Engineering Thermodynmaics (ETD)
Semester : 4TH

Branch : Mechanical Engineering
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First Law of Thermodynamics

Some Important Notes

¢ dQ 1s an inexact differential, and we write

L’ﬂ(g =Q., or @, #Q,-Q,

e oW 1s an inexact differential, and we write

W, = f W = L’ pdV =W, - W,

¢ CQoa= EWaae o $oQ = oW

The summations being over the entire cycle.

e 65Q-86W=dE
E consists of — % E=U+KE+PE
U -mternal energy
KE - the kinetic energy
PE - the potential energy
For the whole process A —) Q-W=E,-E,

Similarly for the process B~ - Q-W=E,-E,
e An isolated system which does not interact with the surroundings Q = 0 and W = 0.
Therefore, E remains constant for such a system.

e The Zeroth Law deals with thermal equilibrium and provides a means for measuring
temperatures.

e The First Law deals with the conservation of energy and introduces the concept of
internal energy.

e The Second Law of thermodynamics provides with the guidelines on the conversion heat
energy of matter into work. It also introduces the concept of entropy.

e The Third Law of thermodynamics defines the absolute zero of entropy. The entropy of a

pure crystalline substance at absolute zero temperature 1s zero.

Summation of 3 Laws

e Firstly, there isn't a meaningful temperature of the source from which we can get the full
conversion of heat to work. Only at infinite temperature one can dream of getting the full 1
kW work output.

e Secondly, more interestingly, there isn’'t enough work available to produce 0K. In other

words, 0 K 1s unattainable. This 1s precisely the Third law.

Mo AN LA rE
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* Because, we don't know what 0 K looks like, we haven't got a starting point for the
temperature scale!! That is why all temperature scales are at best empirical.

You can’t get something for nothing:
To get work output you must give some thermal energy.
You can’t get something for very little:
To get some work output there is a minimum amount of thermal energy that
needs to be given.
You can’t get every thing:
However much work you are willing to give 0 K can’t be reached.
Violation of all 3 laws:
Try to get evervthing for nothing.
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Questions with Solution P. K. Nag

Q4.1 An engine is tested by means of a water brake at 1000 rpm. The
measured torque of the engine is 10000 mN and the water consumption
of the brake is 0.5 m%s, its inlet temperature being 20°C. Calculate the
water temperature at exit, assuming that the whole of the engine power
is ultimately transformed into heat which is absorbed by the cooling

water.
(Ans. 20.5°C)
Solution: Power = T.o
- mmmxl{ LLLE 0"0}
\
=1.0472x10°W
=1.0472MW

Let final temperature = t°C
Heat absorb by cooling water /unit = m s At
= vps At
=0.5%1000x4.2x(t-20)
0.5x1000 x4.2x(t-20) = 1.0472 x 10"
t—20=0.4986 = 0.5
t = 20.5°C

Q4.2 In a cyclic process, heat transfers are + 14.7 kJ, - 25.2 kJ, — 3.56 kJ and +
31.5 kJ. What is the net work for this cyclic process?

(Ans. 17.34 kJ)

Solution: > Q=(14.7+31.5-25.2-3.56) kJ -25.2k.J
= 17.44 kdJ
From first law of thermodynamics
¥ +14.7k.J =
(for a cyclic process) -3.56kJ
Q=YW
LYW =1744kJ
31.5k.J
Q4.3 A slow chemical reaction takes place in a fluid at the constant pressure

of 0.1 MPa. The fluid is surrounded by a perfect heat insulator during
the reaction which begins at state 1 and ends at state 2. The insulation is
then removed and 105 kJ of heat flow to the surroundings as the fluid
goes to state 3. The following data are observed for the fluid at states 1, 2

and 3.

State v (m?) t (°C)
1 0.003 20
2 0.3 370
3 0.06 20

For the fluid system, calculate E: and Es, if Ei =0
(Ans. E2=-29.7TkdJ, Es=-110.7T kJ)
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Solution: From first law of thermodynamics
4Q = AE + pdV
Q=AE+ I pdV

Q. =(E,-E)+ jpd\"
1

or =(E,-E,)+0.1x10"(0.3-0.003) [as insulated Q, ,= 0]
or E,=-297kJ

Qz-.a = (E:3 _E-_') + I pdV

or =105 = (E;;—EZ)+0.1 xl()"(0.0G—U.:i)
or -105=E, +29.7+0.1x10"(0.06 - 0.3)
or -105=E; +29.7-24
or E, =-105-29.7+24
=-110.7 kJ
Q4.4 During one cycle the working fluid in an engine engages in two work

interactions: 15 kJ to the fluid and 44 kJ from the fluid, and three heat
interactions, two of which are known: 75 kJ to the fluid and 40 kJ from
the fluid. Evaluate the magnitude and direction of the third heat

transfer.
(Ans. — 6 k)
Solution: From first law of thermodynamics
> dQ =) dW W, =-15k.]
Q+Q,+Q, =W, +W,
or T5-40+Q, = —15+ 44 Q = 75kJ W. = 44kJ
Q, = —6kJ
i.e. 6kJ from the system
Q= -10kJ e

Q4.5 A domestic refrigerator is loaded with food and the door closed. During

a certain period the machine consumes 1 kWh of energy and the internal
energy of the system drops by 5000 kJ. Find the net heat transfer for the
system.
(AIIS. — 8.6 M)
Solution: Q=AE+W

Q:-t = {E_» - EI ) + “-:-l
—-1000 = 3600 KJ
1000

= -5000kd +

= —-8.6MdJ
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Q4.6 L.5 kg of liquid having a constant specific heat of 2.5 kJ/kg K is stirred in
a well-insulated chamber causing the temperature to rise by 15°C. Find
AE and W for the process.
(Ans. AE=56.25 kJ, W =—-56.25 kJ)
Solution: Heat added to the system = 1.5 x 2.5 x 15kJ
=56.25 kJ
o AE rise = 56.25kJ
As it 1= insulated then 4Q =0
= AQ=AE+W
or 0=56.25+W

or W=-56.25 kdJ
Q4.7 The same liquid as in Problem 4.6 is stirred in a conducting chamber.

During the process 1.7 kJ of heat are transferred from the liquid to the
surroundings, while the temperature of the liquid is rising to 15°C. Find
AE and W for the process.

(Ans. AE =54.55 kJ, W=56.25 kJ)

Solution:  As temperature rise is same so internal energy is same
AE =56.25 kJ

As heat is transferred form the system so we have to give more work = 1.7 kdJ to
the system
So W=-56.25-1.7kd

=-57.95 kJ
Q4.8 The properties of a certain fluid are related as follows:
u=196+0.718¢
pv=0.287 (1 +273)

Where u is the specific internal energy (kJ/kg), t is in °C, p is pressure
(kN/m?), and v is specific volume (m¥kg). For this fluid, find c¢. and cj.
(Ans. 0.718, 1.005 kJ/kg K)

P et

- fa(u+pV)
Lo

;)
Solution: C = lCh)
P

0196 +0.718t +0.287 (t + 273))
- oT
P

| 0+0.718 6t +0.287 dt + 0
oT .

1.005 Ot T=t+273
T, -0 =2t

= 1.005 kJ /kg - K
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Q4.9

Solution:

Q 4.10

Solution:

Q4.11

( du )
c =

v n al
aT ),

- [ (‘196+0.713t)]

aT

= [(l +().7]8i'l:|
aT |,

~0.718 kJ / kg - K

A system composed of 2 kg of the above fluid expands in a frictionless
piston and cylinder machine from an initial state of 1 MPa, 100°C to a
final temperature of 30°C. If there is no heat transfer, find the net work

for the process.
(Ans. 100.52 kd)

Heat transfer 1s not there so
Q=AE+W
W =-AE
=-AU

2
=-[cdr
1

- -0.718(T, -T,)
= ~0.718(100 - 30)
= -50.26 kd / kg
Total work (W) =2 % (-50.26) = -100.52 kJ
If all the work in the expansion of Problem 4.9 is done on the moving
piston, show that the equation representing the path of the expansion in

the pv-plane is given by puv!t = constant.

Let the process is pV" = constant.

Then
Work done = L‘;i\i [ pV = mRT]
n -
R =(c, -c,)
_ mRT, - mRT, =1.005-0.718
> . .
" ~0.287 kd /kg - K
mR
= ——(T -T,
2 (T, - T,)
2x0.287x (100 - 30) ;
or = =100.52
n-1
or n—-1=0.39972
or n=139972 =14

A stationary system consisting of 2 kg of the fluid of Problem 4.8
expands in an adiabatic process according to pv'? = constant. The initial
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conditions are 1 MPa and 200°C, and the final pressure is 0.1 MPa. Find
W and AFE for the process. Why is the work transfer not equal toIpdV ?

