit then discharges freely
into the tail race. Evidently pressure p2 at the runner exit equals the atmospheric pressure pa. Again a

kinetic energy 2
2V /2g  goes waste to the tail race.
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Experiments have indicated that in the case of low head turbine with large through flow, the kinetic energy
leaving the turbine with outflow may equal half or more of the energy entering the turbine.

Now consider a turbine fitted with a draft tube (figure). Turbine runner is then sealed from atmospheric
pressure and the flow occurs from section 2-2 to section 3-3. Section 2-2 corresponds to the runner exit
(or inlet section of the draft tube) and the section 3-3 represents the draft tube exit which is located at
depth y below the level of tail race. Pressure at section 3-3 will be

3P
w = aP

+ y
w

where pa is the atmospheric pressure at the surface of tail race. Further assuming section 3-3 to be
the datum, apply Bernoulli’s equation between the sections 2-2 and 3-3;

2
2 2

2
p V

+ + y
w 2g =

2
3 3

f
p V

+ + 0 + h
w 2g

where hf represents the hydraulic loss in the draft tube. Rewriting the above expression for 2p
w

2p
w =

2 2
3 2 3

2 f
p V – V– y – – hw 2g

 
 
 

and further substituting the value of

3p
w = ap + y, we getw

2p
w =  

2 2
a 2 3

2 f
p V – V+ y – y – – h
w 2g

 
 
 

The term (y2 – y) which represents the vertical distance between the runner exit and the tail water level

is called the suction head of draft tube and is denoted by hs. Correspondingly, the factor 
 2 2

2 3V – V
2g  is

called the dynamic head.

 2p
w =

2 2
a 2 3

s f
p V – V– h – – hw 2g

 
 
 

The above expression indicates that the pressure at the runner exit drops below atmospheric pressure
(p2/w works out to be negative) if the draft tube is of diverging section (V3 < V2) and the suction head
h, is positive. Consequently the available head on the turbine increases and the turbine gives a higher
output and efficiency.

As pressure drops to atmospheric pressure which below the vapor of water atmospheric condition, which
leads to formation of bubbles and results in cavitation.

Q-5(b): There is a limitation on maximum temperature in gas turbine as its blades have material constraints.
While the usual two-wheeler internal combustion engine doesn’t have any such constraints; why?
Explain. How are such issues with gas turbine blades resolved? Explain with a neat sketch.

[12 Marks]
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Sol:

Fuel

Combustion chamber

Products of combustion

Power
output

Turbine

Air

Compressor

Figure: A simple gas turbine

The fuel air ratio that may be used in gas turbine is governed by the highly stressed turbine blades. This
temperature is limited by the creep strength of the material used in the turbine blades and the working
life required.

2 3

p

1 4
V

T
2

1

4

3

Figure: p-v diagram

s

Figure T-s diagram

Expansion

C

BCVol.CompressionTC 

B

Ignition

C
yl

in
de

r p
re

ss
ur

e

A

Temperature limitation:
The maximum temperature in gas turbine cannot exceed 1500 K because of the material consideration
of the blade while in reciprocating engines with complete combustion of the fuel the maximum temperature
can be raised to 2000 K. This high temperature is permitted since the piston and cylinder head are
subjected to this high temperature only for a fraction of a second.

To overcome these issues in gas turbine creep resistant material is used for the turbine blade along with
cooling in intercooler.

Q-5(c): What is fusible plug? Where it is used and how it works? Explain with a neat sketch.

[12 Marks]
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Sol: A fusible plug is a boiler mounting and used for the safety of the boiler. If the water level in the boiler
falls below a predetermined level, the boiler shell and tubes will be overheated. And if it is continued, the
tubes may burn. It can be prevented by stopping the burning of fuel on the grate by melting the fusible
plug and pouring the water in fire tube boiler. It is fitted to the crown plate.

Noted that scotch boiler the plug is located in the crown sheet, but sometimes is placed in the upper
back of combustion chamber.

Note: Fusible plugs are of 2 types: fire actuated & steam actuated.

A fusible plug is a threaded metal cylinder usually of bronze, brass or gun metal, with tapered hole drilled
completely through its length.

