Chapter Two
The First Law of Thermodynamics
2.1 Introduction

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

In symbols,

FdQ =G dW ... oo e e e (2.1)

Where ¢  represent the integral for a complete cycle.

Q= heat energy transfer , W= work energy transfer
Or , can be written in this form , Y. dQ = ), dW

2.2 sign convention of heat and work

For work:

1. if the work is done by the system on the surroundings, e.g., when a fluid
expands pushing a piston outwards, the work is said to be positive.

ie., Work output of the system +W

2. If the work is done on the system by the surroundings, e.g., when a force is
applied to a rotating handle, or to a piston to compress a fluid, the work is said to
be negative.

i.e., work input to system =-W

For Heat :

1. heat received by the system =+Q

2. Heat rejected or given up by the system = -Q
Comparison of work and heat

Similarities:

(i) Both are path functions and inexact differentials

(if) Both are boundary phenomenon i.e., both are recognized at the boundaries of
the system as they cross them

(iii) Both are associated with a process, not a state. Unlike properties, work and
heat has no meaning at a state.



(iv) System take energy, but not work or heat.
Dissimilarities:
(1) in heat transfer temperature difference is required.

(if) in a stable system there cannot be work transfer, however, there is no
limitation for the transfer of heat.

Example:

In a certain steam plant the turbine develops 1000kW. The heat supplied to the
steam in the boiler is 2800 KJ/kg , the heat rejected by the system to cooling
water in the condenser is 2100 KJ/kg and the feed pump work required to pump
the condensate back into the boiler is 5 KW. Calculate the steam flow round the
cycle in kgf/s.

Solution : the cycle is shown diagrammatically in fig. 2.1.
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Fig. 2.1
Given :

Work output from the turbine (from the system)=W = 1000 KW



Heat supplied to the steam in the boiler (system) =Qg = 2800 KJ/kg

Heat rejected by the steam(system) from the condenser =Qc¢= 2100 KJ/kg
Work input to the pump=Wp = 5 KW

From the conservation of energy (first law of thermodynamics) equation:

YAQ=YdW ......c...(1)

z dQ = Qz — Q. = 2800 — 2100 = 700 KJ /kg

ZszWT—WP=1000—5=995KW

Substitute in Eqgn. (1) , we get
700 X m° = 995

m’=1.421 kg/s

2.2 Corollaries of First Law of Thermodynamics
) A Laaliaall Jg¥) & gl Emyalal) it

The first law of thermodynamics, in the form of equation (2.1) , has a number of
important consequences(or values) which are stated in the form of corollaries( or
results):

2.2.1 Corollary 1

There exists a property of a closed system called energy such that a change in its
value is equal to the difference between the heat supplied and the work done
during any change of state. In other words, there exists a point function such
that

Or, Q- W=AE=E,—E{ ... 2.2)

Energy E, is composed of internal energy,U , Kinetic energy, K.E, and potential
energy, P.E.

i.e., E = Internalenergy + kinetic energy + Potential energy

or, E=U+KE+PE



IN a closed system Kkinetic and potential energy effects generally play a negligible
part, equation (2.2) may be simplified to :

Q=W AU e e et (2.3)

The property U is called the internal energy of the system . The property U is the
outcome of the first law of thermodynamics. Physically, an increase in U is
associated with a rise in temperature of the system.

2.2.2 Corollary 2, Conservation of energy

The internal energy of a closed system remains unchanged if the system is
isolated from its surroundings.

Proof : By definition of an isolated system, Q=W=0, AU = U, — U, = 0.
Q=0 W=0, AU=0

2.2.3 Corollary 3, Perpetual motion machine of first kind

A perpetual motion machine of first kind (pmml) is impossible.

A perpetual motion machine is a device which produces a continuous supply of
work without requiring any interaction from surroundings or other systems.
such a device would, in effect, create energy.

Equation (2.1) states, that, if a net amount of heat is not supplied during a cycle,
no net amount of work can be obtained, that is

f&wzo if 6Q=0

The existence 0f a pmm would therefore violate the first law of thermodynamics.

Fig.2.2 : PMML1 kind




2.2.4 Energy balance

The basis of the first law of thermodynamics is the law of conservation of energy
which, for a system, can be expressed as :

Net energy added to a system=Energy in — Energy out= increase in stored energy

But, for a system undergoing a cycle, there is no change in the state of the system
so that the stored energy is zero. Hence :

tnergy inv = tnergy out

2.3 The Perfect Gas

2.3.1 The Characteristic Equation of State

For ideal gas: % = CONSTANT =R

The equation p—Tv = R, 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.

