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Engineering
Thermodynamics

First Law of Thermodynamics
Dr. Hakam Shehadeh

4.1 INTERNAL ENERGY

* |t is the heat energy stored in a gas.

* If a certain amount of heat is supplied to a gas the result is that
temperature of gas may increase or volume of gas may increase
thereby doing some external work or both temperature and volume
may increase ; but it will be decided by the conditions under which
the gas is supplied heat.

* If during heating of the gas the temperature increases its internal
energy will also increase.
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INTERNAL ENERGY

* Joule’s law of internal energy states that internal energy of a perfect
gas is a function of temperature only.

* In other words, internal energy of a gas is dependent on the
temperature change only and is not affected by the change in
pressure and volume.

* We do not know how to find the absolute quantity of internal energy
in any substance ; however, what is needed in engineering is the
change of internal energy (AU).

4.2 LAW OF CONSERVATION OF ENERGY

* In the early part of nineteenth century the scientists developed the
concept of energy and hypothesis that it can be neither created nor
destroyed; this came to be known as the law of the conservation of
energy.

* The first law of thermodynamics is merely one statement of this
general law/principle with particular reference to heat energy and
mechanical energy i.e., work.
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4.3 FIRST LAW OF THERMODYNAMICS

* It is observed that when a system is made to undergo a complete cycle
then net work is done on or by the system.

* Consider a cycle in which net work is done by the system. Since energy
cannot be created, this mechanical energy must have been supplied from
some source of energy. Now the system has been returned to its initial
state: Therefore, its intrinsic energy is unchanged, and hence the
mechanical energy has not been provided by the system itself.

* The only other energy involved in the cycle is the heat which was supplied
and rejected in various processes.

* Hence, by the law of conservation of energy, the net work done by the
system is equal to the net heat supplied to the system.

FIRST LAW OF THERMODYNAMICS

* The First Law of Thermodynamics can, therefore, be stated as follows:

* “When a system undergoes a thermodynamic cycle then the net
heat supplied to the system from the surroundings is equal to net
work done by the system on its surroundings”.

§dq=§aw

where 95 represents the sum for a complete cycle
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FIRST LAW OF THERMODYNAMICS

* The first law of Thermodynamics cannot be proved analytically, but
experimental evidence has repeatedly confirmed its validity, and since no
phenomenon has been shown to contradict it, the first law is accepted as a
law of nature.

* It may be remarked that no restriction was imposed which limited the
application of first law to reversible energy transformation.

* Hence the first law applies to reversible as well as irreversible
transformations: For non-cyclic process, a more general formulation of first
law of thermodynamics is required.

* A new concept which involves a term called internal energy fulfills this
need.

FIRST LAW OF THERMODYNAMICS

The First Law of Thermodynamics may also be stated as follows :

—“Heat and work are mutually convertible but since energy can
neither be created nor destroyed, the total energy associated with an
energy conversion remains constant”.

Or

—“No machine can produce energy without corresponding
expenditure of energy, i.e., it is impossible to construct a perpetual
motion machine of first kind”.
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FIRST LAW OF THERMODYNAMICS

the experiment for checking first law of thermodynamics
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FIRST LAW OF THERMODYNAMICS

*The work input to the paddle wheel is
measured by the fall of weight, while the
corresponding temperature rise of liquid in ™™™ & :
the insulated container is measured by the [ iy waih
thermometer. e

/
. . /
* It is already known to us from experiments on )
heat transfer that temperature rise can also

be produced by heat transfer.

10
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FIRST LAW OF THERMODYNAMICS

* The experiments show:

* A definite quantity of work is always required to
accomplish the same temperature rise obtained ™™™y I 1

with a unit amount of heat.

* Regardless of whether the temperature of liquid
is raised by work transfer or heat transfer, the
liquid can be returned by heat transfer in SRR
opposite direction to the identical state from
which it started.
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FIRST LAW OF THERMODYNAMICS

* The previous results lead to the inference that work and heat are different forms
of something more general, which is called energy.

* |t can be stated as an invariable experience that whenever a physical system
passes through a complete cycle the algebraic sum of the work transfers during
the cycle gﬁdW bears a definite ratio to the algebraic sum of the heat transfers

during the cycle, § dQ.
* This may be expressed by the equation,

fowe) faa

» where J is the proportionality constant and is known as Mechanical Equivalent of
heat. In S.1. units its value is unity, i.e., 1 Nm/J.