This hole is sealed with a metal of low melting point that flows away if a predetermined, high temperature
reached.

Q-5(d): Explain the working principle of electrostatic precipitator. How can its efficiency be improved?

[12 Marks]

Sol: Electrostatic Precipitator: The electrostatic precipitator removes ash particles from these gases from
boiler exhaust using high voltage electric field. The basic sketch of electrostatic precipitator
component is shown as,

Insulators

20–100 kV dc

clear gas

Emitting electrode 
(–)ve charged 

Collecting electrode 
Dirty gas

Electrostatic Precipitator
Collected dust

The working of the electrostatic precipitator is discussed as,
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 The principal components of an electrostatic precipitator (ESP) are two sets of electrodes insulated
from each other.

 The first set is composed of rows of electrically grounded vertical parallel plates, called the
collection electrodes, between which the dust-laden gas flows.

 The second set of electrodes consists of wires, called the discharge or emitting electrodes that are
centrally located between each pair of parallel plates.

 The wires carry a unidirectional negatively charged high-voltage (between 20 to 100 kV).

 When that voltage is high enough, a blue luminous glow, called a corona, is produced around
them.

 Electrical forces in the corona accelerate the free electrons present in the gas so that they ionize
the gas molecules, thus forming more electrons and positive gas ions.

 The new electrons create again more free electrons and ions, which result in a chain reaction. The
positive ions travel to the negatively charged wire electrodes.

 The electrons follow the electrical field toward the grounded electrodes, but their velocity decreases
as they move away from the corona region around the wire electrodes toward the grounded plates.

 Gas molecules capture the low velocity electrons and become negative ions.

 As these ions move to the collecting electrode, they collide with the fly ash particles in the gas
stream and give them negative charge.

 The negatively charged fly ash particles are driven to the collecting plate by the force which is
proportional to the product of this charge and the strength of the electric field and the particles
collect on the grounded plates.

Advantage

 Efficient collection of fine ash particles.

 Moderate loss in draft, hence fan power consumption is less.

 Dry ash is available for utilization.

Disadvantage

 High capital cost.

 High operating cost.

 Large space required.

Efficiency of ESP can be improved as per the following:

1. By decreasing the resistivity of the particles. This can be corrected by operating at high gas
temperature for instant by installing a “hot side” precipitator, upstream of the stream generator air
preheater where the gas temperature is usually in excess of 600°F.
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2. By increasing the holding forces by greater power input and decreasing re-entrainment by designing
low gas velocities, low electrode heights and aspect ratios.

3. When dust builds up on the plates, it deposits in a layer of increasing thickness with possible
re-entry into the gas stream unless it is periodically removed. This removal is done by raping the
plates to cause shock vibrations that shake the dust into hoppers at the bottom of the precipitator.

Q-5(e): Describe the working of solar thermal vapour absorption air conditioning system. Also, list the
advantages and limitations of LiBr-H2O and NH3-H2O systems.

[12 Marks]

Sol: An air-conditioning system utilizing solar energy would generally be more efficient, cost wise, if it
was used to provide both heating and cooling requirements in the building it serves.

Solar absorption air conditioning system
Of the various air conditioning alternatives the absorption system appears to be one of the most promising
methods. The absorption cycle is similar in certain respects to the electrically driven vapour compression
machines. A refrigeration cycle is operated with the condenser, expansion valve, and evaporator if low-
pressure vapour from the evaporator can be transformed into high pressure vapour and delivered to the
condenser. The vapour compression system uses a compressor for this task. The absorption system first
absorbs the low pressure vapour in an appropriate absorbs the low pressure vapour in an appropriate
absorbing liquid. Embodied in the absorption process is the conversion of vapour into liquid, and since
the process is akin to condensation, heat must be rejected during the process.

The next step is to elevate the pressure of the liquid with a pump, and the final step releases the vapour
from the absorbing liquid by adding heat.  Figure shows the methods of transforming low-pressure vapour
into high-pressure vapour in a refrigeration system.

Vapour compression:
1. Compressor

Absorption:
1. Absorb vapour in liquid
while removing heat.
2. Elevate pressure of 
liquid with pump.
3. Release vapour by 
applying heat.

