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MECHANICAL ENGINEERING 

ESE _MAINS_2019_ (PAPER – 1) 

 

PAPER	REVIEW	

	
Section	 –	 A	 consists	 of	 questions	 on	 Fluid	 Mechanics,	 Thermodynamics	 (Basic),	 Heat	

transfer,	 Refrigeration	 &	 Air	 conditioning	 and	 Internal	 Combustion	 Engines.	Most	 of	 the	

questions	on	the	above	subjects	are	of	medium	difficultly	level.		

Section	 –	 B	 consists	 of	 questions	 on	 Hydraulic	 Machines,	 Power	 Plant	 Engineering,	

Turbomachinery	 and	Renewable	 Sources	of	Energy.	There	 are	more	questions	on	Power	

Plant	Engineering	and	they	are	a	bit	difficult	and	lengthy	as	well.		

Selection	 of	 questions	 play	 an	 important	 role	 in	 securing	 a	 good	 score.	 Based	 upon	 the	

above	 analysis	 it	 is	 observed	 that	 choosing	3	questions	 from	Section	 –	A	will	 fetch	 a	big	

advantage	to	the	students.		

	
SUBJECT	WISE	REVIEW	

	
Subjects	 Level	 Marks	

Basic	thermodynamics	 Medium	 52	

Refrigeration	&	Air	conditioning	 Medium	 52	

IC	Engine	 Hard	 32	

Power	plant	 Hard	 92	

Renewable	sources	of	Energy	 Medium	 44	

Heat	transfer	 Medium	 32	

Fluid	Mechanics	&	Turbo	machinery		 Medium	 176	

	

		 	 	 	 	 	 	 	 					Subjects	Experts,	

ACE	Engineering	Academy	 
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SECTION - A 

01(a). A main pipe divides into two parallel pipes which again form as one pipe. The length and 

diameter of the first parallel pipe are 1000 m and 0.8 m respectively, while the length and 

diameter of the second parallel pipe are 1000 m and 0.6 m respectively. Find the rate of flow 

in each parallel pipe, if total flow in the main is 2.5 m3/sec. The coefficient of friction for 

each parallel pipe is same and equal to 0.005.      (12 M) 

Sol: Assumptions: The flow is steady and incompressible. 

Friction factor = 4  coefficient of friction  

Since the branching pipes are parallel, 

       hf1 = hf2 

 or, 
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 Or, Q1 = 2.0528 Q2 ………. (1) 

 Also, Q1 + Q2 = 2.5 m3/s (given) 

i.e., Q1 = 2.5 – Q2 

From equation (1) 

2.5 – Q2 = 2.0528 Q2 

 Or, s/m8189.0
0528.3

5.2
Q 3
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and Q1 = 1.6811 m3/s 

f1 = 40.005 
L1 = 1000 m 
d1 = 0.8 m 

Q1 

Q2 

Q = 2.5 m3/s 

L2 = 1000 m 
d2 = 0.6 m 

f2 = 40.005 
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01(b). A reversible engine works between three thermal reservoirs, A, B and C. The engine 

absorbs an equal amount of heat from the thermal reservoirs A and B kept at temperatures 

TA and TB respectively and rejects heat to the thermal reservoir C kept at temperature TC. 

The efficiency of the engine is  times the efficiency of the reversible engine which works 

between the two reservoirs A and C. 

 Prove that:     
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  Efficiency is given as  times the efficiency of the reversible engine working between TA & TC 
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01(c). With the help of a neat sketch, explain the working of a thermostatic expansion valve. How 

does it cope up with the variable load?       (12 M) 

Sol: Thermostatic expansion valve:  

It is the most widely used expansion valve as it is adaptable to any type of refrigeration system. It 

has very feeler Bulbhigh efficiency as well. 

Though its name is thermostatic yet it is not actuated by the change in temperature of the 

evaporator. It is actuated by the superheat of the refrigerant leaving the evaporator. 

Its working is based on maintaining a constant degree of sufficient superheat at the evaporator 

outlet. The evaporators remain filled with the refrigerant under all conditions of load. 

The principle of the thermostatic expansion valve is shown in figure. It consists of pressure 

bellows/diaphragm, a needle and the seat, a feeler bulb and the adjustable spring. 

The feeler bulb is fixed on the suction line at the outlet of the evaporator to sense the temperature 

changes of the refrigerant.  

The pressure of the feeler bulb liquid acts on one side of the bellows/diaphragm as it is connected to 

it by state of equilibrium because of the two opposing pressures.  

The valve setting gets disturbed, when the change in the degree of superheat is encountered, thereby 

it moves in the direction depending on which side the pressure is higher. 

Normally thermostatic expansion valves are adjusted for a 4.5 to 5.50C superheat. 

Low pressure liquid 
refrigerant 

Pan

Sensing Bulb  
and capillary tube 

Diaphragm 

spring
Internal 
Equalizer 
ports

Valve and 
seat 

Valve 
body 

High 
pressure 
liquid

 Fig: Thermostatic expansion valve 
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01(d). The 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. The heat 

generation occurs only in the fuel rod according to the following relation: 

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Under steady state conditions, heat generated in the fuel rod is conducted through the 

cladding material and then dissipated to the coolant flowing around the cladding by 

convection. 

 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.             (12 M) 
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 On integration,  22
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01(e).  Compare compression ignition engine with spark ignition engine so far as the following 

points are concerned:  

 (i)   Working cycle 

 (ii)  Method of ignition 

 (iii) Method of fuel supply         (12 M) 

 

Sol: 

(i)  Working cycle of SI engine  

 Otto cycle: 

 The main drawback of the Carnot cycle is its impracticability due to high pressure and high volume 

ratios employed with comparatively low mean effective pressure. Nicolaus Otto(1876), proposed a 

constant – volume heat addition cycle which forms the basis for the working of today’s spark-

ignition engines. The cycle is shown on P-V and T-s diagrams in the following figures  

 

 

 

 

 

 

 

 

 The process 1-2 represents isentropic compression of the air when the piston moves from bottom 

dead centre to top dead centre.  

 The process 2-3 heat is supplied reversibly at constant volume. This process corresponds to spark-

ignition and combustion in the actual engine. 

 The process 3 - 4 represents isentropic expansion  

 The process 4 - 1 represent constant volume heat rejection. 

 
 Working cycle of CI engine :  

 Diesel Cycle: 

 The Diesel cycle is shown on P-V and T-s diagrams respectively 

 Diesel cycle consist of two reversible adiabatic, one reversible isobaric, and one reversible isochoric 

process. 
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Basic processes in diesel cycle  

1  2 : Reversible adiabatic compression 

2  3 : Constant pressure heat addition  

3  4 : Reversible adiabatic expansion 

4 1 : Constant volume heat rejection  

 

(ii)  Method of Ignition in SI Engine  : 

 An ignition system must provide the following basic requirements, a source of electric energy, a 

means for boosting the low voltage from the source to the very high voltage potential required to 

produce a high – tension across the spark plug gap that ignites, a means for timing and distributing 

the high voltage, i.e., distribute the high potential to each spark plug at the exact instant it is 

required in every cycle for each cylinder 

 The battery and generator normally provide 6 to 12 volt potential direct current, while the 

magneto provides an alternating current of higher voltage. 

 The relatively low voltage produced by the three different types of electric source must be 

boosted to a very high potential, 10,000 to 20,000 volts, in order to overcome the resistance of 

the spark gap and to release enough energy to initiate a self propagating flame front within the 

combustible mixture  

 The low voltage form the source is raised in the secondary circuit by means of an ignition coil, 

breaker points, and condenser. 

 The timing and distribution of the high potential to the proper spark plug at the exact instant it 

is required within each cylinder is accomplished by means of the distributor and breaker 

points   
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Method of Ignition in CI Engine  : 

 In CI engines the air fuel mixture is not homogeneous and the AFR in the various parts of the 

combustion chamber is different. 

 As the combustion chamber contains compressed air at a temperature above the ignition 

temperature of the fuel, combustion occurs at many points within the chamber. 

 As the fuel is injected, each minute droplet produced after atomization by the injector is 

enveloped by its own vapour, and after a small interval, combustion begins at the surface of this 

envelope. 

 As stated in above section, the fuel is not injected all at once but continues over a number of 

degrees of crank angles(upto about 35 degree, depending upon speed and size of engine). 

 The first droplets of fuel entering the cylinder come in contact with air whose temperature is 

only a little above the ignition temperature and hence the beginning of the burning process takes 

a little time. 

 The droplets which enter later find the air already heated to a temperature much above the 

ignition temperature due to burning of the earlier droplets and begin to burn almost immediately 

as they enter the cylinder, but the last droplets to enter find some difficulty in burning as much 

of the oxygen in the air has been consumed. 