12
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4.4 APPLICATION OF FIRST LAW TO A PROCESS

* When a process is executed by a system, the change in stored energy
of the system is numerically equal to the net heat interactions minus
the net work interaction during the process.

E,~E, =Q-W
AE=Q-W or @ = A E + W]

2
or d@Q-W) =AE=E,-E,

where E represents the total internal energy.

APPLICATION OF FIRST LAW TO A PROCESS

* If the electric, magnetic and chemical energies are absent and
changes in potential and kinetic energy for a closed system are
neglected, the above equation can be written as

2
L d@Q-W) =AU = U, - U,
Q-W=AU=U,-U,

14
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APPLICATION OF FIRST LAW TO A PROCESS

2
L d@Q-W) =AU = U, - U,
Q-W=AU=U,-U,

* Generally, when heat is added to a system its temperature rises and
external work is performed due to increase in volume of the system.

* The rise in temperature is an indication of increase of internal energy.

* Heat added to the system will be considered as positive and the heat
removed or rejected, from the system, as negative.

15

4.5 ENERGY—A PROPERTY OF SYSTEM

* Consider a system which changes its state from P#
state 1 to state 2 by following the path L, and
returns from state 2 to state 1 by following the
path M. So the system undergoes a cycle.

* Writing the first law for path L
* Writing the first law for path M

Qu=AE,+ W,

<V

16
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ENERGY—A PROPERTY OF SYSTEM

* The processes L and M together constitute a P4
cycle, for which

idw - ﬁd@ .

W, + Wy, =Q, + Qy
or QL_W =WM_QM

<V

From the previous equations, it yields

AE, =— AE,,

ENERGY—A PROPERTY OF SYSTEM

* Similarly, had the system returned from state 2 to P#
state 1 by following the path N instead of path M

* From equation AE, =-AE,,
and AE, =-AE,

AE, = AE, ;

<V
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ENERGY—A PROPERTY OF SYSTEM

* Thus, it is seen that the change in energy P4
between two states of a system is the same,
whatever path the system may follow in
undergoing that change of state.

* If some arbitrary value of energy is assigned to
state 2, the value of energy at state 1 is fixed
independent of the path the system follows.

* Therefore, energy has a definite value for every 1
state of the system. Hence, it is a point function

and a property of the system.

19

<V

16 PERPETUAL MOTION MACHINE OF THE FIRST
~ KIND—PMM 1

System boundary

_ Boiler _

*’J ‘ } === l
Resistance heater
= L\
AL LYY

Generator

A perpetual-motion machine that violates the first law of thermodynamics
(PMM1).

20
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PERPETUAL MOTION MACHINE OF THE FIRST
KIND—PMM 1

* The first law of thermodynamics states the general
principle of the conservation of energy.

* Energy is neither created nor destroyed, but only gets
transformed from one form to another.

-0

* There can be no machine which would continuously
supply mechanical work without some form of energy _ W
disappearing simultaneously. Engine —

* Such a fictitious machine is called a perpetual motion
machine of the first kind, or in brief, PMM 1.

¢ APMM 1 is thus impossible. APMM 1

21

PERPETUAL MOTION MACHINE OF THE FIRST
KIND—PMM 1

4Q
.
* The converse of the previous statement is !
also true, i.e., there can be no machine which :
would continuously consume work without W
some other form of energy appearing Machine —
simultaneously.

The Converse of /PMM 1
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4.7 ENERGY OF AN ISOLATED SYSTEM

* An isolated system is one in which there is no interaction of the system
with the surroundings.

* For an isolated system,

dQ=0,dW=0

* The first law of thermodynamics gives
dE=0

or E = constant

* The energy of an isolated system is always constant.

4.8 THE PERFECT GAS

s81. The Characteristic Equation of State

* At temperatures that are considerably in excess of critical
temperature of a fluid, and also at very low pressure, the vapour of
fluid tends to obey the equation pU

= constant = R

* In practice, no gas obeys this law rigidly, but many gases tend towards
it. An imaginary ideal gas which obeys this law is called a perfect gas,
and the equation 2Y _ g , is called the characteristic equation of a
state of a perfect gas. The constant R is called the gas constant.

* Each perfect gas has a different gas constant.

