ESE 2023

UPSC ENGINEERING SERVICES EXAMINATION

Main Examination

Mechanical Engineering

Topicwise Cosventionsl Solved Papers

Yea rs v" Thoroughly revised and updated
SOLVED v Fully solved with explanations
PAPERS . v' Also useful for State Engineering Services Exams

-

MADE EASYH
Publications

www.madeeasypublications.org




=

MADE ERASYH
Publications

MADE EASY Publications Pvt. Ltd.

Corporate Office: 44-A/4, Kalu Sarai (Near Hauz Khas Metro Station), New Delhi-110016
E-mail: infomep@madeeasy.in
Contact: 9021300500, 0-8860378007

Visit us at: www.madeeasypublications.org

Mechanical Engineering

Topicwise Conventional Solved Papers : Paper-1 : (2000-2022)

© Copyright, by MADE EASY Publications Pvt. Ltd.

All rights are reserved. No part of this publication may be reproduced, stored in or introduced into a retrieval
system, or transmitted in any form or by any means (electronic, mechanical, photo-copying, recording or
otherwise), without the prior written permission of the above mentioned publisher of this book.

1st Edition : 2011

2nd Edition : 2012
3rd Edition : 2013
4th Edition : 2014
5th Edition : 2015
6th Edition : 2016
7th Edition : 2017
8th Edition : 2018
9th Edition: 2019

10th Edition: 2020
11th Edition: 2022

12th Edition: 2022

MADE EASY PUBLICATIONS PVT. LTD. has taken due care in collecting the data and providing the solutions, before publishing this
book. Inspite of this, if any inaccuracy or printing error occurs then MADE EASY PUBLICATIONS PVT. LTD. owes no responsibility.
MADE EASY PUBLICATIONS PVT. LTD. will be grateful if you could point out any such error. Your suggestions will be appreciated.

© All rights reserved by MADE EASY PUBLICATIONS PVT. LTD. No part of this book may be reproduced or utilized in any form without the
written permission from the publisher.



B. Singh (Ex. IES)

[

Director’s

Message

In past few years ESE Main exam has evolved as an examination
designed to evaluate a candidate’s subject knowledge. Studying
engineering is one aspect but studying to crack prestigious ESE
exam requires altogether different strategy, crystal clear concepts
and rigorous practice of previous years’ questions. ESE mains
being conventional exam has subjective nature of questions,
where an aspirant has to write elaborately - step by step with
proper and well labeled diagrams and figures. This characteristic
of the main exam gave me the aim and purpose to write this
book. This book is an effort to cater all the difficulties being faced
by students during their preparation right from conceptual clarity

to answer writing approach.

MADE EASY Team has put sincere efforts in solving and preparing
accurate and detailed explanation for all the previous years’
questions in a coherent manner. Due emphasis is made to
illustrate the ideal method and procedure of writing subjective
answers. All the previous years' questions are segregated subject
wise and further they have been categorised topic-wise for
easy learning and helping aspirants to solve all previous years’
questions of particular area at one place. This feature of the book
will also help aspirants to develop understanding of important

and frequently asked areas in the exam.

| would like to acknowledge the efforts of entire MADE EASY
team who worked hard to solve previous years’ questions with
accuracy. | hope this book will stand upto the expectations of
aspirants and my desire to serve the student community by

providing best study material will get accomplished.

B. Singh (Ex. [ES)
CMD, MADE EASY Group




ESE 2023 LEUELCINT TS nT Paper-I

Main Examination RN 2 AT Ko T il 1

1. Thermodynamics 1-88 5. Heat Transfer 283-368
1. Basic Concepts, Work and Heat . Conduction 283

First Law of Thermodynamics . FINS 298

Second Law of Thermodynamics . Transient Conduction 307

Entropy . Convection 313

Properties of Pure Substances . Condensation and Boiling 339

Thermodynamic Relations . Radiation 340

Availability . Heat Exchangers 357

Air Standard Cycle
Properties of Gas and Gas Mixture Fluid Mechanics 369-458

@ N e o N

1. Fluid Properties & Pressure Measurement... 369

)

Refrigeration & Air-conditioning....89-151 Fluid Statics and Buoyancy

Fluid Kinematics

1. Air-Refrigerating Cycle

. Vapour Compression Cycle

Fluid Dynamics

Flow Measurement

2
3. Vapour Absorption System
4

. Refrigerant and Component of

Flow Through Pipes
Refrigeration System

Boundary Layer Theory, Drag and Lift
. Psychrometry

Laminar Flow

. Air-Conditioning System

SO N U

Turbulent Flow

10.Dimensional Analysis

3.