Condenser

Evaporator
Low

Pressure
vapour

Expansion
valve

High

pressure
vapour

Figure: Methods of transforming low-pressure vapourin
to high-pressure vapour in a refrigeration system

The vapour compression cycle (as shown in figure) is a work operated cycle because the elevation of
pressure of the refrigerant is accomplished by a compressor that required work. The absorption cycle (see
figure), on the other hand, is referred to as a heat operated cycle because most of the operating cost
is associated with providing heat that drives off the vapour from the high pressure liquid. For a solar
absorption cooling system, this heat is taken from sun energy.

Performance of the refrigeration system is represented as a ‘coefficient of performance (COP)’. It shows
how much heat can be removed from a cold region (Qe) for each unit of energy used (Qg).
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COP =
e

g

Q
Q

For the solar-driven systems, the performance can be written as the product of the COP and the solar

collector efficiency  c .  Besides, it can be defined as a ratio of the refrigeration effect and the solar

energy input (i) for the thermal-driven systems, which is called ‘system thermal ratio (STR)’.

system = cCOP×

STR =
ge e

c
g

QQ Q
= × = COP×

I.A Q I.A


Of the various solar absorption  air conditioning system, LiBr-H2O and H2O-NH3 are the major working
pairs available in these systems, It is reported that the LiBr – H2O pair has higher COP than any other
pair of the working fluids.

 The coefficient of the performance for the H2O-NH3 system is lower than for the LiBr-H2O system.
Generally, the H2O-NH3 system operates at 10-15% lower solar fraction than the LiBr-H2O system.

 It requires a higher generator inlet temperature. Generally, the LiBr-H2O system requires the
generator inlet temperature of the 70-88°C, while the H2O-NH3 system requires 90-180°C’ which
results in the H2O-NH3 system achieving a lower COP when using a flat plate collector.

 It requires higher pressures and hence higher pumping power.

 A more complex system requiring a rectifier to separate ammonia and water vapour at the generator
outlet is required.

 There are restrictions on the in-building applications of the ammonia - water-cooling units because
of the hazards associated with the use of ammonia.

Q-6(a): A centrifugal pump lifts water from a sump to an overhead reservoir. The static lift is 40 m out
of which 3 m is suction lift. The suction and delivery pipes are both of 30 cm diameter. The friction
loss in suction pipe is 2.5 m and in delivery pipe it is 7.5 m. The impeller is 0.5 m in diameter
and has a width of 3 cm at the outlet. The speed of the pump is 1200 rpm. The exit blade angle
is 20°. If the manometric efficiency is 86%, determine the absolute pressures at the suction and
delivery ends of the pump. Assume that the inlet and outlet of the pump are at the same elevation.
Take atmospheric pressure as 10.10 m of water.

[20 Marks]

Sol:

Pump
H  = h  + hs s d

hs

hd

State lift (Hs) = 40 m



... and many more
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Suction lift (hs) = 3 m

ds = dd = 0.30 m

hfs = 2.5 m, hfd = 7.5 m

D2 = 0.5 m; B2 = 3 cm

N = 1200 rpm; 2  = 20°

mano = 86%; Hatm = 10.10 m

Hmano = sH + losses

= Hs + hfs + hfd

= 40 + 2.5 + 7.5 = 50 m

u2 = 2D N × 0.5 ×1200=
60 60

 

= 31.42 m/s

Outlet velocity triangle

mano =
2

m

w 2

gH
V u

V1

u1

Vr1

V2

u2

2Vr2

V  = 0
V  = V

w1

1 f1

0.86 =
2w

9.81×50
V ×31.42

 2wV =
9.81×50 = 18.152 m/s

0.86 ×31.42

Using outlet velocity triangle

2tan =
2

2

f

2 w

V
u – V
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tan 20° = 2f
V

31.42 – 18.152

2f
V = 4.83 m/s

Q = 2
3

2 2 fD B × V = × 0.5× 0.03× 4.83 = 0.227 m /s 

Velocity in suction pipe = Vs = velocity in delivery pipe

Vs =  22
s

Q 0.227= = 3.213 m / s
d 0.30

4 4
 

2
sV

2g =
 22

d 3.213V
= = 0.526m

2g 2×9.81

Suction side of pump

Let absolute pressure on suction side = Ps

Atmosphere pressure = Patm

Using energy equation between sump and inlet of pump

atmP
g =

2
s s

s fs
V P

h +h + +
2g g

10.10 = 3 + 2.5 + 0.526 + 
sP
g


sP
g = 4.074

 Ps = 4.074 × 1000 × 9.81

= 39.965 kPa (absolute)