Units of R are Nm/kg K or KJ/kg K.

Usually, the characteristic equation is written as

pv = RT (2.4)
Or for m kg occupying V m?

PV = mRT (2.5)

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

The kilogram-mole is defined as a quantity of a gas equivalent to M kg of 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).

m=nM..............(2.6)
Where m=mass , n= number of mole , M= Molecular mass
Substituting for m from eqn.(2.6) in eqn.(2.5) gives

pV = nMRT

Or MR =%
nT



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

V.
temperature and pressure. Therefore —ls the same for all gases at the same value

of pand T. That is the quantity Z—: is a constant for all gases. This constant is
called universal gas constant, and is given the symbol, Ry.

ie., MR =R, =12 2.7)

or, pV =nR,T

Since MR = R, then

It has been found experimentally that the volume of 1 mole of any perfect gas at
1 bar and 0°C is approximately 22.71 m®.

Therefore, from eqn.(2.7)

R. =PV _ 1x105x22.71
0 ™ nr = 1x(0°C+273)

=8314.3 Nm/mole K
=8.3143 KJ/mole.K

Example : for oxygen which has a molecular weight of 32, the gas constant

—R0—8314—2598N /kg. K
—M— 32 = . m g

2.3.2 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, c=specific heat, and dT= temperature rise
Only two specific heats for gases are defined.

- specific heat at constant volume, c,

-specific heat at constant pressure, ¢

And

We have dQ = mc,dT for areversible non-flow process at constant
pressure.......... 2.9)



And dQ = mc,dT for a reversible non-flow process at constant
volume........ (2.10)

Integrating egns. (2.9) and (2.10), we have

Flow of heat in a reversible constant pressure process
Q =mcp(Ty —Tq1)eeuenennnn 2.11)

Flow of heat in a reversible constant volume process
Q=mc,(Ty —T1)eeeeeruun (2.12)

In case of real gases, c, and ¢, vary with temperature. But s suitable average
value may be used for most practical purpose.

2.3.3 Joule's Law
Joule's law states as follows:

" The internal energy of a perfect gas is a function of the absolute temperature
only."”

e, u=f(T)
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
~Q=du
At constant volume for a perfect gas, from eqn.(2.12), for 1 kg
dQ = c,dT

dQ = du = ¢, dT
And integrating, u = ¢, T + K, K being constant.
According to Joule’s law :
u=0 for T=0 , hence constant K is zero.
I.e., internal energy, u=c, T for a perfect gas (2.13)
or for mass m , of a perfect gas

internal energy, U=m ¢\ T..cccuvvininininincnnnen. (2.14)



Gain in internal energy,
U,-U; = mCV(TZ - Tl) ............................. (2.15)

Equation (2.15) gives the gains of internal energy for a perfect gas between two
states for any process, reversible or irreversible.

2.3.4 Relationship Between two Specific Heats
Consider a perfect gas being heated at constant pressure from T, to T, .
According to non-flow equation,
Q= (U,-U)+W
Also for a perfect gas,
U; -Uy =mc,(T; —Tq)

Q = mcv(Tz — Tl) + W

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

W=PWV,—-Vy)

= mR(T, — T,)

~ P,V, = mRT,

P,V, = mRT,

P, =P, = Pinthis case
On substituting
Q =mc,(T, —T{) + mR(T, — T,)
But for constant pressure process,
Q =mc,(T; —Tq)
By equating the two expression, we have
m(c, + R)(Ty — T1) = mc,(T, — Ty)
~(cy+R)=c¢p

Or ¢ = =R v v (2.16)



Dividing both side by c, , we get

=
Cv C‘U
—1=—
Y c.
or, ¢, =— 2.16
6= (2.163)
Where,
c
- P
Y= c,
Similarly, dividing both sides by c,, we get
YR

2.3.5 Enthalpy

In thermodynamics is the sum of internal energy(u) and pressure volume
product(pv). This sum is called Enthalpy (h)

ie., h=u+pv e (2.17)
the total enthalpy of mass, m, of a fluid can be
H=U+PV  where H=m.h

