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3. Heat Transfer 32
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8. Renewable Sources of Energy 32
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Section ASection ASection ASection ASection A
Q.1Q.1Q.1Q.1Q.1 (a)(a)(a)(a)(a) A main pipe divides into two parallel pipes which again form as one pipe. A main pipe divides into two parallel pipes which again form as one pipe. A main pipe divides into two parallel pipes which again form as one pipe. A main pipe divides into two parallel pipes which again form as one pipe. A main pipe divides into two parallel pipes which again form as one pipe. The lengthThe lengthThe lengthThe lengthThe length

and diameter of the first parallel pipe arand diameter of the first parallel pipe arand diameter of the first parallel pipe arand diameter of the first parallel pipe arand diameter of the first parallel pipe are 1000 m and 0.8 m re 1000 m and 0.8 m re 1000 m and 0.8 m re 1000 m and 0.8 m re 1000 m and 0.8 m respectivelyespectivelyespectivelyespectivelyespectively, while the, while the, while the, while the, while the
length and diameter of the second parallel pipe arlength and diameter of the second parallel pipe arlength and diameter of the second parallel pipe arlength and diameter of the second parallel pipe arlength and diameter of the second parallel pipe are 1000 m and 0.6 m re 1000 m and 0.6 m re 1000 m and 0.6 m re 1000 m and 0.6 m re 1000 m and 0.6 m respectivelyespectivelyespectivelyespectivelyespectively.....
Find the rate of flow in each parallel pipe, if total flow in the main is Find the rate of flow in each parallel pipe, if total flow in the main is Find the rate of flow in each parallel pipe, if total flow in the main is Find the rate of flow in each parallel pipe, if total flow in the main is Find the rate of flow in each parallel pipe, if total flow in the main is 2.5 m2.5 m2.5 m2.5 m2.5 m33333/sec./sec./sec./sec./sec.
The coefficient of friction for each parallel pipe is same and equal to 0.005.The coefficient of friction for each parallel pipe is same and equal to 0.005.The coefficient of friction for each parallel pipe is same and equal to 0.005.The coefficient of friction for each parallel pipe is same and equal to 0.005.The coefficient of friction for each parallel pipe is same and equal to 0.005.

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:
l1 = 1000 m, d1 = 0.8 m,, l2 =1000 m, d2 = 0.6 m
Total discharge, Q = 2.5 m3/s
Also, Q = Q1 + Q2 ⇒  2.5 = Q1 + Q2 ...(i)
Since pipe (i) and pipe (2) are in parallel,

hf1 = hf1 where, hf = head loss due to friction

⇒
2

1 1
2

5
18

f Q
g dπ ×

l
=

2
2 2

2
5
28

f Q
g dπ ×

l pipe 1

pipe 2

Q

Q2

Q1

⇒
2
1

5

1000

0.8

Q×
=

2
2

5

1000

0.6

Q×

2
1

2

Q
Q
⎛ ⎞
⎜ ⎟⎝ ⎠

=
20.8

0.6
⎛ ⎞
⎜ ⎟⎝ ⎠

Q1 = 2.0528Q2 ...(ii)
From equation (i) and (ii), 2.5 = 2.0528Q2 + Q2

2.5 = 3.0528Q2 ⇒ Q2 = 0.81892 m3/s
Putting this value in equation (i),

Q1 + 0.81892 = 2.5 ⇒ Q1 = 1.681 m3/s
MADE EASY Source __________________________________________________________
• ESE Mains 2019 Workbook (Q. 27, Page 210) discussed in Class
• MADE EASY Classnotes

End of Solution
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Q.1Q.1Q.1Q.1Q.1 (b)(b)(b)(b)(b) A reversible engine works between three thermal reservoirs, A reversible engine works between three thermal reservoirs, A reversible engine works between three thermal reservoirs, A reversible engine works between three thermal reservoirs, A reversible engine works between three thermal reservoirs, AAAAA, , , , , BBBBB and  and  and  and  and CCCCC. The. The. The. The. The
engine absorbs an equal amount of heat from the thermal reservoirs engine absorbs an equal amount of heat from the thermal reservoirs engine absorbs an equal amount of heat from the thermal reservoirs engine absorbs an equal amount of heat from the thermal reservoirs engine absorbs an equal amount of heat from the thermal reservoirs AAAAA and  and  and  and  and BBBBB kept kept kept kept kept
at temperaturat temperaturat temperaturat temperaturat temperatures es es es es TTTTTAAAAA and  and  and  and  and TTTTTBBBBB r r r r respectivelyespectivelyespectivelyespectivelyespectively, and r, and r, and r, and r, and rejects heat to the therejects heat to the therejects heat to the therejects heat to the therejects heat to the thermal rmal rmal rmal rmal reseresereseresereservoirvoirvoirvoirvoir
CCCCC kept at temperature  kept at temperature  kept at temperature  kept at temperature  kept at temperature TTTTTCCCCC. The efficiency of the engine is . The efficiency of the engine is . The efficiency of the engine is . The efficiency of the engine is . The efficiency of the engine is ααααα times the efficiency of times the efficiency of times the efficiency of times the efficiency of times the efficiency of
the reversible engine, which works between the two reservoirs the reversible engine, which works between the two reservoirs the reversible engine, which works between the two reservoirs the reversible engine, which works between the two reservoirs the reversible engine, which works between the two reservoirs AAAAA and  and  and  and  and CCCCC.....

= α − + − α Prove that : (2 1) 2(1 )A A

B C

T T
T T

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:

η = ACα ⋅ η ...(i) T
A
A T

B
B

T
C
C

Q1

Q2

WE

Q1

η =
12

W
Q

{W = 2Q1 – Q2}

η = 2

1

1
2
Q
Q

− ...(ii)

From equation (i), η = 1 C

A

T
T

⎛ ⎞α −⎜ ⎟⎝ ⎠

From equation (ii), 2

1
1

2
Q
Q

⎛ ⎞−⎜ ⎟⎝ ⎠
= 1 C

A

T
T

⎛ ⎞α −⎜ ⎟⎝ ⎠
...(iii)

∵ E is an reversible engine.

Q
T∑ = 0

1 1

A B

Q Q
T T
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Q
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C C
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T T
T T
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Put value of 
2

1

Q
Q  in equation (iii),
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1
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− − = 1 C

A

T
T

⎛ ⎞α −⎜ ⎟⎝ ⎠

1
1

2
C

B

T
T

− =
1
2

C C

A B
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α − α +

1
(1 )

2
C

B

T
T

− α − =
1
2

C

A

T
T

⎛ ⎞− α⎜ ⎟⎝ ⎠

Multiply by A

C

T
T

 in whole equation,

1
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A A

C B
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− α − =
(1 2 )

2
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1
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+ − α

Multiply by 2 in whole equation,
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A

B

T
T = (2 1) 2(1 ) A

C

T
T

α − + − α

MADE EASY Source __________________________________________________________
• Theory Book (2019 Edition): Thermodynamics (Q. 5  Page 223)
• MADE EASY Classnotes

End of Solution

Q.1Q.1Q.1Q.1Q.1 (c)(c)(c)(c)(c) With the help of neat sketch, explain the working of a thermostatic expansionWith the help of neat sketch, explain the working of a thermostatic expansionWith the help of neat sketch, explain the working of a thermostatic expansionWith the help of neat sketch, explain the working of a thermostatic expansionWith the help of neat sketch, explain the working of a thermostatic expansion
valve. How does it cope up with the variable load?valve. How does it cope up with the variable load?valve. How does it cope up with the variable load?valve. How does it cope up with the variable load?valve. How does it cope up with the variable load?

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:
(i)(i)(i)(i)(i)
Thermostatic expansion valve: Thermostatic expansion valve: Thermostatic expansion valve: Thermostatic expansion valve: Thermostatic expansion valve: A thermostatic expansion valve is used to maintain
a constant degree of superheat at the exit of evaporator, hence it is most effective for
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dry evaporators in preventing the slugging of the compressors since it does not allow
the liquid refrigerant to enter the compressor. The schematic diagram of the valve is
given as below:

Superheated 
refrigerant to
 compressor

Suction 
line

Evaporator

Adjustable
spring

Niddle
stand

High
pressure

liquid

Screw

Fs Fe

FP FP

Feeler
bulb

It consists of a feeler bulb that is attached to the evaporator exit tube so that it senses
the temperature at the exit of evaporator. The feeler bulb and the narrow tube contains
some fluid that is called power fluid. The power fluid may be same as the refrigerant
or it may be different. In case if it is different from the refrigerant then the TEV is called
TEV with cross charge. Let Pp is the pressure of power fluid, Pe is the saturation pressure
corresponding to evaporator exit temperature and evaporator temperature is Te then the
purpose of TEV is to maintain a temperature (Te + ΔTs) at evaporator exit where ΔTs
is the degree of superheat. Feeler bulb senses the temperature (Te + ΔTs) and its
pressure Pp is saturation pressure at this temperature. So force exerted on the top area
Ab of bellows:

Fp = PpAb ...(i)
Force exerted by evaporator pressure from bottom side of bellows:
This is called external equalizer if the evaporator is large and has significant pressure
drop otherwise it is known as TEV with internal equalizer.
The difference of forces Fp and Fe is exerted on the top of the middle which controls
the opening of orifice and is equal to spring force Fs i.e.

Fs = (Pp – Pe)Ab

Also ΔTs ∝ (Pp – Pe)Ab

As the compressor starts, Pe decreases so a positive spring force is applied on middle
which opens the orifice and refrigerant flow starts.
When the cooling load increases, the refrigerant evaporates at a faster rate in evaporator
than the compressor can suck. As a result, the saturation pressure (p0) correspond to
the temperature at the exit end of the evaporator and the degree of superheat in
evaporator increases. The increase in superheat causes the valve to open more and
to allow more refrigerant to enter the evaporator. At the same time, the increase in suction
pressure (p0) also enables the compressor to deliver increased refrigerating capacity.
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When the cooling load decreases, the refrigerant evaporates at a slower rate than the
compressor is able to suck. As a result, the evaporator pressure drops and the degree
of superheat decreases. The valve tends to close and the compressor delivers less
refrigerating capacity at a decreased suction pressure.
Thus the thermostatic expansion valve, is capable of meeting variable load requirements.

MADE EASY Source __________________________________________________________
• Theory Book (2019 Edition): RAC (Page 31)
• ESE 2019 Mains Test Series: Exactly same as Q.4b(i) from Test-12
• MADE EASY Classnotes

End of Solution

Q.1Q.1Q.1Q.1Q.1 (d)(d)(d)(d)(d) The fuel rod of a nuclear reactor is lagged with a tight fitting cladding material toThe fuel rod of a nuclear reactor is lagged with a tight fitting cladding material toThe fuel rod of a nuclear reactor is lagged with a tight fitting cladding material toThe fuel rod of a nuclear reactor is lagged with a tight fitting cladding material toThe fuel rod of a nuclear reactor is lagged with a tight fitting cladding material to
prevent oxidation of the surface of the fuel rod by direct contact with the coolant.prevent oxidation of the surface of the fuel rod by direct contact with the coolant.prevent oxidation of the surface of the fuel rod by direct contact with the coolant.prevent oxidation of the surface of the fuel rod by direct contact with the coolant.prevent oxidation of the surface of the fuel rod by direct contact with the coolant.
The heat generation occurs only in the fuel rod according to the following relation:The heat generation occurs only in the fuel rod according to the following relation:The heat generation occurs only in the fuel rod according to the following relation:The heat generation occurs only in the fuel rod according to the following relation:The heat generation occurs only in the fuel rod according to the following relation:

⎡ ⎤
= −⎢ ⎥

⎣ ⎦

2

0 21g
rq q
R

. Under steady state conditions, heat generated in the fuel rod is. Under steady state conditions, heat generated in the fuel rod is. Under steady state conditions, heat generated in the fuel rod is. Under steady state conditions, heat generated in the fuel rod is. Under steady state conditions, heat generated in the fuel rod is

conducted through the cladding material and then dissipated to the coolant flowingconducted through the cladding material and then dissipated to the coolant flowingconducted through the cladding material and then dissipated to the coolant flowingconducted through the cladding material and then dissipated to the coolant flowingconducted through the cladding material and then dissipated to the coolant flowing
around the cladding by convection.around the cladding by convection.around the cladding by convection.around the cladding by convection.around the cladding by convection.
Assuming that there is no contact resistance between the fuel rod and cladding,Assuming that there is no contact resistance between the fuel rod and cladding,Assuming that there is no contact resistance between the fuel rod and cladding,Assuming that there is no contact resistance between the fuel rod and cladding,Assuming that there is no contact resistance between the fuel rod and cladding,
derive an expression for the heat flux through the fuel rod and cladding material.derive an expression for the heat flux through the fuel rod and cladding material.derive an expression for the heat flux through the fuel rod and cladding material.derive an expression for the heat flux through the fuel rod and cladding material.derive an expression for the heat flux through the fuel rod and cladding material.

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]
Solution:Solution:Solution:Solution:Solution:

Fuel Rod:Fuel Rod:Fuel Rod:Fuel Rod:Fuel Rod:
1 D heat conduction equation with heat generation in cylinder:

1
 g

f

qr T
r r r k

∂ ⋅ ∂⎛ ⎞ +⎜ ⎟⎝ ⎠∂ ∂ = 0

Logarithmic 

Parabolic

RC

RTr
r r
∂ ∂⎛ ⎞
⎜ ⎟⎝ ⎠∂ ∂

=
g

f

q r
k
⋅

−

Tr
r r
∂ ∂⎛ ⎞
⎜ ⎟⎝ ⎠∂ ∂

=
2

2
1o

f

q r
r

k R

⎡ ⎤
− −⎢ ⎥

⎣ ⎦

Tr
r r
∂ ∂⎛ ⎞
⎜ ⎟⎝ ⎠∂ ∂

=
3

2
o

f

q r
r

k R

⎡ ⎤
− −⎢ ⎥

⎣ ⎦
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T
r

r
∂
∂

=
2 4

22 4
o

f

q r r
C

k R

⎡ ⎤
− − +⎢ ⎥

⎣ ⎦

T
r

∂
∂

=
3

22 4
o

f

q r r C
k rR

⎡ ⎤
− − +⎢ ⎥

⎣ ⎦

at r = 0, 
T
r

∂
∂

 = 0, C = 0

T
r

∂
∂

=
3

22 4
o

f

q r r
k R

⎡ ⎤
− −⎢ ⎥

⎣ ⎦
Heat flux through fuel rod at any cross-section,

qf″ = fk T
r
∂

−
∂

qf″ =
3

22 4
o

f
f

q r r
k

k R

⎧ ⎫⎧ ⎫⎪ ⎪ ⎪⎪− − −⎨ ⎨ ⎬⎬
⎪ ⎪⎪ ⎪⎩ ⎭⎩ ⎭

qf″ =
3

22 4
o

r r
q

R

⎧ ⎫⎪ ⎪−⎨ ⎬
⎪ ⎪⎩ ⎭

At r = R

qf,R″ =====
3

22 44
o

o
q RR R

q
R

⎧ ⎫⎪ ⎪− =⎨ ⎬
⎪ ⎪⎩ ⎭

Cladding:Cladding:Cladding:Cladding:Cladding:
Energy conservation:

in out gE E E− +� � � = stE�

inE� = outE�  0; 0g stE E⎡ ⎤= =⎣ ⎦
� �∵

(Heat conducted from outer surface of rod) = (Heat conducted through cladding)
qf,R″ × 2πRL = qC″ × 2πrL

Where, qC″ is heat flux through cladding at radius ‘r ’

4
oq R R

r
×

× = qC″

⇒ qC″ =
2

4
oq R
r

MADE EASY Source __________________________________________________________
• Theory Book (2019 Edition): HMT (Page 46)

End of Solution

Q.1Q.1Q.1Q.1Q.1 (e)(e)(e)(e)(e) Compare compression ignition engine with spark ignition engine so far as theCompare compression ignition engine with spark ignition engine so far as theCompare compression ignition engine with spark ignition engine so far as theCompare compression ignition engine with spark ignition engine so far as theCompare compression ignition engine with spark ignition engine so far as the
following points are concerned:following points are concerned:following points are concerned:following points are concerned:following points are concerned:
(i)(i)(i)(i)(i) Working cycleWorking cycleWorking cycleWorking cycleWorking cycle
(ii)(ii)(ii)(ii)(ii) Method of ignitionMethod of ignitionMethod of ignitionMethod of ignitionMethod of ignition
(iii)(iii)(iii)(iii)(iii) Method of fuel supplyMethod of fuel supplyMethod of fuel supplyMethod of fuel supplyMethod of fuel supply

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]
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Solution:Solution:Solution:Solution:Solution:

SI Engine CI Engine

The ideal cycle for the SI engine is the Otto cycle

It uses carburetter to supply air fuel mixture

Lower compression ratio engine (6 to 10.5)

The ideal cycle for the CI engine is the diesel cycle

It uses fuel pump and injector to supply fuel.