(Ans, W=217.35,

ry e
Seolution: T, — [&1 N (EJ 1
T! ]3! 1

= 322.251
= 49.25°C

From first law of thermodynamics

dQ = AE + dW
0= [C,dT +dW
dW = - [C.dT

AE=-217.35 kdJ. [pdr =434.4 kJ)

2
=—0.718 < [dT = -0.718 x (200 - 49.25) kJ / kg
1

W=-2xW
= - 2x108.2356kdJ
= -216.5kJ
AE = 216.5kd
J'pd\,r _ PV, -p,V,
n-1
~ mRT, -mRT,
n-1
_ mR(Tl - Tz)
- n-1
~ 2x0.287(200-49.25)
- (1.2-1)
= 432.65kJ

As this 1s not quasi-static process so work 1s notjpd\' ;

Q4.12 A mixture of gases expands at constant pressure from 1 MPa, 0.03 m® to
0.06 m* with 84 k.J positive heat transfer. There is no work other than
that done on a piston. Find DE for the gaseous mixture.

(Ans. 54 kJ)

The same mixture expands through the same state path while a stirring
device does 21 kJ of work on the system. Find AE, W, and Q for the

process.

(Ans. 54 kJ, — 21 kJ, 33 kdJ)
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Solution: ~ Work done by the gas (W) = jpd\-"

= p(v: - \'l ]
=1x10"(0.06 - 0.03) kJ
= 30kdJ
Heat added = 89k.J
S Q =AE+W
or AE=Q-W =89-30 = 54kd
Q4.13 A mass of 8 kg gas expands within a flexible container so that the p-v
relationship is of the from puv'? = constant. The initial pressure is 1000

kPa and the initial volume is 1 m® The final pressure is 5 kPa. If specific
internal energy of the gas decreases by 40 kJ/kg, find the heat transfer in
magnitude and direction.

-—;l— \., n-1
Solution: T— = [pz } = {—']

(Ans. + 2615 k)

v, ( ,]
or —=|—
\ p

or V, = V. x _']"

_ 1000x1-5x82.7
- 1.2-1
AE = —8x10 = - 320 kJ
Q=AE+W = 320+ 29325 = 2612.5kJ

= 2932.5kJ

Q4.14 A gas of mass 1.5 kg undergoes a quasi-static expansion which follows a
relationship p =a + bV, where a and b are constants. The initial and final
pressures are 1000 kPa and 200 kPa respectively and the corresponding
volumes are 0.20 m® and 1.20 m3. The specific internal energy of the gas
is given by the relation

u=L5pv -85 kJ/kg

Where p is the kPa and v is in m%*kg. Calculate the net heat transfer and

the maximum internal energy of the gas attained during expansion.
(Ans. 660 kd, 503.3 kd)
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Solution:
1000 =a+bx0.2 ..(i)

200 =a+bx1.2 ...(11)

(11) — (1) gives

-800 =h
a=1000+2x800 = 1160
p = 1160 - 800V

. W= j' pdV
2
[ (1160 - 800V)dV

0.2

= [1 160V - 400\-’3]

12
0.2
=1160x(1.2-0.2) - 400(1.2* - 2*)kJ
= 1160 - 560kd = 600kJ

0.2

w, = 151000 ==~ 85 = 215kJ / kg
D

u,= 15200 "= -85 = 155k / kg
5
~ Au=u, -u, =(275-215) = 40kJ / kg
S AU = mAu = 40x1.5 = 60kd
Q=AU+ W =60+ 600 = 660k

= u= 1.5pv-85kd/kg
- [ 1160 -800v
=15 ——

1.5

)v - 85kdJ / kg

= 1160v - 800v* - 85kJ / kg

)

u

v

= 1160 -1600v

n]]

for maximum u, A _0- v= 1160 _ 0.725
ov 1600
u, - =1160=0.725 - 800 x (0.725)2 - 85kdJ / kg

=335.5kJ / kg
U,. =15u,, =503.25k]

max

Q4.15 The heat capacity at constant pressure of a certain system is a function
of temperature only and may be expressed as

41.87

t+100

Jr°C

Cp =2.093 +

Where t is the temperature of the system in °C. The system is heated
while it is maintained at a pressure of 1 atmosphere until its volume
increases from 2000 cm? to 2400 em® and its temperature increases from

0°C to 100°C.

(a) Find the magnitude o%%gm%raction. ihs: GEe 20
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(b) How much does the internal energy of the system increase?
(Ans. (a) 238.32 J (b) 197.79 )
373
Solution: Q= | CdT t=T-273

73

L t+100=T-173
373 p—
E j(2.093+ 41.5¢ ]d'{‘
. T-173

- [2‘0.‘13T +41.87In|T-173

a7
Lo
=2.093(373-273)+41.871n [@)
100

=209.3+41.87In2

= 238.32J
Q=AE+ jpd\’
AE = Q- [pdV
=Q-p(V,-V))

= 238.32-101.325(0.0024 - 0.0020) x x 1000
= (238.32-40.53)J
= 197.79J

Q4.16 An imaginary engine receives heat and does work on a slowly moving
piston at such rates that the cycle of operation of 1 kg of working fluid
can be represented as a circle 10 em in diameter on a p-v diagram on
which 1 em = 300 kPa and 1 em = 0.1 m¥/kg.

(a) How much work is done by each kg of working fluid for each cycle of
operation?

(b) The thermal efficiency of an engine is defined as the ratio of work
done and heat input in a cycle. If the heat rejected by the engine in a
cycle is 1000 kJ per kg of working fluid, what would be its thermal
efficiency?

(Ans. (a) 2356.19 kJ/kg, (b) 0.702)

Solution: Given Diameter = 10 cm

Area = =~ X:O- em® = 78.54 em®

Work

1 em® = 300kPa x0.1m" / kg p
= 30kJ
. Total work done = 78.54 x 30kdJ / kg
- 2356.2kJ / ke

30 emdia

Heat rejected = 1000kJ Vv
h}‘ ;- “
Therefore, n = —ﬁ «100%
2356.2 + 1000
=70.204%
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Q4.17 A gas undergoes a thermodynamic cycle consisting of three processes

beginning at an initial state where p, =1 bar, Vi = 1.6 m® and U, =512 kJ.

The processes are as follows:

(i) Process 1-2: Compression with pV = constant to p,= 2

bar, U: = 690 k.J
(ii) Process 2-3: Wa=0, @ =-150 kJ, and
(iii) Process 3-1: Wu = +50 kJ. Neglecting KE and PE changes,
determine the heat interactions @12 and @s.
(Ans. 74 kJ, 22 kJ)

Solution: Q,_, = AE+ Ipd\*’

Y
Q. =(u,—u)+pV, _[ v

= (690 -512) +100x 1.5 ln[&]
P,

=178-103.972

= 74.03kJ
As Wa1s ZERO so it 1s constant volume process. As Wa) 1s +1ve (positive) so
expansion 1s done.
. u, =u, - 150 = 540kJ

LQy =u, —u, + W
AE+W = —-(540-512)+ 50

= — 28 +50 = 22kJ
Q4.18 A gas undergoes a thermodynamic cycle consisting of the following
processes:
(i) Process 1-2: Constant pressure p = 1.4 bar, Vi = 0.028 m?, Wi2 = 10.5
kJ
(ii) Process 2-3: Compression with pV = constant, Uz = U2
(iii) Process 3-1: Constant volume, U; - Us = - 26.4 kJ. There are no

significant changes in KE and PE.

(a) Sketch the cycle on a p-V diagram
(b) Calculate the net work for the cyvcle in k.J
(c) Calculate the heat transfer for process 1-2

(d) Show that 3 Q =Y W.

eyvele eyele
(Ans. (b) - 8.28 kd, (c) 36.9 kJ)
Solution:  (b) W,, =10.5 kJ
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v
= p,V, In| 1
] o [\'3 J

=1.4x100x0.103 < In [%]
0.103

as W, =p(V,-V,)
10.5 = 1.4x100(V, - 0.028)
V, =0.103 m*

=—18.783kdJ

W,, = 0 as constant volume
. Net work output = - 8.283 k.
() Q. =1, - U +W,
= 26.4+10.5kJ = 36.9kJ

ans.(b)

(d) Q,=U, - U, +W,,
= 0-18.783kJ = —~18.783kJ
Q,,=U,-U, +0=-26.4kJ
LY Q=Q,+Q, +Q,, =36.9kJ -18.783 - 26.4
= - 8.283kJ
ZW = ZQ Proved.
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First Law Applied to Flow Process

Some Important Notes

e S F.E.E. per unit mass basis
2 2
h,+ —+9Z,+ —=h, + —22+9Z, +
1 1 2 2
2 dm 2 dm
[h, W, Q should be in J/kg and C in m/s and g in m/s?]