 Therefore, to ensure proper combustion of the fuel, sufficient mixing of the fuel and air is 

necessary by dispersion of the fuel and turbulence of the air 

 
(iii)  Method of fuel supply in SI engine  

 An engine is generally operated at different loads and speeds. For this, proper air-fuel mixture 

should be supplied to the engine cylinder.  Fuel and air are mixed to form three different types of 

mixtures. 

 i)    Chemically correct mixture 

 ii)    Rich mixture and 

 (iii) Lean mixture 

 Chemically correct or stoichiometric mixture is one in which there is just enough air for Complete 

combustion of the fuel.  

 For example, to burn one kg of octane (C8H18) completely 15.12 kg of air is required. Hence 

chemically correct A/F ratio for C8H18 is 15.12:1; usually approximated to 15:1. This chemically 

correct mixture will vary only slightly in numerical value between different hydrocarbon fuels. It is 

always computed from the chemical equation for complete combustion for a particular fuel. 

Complete combustion means all carbon in the fuel is converted to CO2 and all hydrogen to H2O.  



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	11 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

 A mixture which contains less air than the stoichiometric requirement is called a rich mixture 

(example, A/F ratio of 12:1, 10:1 etc.). 

 A mixture which contains more air than the Stoichiometric requirement is called a lean mixture 

(example, A/F ratio of 17:1, 20:1 etc.) 

 There is however, a limited range of A/F ratios in a homogeneous mixture, only within which 

combustion in an SI engine will occur. Outside this range, the ratio is either too rich or too lean to 

sustain flame propagation. This range of useful A/F ratio runs from approximately 9:1 (rich) to 19:1 

(lean) as indicated in the figure.  

 

 

 

 

 

 The carburetor should provide an A/F ratio in accordance with engine operating requirements and 

this ratio must be within the combustible range. 

 

 Method of fuel supply in CI engine  

 Fuel injection in CI engines: 

 The fuel injection in CI engines consists of fuel supply tank, filters, lines, fuel pump, and fuel 

injector.  

 The function of the fuel injection system is to supply correct quantity of fuel and inject it at the 

correct time without after – dribbling, atomize the fuel properly, and ensure that the fuel spray 

penetrates the desired areas of the combustion chamber.  

 CI engine fuel injection system may be of two types – air injection, airless or solid injection. 

 In air – injection, the fuel is injected into the cylinder by means of compressed air at about 7 

MPa. Though this system was used in early years, it is seldom used now. 

 Advantages of this system are good atomization and distribution, and possibility of using high 

viscosity, less expensive fuel. 

 Disadvantages are complication of the engine with high pressure multi stage air compressor 

which absorbs a part of engine power. 

 Now a days the airless or solid injection is used, and this system consists of two main parts – a 

high pressure fuel pump (15 – 30 MPa) and a fuel injector. 

Excess fuel Excess air 

Too rich 
 to burn 

Too lean 
 to burn 

Combustible 
range 

9 15 19 
Fig: Air - fuel ratio 
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 Depending upon the arrangement of the fuel pumps and injectors, solid injection system may be 

classified as:  

(i) common rail system, 

(i) unit injector system, 

(ii) individual pump and injector system. 

 

02(a). A jet of water is discharging at 25 kg/sec from a nozzle of 25 mm diameter.  The jet from 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 a height of 2 m from the ground, determine the greatest 

distance from the building where the foreman can stand, so that the jet can reach the 

window.                     (20 M) 

 

Sol: Assumptions: 

 (i) Air resistance is neglected. 

 (ii) The flow is steady and incompressible. 

 Given: 

  25m  kg/s ,   dj = 25 mm 
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tsinV   …… (ii) 

 From equation (i) 

  
tV

x
cos

0

  

  
2

0

2

tV

x
1cos1sin 








    

 Substituting this value in Equation (ii), we get 

  2
22

0

2

0 gt
2

1
t

tV

x
1V28 










   = 2222

0 gt
2

1
xtV   

Or,    222
0

2 xtVgt
2

1
28   

x 

30 m 

V0 

z 

x 
2 m 
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  222
0

2
2 xtVgt

2

1
28 



   

Or,  x = 
2

222
0 gt

2

1
28tV 






   ……….. (iii) 

and  
 

2
222

0

22
0

gt
2

1
28tV2

gtgt
2

1
282tV2

dt

dx







 







 

  

For maximum x, 0
dt

dx
  

Hence, 0gtgt
2

1
28tV 22

0 





   

   322
0 tg

2

1
gt28tV   

   222
0 tg

2

1
g28V   

Or,  
 

2

2
02

g

2g28V
t


  

  
 

2

2

81.9

281.92893.50
t


  = 6.942 s    

Thus, the greatest distance from the building where the foreman can stand, is [from equation (iii)] 

  
2

222 942.681.9
2

1
28942.693.50x 






   = 234.75 m 

 

02(b). Two rigid tanks shown in Figure 2 (b) each contain 10 kg of N2 gas at 1000 K, 500 kPa.  

They are now thermally connected to a reversible heat pump, which heats one and cools the 

other with no heat transfer to the surroundings.  When one tank in heated to 1500 K, the 

process stops.  Find the final (P, T) in both tanks and the work input to the heat pump, 

assuming constant heat capacities.   

 

 

 

 

              (20 M) 

H.P 

QA QB 

W 

A 
N2 

B 
N2 

Figure 2(b) 
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Sol: Given:  PA,1, PB,1, TA,1, TB,1, TB,2 

 Assumptions: Nitrogen can be treated as an ideal gas.  System is closed. 

 Second Law: 

    



2

1 genei12 SSS
T

Q
SS  

 

 

   S2 – S1 = 0   

 mA(s2 – s1)A + mB (s2 – s1)B = 0 

              




































































1,B

2,B

1,B

2,B
vB

1,A

2,A

1,A

2,A
vA v

v
nR

T

T
ncm

v

v
nR

T

T
ncm0   

 

 
 
   mA = mB 

   






















1,B

2,B
v

1,A

2,A
v T

T
nc

T

T
nc0   

   






















1,B

2,B

1,A

2,A

T

T
n

T

T
n0   

   





















1,B

2,B

1,A

2,A

T

T
n

T

T
n   

   
K1500

K1000
K1000

T

T
TT

2,B

1,B
1,A2,A 










  

   TA,2 = 667 K 

 Now find pressures 
2

22

1

11

T

vP

T

vP

T

Pv
R   

 Volume is fixed,   
1

2
12 T

T
PP   

    kPa750
K1000

K1500
kPa500P B,2   

    kPa333
K1000

K667
kPa500P A,2   

 

 



2

1 genei12 SSS
T

Q
SS  

0 0 0 0 

0 





































































1,B

2,B

1,B

2,B
vB

1,A

2,A

1,A

2,A
vA v

v
nR

T

T
ncm

v

v
nR

T

T
ncm0   

0 
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 Apply first law to find work 

        U2 – U1 = Q12 – W12  

   W12 = U1 – U2 

   W12 = mA (u1 – u2)A + mB(u1 – u2)B 

   W12 = mAcv(T1 – T2)A + mBcv(T1 – T2)B 

          K1000K1500
kgK

kJ
745.0kg10K1000K667

kgK

kJ
745.0kg10W12   

   W12 = 1244 kJ  

 

02(c) Water is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. The length of 

the plate is 30 cm.  Calculate 

(i)    The thickness of the boundary layer 10 cm from the leading edge of the plate; 

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

(iii)  The drag coefficient on one side of the plate. 

  Assume parabolic velocity profile. 

  Kinematic viscosity of water,   = 1.02  10-6 m2/sec. 

  Derive the expressions used in the calculation.      (20 M) 

 

Sol: Assumptions: 

 (i) The flow is steady, incompressible and two-dimensional in x-y plane. 

 (ii) The boundary layer remains laminar, over the range of interest. 