24
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THE PERFECT GAS

The Characteristic Equation of State

* Units of R are Nm/kg K or kl/kg K.
* Usually, the characteristic equation is written as
pv =RT
or for m kg, occupying V m?3
pV =mRT

— The characteristic equation in another form, can be derived by using
kilogram-mole as a unit.

25

pV =mRT
THE PERFECT GAS pV = nMRT
The Characteristic Equation of State ur =22

* The kilogram-mole is defined as a quantity of a gas equivalent to M kg
of the gas, where M is the molecular weight of the gas (e.g., since the
molecular weight of oxygen is 32, then 1 kg mole of oxygen is
equivalent to 32 kg of oxygen).

* As per definition of the kilogram-mole, for m kg of a gas, we have
m =nM
where n = number of moles.

UNote. Since the standard of mass is the kg, kilogram-mole will be
written simply as mole.

26
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THE PERFECT GAS
The Characteristic Equation of State

* According to Avogadro’s hypothesis the volume of 1 mole of any gas is
the same as the volume of 1 mole of any other gas, when the gases
are at the same temperature and pressure.

V.
* Therefore, s the same for all gases at the same value of pand T.

. .. DV,
* That is the quantity Z—T is a constant for all gases.

* This constant is called universal gas constant, and is given the symbol,

Ro. V . —
MR =R, = pv Since MR = R, then
nT
R,
R=—
pV =nR,T M .

THE PERFECT GAS

The Characteristic Equation of State

* |t has been found experimentally that the volume of 1 mole of any perfect
gas at 1 bar and 0°C is approximately 22.71 m3.

* Therefore pV 1x10° x 22.71
n 1x273.15

= 8314.3 Nm/mole K

. R
* Using R = ﬁ", the gas constant for any gas can be found when the
molecular weight is known.

* Example. For oxygen which has a molecular weight of 32, the gas constant

R, 8314 _

28
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THE PERFECT GAS

+82. Specific Heats

* The specific heat of a solid or liquid is usually defined as the heat
required to raise unit mass through one degree temperature rise.

* For small quantities, we have
dQ = mcdT
where m = mass,
¢ = specific heat, and
dT = temperature rise.

29

THE PERFECT GAS

Specific Heats

* For a gas there are an infinite number of ways in which heat may be
added between any two temperatures, and hence a gas could have
an infinite number of specific heats.

* However, only twomspecific heats for gases are defined.
Specific heat at constant volume, ¢, and,
Specific heat at constant pressure, c,.

* We have
dQ=mc,dT Fora reversible non-flow process at constant pressure

and, dQ=mc,dT  For areversible non-flow process at constant volume

30
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THE PERFECT GAS

Specific Heats
* The values of ¢, and c,, for a perfect gas, are constant for any one gas
at all pressures and temperatures. _
d@Q = m c, dT

* Hence, integrating eqns. _ we have
g . g q . — dQ — m CU dT
* Flow of heat in a reversible constant pressure process

* Flow of heat in a reversible constant volume process

* In case of real gases, ¢, and c, vary with temperature, but a suitable
average value may be used for most practical purposes.

THE PERFECT GAS

283. Joule’s Law
“The internal energy of a perfect gas is a function of the absolute temperature only”
ie., u=FfT)
* To evaluate this function let 1 kg of a perfect gas be heated at constant volume.
* According to non-flow energy equation,
dQ=du+dw
dW =0, since volume remains constant
dQ=du
* At constant volume for a perfect gas, from eqn. (dQ = m c, dT), for 1 kg
dQ=c,dT
dQ=du=c,dT
and integrating u=c, T+K, K being constant.
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THE PERFECT GAS
Joule’s Law

* According to Joule’s law u = f(T), which means that internal energy varies linearly with
absolute temperature. Internal energy can be made zero at any arbitrary reference
temperature.