Delivery side of pump
Let the absolute pressure an delivery side = Pd

Applying energy equation between pump outlet and water level in overhead reservoir;

2
d dP V

+
g 2g =

atm
d fd

g

P
+ h +h




dP

+ 0.526
g = 10.10 + 37 + 7.5


dP
g = 54.074 m
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 Pd = 54.093 × 1000 × 9.81

= 530.465 kPa (absolute)

Q-6(b): A steam power plant has high and low pressures of 20 MPa and 10 kPa and one open feed water
heater operating at 1 MPa with the exit as saturated liquid. The maximum temperature is 800°C and
the turbine has a total power output of 5 MW. Find the fraction of the flow for extraction to the
feedwater and the total condenser heat transfer rate. (Steam table attached).

[20 Marks]

Sol: The physical components and the T-s diagram is as shown in figure for one open feedwater heater.
The state numbering is used. From the Steam Tables:

T

s

20 MPa

1 MPa

10 kPa

5

4

3
2

1 7

5m

y 5m

(1–y) 5m
6

5(1– y)m

Boiler 5

4

3
2 Condenser

7

WTurbine

Feed
water
heater

6

5(1– y)m

1

2PW

2PW

5(1– y)m5ym

5m

State 5: (P, T) h5 = 4069.8 kJ/kg, s5 = 7.0544 kJ/kgK,

State 1: (P, x = 0) h1 = 191.81 kJ/kg, v1 = 0.00101 m3/kg

State 3: (P, x = 0) h3 = 762.8 kJ/kg, v3 = 0.001127 m3/kg

Pump P1: wP1 = v1(P2 – P1) = 0.00101 × 990 = 1 kJ/kg

h2 = h1 + wP1 = 192.81 kJ/kg

Turbine 5-6: s6 = s5   h6 = 3013.7 kJ/kg
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wT56 = h5 – h6 = 4069.8 – 3013.7 = 1056.1 kJ/kg

Feedwater Heater    TOT 5 5 6 5 2 5 3m = m : xm h + 1– x m h = m h    

 x = 3 2

6 2

h – h 762.8 192.81= = 0.2021
h – h 3013.7 192.81




To get state 7 into condenser consider turbine.
s7 = s6 = s5    x7 = (7.0544 – 0.6493)/7.5009 = 0.85391

h7 = 191.81 + 0.85391 × 2392.82 = 2235.1 kJ/kg
Find specific turbine work to get total flow

TW =  TOT 5 TOT 6 TOT 7m h – xm h – 1– x m h   =

=   TOT 5 6 7 TOTm × h – xh – 1– x h = m ×1677.3 

TOTm = 5000 / 1677.3 = 2.98 kg/s

LQ =      TOT 7 1m 1– x h – h = 2.98×0.7979 2235.1 191.81 = 4858 kW

Q-6(c): (i) A propeller-type horizontal axis wind turbine has following operating conditions:

Wind speed : 10 m/s

Air density : 1.226 kg/m3

Rotor diameter : 120 m

Rotor speed : 50 RPM

Coefficient of performance : 40%

Calculate:

(i) Total power density in wind system in w/m2.

(ii) Total wind power in kW.

(iii) Maximum extractable power in kW.

(iv) Maximum torque in kN.