For a perfect gas,

h=u+pv

h =c¢,T +RT = (¢, + R)T = ¢,T

i.e., h = c,T

H = mc,T

2.3.6 Ratio of Specific Heats

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

_%

ch



Since ¢, = ¢, + R, itis clear that ¢, must be greater than c, for any perfect gas.
It follows , therefore, that the ratio,

c
c—p =7y is always greater than unity.
v

2.4 Application of first law of thermodynamics to non-flow or closed system
1. Reversible constant volume process (v=constant)

In a constant volume process:

(1) the working substance is contained in a rigid vessel

(if) work=0, since v=constant
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Fig.2.3 : Reversible constant volume process

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

Q=(Uuy—up)+W.ti it e e . (2.18)
The work done W = flz pdv=0asdv=0

2Q=Wy—u) =Ty =Ty oo e e . (2.18a) (= U = mu)

Where c,= specific heat at constant volume.
For mass, m, of working substance

Q=U; — Ui =MCy (U — Uq)eeeeeeiiiiiieiiniiiiiieiinienecnncnnn (2.18b)



2. Reversible constant pressure process (p=constant)

Fig.2.4 shows the system and states before and after the heat addition at constant
pressure.

Fig.2.4 Reversible constant pressure process

Considering unit mass of working substance and Appling first law of
thermodynamics to the process, i.e., Non-Flow Energy Equation(NFEE):

Q=(uz—u)) +W
The work done, W = flz pdv = p(v, —v,) = pv, — pv;

= Q= (uz + pavy) — (g + p1v1) = hy — hy
[Pr=p2=p , h=u+pv]

Q=hy—hy =cp(T, —Ty)

Where h= Enthalpy (specific), and

¢, = specific heat at constant pressure
For mass ,m, of working substance



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

A process at a constant temperature is called an isothermal process
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Fig.2.6. Reversible isothermal process
Considering unit mass of working substance and applying first law to the process
Q=(u—u)+w
=c,(T,—T1) + W

=0+W [+ Ty =T,]
The work done, W = flz pdv

Inthiscasepv=c or p=c/v

v,
W= f C— = C[lnv];? = Cln=2
V1 vl

The constant C can either be written as p;v; oras p,v, .since

P1V1 = P2V, = constanr, C

. V2 . .
i.e, W=pvq lnv— per unit mass of working substance
1

Q=Ww-= plvllnv—1 r e e e (2= 20)

For mass ,m, of working substance



4
Q=W = prlln—VZ (2 — 20a)
1

For isothermal process : p1V{ = p2V,

vV, Py
Vi P
or, Q=Ww-= prlln% N ¢ 11) )

4. Reversible Adiabatic Process (pvY = constant)

An adiabatic process is one in which no heat is transferred to or from the
fluid(system) during the process ( i.e Q=0).

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, or

Non-Flow Energy Equation (NFEE):
Q=(uz—u)+w
0=(u—up)+w
Or W = (u; —uy) for anyadiabatic process ..........(2 —21)
For adiabatic expansion : +W
For adiabatic compression : -W

For an adiabatic process to take place, perfect thermal insulation for the system
must be available.

To drive the general law for an adiabatic process : pvY = constant

To obtain a law relating p and v for a reversible adiabatic process let us consider
the non-flow energy equation in differential form,

dQ =du+dw
For a reversible process
dWw = pdv
~dQ=du+pdv=0

(since for an adiabatic process Q=0)



Also for a perfect gas

— RT _ RT
pv = or p=—
Hence substituting,
RTdv
du + =0
v
Also u=c,T or du=c,dT
RTdv
¢, dT + =0
Dividing both sides by T, we get
dr 4 Rdv 0
“r v

Integrating
c,InT + Rln v = constant

Substituting T = %

pv
cvln? + Rln v = constant

Dividing throughout both sides by c,,

pv

In—+ —.Inv = constant
R Cy
. _ R R _
Again: ¢, = 5D or o= y—1
Hence substituting
v
In % + (y — 1Inv = constant

pv 1
n T + InvY~! = constant

pv x v’1
n - = constant
pv x vV x v71
n R = constant
p.vY
n = constant




1
pv
"= econstant — constant

Since R = gas constant=constant
pvY = R.constant = constant

Or pvY = constant

Expression for Work W :

A reversible adiabatic process for a perfect gas is shown on a p — vdiagram in
Fig. 2-7 :