* For a perfect gas it can be assumed that u = 0 when T =0, hence constant K is zero.
i.e.,  Internal energy, u=c, T for a perfect gas
or For mass m, of a perfect gas
Internal energy, U=mc, T
* For a perfect gas, in any process between states 1 and 2, we have from Eqn. (U=mc, T)
* Gain in internal energy,
U, - U1 mc,(T,—T,)

* Eqn. (U, - c, (T, — T,)) gives the gains of internal energy for a perfect gas between
two states for any process, reversible or irreversible. 33

THE PERFECT GAS

s84. Relationship Between Two Specific Heats

* Consider a perfect gas being heated at constant pressure from T, to T..
* According to non-flow equation,
=(U,-U))+W
* Also for a perfect gas,
U,-U,=mc,(T,-T,)
Q=mc,(T,=Ty)+ W

* In a constant pressure process, the work done by the fluid,

W=p(\V,-V,) |- pVy=mRT}

=mR(T,-T))|  p,V, =mRT,

D1 = Pg = p in this case | .,

STUDENTS-HUB.com Uploaded By: amm = CLLLLL



1/25/2023

THE PERFECT GAS

Relationship Between Two Specific Heats

* On substituting
Q=mc,(T,—T,))+mR(T,—-T,)=ml(c,+R) (T, - T,)
* But for a constant pressure process,
Q=mc,(T,-T,)
* By equating the two expressions, we have
m(c, + RI(T, = T;) =mc,(T, - T))

¢, +R=c,
or ¢,—¢,=R
THE PERFECT GAS

Relationship Between Two Specific Heats

* Dividing both sides by ¢, we get

(wherey =c,/c,)
* Similarly, dividing both sides by c,, we get

YR
y—1

Cp =
R YR
ey =
Jy-0"" (y-1dJ

. R
In M.K.S. units: ¢, — ¢, =6 =

In SI units the value of o is unity.
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THE PERFECT GAS
285 Enthalpy

— One of the fundamental quantities which occur invariably in
thermodynamics is the sum of internal energy (u) and pressure volume
product (pv). This sum is called Enthalpy (h).

ie., h=u+pv

— The enthalpy of a fluid is the property of the fluid, since it consists of
the sum of a property and the product of the two properties.

* Since enthalpy is a property like internal energy, pressure, specific
volume and temperature, it can be introduced into any problem
whether the process is a flow or a non-flow process.

* The total enthalpy of mass, m, of a fluid can be
H=U + pV, where H = mh.

THE PERFECT GAS
Enthalpy
* For a perfect gas, Referring equation (h =u + pv),
h=u+pv
=c,T+RT [ pv =RT]
=(c, +R)T
=c,T [cp=cv+R]

ie., h = c,T
and H=mc,T.
(Note that, since it has been assumed that u=0at 7=0,thenh=0atT=0)...
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THE PERFECT GAS

s86. Ratio of Specific Heats

*The ratio of specific heat at constant pressure to the
specific heat at constant volume is given the symbol y
(gamma).

ie.,y= cp/cv
*Since ¢, = ¢, + R, it is clear that ¢, must be greater than

c, for any perfect gas. It follows, therefore, that the
ratio, y = cp/cv is always greater than unity.

THE PERFECT GAS
Ratio of Specific Heats

*In general, the approximate values of y are as follows :
= For monoatomic gases such as argon, helium = 1.6.

= For diatomic gases such as carbon monoxide, hydrogen, nitrogen and
oxygen = 1.4.

= For triatomic gases such as carbon dioxide and Sulphur dioxide = 1.3.
= For some hydro-carbons the value of y is quite low.
= [e.g., for ethane y = 1.22, and for isobutane y = 1.11]

40
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4.9 APPLICATION OF FIRST LAW OF THERMODYNAMICS
"~ TO NON-FLOW OR CLOSED SYSTEM

1. Reversible Constant Volume (or Isochoric) Process (v = constant) :

* In a constant volume process the working substance is contained in a
rigid vessel, hence the boundaries of the system are immovable and
no work can be done on or by the system, other than paddle-wheel
work input.

* It will be assumed that ‘constant volume’ implies zero work unless
stated otherwise.

* Next fig shows the system and states before and after the heat
addition at constant volume.

41

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

1. Reversible Constant Volume (or Isochoric) Process (v = constant) :

[oF 3

piston

Fixed \\m 7/

«—— Constant volume process

F 3

bo-c : >V
2

A
7
—{if
N
<
=
|
<
38
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

1. Reversible Constant Volume (or Isochoric) Process (v = constant) :
* Considering mass of the working substance unity and applying first
law of thermodynamics to the process
Q=(u,—uy)+W
The work done, W = flz pdv=0asdv =0
~Q=(uy—uy) =¢(T, - Ty
where ¢, = Specific heat at constant volume.
* For mass, m, of working substance
Q=U,-U;,=mc,(T,-T,)
[ mu=U]

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

2. Reversible Constant Pressure (or Isobaric) Process (p = constant).

* |t can be seen from last fig part (b) that when the boundary of the
system is inflexible as in a constant volume process, then the pressure
rises when heat is supplied.