High compression ratio engine (14 to 22)

4

1

2

3
p

1

4

32

p

V

Heat addition is at constant volume. Heat addition is at constant pressure.

It uses spark plug for ignition It does not use spark plug for ignition but self
ignition take place due to compression of air

MADE EASY Source __________________________________________________________
• Theory Book (2019 Editon): Exactly from IC Engine (Page 20)
• MADE EASY Classnotes

End of Solution

Q.2Q.2Q.2Q.2Q.2 (a)(a)(a)(a)(a) A jet of water is discharA jet of water is discharA jet of water is discharA jet of water is discharA jet of water is discharging at 25 kg/sec frging at 25 kg/sec frging at 25 kg/sec frging at 25 kg/sec frging at 25 kg/sec from a nozzle of 25 mm diameterom a nozzle of 25 mm diameterom a nozzle of 25 mm diameterom a nozzle of 25 mm diameterom a nozzle of 25 mm diameter. The jet. The jet. The jet. The jet. The jet
from the nozzle is directed towards a window of a building at a height of 30 m fromfrom the nozzle is directed towards a window of a building at a height of 30 m fromfrom the nozzle is directed towards a window of a building at a height of 30 m fromfrom the nozzle is directed towards a window of a building at a height of 30 m fromfrom the nozzle is directed towards a window of a building at a height of 30 m from
the ground. Assuming the nozzle discharge to be at a height of 2 m from thethe ground. Assuming the nozzle discharge to be at a height of 2 m from thethe ground. Assuming the nozzle discharge to be at a height of 2 m from thethe ground. Assuming the nozzle discharge to be at a height of 2 m from thethe ground. Assuming the nozzle discharge to be at a height of 2 m from the
ground, determine the greatest distance from the building where the fireman canground, determine the greatest distance from the building where the fireman canground, determine the greatest distance from the building where the fireman canground, determine the greatest distance from the building where the fireman canground, determine the greatest distance from the building where the fireman can
stand, so that the jet can rstand, so that the jet can rstand, so that the jet can rstand, so that the jet can rstand, so that the jet can reach the windoweach the windoweach the windoweach the windoweach the window..... [20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

V
θ

2 m

30 m

window
Solution:Solution:Solution:Solution:Solution:

Given, mass flow rate, m� = 25 kg/s
Nozzle diameter, d = 25 mm
Mass flow rate, ρAV = 25

V =
25

Aρ ×

=
2

25

1000 0.025
4
π× ×
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V = 50.929 m/s

Let θ = angle of inclination,
For horizontal motion, Vx = Vcosθ m/s

ax = 0 m/s2

x = Vxt
∴ x = (Vcosθ)t ...(i)

where t is time to reach window
Vy = Vsinθ
ay = –g m/s2

∴ y = 21
( sin )

2
V t gtθ − ...(ii)

From equation (i) and (ii), y =
2

2
2

tan sec
2

g

V
θ − θxx equation of Trajectory

Substituting y = 30 – 2 = 28 m

28 =
2 2

2

9.81
tan sec

2 (50.929)
θ − θ

×
x x

28 = x tanθ – (1.891 × 10–3)x2 sec2θ
or x tanθ – (1.891 × 10–3)x2 sec2θ – 28 = 0 ...(iii)

The maximum value of x is obtained by differentiating above equation with respect

to θ and putting 0
d
d

=
θ
x

.

Differentiating equation (iii)

2 3 2 2 2sec tan (1.891 10 ) 2sec tan 2 sec 0
d d
d d

−⎛ ⎞ ⎛ ⎞θ + θ − × × × θ θ + θ =⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠θ θ
x xx x x

Putting 0
d
d

=
θ
x

xsec2θ – (1.891 × 10–3)x2 × 2sec2θ tanθ = 0
1 – 3.782 × 10–3x tanθ = 0

or x =
264.41
tanθ

...(iv)

Substituting in equation (iii),

2
3 2

2
(264.41)

264.41 (1.891 10 ) sec 28
tan

−⎡ ⎤
− × θ −⎢ ⎥

θ⎣ ⎦
 = 0

2

132.204
264.41 28

sin
− −

θ
= 0

2

132.204
236.41

sin
−

θ
= 0

sinθ = 0.7478
θ = 48.4°

From equation (iv), x =
264.41

234.754 m
tan(48.4 )

=
°

Maximum horizontal distance = 234.754 m
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MADE EASY Source __________________________________________________________
• MADE EASY Classnotes: Super Talent Batch
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End of Solution

Q.2Q.2Q.2Q.2Q.2 (b)(b)(b)(b)(b) TTTTTwo rigid tanks shown in Figurwo rigid tanks shown in Figurwo rigid tanks shown in Figurwo rigid tanks shown in Figurwo rigid tanks shown in Figure 2(b) each contain 10 kg of Ne 2(b) each contain 10 kg of Ne 2(b) each contain 10 kg of Ne 2(b) each contain 10 kg of Ne 2(b) each contain 10 kg of N22222 gas at 1000 K, gas at 1000 K, gas at 1000 K, gas at 1000 K, gas at 1000 K,
500 kPa.500 kPa.500 kPa.500 kPa.500 kPa. They are now thermally connected to a reversible heat pump, which They are now thermally connected to a reversible heat pump, which They are now thermally connected to a reversible heat pump, which They are now thermally connected to a reversible heat pump, which They are now thermally connected to a reversible heat pump, which
heats one and cools the other with no heat transfer to the surroundings. Whenheats one and cools the other with no heat transfer to the surroundings. Whenheats one and cools the other with no heat transfer to the surroundings. Whenheats one and cools the other with no heat transfer to the surroundings. Whenheats one and cools the other with no heat transfer to the surroundings. When
one tank is heated to 1500 K, the prone tank is heated to 1500 K, the prone tank is heated to 1500 K, the prone tank is heated to 1500 K, the prone tank is heated to 1500 K, the process stops. Find the final (ocess stops. Find the final (ocess stops. Find the final (ocess stops. Find the final (ocess stops. Find the final (PPPPP, , , , , TTTTT ) in both tanks) in both tanks) in both tanks) in both tanks) in both tanks
and the work input to the heat pump, assuming constant heat capacities.and the work input to the heat pump, assuming constant heat capacities.and the work input to the heat pump, assuming constant heat capacities.and the work input to the heat pump, assuming constant heat capacities.and the work input to the heat pump, assuming constant heat capacities.

A
N2

B
N2

H.P.

W

QA
QB

Figure 2 (b)
[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:

A
N2

B
N2

H.P.

W

QA
QB

10 kg

(1) (2) (3)

10 kg
1000 K
500 kPa Initial 1000 K

500 kPa

Final {1500 K}
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Assumption:
(i) Specific heat is independent of temperature.

∵ Rigid takes, so, Vf = Vi
Now, for reversible process:
Entropy change of universe= 0

(ΔS)1 + (ΔS)2 + (ΔS)3 = 0 ...(i)

(ΔS)3 = 3

3
ln lnf f

v
T V

mc mR
T V

⎛ ⎞ ⎛ ⎞+⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠i i

(ΔS)3 =
1500

ln
1000vmc ⎛ ⎞

⎜ ⎟⎝ ⎠

(ΔS)3 = mcv ln(1.5)
Now, (ΔS)2 = 0 {cyclic device}

(ΔS)1 = 1

1
ln lnf f

v
T V

mc mR
T V

⎛ ⎞ ⎛ ⎞+⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠i i

(ΔS)1 = 1ln
1000

f
v

T
mc ⎛ ⎞

⎜ ⎟⎝ ⎠
From equation (i),

1ln(1.5) ln
1000

f
v v

T
mc mc ⎛ ⎞+ ⎜ ⎟⎝ ⎠ = 0

1ln 1.5
1000

fT⎛ ⎞×⎜ ⎟⎝ ⎠ = 0

11.5
1000

fT
× = 1

Tf1 = 666.67 K
now, PiVi = mi RTi ...(ii)

PfVf = mf RTf ...(iii)
now divide equation (i) and (ii),

f

P
P
i =

f

T
T
i ...(iv)

For tank (1),
1

500

fP
=

1000
666.67

Pf1
= 333.335 kPa

For tank (3), from equation (iv),

3

500

fP
=

1000
1500

Pf1
= 750 kPa

Now, for work input to the pump,
specific heat at constant volume,

cv =
8.314

1 28(1.4 1)
R

=
γ − − {γ = 1.4}

cv = 0.742 kJ/kgK
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Heat transfer to tank (3),
QB = mcv(Tf3

 – Ti3)
= 10 × 0.742(1500 – 1000)

QB = 3710 kJ
Heat transfer from tank (1),

QA = mcv(Tf1
 – Ti1)

= 10 × 0.742(666.67 – 1000)
QA = –2473.31 kJ

Negative sign indicates heat transfer from the tank.
Now, work input, W = (QB – QA) = 3710 – 2473.31

W = 1236.69 kJ

MADE EASY Source __________________________________________________________
• MADE EASY Classnotes

End of Solution

Q.2Q.2Q.2Q.2Q.2 (c)(c)(c)(c)(c) Water is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. TheWater is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. TheWater is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. TheWater is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. TheWater is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. The
length of the plate is 30 cm. Calculatelength of the plate is 30 cm. Calculatelength of the plate is 30 cm. Calculatelength of the plate is 30 cm. Calculatelength of the plate is 30 cm. Calculate
(i)(i)(i)(i)(i) The thickness of the boundary layer 10 cm from the leading edge of theThe thickness of the boundary layer 10 cm from the leading edge of theThe thickness of the boundary layer 10 cm from the leading edge of theThe thickness of the boundary layer 10 cm from the leading edge of theThe thickness of the boundary layer 10 cm from the leading edge of the

plate.plate.plate.plate.plate.
(ii)(ii)(ii)(ii)(ii) The rate of growth of the boundary layer at 10 cm from the leading edge;The rate of growth of the boundary layer at 10 cm from the leading edge;The rate of growth of the boundary layer at 10 cm from the leading edge;The rate of growth of the boundary layer at 10 cm from the leading edge;The rate of growth of the boundary layer at 10 cm from the leading edge;

andandandandand
(iii)(iii)(iii)(iii)(iii) The drag coefficient on one side of the plate.The drag coefficient on one side of the plate.The drag coefficient on one side of the plate.The drag coefficient on one side of the plate.The drag coefficient on one side of the plate.
Assume parabolic velocity profile.Assume parabolic velocity profile.Assume parabolic velocity profile.Assume parabolic velocity profile.Assume parabolic velocity profile.
Kinematic viscosity of water Kinematic viscosity of water Kinematic viscosity of water Kinematic viscosity of water Kinematic viscosity of water ννννν  = 1.02 × 10  = 1.02 × 10  = 1.02 × 10  = 1.02 × 10  = 1.02 × 10–6–6–6–6–6 m m m m m22222/sec./sec./sec./sec./sec.
Derive the expressions used in the calculation.Derive the expressions used in the calculation.Derive the expressions used in the calculation.Derive the expressions used in the calculation.Derive the expressions used in the calculation.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
Given,

U∞ = 2 m/s
L = 30 cm
ν = 1.02 × 10–6 m2/s

It is given that velocity profile is parabolic

U
U∞

=
2y y

a b c⎛ ⎞ ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠δ δ

y

xA

U∞

δ

Boundary conditions
at y = 0, U = 0 ∴ a = 0
 at y = δ, U = U∞,

1 = b + c ...(i)
∴ At y = δ, τ = 0,

So,
dU
dy = 0

1 dU
U dy∞

=
2

2b cy+
δ δ

0 =
2b c

+
δ δ

⇒ b + 2c = 0 ...(ii)
From (i) and (ii), we get,

b = 2, c = –1

∴ The velocity profile is,
U

U∞
=

22y y⎛ ⎞− ⎜ ⎟⎝ ⎠δ δ
Using Von-Karman momentum integral equation

2
w

U∞

τ
ρ =

∂θ
∂x

...(i)

where, τw = wall shear stress, θ = momentum thickness

θ =
0

1
U U dy
U U

δ

∞ ∞

⎛ ⎞−⎜ ⎟⎝ ⎠∫

θ =
2 2

0

2 1 2
y y y y

dy
δ ⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞− − +⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠δ δ δ δ⎣ ⎦ ⎣ ⎦∫
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θ =
2 3 2 3 4

0

2 4 2 2
y y y y y y

dy
δ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞− + − + −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠δ δ δ δ δ δ⎣ ⎦∫

θ =

2 3 4

0

2 5 4
y y y y

dy
δ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞− + −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠δ δ δ δ⎣ ⎦∫

θ =
2 3 4 5

2 3 4
0

2 5 4 1
2 3 4 5
y y y y

δ
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞ − + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠δ δ δ δ

=
5 1 2
3 5 15

δ − δ + δ − δ = δ

So, θ =
2
15

δ
...(ii)

τw = 2
0 0

2 2

y y

dU y
U

dy ∞
= =

⎡ ⎤μ = μ × −⎢ ⎥δ δ⎣ ⎦

τw =
2 U∞μ

δ
...(iii)