2 2
h, + Vi +gz1+ﬁQ=h2+ V2 +gzz+ﬁ{W
2000 1000 dm 2000 1000 dm

[h, W, Q should be in kJ/kg and C in m/s and g in m/s?|

e S.F.E.E. per unit time basis
W, [h, + ‘T‘H + Zng + ﬂ

dt
=w,| h, + E—-%Z.,g + oW,
o B dr

Where, w = mass flow rate (kg/s)

e Steady Flow Process Involving Two Fluid Streams at the Inlet
and Exit of the Control Volume

Mass balance
w, +w, = w, +w,
AV, ALV, ALV, A,V,

+ = ' +
v, U v

U,

Where, v = specific volume (m#/kg)
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Energy balance
{h T"z +/gJ+u [h +‘f7+dg)+ﬂ

dt

'.’.‘ 2 "
- “I:i{h;’ * ‘.71+Z:!gJ+"':[;ll +%+ Zng + d l.r

dt

Questions with Solution P. K. Nag

Q5.1 A blower handles 1 kg/s of air at 20°C and consumes a power of 15 kW,
The inlet and outlet velocities of air are 100 m/s and 150 m/s respectively.
Find the exit air temperature, assuming adiabatic conditions. Take ¢, of

air is 1.005 kJ/kg-K.
(Ans. 28.38°C)

Solution:
t]=2“°(‘ -— TS —\)— 1)0 m/s
V=100 mf--® "ww\‘-‘-.'\:\‘é\‘ O ty ="
W 5kN
dt
From S.F.E.E.
-2 " r2 ‘\.
w,| h, + Vi - 8, +ﬂ =w, h,+ Vs + 8Z, - g
Z(ll}(} 1000 ) dt L7 2000 1000 dt
Here w, =w, =1kg/s ;Z, =7,; %ﬂ).
b+ L goh,+ 20 5
2000 - 2000
2 =-nZ
b, —h = [15+100° 150
N 2000 2000
or C, (t,—t)=8.75
or 6, =20+ 002 _ 98 79
= 005
Q5.2 A turbine operates under steady flow conditions, receiving steam at the

following state: Pressure 1.2 MPa, temperature 188°C, enthalpy 2785
kJ/kg, velocity 33.3 m/s and elevation 3 m. The steam leaves the turbine
at the following state: Pressure 20 kPa, enthalpy 2512 kJ/kg, velocity 100
m/s, and elevation 0 m. Heat is lost to the surroundings at the rate of 0.29
kd/s. If the rate of steam flow through the turbine is 0.42 kg/s, what is the

power output of the turbine in kW?
(Ans. 112.51 kW)
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Solution:

Q5.3

Solution:

w, =w, =0.42kg/s

L =1
— 1 9 MDD, ﬁ(
P, = 1.2 MPa @ / -l—>l T = 0.29 kJ/s
t; = 188°C dt
h, = 2785 kd/kg &:_
V, =33.3 m/s —> =
7]]: 3m 3 m I dt — ’
g L — p— —
O1-©
p, = 20 kPa
hy = 2512 kd/kg
Vy = 100 m/s
z2=0
By S.F.E.E.
w, h + vy +—gz‘ +ﬂ =w,|h,+ Vy - &7, +d“
2000 1000 dt L7 2000 1000 dt
or 0420278543337, 98Bl 00§ 4nla51p, 1007 cop e W
| 2000 1000 | 2 [ de
or 1169.655 =1057.14 + d-“
W
or il =112.515 kW
dt

A nozzle is a device for increasing the velocity of a steadily flowing
stream. At the inlet to a certain nozzle, the enthalpy of the fluid passing
is 3000 kJ/kg and the velocity is 60 m/s. At the discharge end, the
enthalpy is 2762 kJ/kg. The nozzle is horizontal and there is negligible
heat loss from it.
(a) Find the velocity at exists from the nozzle.
(b) If the inlet area is 0.1 m?* and the specific volume at inlet is 0.187
m¥/kg, find the mass flow rate.
(c) If the specific volume at the nozzle exit is 0.498 m*kg, find the exit
area of the nozzle.
(Ans. (a) 692.5 m/s, (b) 32.08 kg/s (c) 0.023 m?)
(a) Find V, i.e. Velocity atexit from S.F.EE.
%A gz . 4Q dQ o+ A% .\ gZ, +t¥W

+ o
! 2000 1000 dm © 2000 1000 dm
Data for a

h, = 3000 kJ/kg
Vi =60 m/s

Data for b
A;=0.1m?
v, =0.187 m¥/kg

() vo = 0.498 m?/kg
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Here Z, = Z, andﬂzﬂaudﬂzﬂ
- m dm
b+ =h,+—2
2000 - 2000
or Vi=Vi _ (h,—h,)
2000 -
or V; =V +2000(h, -h,)
or V, = V7 +2000(h, -h,)

= /607 + 2000 (3000 - 2762)m / 5
= 692.532 m /s

AV
(b) Mass flow rate (w) = AVy
1
0.1x60
= kg/s=32.1kg/s
0187 © €
(c) Mass flow rate is same so
32.0855613 = 2 x692.532
0.498

or A, = 8.023073 m”

Q5.4 In oil cooler, oil flows steadily through a bundle of metal tubes
submerged in a steady stream of cooling water. Under steady flow
conditions, the oil enters at 90°C and leaves at 30°C, while the water
enters at 25°C and leaves at 70°C. The enthalpy of oil at t°C is given by

h=1.68t+10.5 x 10! t* kJ/kg
What is the cooling water flow required for cooling 2.78 kg/s of 0il?
(Ans. 1.47 kg/s)
+0+0)+wy , (hy o +0+0)+ 0w, (h,, +0+0)+wy ,(hy , +0+0)+0

O ®

90°C 30°C

Solution:  w, (h

m

01l

Water
Vater 3550 70°C

© ©)
w,th;—h, )= f‘["n_.n(hu_.nn - hli_,n,J
h,i = 1.68 x 90 + 10.5 x 10! x 90? kJ/kg = 159.705 kJ/kg
hoo = 1.68 X 30 + 10.5 x 10~ x 362 kd/kg =51.395 kd/kg

St

W - 278x108.36
Hyo  4187(70-25)
= 1.598815 kg/s = 1.6 kels

kgl/s

Q5.5 A thermoelectric generator consists of a series of semiconductor
elements (Figure) heated on one side and cooled on the other. Electric

current flow is produced as a result of energy transfer as heat. In a
Pane 44 nf 2RA/ e ~ e
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particular experiment the current was measured to be 0.5 amp and the

electrostatic potential at

(1) Was 0.8 volt above that at

(2) Energy transfer as heat to the hot side of the generator was taking
place at a rate of 5.5 watts. Determine the rate of energy transfer as

heat from the cold side and the energy conversion efficiency.
: Q Q

_________ | |

AT SRRy
| 22727 P7r27r 70777, 27272772772 |
| |
® E|:P N P N P N 'i 5
LA X ] Vo { AV VL A e Jl//._/ VA
O | BN e SN @
la; 1@
DN
& — €2
(Ans. @ =5.1 watts, n =0.073)
Solution: Ql =R+ (iz
or 5.5205X0.8+d,

or Q, =5.1 watt

n= 2351 100% =7.273%
2.9
Q5.6 A turbo compressor delivers 2.33 m%s at 0.276 MPa, 43°C which is heated

at this pressure to 430°C and finally expanded in a turbine which
delivers 1860 kW. During the expansion, there is a heat transfer of 0.09
M.J/s to the surroundings. Calculate the turbine exhaust temperature if
changes in kinetic and potential energy are negligible.
(Ans. 157°C)
Solution:

t=93°C V=233 m%s;p, =0.276 MPa ; t = 930°C

C.C.F

¢

__B—b% = 1860 kW

T

—Q

39 =—0.09 x 1000 kJ/s = - 90 kW

dt
w, h, + 4Q _ w, h, + 4w
dt dt
ZW, (hi=hg) = dW _dQ
dt  dt

or = 1860—(-90) = 1950 kW
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Q5.7

Solution:

p,V, = mRT,
o= P,V _ 276 kPax2.33m"/s
" RT, 0.287kJ/kgx316K
Or hi — h2 =275
Cp (t1 — t2) = 275
275

l)
t2 = 430 - 273.60
=156.36" C

=7.091 kg/s

or t1—ta= 273.60

A reciprocating air compressor takes in 2 m%min at 0.11 MPa, 20°C
which it delivers at 1.5 MPa, 111°C to an aftercooler where the air is
cooled at constant pressure to 25°C. The power absorbed by the
compressor is 4.15 kW. Determine the heat transfer in

(a) The compressor

(b) The cooler

State your assumptions.
(Ans. — 0.17 kJ/s, — 3.76 kd/s)

‘ 4Q _ dW
(a) S w, (h, +0+())+a— = w, hz+F
0.0436 (111.555—-20.1) - 4.15= [%]
% =-0.1622 kW 1.e. 1622 kW loss by compressor
W _ 4.15 kW
dt

. | (3
Vi=2 m?/min
p, =0.11MPa :
t] — z()o[" 111°C Cooles
1.5MPa
3
Compressor work = il{p:\’! -p, V) = = ] (mRT, - mRT))
n- n-
= H x0.0436 x 0.287(111 - 20) kW
= 3.9854 kW
d4Q

. —— =3.9854 - 4.15=-0.165 kW
dt

(b) ﬂ For cooler
dt
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= me,(t, - t,)
=0.0436 x 1.005 x (111 — 25) kd/s
= 3.768348 kW to surroundings

Q5.8 In water cooling tower air enters at a height of 1 m above the ground
level and leaves at a height of 7 m. The inlet and outlet velocities are 20
m/s and 30 m/s respectively. Water enters at a height of 8§ m and leaves at
a height of 0.8 m. The velocity of water at entry and exit are 3 m/s and 1
m/s respectively. Water temperatures are 80°C and 50°C at the entry and
exit respectively. Air temperatures are 30°C and 70°C at the entry and
exit respectively. The cooling tower is well insulated and a fan of 2.25 kW
drives the air through the cooler. Find the amount of air per second
required for 1 kg/s of water flow. The values of ¢, of air and water are
1.005 and 4.187 kJ/kg K respectively.