* Hence for a constant pressure process, the boundary must move
against an external resistance as heat is supplied ; for instance a gas in
a cylinder behind a piston can be made to undergo a constant
pressure process.

* Since the piston is pushed through a certain distance by the force
exerted by the gas, then the work is done by the gas on its
surroundings.

44
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

2. Reversible Constant Pressure (or Isobaric) Process (p = constant).
AD

Constant pressure
process
W 1 2
i i
1 1
1 1

_________________________ Final position >
«

Movable H
w piston i P (Vo—Vy)

@) (b) “

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

2. Reversible Constant Pressure (or Isobaric) Process (p = constant).

* Considering unit mass of working substance and applying first law of
thermodynamics to the process

Q=(u,—u))+W

The work done, W = ff pdv = p(v, —v,)

Q= (uy=uy) +plvy=vy) = Uy = Uy + pvy = pv,

=(u, + pv,) = (u; + pv,) =h,—h; [h=u+pv]

or Q=h,-h;=c,(T,-T))
where h = Enthalpy (specific), and cp = Specific heat at constant pressure.
* For mass, m, of working substance

Q=H,-Hy=mc, (T, T)) [ mh = H]

46
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

3. Reversible Temperature (or Isothermal) Process (pv = constant, T = constant) :

* A process at a constant temperature is called an isothermal process.

* When a working substance in a cylinder behind a piston expands from
a high pressure to a low pressure there is a tendency for the
temperature to fall.

* In an isothermal expansion heat must be added continuously in order
to keep the temperature at the initial value.

* Similarly in an isothermal compression heat must be removed from
the working substance continuously during the process.

* Next fig. shows the system and states before and after the heat
addition at constant temperature.

47

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

3. Reversible Temperature (or Isothermal) Process (pv = constant, T = constant) :
pA

: ] — !
Piston

Constant temperature
process (p.v = constant)

Poy™77~

Heat source

(a) (b) a8
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

3. Reversible Temperature (or Isothermal) Process (pv = constant, T = constant) :

* Considering unit mass of working substance and applying first law of
thermodynamics to the process

Q=(u,—uy)+W
=c,(T,=-T))+W
=0+ W [T,=T,]
* The work done, W = flz pdv
* In this case pv = constant or p =% (where C = constant)
W= fvvlz C% = C[log,v],? = Clog, Z—i

49

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

3. Reversible Temperature (or Isothermal) Process (pv = constant, T = constant) :
* The constant C can either be written as p,v, or as p,v,, since

piV, = p,Vv, = constant, C

ie., W=p,v, log, ? per unit mass of working substance
1
or W=p,v, log, Z—Z per unit mass of working substance
1

v
~Q=W=pyv, log, U_i
* For mass, m, of the working substance
V2
Q=p,V; loge v
1
v2 _P1
V1 D2 50

or Q=p,V, log. ™
D2
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( pvY = constant) :

* An adiabatic process is one in which no heat is transferred to or from the
fluid during the process.

* Such a process can be reversible or irreversible.

* The reversible adiabatic non-flow process will be considered in this section.

* Considering unit mass of working substance and applying first law to the

process
Q=(u2-ul)+W
O=(u2-ul)+W
or W = (ul — u2) for any adiabatic process

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( va = constant) :
* W = (ul — u2) is true for an adiabatic process whether the process is
reversible or not.

* In an adiabatic expansion, the work done W by the fluid is at the
expense of a reduction in the internal energy of the fluid.

* Similarly in an adiabatic compression process all the work done on
the fluid goes to increase the internal energy of the fluid.

* For an adiabatic process to take place, perfect thermal insulation for
the system must be available.
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( va = constant) :

* To derive the law pvY = constant :

r 1

CLASS BOARD

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( va = constant) :
Pa

Pifp---- 1

v
Insulated/ - . p.v = Constant
system Piston

|
Pa——-- T 7 7 2
|
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( pvY = constant) :

* Expression for work W:

* The work done is given by the shaded area, and this area can be evaluated
by integration.