Internal Combustion Engines...... 152-190

1. Combustion in Sl and Cl Engines 7. Turbo Machinery 459-548
2. Carburetor, Ignition and Supercharging 1. Impulse Turbine 459

3. Fuel and Emission Control . Reaction Turbine 482

4. Performance and Testing of IC Engine . Centrifugal Pump 499
. Reciprocating Pump 514

4. Power Plant Engineering.............. 191-282 . Reciprocating Air Compressor 524

)
I
C
0
o
C
O
O

1. Gas Turbine 191 . Centrifugal Compressor 534

. Vapour Power Cycle 213 . Axial Compressor 537

. Steam Turbine 227 . Theory of Jet Propulsion

. Boiler 246

8. Renewable Sources of Energy..... 549-572
. Compressible Fluid Flow 264

. Nozzle 277

HEER
. Nuclear Power Plants 282




Thermodynamics

Revised Syllabus of ESE: Thermodynamic systems and processes; properties of pure substance; Zeroth, First
and Second Laws of Thermodynamics; Entropy, Irreversibility and availability; analysis of thermodynamic cycles
related to energy conversion, ideal and real gases; compressibility factor; Gas mixtures. (Topic of Power Plant:
Rankine) (Topics of IC Engine : Otto, Diesel and Dual Cycles).

1. Basic Concepts, Work and Heat

m An ideal gas is heated at constant volume until its temperature is 3 times the original temperature,
then it is expanded isothermally till it reaches its original pressure. The gas is then cooled at constant
pressure till it is restored to the original state. Determine the net work done per kg of gas if the initial
temperature is 350 K.

[10 marks : 2003]

Solution:

The following three processes that form the cycle are shown in p-v diagram.

(i) Process 1-2: Heatingat v= C p
(i) Process2-3: Expansionat T= C Py
(i) Process3-1: Coolingat p= C
Given data: T, = 3T,
T, = 350K
T, = 3x350 = 1050 K P, =D,
P> T, v
For process 1-2, £ = ==3
P I
Work done per kg of gas: w,, =0 [V, =V,]
For process 2-3, DoV = PsVy
Vo Pz _py_ 1
or = = —=—== s =
vi P P 3 L pa=pil

Work done per kg of gas: W, = RT,log, Y3 _0.287 x 1050 log 3 = 331.06 kd/kg
Vo
For process 3-1,
Work done per kg of gas: Wy = Pg(vy—Vy) = R(T,=T,)
= 0.287 (350 - 1050) = — 200.9 kJ/kg
Net work done per kg of gas: w,, = W, ,+ W, 5+ W, =0+ 331.06 -200.9 = 130.16 kd/kg

net
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m The heat capacity at constant pressure of a certain system is a function of temperature only and
may be expressed as

C, =2.093 + 4187
t+100
where t is the temperature in °C. The system is heated while it is maintained at a pressure of
1 atmosphere until its volume increases from 2000 cm?3 to 2400 cm?® and its temperature increases
from 0°C to 100°C.
(i) Find the magnitude of heat interaction.

J/°C

(i) How much does the internal energy of the system increase? [5 + 5 = 10 marks : 2009]
Solution:
Givendata: V,=2000cm?® V,=2400cm? T,=0°C=273K; T,=100°C=373K
41.87
(i) Given C,= 2093+ 5 J/°C

For constant pressure process,
2 to
JSQ = |, C,at
/

41.87
t+100

= 209.3 + 29.02 = 238.32 J
(ii) Work done in the process,

t2+100)

)dt =2.0936 (t,— t,) + 41.87 '”(q +100

Q,, = jt:2(2.093+

2 2
W, , = L pdV:pj1 aV = p(Vs - V4) = 1.01325 x 105 x (2400 — 2000) x 106

40.53 J

Change in internal energy,
AU=U,-U,=AQ,,- AW, ,=238.32-40.53 = 197.79 J

m Obtain an expression for the specific work output of a gas turbine unit in terms of pressure ratio,
isentropic efficiencies of the compressor and turbine, and the maximum and minimum temperature,
T; and T,. Hence show that the pressure ratio r, for maximum power is given by