2
w

pU∞

τ
= ∂θ

∂x

2

2 1U

U
∞

∞

μ
×

δ ρ
=

2
15

∂ ⎛ ⎞δ⎜ ⎟⎝ ⎠∂x

U∞

μ
ρ δ

=
1

15
∂δ⎛ ⎞

⎜ ⎟⎝ ⎠ ∂x

δ∂δ = 2

15

U∞

μ ∂
ρ

x

Integrating above equation,
2

2
δ

=
15

C
U∞

μ
+

ρ
x

Boundary condition,
at x = 0, δ = 0 ⇒ C = 0

δ2 =
30

U∞

μ
ρ

x

δ = 30
U∞

μ
ρ
x

δ = 5.48
U∞

μ
ρ
x
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or δ =
5.48

Rex

x

U∞ = 2 m/s 10 cm
30 cm

(i) δA = 5.48 5.48
U U∞ ∞

μ ν=
ρ
x x

=
6

31.02 10 0.1
5.48 1.2375 10 m

2

−
−× ×× = ×

(ii) The rate of growth of the boundary layer,

d
d

δ
x

= ( )
d

U d∞

⎛ ⎞ν
⎜ ⎟⎝ ⎠

x
x

d
d

δ
x

=
1
2 U∞

ν
x

d
d

δ
x

=
6

31 1.02 10
1.1291 10

2 2 0.1

−
−×

× = ×
×

(iii) Cfx =
21

2

w

U∞

τ

ρ

x

Cfx =
2

2 1
1
2

U

U

∞

∞

μ
×

δ ρ

Cfx =
4 4 1

5.48
U

U U
∞

∞ ∞

μ μ
= ×

ρ δ ρ νx

Cfx = 0.73
U∞

ν
x

Hence, Cfx ∝
1
x

Drag coefficient, CD =
0

1L

fC d
L ∫ x x  = 

0

1 2L C d C L
L L

=∫ x
x

CD =
2

2 2 ( )
Lf

C
L

⎛ ⎞ = ×⎜ ⎟⎝ ⎠

CD = 2 0.73
U L∞

ν× ×

CD =
6

31.02 10
1.46 1.9036 10

2 0.3

−
−×

× = ×
×
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MADE EASY Source __________________________________________________________
• Covered in MADE EASY Class Notes
• Theory Book (2019 Edition): Fluid Mechanics and Hydraulic Machinery (Page No. 269)
• Covered in MADE EASY Practice Sheet
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End of Solution

Q.3Q.3Q.3Q.3Q.3 (a)(a)(a)(a)(a) A fourA fourA fourA fourA four-str-str-str-str-stroke cycle gasoline engine has six single-acting cylinders of 8 cm boroke cycle gasoline engine has six single-acting cylinders of 8 cm boroke cycle gasoline engine has six single-acting cylinders of 8 cm boroke cycle gasoline engine has six single-acting cylinders of 8 cm boroke cycle gasoline engine has six single-acting cylinders of 8 cm boreeeee
and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40
cm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. Whencm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. Whencm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. Whencm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. Whencm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. When
each cylinder in turn is rendered inoperative, the average net brake load producedeach cylinder in turn is rendered inoperative, the average net brake load producedeach cylinder in turn is rendered inoperative, the average net brake load producedeach cylinder in turn is rendered inoperative, the average net brake load producedeach cylinder in turn is rendered inoperative, the average net brake load produced
at the same speed by the remaining 5 cylinders is 250 N. Estimate the indicatedat the same speed by the remaining 5 cylinders is 250 N. Estimate the indicatedat the same speed by the remaining 5 cylinders is 250 N. Estimate the indicatedat the same speed by the remaining 5 cylinders is 250 N. Estimate the indicatedat the same speed by the remaining 5 cylinders is 250 N. Estimate the indicated
mean effective pressure of the engine. With all cylinders operating, the fuelmean effective pressure of the engine. With all cylinders operating, the fuelmean effective pressure of the engine. With all cylinders operating, the fuelmean effective pressure of the engine. With all cylinders operating, the fuelmean effective pressure of the engine. With all cylinders operating, the fuel
consumption is consumption is consumption is consumption is consumption is 0.33 kg/min;0.33 kg/min;0.33 kg/min;0.33 kg/min;0.33 kg/min; calorific value of fuel is 43 MJ/kg; the cooling water calorific value of fuel is 43 MJ/kg; the cooling water calorific value of fuel is 43 MJ/kg; the cooling water calorific value of fuel is 43 MJ/kg; the cooling water calorific value of fuel is 43 MJ/kg; the cooling water
flow rate and temperaturflow rate and temperaturflow rate and temperaturflow rate and temperaturflow rate and temperature rise is 70 kg/min and 10°C re rise is 70 kg/min and 10°C re rise is 70 kg/min and 10°C re rise is 70 kg/min and 10°C re rise is 70 kg/min and 10°C respectivelyespectivelyespectivelyespectivelyespectively. On test, the. On test, the. On test, the. On test, the. On test, the
engine is enclosed in a thermally and acoustically insulated box through whichengine is enclosed in a thermally and acoustically insulated box through whichengine is enclosed in a thermally and acoustically insulated box through whichengine is enclosed in a thermally and acoustically insulated box through whichengine is enclosed in a thermally and acoustically insulated box through which
the output drive, waterthe output drive, waterthe output drive, waterthe output drive, waterthe output drive, water, fuel, air and exhaust connections pass. V, fuel, air and exhaust connections pass. V, fuel, air and exhaust connections pass. V, fuel, air and exhaust connections pass. V, fuel, air and exhaust connections pass. Ventilating airentilating airentilating airentilating airentilating air
blown up through the box at the rate of 15 kg/min enters at 17°C and leaves atblown up through the box at the rate of 15 kg/min enters at 17°C and leaves atblown up through the box at the rate of 15 kg/min enters at 17°C and leaves atblown up through the box at the rate of 15 kg/min enters at 17°C and leaves atblown up through the box at the rate of 15 kg/min enters at 17°C and leaves at
62°C. Draw up a heat balance of the engine stating the items as a percentage of62°C. Draw up a heat balance of the engine stating the items as a percentage of62°C. Draw up a heat balance of the engine stating the items as a percentage of62°C. Draw up a heat balance of the engine stating the items as a percentage of62°C. Draw up a heat balance of the engine stating the items as a percentage of
the heat inputthe heat inputthe heat inputthe heat inputthe heat input

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
Given: 4-stroke engine,

Number of cylinders (k) = 6
Bore, D = 8 cm
Stroke, L = 10 cm
Speed, N = 3200 rpm
Net brake load, W = 350 N

Fuel consumption, fm� = 0.33 kg/min

Calorific value, CV = 43 MJ/kg
Average brake load by 5 cylinder = 250 N
Brake radius, r = 40 cm

Brake power, BP =
2 2 ( )

60 60
NT N Wrπ π

=

BP =
2 3200 350 0.4

46914.45 W
60

π × × ×
=

BP = 46.914 kW
Brake power when 1 cylinder is in operative.

(BP)′ =
2 2

60 60
NT NW rπ ′ π ′

=

(BP)′ =
2 3200 250 0.4

60
π × × ×

(BP)′ = 33.51 kW
Indicated power IP = 6 × (BP – BP ′)

IP = 6 × (46.914 – 33.51) = 80.424 kW

We know, IP = mep 60 2
LAN k

P
×

×
×

80.424 × 103 = 2
mep

3200 6
0.1 (0.08)

4 120
P

π ×
× × × ×

Pmep = 9.99 bar ≈ 10 bar
Heat balance conditions
(i) Heat added,

HA/min = 0.33 43000 14191kJ/minfm CV× = × =�

(ii) Brake power (equivalent)
BPeq = BP × 60 = 46.914 × 60 = 2814.84 kJ/min

(iii) Heat carried away by cooling water

qw = 4.18 ( ) 70 4.18 10 2926 kJ/minwm T× × Δ = × × =�

(iv) Heat carried away by ventilation air,

qair = 2 1( ) 15 1.005 (62 17)
aa pm c T T× − = × × −�

= 678.375 kJ/min
(v) Unaccounted losses [friction, radiation, other loses]

qunc = 14190 – (2814.84 + 2926 + 678.375)
= 7770.785 kJ/min
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Heat Balance SheetHeat Balance SheetHeat Balance SheetHeat Balance SheetHeat Balance Sheet
Heat Equivalent Value (kJ/min) Percentage

1. Heat Added 14190 100
2. BP equivalent 2814.84 19.83
3. Heat carried away water 2926 20.62
4. Heat carried away by ventilating air 678.375 4.78
5. Unaccounted losses 7770.785 54.77

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Workbook: Similar to Q. 20 of solved problems  discussed in Class
• MADE EASY Classnotes

 End of Solution
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Q.3Q.3Q.3Q.3Q.3 (b)(b)(b)(b)(b) A simple saturation refrigeration cycle uses R134a as refrigerant. The refrigerationA simple saturation refrigeration cycle uses R134a as refrigerant. The refrigerationA simple saturation refrigeration cycle uses R134a as refrigerant. The refrigerationA simple saturation refrigeration cycle uses R134a as refrigerant. The refrigerationA simple saturation refrigeration cycle uses R134a as refrigerant. The refrigeration
system operates at 40°C condenser temperature and –16°C evaporationsystem operates at 40°C condenser temperature and –16°C evaporationsystem operates at 40°C condenser temperature and –16°C evaporationsystem operates at 40°C condenser temperature and –16°C evaporationsystem operates at 40°C condenser temperature and –16°C evaporation
temperaturtemperaturtemperaturtemperaturtemperature re re re re respectivelyespectivelyespectivelyespectivelyespectively.....
If a liquid vapour heat exchanger is installed in the above simple saturationIf a liquid vapour heat exchanger is installed in the above simple saturationIf a liquid vapour heat exchanger is installed in the above simple saturationIf a liquid vapour heat exchanger is installed in the above simple saturationIf a liquid vapour heat exchanger is installed in the above simple saturation
refrigeration cycle, find the COP and power per ton of refrigeration. The outletrefrigeration cycle, find the COP and power per ton of refrigeration. The outletrefrigeration cycle, find the COP and power per ton of refrigeration. The outletrefrigeration cycle, find the COP and power per ton of refrigeration. The outletrefrigeration cycle, find the COP and power per ton of refrigeration. The outlet
vapour of heat exchanger is 15°C temperature.vapour of heat exchanger is 15°C temperature.vapour of heat exchanger is 15°C temperature.vapour of heat exchanger is 15°C temperature.vapour of heat exchanger is 15°C temperature.

Condenser

Compressor

Expansion
valve (EV)

Evaporator

Heat Exchanger
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[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:

T

s

40°C

–16°C
1

2

3
45

6

7

T2 = 15°C
PropertiesPropertiesPropertiesPropertiesProperties

Tsat (°C)

–16

40

hf
(kJ/kg)

hg
(kJ/kg)

sf
(kJ/kgK)

sg
(kJ/kg )K

c
K

pv
(kJ/kg )

cpl
(kJ/kg )K

178.83 389.02 0.9205 1.7379 0.831 –

256.41 419.43 1.1905 1.7111 1.145 1.498
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Now,
Heat exchange in process1 - 2 = Heat exchange in process 5 - 6

cpv
(T2 – T1) = cpl(T5 – T6)

0.831[15 – (–16)] = 1.498(40 – T6)
T6 = 22.803°C

Now, enthalpy at (2),
h2 = hg + cp(T2 – T1) = 389.02 + 0.831(15 + 16)

= 414.781 kJ/kg
Now for enthalpy at (3), isentropic process 2 - 3,

s2 = s3

1
2

1
lng pv

T
s c

T
⎛ ⎞+ ⎜ ⎟⎝ ⎠ = 4

3

4
lng pv

T
s c

T
⎛ ⎞+ ⎜ ⎟⎝ ⎠

288
1.7379 0.831ln

257
⎛ ⎞+ ⎜ ⎟⎝ ⎠ = 31.7111 1.145ln

313
T⎛ ⎞+ ⎜ ⎟⎝ ⎠

T3 = 348.02 K
Now, enthalpy at (3),

h3 = hg + cpv4(T3 – T4)
h3 = 419.43 + 1.145(348.02 – 313) = 459.528 kJ/kg

Now enthalpy at (6),
h6 = hf + cpl(T5 – T6) = 256.41 – 1.498(40 – 22.803)
h6 = 230.649 kJ/kg

COP = 1 7

3 2

389.02 230.649
459.528 414.781

h h
h h

− −
=

− −
 = 3.539

Now, Power/TR = 3 2

1 7

( ) 3.5
( )/3.5 3.539
m h h

m h h
−

=
−

�
�

Power per ton of refrigeration,

P
TR

= 0.989 kW/TR

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series: Similar to Q.8(a) from Test-2
• MADE EASY Classnotes
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End of Solution

Q.3Q.3Q.3Q.3Q.3 (c)(c)(c)(c)(c) Moist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flowsMoist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flowsMoist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flowsMoist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flowsMoist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flows
over a cooling coil and leaves it at a state of 10°C DBT and with specific humidityover a cooling coil and leaves it at a state of 10°C DBT and with specific humidityover a cooling coil and leaves it at a state of 10°C DBT and with specific humidityover a cooling coil and leaves it at a state of 10°C DBT and with specific humidityover a cooling coil and leaves it at a state of 10°C DBT and with specific humidity
7.046 gm/kg of dr7.046 gm/kg of dr7.046 gm/kg of dr7.046 gm/kg of dr7.046 gm/kg of dry airy airy airy airy air.....
(i)(i)(i)(i)(i) If the air is required to offset a sensible heat gain of 2.35 kW and a latentIf the air is required to offset a sensible heat gain of 2.35 kW and a latentIf the air is required to offset a sensible heat gain of 2.35 kW and a latentIf the air is required to offset a sensible heat gain of 2.35 kW and a latentIf the air is required to offset a sensible heat gain of 2.35 kW and a latent

heat gain of 0.31 kW in a space to be airheat gain of 0.31 kW in a space to be airheat gain of 0.31 kW in a space to be airheat gain of 0.31 kW in a space to be airheat gain of 0.31 kW in a space to be air-conditioned, calculate the mass of-conditioned, calculate the mass of-conditioned, calculate the mass of-conditioned, calculate the mass of-conditioned, calculate the mass of
dry air which must be supplied to the room in order to maintain a DBT ofdry air which must be supplied to the room in order to maintain a DBT ofdry air which must be supplied to the room in order to maintain a DBT ofdry air which must be supplied to the room in order to maintain a DBT ofdry air which must be supplied to the room in order to maintain a DBT of
21°C in the room.21°C in the room.21°C in the room.21°C in the room.21°C in the room.

(ii)(ii)(ii)(ii)(ii) What will be the relative humidity in the room?What will be the relative humidity in the room?What will be the relative humidity in the room?What will be the relative humidity in the room?What will be the relative humidity in the room?
(iii)(iii)(iii)(iii)(iii) If a sensible heat gain diminishes by 1.175 kW but latent heat gain remainsIf a sensible heat gain diminishes by 1.175 kW but latent heat gain remainsIf a sensible heat gain diminishes by 1.175 kW but latent heat gain remainsIf a sensible heat gain diminishes by 1.175 kW but latent heat gain remainsIf a sensible heat gain diminishes by 1.175 kW but latent heat gain remains

unchanged, at what temperature and moisture content must the air beunchanged, at what temperature and moisture content must the air beunchanged, at what temperature and moisture content must the air beunchanged, at what temperature and moisture content must the air beunchanged, at what temperature and moisture content must the air be
supplied to the room?supplied to the room?supplied to the room?supplied to the room?supplied to the room?