2
W=fpdv
1

* Therefore, since pvy = constant, C, then

pY+1 P2

v—y+1 _ ;—y+1 v—y+1 ilv—y+1
=C 2 1 =C 1 2
1—vy y—1

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( va = constant) :

* Expression for work W:

* The constant in the last equation can be written as p1v1y or as pzvzy.

Hence
’ —y+1 ~y+1
W= P1 v’y "~ pavyug T _ P1Y1 — Pal2
vy-1 vy-1

W = P11 ~ Pals
y—-1

W_R(T1—T2)
-1 6
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

4. Reversible Adiabatic Process ( pvY = constant) :

* Relationship between T and v, and T and p:

57

By using equation pv = R1, the relationship between 1" and v,

and T and p, may by derived as follows :

le.,

i.e.

or

pv =RT
_RT

T

Putting this value in the equation pu? = constant

RT

- v¥ = constant

..(4.34)

Tuv¥=1 = constant

Also v = RT

; hence substituting in equation puY = constant

¥
p (RTJ = constant
P

Y
?;71 = constant
P
71 = constant ...(4.835)
(p) ¥

58
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Therefore, for a reversible adiabatic process
for a perfect gas between states 1 and 2, we
can write :
From Eqn. (4.31), pvY = constant
b P2 o
P = poby’ or == [ '1) ...(4.36)
P\
From Eqn. (4.34), Ty*1 = constant
“Y—1
T: v )
Jlomutel o op 3=( 1) .(4.37
Ty T, L ( )
From Eqn. (4.35),
Y- 1
T T Y
T oo L_(p ..(4.38)
Y- 1 Y- 1 T]_ p]_
(p) 7 (py) ¥ -

From eqn. (4.30), the work done in an adiabatic
process per kg of gas is given by W W= (u; —uy) ..(4.30)
for any adiabatic

= (u; — u,). The gain in internal energy of a
- process

perfect gas is given by equation :

uy—uy=¢,(T,-T) (for 1 kg)
e W=c, (T, -T,)
Also, we know that

R
¢, = Y- 1
Hence substituting, we get
R(Ty -Ty)
W= Tyo1
Using equation, pv =RT
= P11 = Paty
Pih — Pals W= ...(4.32)
W= "7 Y-1
Y
This is the same expression obtained before as eqn. (4.32). o
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :

* It is found that many processes in practice approximate to
a reversible law of form pv" = constant, where n is a
constant.

*Both vapours and perfect gases obey this type of law
closely in many non-flow processes.

* Such processes are internally reversible.

61

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :

* We know that for any reversible process, W = fp dv

* For a process in pv" = constant, we have

C
P= where C is a constant

-n+1 -n+1
_c|2 — U
-n+1

n+1

T +1

-n+1

) Ufn+1_vfn+1 pvlnvfn-*-l_pzvnv
L-e-, W:C 1 2 = 1 1 2 2
n n-1

(since the constant C, can be written as p,v,"or as p,v,") >
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APPLICATION OF FIRST LAW OF THERMODYNAMICS

TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :
i.e., Work done, W =1L~ Pl ...(4.39)

n-1
_ RN -Ty)

or W = — 1 ...(4.40) §

Eqgn. (4.39) is true for any working substance undergoing a P2 _[U 441

reversible polytropic process. It follows also that for any P -.(4.41)

polytropic process, we can write :

The following relations can be derived (following the same T _ (v o

procedure as was done under reversible adiabatic process) T - Ug (4.42)
I, _(pe
T )2 (4.43)

STUDENTS-HUB.com

APPLICATION OF FIRST LAW OF THERMODYNAMICS

TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :

* Heat transfer during polytropic process (for perfect gas pv = RT) :
Using non-flow energy equation, the heat flow/transfer during the process can be found,

i.e., Q=(u,—u)+ W
R(T, -Ts)
=c(T,-T) + =T+
| R(T, - T,)
e Q=" 1 - T;-T)
R

Also c, = -1

64

Uploaded By. ammm CLLLLLM



1/25/2023

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :
* Heat transfer during polytropic process (for perfect gas pv = RT) :
On substituting,

S Y A R (ST
R=770O-T (y-1 T -1)

1 1
ie, Q=R(T, -T),) [nl-ﬁJ
_R(TM -Ty(y-1-n+1 _RT -Ty(y-n)

(v-Dn -1 T o (y-Dn-1)
Q:(an)R(Tl_TZ)
(y-1) (-1
_|y—-n wo B -T)
or Q—(Y_IJW [ W= n-1 .