 

 Given: 

 Smooth flat plate 

  U = 2 m/s;     

  L = 30 cm 

   = 1.02  10-6 m2/s 

 Velocity profile is parabolic 

 i.e., 
2

yy
2

U

u





















 

 The momentum thickness is evaluated as: 

   













0

dy
U

u
1

U

u
   = 






































0

2

22

dy
yy2

1
yy

2   
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       = 

























0

4

4

3

3

2

2

3

3

2

2

dy
yy2yy2y4y

2  

      = 



















0

4

4

3

3

2

2

dy
yy4y5y

2  

 Integrating the above relation, we get 

 






















0

4

5

3

4

2

32 y

5

1yy

3

5y
 

  = 
5

1

3

5
 

 
15

2

5

1

3

5
2  ……….. (i) 

 Using von-Karman M.I. equation, 

   
2

0

Udx

d







………. (ii) 

 where, 





















 U
yy

2
yy

u

0y

2

2

0y

0  

        = 

  2U

 ………………….... (iii) 

 Thus, from equations (i), (ii) and (iii) 

       

















 

U

2

U

U2

15

2

dx

d
2

 

   






U

2

dx

d

15

2
 

   







U

15

dx

d
 ........................ (iv) 

 Integrating, 

   cx
U

15

2

2











 

 But  at x = 0,   = 0    c = 0 

 Thus, 
x

2

2

Re

30

xU
30

x










 

  
xx Re

x477.5

Re

x30
  ................... (v) 
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(i) At x = 10 cm,   43.196078
1002.1

1.02
Re

6x 



   

    
43.196078

1.0477.5
cm10x


   

     = 1.237  10-3 m 

        Or, x = 10 cm = 1.237 mm 

 

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









1

U

15

dx

d
 

  
cm10xcm10x

1

U

15

dx

d

 






 

       = 
3

6

10237.1

1

2

1002.115








 

       = 6.1843  10-3 m/m 

 

(iii)  We know that drag coefficient, CD can be expressed as: (from Equations (iii) & (v)  

  
x477.5U

Re4

U
2

1
U2

U
2

1
C x

22

0
x,D 





















 

  2/1
x,D x.

U

477.5U

4
C 

 


  

   












 



L

0

L

0

2

1

x,DL,D

U
x2

477.5U

4

L

1
dxc

L

1
C  

         = 


 



LU

477.5UL

8
 

           
L

L,D
Re

46.1
C    

 where 29.588235
1002.1

3.02LU
Re

6L 






 
  

 Thus, the drag coefficient on one side of the plate is 

   3
D 10904.1

29.588235

46.1
C   
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03(a). A four-stroke cycle gasoline engine has six single-acting cylinders of 8 cm bore and 10 cm 

stroke.  The engine is coupled to a brake having a torque radius of 40 cm.  At 3200 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 produced at 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 fuel consumption is 0.33 kg/min; calorific value of 

fuel is 43 MJ/kg; the cooling water flow rate and temperature rise is 70 kg/min and 10C 

respectively.  On test, the engine is enclosed in a thermally and acoustically insulated box 

through which the output drive, water, fuel, air and exhaust connections pass.  Ventilating 

air blown 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 of the heat input.  

    (20 M)  

 

Sol: 4 Stroke cycle :  

 Torque radius, r = 0.4 m  

 No. of cylinders = 6 = x  

 Diametre = d = 0.08 m,  

 Length = l = 0.1 m,  

 Speed = N = 3200 rpm  

 Net brake load = 350 N = W 

 Net brake load with each cylinder cut off = W1 = 250 N 

 Fuel consumption = fm  = 0.33 kg/min  

 Calorific value of fuel = CV = 43000 kJ/kg  

 Cooling water flow rate = wm = 70 kg/min  

 Temperature rise of cooling water = T = 10C  

 Air entering the box = am  = 15 kg/min  

 Temperature of air entering box = Te = 290 K  

 Temperature of air leaving box = Tl = 273 + 62 = 335 K  
 
 Brake power with all cylinder firing  

  
60000

rWN2

60000

NT2
B







60000

4.035032002 
 = 49.89 kW  
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 Brake power with first cylinder cut off  

 
60000

rWN2
B 1

1


  

60000

4.025032002 
  = 33.49 kW  

 B1 = B2 = B3 = B4 = B5 = B6 = 33.49 kW  

 IP = x B – (B1 + B2 + ...... + B6) = 646.89 – (6 33.49) = 80.38 kW 

  
120

xNALp
kWIP mi  

 
 
120

6320008.0
4

1.0p
38.80

2
mi 




  

 
  1.06320008.0

4

12038.80
p

2
mi





  = 999.95 kPa  10 bar  

(A)  Heat supplied by fuel =    kg/kJCVmin/kgmf   

         = 0.33  43000 = 14190 kJ/min  

(B)  Heat converted to brake power = 46.89 kW = 46.89  60 = 2813.4 kJ/min   

(C)  Heat carried away by cooling coater  

   =      TkgK/kJcmin/kgm pww   

   = 70  4.2  10 = 2940 kJ/min  

(D)  Heat carried away by ventilating air  

   =    epaa TTcmin/kgm  
  

   = 151.005  (335 - 290) = 678.375 kJ/min  

(E)  Friction, radiation and other exhaust losses = A – (B + C + D)  

   = 14190 – (2813.4 + 2940 + 678.375)  

   = 7758.225 kJ/min  
 
 Heat Balance Sheet :  
 

Description  kJ/min % Description  kJ/min % 

A 14190 100 B 2813.4 19.83 

   C 2940 20.71 

   D 678.375 4.78 

   E 7758.23 54.67 

Total 14190 100  14190 100 

 



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	21 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

1 

2 

3 

4 

5 6 

S 

40C 

15C 

–16C 

T 

2 

 

03(b). A simple saturation refrigeration cycle uses R134a as refrigerant.  The refrigeration system 

operates at 40C condenser temperature and –16C evaporation temperature respectively. 

 If a liquid vapour heat exchanger is installed in the above simple saturation refrigeration 

cycle, find the COP and power per ton of refrigeration. The outlet vapour of heat exchanger 

is 15C temperature.   

 

 

 

 

 

 

        (20 M) 

 

Sol:  

 cpl = 1.498 kJ/kgK  

 s6 = 1.7379 kJ/kgK ,  

 s2 = 1.711 kJ/kgK , 

 h6 = 256.41 kJ/kg,  

 h2 = 419.43 kJ/kgK , 

 h3 = 256.41 kJ/kg,  

 
2pvc  = 1.145 kJ/kgK  

 
1pvc = 0.831 kJ/kgK  

  61pv61 TTchh
1

  

    = 389.02 + 0.831 (15 - (–16)) = 414.78 kJ/kg  

 









6

1
pv61 T

T
ncss

1
  

  







257

288
n831.07379.1   

  = 1.8325 kJ/kgK  

 s1 = s2 = 1.8325 > 1.7111 (s2)  

 

Compressor 

Condenser 

Expansion  
Valve (EV) 

Heat Exchanger 

Evaporator 
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After compression, in superheated state.  

          










2

2
pv21 T

T
ncss

2
  

 







313

T
n145.17111.18325.1 2  

106.0
145.1

7111.18325.1

313

T
n 2 











  

T2 = 313 e0.106 = 348 K  

h2 = h2 +  22pv TTc
2

  

    = 419.43 + 1.145 (348 - 313)  

    = 459.5 kJ/kg  

 

Heat gained in superheating = Heat loss in subcooling  

h1 – h6 = h3 – h4  

414.78 – 389.02 = cpl (T3 –T4)  

414.78 – 389.02 = 1.498 (40 –T4)  

498.1

02.38978.414
40T4


  = 22.8C  

h4 = h3 – (h1 – h6)  

    = 256.41 – (414.78 – 389.02)  

    = 230.65 kJ/kg  

h4 = h5 = 230.65 kJ/kg  

12

56

hh

hh
COP




  

 
78.4145.459

65.23002.389




  

 54.3
72.44

37.158
  

33.1
54.3

72.4

COP

72.4

TR

HP
  
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03(c). Moist 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 humidity 7.046 gm/kg of 

dry air. 

(i) If 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 air-conditioned, calculate the mass of dry air which must be 

supplied to the room in order to maintain a DBT of 21C in the room. 

(ii)  What will be the relative humidity in the room? 

(iii)  If a sensible heat gain diminishes by 1.175 kW but latent heat gain remains unchanged, 

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

 Take 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.                           (20 M) 

 

Sol:  From chart,  

1 = 0.0122,  

h1 = 60 kJ/kg d.a  

      0Tch0Tch 2pvCofg22pa2   

     = 1.012 (10 - 0) + 0.007046 [2500 + 1.88 (10 - 0)] 

     = 27.87 kJ/kg  

 

 

 

 

 

 

 

 

Room total heat load = 2.35 + 0.31 = 2.66 kW  

    kWRSHL
kgK

kJ
hhsec/kgm 2xa 








  

       kWRSHLTT
kgK

kJ
csec/kgm 2xhspa 








  

 

T2 = 10C 

1 

R 

2 
x 

T1 = 28C

DBT 

TR = Tx 

WBT = 20.6 

2 = 7.046  10–3
 

kgvap/kgda 

40.64  
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vP2Pahsp ccc   

      = 1.012 + 7.046  10–3  1.88 

      = 1.0252 kJ/kgK  

    kWRSHLcTTsec/kgm
hsp2xa   

  35.20252.11021ma   

(i)  Mass of dry air supply to room,  

sec/kg2084.0
0252.111

35.2
ma 


  

   kWRTHLhhm 2Ra   

0.2084 (hR - 27.87) = 2.66  

2084.0

266
87.27hR   

= 40.64 kJ/kg d.a  

 

(ii)  Relative humidity in room,  

At 40.64 kJ/kgda  and   DBT , TR = 21C  

From chart,  

R = 0.0074 kgvap/kgda  

R = 48%  

 

(iii)  TR = 21C,  

R = 0.0074,  

R = 48%,  

hR = 40.64 kJ/kgda  

TX = TR = 21C  

RSHL = 2.35 - 1.175 = 1.175 kW  

RLHL = 0.31 kW  

RTHL = RSHL + RLHL  

          = 1.175 + 0.31 = 1.485 kW  

   kWRLHLhhm xRa   

0.2084 (40.64 – hx) = 0.31 

1 

R 

2 
x 

 

DBT 
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2084.0

31.0
64.40hx  = 39.15 kJ/kgda  

   kWRSHLhhm 2xa   

0.2084 (39.15 – h2) = 1.175  

2084.0

175.1
15.39h2  = 33.51 kJ/kgda  

On the vertical from R mark hx and fix the state "x"  and horizontal from x will give the intersection 

point 2 the supply state of air to the room.  