[10 Marks]

Sol: (i) Total power density 3 3 21 1= V = ×1.226×10 = 613W/m2 2

(ii) Total wind power = power density × Area = 2 1613× ×120 ×
4 1000


= 6932.86 kW

(iii) Maximum power Pmax = 0.40 × 6932.86 = 2773.14 kW

(iv) Maximum torque Tmax

Pmax = Tmax.
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 Tmax = maxP


So, Tmax = 

2 38 ×1.226 × ×120 ×1027 4 = 784.63 kNm
2× ×50

60





Q-6(c): (ii) Explain the various features of wind-diesel hybrid power generation systems. Also, describe
the types of operational scheduling for diesel unit.

[10 Marks]

Sol: There are many remote and isolated areas in the world where utility power grid has no access due
to techno-economic reasons. Power to such places is supplied by small locally installed diesel
generator unit. In such places wind electricity may be very economical if favourable wind is
available. Unfortunately, wind is highly fluctuating power source and the raw output at the terminals
of a wind turbine is incompatible with the demand of a normal domestic or commercial user. In such
places isolated wind turbines can be installed in conjunction with diesel generating units for backup.

This hybrid system, popularly known as wind-diesel system, is shown in figure. For economic
viability, the savings in fuel should cover the additional investment cost due to wind generator,
controller dump load, storage unit, converter and other auxiliary equipment.

Wall
turbine Ind

gen

Battery

Load

Dump
load

Synch
genDiesel

engine

Figure: Wind-diesel hybrid system

Two Types of operational schedule is possible for diesel unit:
1. Continuous Diesel Unit Operation: The simplest way to incorporate the wind turbine into the

standard diesel powered system, without increasing the risk of loss of load, is to operate wind
turbine in parallel with a continuously running diesel generator. In this mode, wind power acts a
negative load, reducing the average load of the diesel unit. The diesel generator can be allowed to
operate at very low loading or even at negative load. This system performs well without the need
of any supervisory control.
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2. Intermittent Diesel Unit Operation: In this mode diesel unit is switched off during periods when
the output of wind turbine is sufficiently high to meet the demand without any backup. The saving
in fuel is more in this case. However, due to variation in wind power, which is much more significant
than that of the load, frequent starts/stops of diesel unit may be required. Frequent startups hasten
the wear of diesel engine and starter. Also owing to inertia, comparatively lengthy time interval is
necessary to start and stop the unit. The system may collapse during diesel generator startup if
wind power drops within startup interval. Some kind of energy storage (battery, flywheel or pumped
storage) may reduce diesel start/stop operations within the acceptable rate of system cycling.
However, this also increases the cost of the system.

Q-7(a): A single row impulse steam turbine with a blade speed of 200 m/s and mass flow rate of 4 kg/
s develops 300 kW of power. Steam leave the nozzles at 500 m/s, and the blade velocity coefficient
is 0.92. If the steam leaves the turbine blade at such an angle that the absolute velocity at exit is
kept minimum, determine nozzle angles, blade angles and diagram efficiency. Draw compound
velocity triangles.

[20 Marks]

Sol: Data given: P = 300 kW

u = 200 m/s, 
2

1

V
V  = 0.92 = K

V1 = 500 m/s

m = 4 kg/s

Vw

u = Vb

2
1

Vr1

Vr2

V1

V2

 = 90
 

As absolute velocity at exit kept minimum i.e. steam leaves the nozzle axially. i.e.

 = 90°

As P = b wm× V × V

or, 300 = wu× 200× V

or, wV =
3300×10 = 375 m/sec

800

From figure wV = 1V cos

i.e. 1V cos = 375
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or, cos =
375
500

or,  = Nozzle angle = 41.4°

1tan =
1

1 b

V sin 500sin41.4=
V cos – V 500cos41.4 – 200




= 1.88

1 = 62°

1r
V =

1

1

V sin 500 × sin 41.4= = 37.49 m/sec
sin sin62




2

1

r

r

V
V = 0.92

or, 2r
V = 0.92 × 374.49 = 344.53 m/sec

Now from figure,

2r 2V cos = Vb = 200

or, 2cos =
200 = 0.580

344.53

2 = 54.51°

D =

3

2
1

P 300×10= = 60%
1 1m× V × 4×500×500
2 2


(i) Nozzle angle = 41.4°

(ii) Blade angle, 1  = 62°

2  = 54.51°

(iii) D  = 60%

Q-7(c): (i) What are once through boiler? How do they differ from drum boiler?