TTTTTake specific capacity of air as 1.012 kJ/kg, K, latent enthalpy of water at 21°C isake specific capacity of air as 1.012 kJ/kg, K, latent enthalpy of water at 21°C isake specific capacity of air as 1.012 kJ/kg, K, latent enthalpy of water at 21°C isake specific capacity of air as 1.012 kJ/kg, K, latent enthalpy of water at 21°C isake specific capacity of air as 1.012 kJ/kg, K, latent enthalpy of water at 21°C is
2454 kJ/Kg. Show the processes on the psychrometric chart.2454 kJ/Kg. Show the processes on the psychrometric chart.2454 kJ/Kg. Show the processes on the psychrometric chart.2454 kJ/Kg. Show the processes on the psychrometric chart.2454 kJ/Kg. Show the processes on the psychrometric chart.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:
(i)(i)(i)(i)(i)
Given, SH = 2.35 kW

LH = 0.31 kW

(1)
(2)

(3)

28°C DBT
20.6°C WBT

10°C DBT
ω2 = 0.007046 kg/kgd.a.

21°C DBT
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Latent heat, LH = 3 2( ) a fgm hω − ω × ×�

LH = 3( 0.007046) 2454amω − × ×� ...(i)

Sensible head, SH = 3 2 3 2( ) ( )a pa a pvm c t t m c t t× − + ω × × −� �

Now, = (21 10) (21 10)a pa a pvm c m c× − + ω × × −� �

Assume specific heat of water vapour, cpv = 1.88 kJ/kgK

SH = [1.012 0.007046 1.88] (11)am + × ×�

2.35 = 11.2777am ×�

am� = 0.2084 kg/s

am� = 12.503 kg/min

(ii)(ii)(ii)(ii)(ii)
Now, specific humidity at (3), from equation (i),

0.31 = (ω3 – 0.007046) × 0.2084 × 2454
ω3 = 0.007652 kg/kgd.a.

(1)

(2)

(3)

(2 )′

t (DBT in °C)

ω
(specific humidity
  in kg/kgd.a.)

2810 15.5

0.007046
0.007652

From chart at 21°C DBT & 0.007652 kg/kgd.a. specific humidity,
Relative humidity, φ = 48%

(iii)(iii)(iii)(iii)(iii) Now heat gain diminishes by 1.175 kW
So, new LH = 0.31 kW

SH = 1.175 kW
Now, for same outlet condition,

ω3 = 0.007652 kg/kg.d.a

am� = 0.2084 kg/s

SH = 3 2 3 2( ) ( )a pa a pvm c t t m c t t′ ′× − + ω × × −� � ...(ii)

now as latent heat remains unchanged new point (2′) inlet to the room remains on the
horizontal line drawn from old point (2).

So, specific humidity also remains unchanged.

2 2
′ω = ω = 0.007046 kg/kgd.a.
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1.175 = ( )20.2084 (21 ) 1.012 0.007046 1.88t ′× − + ×

1.175 = 20.21366(21 )t ′−

2t ′ = 15.5°C

now, moisture content = 2 0.007046 0.2084am′ω × = ×�

= 0.001468 kg = 1.468 gm

MADE EASY Source __________________________________________________________
• MADE EASY Classnotes
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End of Solution

Q.4Q.4Q.4Q.4Q.4 (a)(a)(a)(a)(a) A geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing intoA geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing intoA geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing intoA geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing intoA geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing into
a flash evaporator that separates vapour and liquid at 200 kPa. Find the threea flash evaporator that separates vapour and liquid at 200 kPa. Find the threea flash evaporator that separates vapour and liquid at 200 kPa. Find the threea flash evaporator that separates vapour and liquid at 200 kPa. Find the threea flash evaporator that separates vapour and liquid at 200 kPa. Find the three
fluxes of availability (inlet and two outlets) and the irfluxes of availability (inlet and two outlets) and the irfluxes of availability (inlet and two outlets) and the irfluxes of availability (inlet and two outlets) and the irfluxes of availability (inlet and two outlets) and the irrrrrreversibility rate. Teversibility rate. Teversibility rate. Teversibility rate. Teversibility rate. Take ambientake ambientake ambientake ambientake ambient
temperature as 25°C.temperature as 25°C.temperature as 25°C.temperature as 25°C.temperature as 25°C.

1 2

3

Vapour

Liquid

(Refer T(Refer T(Refer T(Refer T(Refer Table able able able able AAAAA placed at the end of booklet) placed at the end of booklet) placed at the end of booklet) placed at the end of booklet) placed at the end of booklet)
[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
Tamb = 25°C

QA

1 2

3

Vapour
200 kPa

Liquid
200 kPa

10 kg/s
500 kPa, 150°C

Let us assume specific heat of water, c = 4.18 kJ/kgK
At 500 kPa and 500°C,
Enthalpy, h1 = hf – C(ΔT)

h1 = 640.21 – 4.18(151.86 – 150)
h1 = 632.435 kJ/kg

Enthalpy of vapour at exit,
h2 = 2706.63 kJ/kg

Enthalpy of liquid at exit,
h3 = 504.68 kJ/kg

Now entropy of liquid at inlet,

s1 = ln f
f

T
s c

T
⎛ ⎞− ⎜ ⎟⎝ ⎠i

where, Tf = 151.86°C corresponding to 500 kPa
    and Ti = 150°C corresponding to 500 kPa

= 424.86
1.8606 4.18ln 1.8422 kJ/kgK

423
⎛ ⎞− =⎜ ⎟⎝ ⎠

Similarly, entropy of vapour at exit,
s2 = 7.1271 kJ/kgK

Entropy of liquid at exit,
s3 = 1.5300 kJ/kgK

Now, energy balance,

1 1m h� = 2 2 3 3m h m h+� �

10 × 632.435 = 2 2(2706.63) (10 ) 504.68m m× + − ×� �

6324.35 – 10 × 504.68 = 2(2706.63 504.68)m −�

2m� = 0.5802 kg/s

3m� = 9.4198 kg/s

Now, availability of liquid at inlet,
Ψ1 = (h1 – h0) – T0(s1 – s0) ...(i)

Now for ambient condition, T = 25°C
As saturated liquid enters to the flash evaporator so properties at 25°C and corresponding

saturation pressure should be found out.
For enthalpy, h0 by interpolation between 3 kPa and 24.08°C & 4 kPa and 28.96°C
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0 101.03
121.44 101.03

h −
−

=
25 24.08

28.96 24.08
−
−

h0 = 104.877 kJ/kg
Similarly for entropy s0,

0 0.3545
0.4226 0.3545

s −
−

=
25 24.08

28.96 24.08
−
−

s0 = 0.3673 kJ/kgK
Now, Ψ1 = (632.435 – 104.877) – 298[1.8422 – 0.3673]

Ψ1 = 88.0378 kJ/kg
or Ψ1 = 88.0378 × 10 kJ/s

Ψ1 = 880.378 kW
Now, availability of vapour at exit,

Ψ2 = (h2 – h0) – T0(s2 – s0)
= (2706.63 – 104.877) – 298(7.1271 – 0.3673)
= 587.3326 kJ/kg

or Ψ2 = 0.5802 × 587.3326 kJ/s = 340.77 kW
Similarly availability of liquid at exit,

Ψ3 = (h3 – h0) – T0(s3 – s0)
= (504.68 – 104.877) – 298(1.5300 – 0.3673)
= 53.3184 kJ/kg

or Ψ3 = 9.4198 × 53.3184 kJ/s
= 502.2486 kW

Now, Irreversibility = Ψ1 – Ψ2 – Ψ3

= 880.378 – 340.77 – 502.2486 = 37.3594 kW

MADE EASY Source __________________________________________________________
• MADE EASY Classnotes
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End of Solution

Q.4Q.4Q.4Q.4Q.4 (b)(b)(b)(b)(b) Air at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whoseAir at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whoseAir at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whoseAir at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whoseAir at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whose
surface is maintained at 200°C. The temperature of air as it enters the tube atsurface is maintained at 200°C. The temperature of air as it enters the tube atsurface is maintained at 200°C. The temperature of air as it enters the tube atsurface is maintained at 200°C. The temperature of air as it enters the tube atsurface is maintained at 200°C. The temperature of air as it enters the tube at
inlet is 20°C and leaves the tube at 180°C. Determineinlet is 20°C and leaves the tube at 180°C. Determineinlet is 20°C and leaves the tube at 180°C. Determineinlet is 20°C and leaves the tube at 180°C. Determineinlet is 20°C and leaves the tube at 180°C. Determine
(i)(i)(i)(i)(i) The length of the tube required to heat the water from 20°C to 180°C, andThe length of the tube required to heat the water from 20°C to 180°C, andThe length of the tube required to heat the water from 20°C to 180°C, andThe length of the tube required to heat the water from 20°C to 180°C, andThe length of the tube required to heat the water from 20°C to 180°C, and
(ii)(ii)(ii)(ii)(ii) The pumping power rThe pumping power rThe pumping power rThe pumping power rThe pumping power requirequirequirequirequired to maintain the flowed to maintain the flowed to maintain the flowed to maintain the flowed to maintain the flow.....
Assume Assume Assume Assume Assume fffff = 0.3164/(ReD) = 0.3164/(ReD) = 0.3164/(ReD) = 0.3164/(ReD) = 0.3164/(ReD)1/41/41/41/41/4.....

Properties of air at the mean film temperature Properties of air at the mean film temperature Properties of air at the mean film temperature Properties of air at the mean film temperature Properties of air at the mean film temperature fT :::::

ρρρρρ = density = 0.8345 kg/m = density = 0.8345 kg/m = density = 0.8345 kg/m = density = 0.8345 kg/m = density = 0.8345 kg/m33333; specific heat = ; specific heat = ; specific heat = ; specific heat = ; specific heat = cccccppppp = 1015 J/kg K; dynamic = 1015 J/kg K; dynamic = 1015 J/kg K; dynamic = 1015 J/kg K; dynamic = 1015 J/kg K; dynamic
viscosityviscosityviscosityviscosityviscosity, , , , , μμμμμ = 2.3825 × 10 = 2.3825 × 10 = 2.3825 × 10 = 2.3825 × 10 = 2.3825 × 10–5–5–5–5–5 kg/m.s; kg/m.s; kg/m.s; kg/m.s; kg/m.s;     PrPrPrPrPr = 0.703; = 0.703; = 0.703; = 0.703; = 0.703;
thertherthertherthermal conductivitymal conductivitymal conductivitymal conductivitymal conductivity, , , , , kkkkk = 0.034425 W/mK. = 0.034425 W/mK. = 0.034425 W/mK. = 0.034425 W/mK. = 0.034425 W/mK.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:
Assumptions:
(i) Steady flow
(ii)  Fully developed flow
(iii) Constant wall temperature condition
(iv) Properties at mean temperature

20 m/s

2 cm

Ts = 200°C

Te = 180°C
Ti = 20°C

Mean velocity of air, V = 20 m/s
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Diameter of tube, D = 0.02 m

Reynolds number, ReD = 5
0.8345 20 0.02

2.3825 10
VD

−
ρ × ×

=
μ ×

= 14010.493 > 4000
So, flow is turbulent,

Now, f =
1/4 1/4

D

0.3164 0.3164
0.02908

Re (14010.493)
= =

By Reynolds-Colburn Analogy,

2/3PrSt ⋅ =
2 2 4
f f′

=
×

where, f′ = Darcy’s friction coefficient, f = friction factor

2/3Pr
p

h
Vcρ =

8
f

2/30.703
0.8345 20 1015

h
×

× ×
 = 

0.02908
8

h = 77.8906 W/m2-K

Mass flow-rate of air, m� = ρAV = 20.8345 0.02 20
4
π

× × ×

= 5.2433 × 10–3 kg/s
θ1 = 200 – 20 = 180°C
θ2 = 200 – 180 = 20°C

Logrithmic mean temperature difference,

θm = 1 2

1

2

180 20
72.819 C

180
lnln

20

θ − θ −
= = °

θ⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎝ ⎠θ⎝ ⎠

T

20°C

180°C

200°C

θ1

θ2

L x

Energy balance, m� cp(Te – Ti) = h(πDL)θm

⇒ 5.2433 × 10–3 × 1015 × (180 – 20) = 77.8906 × (π × 0.02 × L) × 72.819
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Length of tube, L = 2.389 m

(ii) Head loss due to friction, hf =
2 20.02908 2.389 20
2 0.02 2 9.81

fLV
D g

× ×=
× × ×

 = 70.828 m

Pumping power, p = 35.2433 10 9.81 70.828fmgh −= × × ×�

= 3.643 W

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series: Similar to Q.6(c), Test-3
• MADE EASY Classnotes

End of Solution
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Q.4Q.4Q.4Q.4Q.4 (c)(c)(c)(c)(c) A single-cylinderA single-cylinderA single-cylinderA single-cylinderA single-cylinder, single-acting r, single-acting r, single-acting r, single-acting r, single-acting reciprecipreciprecipreciprocating comprocating comprocating comprocating comprocating compressor using R12 as ressor using R12 as ressor using R12 as ressor using R12 as ressor using R12 as refrigerantefrigerantefrigerantefrigerantefrigerant
has a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If thehas a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If thehas a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If thehas a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If thehas a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If the
condensing temperature is 40°C, find the performance characteristics of thecondensing temperature is 40°C, find the performance characteristics of thecondensing temperature is 40°C, find the performance characteristics of thecondensing temperature is 40°C, find the performance characteristics of thecondensing temperature is 40°C, find the performance characteristics of the
compressor when the suction temperature is –10°C. Specific heat of vapour atcompressor when the suction temperature is –10°C. Specific heat of vapour atcompressor when the suction temperature is –10°C. Specific heat of vapour atcompressor when the suction temperature is –10°C. Specific heat of vapour atcompressor when the suction temperature is –10°C. Specific heat of vapour at
40°C is 0.759 kJ/kg K.40°C is 0.759 kJ/kg K.40°C is 0.759 kJ/kg K.40°C is 0.759 kJ/kg K.40°C is 0.759 kJ/kg K.
Assume the simple cycle of operation and no clearance.Assume the simple cycle of operation and no clearance.Assume the simple cycle of operation and no clearance.Assume the simple cycle of operation and no clearance.Assume the simple cycle of operation and no clearance.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution: T

s

40°C

–16°C 1

2
3

4

L = 60 mm
D = 80 mm
N = 1450 rpm

Clearance ratio, C = 0

Assuming isentropic compression
s1 = s2

s1 = sg@–10°C = 0.702 kJ/kgK
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s2 = (sg)@40°C 2ln
313pv
T

c ⎛ ⎞+ ⎜ ⎟⎝ ⎠

0.702 = 20.6825 0.759ln
313
T⎛ ⎞+ ⎜ ⎟⎝ ⎠

T2 = 321.14 K Compressor discharge temperature
h2 = hg @40° + cpv(T2 – 313)
h2 = 203.2 + 0.759 × (321.14 – 313)

= 209.37 kJ/kg
Since, clearance ratio is zero, So ηv = 100%

Mass flow rate, ηv = 1

2

4

m

D LN

ν
π

�

m� = 2

1 4
v D LN

η π⎛ ⎞
⎜ ⎟⎝ ⎠ν

where ν1 = vg @–10°C = 0.0767 m3/kg

m� = 21
0.08 0.06 1450

0.0767 4
π⎛ ⎞× × × ×⎜ ⎟⎝ ⎠  = 5.7 kg/min

Power input to compressor,

P = 2 1( ) 5.7 (209.37 183.2)m h h− = × −�

= 149.169 kJ/min
or = 2.486 kW

Power peak

Pull
down

Design point

p0

Performance characteristics of a reciprocating
compressor as a function of evaporator pressure

p0 = pkpa = p0min,  = 0 ηV
m = 0 
W = 0 

Power

Generally refrigeration systems operate on the left-hand side of this curve. But just after
starting, the compressor passes through the power peak. The compressor motors are,
therefore, oversized to enable them to take the peak load during pull-down. The starting
current is more than the running current.
The effect of the discharge pressure can similarly be analysed. At constant suction
pressure, an increase in the discharge pressure will cause a reduction in the volumetric
efficiency due to higher compression ratio. The mass of refrigerant circulated will thus
be reduced. At the same time the specific work will increase. But there is a continuous
increase in the power consumption and power per ton. The capacity will be decreased
due to decrease in the mass flow and slight decrease in the refrigerating effect.