T y/2(y-1)
r, = [nrnc ?3] [10 marks : 2011]
1

Solution:
In an actual gas turbine, the compressor and the turbine are
not isentropic, some losses occur due to internal friction.
For actual compression process 1-2 in the compressor:
Compressor efficiency: n.. It is defined as the ratio of
isentropic increase in temperature to the actual increase in
temperature in the compressor.
Mathematically,

(A 7-)isentropic
(AT)actuaI

7—2s B T1

e =T,

s
Actual cycle without pressure losses

Compressor efficiency: Mo =
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The compressor efficiency is also called the isentropic efficiency of the compressor.
For isentropic process 1-2s,

y-1
Tos =(P_2JY
T P

y-1

0, ) ¥ ;
or Ths = 71(??) -..(if)

For given values of T, p, and p,, we can determine the value of T,.. By substituting the value of T, in Eq. (i),
we can find out the value of T, at given value of .

For actual expansion process 3-4 in the turbine:

Turbine efficiency: n. It is defined as the ratio of the actual decrease in temperature to the isentropic
decrease in temperature in the turbine.

Mathematically,

AT
Turbine efficiency: n, = (LT) )actual
isentropic
Ty —T,
Ny = ...(iii)
TS - T4s

The turbine efficiency is also called the isentropic efficiency of the turbine.
For isentropic process 3-4s,

or Ty = — (iv)

)’
P
For given values of T;, p, and p,, we can determine the value of T,.. By substituting the value of T, in Eq. (iii),

we can find out the value of T, at given value of ;.
Process 2-3: Heat suppliedat p= C

Heat supplied: Q5 = mcp(T3— T,)
For unit mass flow rate,
Heat supplied: Gy = Cp(T3— T,)
Actual turbine work output: Wy, = W;= mc, (T,-T,)
For unit mass flow rate, Wy, = Wr= Cp(TS_ T,)
Actual compression work required: W, , = W, = mcp(TZ— T,
For unit mass flow rate, Wi, = Wp=C, (T,-T,)
Net work output: W, = Turbine work — Compressor work
Whet = W= We
= cp(T3— Ty~ cp(TZ— T,)
_ _T3_T4 _ Tos =T
= T3 —Tgs Mo = 7—2_7—1
TZS B 7—1
or To=T, = (T3-T,) or T,-T,= ——

Ne
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For ideal process 3-4s,

v-1
T_S :er :fpz (’Y__1=ZJ
Tss v
:
or T = —
o
Ty =T, rp‘z
Forideal process 1-2s,
y-1
h =T T =r z
T, p p
or T, =T, rpz
W = CpnT(Ts Tsrpiz) (7—1 rpZ_T1)
For maximum work output condition for the actual cycle,
aw
net — O
ar,
s C _
c:pnT[O—Tg(—z)rp ‘ 1]——‘7(7}2@72 1—0) =0
e
T.zr,>™
or nT TSer_Z_1 - 7P = O
Nc
7—1 r z-1
or T r —z-1 — P
Nrl3 p Ne
z-1
TS _ Pk _ L z-Wz41 22
T]Tnc? -z e ='p
1 rp
Ts 2z
or = =
Nr Me T, p
T3 z
or T\Tncf =/
-1
- ( Y—1J
or = =1 SL=ET
nrNc E p Y
Y
T3 | 2(v=1
or rp, = [nrﬂc ?3] =)
]

m A spherical balloon of 1 m diameter contains a gas at 200 kPa and 300 K. The gas inside the balloon
is heated until the pressure reaches 500 kPa. During the process of heating, the pressure is
proportional to the diameter of the balloon. Determine the work done by the gas inside the balloon.

[10 marks : 2013]
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Solution:
Given data:
As

D,=1m; p,=200kPa;
p

ﬁ
Po

200

o<

or

8|
s Ol Db o

W:
W:

KB} A cylinder having a piston restrained

constant 15 kN/m) contains 0.5 kg of saturated vapour water at 120°C,
as shown in the figure. Heat is transferred to the water, causing the
piston to rise. If the piston cross-sectional area is 0.05 m?2, and the
pressure varies linearly with volume until a final pressure of 500 kPa

is reached. Find the final temperature
transfer for the process.