[10 Marks]

Sol: Once-through boiler does not require recirculation of water in the steam generation system. Instead, feed-
water, at high pressure, flows through the water walls where it receives heat in the furnace and is
converted to steam directly then passes through the superheaters and finally enters the HP turbine. The
water in these boiler are operated by high pressure pump which forces water from entry to turbine through
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water walls, superheater etc. A schematic of once through boiler is shown below:

Superheater

Economiser

Heating Tubes

Once through boiler

 The once-through design has been used for both the high
subcritical and the supercritical pressure ranges. In the
supercritical range (i.e., above 221.2 bar), the water physical
properties change continuously from those of a liquid (water)
to those of a vapour (steam). There is no saturation temperature
or two-phase mixture.

 The temperature rises readily, and the specific heat and its
rate of rise vary considerably during the process. Therefore,
the nature of supercritical steam generation rules out the use
of a boiler drum to separate steam from water.

 Unlike in a drum type boiler, there is no drum level to be
controlled in a once-through boiler. There are three major control
loops involving megawatt, throttle pressure, and steam temperature. These are controlled by
manipulating the governor valve, feed-water valve, and firing rate either individually or in a coordinated
mode by manipulating all three loops simultaneously.

 A once-through boiler has less stored energy than a drum-type boiler. Therefore, a generating unit
with a once-through boiler is more responsive to changes in boiler firing rate. On the other hand,
a drum-type boiler unit can deliver power without any fuel flow for a longer time.

 Neither type of boiler can supply full load steam flow for more than 1 or 2 minutes; however, both
types can supply sufficient steam to support unit service load at normal throttle pressure for at least
30 minutes.

Features of once through boiler are as follow:
(i) Large heat transfer Coefficients,  (ii) Stable pressure level, (iii) Higher thermal efficiency

(iv) Minimum erosion and corrosion,  (v) Ease in operation,  (vi) Easy to generate peak load.

Q-7(c): (ii) Why are downcomers fewer in number and bigger in diameter, while risers are more in
number and smaller in diameter?

[10 Marks]

Sol: In order to understand the concept, it is better to go through downcomer-Riser System,

 A simple downcomer-riser circuit connecting a drum
and a header is shown in figure below.

Heat

Riser 
tube

Furnace 
wall

From Eco To SH

D

Header
Downcomer

H

Boiler drum

BD

Natural circulation in a downcomer-riser circuit

m

 The downcomers, which are insulated, are outside
the furnace, and the risers are inside the furnace.

 Saturated water falls by gravity from the drum through
the downcomer into the bottom header.

 From the header water flows up along the riser where
it partially boils with the formation of bubbles and
then back into the steam drum.

 The density of steam–water mixture in the riser is
less than that of saturated water in the downcomer,
and as a result of this density difference a pressure
difference is created which create a circulation current
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in the downcomer-riser circuit.

 The feedwater from the economiser enters the drum and saturated steam is taken out of the drum
to the superheater.

 The pressure head available for natural circulation is given by, p = gH (D – m)

where H is the height of the riser (~ furnace), D is the density of saturated water in the downcomer,
and m is the mean density of steam-water mixture in the riser.

 The maximum height of the furnace (H) is fixed by the rate of burning of fuel and the heat release
rate. For a certain H, p  (D – m)

 Higher is the density difference, more will be the pressure
head available for natural circulation.

 So to maintain this pressure difference for circulation, the downcomers are placed outside the
furnace. By making bigger in diameter, the velocity is low and low friction losses. Hence big
diameter and outside placement ensures low losses and no heat gain which can reduces density.

Risers installed all around the four walls of the furnace act as cooling tubes or a water wall and
carry away the heat from the furnace at the same rate at which heat is released in it by the burning
of fuel.

 Risers absorb heat from the furnace. For the same total cross-sectional area, the smaller the
diameter, the larger the surface area exposed to hot gas for heat transfer. Therefore, the risers are
of smaller diameter, 62.5 to 76.5 mm, and larger in number compared to downcomers.

 The arrangement schematic is shown below.