From chart,  

T2 = 15.5C  

2 = x = 0.007  

hspc  = cpa + 2 cpv  

      = 1.012 + 0.007  1.88  

       = 1.02516 kJ/kgK  

       kWRSHLTT
kgK

kJ
csec/kgm 2xhspa 








  

0.2084 (1.02516) (21 – T2) = 1.175  

025156.12084.0

175.1
21T2 

  = 15.5C 

 

04(a). A 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 three fluxes of availability 

(inlet and two outlets) and the irreversibility rate.  Take ambient temperature as 25C.     

 

 

 

 

 (Refer Table A placed at the end of booklet)                  (20 M) 

 

Sol:  From steam table,  

 Properties of saturated water at pressure, P1 = 500 kPa 

 Enthalpy of liquid, h1 = hf = 632.18 kJ/kg  

 Entropy of liquid, s1 = sf = 1.8417 kJ/kg  

2 

N2 
3 

Vapour 

Liquid 

1 
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At P2 = 200 kPa  & x = 1  

Enthalpy of water vapour, h2 = hg = 2706.63 kJ/kg  

Enthalpy of water,  h3 = hf = 504.68 kJ/kg  

    s2 = sg = 7.1271 kJ/kgK  

    s3 = sf = 1.530 kJ/kgK  

At ambient condition, (T0 = 25C)  

Saturated water :  

  ho = 104.87 kJ/kg   

  so = 0.3673 kJ/kgK  

 

Mass balance:  

  321 mmm    

Energy balance :  

 332211 hmhmhm    

 h1 = x h2 + (1 – x) h3 

 

32

31

hh

hh
x




  

Here the fraction of vapour coming out from the flash chamber is x enthalpy at state 1 is h1 , 

enthalpy at state 2 is h2 and enthalpy at state 3 is h3.  

  
68.50463.2706

68.50418.632
x




 = 0.0579  

Now mass of vapour  

   
1

2

m

m
x




  

 12 mxm    

 2m  = 0.0579  10 = 0.579 kg/s  

Mass of liquid,  

   13 mx1m    

       = (1 – 0.0579)  10 = 9.421 kg/s  

Apply entropy generation equation for the control mass  

3322gen11 smsmssm    

113322gen smsmsms    
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sgen  entropy generation for entire process  

sgen = (0.579  7.127) + (9.421  1.53) – (101.8417)  

    = 0.124 kW/K  

Availability at state 1  

    o1o0111 ssThhm    

     = 10 [(632.18 – 104.87) – 298(1.8417 – 0.3673)] 

     = 877.2 kW  

Availability at state 2  

    o2o0222 ssThhm    

    = 0.579 [(2706.63 – 104.87) – 298(7.1271 – 0.3673)] 

    = 339.5 kW 

Availability at state 3  

    o3o0333 ssThhm    

   = 9.421 [(504.68 – 104.87) – 298(1.53 – 0.3673)] 

     = 500.7 kW 

Now,  

Irreversibility, I = 1 + 2 + 3  

             = 877.2 – 339.5 – 500.7  

          I = 37 kW  

 

04(b). Air 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 at inlet is 20C and leaves 

the tube at 180C.  Determine  

 (i)  The length of the tube required to heat the water from 20C to 180C, and 

 (ii) The pumping power required to maintain the flow. 

 Assume f = 0.3164/(ReD)1/4. 

 Properties of air at the mean film temperature fT : 

   density =   = 0.8345 kg/m3;  

   Specific heat = cp = 1015 J/kg K;  

   Dynamic viscosity,  = 2.3825  10-5 kg/m.s;  Pr = 0.703; 

   Thermal conductivity, k = 0.034425 W/mK.     (20 M) 
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Sol: D = 0.02 m,  TS = 200C, 

 Ti = 20C,  To = 180C 

 





Du
Re  = 

5103825.2

02.0208345.0



 = 14010.493 

  Flow is turbulent.   

 4.08.0
e PrR023.0

k

hD
Nu   

     4.08.0 703.0493.14010023.0
034425.0

02.0h



 

 8685.069.2075023.0
034425.0

02.0h



 

   h = 71.36 W/m2K 

   2002.0
4

8345.0uD
4

m 22 





  

 m  = 0.005243 kg/s 

 pcm

Lhp

si

so e
TT

TT 







 

 
psi

so

cm

LDh

TT

TT
n

















 

 
1015005243.0

L02.036.71

20020

200180
n













  

 L = 2.667 m 

 
   4

1

4

1

493.14010

3164.0

Re

3164.0
f   

 f = 0.029081 

 
gD2

uLf

g

P
h

2

f 



  

 
D2

fLu
P

2
  

 
 

02.02

20607.2029081.08345.0
P

2




  

 P = 632.669 N/m2 

 uD
4

uArateflowV 2
c 


  

Ts = C 

D 

Ts Ts 

To 

Ti 

u = 20 m/s 
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     2002.0
4

2 


  

   = 0.006283 m3/s 

 Power required = VP   = 632.6690.006283 = 3.975 W 

 

04(c). A single-cylinder, single-acting reciprocating compressor using R12 as refrigerant has 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 the compressor when the 

suction temperature is –10C.  Specific heat of vapour at 40C is 0.759 kJ/kg K. 

 Assume the simple cycle of operation and no clearance.      (20 M) 

 

Sol:  Single cylinder,  Single acting.  

  Bore = d = 0.08 m,  

  Length = L = 0.06 m,  

  Speed = N = 1450 rpm,  

   cpv = 0.759 kJ/kgK  

 

v1 = 0.7 m3/kg,  

h1 = 183.2 kJ/kg,  

h2 = 203.2 kJ/kg  

s1 = 0.702 kJ/kgK,  

s2 = 0.6825 kJ/kgK  

P1 = 2.1912 bar,  

P2 = 9.607 bar  

 

 s1 = s2 = 0.702  > s2 

 Super heated state  

 s1 = s2 = s2 + cpv 







2
2

T

T
n  

 







313

T
n759.06825.0702.0 2  

 
pv

212

c

ss

313

T
n











  
759.0

6825.0702.0 
  = 0.02569  

1 

2 T 

S 

2 
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 T2 = 313 e0.02569  = 321.15 K  

 h2 = h2 + cpv (T2 – T2)  

   = 203.2 + 0.759 (321.5 - 313)  

   = 209.39 kJ/kg  

 

 Performance characteristics :  

 Work of compression = h2 – h1  

   = 209.39 – 183.2 = 26.18 kJ/kg  

 As clearance is zero, volumetric efficiency is 100 %.  

 Mass flow rate = 
1

2

v60

xNLD
4



 

          
   

7.060

1145006.008.0
4

2






  = 0.0104 kg/sec  

 Pressure ratio = 384.4
1912.2

607.9

P

P

1

2   

 Compressor discharge temperature = 321.15 K = 48.15C  

 



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	31 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

SECTION - B 

 

05(a).  A single – cylinder, single-acting, square reciprocating pump has piston diameter and stroke 

length of 300 mm. The pump is placed such that the vertical distance between the center-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 and delivery pipes are 8 m and 28 m long 

respectively, and diameter of both the pipes is 150 mm. If the pump is running at 30 rpm 

and coefficient of friction for suction and delivery pipe is 0.005, estimate the theoretical 

power required to drive the pump (kW).             (12 M) 

 

Sol: Assumptions: 

 (i) The motion of the plunger inside the cylinder is treated as a simple harmonic motion. 

 (ii) The crank rotates with a constant angular velocity  rad/s. 