Fig. 2.7 : Reversible adiabatic process

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

ie, W = f:lz p dv

Therefore, since pvY = constant, C , then [~p= =]

pY+1|V2

ie, w=c["Z=c|

v, vY

-y+1 v



-y+1 -y+1 -y+1 -y+1
_ ¢ vz}’ _vl}’ _ ¢ vll’ _vzy
-y+1 y—1

The constant in this equation can be written as p;v} oras p,v} . Hence

W= P1V]1,VIY+1 - I’z"’é"’?ﬂr1 _ P1V1 — P2V
y—1 y—1
V1—PoV
e, w=0APzRze (2 -22)
y—1

Relationship between T and Vand T and p :

By using equation pv = RT , the relationship between T and v, and T and p,
may by derived as follows :

i.e, pv = RT

o RT
S p = -
Putting this value in the equation pvY = constant, C

RT
- vY = constant, C

T C
—.vY = — = constant
v R

Tv'"! = constant ... .........(2 — 23)
From eqgn. (2.23) :

y-1 _ y—1
T1'l71 = Tzvz

T v\71
_E::(_l) o (2.24)
Tl ()

For an adiabatic process :
Y _ 4
pP1vy = P2V,

v4\Y
ie, Eizﬂi)nn"m(zzm
P1 V2

Also from Eqn.(2.25) :



1
v 1
U1 (&)y . (2.26)
V2 P1
Substituting Eqn.(2.26) in Egn. (2.24):
y-1

T2 _ (&>T o (2.27)

T, P1

Hence for an adiabatic process :
(Temperature Ratio) = (Inverse Volume Ratio)?~!
r-1
= (Pressure Ratio) Y

Or,

T v\ 1 o
T—j _ (v—:) _ (%) N (2.28)
From egn. (2.21) , the work done in an adiabatic process per kg of gas is given by
W= (u; —uy)
W=c,(T1—T3)

Also , we know that

_ R
cy, = y—1
Hence, substituting, we get
_R(T{—T,)
Yy —1

Using equation  pv = RT

_ (P1v1 — P2V2)

w Y =1

This is the same expression obtained before as eqn. (2.22)

5. Polytropic Reversible Process (pv™=constant)

The general law of polytropic (general) process is
pv" = constant, where ,nis a polytropic index,nis constant



We know that for any reversible process

W = f pdv
For a process in pv™ = constant, we have

C
p = —.,where C is a constant

v2 dv pntl V2 pontl il
“W=C f —=c = (-2 1
b, VT -n+1 -n+1
1 171
vIn+1 _ v5n+1
W=C
e a—

Since the constant C can be written as p,v} or as p,v}

Substituting for C

_ p ™t = povy vy

n-—1

w

vy — PV
i.e,thework done, = % ....(2.29)

or, = ..

It follows also that for any polytropic process , we can write
v n
Pz _ (—1) e (2.31)
(41 9]

The following relations can be derived (following the same procedure as was
done under reversible adiabatic process)

— =|— e (2.32
T, (Uz) ( )
T p n-1

2 2\ n
— =|— e ennn(2.33
T, <P1> ( )



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,

Q=(u; —uy))+w

_ R(T,—T>)
=¢,(T, —Ty) + o1
R(T, —T,)
= ﬁ —¢,(Ty —T3)
Also
R
Cc, =
-1
On substituting
__R (T, —T,) (T, —T,)
Q= no1 ) o - T

Q=R(T1_T2)<ni1_yi1)

_ R(T{—T;)(y—1—-n+1) R(Ty—Ty)(y—n)

¥—Dn-1) oy -Dn-1)
Q= (y —n)R(T; — T>)
B y—-Dn-1)
Or
_(Yy—n . R(T1—Ty)
Q= (m)w l W= oD | .. (2.34)

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

(i)whenn=0  pv°® = constant i.e, p = constant : reversible constant
pressure process



(il whenn=w  pv>* = constant

%/pv® =constant

1 %)

pe.v>® = constant
p°.v = constant

I.e, v=constant: reversible constant volume process

(ili) when n=1  pv=constanti.e T=constant, since
pv/T = constant for gas : reversible isothermal process

(iv) whenn =y,
pvY = constant,i,e,reversible adiabatic process

(v) when n=n, pv" = constant,reversible polytropic process
This is illustrated on a p-v diagram in Fig. 2.8.