Heated 
risers

Lower header 
Downcomers

Non-heated 
risers Drum

Q-8(a): How is the degree of reaction of a  centrifugal compressor stage defined? Explain analytically how
the degree of reaction varies with flow coefficient for different values of impeller exit air angle.
Assume zero swirl at the entry.

[20 Marks]

Sol: A large proportion of energy in the gas at the impeller exit is in the form of kinetic energy. This is converted
into static pressure rise by the energy transformation process in the diffuser and volute casing. The
division of static pressure rise in the stage between the impeller and the stationary diffusing passages
is determined by the degree of reaction. This can be defined either in terms of pressure changes or
enthalpy changes in the impeller and the stationary diffusing passages.

Expressions for the degree of reaction in this section are derived from the following definition.
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R =
change in static enthalpy in the impeller

change in stagnation enthalpy in the stage

R =
2 1

02 01

h – h
h – h ...(i)

h2 – h1 =    2 2 2 2
2 2 1 1

1 1u – w + w – u
2 2

...(ii)

For zero swirl at the entry  1
c = 0

h02 – h01 = 2 2u c ...(iii)

Therefore equation (ii) and (iii) when put into equation (i) give

R =
   2 2 2 2

2 2 1 1

2 2

u – w + w – u

2u c
...(iv)

For the constant radial velocity component.

c1 = r1 r2c = c

With inducer blades and zero entry swirl (figure).

c1 = cx1 = cr2

With these conditions, the following expressions are obtained from the entry and exit velocity triangles:

2 2
1 1w – u = 2 2

r1 r2c = c ...(v)

2
2w =  22 2 2 2

r2 2 2 r2 2 2 2 2c + u – c = c +u – 2u c + c  

2 2
2 2u – w = 2 2

2 2 2 r22u c – c – c  ...(vi)

Equations (v) and (vi), when used in equation (iv), give

R =
2

2

c11–
2 u

 
 
 

Substituting from equation and rearranging

R = 2 2
1 1+ cot
2 2

  ...(vii)

Equation (vii) is plotted in figure. The degree of reaction of the radial-tipped impeller  2 = 90   remains

constant at all values of the flow coefficient. Reaction increases with flow coefficient for backward-swept

impeller blades  2 90    and decreases for forward swept type  2 90    as shown.
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R =
11–
2
 ...(viii)

 = 2(1 – R) ...(ix)

Equation (viii) shows that the higher the degree of reaction, the lower is the stage pressure coefficient
and vice versa. This is depicted in below figure. The backward-swept impeller blades give a higher degree
of reaction and a lower pressure coefficient compared to the radial and forward-swept blades.
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Q-8(b): Consider a gas turbine cycle with two stages of compression and two stages of expansion. The
pressure ratio across each compressor stage and each turbine stage is 8 to 1. The pressure at the
entrance of the first compressor is 100 kPa, the temperature entering each compressor is 20°C, the
temperature entering each turbine is 1100°C. A regenerator is also incorporated into the cycle and
it has an efficiency of 70%. Determine the compressor work, the turbine work and the thermal
efficiency of the cycle. Take Cpo as 1.004 kJ/kgK ratio of specific heats as 1.4.

[20 Marks]

Sol:

Heat
exchangerProducts of

combustion

10

1
2

L P
Air

Compressor Compressor Turbine Turbine

output

Power

8

L P

7
Fuel

Reheat Combustion
chamber

Combustion
chamber9

5
6

H P
Fuel

H P

43
Intercooler

Figure: Schematic arrangement of intercooled cycle with heat exchanger
and reheat

T

4 2

13
10

9
6 8

5 7

s
Figure. T-s diagram

5

A/Q 2

1

P
P = 6 84

3 7 9

P PP
= = = 8P P P

P1 = 100 kPa

T1 = T3 = 20° = 293 K

T6 = T8 = 1100°C = 1373 K

So, T4 = 

–1 1.4 1
1.42

2 1
1

P 8T = T = 293×P 1

 
        

Or, T4 = T2 = 530.75 K

(i) Total compressor work = 2 × CP × (T2 – T1)

(WC)total = 2 × 1.004 × (530.75 – 293)

= 477.4 kJ/kg of air

(ii) Total turbine work = ?