 (iii) The connecting rod is considered to be very long compared to crank radius. 

 

 Given data: 

 D = 0.3 m = L;  f = 4  0.005 = 0.02; 

 Hs = 5 m;    Hd = 22 m; 

 s = 8 m;   d = 28 m ; 

 ds = dd = 0.15 m  ; N = 30 rpm; 

 22 m0707.03.0
4

A 


  

 Angular speed,  = s/rad14.3
60

302



  

  4
15.0

3.0

a

A
2

s







 and 4

a

A

d

  

 Average frictional head loss in the suction pipe, 

  
2

ss

s
fsmsavf r

a

A

gd

f

3

1
h

3

2
h 











 

 where hfsm is the maximum frictional head loss in the suction pipe (at  = 90) 

   = 
2

2

3.0
14.34

15.081.9

802.0

3

1






 




  

   = 0.1286 m 
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Vf1 

Vr2 V1 

Vr1 
V2 Vf2 

1 2 2 1 

VW1 VW2 

Vb 

A B 

D 

C 

A Vb B 

V1 

D 

Vr1 

1 

 Average frictional head loss in the delivery pipe. 

  
2

dd

d
fdmdavf r

a

A

gd

f

3

1
h

3

2
h 











 = 0.4503 m 

  s/m0106.0
60

303.00707.0

60

ALN
Q 3

t 


  

 Power required (theoretical) 

 



 


 fdmfsmds h

3

2
h

3

2
HH

60

ALN
P  

     = 9.81  0.0106 [5 + 22 + 0.1286 + 0.4503] 

    = 2.869 kW  2.87 kW 

 

05(b).  Show that the diagram work per unit mass of steam for maximum blading efficiency of a 

50% reaction stage is Vb
2, where Vb is the mean blade velocity.                (12 M) 

 

Sol:    1= Nozzle angle at exit or fixed blade angle 

   2 = Entrance angle of fixed blade or Absolute velocity angle at outlet 

        1, 2 = Blade or rotor or Vane angle at inlet & outlet respectively.   

 

For 50% reaction turbine (Parson turbine) 

    1 = 2 ,    V1 = Vr2 

      2 = 1  ,  V2 = Vr1  

Power, P =  2w1wb VVVm   

Energy input, 
2

VV

2

V 2
1r

2
2r

2
1 
  

But,  Vr2 = V1 

Energy input = 
2

V
V

2
1r2

1   

 














2

V
Vm

VVVm
2
1r2

1

2w1wb
stage



  

2

V
V

VVV
2
1r2

1

2w1wb




  

But, Vw1 = V1 cos 1  

        Vw2 = Vb – Vr2 cos 2 

i.e., Vw2 = Vb – V1 cos 1 
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Cosine rule : 

Vr1
2 = Vb

 2 + V1
2 – 2 Vb V1 cos 1 

W = Vb (Vw1 – Vw2) 

     = Vb [V1 cos 1 – (Vb – V1 cos 1)] 

W = Vb (2V1 cos 1 – Vb) 

 

Energy input : 

      = 
2

V
V

2
1r2

1   

      






 


2

cosVV2VV
V 11b

2
1

2
b2

1  

      11b
2

b
2

1 cosVV2VV
2

1
  

   
inputEnergy

Work
  

      
 

 11b
2

b
2

1

b11b

cosVV2VV
2

1
VcosV2V




  

      
 

 11b
2

b
2

1

2
b11b

cosVV2VV

V2cosVV4




  

 
11b

2
b

2
1

2
b11b

cosVV2VV

V2cosVV4




  

Dividing by V1
2 

  

1
1

b
2

1

2
b

2

1

b

1

1b

cos
V

V
2

V

V
1

V

V
2

V

cosV4















  

1
1

b

2

1

b

2

1

b
1

1

b
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V
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V

V
1

V

V
cos

V

V2
2









































  

Let, a = 
1

b

V

V
 

 
1

2

2
1

cosa2a1

acosa22




  
 
 1acosa2

11acosa22
2

1

2
1




  

 1acosa2

2
2

2
1 

  
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For max, 2acos1 – a2 + 1 should be maximum. 

   01acosa2
da

d 2
1   

 2cos 1 – 2a = 0 

    a = cos 1  = 
1

b

V

V
 

Maximum efficiency : 

   1coscos2

2
2

1
2

1
2max 

  

  
1cos

2
2

1
2max 

  

  
 

1cos

21cos2

1
2

1
2

max 


  
1cos

22cos2

1
2

1
2




  

  
1cos

cos2

1
2

1
2

max 


  

i.e.,  
2

1
2

b

2
b

max
VV

V2


  

The velocity diagram of 50 % reaction turbine with maximum blading efficiency is shown below.  

 

 

 

 

 

 

 

 

The diagram work per kg of steam  

  WD = Vw Vb = 2 (V1 cos - Vb) Vb  

From above equations, the diagram work per unit mass of steam for maximum blading efficiency,  

  WD = (2Vb – Vb) Vb = Vb
2   

 

1 2 

Vr1 = V2 

V1 

V2 

2 1 

Vr2 = V1 

Vw = Vb 

Vb = V1 cos 
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05(c). Derive an expression for efficiency of a combined cycle where two thermodynamic cycles are 

coupled in series. The expression should be derived in terms of efficiencies of the coupled 

cycles. Conventional notations may be used.                                                                  (12 M) 

 
Sol: If two Rankine cycles with two different working fluids are coupled in series, the heat lost by one is 

absorbed by the other, as in the mercury-steam binary cycle. Let 1 and 2 be the efficiencies of the 

topping and bottom cycles, respectively, and  be the overall efficiency of the combined cycle.  

 

 

1

2
1 Q

Q
1     and  

2

3
2 Q

Q
1  

Q2 = (1 – 1) Q1  

Q3 = Q2 (1 – 2)  

    
1

212

1

22

1

3
1 Q

11Q

Q

1Q
1

Q

Q
1





  

 = 1 – (1 – 1) (1 – 2)  

1 -  = (1 – 1) (1 – 2) 

For n cycles coupled in series, the overall efficiency would be given by  

1 –  = (1 – 1) (1 – 2) …..(1 – o)  

 i
n

1i
11 


 

Total loss = product of losses in all the cycles in series.  

For two cycles coupled in series,  

   = 1 – (1 – 1 – 2 + 12) 

  2121 .  
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05(d). Explain with neat sketch how solar absorption refrigeration system works for space cooling.  

(12 M) 

 
Sol: Refrigeration Cycles : 

 There is another absorption refrigeration system, namely, lithium bromide-water vapour absorption 

(figure). Here the refrigerant is water and the absorbent is the solution of lithium bromide salt in 

water. Since water cannot be cooled below 00C, it can be used as a refrigerant in air conditioning 

units. Lithium bromide solution has a strong affinity for water vapour because of its very low 

vapour pressure. It absorbs water vapour as fast as it is released in the evaporator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 While the vapour compression refrigeration system requires the expenditure of ‘high-grade energy 

in the form of shaft work to drive the compressor with the concomitant disadvantage  of vibration 

and noise, the absorption refrigeration system requires only ‘low-grade’ energy in the form of heat 

to drive it, and it is relatively silent in operation and subject to little wear. Although the COP = 

GE Q/Q  is low, the absorption units are usually built when waste heat is available, and they are built 

in relatively bigger sizes. One current application of the absorption system that may grow in 

importance is the utilization of solar energy for the generator heat source of a refrigerator for food 

presentation and perhaps for comfort cooling. 
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05(e).  How do fuel cells work? Explain the principle with the help of a sketch.   (12 M) 

 

Sol:  FUEL CELL    

 A fuel Cell is a device that uses mainly hydrogen as a fuel and oxygen as a oxidant. 

 This technology is based upon the simple combustion reaction,  

   2H2 + O2  2H2o 

 It converts chemical energy into electrical energy. 

 

BASIC DESIGN OF FUEL CELL   

 There are two electrodes on either side of an electrolyte. 

 Electrode must be made by porous conducting material. 

 Hydrogen and oxygen passes to collect charge over two different electrodes. 

 By means of chemical reaction, electricity, heat and water are produced. 

 Catalyst is also used to accelerate the reaction like platinum. 

 Fuel Cell can be classified based on the type of electrolyte, type of the fuel and oxidant used, 

operating temperature range, Application basis etc. 

 

 Working Principle of Phosphoric Acid Fuel Cell :  

 

 

 

 

 

 

 

 

 

 

 

 

 Hydrogen fuel is supplied to the anode (Negative terminal) 

 Oxygen is supplied to the Cathode    (Positive terminal) 

 At the anode   H2  2H+ + 2e– 

Electrons flow 

Spent oxidant 
+ H2O vapour 

Oxidant 
(O2 or air) 

Spent flue 

–ve electrode Electrolyte  
to coolant 

+ve electrode 

2H+ 
H2 

Fuel (H2 or 
 H2 rich gas) 

Phosphoric  
Acid  

(electrolyte) 

½ O2 

H2O 

 
+ – 

2e- 2e- 

Phosphoric Acid Fuel Cell 
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 Electrons reach cathode through the external load circuit. 