End of Solution
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Section BSection BSection BSection BSection B

Q.5Q.5Q.5Q.5Q.5 (a)(a)(a)(a)(a) A single-cylinderA single-cylinderA single-cylinderA single-cylinderA single-cylinder, single-acting, squar, single-acting, squar, single-acting, squar, single-acting, squar, single-acting, square re re re re reciprecipreciprecipreciprocating pump has piston diameterocating pump has piston diameterocating pump has piston diameterocating pump has piston diameterocating pump has piston diameter
and stroke length of 300 mm. The pump is placed such that the vertical distanceand stroke length of 300 mm. The pump is placed such that the vertical distanceand stroke length of 300 mm. The pump is placed such that the vertical distanceand stroke length of 300 mm. The pump is placed such that the vertical distanceand stroke length of 300 mm. The pump is placed such that the vertical distance
between the centerbetween the centerbetween the centerbetween the centerbetween the center-line of the pump and sump level is 5 m. The water is being-line of the pump and sump level is 5 m. The water is being-line of the pump and sump level is 5 m. The water is being-line of the pump and sump level is 5 m. The water is being-line of the pump and sump level is 5 m. The water is being
delivered at a height of 22 m above the centerline of the pump. The suction anddelivered at a height of 22 m above the centerline of the pump. The suction anddelivered at a height of 22 m above the centerline of the pump. The suction anddelivered at a height of 22 m above the centerline of the pump. The suction anddelivered at a height of 22 m above the centerline of the pump. The suction and
deliverdeliverdeliverdeliverdelivery pipes ary pipes ary pipes ary pipes ary pipes are 8 m and 28 m long re 8 m and 28 m long re 8 m and 28 m long re 8 m and 28 m long re 8 m and 28 m long respectivelyespectivelyespectivelyespectivelyespectively, and diameter of both the pipes, and diameter of both the pipes, and diameter of both the pipes, and diameter of both the pipes, and diameter of both the pipes
is 150 mm. If the pump is running at 30 rpm and coefficient of friction for suctionis 150 mm. If the pump is running at 30 rpm and coefficient of friction for suctionis 150 mm. If the pump is running at 30 rpm and coefficient of friction for suctionis 150 mm. If the pump is running at 30 rpm and coefficient of friction for suctionis 150 mm. If the pump is running at 30 rpm and coefficient of friction for suction
and delivery pipes is 0.005, estimate the theoretical power required to drive theand delivery pipes is 0.005, estimate the theoretical power required to drive theand delivery pipes is 0.005, estimate the theoretical power required to drive theand delivery pipes is 0.005, estimate the theoretical power required to drive theand delivery pipes is 0.005, estimate the theoretical power required to drive the
pump (kW).pump (kW).pump (kW).pump (kW).pump (kW).

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:
Suction heat of pump, hs = 5 m
Delivery heat of pump, hd = 22 m
Length of suction pump, ls = 8 m
Length of delivery pipe, ld = 28 m
Diameter of suction pipe, ds = 150 mm
Diameter of delivery pipe, dd = 150 mm

N = 30 rpm
Stroke length, L = 300 mm = 0.3 m
Piston diameter, D = 300 mm = 0.3 m

Pistion area, A = 2 20.3 0.07068 m
4
π

× =

Theoretical discharge, Q =
0.07068 0.3 30

60 60
ALN × ×

=  = 0.010603 m3/s

Maximum velocity in suction pipe,

Vs, max =
s

A
r

a
× ω ×

=
2

0.07068 2 30 0.15 1.8848 m/s
600.15

4

π ×⎛ ⎞× × =⎜ ⎟⎝ ⎠π ×

hfs, max =
2 2

max, (4 0.005) 8 1.8848
2 0.15 2 9.81

s s

s

f V
d g

× × ×
=

× × ×
l

= 0.1931 m
Since, ds = dd
Maximum velocity in delivery pipe,

Vd,max = Vs, max = 1.8848 m/s

hfd, max =
2 2

max, (4 0.005) 28 1.8848
2 0.15 2 9.81

d d

d

f V
d g

× × ×
=

× × ×
l

 = 0.6758 m

Theoretical power required,

P = ,max ,max
2 2
3 3s d fs fdgQ h h h h⎡ ⎤ρ + + +⎢ ⎥⎣ ⎦
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=
2 2

1000 9.81 5 22 0.1931 0.6758 0.010603
3 3

⎡ ⎤× × + + × + × ×⎢ ⎥⎣ ⎦

= 0.6758 m
P = 2.868 × 103 W = 2.868 kW

MADE EASY Source __________________________________________________________
• Covered in MADE EASY Class Notes
• ESE 2019 Mains Workbook: Similar to Q.49  discussed in Class
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End of Solution

Q.5Q.5Q.5Q.5Q.5 (b)(b)(b)(b)(b) Show that the diagram work per unit mass of steam for maximum blading efficiencyShow that the diagram work per unit mass of steam for maximum blading efficiencyShow that the diagram work per unit mass of steam for maximum blading efficiencyShow that the diagram work per unit mass of steam for maximum blading efficiencyShow that the diagram work per unit mass of steam for maximum blading efficiency
of a 50% rof a 50% rof a 50% rof a 50% rof a 50% reaction stage is eaction stage is eaction stage is eaction stage is eaction stage is VVVVVbbbbb

22222, wher, wher, wher, wher, where e e e e VVVVVbbbbb is the mean blade velocity is the mean blade velocity is the mean blade velocity is the mean blade velocity is the mean blade velocity.....
[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:

Gross Stage Efficiency and Optimum Value of ρ for Parson’s Reaction Turbine

• Work done/kg of steam

w = uVw kJ/kg = 
21 1 2cos cosru V V u⎡ ⎤α + β −⎣ ⎦

= [ ]1 1 1 1cos cosu V V uα + α −

= 2
1 12 cos uuV⎡ ⎤α −⎣ ⎦ 

(∵ For Parson’s turbine: 2rV  = V1 and β2 =  α1)

= u[2V1 cos α1 – u]

2 2
1 12 cosw V ⎡ ⎤= ρ α − ρ⎣ ⎦   (∵ Blade speed ratio, ρ = 

1

u
V

)

Blade or Diagram Efficiency of Parson’s Turbine : (ηηηηηb)

ηb =
Work done/sec

Energy input/sec
...(i)
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• Work done/sec = uVw  = 2 2
1 1(2 cos )V ρ α − ρ ...(ii)

• Energy input to fixed blade =
2

1

2
V

and energy input to moving blade

= 2 1

2 2

2
r rV V−

So, 2 1

2 22
1Total energy input =
2 2

r rV VV −
+

= 1

2 22
11

2 2
rV VV −

+

For Parson’s turbine,
2 1rV V=

= 1

2
2

1 2
rV

V −  = 2 2 2
1 1 1 1

1
2 cos

2
V V u V u⎡ ⎤− + − α⎣ ⎦

=
2 2

2 1
1 12

11
1 2 cos

2
V u uV

VV

⎡ ⎤
− + − × α⎢ ⎥

⎢ ⎥⎣ ⎦

 =
2

2 21
1 11 2 cos

2
V

V⎡ ⎤− + ρ − ρ α +⎣ ⎦

=
2

21
11 2 cos 2

2
V ⎡ ⎤− − ρ + ρ α +⎣ ⎦

=
2

21
11 2 cos

2
V ⎡ ⎤− ρ + ρ α⎣ ⎦ ...(iii)

So from Eqs. (i), (ii) and (iii), we get

ηb =
2 2

1 1
2

21
1

(2 cos )

1 2 cos
2

V

V

ρ α − ρ

⎡ ⎤− ρ + ρ α⎣ ⎦

⇒
2

1
2

1

2(2 cos )

1 2 cos
b

ρ α − ρ
η =

− ρ + ρ α ...(iv)

For maximum efficiency
b∂η

∂ρ = 0

On solving, ρopt = cosα1

Since ρopt = cosα1

So ( )
2

1
2max

1

2cos

1 cos
b

α
η =

+ α

(Work done)max Corresponding to Maximum Blading Efficiency

Substituting ρopt = cosα1  in equation (ii)

W = 2 2
1 2V ⎡ ⎤ρ × ρ − ρ⎣ ⎦  = 2 2

1Vρ  = 
2

2
12

1

u
V

V
×
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⇒ 2
maxW u=

where, u is the mean blade velocity, but in given question mean blade velocity is
denoted by Vb

Wmax = Vb
2

MADE EASY Source __________________________________________________________
• Theory Book (2019 Edition): Power Plant (Page 91)

End of Solution

Q.5Q.5Q.5Q.5Q.5 (c)(c)(c)(c)(c) Derive an expression for efficiency of a combined cycle where two thermodynamicDerive an expression for efficiency of a combined cycle where two thermodynamicDerive an expression for efficiency of a combined cycle where two thermodynamicDerive an expression for efficiency of a combined cycle where two thermodynamicDerive an expression for efficiency of a combined cycle where two thermodynamic
cycles are coupled in series. The expression should be derived in terms ofcycles are coupled in series. The expression should be derived in terms ofcycles are coupled in series. The expression should be derived in terms ofcycles are coupled in series. The expression should be derived in terms ofcycles are coupled in series. The expression should be derived in terms of
efficiencies of the coupled cycles. Conventional notations may be used.efficiencies of the coupled cycles. Conventional notations may be used.efficiencies of the coupled cycles. Conventional notations may be used.efficiencies of the coupled cycles. Conventional notations may be used.efficiencies of the coupled cycles. Conventional notations may be used.

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]
Solution:Solution:Solution:Solution:Solution:

Q1

Q3

W1

Q2

W2

E1

E2

then, η1 = 1 – 2

1

Q
Q

 and η2 = 1 – 3

2

Q
Q

Q1 = 2

11
Q
− η

Q3 = (1 – η2)Q2

For combined cycle,

η = 3

1

1
Q
Q

−  = 2 2

2

1

(1 )
1

(1 )

Q
Q

− η
−

− η

η = 1 – (1 – η1) (1 – η2) = η1 + η2 – η1η2

MADE EASY Source __________________________________________________________
• Theory Book (2019 Edition): Power Plant (Page 64)

End of Solution

Q.5Q.5Q.5Q.5Q.5 (d)(d)(d)(d)(d) Explain with neat sketch how solar absorption refrigeration system works for spaceExplain with neat sketch how solar absorption refrigeration system works for spaceExplain with neat sketch how solar absorption refrigeration system works for spaceExplain with neat sketch how solar absorption refrigeration system works for spaceExplain with neat sketch how solar absorption refrigeration system works for space
cooling.cooling.cooling.cooling.cooling.

[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]
Solution:Solution:Solution:Solution:Solution:

A simple vapour absorption system, consists of a condenser, an expansion device and
an evaporator as in the vapour compression system and in addition, an absorber, a
pump, a generator and a pressure reducing valve to replace the compressor. The
schematic representation of the system is shown in figure in which various components
of the system are arranged according to their pressures and temperatures. The refrigerating
effect is shown as Q0 at temperature T0 and the heat rejected in the condenser as QC

at temperature TC = TK of the environment. The compressor work is replaced by the
heat supplied in the generator Qh plus pump work WP. Cooling must be done in the
absorber to remove the latent heat of the refrigerant vapour as it changes into the liquid
state by absorption by the weak solution. Heat rejected in the absorber be QA at
absorber temperature TA = TK. Then the energy balance of the system,

Q0 + WP + Qh = QC + QA
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The pump work PW vdP= −∫  is very small

compared to compressor work in the
vapour compression system, as the
specific volume v of the liquid is extremely
small compared  to that of the vapour
(vf << vg). The energy consumption of the
system is mainly in the generator in the
form of heat supplied Qh.

Condenser

Generator

AbsorberEvaporation

QC

QAQ0
Schematic representation of simple vapour

absorption system

Qh

T0

WP

TC

In the vapour-absorption system, the function of the compressor is accomplished in
a three step process by the use of the absorber, pump and generator. Functions of
these devices are given below:

(i) Absorber: Absorber: Absorber: Absorber: Absorber: Absorption of the refrigerant vapour by its weak or poor solution in a suitable
absorbent or adsorbent, forming  strong or rich solution of refrigerant in absorbent/adsorbent.

(ii) Pump: Pump: Pump: Pump: Pump: Pumping of the rich solution raising its pressure to the condenser pressure.
(iii) Generator: Generator: Generator: Generator: Generator: Distillation of the vapour from the rich solution leaving the poor solution for

recycling.

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series: Exactly same as Q.6c(i) Test- 1
• MADE EASY Classnotes

End of Solution
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Q.5Q.5Q.5Q.5Q.5 (e)(e)(e)(e)(e) How do fuel cells work? Explain the principle with the help of a sketch.How do fuel cells work? Explain the principle with the help of a sketch.How do fuel cells work? Explain the principle with the help of a sketch.How do fuel cells work? Explain the principle with the help of a sketch.How do fuel cells work? Explain the principle with the help of a sketch.
[12 Marks][12 Marks][12 Marks][12 Marks][12 Marks]

Solution:Solution:Solution:Solution:Solution:
Fuel Cell:Fuel Cell:Fuel Cell:Fuel Cell:Fuel Cell:
A fuel cell is an electrochemical device which converts chemical energy of the fuel into
electricity without undergoing combustion cycles. Unlike conventional combustion route
i.e. fuel →  heat → work → electricity, fuel cell directly convert fuel to electricity. Hence,
efficiency of fuel cells is not limited by Carnot cycle or Second Law of Thermodynamics.
Theoretically, a fuel cell may be 100% efficient.
Although fuel cell has two electrodes separated by an electrolyte similar to batteries yet

they are different than batteries. In fuel cell, continuous supply of fuel is required to produce

electricity and there is no as such charging and discharging like in the case of batteries.