T7 =

–1 1.4 1
1.47

6
9

P 1T = 1373×P 8

 
   

     

= 757.95 K = T9

So (WT)total = 2 × CP × (T6 – T7)

= 2 × 1.004 × (1373 – 757.95)

= 1235 kJ/kg of air
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(iii) T = ?

r = 5 4

9 4

T – T
0.7 = T – T



or 0.7 = 5T – 530.75
757.95 530.75




5T = 689.79 K

Qs =    P0 6 5 P0 8 7C × T – T + C T – T

= 1.004 (1373 – 689.79) + 1.004 (1373 – 757.95)

Qs = 1303.45 kJ/kg of air

WN = (WT)total – (WC)total

= 1235 – 477.4 = 757.6 kJ/kg of air

T = N

s

W
Q  = 

757.6 = 58.12%
1303.45

Q-8(c): The border region of Chattisgarh and Maharashtra has many rice mills as this region is suitable
for rice crop. Suppose there is a village in this region which has many rice mills, barren land and
jungle around. To meet the energy requirements of the rice mills and the village, which types of
renewable energy systems would you like to purpose? Justify your proposal.

[20 Marks]

Sol: As there is barren land so, first of all solar power plant can be installed in these area. Reason is to
operate the plant which require 50 - 60 MW electricity so, solar plant is best suited. The two stage
cylindrical parabolic concentrator thermal power can be installed.

Damper
Aux.
heater

Hot air to
distribution

Aux.
bypass

Used hot
air from
distribution

Fresh air

Heat
exchanger

Blower

Exhaust
air

3 way valve

Rock-bed
storage

Storage
blower

Air heater
(collector)

Solar
radiation

Figure: Hot air industrial process heat system

As there is rice mills, so lots of wastage are there. Energy is required for mechanical drying of agricultural
products in rural areas where grid electric supply is scarce. Solar and biomass are two main renewable
sources of energy that may be used for drying of spices, herbs, and agricultural products for commercial
production at low cost.
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Other option is Biomass-Diesel hybrid system: Combustion is a common process in biomass conversion
technology. Application of combustion process is for solid fuels either from cultivated biomass or waste
biomass. Biomass is widely available in hills and remote forest areas but becomes scarce during snowy
winter. When its supply stops and stock dwindles, energy route of biomass to electrical energy by
incineration suffers a set back. This system needs a back up by diesel power electric generator to meet
the known lighting and plug loads of residences, commercial establishments, hospital and other life
sustaining loads.

Generator

Biomass
Incinerator

Diesel generator

C
on

tro
lle

r

Battery
bank

Load

Figure: Biomass-diesel hybrid system

Other option is Biogas - solar thermal hybrid system.

• Other convention way is to use waste incineration energy plant.
Exhaust
gases

Chimney
Particulate, NOx,
SOx disposal

Steam

Flue
gases

Heat recovery
steam generator

Electrical
power

Steam
turbineSteam

Electrical (synchronous)
generator

Steam
condenser

Cooling
tower

Feed water
pump

Make-up
water

Air

Furnace cum
boiler
(incinerator
and boiler)

Fuel

Figure: Waste-to-Energy plant for urban waste incineration

The schematic diagram of ‘Waste-to-Energy plant’ for urban waste incineration is shown in figure which
is self explanatory.

Processing of wood and wood-waste (fuel) for feeding to the incineration plant: The incineration
plant is usually locate in the forest near saw mill. This reduces the expenditure of transportation of wood
and makes it competitive as a fuel  for producing electricity.

The various steps involved in the process are:
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(i) Felling of trees in the forest

(ii) Segregating logs, tree barks, leaves etc.

(iii) Transporting the logs and other residue to central store.

(iv) Storing the logs in a circular store.

(v) Drying of wood in the circular store.

(vi) Collecting dried wood by means of central crane in the circular store and transporting the wood
to power plant for incineration.

(vii) Shredding (making smaller pieces).

(viii) Feeding to the furnace.

In addition to above we can use power generation from landfill gas and power generation from liquid waste.
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