(Ans. 3.16 kg/s)

Solution: Let air required 1s w; kg/s

: u-;‘[h: s, BL ]Hr;*{h;" s B )+ﬂ
2000 1000 2000 1000, dt

[ Ve g zn ) ( R AT'S A ] W
=w; | hy + 32—+ —2|+w; | h + 2—+— |+
207 72000 1000/ 0 2P 2000 1000)  dt

"= w! =w (say) and ﬂ =0 w = w, =1kgls

b dt
V3 =30 m/s < V' =3 m/s, t' =80°C
=70 P 4
7 m 8 m
\".]l = 20 m/s v > t > 1[ v \-\; = 1 m/s. t-‘; = 50°C
ti = 30°C w' =w’ =1 kgls
_1lm 0.8 m ! 2 .
¢, =1.005 kd/kg - K ¢'=4.187 kd/kg - K
= 2.25 kW
dt

2000 1000 }

Y =V 8 —z;")h .
2000 1000 S T

9 2 _ 2 «
Or u'{l.OUSx(ilO—?O)+ 20" -30°  9.81 (1—7)1
2000 1000 f

N Ve A PP
{{hl—h2)+ ' + (Z! - Z3)

- {(h;’ —h)
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2

j 3z 9.81
2000 1000

= 4.187 (50 - 80) + x(0.8-8)-2.25

or —w x 40.509 =-127.9346
_ 127.9046 _ 3.1582 kg/s = 3.16 kgls
40.509

Q5.9 Air at 101.325 kPa, 20°C is taken into a gas turbine power plant at a
velocity of 140 m/s through an opening of 0.15 m? cross-sectional area.
The air is compressed heated, expanded through a turbine, and
exhausted at 0.18 MPa, 150°C through an opening of 0.10 m? cross-
sectional area. The power output is 375 kW. Calculate the net amount of
heat added to the air in kJ/kg. Assume that air obeys the law

pv = 0.287 (t + 273)

Where p is the pressure in kPa, v is the specific volume in m¥kg, and t is
the temperature in °C. Take ¢, = 1.005 kJ/kg K.
(Ans. 150.23 kJ/kg)

Solution: Volume flow rate at inlet (V)= ViA; m¥/s =21 m¥/s

_ Vi _101.325x21 _ __,
Inlet mass flow rate (w,) = = = 25.304 kg/s
” W= R T 0287293 &
w, RT,

P,

Volume flow rate at outlet = (V2)=

25.304 x0.287 x 423

= =17 mils

180

-
|

-|—>d('l— = 375 kW

p, = 101.325 kPa @——@ = 0.18MPa = 180 kPa

_’
t, = 20°C ty = 150°C
\'l = 140 m/s A, =0.1 m?
A; =0.15 m? \i =171 m/s
Velocity at outlet = SR (1_'1 = 170.66 m/s

Using S.F.E.E.

{h+\f +0J+%=u':[h., v, +0]+ﬂ

2000 £ 2000 dt
W, = w, = w =25304 kg/s
ﬂ { \Yj o Vvl.! } : d“'
dt h,) 2000 dt
C . - V-V | . 40
1 2000 | dt
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171% - 140° |

= 25.304 [1‘005 (150 - 20) + +375 kW
| 2000 |
=3802.76 kW
dQ ﬂ/ 3802.76
U _ dt :¥=]r(]23kel
dm wo T 25300 Ag
Q5.10 A gas flows steadily through a rotary compressor. The gas enters the

compressor at a temperature of 16°C, a pressure of 100 kPa, and an
enthalpy of 391.2 kJ/kg. The gas leaves the compressor at a temperature
of 245°C, a pressure of 0.6 MPa, and an enthalpy of 534.5 kJ/kg. There is
no heat transfer to or from the gas as it flows through the compressor.
(a) Evaluate the external work done per unit mass of gas assuming the
gas velocities at entry and exit to be negligible.
(b) Evaluate the external work done per unit mass of gas when the gas
velocity at entry is 80 m/s and that at exit is 160 m/s.
(Ans. 143.3 kJd/kg, 152.9 kd/kg)
h, +\_1+g_Z!+ﬂ = h, + Yy - eZ, +1-Pﬂ
2000 1000 dm © 2000 1000 dm
For Vi and V2 negligible and Z, = Z, so
4w

dm =hi—h2=(391.2 — 5345) kJ/kg

Solution: (a)

=—-143.3 kJ/kg 1.e. work have to give

>

u (]
t; =16°C (P ty = 245°C
p,= 100 kPa P, = 0.6 mPa = 600 kPa

h) =391.2 kd/kg é é hy =534.5 kd/kg

dt
(b) Vi =80 m/s: V2= 160 m/s
So Wy nye Ve
dm B 2000
80* —160*
= 1433+ —— kd/kg =(-143.3 — 9.6) kJ/
2000 g =(—143.3 3) kd/kg

=-152.9 kd/kg i.e. work have to give

Q5.11 The steam supply to an engine comprises two streams which mix before
entering the engine. One stream is supplied at the rate of 0.01 kg/s with
an enthalpy of 2952 kJ/kg and a velocity of 20 m/s. The other stream is
supplied at the rate of 0.1 kg/s with an enthalpy of 2569 kJ/kg and a
velocity of 120 m/s. At the exit from the engine the fluid leaves as two
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streams, one of water at the rate of 0.001 kg/s with an enthalpy of 420
kJ/kg and the other of steam; the fluid velocities at the exit are
negligible. The engine develops a shaft power of 25 kW. The heat
transfer is negligible. Evaluate the enthalpy of the second exit stream.

(Ans. 2402 kJ/kg)

Solution: d—Q =0
dt
By mass balance
————_—1
dW - .
II — Frale 25 kW
W11 :OOIkg/“ I
hy; = 2952 kd/kg I|a \ | X
Vi =20 m/s 22~
11 m/s + “’22 -9
1 \"zi) — 0
wio = 0.1 kg/s wo1 = 0.001 kg/s
h]z = 2569 kJ/kg hi'.l =420 l\'t”kg
\"?12 =120 m/S \_721 =0
Wi+ Wiz=Wazy + Wae
: W2 =0.01+0.1-0.001 kg/s =0.109 kg/s
\_’2 72
W, [h“ T ]+W1_,(h,_, , i }+ 4Q
2000 : = 2000 dt
= W-u(h-q) +W,_, xh, + t;l
- - - - t
9 2 5Tt
0.01[2952 + 20 ]+0.1 [2:‘:(i9+ 120 ]+0
2000 2000
=0.001 x 420 + 0.109 % ha2 + 25
or 29522+ 257.62=0.42+0.109 X has + 25
or 286.722=0.109 X haa + 25
or h2: = 2401.2 kd/kg
Q5.12 The stream of air and gasoline vapour, in the ratio of 14: 1 by mass,

enters a gasoline engine at a temperature of 30°C and leaves as
combustion products at a temperature of 790°C. The engine has a
specific fuel consumption of 0.3 kg/kWh. The net heat transfer rate from
the fuel-air stream to the jacket cooling water and to the surroundings is
35 kW. The shaft power delivered by the engine is 26 kW. Compute the
increase in the specific enthalpy of the fuel air stream, assuming the
changes in kinetic energy and in elevation to be negligible.