 H+ ions migrate from anode to cathode through the electrolyte. 

 Now on cathode   2 2

1
O 2H 2e H O

2
     

 By combining these equation water and electrical energy is obtained H2 + 2

1
O

2
  H2O 

 The products depend on fuel and oxidant used. 

 

06(a). A centrifugal pump has an impeller diameter at outlet as 1 m and delivers 1.5 m3/s of 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 type of impeller (forward, radial 

or backward curved), and the blade angle at outlet. Draw velocity triangle at outlet.   (20 M) 

 

Sol: Assumptions: 

 (i)  The flow is steady. 

 (ii) The liquid is incompressible. 

 (iii) There are no irreversible losses through the impeller. 

 (iv) At the inlet the entry is shockless.  

 

 Centrifugal pump: 

  D2 = 1 m;       Q = 1.5 m3/s; 

  H = 100 m;  N = 1000 rpm; 

  B2 = 85 mm;  man = 0.85 

 Type of impeller  & 2   

   36.52
60

10001

60

ND
u 2

2 





 m/s 

Since,  
2w2

m
max Vu

gH
  

  
85.036.52

10081.9

u

gH
V

man2

m
2w 





 = 22.042 m/s 

Since,    Q = D2B2Vf2 

  617.5
085.01

5.1

BD

Q
V

22
2f 





  m/s 
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042.2236.52

617.5

Vu

V
tan

2w2

2f
2 




 = 0.1853 

  2 = 10.497  10.5 

 Since 2 < 90, the blade type is backward curved. 

 

 

 

 

 

 

 

 

06(b).  Consider 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 compressor at 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 a simple ideal Rankine cycle operating 

between the pressure limits of 7 MPa and 5 kPa. Steam is heated in a heat exchanger by the 

exhaust gases to a temperature of 500oC. The exhaust gases leave the heat exchanger at 450 

k. Determine (i) the ratio of the mass flow rates of the steam and the combustion gases, and 

(ii) the thermal efficiency of the combined cycle.    

 

 

 

 

 

 

 

 

 

 

  Assume specific beat of gas as 1.005 kJ/kg K.  

 (20 M) 
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Sol: Pressure ratio rp = 8;  

 comp = 0.8 

 K300T1   

     4.1

14.11

p12 8300rTT




  = 543.4 K 

 
comp

12
12

TT
TT




   

     = 
8.0

3004.543
300


  = 604.25 K 

 K1300T3   

 Process 3 to 4 

 Q = 0,  S = C, T = 0.85 

 
   

7.717
8

1300

r

T
T

4.1

14.11

p

3
4 


 


  

  43T34 TTTT   

     = 1300 – 0.85(1300 – 717.7)  = 805 K 

 Wcomp =  12p TTc
a    

          = 1.005(604.25–300) = 305.77 kJ/kg 

  43pturbine TTcW
a

  = 1.005(1300 – 805) = 497.48 kJ/kg 

 Heat given to steam by exhaust gases =  54p TTc
a

  

               = 1.005(805 – 450) = 356.78 kJ/kg 

 P1 = 5 kPa 

 h1 = 137.79 kJ/kg 

 v1 = 0.001005 m3/kg  

  condboilerf12 PPvhh   = 0.00105(7000 – 5) 

 h2 = 137.79 + 0.001005(6995) = 145.14 kJ/kg 

 h3 = 3411.4 kJ/kg 

 s3 = 6.8 

 s3 = s4 = 6.8 wet state 

  
4fg4f43 sxsss

4
  

  9187.7x4763.08.6 4  
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 8.0~7985.0
9187.7

4763.08.6
x4 


   

  
4fg4f4 hxhh   = 137.79 + (0.8)(2423.66) = 2076.72 kJ/kg 

 Heat supplied to gas turbine 

 23s hhQ
1

  

        23p TTc
a

  

        = 1.005(1300 – 604.25) = 699.23 kJ/kg 

 (Wnet)turbine = WT – WC = 497.48 – 305.77 = 191.71 kJ/kg 

      Wpump = h2 – h1 = 145.14 – 137.79 = 7.35 kJ/kg. 

 Wturbine (steam) = h3 – h4 

             = 3411.4 – 2076.72 = 1334.68 kJ/kg 

 (Wnet)steam turbine = WT – WP = 1334.68 – 7.35 = 1327.33  

 Heat supplied to steam turbine = 1327.33 kJ/kg 

   = h3 – h2 

   = 3411.4 – 145.14 = 3266.26 kJ/kg 

 Heat rejected by gas turbine to steam turbine = 356.78 kJ/kg 

 Net heat supply to steam turbine = 3266.26 – 356.78 = 2909.48 kJ/kg 

 Net work of combined cycle =    STnetGTnet WW   

             = 191.71 + 1327.33 = 1519.04 kJ/kg 

 Net heat supply to combined cycle =    STsGTs QQ   

           = 699.23 + 2909.48 = 3608.71 kJ/kg 

    
 combined

combinednet
cyclecombinedth plysupHeat

W
  = 

71.3608

04.1519
 = 0.421 or  42.1% 

 Heat rejected by gases = Heat gained by steam 

    23s54pg hhmTTcm
a

    

 
 

23

54p

g

s

hh

TTc

m

m
a









 

     
 

 14.1454.3411

450805005.1




  

      = 109.0
26.3266

78.356
  

     = 0.109 kg steam/kg gas 
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06(c).  What is Betz limit for wind turbines? Derive an expression for Betz limit for wind turbines.   

         (20 M) 

 

Sol:  Betz limit :   

 As wind energy is a low grade energy and by wind turbine, it is converted into high grade energy 

like electricity.  

 We know by thermodynamics second law that a low grade energy can not be fully converted into 

high grade energy.  

 So, Betz found a limit on the conversion of wind energy into electricity, which is known as Bets 

limit.  

 

 Betz model :  

 

where,  

uo = velocity of wind at upstream, 

u1 = velocity of wind at turbine. 

u2 = velocity of wind at down stream 

A0, A1, A2 = corresponding areas.  

 

 Assumption : Mass flow rate is constant.  

 

Mass flow rate (incompressible fluid)  

 m  =  A0u0 = A1u1 = A2 u2       ….. (1) 

  = density of air  unchanged  

 

Force or thrust on Rotor (F) = 20 umum   … (2) 

Power extracted by turbine 

 PT = F.u1 = m (u0 – u2) u1         …. (3) 

Power extraction can also be written like difference in kinetic energy at the upstream and 

downstream.  

  2
2

2
0T uum2

1P       …….. (4) 

(3) = (4) 

upstream downstream 

Turbine
Z0 Z2 

A2 
A1 A0 

u0 u1 u2 

p2 p2 p0 p0 

Wind stream tube in presence of turbine 

A0 

u0 u0 

Unperturbed Wind stream tube in absence of turbine 

Betz model for expanding air-stream tube 
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 





 


2

uu
u 20

1     …….. (5) 

 

Interference factor ‘a’ is defined as fractional wind speed decrease at the turbine.  

 a = u0 – u1 / u0    …….. (6) 

 u1 = (1 –a) u0   ……… (7) 

or       a = (u0 – u2) / 2u0    ……. (8) 

 

 a = induction / perturbation factor. By eq. (3)   

 PT = ( A1 u1) (u0 – u2) u1  

By eq. (6, 7, 8)  

 PT =   A1 (1 – a)2  u0
2 (2 uo)  a 

 PT = 4a (1 – a)2 





  3

01 uA
2

1
 …… (9) 

 PT = CP P0        

CP = Power coefficient = Fraction of available power in the wind that can be extracted  

CP = 4a(1 – a)2  

 

Maximum value of C can be 

3

1
a0

da

Cd p   

CP,max = 0.593 

 

So According to Betz Model 59.3% is the maximum energy that can be extracted from wind. 
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07(a). A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles, produces 16 

MW of power. The turbine is running at 400 rpm and operating under a 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 place 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%, determine 

 (i) Discharge through the turbine (m3/s) 

 (ii) Penstock diameter (m) 

 (iii) Jet diameter (m) 

 (iv) Hydraulic efficiency of the turbine. 

 Draw velocity triangles.         (20 M) 

 

Sol: Assumption: The flow is steady and incompressible. 

