Thermodynamics solution(KME301)
Q1(a)
[image: ]
[image: ]
(b) [image: ]
(c)
[image: ]
[image: ]
(d) [image: ]


(e) [image: ]
Q2(a) [image: ]
[image: ]
[image: ]
[image: ]
        This is known as steady flow energy equation
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Q3(a)work done in isothermal
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) A system is_s_aidl to be in thermodynamic equilibrium, if it satisfies the following' three

requirements of equilibrium.

|. Mechanical equilibrium. A system is said to be in mechanical equilibrium, when there is
no unbalanced forces acting on-any part of the system or the system as a whole. T

2. Thermal equilibrium. A system is said to be in thermal equilibrium, when there is no
temperature difference between the parts of the system or between the system and the surroundings.

3. Chemical equilibrium. A system is said to be in chemical equilibrium, when there is no
chemical reaction within the system and a'so there is no movement of any chemical constituent from
one part of the system to the other.
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Let = Pressure of the working substance entering the system in NI,
©,, = Specific volume of the working substance entering the sysieminm’/kg.
V, = Velocity of the working substance entering the system in m/s,
= Specific internal energy of the working substance entering the sysiem
inlJke,
2, = Height above datum level for inlet in metres,
P Uy Va3 and 2, = Corresponding values for the working substance leaving the system.
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@42 = Heat supplied to the system in J/kg. and
w, = Work delivered by the system in J/kg.
Consider 1kg of mass of the working substance.
‘We know that total energy entering the system per kg of the working substance,
€, = Intemal energy + =Flow or displacement energy + Kinetic energy
+ Potential energy + Heat supplied

v .
= P T+ 482 + gy, Gnlke)
Similarly. total energy leaving the system per kg of the working substance.
vz

P, « ST
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Assuming no loss of energy during flow, then according to First Law of Thermodynamics (i.e.
Law of Conservation of Energy), e, = e,

v v;
WP Ut B G = 1Py Tt G W
We know that

uy +p, v, =h, = Enthalpy of the working substance entering the system in J/kg,
and
U, + p, v, =h, = Enthalpy of the working substance leaving the system in J/kg.
‘Thus, the above expression may be written as

2

\4
b+ 8 %9, = "z+ *’571"’””

- @
or "l"k‘l*”"l*ql-z="1"“"‘:"‘P’1+‘"|-1

It may be noted that all the terms in equaiton (i) represent the energy flow per unit mass of the
working substance (ie. in J/kg). When the equation (i) is multiplied through by the mass of the
working substance (m) in kg/s, then all the terms will represent the energy flow per unit time (i.e. in
is).

Thus the equation (i) may also be written as

2

h+V;+z~+q._1- m h-,+f+g +w ()}
e e
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6.13 CARNOT'S THEOREM
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Let E, be any heat engine and Ey, be any reversible heal enging. e Bave TH
prove that the efficiency of Ey is more than that of £, Let us assume that this is
not true and 17, > . Let the rates of working of the engines be such that

O0u=0up=0
Since >Ny
W,
L/
Os O
Wo> W,

Now, let E be reversed. Since Ey is a reversible heat engine, the magnitudes
of heat and work transfer quantities will remain the same, but their directions will
be reversed, as shown in Fig. 6.26. Since W, > Wy, some part of W, (equal
may be fed to drive the reversed heat engine 3 prosuiy

Since 0,4 =0,5= 0, the heat discharged by 3, may
may, therefore, be eliminated (Fig. 6.27). The pet re:
constitute a heat engine which, operating in a cycle X
while exchanging heat with a single reservoir at‘lz. This violal!::;’mk WA - W
statement of the second law. Hence the assumption thay . Kelvin-Planck

Therefore N2, T4 > T is wrong.

be supplied to E,. The source
‘“hislhatEAmd_:;,, i
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Joule-Thomson Coefficient, Inversion Point and Inversion Curve

For real gases, enthalpy is a function of both temperature and pressure. As such even thos:
enthalpy remains constant during throttling, the temperature need not remain the same. Ex;
test-runs can be conducted by keeping upstream conditions constant but with different dow
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stream pressures. This is achieved by having porous plugs
of different sizes. The exit temperature of the fluid at
different exit pressures is measured. Since the upstream
ressure and temperature conditions are kept constant,
the enthalpy of the fluid for all measured conditions of
exit pressure and temperature would be constant. The
results are plotted as a constant enthalpy (isenthalpy) curve
on T-p diagram. Several enthalpy curves can be obtained
by repeating the experiments with several inlet conditions.
The slope of an isenthalpic curve is called the Joule