Fuel cells mainly consist of four parts viz:

1. Fuel 2. Electrode 3. Electrolyte 4. Oxidant

2H   +   2e+ –

H2

(–) Anode

(+) Cathode

O2H2O

H O  2H  + O2 ← +
2 + 2e–

Electrolyte I

(H  – O ) Fuel cell2 2

Working PrincipleWorking PrincipleWorking PrincipleWorking PrincipleWorking Principle

The principle of operation of a fuel cell is similar to electrolysis but in reverse. A schematic

diagram of a fuel cell working on hydrogen-oxygen fuel is shown in figure below.
In a fuel cell, fuel (hydrogen in this case) is supplied to the negative electrode (anode) and
oxygen or air is supplied to the positive electrode.
A catalyst on the porous anode causes  hydrogen molecules to dissociate into hydrogen
ions and electrons. The H+ ion migrates through the electrolyte, usually an acid to the
cathode. At cathode H+ ion reacts with electrons supplied by an external circuit and with
oxygen to form water.
Reaction at anode:Reaction at anode:Reaction at anode:Reaction at anode:Reaction at anode: H2 → 2H+ + 2e–

Reaction at cathode:Reaction at cathode:Reaction at cathode:Reaction at cathode:Reaction at cathode: (2H+) + (2e–) + 
1
2

O2 → H2O

As a consequence electrical current flow from cathode to anode i.e. in the opposite direction
of flow of electrons.
Fuel cells produce typically 0.7 to 0.8 volts. Fuel cells are connected in series to get useful
working voltage.
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MADE EASY Source __________________________________________________________
• From MADE EASY Class Notes
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End of Solution
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Q.6Q.6Q.6Q.6Q.6 (a)(a)(a)(a)(a) A centrifugal pump has an impeller diameter at outlet as 1 m and delivers A centrifugal pump has an impeller diameter at outlet as 1 m and delivers A centrifugal pump has an impeller diameter at outlet as 1 m and delivers A centrifugal pump has an impeller diameter at outlet as 1 m and delivers A centrifugal pump has an impeller diameter at outlet as 1 m and delivers 1.5 m1.5 m1.5 m1.5 m1.5 m33333/s/s/s/s/s
of water against a head of 100 m. The impeller is running at 1000 rpm. The widthof water against a head of 100 m. The impeller is running at 1000 rpm. The widthof water against a head of 100 m. The impeller is running at 1000 rpm. The widthof water against a head of 100 m. The impeller is running at 1000 rpm. The widthof water against a head of 100 m. The impeller is running at 1000 rpm. The width
of the impeller is 85 mm. If the manometric efficiency is 85%, determine the typeof the impeller is 85 mm. If the manometric efficiency is 85%, determine the typeof the impeller is 85 mm. If the manometric efficiency is 85%, determine the typeof the impeller is 85 mm. If the manometric efficiency is 85%, determine the typeof the impeller is 85 mm. If the manometric efficiency is 85%, determine the type
of impeller (forward, radial or backward curved), and the blade angle at outlet.of impeller (forward, radial or backward curved), and the blade angle at outlet.of impeller (forward, radial or backward curved), and the blade angle at outlet.of impeller (forward, radial or backward curved), and the blade angle at outlet.of impeller (forward, radial or backward curved), and the blade angle at outlet.
Draw velocity triangle at outlet.Draw velocity triangle at outlet.Draw velocity triangle at outlet.Draw velocity triangle at outlet.Draw velocity triangle at outlet.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:
Impeller diameter at outlet, D2 = 1 m

N = 1000 rpm

u2 = 2

60
D Nπ

 = 
1 1000
60

π × ×
 = 52.36 m/s

Manometric head, Hm = 100 m

Manometric efficiency, ηm =
2 2

m

w

gH
V u

0.85 =
2

9.81 100
52.36wV
×

×

2wV =
9.81 100

52.36 0.85
×
×

2wV = 22.04 m/s

Since, u2 > Vw2,
the type of impeller is backward curved.

Discharge, Q = 1.5 m3/s

φ

Vr 2 V2
Vf 2

Vw2

β

u2

Velocity Triangle at outletWidth of impeller, B2 = 85 mm
Q = π D2 B2 Vf2

1.5 = π × 1 × 0.085 × Vf2

Flow component of velocity at outlet
Vf2 = 5.6172 m/s

From Velocity triangle at outlet,

tan φ = 2

2 2

f

w

V
u V−

tan φ =
5.6172

52.36 22.04−
φ = 10.496°

MADE EASY Source __________________________________________________________
• From MADE EASY Mains Batch Class Notes
• ESE 2019 Mains Workbook: Similar to Q.59 (Page 271)
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End of Solution



Page 47Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 info@madeeasy.in www.madeeasy.in

ESE 2019 | Main Examination

Mechanical Engineering | Paper-I

Q.6Q.6Q.6Q.6Q.6 (b)(b)(b)(b)(b) Consider the combined gas steam power cycle shown in the figure. The toppingConsider the combined gas steam power cycle shown in the figure. The toppingConsider the combined gas steam power cycle shown in the figure. The toppingConsider the combined gas steam power cycle shown in the figure. The toppingConsider the combined gas steam power cycle shown in the figure. The topping
cycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressorcycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressorcycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressorcycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressorcycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressor
at 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor isat 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor isat 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor isat 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor isat 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor is
80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a
sample ideal Rankine cycle operating between the pressure limits of 7 MPa andsample ideal Rankine cycle operating between the pressure limits of 7 MPa andsample ideal Rankine cycle operating between the pressure limits of 7 MPa andsample ideal Rankine cycle operating between the pressure limits of 7 MPa andsample ideal Rankine cycle operating between the pressure limits of 7 MPa and
5 kPa.5 kPa.5 kPa.5 kPa.5 kPa. Steam is heated in a heat exchanger by the exhaust gases to a temperature Steam is heated in a heat exchanger by the exhaust gases to a temperature Steam is heated in a heat exchanger by the exhaust gases to a temperature Steam is heated in a heat exchanger by the exhaust gases to a temperature Steam is heated in a heat exchanger by the exhaust gases to a temperature
of 500°C. The exhaust gases leave the heat exchanger at 450 K. Determineof 500°C. The exhaust gases leave the heat exchanger at 450 K. Determineof 500°C. The exhaust gases leave the heat exchanger at 450 K. Determineof 500°C. The exhaust gases leave the heat exchanger at 450 K. Determineof 500°C. The exhaust gases leave the heat exchanger at 450 K. Determine
(i) The ratio(i) The ratio(i) The ratio(i) The ratio(i) The ratio of the mass flow rates of the steam and the combustion gases. of the mass flow rates of the steam and the combustion gases. of the mass flow rates of the steam and the combustion gases. of the mass flow rates of the steam and the combustion gases. of the mass flow rates of the steam and the combustion gases.
(ii) The thermal(ii) The thermal(ii) The thermal(ii) The thermal(ii) The thermal efficiency of the combined cycle. efficiency of the combined cycle. efficiency of the combined cycle. efficiency of the combined cycle. efficiency of the combined cycle.

1300
T

1

2

3

7 MPa

5 kPa

500°C

S

1′

3′

4′

2′

5′

4

7 M aP
450

300

Assume specific heat of gas as 1.005 kJ/kgKAssume specific heat of gas as 1.005 kJ/kgKAssume specific heat of gas as 1.005 kJ/kgKAssume specific heat of gas as 1.005 kJ/kgKAssume specific heat of gas as 1.005 kJ/kgK
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[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
TTTTTopping Cycleopping Cycleopping Cycleopping Cycleopping Cycle

1300
T

1

2

3

7 M aP

5 kPa

500°C

S

1′

3′

4′

2′

5′

4

7 MPa450

300

2s′
4s′

Pressure ratio, rp = 8, T1′ = 300 K

2 '

1

sT

T ′
= ( )

1

pr
γ −
γ

2 '

300
sT = ( )

1.4 1
1.48

−

T2’s = 543.434 K

T2′ = 2 1
1

s

C

T T
T ′

′
−

+
η

 = 
543.434 300

300
0.8

−
+  = 604.293 K

T3′ = 1300 K

4

3

sT
T

′

′
=

1
1

pr

γ −
γ⎛ ⎞

⎜ ⎟⎝ ⎠

T4s′ = 717.658 K

T4′ = T3′ – ηT(T3′ – T4s′) = 1300 – 0.85(1300 – 717.658)

T4′ = 805.009 K

Bottoming cycleBottoming cycleBottoming cycleBottoming cycleBottoming cycle

From steam table,

At 500°C, 7 MPa (superheated)

h3 = 3411.4 kJ/kg

s3 = 6.8 kJ/kgK

At 5 kPa (saturated water)

vf = 0.001005 m3/kg

h1 = hf = 137.75 kJ/kg

s1 = sf = 0.4762 kJ/kgK

hfg = 2423 kJ/kg

sfg = 7.9176 kJ/kgK

Since process 3 - 4 is isentropic,

s3 = s4

⇒ 6.8 = sf + x4sfg = 0.4762 + x4 × 7.9176

x4 = 0.7987

h4 = hf + x4hfg

= 137.75 + 0.7987 × 2423 = 2073 kJ/kg

Pump work, wp = vf (p2 – p1)

= 0.001005 × (7000 – 5) = 7.0299 kJ/kg

Also, wp = h2 – h1

7.0299 = h2 – 137.75

h2 = 144.78 kJ/kg

In heat exchanger,
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Heat rejected by gas = heat taken by steam

⇒ 4 5( )g pgm C T T′ ′−� = 3 2( )sm h h−�

⇒ 1.005(805.009 450)gm × −� = (3411.4 144.78)sm −�

Ratio of mass flow rate of steam to that of gas,

s

g

m
m

�
�

= 0.1092

Net work in topping cycle,

WT = [ ]3 4 2 1( ) ( )g pgm C T T T T′ ′ ′ ′− − −�

= [ ]1.005 (1300 805.009) (604.293 300)gm × − − −�

WT = 191.65 kWgm�

Net work in bottoming cycle,

WB = 3 4( )s pm h h w− −⎡ ⎤⎣ ⎦�

= [ ](3411.4 2073) 7.0299sm − −�

WB = 1331.37 kWsm�

Total heat supplied,

sQ = [ ]3 2g pgm C T T′ ′−�

= [ ]1.005 1300 604.293gm × × −�

sQ = 699.186 gm�  kW

Thermal efficiency of combined cycle,

η =
Total work

Total heat supplied
T B

s

W W
Q
+

=

=
191.65 1331.37

699.186
g s

g

m m

m

+� �

�

=
191.65 1331.37

0.1092
699.186 699.186

+ × 0.1092s

g

m
m

⎡ ⎤=⎢ ⎥
⎣ ⎦

�
∵

�

η = 0.4820 = 48.20%

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Workbook: Power Plant Q. 22 (Page. 157)  discussed in Class

End of Solution

Q.6Q.6Q.6Q.6Q.6 (c)(c)(c)(c)(c) What is Betz limit for wind turbines? Derive an expression for Betz limit for windWhat is Betz limit for wind turbines? Derive an expression for Betz limit for windWhat is Betz limit for wind turbines? Derive an expression for Betz limit for windWhat is Betz limit for wind turbines? Derive an expression for Betz limit for windWhat is Betz limit for wind turbines? Derive an expression for Betz limit for wind
turbines.turbines.turbines.turbines.turbines.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
Betz limit:Betz limit:Betz limit:Betz limit:Betz limit: Theoretically, the maximum power extracted by a turbine rotor is 59.3% of
the total wind energy in the area swept by the rotor, this is known as Betz limit.

Power coefficient, Cp =
max

total

0.593
P
P

=

Maximum theoretical efficiency (also known as power coefficient Cp) is the ratio of
maximum power output to total power available in the wind. Its maximum value is 0.593,
which is known as Betz limit (after the name of the engineer who first derived this
relationship.)
Let us assume, wind turbine is installed in the flow path of wind.
Let Vup and pup be velocity and pressure upstream of the turbine and Vdw and pdw be
velocity and pressure downstream of the turbine. Also Vtb be wind velocity at turbine.
Bernoulli’s equation can be applied between upstream side and  downstream side

Vdw

pdw

Vup

pup

Vtb

(pup – pdw) = 2 21
2 up dwV V⎡ ⎤ρ −⎣ ⎦

Force on the rotor F = As [pup – pdw]
[Where As is area swept by rotor perpendicular to wind direction]

Also from linear momentum F = up dwm V V⎡ ⎤−⎣ ⎦�

Combining these equations:

2 21
[ ]

2s up dwA V V× ρ − = (ρAs × Vtb) (Vup – Vdw)

⇒ Vtb =
2

up dwV V+

Now power output of wind turbine is given by:

Pturbine = 21
2

mV�

= 2 2 2 21 1
[ ] [ ]

2 2up dw s tb up dwm V V A V V V− = ρ −�

= 2 21
[ ]

2 2
up dw

s up dw

V V
A V V

+⎡ ⎤
ρ −⎢ ⎥

⎣ ⎦

Maximum power is obtained if  turbine 0
dw

dP
dV

=

turbine

dw

dP
dV

= 2 21
[ 3 2 ] 0

4 s up dw up dwA V V V Vρ − − =
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⇒ 2 23 2dw dw up upV V V V+ − = 0

(3Vdw – Vup)(Vdw + Vup) = 0

⇒ Vdw =
3
upV

 and Vdw = –Vup

In order to get power Vdw <  Vup and hence taking 
3
up

dw
V

V =

(Pturbine)max =
2

21
2 9

up
s tb up

V
A V V

⎡ ⎤
⎢ ⎥ρ −
⎣ ⎦

=

23 81
2 6 9

up up up
s

V V V
A

⎛ ⎞+⎛ ⎞
ρ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠

= 31 16
2 27s upA V⎡ ⎤ρ ⎢ ⎥⎣ ⎦

(Pturbine)max = 31
0.593

2 s upA V⎛ ⎞ρ⎜ ⎟⎝ ⎠
...(i)

The available wind power is given by:

(Pwind)available = 31
2 s upA Vρ ...(ii)

From equation (ii) and (ii)
(Pturbine)max = 0.593 (Pwind)available

The factor ′0.593′ is known as coefficient of power (Cp) i.e.

= turbine

wind

P
P

The value of Cp i.e. 0.593 is known as Lanchester - Betz limit which indicates only 59.3%
of available power can be converted by wind turbine at maximum.