 Given data: 

  D = 1.5 m;  4 nozzles 

  P = 16 MW;  N = 400 rpm 

  HG = 300 m;  L = 2 km; 

  H = HG – (hL)Penstock 

     = 300 – 30 = 270 m 

 V1 = 27081.9297.0gH2CV    = 70.6 m/s 

 
60

4005.1

60

DN
u





  = 31.416 m/s 

 
gQH

1016 6

0 


  

 
270981084.0

1016

gH

1016
Q

6

0

6








  

 

 (i) Discharge through the turbine, Q = 7.1913 m3/s 

 Discharge through one nozzle 

 
4

1913.7
q   m3/s 

 
4

1913.7
Vd

4 1
2
j 


 



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	47 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

 
6.70

1913.7
d j 
  

(iii) dj = 0.18 m = 180 mm 

(ii) 
   

5

2

5

2

f D1.12

1913.7100024004.0

D1.12

fLQ
h




  

   D = 1.354 m 

(iv) 
  

gH

ucosk1uV1
hyd


  

      = 
  

27081.9

416.3115cos9.01416.316.70




 

      = 0.8688 = 86.88 % 

 Velocity triangles are drawn as: 

 

 

 

 

 

 

 

 

 

07(b). What do you mean by compounding in steam and gas turbines? What are the various 

methods of compounding in steam and gas turbines? Explain all the methods with neat 

sketch.            (20 M) 

 

Sol: Compounding of steam turbine :  

 One of the chief objects in the development of the steam turbine is to reduce the speed of the rotor 

to practical limits.  

 If the steam is expanded from the boiler pressure to the condenser pressure in a single stage, its 

velocity is liable to be supersonic, in which case pressure jumps may occur and reduce the 

efficiency.   

 Also, if this high velocity is used up on a single-blade ring it produces a rotor speed of about 30,000 

rev/min, which is too high for practical purposes.   

Vr2 

U Vw2 

  

Vf2 

Angle of 
Deflection 

B1 

V1=Vw1 

C1 
A1 

U Vr1 

 

B2 

D2 C2 
A2 
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Nozzle M- Moving blades 
F-Fixed (guide) blades 

V2 (Velocity) 

P2 (pressure) 

M M 
F F 

M 
P1 

V 

Fig: Compounding for velocity 

 There are several methods of overcoming this high rotor speed, all of which utilize several blade 

rings.  In all these methods there is a multiple system of rotors in series, keyed on a common shaft, 

and the steam pressure or the jet velocity is absorbed in stages as it flows over the rotor blades; this 

is known as compounding. 

 

Compounding for Velocity: 

 Rings of moving blades, separated by rings of fixed blades, are keyed in series on the turbine shaft. 

 The steam is expanded through nozzles from boiler pressure to the condenser pressure, to a high 

velocity, and is then passed over the first ring of moving blades.  Only a portion of this high 

velocity is absorbed by this blade ring, the remainder being exhausted on to the next ring of fixed 

blades. 

 

 

 

 

 

 

 

 

Compounding for Pressure: 

 In this type, rings of moving blades, each having a ring of fixed nozzles, are keyed to the turbine 

shaft in series.   

 The total pressure drop of the steam does not take place in the first nozzle ring, but is divided up 

equally between all the nozzle rings.  

 The steam from the boiler is passed through the first nozzle ring, in which it is only partially 

expanded.  It then passes over the first moving blade ring, where nearly all of its velocity is 

absorbed. From this ring, it exhausts into the next nozzle ring and is again partially expanded, this 

absorbs a further portion of its total pressure drop.   

 The velocity obtained from this second nozzle ring is absorbed by the next ring of moving blades. 

This process is repeated in the remaining rings until the whole of the pressure drop has been 

absorbed.  Each pressure drop is known as a stage. 

 This method of pressure compounding is used in the Rateau and Zoelly turbines. 

 



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	49 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

M M M 

Nozzles 

(Velocity) 

Pressure 
P2 
V2 V1 

P1 

Fig: Pressure compounding 

M M M 

Nozzles 

(Velocity) 

Pressure 
P2 

V2 V1 

P1 

Guide blades 

Fig: Velocity – Pressure compounding 

M 

 

 

 

 

 

 

 

 

 

 

Pressure-Velocity Compounding: 

 The total pressure drop of the steam is divided into stages, and the velocity obtained in each stage is 

also compounded.  

  This has the advantage of allowing a bigger pressure drop in each stage, and consequently fewer 

stages are necessary.   

 Hence, a shorter turbine will be obtained for a given total pressure drop.  

  The curves of pressure and velocity for this type of compounding are shown in figure.  

  It will be noticed that the diameter of the turbine is increased at each stage, this is to allow for the 

increasing volume of the steam at the lower pressures.   

 A ring of nozzles must be fitted at the commencement of each stage.  It will be seen from the curves 

that the pressure is constant during each stage, the turbine is therefore an impulse turbine.  

  This method of pressure-velocity compounding is used in the Curtis turbine. 
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Compounding in gas turbines :  

 

Velocity compounding  

One of the methods that is followed in multistage expansion in impulse turbine is to generate high 

velocity of fluid. This is done by expanding the gas through a large pressure drop in the nozzle blade row. 

The high velocity of fluid then transfers its energy in a number of stages by incorporating many rotor 

blade rows separated by rows of fixed guide blade. Since turbine is impulse type pressure of fluid 

remains constant after expansion in nozzle blade rows. Work done is in the ratio 9:7:5:3:1 in various rotor 

blade rows (5 numbers). Third stage in a three stage turbine produces only 1/9th work total, hence more 

than three stages are not used in velocity compounding and it reduces length of turbine.  

 

Pressure ratios used in gas turbines are much lower as compared to steam turbines. Losses in velocity 

stages are much higher compared to reaction stages hence velocity compounding has limited application 

in the field of gas turbines except in some special applications.  

 

Major problems in velocity compounding : 

 Nozzles are convergent and divergent type for high velocity hence more expensive and difficult 

in design.  

 high velocity at nozzle exit leads to high cascade loss. Shock waves are generated if flow is 

supersonic which increases losses further.  

  

Rateau stage or pressure compounding : 

A high pressure ratio divides total pressure drop which is divided into a number of impulse stages. Due to 

lower pressure drops there are subsonic flows and such a stage does not suffer from disadvantages of 

velocity stages.  

 

Multistage reaction turbines :  

The gas pressure decreases continuously over both fixed and moving blades. As pressure drop is smaller 

in each stage as compared to impulse stages, gas velocities are relatively low and flow is accelerating 

throughout. This makes reaction stages aerodynamically more efficient though the tip leakage loss 

increases on account of relatively higher pressure difference across rotor blades.  
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07(c). A 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, rotor and stator, is 

same in each stage. If the speed ratio is 0.7 and blade angle at outlet is 20, draw velocity 

triangles and determine degree of reaction, blade angle at inlet and diagram efficiency. 

 (20 M) 
 
Sol: Diametre = 1.4 m,  

 Speed = N = 3000 rpm,  

       (h)s = (h)rotor = x  

 Symmetrical turbine 50% reaction turbine.  7.0
V

U

1

  

 Blade speed = 
60

DN
U




60

30004.1 
  = 219.8 m/sec  

 Steam speed = V1 = 
7.0

8.219

7.0

U
 = 314 m/sec  

 

For 50% RT  

1 = 2 = 20   

Exit angle of fixed blade = Exit angle of moving blade  

Vw1 = V1 cos1  

       = 314 cos20 = 295.06 m/sec  

Vf1 = V1 sin1  

      = 314 sin20 = 107.394 m/sec  

8.21906.295

394.107

UV

V
tan

1w

1f
1 




 = 1.427  

Inlet blade angle = 1 = tan–1(1.427) = 54.98 = 2  

Diagram efficiency = 



2

2

cos1

cos2
 

       9378.0
20cos1

20cos2
o2

o2




 = 93.78%  

Degree of reaction = 
 

   FBMB

MB

hh

h




 

      5.0
xx

x



  

V1 
Vr2 

V2 

2 
2 

Vr1 Vf1 
Vf2 

1 

Vw2 Vw1 

V 

1 
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08(a). A single-stage air compressor delivers air at 6 bar. The pressure and temperature at the end 

of suction are 1 bar and 27C. It delivers 1.5 m3 of free air per minute when 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 of compression and expansion is 1.3. Find 

 (i) The volumetric efficiency, 

 (ii) Bore and stroke of cylinder if both are equal, 

 (iii) The power required if the mechanical efficiency is 80%.          (20 M) 

 