(Ans. — 1877 kd/kg mixture)

Solution: In 1 hr. this m/c will produce 26 kWh for that we need fuel
=0.3 x 26 = 7.8 kg fuel/hr.
Mass flow rate of fuel vapor and air mixture
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w,=x kg/s

—— e
t,=30"C
—i——:

w,=14 x kg/s

_15x78

W
1 3600

Applying S.F.E.E,

W _ o w
TR 26 kW
w, =15 x kg/s
=790°C
2 _ g5 kw

dt

kg/s =0.0325 kg/s

. W"
w, h + % =w h, + t:l—t
or W, (h:—hy= 22 W
dt dt
dQ dW
h,— h, = dt  dt
- w
= _—3’_—‘3_6 = 1877 kJ/kg of mixture.
0.0325
Q5.13 An air turbine forms part of an aircraft refrigerating plant. Air at a
pressure of 295 kPa and a temperature of 58°C flows steadily into the
turbine with a velocity of 45 m/s. The air leaves the turbine at a pressure
of 115 kPa, a temperature of 2°C, and a velocity of 150 m/s. The shaft
work delivered by the turbine is 54 kJ/kg of air. Neglecting changes in
elevation, determine the magnitude and sign of the heat transfer per
unit mass of air flowing. For air, take ¢, = 1.005 kJ/kg K and the enthalpy
h=cyt.
(Ans. + 7.96 kd/kg)

Solution: e e

h, + Y, +I§2:= 5 Vi oW I ' B 54 kg

2000 dm 2000 dm ) dm
4Q \'2.5 - \_,YI‘Z dW IJI = 293(“)3 @
. — ' + t;=58°C .

" dm (b, —h,)+ 2000 dm s“ll = 45 mls é Py —,,lol-? kPa
—(2.01-58.29)+ PE =45 <4k | N AN b
TR 2000 0 hy=Cpt é 0 y27 0 n.mk
= _56.28 + 10.2375 + 54 kd/kg = 1,005 % 58 e 2= 201 kI ke
= 7.9575 kJ/kg (have to give to the =58.29 kJ/kg

svstem)
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Second Law of Thermodynamics

Some Important Notes

Regarding Heat Transfer and Work Transfer
e Heat transfer and work transfer are the energy interactions.
¢ Both heat transfer and work transfer are boundary phenomena.
e [t is wrong to say 'total heat' or 'heat content' of a closed system, because heat or work is
not a property of the system.
e Both heat and work are path functions and inexact differentials.
e Work 1s said to be a high grade energy and heat is low grade energy.
e HEAT and WORK are NOT properties because they depend on the path and end states.
e HEAT and WORK are not properties because their net change in a cycle is not zero.

¢ (Clausius' Theorem: The cyclic integral of ¢ Q/T for a reversible cycle is equal to zero.

: Q) _
o7 ¢HT =10

¢ The more effective way to increase the cycle efficiency 1s to decrease Ts.

e Comparison of heat engine, heat pump and refrigerating machine

| Heat Source [ T

W,
E £ Heated Space

Tk

W

T 2T, Ty 2T,
25’0 Surroundings hete T
_____________________________ o
To<T,
o a ®‘_ wH
Cooled Space }— To
Q _T.
QH T;f
Q. T,
hence, n.,,.. ;0 = 1— Qe =1-=X
QU I’H
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Q6.1

Solution:

Q6.2

Solution:

Q6.3

(‘OP QH QH — TH

: Carnot HP — “:-‘,-f,. = Q” "‘Q‘- B I‘” _T:
Qf‘ Q:‘ T:

(1()R"r1mv,r_h' = * = - m
“{‘_\'r‘h’ (-)H - (-}f ?H - II"

Questions with Solution P. K. Nag

An inventor claims to have developed an engine that takes in 105 M.J at a
temperature of 400 K, rejects 42 MJ at a temperature of 200 K, and
delivers 15 kWh of mechanical work. Would you advise investing money
to put this engine in the market?

(Ans. No)
Maximum thermal efficiency of his engine possible
Myax = 1— 200 50%
400

That engine and deliver output = n X mnput

=0.5x 105 MJ

=52.5 MdJ = 14.58 kWh
As he claims that his engine can deliver more work than ideally possible so |
would not advise to investing money.

If a refrigerator is used for heating purposes in winter so that the
atmosphere becomes the cold body and the room to be heated becomes
the hot body, how much heat would be available for heating for each KW
input to the driving motor? The COP of the refrigerator is 5, and the
electromechanical efficiency of the motor is 90%. How does this compare
with resistance heating?

(Ans. 5.4 kW)

desired effect

COP = :
mput
(COP) et = (COP)r—1
or 6= E S (COP)ur. =6

W
So input (W) = %

But motor efficiency 90% so

W H

0.9 0.9x6

Electrical energy require (E) =
=0.1852 H
= 18.52% of Heat (direct heating)

. kW 5 .3995kW
18.52 kW of work

Using an engine of 30% thermal efficiency to drive a refrigerator having
a COP of 5. what is the heat input into the engine for each MJ removed

from the cold body by the refrigerator?

Man~ CO ~Af MK

(Ans. 666.67 kJ)
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If this system is used as a heat pump, how many MJ of heat would be
available for heating for each MJ of heat input to the engine?

(Ans. 1.8 MJ)
Solution: COP of the Ref. i1s 5

So for each MJ removed from the cold body we need work

_ 1 i‘f J

=200 kJ

5
For 200 kJ work output of heat engine hair n = 30%

We have to supply heat = 200kJ = 666.67 kJ
Now .
COP of H.P. = COP of Ref. + 1

=5+1=6
Heat input to the HE. = 1 MJ
Work output (W)=1 x 0.3 MJ = 300 kJ
That will be the input to H.P.
- (cop) =%
He W
Qi =(COP)1p. xW=6x 300 kd=1.8MdJ

Q6.4 An electric storage battery which can exchange heat only with a
constant temperature atmosphere goes through a complete cycle of two
processes. In process 1-2, 2.8 kWh of electrical work flow into the battery
while 732 kJ of heat flow out to the atmosphere. During process 2-1, 2.4
kWh of work flow out of the battery.

(a) Find the heat transfer in process 2-1.

(b) If the process 1-2 has occurred as above, does the first law or the
second law limit the maximum possible work of process 2-1? What is
the maximum possible work?

(c) If the maximum possible work were obtained in process 2-1, what
will be the heat transfer in the process?

(Ans. (a) — 708 kdJ (b) Second law, Wi = 9348 kJ (¢c) Q-1 = 0)

Solution: From the first Law of thermodynamics
(a) For process 1-2 _W _Q
Qi2=E2-Ei1+ Wi
~-732=(E2—E1) - 10080
[28 kWh = 2.8 x 3600 kJ|

E:—Ei=9348 kJ

For process 2—1 =
Q:l = E, -E, +W:| aal
=-9348 + 8640
=-708 kdJ 1.e. Heat flow out to the atmosphere.

(b) Yes Second Law limits the maximum possible work. As Electric energy stored
in a battery is High grade energy so it can be completely converted to the
work. Then,

W =19348 kJ
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(c) Q21 =-9348 + 9348 = 0 kd

Q6.5 A household refrigerator is maintained at a temperature of 2°C. Every
time the door is opened, warm material is placed inside, introducing an
average of 420 kJ, but making only a small change in the temperature of
the refrigerator. The door is opened 20 times a day, and the refrigerator
operates at 15% of the ideal COP. The cost of work is Rs. 2.50 per kWh.
What is the monthly bill for this refrigerator? The atmosphere is at 30°C.

(Ans. Rs. 118.80)

97 =
Solution:  Ideal COP of Ref. = ? ==" =982143

Actual COP =0.15 X COP ideat = 1.4732
Heat to be removed 1n a day
(Q2) = 420 x 20 kJ
= 8400 kJ

303 K
Q=Qu+ W

Work required = 5701.873 kdJ/day
= 1.58385 kWh/day

Electric bill per month = 1.58385 % 0.32 x 30 Rupees
= Rs. 15.20

Q6.6 A heat pump working on the Carnot cycle takes in heat from a reservoir
at 5°C and delivers heat to a reservoir at 60°C. The heat pump is driven
by a reversible heat engine which takes in heat from a reservoir at 840°C
and rejects heat to a reservoir at 60°C. The reversible heat engine also
drives a machine that absorbs 30 kW. If the heat pump extracts 17 kJ/s
from the 5°C reservoir, determine
(a) The rate of heat supply from the 840°C source
(b) The rate of heat rejection to the 60°C sink.

(Ans. (a) 47.61 kW: (b) 34.61 kW)

Solution:
COP of H.P. 2 278 K 1113 K
=333  _ 6.05454
333 -278
Qa=Wnp + 17
M = 6.05454
‘Y-I{.l‘
17 505454
“‘ H.P
Wup = % =3.36 kW
5.05454

Work output of the Heat engine
Wue =30+ 3.36=33.36 kW

nofthe HE. = 1- BaS
113

-
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(a) .. -\l- =0.7
Q,
\I‘

Q1= — =47.61 kW
0.7

(b) Rate of heat rejection to the 333 K
(1) From HE. = Qi - W =47.61 - 33.36 = 14.25
kW
(11) For H.P.= 17+ 3.36 = 20.36 kW
o Total = 34.61 kW

Q6.7 A refrigeration plant for a food store operates as a reversed Carnot heat
engine cycle. The store is to be maintained at a temperature of - 5°C and
the heat transfer from the store to the cycle is at the rate of 5 kW. If heat
is transferred from the cycle to the atmosphere at a temperature of 25°C,
calculate the power required to drive the plant.