MADE EASY Source __________________________________________________________
• From MADE EASY Class Notes
• ESE 2019 Mains Workbook: Unsolved Q.3  discussed in Class
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End of Solution

Q.7Q.7Q.7Q.7Q.7 (a)(a)(a)(a)(a) A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,
prprprprproduces 16 MW of poweroduces 16 MW of poweroduces 16 MW of poweroduces 16 MW of poweroduces 16 MW of power. The turbine is r. The turbine is r. The turbine is r. The turbine is r. The turbine is running at 400 rpm and operating underunning at 400 rpm and operating underunning at 400 rpm and operating underunning at 400 rpm and operating underunning at 400 rpm and operating under
a gross head of 300 m. Water is supplied through penstock of length 2 km. Thea gross head of 300 m. Water is supplied through penstock of length 2 km. Thea gross head of 300 m. Water is supplied through penstock of length 2 km. Thea gross head of 300 m. Water is supplied through penstock of length 2 km. Thea gross head of 300 m. Water is supplied through penstock of length 2 km. The
coefficient of friction in penstock is 0.004. There is 10% of head loss taking placecoefficient of friction in penstock is 0.004. There is 10% of head loss taking placecoefficient of friction in penstock is 0.004. There is 10% of head loss taking placecoefficient of friction in penstock is 0.004. There is 10% of head loss taking placecoefficient of friction in penstock is 0.004. There is 10% of head loss taking place
in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,
overall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determineoverall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determineoverall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determineoverall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determineoverall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determine
(i)(i)(i)(i)(i) Discharge through the turbine (mDischarge through the turbine (mDischarge through the turbine (mDischarge through the turbine (mDischarge through the turbine (m33333/s)/s)/s)/s)/s)
(ii)(ii)(ii)(ii)(ii) Penstock diameter (m)Penstock diameter (m)Penstock diameter (m)Penstock diameter (m)Penstock diameter (m)
(iii)(iii)(iii)(iii)(iii) Jet diameter (m)Jet diameter (m)Jet diameter (m)Jet diameter (m)Jet diameter (m)
(iv)(iv)(iv)(iv)(iv) Hydraulic efficiency of the turbineHydraulic efficiency of the turbineHydraulic efficiency of the turbineHydraulic efficiency of the turbineHydraulic efficiency of the turbine
Draw velocity triangles.Draw velocity triangles.Draw velocity triangles.Draw velocity triangles.Draw velocity triangles.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
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Solution:Solution:Solution:Solution:Solution:
Gross head, Hg = 300 m
Net head, H = Hg – hf

where hf = head loss due to friction in penstock
= 300 – 0.1 × 300 = 300 – 30 = 270 m

(i)(i)(i)(i)(i) As we know, P = η0 × ρgQH
⇒ 16 × 106 = 0.84 × 1000 × 9.81 × Q × 270
Discharge through turbine,

Q = 7.1913 m3/s
(ii)(ii)(ii)(ii)(ii) Length of penstock, L = 2000 m

Coefficient of friction, f ′ = 0.004
Friction factor, f = 4f ′ = 4 × 0.004 = 0.016

Now, hf =
2

2
5

8

fLQ
gDπ

0.1 × 300 =
2

2
5

0.016 2000 7.1913
9.81

8
D

× ×
π × ×

Penstock diameter, D = 1.3544 m

(iii)(iii)(iii)(iii)(iii) Velocity coefficient, Cv = 0.97

Velocity of jet at inlet, V1 = 2 0.97 2 9.81 270 70.599 m/svC gH = × × × =

Now, Q = 2
14

n d Vπ⎛ ⎞× ×⎜ ⎟⎝ ⎠

7.1913 = 24 70.599
4

dπ⎛ ⎞× × ×⎜ ⎟⎝ ⎠

Jet diameter, d = 0.18 m
(iv)(iv)(iv)(iv)(iv) N = 400 rpm

Wheel diameter, D = 1.5 m

4 =
1.5 400

31.416 m/s
60 60
DNπ π × ×

= =

Vr1 = V1 – u = 70.599 – 31.416 = 39.183 m/s
Vr2 = kVr1, where blade velocity coefficient, k = 0.9

= 0.9 × 39.183 = 35.265 m/s
Jet deflection angle, δ = 165°
Vane angle at outlet, φ = 180° – δ = 180 – 165 = 15°

Vr 2 cosφ = 35.265 × cos15 = 34.063 m/s
Since, Vr 2 cosφ > u, velocity diagram:
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Vw2u

V2
Vf2

15°

Vr2

Vr1u

V V1 1 = w

165°
φ

Vw2 = Vr 2 cosφ – u
= 34.063 – 31.416 = 2.647 m/s

Vw1 = V1 = 70.599 m/s

Hydraulic efficiency, ηh =
[ ]1 2Runner power

Water power g
w wQ V V u

Q H

ρ +
=

ρ

=
[70.599 2.647] 31.416

9.81 270
+ ×

×
ηh = 0.86876 or 86.876%

MADE EASY Source __________________________________________________________
• ESE 2019 Workbook (Prelims): Fluid Machines (Similar  to Q. 78)  discussed in Class
• ESE 2019 Mains Test Series: Similar to Q.8(b) from Test-10
• MADE EASY Class Notes



Page 57Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 info@madeeasy.in www.madeeasy.in

ESE 2019 | Main Examination

Mechanical Engineering | Paper-I



Page 58Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 info@madeeasy.in www.madeeasy.in

ESE 2019 | Main Examination

Mechanical Engineering | Paper-I

End of Solution

Q.7Q.7Q.7Q.7Q.7 (b)(b)(b)(b)(b) What do you mean by compounding in steam and gas turbines ? What are theWhat do you mean by compounding in steam and gas turbines ? What are theWhat do you mean by compounding in steam and gas turbines ? What are theWhat do you mean by compounding in steam and gas turbines ? What are theWhat do you mean by compounding in steam and gas turbines ? What are the
various methods of compounding in steam and gas turbines? Explain all thevarious methods of compounding in steam and gas turbines? Explain all thevarious methods of compounding in steam and gas turbines? Explain all thevarious methods of compounding in steam and gas turbines? Explain all thevarious methods of compounding in steam and gas turbines? Explain all the
methods with neat sketch.methods with neat sketch.methods with neat sketch.methods with neat sketch.methods with neat sketch.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:
Compounding of Steam TCompounding of Steam TCompounding of Steam TCompounding of Steam TCompounding of Steam Turbinesurbinesurbinesurbinesurbines
If the steam is expanded from the boiler pressure to condenser pressure in single stage
then rotor speed exceeded high within the very less time which creates practical
complicates.

One row of nozzle followed by one row of blades is called a stage of turbinestage of turbinestage of turbinestage of turbinestage of turbine. If steam is
allowed to expand from boiler to condenser in a single row of nozzle, the velocity at exit
from nozzle is very large. For example, single stage impulse turbine called De LavalDe LavalDe LavalDe LavalDe Laval
turbineturbineturbineturbineturbine have high rotational speeds (N). Such large rotational speeds are not properly
utilized. It entails large frictional losses and high centrifugal stresses.

Compounding is a method for reducing the rotational speed of the impulse turbine to
practical limits.

There are different methods of compounding:
(i) Velocity compounded impulse turbine
(ii) Pressure compounded impulse turbine
(iii) Pressure Velocity compounded impulse turbine

VVVVVelocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Turbineurbineurbineurbineurbine
In this type of arrangement, velocity gained from the exit of the nozzles is splitted up into

many drops through several rows of moving blades and hence named as velocity compounded
impulse turbine.

It is also called curtis stagingcurtis stagingcurtis stagingcurtis stagingcurtis staging. In velocity compounding, all the pressure drop, and enthalpy
drop of steam takes place in a single row of nozzles and resultant kinetic energy of steam is
absorbed by wheel in number of row of moving blades with guide blades in between two rows.

The kinetic energy of steam jet at nozzle exit is partially converted to shaft work in first
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row of moving blades with velocity decreasing from V1 to V2. The existing steam jets are deflected
by stationary guide blades to the next moving blade where part of kinetic energy in converted to
shaft work.

Velocity compounded stage is used to give lower blade speed ratio and better utilization
of kinetic energy of steam.

When exit from the 2nd row is axial then kinetic energy carried by steam is minimum and
therefore efficiency becomes maximum compared to the simple impulse turbine the leaving velocity
is small and it is about 2% of initial total available energy of steam.

Velocity of blade (u) is same for all rows because of being on same shaft.

2

1

r

r

V
V

 = 3

2

V
V

 = 4

3

r

r

V
V

 = Kb

where, Kb is blade friction factor
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 c
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Shaft

Moving blades

Nozzle
Steam

Entering
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Steam
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Diagrammatic arrangement of
Velocity Compound Impulse Turbine

(a) Stat ionary Nozz leStat ionary Nozz leStat ionary Nozz leStat ionary Nozz leStat ionary Nozz le : Steam
expanded through Nozzle from
boiler (inlet) pressure to condenser
pressure,

During expansion in nozzle,
pressure drops and velocity
increases hence KE of steam
increases.

(b) Moving blades Moving blades Moving blades Moving blades Moving blades : Moving blades
absorbs a portion of available
kinetic energy (KE) and velocity
decreases while moving over
moving blades.

(c) Fixed blades or guide bladeFixed blades or guide bladeFixed blades or guide bladeFixed blades or guide bladeFixed blades or guide blades:
Re-direct  the steam without
changing its velocity to the next row
of moving blades where again work
is done and steam leaves the
turbine with low velocity

Advantages Advantages Advantages Advantages Advantages : Low initial cost since
lesser number of stages.

DisadvantagesDisadvantagesDisadvantagesDisadvantagesDisadvantages : Efficiency is low
and used for driving small
machines.

PrPrPrPrPressuressuressuressuressure Compounded Impulse Te Compounded Impulse Te Compounded Impulse Te Compounded Impulse Te Compounded Impulse Turbineurbineurbineurbineurbine

It is also called Rateau stagingRateau stagingRateau stagingRateau stagingRateau staging. It corresponds to putting a number of simple impulse
stages in series. The total enthalpy drop is divided equally among the stages. The pressure drop
occur only in nozzle. There is no pressure drop while steam flows through the blades. The kinetic
energy of steam increases in nozzle at expense of pressure drop and it is absorbed by blade in
each stage.
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• In this, fixed nozzles are in between the rings of moving blades.

• Steam expands partially in Ist set of nozzle after which velocity increases and hence
KE. increase. This KE. of steam is absorbed by the moving blades of Ist stage.

• Then steam expands partially in second set of nozzles after which K.E. again increases
which absorbed by the IInd stage of moving blades

• This is repeated in next stage also and finally steam leaves the turbine at very lowat very lowat very lowat very lowat very low
velocity compared to the De Laval turbine.velocity compared to the De Laval turbine.velocity compared to the De Laval turbine.velocity compared to the De Laval turbine.velocity compared to the De Laval turbine.

• In the arrangement, whole pressure drop is splitted into a series of smaller pressure
drops across several stages of impulse turbine and hence named as pressure
compounded impulse turbine.

• Pressure compounding is used in Rateau and Zoelly turbines.Rateau and Zoelly turbines.Rateau and Zoelly turbines.Rateau and Zoelly turbines.Rateau and Zoelly turbines.

Advantages: Advantages: Advantages: Advantages: Advantages: Most efficient since speed ratio remains constant.

Disadvantages: Disadvantages: Disadvantages: Disadvantages: Disadvantages: Costly due to large number of stages.
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N M N MNM N N N N

Clearance
Cylinder (casing)

Exhaust
DiaphragmBoiler

Steam

Diagrammatic ArDiagrammatic ArDiagrammatic ArDiagrammatic ArDiagrammatic Arrangement of Prrangement of Prrangement of Prrangement of Prrangement of Pressuressuressuressuressure Compounded Impulse Te Compounded Impulse Te Compounded Impulse Te Compounded Impulse Te Compounded Impulse Turbineurbineurbineurbineurbine

PrPrPrPrPressuressuressuressuressure Ve Ve Ve Ve Velocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Telocity Compounded Impulse Turbineurbineurbineurbineurbine

It is combination of velocity and pressure compounding.

• In diagram it is shown that velocity drop is achieved by two rows of moving blades
hence it is velocity compounded and pressure drop is divided in small drops is two sets
of nozzles, hence it is pressure compounded.

• In the set of nozzles, there is decrease in pressure due to which, steam velocity
increases, and there is no drop is pressure in the rows of moving and fixed blades.
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Only velocity drop takes place in the rows of moving blades and there is slight drop
is velocity due to friction in the fixed blades.

• Due to very low efficiency, now a days, it is very rarely used.

Shaft

Nozzles

Boiler
steam

Bearing
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Diagrammatic Arrangement of pressure velocity compounded impulse turbine

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series:  Test-3 (Similar Q. 1d(i))

End of Solution

Q.7Q.7Q.7Q.7Q.7 (c)(c)(c)(c)(c) A reaction steam turbine having diameter of 1400 mm is rotating at 3000 rpm. TheA reaction steam turbine having diameter of 1400 mm is rotating at 3000 rpm. TheA reaction steam turbine having diameter of 1400 mm is rotating at 3000 rpm. TheA reaction steam turbine having diameter of 1400 mm is rotating at 3000 rpm. TheA reaction steam turbine having diameter of 1400 mm is rotating at 3000 rpm. The
turbine stages are designed in such a fashion that the enthalpy drop in both, rotorturbine stages are designed in such a fashion that the enthalpy drop in both, rotorturbine stages are designed in such a fashion that the enthalpy drop in both, rotorturbine stages are designed in such a fashion that the enthalpy drop in both, rotorturbine stages are designed in such a fashion that the enthalpy drop in both, rotor
and statorand statorand statorand statorand stator, is same in each stage. If the speed ratio is 0.7 and angle at outlet is, is same in each stage. If the speed ratio is 0.7 and angle at outlet is, is same in each stage. If the speed ratio is 0.7 and angle at outlet is, is same in each stage. If the speed ratio is 0.7 and angle at outlet is, is same in each stage. If the speed ratio is 0.7 and angle at outlet is
20°, draw velocity triangles and determine degree of reaction, blade angle at inlet20°, draw velocity triangles and determine degree of reaction, blade angle at inlet20°, draw velocity triangles and determine degree of reaction, blade angle at inlet20°, draw velocity triangles and determine degree of reaction, blade angle at inlet20°, draw velocity triangles and determine degree of reaction, blade angle at inlet
and diagram efand diagram efand diagram efand diagram efand diagram efficiencyficiencyficiencyficiencyficiency.....

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]

Solution:Solution:Solution:Solution:Solution:

Degree of reaction, R = rotor

stator rotor

h
h h

Δ
Δ + Δ

Since, Δhstator = Δhrotor

R =
rotor

rotor rotor

1
50%

2
h

h h
Δ

= =
Δ + Δ

Diameter, D = 1400 mm, N = 3000 rpm
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u =
1.4 3000

219.911m/s
60 60
DNπ π × ×

= =

Speed ratio, ρ =
1

u
V

⇒ 0.7 =
1

219.911
V

V1 = 314.159 m/s
For 50% reaction turbine,

Guide blade angle, α = Blade angle at outlet, φ
So, α = φ = 20°

Vw2
Vw1

β α φ θ

Vr1
V2

Vr2
V1

Vf2
Vf1

u

VVVVVelocity Telocity Telocity Telocity Telocity Trianglesrianglesrianglesrianglesriangles
From inlet velocity triangle, Vf1 = V1sinα = 314.159 × sin20 = 107.448 m/s

Vw1 = V1cosα = 314.159 × cos20 = 295.213 m/s

tanθ = 1

1

107.448
295.213 219.911

f

w

V
V u

=
− −

Blade angle at inlet, θ = 54.976°

V2 = 1
1

107.448
131.207 m/s

sin sin54.976
f

r
V

V = = =
θ

Jet angle at outlet, β = θ = 54.976°
Vw2 = V2cosβ = 131.207 × cos54.976° = 75.303 m/s
Vr2 = V1 = 314.159 m/s

Diagram efficiency, ηd = 1 2
2 2 2

1 12

( )

2 2

w w

r r

V V u
V V V

+
⎡ ⎤−

+⎢ ⎥⎣ ⎦

=
[ ]2 2 2

(295.213 75.303) 219.911
1

314.159 314.159 131.207
2

+ ×

+ −

= 0.9044 = 90.44%

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series:  Test-5 (Similar Q. 7b(ii))

End of Solution
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Q.8Q.8Q.8Q.8Q.8 (a)(a)(a)(a)(a) A single-stage air comprA single-stage air comprA single-stage air comprA single-stage air comprA single-stage air compressor delivers air at 6 baressor delivers air at 6 baressor delivers air at 6 baressor delivers air at 6 baressor delivers air at 6 bar. The pr. The pr. The pr. The pr. The pressuressuressuressuressure and temperature and temperature and temperature and temperature and temperatureeeee
at the end of suction are 1 bar and 27°C. It delivers 1.5 mat the end of suction are 1 bar and 27°C. It delivers 1.5 mat the end of suction are 1 bar and 27°C. It delivers 1.5 mat the end of suction are 1 bar and 27°C. It delivers 1.5 mat the end of suction are 1 bar and 27°C. It delivers 1.5 m33333 of free air per minute of free air per minute of free air per minute of free air per minute of free air per minute
when the compressor is running at 350 rpm. The clearance volume is 5% ofwhen the compressor is running at 350 rpm. The clearance volume is 5% ofwhen the compressor is running at 350 rpm. The clearance volume is 5% ofwhen the compressor is running at 350 rpm. The clearance volume is 5% ofwhen the compressor is running at 350 rpm. The clearance volume is 5% of
stroke volume. The free air conditions are 1.013 bar and 15°C. The index ofstroke volume. The free air conditions are 1.013 bar and 15°C. The index ofstroke volume. The free air conditions are 1.013 bar and 15°C. The index ofstroke volume. The free air conditions are 1.013 bar and 15°C. The index ofstroke volume. The free air conditions are 1.013 bar and 15°C. The index of
compression and expansion is 1.3. Findcompression and expansion is 1.3. Findcompression and expansion is 1.3. Findcompression and expansion is 1.3. Findcompression and expansion is 1.3. Find
(i)(i)(i)(i)(i) The volumetric efThe volumetric efThe volumetric efThe volumetric efThe volumetric efficiencyficiencyficiencyficiencyficiency,,,,,
(ii)(ii)(ii)(ii)(ii) Bore and stroke of cylinder if both are equal,Bore and stroke of cylinder if both are equal,Bore and stroke of cylinder if both are equal,Bore and stroke of cylinder if both are equal,Bore and stroke of cylinder if both are equal,
(iii)(iii)(iii)(iii)(iii) The power required if the mechanical efficiency is 80%.The power required if the mechanical efficiency is 80%.The power required if the mechanical efficiency is 80%.The power required if the mechanical efficiency is 80%.The power required if the mechanical efficiency is 80%.