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

5. Polytropic Reversible Process (pv" = constant) :

* Heat transfer during polytropic process (for perfect gas pv = RT) :

In a polytropic process, the index n depends only on the heat and work
quantities during the process. The various processes considered earlier are
special cases of polytropic process for a perfect gas. For example,

When n =0 puv° = constant i.e., p = constant
When n = o pu> = constant
or p”°° v = constant, z.e., v = constant
When n =1 pv = constant, i.e., T = constant
[since (pv)/T = constant for a perfect gas]
When n=yvy puY = constant, i.e., reversible adiabatic
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(7) State 1 to state A is constant pressure cooling (n = 0).
(ii) State 1 to state B is isothermal compression (n = 1).
(iif) State 1 to Cis reversible adiabatic compression (n =).
(iv) State 1 to state D is constant volume heating (n = o).
"_Similarly,

(/) State 1 to state A’ is constant pressure heating (n = 0).
(ii) State 1 to state B’ is isothermal expansion (n = 1).

(iif) State 1 to C' is reversible adiabatic expansion (n = ).
(iv) State 1 to state D' is constant volume cooling (n = =°).

f
It may be noted that, since vy is always greater than unity, than process 1 to C

must lie between processes 1 to B and 1 to D ; similarly, process 1 to C’ must
lie between processes 1 to B’ and 1 to D’

67

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

6. Free Expansion Valve

/1111111111, /1111111111,

* Consider two vessels 1
and 2 interconnected by a
short pipe with a valve A,
and perfectly thermally
insulated.

* Initially let the vessel 1 be
filled with a fluid at a
certain pressure, and let 2
be completely evacuated.

N

Vessel Vessel

1 2
A

///////////// %//////////

DA,

NN
B

SN

/

STUDENTS-HUB.com Uploaded By: amm = CLLLLL W



1/25/2023

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM
FValve

e When the valve A is 7//////////// ///////////

opened the fluid in 1 will

N

expand rapidly to fill both

NN

vessels 1 and 2. Vessel Vessel

 The pressure finally will / 1 2
be lower than the initial
| 7 ‘7
pressure fn vessel 1 %///////////// %///////////

NN

N

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM
FValve

+ This is known as free or 7//////////// /1111111111,

unresisted expansion.
e The process is highly
irreversible ; since the

N

Vessel Vessel

RN

RN

N

fluid is eddying 1 2
continuously during the A
i ////////////// %///////////
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APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

6. Free Expansion

* Now applying first law of thermodynamics (or nonflow
energy equation) between the initial and final states,

Q=(u,—uy)+W
*In this process, no work is done on or by the fluid, since

the boundary of the system does not move. No heat flows
to or from the fluid since the system is well lagged.

* The process is therefore, adiabatic but irreversible.
ie., u,—u, =0 or u,=u,

APPLICATION OF FIRST LAW OF THERMODYNAMICS
TO NON-FLOW OR CLOSED SYSTEM

6. Free Expansion

*In a free expansion, therefore, the internal energy initially
equals the internal energy finally.

* For a perfect gas,

u=c,T
. For a free expansion of a perfect gas,
c,T;=c¢,T, ie., T,=T,

* That is, for a perfect gas undergoing a free expansion, the
initial temperature is equal to the final temperature.
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Summary of Processes for Perfect Gas (Unit mass)
2
Process Index Heat added I pdv pu T Specific heat, ¢
n ! relations
Constant Ty _va
pressure n=0 c(T,=T) plug—uy) T, o A
Constant L _m»m
volume n=o0 e (T, =T, Q T, p2 e,
Constant vy vy
- log, —= log, = = oo
temperature n=l g P ose Py =Pyl
v’ = pay!
Reversible ity — P T /-1
adiabatic - =2 LR
n=y 0 y-1 T oy 0
¥-1
. [LzJ '
Py
D1V — Dals -
Polytropic n=n (T2 -Ty) sz ; 712 - oy = povy” ¢ =c [1 n]
-n
. Y-n &7&“71
"l1-n T vy
x(Ty - Ty)
n-1
:%anrk :[ﬂ] "
v— »
done (non—flow) !
73
Note. Equations must be used keeping dimensional consistence.
74
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