(Ans. 0.56 kW)
. 268 N
Solution: ~ (COP) =" =8933
298 — 268

5 kW
= ’;' Qs = (5 +W)kW
W= _—2 kW =056 kW Q,=5kW
8.933 -
268 K
Q6.8 A heat engine is used to drive a heat pump. The heat transfers from the

heat engine and from the heat pump are used to heat the water
circulating through the radiators of a building. The efficiency of the
heat engine is 27% and the COP of the heat pump is 4. Evaluate the ratio
of the heat transfer to the circulating water to the heat transfer to the
heat engine.

(Ans. 1.81)
Solution: For H.E.
1- & =0.27
Q,
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2

L =0.73
Q
Q:=0.73 Q

W=Qi -Q:=0.27Q

For H.P.
Q,
W
Q1

=4

AW = 1.08 Q:

Q:+Q:=(0.73+1.08) Q: = 1.81 Q,

Heat transfer to the circulating water
Heat for to the Heat Engine

_181Q, _ 181
Q,
Q6.9 If 20 kJ are added to a Carnot cycle at a temperature of 100°C and 14.6

kJ are rejected at 0°C, determine the location of absolute zero on the
Celsius scale.

(Ans. — 270.37°C)

. Q o(t,)
Solution: —L =1 Letp (t)=at+b
Q) .
Q _ at; +b
Q, at,+b
o 20 =a><100+b:5x100+1
11.6 ax0+b b
2 = 36986 x 10-}
b
For absolute zero, Q=0
Q, _ax100+b
0 axt+b
or aXxt+b=0
or = 1 - yq0s7c
a 3.6986 x 10~
Q6.10 Two reversible heat engines A and B are arranged in series, A rejecting

heat directly to B. Engine A receives 200 kJ at a temperature of 421°C
from a hot source, while engine B is in communication with a cold sink
at a temperature of 4.4°C. If the work output of A is twice that of B, find
(a) The intermediate temperature between A and B
(b) The efficiency of each engine
(c) The heat rejected to the cold sink

(Ans. 143.4°C, 40% and 33.5%, 80 k.J)
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Ql — Q*_ — Ql _Qz — (IZI — Qz _Q'.i

Solution: ——l= = = = =
694 T 694 -T 277.4 T-277.4
Hence Q1 —Q2=2 W,
Q:—-Qis=W:2
2 _ 1
694-T T-277.4
or 2T =277 4% 2=694-T
or T=416.27 K=143.27"C
(b) 1, = 40%
no=1- 2004 - 33.36%
- 416.27
© Q=627 500k =119.96 kJ :
694
Q=21 119.96 =79.91kJ
416.27
Q6.11 A heat engine operates between the maximum and minimum
temperatures of 671°C and 60°C respectively, with an efficiency of 50% of
the appropriate Carnot efficiency. It drives a heat pump which uses
river water at 4.4°C to heat a block of flats in which the temperature is
to be maintained at 21.1°C. Assuming that a temperature difference of
11.1°C exists between the working fluid and the river water, on the one
hand, and the required room temperature on the other, and assuming
the heat pump to operate on the reversed Carnot cycle, but with a COP
of 50% of the ideal COP, find the heat input to the engine per unit heat
output from the heat pump. Why is direct heating thermodynamically
more wasteful?
(Ans. 0.79 kJ/kJ heat input)
Solution:  Carnot efficiency () = 1- 212+60 | 1- 333 _ 0.64725
273+ 671 944
Q,

Actual (n) =0.323623 =1- o

Ly
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By: S K Mondal

Second Law of Thermodynamics

Chapter 6

Q6.24

Solution:

Work output (W) = % (T, =T,

i

For H.P.
Work input (W) = % (T, =T))

Q . Q. .
?;(ri - Fz) = T_i(Tt - rl]

or &:BJT‘_T‘I

Q, T lT —T‘J

| 4

Thais 1s the expression.

Prove that the following propositions are logically equivalent:

(a) A PMM2 is Impossible

(b) A weight sliding at constant velocity down a frictional inclined plane

executes an irreversible process.

Applying First Law of Thermodynamics
Qu=E:—E|+ W2

or 0=E:-Ei - mgh

or Ei—E:=mgh

Page 69 of 265
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Some Important Notes

(Clausius theorem: (f[?] =0

f
4 C
Sr—Si= j% = (._‘LS) irrev. Path

I

Integration can be performed only on a reversible path.

Clausius Inequality: (jl% <0

At the equilibrium state, the system is at the peak of the entropy hill. (Isolated)
TdS = dU + pdV

TdS =dH - Vdp

Famous relation S =K In W

Where K = Boltzmann constant
W = thermodyvnamic probability.

General case of change of entropy of a Gas

\
S2—8: = m{c\_ Inf2ic In_2
2 Vi

Initial condition of gas p, . Vi, T1, S1 and

Final condition of gas p, , Vs, Tz, S2
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Questions with Solution P. K. Nag

Q7.1. On the basis of the first law fill in the blank spaces in the following table
of imaginary heat engine cycles. On the basis of the second law classify
each cycle as reversible, irreversible, or impossible.

Cycle Temperature Rate of Heat Flow Rate of | Efficiency
. _ ; _ . work
 Source Sink  Supply | Rejection = Oulput

(a) 327°C | 27°C | 420kJ/s | 230kJ/ls .. kKW

(b) 1000°C | 100°C | ...kJ/min 4.2 MJ/min ... KW 65%

(c) 750 K (300K ..kJ/s .. kdls 26 kW 65%

(d 700K 300K 2500 ...kcal/h 1 kW —
keal/h

(Ans. (a) Irreversible, (b) Irreversible, (¢) Reversible, (d) Impossible)

Solution: : :
Cycle Temperature Rate of Heat Flow Rate of Effici- Remark
| work = ency |
Source = Sink | Supply Rejection ' Mmax = 50%,
(a) 327°C 27'C 420 kd/s 230 kd/s 190kW 0.4523 irrev.possible
=P FD
(b) 1000°C 100°C 12000 1.2 kJ/m 7800 kW | 65% Nmax=70.7%
' kJ/km irrev.possible
(c) 750 K 300 K 4333 kd/s | 17.33 kd/s 26 kW 60% Nmax= 60% rev.
' possible
. . 2500 16!0 ) l]m.-m:':)T%
(d) 700 K | 300 K | keal’h keal/h 1 kW 4.4% irrev.possible
Q7.2 The latent heat of fusion of water at 0°C is 335 kJ/kg. How much does the

entropy of 1 kg of ice change as it melts into water in each of the
following ways:
(a) Heat is supplied reversibly to a mixture of ice and water at 0°C.
(b) A mixture of ice and water at 0°C is stirred by a paddle wheel.
(Ans. 1.2271 kJ/K)

. . 1x335 . .
Solution : (a) (AS) qyetem = + - kJ/ K Ice + Water
2. -
= 1.227 kJ/K o

(b) (AS) svetem
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Q7.3 Two kg of water at 80°C are mixed adiabatically with 3 kg of water at
30°C in a constant pressure process of 1 atmosphere. Find the increase in
the entropy of the total mass of water due to the mixing process (¢, of
water = 4.187 kJ/kg K).

(Ans. 0.0576 kJ/K)

Solution: If final temperature of mixing is Tr then
2% ¢, (353-T,)

2k 3k
=3x ¢, (T, —303) s ~

80°C =353 K 30°C =303 K
I I1

or T, =323 K

(AS) system — (AS) |+ {AS) 11

323 dr[1 a23 dT
= I m, ¢, — + I m, ¢, —
153 J03
= 2x4.187 ln('}—z-'iJlel.lBTxln 323
35! 303
=0.05915 kJ/K
Q7.4 In a Carnot cycle, heat is supplied at 350°C and rejected at 27°C. The

working fluid is water which, while receiving heat, evaporates from
liquid at 350°C to steam at 350°C. The associated entropy change is 1.44
kd/kg K.
(a) If the cycle operates on a stationary mass of 1 kg of water, how much
is the work done per cycle, and how much is the heat supplied?
(b) If the cycle operates in steady flow with a power output of 20 kW,
what is the steam flow rate?
(Ans. (a) 465.12, 897.12 kJ/kg, (b) 0.043 kg/s)

Solution:  If heat required for evaporation 1s Q kd/kg then
@ =
(350 + 273)
or Q=897.12 kd/kg
It is a Carnot eycle son=1- M
(350 +273)

W =1.Q=165.12 kJ

. . 2
(b) P=mW orm = Pr _0
W 465.12

kg/s = 0.043 kg/s

Q7.5 A heat engine receives reversibly 420 k.J/cycle of heat from a source at
327°C, and rejects heat reversibly to a sink at 27°C. There are no other
heat transfers. For each of the three hypothetical amounts of heat
rejected, in (a), (b), and (c) below, compute the cyclic integral of dQ/T.