The properties of water are given in the Table below:

T,=300K; p,="500kPa P LN
D /I/I \\\\
Dy ' (o “:
D, \\ ,:
D2 \\\\\___ __,/’//

D;x25=1x25=25m

Pi_Pe_ Constant(C) {Cz Pi_ono kPa/m]
Dy D, Dy
[ pav
4 (DY 4 n
37(3) ~gral0)=%
ST p2ap = ® D2
6 2
25
2.5 T 0 nC 25 4 n z
) (CD)x D*dD = ?L DD = 2(3( 4 l

314 200x10° (25°-7)
X X
> 1 4
2088 x 10° J = 2988 kJ

by a linear spring (of spring

in the cylinder and the heat

t(°C)| p(kPa) |v,(m%kg)| u,(kdkg)| h, (kJ/kg)

120 | 198,50 (p.,) | 0.89186 | 2529.2 | 2705.9

151.83 | 500.00 (Pn) | 0.37477 | 2559.5 | 2746.6

801 | 500.00 0.99055 | 3664.2 | 4159.2

802 | 500.00 0.99147 | 3666.1 | 4161.6

803 | 500.00 0.99240 | 3668.0 | 4163.9

804 | 500.00 0.99333 | 3669.9 | 4166.3

805 | 500.00 0.99425 | 3671.8 | 4168.6 (10 marks : 2014]

Solution:

Let the initial compression in the spring be x,

Equilibrium equation at state 1
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Initially Ko py A,

|l¢i ili|
pErr b

p'] xAp

pixA, = kig+ pyx A, (1)
where, p, = Saturation pressure at 120°C i.e., 198.50 kPa.
A, = Area of piston, 0.056 m?
x, = Initial compression
P, = Atmospheric pressure
After the heat is transferred in the cylinder, let the piston has moved by a distance x.
Equilibrium equation at state 2
,02><Ap = K(x, +x)+,oo><Ap ..(2)
where, p, = Final pressure inside the cylinder, 500 kPa

K(xo + x)
Finally Pyx A

RN

p

Subtracting equation (1) from (2)
(,02—,01)><Ap = K-x
(500-198.50) x 0.05 = 15xx

x = 1.005m
At state 1, m = 0.5Kg, Uy = Uygppec = 2529.2 kJ/kg
Vi = v, xm

Vi = Vggiaoc = 0-89186 mikg

V, = 0.89186 x 0.5 = 0.44593 m3
At state 2, V, = Vi +xxA)
= 0.44593 + 1.005 x 0.05
= 0.49618m3
p
" V5
Specific volume, v, = . 0.99236 m°/kg Py
From given table, at v = 0.99236 m3/kg
T, = 803°C and u, = 3668.0 kd/kg
P
W, = [paV
1 .
W, = 5(01 +p)(Vo = V4) !
2 V, v
W, , = %(198.5 +500)(0.49618 — 0.44593) = 17.5498 kJ

According to 1st law of thermodynamics
Qo = U+ Wi, =mu, —up) + Wi
Q,, = 0.5(3668.0-2529.2) + 17.5498
= 586.9498 kJ
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m 1 m® of air is heated at constant pressure from 15°C to 300°C and then cooled at constant volume
back to its initial temperature. If the initial pressure is 1.03 bar calculate the net heat flow and overall
change in entropy. Show the process on a T-s diagram. [5 marks : 2014]

Solution: T
Givendata: V,=1m3 p,=p, T,=15°C=(15+273)K=288K 573«
T, =300°C = (300 +273) K = 573 K; p, = 1.03 bar = 1.03 x 10° Pa

c, = 1.005 kJkgK; ¢, =0.718 kl/kgK; R = 0.287 kJ/kgK
_ pVq _1.03x10°

Mass of air: = AT, = 587 % 283 =1.246Kkg 288 K
= Qo+ Quz=mec, (T,- T+ me,(T;-Ty) s
=mc, (T,—T;) + mec, (T, - T,) (- T,=T,)
=m(T,-T))(c,-c,)=1.246 (573 -288) (1.005-0.718)
= 102 kJ