- Thomson coefficient, W That is
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%)
“JT_ ap 1= constant
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This coefficient may be +ve, —ve or zero. The point on the isenthalpic curve where ;. = 0
is called the inversion point. Thus the inversion point denotes the maximum value of temperature
on T—p plot. The locus of all inversion points is called the inversion curve. The Joule - Thomson
coefficient is positive on the left side of inversion curve, is zero at the inversion point, and is
negative on the right side of inversion curve.

Throttling is always accompanied by pressure drop, i.c., Ap is ~ve. That leads to drop in
temperature when 1 is +ve. Accordingly when a real gas is throttled at the condition such that
its state lies to the left of inversion curve, the gas will get cooled. Thus the region of ;> 0
represents the region of cooling. Likewise, when ;. is -ve, the temperature change is +ve and
therefore, the throttling of real gas would produce heating effect.

Aknowledge of the inversion temperatures and inversion curves of real gases is of considerable
importance in the design of refrigeration and liquifaction equipment.
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The Kelvin-Planck and Clausius statements, though worded differently, are interlinked and are
complementary to each other. It is impossible to have a device satisfying one statement ang

violating the other. Any device that violates Clausius statement leads to violation of Kelvin.
Planck statement and vice-versa




image20.jpeg
Violation of Clausius statement leading to violation of Kelvin-Planck statement
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Fig 7.6 (a) depicts a refrigerator R that operates in a cycle and transfers Q, units of heat from
alow temperature reservoir at T, to a high temperature reservoir at T, without any work input
from an external agency (surroundings). This is in violation of the Clausius statement. Indicated
alongwith is a heat engine E that too operates in a cycle. This engine takes Q; units of heat from
the high temperature reservoir, delivers (Q, - Q) units of work to the surroundings and rejects
the remaining Q, units of heat to the low temperature reservoir. The engine operates in conformity
with the Kelvin-Planck statement

Fig 7.6 (b) illustrates the heat and work interactions for the refrigerator and heat engine
when coupled together. This composite system constitutes a device that receives (; - Q) units
of heat from the high temperature reservoir and converts it completely into an equivalent amount
of work W= (Q, - Q,) without rejecting any heat to the low temperature reservoir. This operation
of the composite system is in violation of the Kelvin-Planck statement.
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Reservoir at T,

—>w=q,-q
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Thus violation of Clausius statement leads to violation of Kelvin-Planck statement also.
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Violation of Kelvin-Planck statement leading to violation of Clausius statement
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Figure 7.7 (a) depicts an engine E which operates from a single heat reservoir at temperature
T;. It receives Q; units of heat from this reservoir and converts it completely into an equivalent
amount of work W = Q; without rejecting any heat to the low temperature reservoir at Tp. This
is in violation with the Kelvin-Planck statement. Indicated alongwith it is a refrigerator R which
extracts (, units of heat from the low temperature reservoir, is supplied with Q; units of work
from an external agency (surroundings) and supplies (Q; + Q,) units of heat to the high temperature
reservoir. The refrigerator operates in conformity with the Clasius statement.
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Fig. 7.7. Violation of Kelvin-Planck statement leads to violation of Clausius statement

Fig 7.7(b) illustrates the work and heat interactions for the refrigerator and heat engine when
coupled together. The output of the engine is utilized to drive the refrigerator. This composite
system constitutes a device which transfers heat from the low temperature reservoir to the high
temperature reservoir without any work input from an external agency. This is in violation of
the Clausius statement.

Thus violation of Kelvin-Planck statement leads to violation of Clausius statement also.
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We know that SW = pdv
On integrating from state 1 to state 2,

2 2
Jsw = [pav
1 1

2
W, = .[P‘h’
1
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Since the expansion of the gas is isothermal, i.e. pv = C, therefore

LR

pv=pv, or p=—_

Substituting this value of p in equation (ii), we have

) "zd
P Y v
=J = dv = p, v,J-v—
v

Y

- v %
=p, vl[log,v]u =p,v, log, =
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Workdone during adiabatic expansion

We have already discussed that workdone,
SW = pdv
On integrating from state 1 to state 2,

2 2 2
ISW:Ipdv or W,_2=Ipdv
1 1 1
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Since adialibatic expamion of the gas follows the law.