-
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Solution:

Q7.6

from these results show which case is irreversible, which reversible, and
which impossible:
(a) 210 kJ/cycle rejected
(b) 105 kJ/cycle rejected
(c) 315 kJ/eycele rejected
(Ans. (a) Reversible, (b) Impossible, (¢) Irreversible)

d 420 :
(a) gS—Q = J: — - 2]0_ =
T (327 +273) (27+273)
Cycle is Reversible, Possible
. dQ 420 105
(b e - 22000 35
SIS 600 300 :
Cycle 15 Impossible
dQ _ 420 313
=== 22 =035
© ¢ =+ 600 300 ’

Cycle 1s irreversible but possible.

In Figure, abed represents a Carnot cycle bounded by two reversible

adiabatic and two reversible isotherms at temperatures T: and T: (T: >
Ts).

p

The oval figure is a reversible cycle, where heat is absorbed at
temperature less than, or equal to, T, and rejected at temperatures
greater than, or equal to, T: Prove that the efficiency of the oval cycle is
less than that of the Carnot cycle.
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Solution:

Q7.7 Water is heated at a constant pressure of 0.7 MPa. The boiling point is
164.97°C. The initial temperature of water is 0°C. The latent heat of
evaporation is 2066.3 kJ/kg. Find the increase of entropy of water, if the
final state is steam

(Ans. 6.6967 kd/kg K)

Solution: (AS)Water

135.95
= [ 1x4187x 9%
273 T
427 Q7 p =700 kPa
= llSTln( 31’_9‘JkJ;K
73 T=437.97K
=1.979 kJ/K T
273
(AS)EW pour I{
_ 1220663
437.97
= 4.7179 kJ/K S
(A?“}:&_\'rlem

= 6.697 kd/kg — K

Q7.8 One kg of air initially at 0.7 MPa, 20°C changes to 0.35 MPa. 60°C by the
three reversible non-flow processes, as shown in Figure. Process 1: a-2
consists of a constant pressure expansion followed by a constant volume
cooling, process 1: b-2 an isothermal expansion followed by a constant
pressure expansion, and process 1: ¢-2 an adiabatic
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/— Rev. isothermal
Q \1 . a

0.7 MPa, 0.35 MPa,
20°C b 60°C

L

Rev. adiabatic

—_——
Expansion followed by a constant volume heating. Determine the change
of internal energy, enthalpy, and entropy for each process, and find the

work transfer and heat transfer for each process. Take ¢, =1.005 and ¢,
=0.718 kJ/kg K and assume the specific heats to be constant. Also assume

for air pv = 0.287 T, where p is the pressure in kPa, v the specific volume
in m¥/kg, and T the temperature in K.

Solution: p,= 0.7 MPa = 700 kPa Ti=293 K
v, =0.12013 m¥kg p, = 700 kPa
T.=666 K v, =0.27306 mi/kg
p, = 350 kPa T:=333K

v, = 0.27306 m¥/kg

0.7 MPa
1 20°C a
A
P |Rev v
Isother-
mal 5] P
2 035 MPa
a0 C
Rev, c 60°C
Adizgbetic
v >
For process 1-a—2
(‘2[—.1 = u, -u, + J- pd\r

u,—u, + 700(0.27306 — 0.12013)

u,—u, +107

Q:t—:! = Uz— Ll” +0
u,—u,=267.86 kd/kg
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u,—u,=-239 kd/kg
Tl

Qi-a = [, dT
i

1.005 x (666 — 293)
374.865 kd/kg

T,
Qi-2= [ dT
;

0.718 (333 — 666)
=239 kJ/kg

(|

(1) Au=u, -u, =28.766 kd/kg

() Ah=hz—hi=u, -u+ p,v, - pv,
= 28.766 + 350 x 0.27306 — 700 x 0.12013 = 10.246 kd/kg

(ii1) Q = Q2 + Q1 = 135.865 kJ/kg
(iv) W =W, + W2 = 107 kd/kg

(v) As= s, — 8, = (S: - "'"u) + (Sa— s,)

=C,In T, +C, In L]
r[‘" Tl 4

=0.3275 kJ/kg — K

Q7.9 Ten grammes of water at 20°C is converted into ice at -10°C at constant
atmospheric pressure. Assuming the specific heat of liquid water to
remain constant at 4.2 J/gK and that of ice to be half of this value, and
taking the latent heat of fusion of ice at 0°C to be 335 J/g, calculate the
total entropy change of the system.

(Ans. 16.02 J/K)

Solution:

Sz -5y

273
293
—0.00297 kJ/K
—2.9694 J/K
-mL
T
_ —0.01x335%1000
273
=-12.271 J/K

0.01x4.2x1In kJ/ K

S;—S2=

Mo = LA rC
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268 . A5 .
Si—S3= I mec, dT =0.01 x(E] x In 2?8 kd/ K
273 : 273
=-0.3882 J/K
Si—S1=-15.63 J/IK
Net Entropy change = 15.63 J/K
Q7.10 Calculate the entropy change of the universe as a result of the following

processes:
(a) A copper block of 600 g mass and with C, of 150 J/K at 100°C is placed
in a lake at 8°C.
(b) The same block, at 8°C, is dropped from a height of 100 m into the
lake.
(¢) Two such blocks, at 100 and 0°C, are joined together.
(Ans. (a) 6.69 J/K, (b) 2.095 J/K, (¢) 3.64 J/K)

Solution:
281
. . dT
¢ AS) copper — e
(a) ( pI .;'!; mc, T
; 100 m
=150 221 g/
‘ L3
= 4248 J/K

As unit of Cr 1s J/K there for
It 18 heat capacity

1.e. (‘p =m c,:
C,(100 -8
(J.S) lnke = I(i) I']!‘ K
281
_150000-8) ok
281

(AS) univ = (AS) cop + (AS) lake = 6.63 J/IK

(b) Work when it touch water = 0.600 x 9.81 x 100 J = 588.6 J
As work dissipated from the copper

(AS)‘ copper — 0
As the work is converted to heat and absorbed by water then
W=Q _ 588.6

(AS) take = JI K =2.09466 J/K
281 281
(AS) univ = 0 + 2.09466 J/k = 2.09466 J/K
100+ 0

=50"C=323K

(¢) Final temperature (Ty) =

&
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47
T

T,

T,
¢dT

AS)y=C, jd? . (ASm=C,
T,

" (AS) system = 150 In If— +150 In I‘L
T, T,

= 150 10 323, 1. 323)

JI K =3.638 J/JK
| 373 273)

Q7.11 A system maintained at constant volume is initially at temperature T,
and a heat reservoir at the lower temperature To is available. Show that
the maximum work recoverable as the system is cooled to 7o is

W=c,.[m-r.,)-f;1n§]

Solution:
For maximum work Uht.linab]e the process should be reversible
T,
(AS)hl)dl - J-C — C 1 (TI J
(1 = W
o
(AS )cg'cle =0
(Aﬁ)um\ —_ C In '1 +Q_w20
Tl Tl.l

C.In ( J 2%

Tl TII

r[‘l T
or C.T,In [?’J +Q-W=0 o Q=CUTi—To)
1

or W<Q+C.T,In [I'l]
T,

T,

or W<, {(Tl -T,)+T, ln[?"]}
1

Maximum work Wau = C, {(T: ~T,)+T, ]n[%ﬂ_]}_
1

or WG (Ti—=To)+ Ce To In (5]

v—
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Availability & Irreversibility

Some Important Notes

1. Available Energy (A.E.)‘

. T, i, T,
Winax = (21(1 - F] = mr,,f[l - ‘r—["‘](lT

\ 1 Ty
=(T1-To) AS
=u,—-u, _Tu (31 _52)
(For closed system), it is not (1 — ¢2) because change of volume 1s present there.
=h,-h,-T, (s, -s,)
(For steady flow system), it is (A1 — A2) as in steadyv state no change in volume 1is
CONSTANT VOLUME (1.e. change in availability in steady flow)

2. Decrease in Available Energy

=To [AS' — AS] e A S e
1 "
Take AS' & AS both +Ve Quantity
T
—A S ’l
S

3. Availability function:

72

_%=h—T[,s+%+gZ

Availability = maximum useful work

For steady flow

Availability = Ay — Ao=(hi —ho) = To (5, - 5,) + E}L g/ (. VNo=0,%0=0)
¢ =u- T}'S + puv

For closed system
Availability= ¢ — ¢, = u, —u, — T, (s, =s,)+p.(V, - V,)
Available energy is maximum work obtainable not USEFULWORK.

4.  Unavailable Energy (U.E.)
=To (S1-S2)

5. Increase in unavailable Energy = Loss in availability
= T[I {AS) umv.

- - . o~
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10.

11.

12,

13.