[20 Marks][20 Marks][20 Marks][20 Marks][20 Marks]
Solution:Solution:Solution:Solution:Solution:

Given: Single Stage ReciprGiven: Single Stage ReciprGiven: Single Stage ReciprGiven: Single Stage ReciprGiven: Single Stage Reciprocating Comprocating Comprocating Comprocating Comprocating Compressoressoressoressoressor.....
Suction Delivery
P = 1 bar P = 6 bar
T = 300 K
Clearance ratio, C = 0.05
Vfad = 1.5 m3/min at 1.013 bar and 288 K

P

V

1 bar

6 bar 23

1

PV
1.3

 = C

4
Actual volume at compressor inlet,

m� =
suction FAD

PV PV
RT RT

⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

[as mass flow rate is same]

1
300

sV×
=

1.013 1.5
288

×
⇒ Vs = 1.5828 m3/min

(i)(i)(i)(i)(i) Volumetric efficiency ηv =

1

2

1

1
nP

C C
P

⎛ ⎞+ − ⎜ ⎟⎝ ⎠
 = 

1
1.36

1 0.05 0.05
1

⎛ ⎞+ − ⎜ ⎟⎝ ⎠
ηv = 0.8516 or 85.16%

(ii)(ii)(ii)(ii)(ii) Bore and stroke, ηv =
2

4

sV

D LNk
π

�

for single cylinder k = 1, since D = L given

∴ D3 =

4

s

v

V

Nπ⎛ ⎞η ⎜ ⎟⎝ ⎠

�
 = 31.5828

6.7613 10
0.8516 350

4

−= ×
π× ×

D = 0.18909 m or D = L = 18.909 cm
(iii)(iii)(iii)(iii)(iii) Power required if ηm = 0.8

Theoretical power, Pth =

1

2
1

1

1
1

n
n

s
Pn

PV
n P

−⎡ ⎤
⎛ ⎞⎢ ⎥−⎜ ⎟⎢ ⎥− ⎝ ⎠⎣ ⎦

Pth =

1.3 1
1.31.3 6

100 1.5828 1
1.3 1 1

−⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥× × × −⎜ ⎟⎜ ⎟ ⎢ ⎥⎝ ⎠⎝ ⎠− ⎣ ⎦

Pth = 351.22 kJ/min

Actual power required, Pact = th 351.22
439.025 kJ/min

0.8m

P
= =

η
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So, Pact = 439.025 kJ/min
or Pact = 7.317 kW

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series:  Test-2 (Similar Q. 6c)

End of Solution

Q.8Q.8Q.8Q.8Q.8 (b)(b)(b)(b)(b) Consider an ideal steam regenerative cycle in which steam enters the turbine atConsider an ideal steam regenerative cycle in which steam enters the turbine atConsider an ideal steam regenerative cycle in which steam enters the turbine atConsider an ideal steam regenerative cycle in which steam enters the turbine atConsider an ideal steam regenerative cycle in which steam enters the turbine at
3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from
the turbine at 0.8 MPa and supplied to an open feed water heaterthe turbine at 0.8 MPa and supplied to an open feed water heaterthe turbine at 0.8 MPa and supplied to an open feed water heaterthe turbine at 0.8 MPa and supplied to an open feed water heaterthe turbine at 0.8 MPa and supplied to an open feed water heater. The feed water. The feed water. The feed water. The feed water. The feed water
leaves the heater as saturated liquid. The appropriate pumps are used for theleaves the heater as saturated liquid. The appropriate pumps are used for theleaves the heater as saturated liquid. The appropriate pumps are used for theleaves the heater as saturated liquid. The appropriate pumps are used for theleaves the heater as saturated liquid. The appropriate pumps are used for the
water leaving the condenser and feed water heaterwater leaving the condenser and feed water heaterwater leaving the condenser and feed water heaterwater leaving the condenser and feed water heaterwater leaving the condenser and feed water heater. If the mass flow rate thr. If the mass flow rate thr. If the mass flow rate thr. If the mass flow rate thr. If the mass flow rate throughoughoughoughough
the boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the totalthe boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the totalthe boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the totalthe boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the totalthe boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the total
pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.
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Solution:Solution:Solution:Solution:Solution:
Ideal Regenerative Steam CycleIdeal Regenerative Steam CycleIdeal Regenerative Steam CycleIdeal Regenerative Steam CycleIdeal Regenerative Steam Cycle

1

Boiler

1 kg

Turbine3000 kPa

Condenser

OFWHP2

7 2

6

P1 Pump

4

5

3

10 kPa

(1 – )kg/sm
.

m kg/s

800 kPa

State 1 (Turbine inlet)
3 MPa, 300°C
superheated steam

 = 2993.48 kJ/kgh1
s1 = 6.5389 kJ/kgK

.
Pump

2

T

s

1

2

3

8

6

7

5

4

3 MPa

0.8 MPa

10 kPa

(1 – m)
.m.

AssumptionsAssumptionsAssumptionsAssumptionsAssumptions
1. There are no pressure losses in pipings and equipments
2. Turbine and pumps have 100% isentropic efficiency.
3. No heat loss in OFWH.

Process 1 → 2 isentropic
s1 = s2

6.5389 = [sf + x2sfg]@0.8MPa

At 0.8 MPa (From table)
sf = 2.0461 kJ/kgK

sfg = 4.6166 kJ/kgK
hf = 721.10 kJ/kg

hfg = 2048.04 kJ/kg
νf = 0.001115 m3/kg

6.5389 = 2.0461 + x2(4.6166)
x2 = 0.97318

(dryness fraction of steam entering OFWH from turbine)
h2 = hf + x2hfg

h2 = 721.1 + 0.97318(2048.04)
h2 = 2714.21 kJ/kg
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enthalpy of steam entering OFWH from turbine
Process 1 - 3 isentropic

s1 = s3

6.5389 = [sf + x3sfg]@10 kPa

At 10 kPa (From table)
sf = 0.6492 kJ/kgK

sfg = 7.5010 kJ/kgK
hf = 191.81 kJ/kg

hfg = 2392.82 kJ/kg
νf = 0.001010 m3/kg

6.5389 = 0.6492 + x3(7.501)
x2 = 0.78518

(dryness fraction of steam entering condenser)
h3 = hf + x3hfg

h3 = 191.81 + 0.78518 × (2392.82)
h3 = 2070.6 kJ/kg

enthalpy of steam entering condenser

Let m�  be the mass of steam per second extracted from turbine for regeneration.

So, (1 ) kg/sm− �  mass flow through condenser.

Energy Balance at open feed water heater (OFWH)

OFWH
(2)

(5)
(1 – )kg/sm

(6)1 kg/s
m kg/s.

.

2 5(1 )mh m h+ −� � = h6

h5 = (hf)@10 kPa + (800 – 10) × vf @10 kPa

h5 = 191.81 + 790 × 0.00101
h5 = 192.6079 kJ/kg
h5 = hf@0.8 MPa = 721.10 kJ/kg

∴ (2714.21) (1 )(192.6079)m m+ −� �  = 721.10

m� = 0.20958 kg/s

mass of steam extracted from Turbine for regeneration

Total Turbine Work, WT = 1 2 2 31 ( ) (1 ) ( )h h m h h× − + − × −�

WT = (2993.48 – 2714.21) + (1 – 0.20958) × (2714.21 – 2070.6)

WT = 787.992 kW ≈ 788 kW

Total pump work, WP = WP1 + WP2 = 1 4 2 6(1 )( ) 1 ( )f fm P v P v− Δ × + × Δ ×�

= (1 – 0.20958) × (800 – 10) × 0.00101
+ 1 × (3000 – 800) × 0.001115

WP = 3.083 kW
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MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series: Similar to Q.7(a), Test-14
• MADE EASY Mains Class Notes
• ESE 2019 Mains Workbook:  Similar to Q.14, Page 143  discussed in Class
• MADE EASY Classnotes

End of Solution

Q.8Q.8Q.8Q.8Q.8 (c)(c)(c)(c)(c) A Brayton cycle works between 1 barA Brayton cycle works between 1 barA Brayton cycle works between 1 barA Brayton cycle works between 1 barA Brayton cycle works between 1 bar, 300 K and 5 bar 1250 K. Ther, 300 K and 5 bar 1250 K. Ther, 300 K and 5 bar 1250 K. Ther, 300 K and 5 bar 1250 K. Ther, 300 K and 5 bar 1250 K. There are are are are are twoe twoe twoe twoe two
stages of comprstages of comprstages of comprstages of comprstages of compression with peression with peression with peression with peression with perfect interfect interfect interfect interfect inter-cooling and two stages of expansion.-cooling and two stages of expansion.-cooling and two stages of expansion.-cooling and two stages of expansion.-cooling and two stages of expansion.
The work out of first expansion stage is being used to drive the two compressors.The work out of first expansion stage is being used to drive the two compressors.The work out of first expansion stage is being used to drive the two compressors.The work out of first expansion stage is being used to drive the two compressors.The work out of first expansion stage is being used to drive the two compressors.
The air from the first stage turbine is again heated to 1250 K and expanded.The air from the first stage turbine is again heated to 1250 K and expanded.The air from the first stage turbine is again heated to 1250 K and expanded.The air from the first stage turbine is again heated to 1250 K and expanded.The air from the first stage turbine is again heated to 1250 K and expanded.
Calculate the power output of free power turbine and cycle efficiency without andCalculate the power output of free power turbine and cycle efficiency without andCalculate the power output of free power turbine and cycle efficiency without andCalculate the power output of free power turbine and cycle efficiency without andCalculate the power output of free power turbine and cycle efficiency without and
with a perfect heat exchanger and compare them. Also calculate the percentagewith a perfect heat exchanger and compare them. Also calculate the percentagewith a perfect heat exchanger and compare them. Also calculate the percentagewith a perfect heat exchanger and compare them. Also calculate the percentagewith a perfect heat exchanger and compare them. Also calculate the percentage
improvement in the efficiency because of the addition of heat exchangers.improvement in the efficiency because of the addition of heat exchangers.improvement in the efficiency because of the addition of heat exchangers.improvement in the efficiency because of the addition of heat exchangers.improvement in the efficiency because of the addition of heat exchangers.
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Solution:Solution:Solution:Solution:Solution:
Given: P1 = 1 bar

T1 = 300 K
P4 = P5 = 5 bar
T5 = T7 = 1250 K

Turbine-1 is only used to give power to both compressors.

T
1250 K

300 K
1

2

3

4

5

6

7

8

s

WT 2

WT1

a

Assumption:Assumption:Assumption:Assumption:Assumption:
1. Air is working fluid
2. cp, cv, γ remains constant throughout.
3. No pressure losses in combustion chamber.
4. Isentropic efficiency of turbine and compressors is 100%.

In perfect intercooling, pressure ratio across two compressor should be same and it
is also the same condition for minimum work.
Since perfect intercooling is presentSince perfect intercooling is presentSince perfect intercooling is presentSince perfect intercooling is presentSince perfect intercooling is present
∴ Wc1 = Wc2

and intermediate pressure,

P3 = P2 = 1 4P P

P3 = P2 = 1 5 5 bar× =

Wc1 = Wc2 = ( )
1

1 1p pcc T r
γ −
γ⎧ ⎫

−⎨ ⎬
⎩ ⎭

= ( )
1

300 5 1pc

γ −
γ⎡ ⎤

−⎢ ⎥⎣ ⎦
Wc1 = Wc2 = 77.5496cp kJ/kg

Total compressor work, WTC = 2 × 77.5496cp

WTC = 155.1cp kJ/kg

4

3

T
T = ( )

1

5

γ −
γ  ⇒ T4 = 377.55 K

Since turbine, 1 give power to both compressors.
∴ WT1 = WTC

cp(T5 – T6) = 155.1cp
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T6 = 1250 – 155.1 = 1094.9 K
Pressure ratio across turbine 1

rPT1 =

1.4
1 0.45

6

1250
1.59

1094.9
T
T

γ
γ −⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

Since total pressure ratio is 5, so pressure ratio across free power turbine is

rPT2 =
5

3.14465
1.59

=

Power of free power turbine
WT2 = cp(T7 – T8)

7

8

T
T

= ( ) ( )
1

0.4/1.4
2 3.14465PTr

γ −
γ =

T8 =
1250

901.1K
1.3872

=

∴ WT2 = cp × (1250 – 901.1) = 348.9cp kJ/kgK
For air, cp = 1.005 kJ/kgK
So, power output of free power turbine

WT2 = 348.9 × 1.005 = 350.644 kJ/kg

Heat addedHeat addedHeat addedHeat addedHeat added
(i) Without regeneration

Q1 = cp(T5 – T4) + cp(T7 – T6)
= cp(1250 – 377.5 + 1250 – 1094.9)
= 1027.55cp kJ/kg

(ii) With perfect regeneration [Ta = T8]
Q2 = cp(T5 – Ta) + cp(T7 – T6)

= cp(1250 – 901.1 + 1250 – 1094.9)
= 504cp kJ/kg

EfficiencyEfficiencyEfficiencyEfficiencyEfficiency
(i) Without regeneration

η1 = 1 2

1

T T TCW W W
Q

+ −
WT1 = WTC

η1 = 2

1

348.9
100

1027.55
pT

p

cW
Q c

= ×

η1 = 33.97%
(ii) With perfect regeneration

η2 = 1 2

2

T T TCW W W
Q

+ −
WT1 = WTC

η2 = 2

2

348.9
100 69.22%

504
pT

p

cW
Q c

= × =

% improvement in efficiency,
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= 2 1

1

69.22 33.97
100 100

33.97
η − η −

× = ×
η

= 103.768%

MADE EASY Source __________________________________________________________
• ESE 2019 Mains Test Series: Similar to Q.6(c), Test-14
• MADE EASY Classnotes
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End of Solution