~ =p o p=

Substituting this valse of p in cquation (xf).

=1-7)

Pl = paeD

- - (For expansion)

. . . (Por compression)
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2. Workdane during prlytropic expansion
The equations for the work done during a polytropic process may al
changing the index n for 7 in the adiabatic process.

so be expressed by
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.. Workdone during a polytropic process from state 1 to state 2,

- R(T,-T,
TR Lt - L PR .. (For expansion)
152 n-1 n-1

Pi=py® _ mR(T,-T))

Pl o i . ... (For compression)
n-1 n—1
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Comparison of Macroscopic and Microscopic Approach

Macroscopic approach

Microscopic approacl

~

»

o

. Attention is focussed on a certain quantity

of matter without taking into account the
events occuring at molecular level.

. Analysis is concerned with gross or overall

behaviour of the system, and this approach
is adopted in the study of classical
thermodynamics.

A few properties are needed to describe the
system.

. The properties like pressure and temperature

etc needed to describe the system can be
easily measured, and felt by our senses.

. The properties of the system are their average

values.
The macroscopic approach requires simple
mathematical formulae for analysing the
system.

1. Matter constituting the system is considered
to comprise a large number of discrete
particles called molecules. These molecules
have different velocities and energies, and
these parameters constantly change with
time.

2. A knowledge of the structure of matter is
essential in analysing the behaviour of the
system, and this approch is adopted in the
study of statistical thermodynamics.

3.Large number of variables are needed to
describe the system.

4. The properties like velocity, momentum and
kinetic energy which describe the behaviour
of the molecules can neither be felt by our
senses nor easily measured by instruments.

5. The properties are defined for each molecule
individually.

6. Number of molecules is very large and as
such the microscopic approach requires
advanced statistical and mathematical
methods to explain any change in the system.
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When the process is carried out in such a way that at every instant, the system deviation from
the thermodynamic equilibrium is infinitesimal, then the process is known as quasi-static or
quasi-equilibrium process and each state in the process may be considered as an equilibrium state.
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Consider a system (gas) enclosed in a cylinder and piston arrangement as shown in Fig, |
(). Let the system is initially in equilibrium state when the piston is at A, where the pressure is »,
volume v, and temperature T, as shown in Fig. 1.6 (b). The weight (W) on the piston is compose
of number of small weights which balances the upward force exerted by the system. If the whg|
weight is removed from the piston, then there will be unbalanced force between the system ang ih
surroundings and the piston will move upwards till it hits the stops at B. Atthis point B, the syste,
again comes to an equilibrium state where the pressure is py. volume oy and temperature T" But
intermediate states through which the system has passed, are non-equilibrium states whose properti
(pressure, volume and temperature) are not uniform throughout the system and thus the state of 1}
system cannot be well defined. Such a process is called irreversible or non-equilibrium procesy,
shown by a broken line in Fig 1 6 (h)
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Now, if the small weights on the piston are removed one by one very slowly, then at any instant
of the upward movement of the piston , the deviation of the state from the thermodynamic equilibrium
will be infinitesimally small, if the gas system is 1solated. Thus, every state passed through by the
system will be in equilibrium state. Such a process, which is the locus of all these equilibrium points
passed through the system, is known as quasi-static or quasi-equilibrium process
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‘Volume of cylinder, V = %dzl = ZK(O-‘!): x0.8 = 0.10 m®
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Gas constant, R =6, = &, = 0.91 - 0.64 = 0.27 k] /kg K = 270 )/ kg K
ital State: py = 3 bar; Vy =01 m and m = 10 kg
Then from characteristic gas equation,
_pmY _ 3x10°x01
1 ’W=W=11411K
Final state: p, = 6 bar; V, =0.1m> and m =10 Kg

_paVa _ 6x10°x0.1 _

() Change in internal energy, dU=m c, (T, - Ty)
=10 x 0.64 (22.22 - 11.11)

=71.10 kJ = 71100 ]
(i) Using non-flow energy equation, 8Q = 8W + dU
Here 8Q = 0 as the cylinder is insulated
W =-dU = - 7110 k]
The negative sign indicates that work is done on the gas.
) Enthalpy represents the sum of internal energy and pressure-volume product That is
H=U+pV
Qange in enthalpy, dH = dU + d(pV)
du + (pyVy = 11 V1)
71100 + (6 x 10° x 0.1 -3 % 10° % 0.1)
71100 + 30000 = 101100 J