For constant p process,

573

.
S,~ S, = mcp |oge(_2) = 1.246 x 1.005 x log, (ﬁ

T, )=O.86‘|4 kd/K

For constant volume process,

S-S, = mc, 10ge (%) =mc, log, (%)

288
= 1.246x0.718 xlo — | ==
Ge (573) 0.6154 kJ/K
Overall change of entropy,

AS = (S,-S,) +(S,~S,) = 0.8614 - 0.6154 = 0.246 kJ/K

A certain mass of air is initially at 260°C and 700 kPa and occupies 0.028 m3. The air is expanded at
constant pressure to 0.084 m3. A polytropic process with n = 1.50 is then carried out, followed by a
constant temperature process which completes the cycle. All the processes are reversible processes.
(i) Sketch the cycle on p-vand T-s coordinates and
(ii) Find the efficiency of the cycle. [10 marks : 2015]

Solution:

Given data: T, = 260°C = (260 + 273) K = 533 K, p, = 700 kPa, V, = 0.028 m?, V,, = 0.084 m?

p T

@_rsC @ @

Applying equation of state at state 1,
p,V, = mAT,
700x0.028 = mx 0.287 x 533
or m = 0.1281 kg
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For isobaric process 1-2,

or
For polytropic process 2-3,

or
For process 1-2, Work done:

Heat transfer:

For process 2-3, Work done:

Heat transfer:

For process 3-1, Work done:

Net work done:

Heat supplied:
The efficiency of the cycle,

-
T L (Charles law)
V; Z
T 533
0.084 0.028
T, = 1599K
-1
n-1
Lo |2 (T,=T,)
T2 VS
533 0.084)" (0.084)"°
1599 Vs oy
1
1599 Vs
2
( 533) _ 0.084
1599 v,
V, = 0.756m?
Wi, = py(V,-V))
700 (0.084 - 0.028) = 39.2 kJ
Q. m cp(TZ— )
0.1281 x 1.005 (1599 —533) = 137.23 kJ
AT
23 1-n
0.1281x0.287(533 - 1599
x0.287( ) _ 7838 k)
1-15
y-n 14-15 o
02_3 (’Y_1)XW23 = (ﬁ X 78.38 = -19.59 kJ
v,
Wa Q31 = mATiloge —
VS
0.1284 x0.287 x 533 log, % =—-64.73 kJ
0.756
Wies Wi+ Woy+ Wy,
= 39.2 + 78.38-64.73 = 52.85 kJ
Q, = Q,,=137.23k
. Network done ~ W, _ 52.85 _0.3851  38.51%

Heat supplied = Q, 137.23
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m The pressure in an automobile tire depends on the temperature of the air in the tire. When the air
temperature is 25°C, the pressure gauge reads 210 kPa. If the volume of the tire is 0.65 m3, determine
the pressure rise in the tire when the air temperature in the tire rises to 50°C. Also determine the
amount of air that must be bleed off to restore pressure to its original value at this temperature.
Assume atmospheric pressure to be 100 kPa and R = 0.287 kJ/kgK.

Solution:
Given:
Pam = 100 kPa; A =0.287 kd/kgK
When I, =
mass of air m =
As volume of tire is constant p, =
:O2 =

Pressure rise in tire

T, =25°C=298K; p,=210kPa + 100 kPa = 310 kPa;

[20 marks : 2017]
V=0.65m3

50°C, (let p, be the pressure inside the tire)
PV 310x10° x0.65

AT, 287x298 =236k

mRT,  2.356x0.287 x 10° x (273+ 50)
v, 0.65

336 kPa

P, — p; = 26 kPa

To restore pressure to its original value (p, = 310 kPa) at T, = 50°C, let Am be the mass of air that must be

bleed off.
AmMm =
m, =
m, =
and m =
Am =

m-m,

p:Y

3

where p, =
RT, Pr=P

310x10% x0.65
287 x (273 + 50)

2.356 kg
2.356—2.1736 = 0.1823 kg

= 2.1736 kg

2. FirstLaw of Thermodynamics

m An insulated tank of 1 m3 volume contains air at 0.1 MPa and 300 K. The tank is connected to high
pressure line in which air at 1 MPa and 600 K flows. The tank is quickly filled with air by opening the
valve between the tank and high pressure line. If the air pressure finally in tank is 1 MPa. Determine
the mass of air which enters the tank and entropy change associated with filling process.