Sol: Single stage 

 Single cylinder x = 1   

 Speed = N = 350 rpm 

 05.0
V

V
C

S

3    

 n = 1.3 

 6
1

6

P

P

1

2   

 P1 = 100 kPa 

 T1 = 273 + 27 = 300 K 

 
n

1

1

2
vol P

P
CC1 








  = 1 + 0.05 – 0.05 (6)1/1.3 = 0.852 

 PR = 101.3 kPa 

 TR = 273 + 15 = 288 K 

 RV = 1.5 m3/min 

  
1

11

R

RR

T

VP

T

VP 
  

 
100

300

288

5.13.101

P

T

T

VP
V

1

1

R

RR
1 


  = 1.583 m3/min 

   3.1/1
34

4

3

n

3

4 6VV
P

P

V

V 





















 

 s3 V05.0V   

 s31 VVV    

P 

V 

3 2 

1 4 
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 33 V
05.0

1
V583.1    

 min/m0754.0V 3
3   

   3.1

1

4 60754.0V   

 min/m299.0V 3
4   

  min/m284.1VV 3
41    

 

    






































1
P

P
VVP

1n

n
kWW

n

1n

1

2
411c
  

   =   



 












16
60

284.1
100

13.1

3.1
3.1

13.1

 = 4.75 kW 

 Wc(kW)Actual = 
 

kW93.5
8.0

75.4kWW

m

c 


 

 Actual displacement = Displacement  vol 

 vol
2 x.Nd

4
583.1 


  

        = 852.01350dd
4

2 


 

 
350

1

852.0

583.14
d3 


 = 6.7624  10-3 

 d = m189.0107624.63 3    

 Length = Diameter = 0.189 m 

 

08(b). Consider the 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 from the turbine at 0.8 

MPa and supplied to an open feed water heater. The feed water leaves the heater as 

saturated liquid. The appropriate pumps are used for the water leaving the condenser and 

feed water heater. If the mass flow rate through the 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.  

 (Refer Table A placed at the end of booklet)      (20 M) 
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1 kg 
h6 

Open 
FWH 

(1– m) 
h5 

m1 h2 

Sol:  

 

 

 

 

 

 

 

 h1 = 2993.48 kJ/kg;  h6 = 721.1 kJ/kg 

 s1 = 6.5389 kJ/kg.K;  v6 = 0.001115 m3/kg 

 h4 = 191.81 kJ/kg;  v4 = 0.00101 m3/kg 

 h7 – h6 = v6[P1 – P2] = 0.001115[3000 – 800] 

 kg/kJ453.2w
2p   

 55.723453.21.721whh
2P67   kJ/kg 

 h5 – h4 = v4[P2 – P3] = 0.00101[800 – 10]   00798w
1P   kJ/kg  

 h5 = 798.081.191wh
1P4   = 192.61 kJ/kg 

 s1 = s2 =  
222 fg2f ssxs   

 6.5389 = 2.0461 + x2 (4.6166) 

 97.0
6166.4

0461.25389.6
x2 


  

  2fg2f2 hxhh
2
  

    = 721.1 + 0.97(204804) = 2707.7 kJ/kg 

 s1 = s3 =  
333 fg3f ssxs   

 6.5389 = 0.6492 + x3 (7.501) 

 79.0
501.7

6492.05389.6
x3 


  

  
3f3f3 g3

hxhh   

    = 191.81 + 0.79  2392.82 = 2082.14 kJ/kg 

 

 

 

 

3 MPa 

7 

5 

4 

T 

1 kg 

6 

1 kg 

1 

(1–m1) 

3 

S 

(1–m1) 

0.8 MPa 

10 kPa 
m1 kg 

2 
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 Energy balance for FWH 

 (1 – m1)h5 + m1h2 = 1 h6 

 m1 (h2 – h5) = h6 – h5 

 
09.2515

49.528

61.1927.2707

61.1921.721

hh

hh
m

52

56
1 








  = 0.21 kg  

 wT = 1(h1 – h2) + (1 – m1) (h2 – h3) 

    = 1(2993.48 – 2707.7) + (1 – 0.21) (2707.7 – 2082.14) 

   = 285.78 + 494.19 

   = 779.97 kJ/kg 

 

 wP =    
21 PP1 w1wm1   

   = (1 – 0.21) (0.798) + 1 (2.453) 

   = 0.63 + 2.453 = 3.083 kJ/kg 

 wnet = wT – wP = 779.97 – 3.083 

           = 776.88 kJ/kg 

 QS = h1 – h7 = 2993.48 – 723.55 = 2269.93 kJ/kg 

 sec/kg1ms   

 sec/kg21.0m1   

 WP (kW) = 3.083 kW 

 WT (kW) = 779.97 kW 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 kg 
7 

6 
1 kg

Fwf 

5 

4 

(1–m1) kg

(1–m1) kg
3 

(1–m1) kg

1 kg 

2 m 1kg 

1 

SCHEMATIC OF SETUP 
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5 

s 

T 7 

1 

2 

4 

3 

8 

6 

 

08(c). A Brayton cycle works between 1 bar, 300 K and 5 bar, 1250 K. There are two stages of 

compression with perfect inter-cooling and two stages of expansion. 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. Calculate the power output of free power 

turbine and cycle efficiency without and with a perfect heat exchanger and compare them. 

Also calculate the percentage improvement in the efficiency because of the addition of heat 

exchangers.             (20 M) 

 

Sol:  

 

T5 = T7 = 1250 K  

T1 = 300 K = T3  

P4 = P5 = 5 bar  

P1 = 1 bar 

 

1-2-3-4-5-6-7-8   Without heat exchanger  

 

1-2 :   Q = 0 ; s = C ,  

 4132 PPPP   51  = 2.236 bar  

 













1

1

2
12 P

P
TT   

4.1

14.1

1

236.2
300









  = 377.55 K  

 

3-4 :   Q = 0 ; s = C,  Perfect inter cooling  

 T1 = T3 = 300 K  

 













1

3

4
34 P

P
TT

4.1

14.1

236.2
300









 

  = 377.55 K  

High pressure turbine work = Work of compressor – I + Work of compressor – II 

cpa (T5 – T6) = cpa (T2 – T1) + cpa(T4 – T3)  

        T5 – T6 = (T2 – T1) + (T4 – T3)  

    1250 – T6 = (377.55 – 300) + (377.55 – 300)  

                T6 = 1250 – 155.1 = 1094.9 K  



 
 
 

 

Mechanical	Engineering._	(Paper	–	I)	59 

	

			Hyderabad	•	Delhi	•	Bhopal	•	Pune	•	Bhubaneswar	•	Lucknow	•	Patna	•	Bengaluru	•	Chennai	•	Vijayawada	•	Vizag	•	Tirupati	•	Kolkata	•	Ahmedabad	ACE Engineering Academy 

 

5-6 :  Q = 0 , s = C  

 













1

6

5

6

5

P

P

T

T
 

 













1

6

5

6

5

T

T

P

P
 

14.1

4.1

9.1094

1250 






  = 1.5899  

 
5899.1

5

5899.1

P
P 5

6  = 3.1448 bar  

 

7 -8 :  Q = 0 ; s = C , P6 = P7  

 













1

8

7

8

7

P

P

T

T
 

 
4.1

14.11

8

7

7
8

1

1148.3

1250

P

P

T
T 






















  = 901 K  

 

 Wnet = cpa (T7 – T8)  

         = 1.005 (1250 – 901) = 350.75 kJ/kg  

 Heat supplied = cpa (T5 – T4) + cpa (T7 – T6)  

             = 1.005 (1250 – 377.5 + 1250 – 1094.9)  

             = 1032.69 kJ/kg  

 
pliedsupHeat

Wnet
th 

69.1032

75.350
  = 0.3396 = 33.96 %  

 

 1-2-3-4-4 - 5-6-7-8  

 With perfect Heat exchanger.   

 Heat rejected by exhaust gases used to heat compressed air with e = 1 

 Effectiveness of HE = e = 
 
 max

actual

T

T




 

               
48

44

TT

TT
1




  

           T8 = T4 = 901 K  
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 (Wnet) of cycle with Heat exchange = cpa (T7 – T8)  

                 = 1.005 (1250 – 901) = 350.75 kJ/kg  

 Heat supplied with heat exchanger  

   = cpa (T5 – T4) + cpa (T7 – T6)  

   = cpa (T5 – T4 + T7 – T6)  

   = 1.005 (1250 – 901 + 1250 – 1094.9)  

   = 506.62 kJ/kg  

  
s

net
HEwithth Q

W


62.506

75.350
 = 0.6923 = 69.23 %  

 

 % improvement in efficiency  

   
   

  HEwithoutth

HEwithoutthHEwithth




   

   
96.33

96.3323.69 
 = 1.0386 or 103.86 %  

 

 Work output is same in both cases. Temperature at entry to combustion chamber is less in 

the case when there is no heat exchanger.  

 Heat supplied is less in the case when there is heat exchanger.  

 Thermal efficiency almost doubles with heat exchanger.  
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