Irreversibility
[ = ‘R'mux - “'rm:lun]
= T[I(\S) umv

Irreversibility rate = I rate of energy degradation

Sgen = jm ds
1

= rate of energy loss (W)

=T, x Sgea for all processes

Wictuat = dQ = du + ¢W_, this for closed system

%A dQ A% aWw
h +—L+gZ +—=h,+—2+gZ +—2 this for steady flo
T 2ty e T yrow

Helmholtz function, F=U - TS

Gibb's function, G=H-TS

Seen

Entropy Generation number (Ns) =
S,

Second law efficiency

_ Minimum exergy intake to perform the given task (X

min )

M Actual exergy intake to perform the given task (X)

Xoin = W, if work 1s involved
= Q(l - %] if Heat 1s involved.
To Calculate dS

: ), V,
1) Use S2—Si1=m|c, In —‘r—-—+c'l. In 2

2 Vi
For closed system

TdS =dU + pdV

or dS=m c‘,%+%d\'
=mc‘d_T+ Rdl
T \Y
2 2 2 v
J'dS= mc‘__[ﬂ‘l-mR d\r
1 T 1V

For steady flow system

TdS =dH - Vdp

dT V
dS=mc¢, —-—d V=mRT
or LPT TP P
dT “dp V _ mR
dS=mc |—--mR|— -
! “!T !p T p

But Note that

=1 h’]('.’lmul
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TdS = dU + pdV
And  TdS=dH - Vdp

Both valid for closed system only

14. In Pipe Flow Entropy generation rate

p. Ty —B} m kg/s g—) p. Ty

Due to lack of insulation 1t may be
T,>T, for hot fluid T| < T, for cold fluid

“;'uvu = é-\.- = (Te
T,
. me (T, -T,)
=m(S, -8,)-—22 1%
o =By
Rate of [rreversibility (i) =Ty ég..n

15. Flow with friction
Decrease in availability = m RT, x Ap
P,
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Questions with Solution P. K. Nag

Q8.1 What is the maximum useful work which can be obtained when 100 kJ
are abstracted from a heat reservoir at 675 K in an environment at 288

K? What is the loss of useful work if

(a) A temperature drop of 50°C is introduced between the heat source
and the heat engine, on the one hand, and the heat engine and the

heat sink, on the other

(b) The source temperature drops by 50°C and the sink temperature
rises by 50°C during the heat transfer process according to the linear

law ﬂ = £ constant?
dT

Solution:
Entropy change for this process

=195k

Yia

AS

\'\"umx = (YI‘ - Tﬂ) \S
= (675 — 288) AS =57.333 ke

(a) Now maximum work obtainable

w._ = 100{1 - ‘“8)
625
=45.92 kJ
. Loss of available work =57.333 — 45.92
=11.413 kdJ

(b) Given ;ﬁ; =& constant

Let dQ =+ mc, dT
. When source temperature 1s (675 — T) and
since temperature (288 + T) at that time if dQ
heat 1s flow then maximum. Available work

from that dQ isdW .

E d.wma\ =d{‘! 1_2?8+T]
' 675-T
= 1—282_;+T mc, dT
675-T
a0 ‘
Was = me, | 1- 288+ 1y
! 675-T
-288-T _ -963+675-T
675-T 675-T

- ~ -

(Ans. (a) 11.2 kd, (b) 5.25 kJ)

~AT =50 K

T, =625K

O

~T, =338K

L AT =50K
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a0
[ 963 |
=me, |{1+1- dT 675-T
*'!1 675-T | (015 =25)
= me, 250 - 0)+ 963 In M}
! 675-0
=25.887 mc¢, kd
mCc X 50 =100 kJ
=51.773 kdJ
me, =2 kJ/K (288 +T)
*. Loss of availability = (57.333 - 51.773) kJ
=5.5603 kJ
Q 8.2 In a steam generator, water is evaporated at 260°C, while the combustion

gas (¢p = 1.08 kJ/kg K) is cooled from 1300°C to 320°C. The surroundings
are at 30°C. Determine the loss in available energy due to the above heat
transfer per kg of water evaporated (Latent heat of vaporization of

water at 260°C = 1662.5 kJ/kg).
(Ans. 143.6 kJ)

Solution:  Availability decrease of gas
Ags=hi—hz-To (-‘ii - sz)

=me (T, - T,) —To mcpln(%]

..

= me,| (T, ~T,)-T, In %}

~Tir=1573 K: T2 =593 K: To= 303 K
=m x 739.16 kJ

Availability increase of water

A, =(Ti—Ta) AS 1673 K
mL
= (Tl - Tn) e
. 593 K

30 T
=1x1662.5{1 - -}03]

533) o
=717.4kJ Sepp—— op—— et

For mass flow rate of gas (m) %_

m, ¢, (T, -T,)=m« x L
m, X 1.08 x (1300 — 320) = 1 x 1662.5
m, = 1.5708 kg/ of water of evaporator
.‘\gm& =1161.1 kJ

Loss of availability

-
A, - A,

(1161.1 — 717.4) kJ
143.7 kJ
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Q8.6

Solution:

Q8.7

Solution:

Eighty kg of water at 100°C are mixed with 50 kg of water at 60°C, while
the temperature of the surroundings is 15°C. Determine the decrease in

available energy due to mixing.
(Ans. 236 kJ)

m, = 80 kg m, = 50 kg
T, = 100° = 373 K T, = 60°C = 333K
To=288 K
Let final temperature (T,) = M =357.62 K
m, +m,

Availability decrease of 80 kg

173

j me, dT (l - Tﬂ]
T

a57.62
am9 _arm @ 373
mec, (3:.3—.3:):.62)—288111[ — )
357.62

1088.4 kdJ
Availability increase of 50 kg water
a57.62
A = j me, (1 - L) dT
‘ T

333

;\dL‘l.'

I

mec, [(357.62 -333)-288In (3’ : '.6‘3 ﬂ
333

= 853.6 kJ

Availability loss due to mixing

= (1088.4 - 853.6) kJ

=234.8 kJ

A lead storage battery used in an automobile is able to deliver 5.2 MJ of
electrical energy. This energy is available for starting the car.

Let compressed air be considered for doing an equivalent amount of
work in starting the car. The compressed air is to be stored at 7 MPa,
25°C. What is the volume of the tank that would be required to let the
compressed air have an availability of 5.2 MJ? For air, pv = 0.287 T,
where T is in K, p in kPa, and v in m¥/kg.

(Ans. 0.228 m3)
Electrical Energy 1s high Grade Energy so full energy 1s available
. A cleetric = 5.2 MJ = 5200 kJ
Availability of compressed air

A air =i.lI—u0—T(J(Sl - 5{;)

=mc, (Ti—To)—To (s - s,)

(5 —s)=emPicm™  =¢mi-RIn2
P, Vo T, P,
AW =T RIn 22
Py

Here Ti=To=25"C=298 K

= 298 x 0.287 x ln( ‘OOOJ

100
=363.36 kJ/kg Letatm p =1bar=100kPa

Given p,=7 MPa = 7000 kPa

NaAarma AN4 ~fF NCC
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5200
363.36
Specific volume of air at 7 MPa, 25°C then

v= BT 0287x298 oo = 0012218 mi/kg
p 7000
Required storage volume (V) = 0.17485 m?

Required mass of air = kg=14.311 kg

Q8.8 Ice is to be made from water supplied at 15°C by the process shown in
Figure. The final temperature of the ice is - 10°C, and the final
temperature of the water that is used as cooling water in the condenser
is 30°C. Determine the minimum work required to produce 1000 kg of ice.

MMWWWA—+— Water 30°C
4 Q

Water 15°C — ® ~— Wrey

I 02
AN\ Ice, —10°C

Take ¢, for water = 4.187 kJ/kg K, ¢, for ice = 2.093 kJ/kg K, and latent
heat of fusion of ice = 334 kJ/kg.

(Ans. 33.37 MJ)
Solution: Let us assume that heat rejection temperature is (To)
(1) Then for 15°C water to 0° C water if we need Wr work minimum.
Then (COP) = & = _12
‘“TH Tn - T,“,
(Tu — T-z)

or We=Q,

2

- To_
‘Qﬂ[rrt 1]

When temperature of water is
T if change 1s dT
Then dQ, = —mc, dT

(heat rejection so —ve)
dW, =-me, dT(r—F[:—'— )
) 273 T(
W, = -me, I (#— ]dT

28K

= me, {T(, In % (288 - 273)}

I

= 4187 {T[, 1n 288 _ 15] kJ
273

(11) Wr required for 0" C water to 0 “ C 1ce
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Y
R

= 335000 ( ] kd
27 3

(1) Wg required for 0" C ice to —10" C 1ce.
When temperature 1s T if dT temperature decreases

dQ, =-mc . dT

pice
W, = Ji
kR _m[‘pwu d"l 1
T
273
W,, =mec,,, I[ —l)dT:chm {T In =2 268 —(z 3 - 263}]
263
Let ¢, =ie¢_ _ =31874 500
e 2 W e 2
= 1000 x 1187 [T,, In 273 -10]
2 263

S Lo

= 2093.5 {T,, In %— 10] kJ
Total work required
Wi =)+ (1) + (111)
=[1529.2 Ty — 418740] kJ
Wr and To has linear relationship
To= 15+ 30

C=225"C=2955K
Wr=33138.6 kJ = 33.139 MJ
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