[20 marks : 2002]

Solution:
Initial condition in the tank, é&_> p,=1MPa, T =600 K \{
Givendata: V=1m3 p, =0.1MPa=100kPa; T,=300K
piVy = mRT,
100x1 = m, x0.287 x 300
or m, = 1.161kg 0 0
Final condition in the tank, p, = p;=1MPa = 1000 kPa Ve1m
Inlet condition, p; = 1 MPa= 1000 kPa p;=0.1MPa
T - 600K T,=300K




Solved Papers

IEEEELH Mechanical Engineering « Paper-|

Applying unsteady flow energy equation,

V2 V2
mi[h,.+?+gziJ+Q—me[he+?e+gzeJ—W =m,u,—m, u,
where Q@ = 0 insulatedtank
W = 0 constantvolume
Change in K.E. and P.E. are neglected
m, = 0 noexit
m;, h. = m,u,—m, u,
where m. = m,—m,
(my,—my) h, = m, u,—m, u,
my h,—m, h, = m,u,—m, u,
m, (h; = u,) = my (h;-uy)
m, (Cp Ti_ o TZ) = m, (cp Ti_ C\/T1)
Cp Cp
mye,| —T, =T, | = mc,|—T,-T,
2 V(CV i 2 1v CV i 1
or my (YT;=Tp) = m(yI,=Ty)
PYir 1) - B0 -1
RT, RT,
P T4
or —=X—=(y;=-T) = vT,-T
P Tz( 2) 1
@x@(1.4x600—5) = 1.4 x 600-300
100 T,
or 252000-3000 7, = 5407,
or 3540 T, = 2520000
or T, = 711.86K
Final mass in the tank: m,
p,V = m,RT,
1000 x 1 = m, x0.287 x 711.86
or m, = 4.894kg
Mass of air enter the tank: m, = m,—m, =4894-1.161=3.733 kg

due to filling process entropy of mass which was already present in tank also increase.

(AS)ﬁH'\ng = (As)enter\'ng + (AS)tank

for

3.733[1 .OOSIn(71 ! '86) - O.287|n(1)] +1 .161[1 .OOSIn(
600 1

0.6410 + 0.241 = 0.882 kJ/K

%ﬂ+ m [cpm(%)‘ f '”(%)]

711.86)_0'287|n(i)]
300 0.1
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m A large vessel contains steam at a pressure of 20 bar and a temperature of 350°C. This large vessel
is connected to a steam turbine through a valve followed by a small initially evacuated tank with a
volume of 0.8 m3. During emergency power requirement, the valve is opened and the tank fills with
steam until the pressure is 20 bar. The temperature of the tank is then 400°C. Assume that the filling
process takes place adiabatically and the changes in potential and kinetic energies are negligible.
By drawing the control volume, calculate the amount of work developed by the turbine in kdJ.

Solution:

Given data: For large vessel, p = 20 bar, T=350°C

From superheated steam table,

At p =
hl

Tank initially evacuated,

le., my =

At final state in the tank,

pg =

From superheated steam table,
At P, =
u, =
v, =
also v, =
0.1512 =
or m, =

b =

20 bar, T=350°C
3137 kd/kg

0
0.8m3

20 bar, T, = 400°C

20 bar, T, =400°C
2945.2 kd/kg
0.1512 m3/kg

%

my
08
m,
5.29 kg

Applying unsteady flow energy equation for steam turbine,

2

2

m,{h,. +V4+gz,.]+0—me[he+v?e+gze

2

where Q =
Change in K.E. and P.E. are negligible
No initial and final steam in the turbine

ie., m, =

R m.h. =
1 1

or W =

Applying unsteady flow energy equation for insulated tank,

V2 %
m,{hi +;2+gzi]+0—me[he+?e+gze

where Q =
W =
Change in K.E. and P.E. are negligible
m, =
m, =

:
(mi hi)TanK =

0 adiabatic flow

m, =0
myh,+ W

(m,h.—m_h,)

e ''e/turbine

0 [adiabatic process]

0, [V=C]

0 (noexit)