1
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Solution: Work output=10 kj/s = 10 x 60 = 600 kJ/min
Application of first law of thermodynamics to engine gives,
Total heat supplied = work done + heat rejected
=600 + 400 = 1000 kJ/min

Let Q, kJ/min be the heat absorbed by the engine from the source at 600 K. Then heat absorbed
from the source at 1000 K is 0.6 Q,
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.. Heat taken from the source at 800 K,
Q, =1000 - Q, - 0.6 Q,

= (1000 - 1.6 Q) KJ/min Saurse | Source 8 I I' Source A
=1000 K
As the engine is reversible, the Clausius L

theorem gives:

0 _,_.92,.92.09 o
T L T, T, T, Q= 1000 kJ/min
0o 9, 1000-160, 060, 400
600 800 1000 300 Wtk

Upon solution :
0, =3125K/min (from source at 600 K)
Q, =1000 - 1.6 x 312.5 = 500 k/min
(from source at 800 K)
Q3 =06 Q, = 3125 x 0.6 = 187.5 kJ/min .
2 2 (from source at 1000 K) Fig.7.25.

Q, =400 k/min
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Solution. Given: V,=50m/s; = 2800 ki/kg = 2800 x 10" J/kg hy = 2600 kg
=2600x10°Ikg: g, = 0: A;=009m’; v, = 0.185mkg: v,y =0.495 mYkg
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1. Velocity of fluid at exit of nozzle
Let V, = Velocity of fluid at exit of nozzle.
We know that the steady flow energy equation for a unit mass flow is
hy+ke +pe,+q, , = hy+hey+pe;+w, ,

Since the nozzle is insulated so that no heat transfer takes place, therefore g, , = 0. Alsothe
is no workdone, i.e. w_, =0 Neglecting the potential energy at inlet and outlet of the nozzle becaus
of at same level from datum, the steady flow energy equanon is written as

hy+ke, = hy+he, or ke,—ke, = h,—h,

v?

hy=hy or Vi-V}=2(h~h)
VW2 (k ~hy) = V(507 +2 (2800 10° — 2600 % 10°)
V2500300 % 10° = 6344 m/s Ans.

g
"
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0. Mass flow rate

Let
We know that

3. Exit area of nozzle

Let

We know that

m = Mass flowrate in kg/s.

m=—— =="=""=243kg/s Ans.

Exit area of nozzle in m”.

A'l VZ

mxy,

_A3x 0.495

UV,

2

v,

634.4

=0.019m” Ans.
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Solution : For maximum work output or maximum efficiency, the heat engine must be revers.

. Q i
ible and for a reversible cycle engine, Clausius equation gives f? = 0. This implies that

entropy change for a reversible cycle is zero.
/t T,, be the common !emperamre when the working of the engine stops. Then,

(ds)mm (@) iux =

me log "+ mc log, 2= Ln =0
T o

mc[ Ing,-;-_—”' + log(;—"’ <0
; 2

=TTyor T, = /BT

Now, ok dana S ek supplied - heat rejected
=me(Ty-T,) -me (T, - T,

W = me[Ty = VLG |- me[/TT; - 2]

= mel[+ 1= 20T T3] = me((; - [T

Fig. 8.8.

Source

() Heat engine

Sink
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When the system comes to complete equilibrium with its environment, all intensive and specific
properties will be common, and no energy difference will exist to promote further work. Such
a state of the system is called dead state. The concept of dead state of a system implies that:

(i) the system is stable and uniform in composition
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(i) its pressure and temperature are equal to that of sun.'oundings.
(iii) the system has a zero velocity and minimum potential energy.





image3.jpeg
The thermodynamic system (or simply known as system) may
be broadly defined as a definite area or a space where some thermo-
dynamic process* is taking place. It is a region where our attention is
focussed for studying a thermodynamic process. A little observation
will show that a thermodynamic system has its boundaries and any-
thing outside the boundaries is called its surroundings as shown in Fig.
1.1, These boundaries may be fixed like that of a tank enclosing a
certain mass of compressed 2as, or movable like boundary of a certain
volume of liquid in a pipe line.

Wi

Surroundings

hermodynamic

sysiem,
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