0 (initially tank evacuated)

m, U,

]—W = (mpup —myuy)

]+W =(m, u,— m, u,)

[10 marks : 2004]

p = 20 bar
T =350°C

Large vessel

Turbine :b

Initially evacuéated
V=0.8m
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where  energy outlet of the turbine energy inlet of the tank

o mehe = m2U2
Substituting m,_ h, = m, u, in Eq. (i), we get
W= m h-m,u,=m,(h - u,) mi=m,

= 5.29(3137-2945.2) = 1014.62 kJ

m An air compressor is used to fill rapidly a 3 m3 tank at 20°C and 1 atm. The filling process is governed
by the law pv'#4 = constant. The kinetic and potential energy effects are negligible. The ratio of the
final to the initial mass of air in the tank is 4. Work out the following:

(i) Sketch the system and list the assumptions made
(ii) Work input to the compressor. [15 marks : 2007]

Solution:
Given data: Initial condition in tank: V, = 3 ms3, T, =20°C =(20+273) K=293 K
p, =1 atm = 101.325 kPa, Filling process is governed by law pv'4 = constant
Final mass of air in tank : m, = 4m,

Assumptions:
1. Adiabatic process: Q=0 i Vi=3m? Vo=Vy |
o , . ! T,=20°C T,=7 :
2. Change in kinetic and potential energy are negligible | py=1atm p,=? Y
p,V, = mRT, | Process 1-2 i/
101.325x3 = m, x 0.287 x 293 | i
or m, = 3.6148kg ®—® i
‘ m, = 4m, =4 x 3.566 = 14.459 kg | i
pv = mRT i o i !
| pressor [ €&— W
p R : :
—— = — =, Rand Vare constant. : :
mT v ! o @ !
Forprocess 1-2, 2L - Pz T Airlnlet '
miTy maT,
101325 _ P»
my x 293 CAmyT,
or p,=1.38T,

For adiabatic filling tank process,
v-1

o _(p2)v
T P

1.4-1
T _ ( 1.387, )1-4 _( 1.38 )0'2857 » 7,0:2867
= 2

293 101.325 101.325

T 1.38 &7
” A 293X(101.325) =886
or 707143 = 85.86

_t
or T,= (85.86) " =509.62 K
Mass conservation, (E) =m,—m, (- noexitof mass m, =0)
cv
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and Uy~ Uy = rinhy+ Q- riuh, - W,
No heat transfer Q=0 rm,=0

my,c, T,-m,c, T, = mh -W,,
14459><O718><51011—36148><O718><293—108445><1005><293— - W

cv
W,, = — 1341.9529 kW
Negative sign indicates work supplied.

m Steam enters a turbine at an enthalpy of 3300 kJ/kg and a velocity of 180 m/s. The steam comes out
of turbine at an enthalpy of 2700 kJ/kg with a velocity of 120 m/s. At the condition of steady state, the
turbine develops work equal to 550 kJ/kg of steam flowing through the turbine. The heat transfer
between the turbine and its surroundings occurs at an average temperature of 370 K. The entropy of
steam at inlet and exit of turbine are 6.932 kd/kgK and 7.361 kJ/kgK, respectively. Neglecting the
changes in potential energy between inlet and outlet, work out the following:

(i) Sketch the system and show the process on p-v and h-s diagrams.
(ii) Calculate the rate at which entropy is produced within the turbine per kg of steam flowing.

[10 marks : 2007]
Solution:

Let us take entering state as (1) and exit state as (2)

h, = 3300 kJ/kg
V, =180 m/s P4
@ s, = 6.932 kJ/kgK P 1

Turbine :@ W = 550 kJ/kg

2s
hy = 2700 kd/kg
@1 v,=120mis 2s 2

s, = 7.361 kd/kgK

(a) Steam turbine (b) p-v diagram (c) h-s diagram
At inlet state-1,
h, = 3300 kJ/kg
V, = 180m/s
S, = 6.932 kJ/kgK
At outlet state-2,
= 2700 kd/kg
120 m/s
s, = 7.361 kJ/kgK
Applying energy equation for steady flow

% VZ

q+(h1 +é) - W+(h2 +?2)

Note: Make all terms in kJ/kg
V2 2
+| b+ = +
d (“ 2000) (hg 2000)

where g, w, h,, h, are in kd/kg
and V,and V, are inm/s

% V2
= w+(h,—h 2 L )
o q (hp =)+ (2000 2000

oS l\)3
Il
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2 2
= 550+ [(2700 —3300) + ( 1207 _ 180 ):|
2000 2000

= 550 + [- 609] = - 59 kd/kg
Applying second law to the steady flow

as Q
% =7 +ZM;S; = ZMySy + Sgenp
as

As o - 0 (steady flow)

Entropy generated per second,

Q Q
Sgen = MS,—MS; = — = M| S, =S ———

gen  _ _e 9

= S, — S

= S -8 —=— = (7.361-6.932)-| ——~ | = 0.429 + 0.1595
Sgen = S2 =S = (7. .932) o€ =0. :

0.588 kJ/kgK

m A tank contains 50 kg of water initially at a temperature of 30°C. Water at the rate of
200 kg/h and temperature of 30°C enters the tank through an inlet pipe. A cooling coil immersed in
the tank removes heat energy from water at the rate of 8 kW. A mechanical stirrer ensures thorough
mixing of water in the tank so as to maintain a uniform temperature of water at any instant and in the
process add heat energy at the rate of 0.2 kW to water. Neglecting kinetic and potential energy
changes and taking the average specific heat of water as 4.2 kd/kgK, derive an expression for the
variation of instantaneous temperature of water in the tank with respect to time.

[10 marks : 2008]
Solution:

For given control volume, mass conservation

(dn’v) o
— = m;—Mg
at Jey

Since mass leaving control volume m, = 0

(G, -
at Jo, = M

mz—m1 = m. (I)

l

Applying energy balance for control volume neglecting kinetic and potential energy changes.

au . . . .
(E)val = mh+Q-msh, - W, . (if)

Consider after time ttemperature of mass in control volume is T
Water enter into control volume after time tis m, = 200t

.. from equation (i) m, = my + 200t =50 + 200t
.. equation (ii) becomes m, U,—m, u, = j(micTi +Q-W,)dt=mcT, +Q-W,,
(50 + 200t) 4.2T-50 x 4.2 x 303 = (200t) 4.2 x 303 + (0.2t) 3600 — (8t) 3600
50 (1 +4t)4.2T = 226440t+ 50 x 4.2 x 303

1078.28t + 303

= 1+ 4t
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m A pressure cylinder of volume V contains air at pressure p, and temperature T, It is to be filled from
a compressed air line maintained at constant pressure p, and temperature T,. Show that the
temperature of air in the cylinder after it has been charged to the pressure of the line is given by

T-— YT1T
0 1
1+E[YTO—1} [10 marks : 2011]
Solution:
I, = Initial temperature in a cylinder
p, = Initial pressure in a cylinder é\ - P Ti e Y
V = Volume of air in a cylinder ®—|Va|ve
p, = Pressure of air in pipeline ) )
T, = Temperature of air in pipeline
T = Temperature of air after cylinder charged
p, = Pressure of air after cylinder charged = p, lnitial Conf;ition }Zjﬁr']%tgf
Applying unsteady flow energy equation, +PoTo
V2 2
m,.[hi +?+gziJ—me[he+?e+gzeJ+O—W =mu—myu, ...(1)
where Q =0 (Insulated cylinder)
W =0 (Constantvolume cylinder)
Change in K.E. and P.E. are neglected
m, =0 (Noexit)
. Equation (1) becomes, mh, = mu—myu,
where m, =m-m,
(m-my) h, = mu-myu,
mh. —my h, = mu—-myu,
m(h.—u) = my (h,— u,)
m (CpTi_ CV—D = My (Cp 7—l - CVTO)
c c
mc, (—pTi - T) = mye, (—pTi - TO)
CV CV
m ('YT,_ T) = my (’YT,_ To))
m@yT,=T) =my(yT,—Ty) (-T,=T)
pV _ M T.—-T
E(Yﬂ —T) = RTO (Y 1 0)
Jo;
or 20m-T) = 20T -T,)
VT, &( h 1) 1T, Po ( T J
—-1 = v or — =1+—=|y=-1
T P\ To T P U T,
T
or T = Y 17_
1+ po(y L 1)
P+ To
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