(i) state 1 to state A is constant pressure cooling (n=0)

(ii) state 1 to state B is isothermal compression (n=1)

(iii) state 1 to state C is reversible adiabatic compression (n = y)
(iv) state 1 to state D is constant volume heating (n = )

Similarly,
(i) state 1 to state A is constant pressure heating (n=0)

(i) state 1 to state B is isothermal expansion (n=1).
(iii) state 1 to state C is reversible adiabatic expansion (n = y).

(iv) state 1 to D is constant volume cooling (n = o)



Fig. 2.8.
2-3 Free Expansion

Consider two vessels 1 and 2 interconnected by a short pipe with a
valve A, and perfectly thermally insulated (Fig.2.9). initially let the vessel
1 be filled with a fluid at a certain pressure, and let 2 be completely
evacuated. When the valve A is opened the fluid in 1 will expaned
rapidly to fill both vessels 1 and 2 . the pressure finally will be lower than

the initial pressure in vessel 1 .this is known as free ov wwesisted
expansiovw. The process is highly irreversible.
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Flg 2 9: Free Expansion

Now applying first law of thermodynamics ( or Non-Flow Energy
Equation, NFEE) between the initial and final states,
Q=(u;—u)+WwW

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 insulated. The process is therefore, adiabatic but
irreversible.

i.e, u,—u; =0 or u,=u,



In a free expansion, therefore,
The internal energy initially= the initial energy finally
For perfect gas

u=c,T

~ For free expansion of a perfect gas,
Cle = C‘UTZ
i.e Tl = TZ

Table 2.1. Summary of Processes for Perfect Gas (Unit mass)

Process Index Heat added z p,v, T Specific heat,
n ; pdv relation c
Constant n=0| ¢,(T;—-Ty) |pwz—vy) T, v, cp
pressure T, v,
Constant n=o| c,(T,—T,) 0 T, _p1 c,
volume T, p;
Constant n=1 V2 V2 | pvy =pyv 0
vin— vin— 11 272
temperature Pivainy Pavatny
Reversible n=y 0 P1V1 — P2V; 0
adiabatic y—1 p1v1Y = povyY
TZ _ (vl)y_l
Ty \v,
y-1
)"
P1
Polytropic n=n/| _Y N P1V1 = P2V] piv ™ = pvp" | Ca
process y—1 n—1 — ¢ (Y_")
X Wpolytropic "\1-n
TZ _ (171 n-1
T, 2
n-1




Tutorial Sheet — 2 Chapter-2

Example 2.1

2 kg of an ideal gas with constant specific heats begins a process at 200 kPa and
60°C . The gas is first expanded at constant pressure until its volume doubles. Then
it is heated at constant volume until its pressure doubles. Calculate the work done
by the gas during the entire process and the final temperature. Take, R= 0.6
kj/kg.Kandc, =2 kj/kg.K

Solution :
1] I
B0 b= o s e s oo 3
b
200} — ey =
1l ;2
| !
A 1
V| vznzv' .VS
V—-.-

Fig.2.5 p-v diagram

Using the gas equation

piV1 = mRT, T, =60+273 =333K
200xV; =2x%x0.6%x(333)

V,=1.998 m3

V,=2V,;=2x1.998 = 3.996m3

wi, = p1(Vy —Vy) = 200(3.996 — 1.998 = 399.6 k]
wo3 = 0 since for constant volume process dv = 0

Whet = Wiz + W23 = 399.6 + 0 = 399.6 kJ



p3V3 = mRT3
400 X 3.996 =2 x 0.6T;

T, = 1332K

H.W:
1) Calculate Q12
2) Calculate Q3
3) Calculate Qpet
HW Ll e/ sll Jadf
Solution of H.W :
For gas : p,V, = mRT,
200x%x3.996 =2x0.6XT,

T, = 666 K

For constant pressure process 12, heat transfer during this process is :
Q12 = mc,(Tz — T1) = 2 X 2(666 — 333) = 1332K]
R=c,—c,
c,=¢c,—R=2-0.6=14KJ/kg.K
For constant volume process 23, heat transfer during this process is :
Since W=0, for constant volume process, hence
Q3 =AU =U3— U, =mc,(T; — T,) =2 x 1.4(1332 — 666) = 1864.8 KJ

Quet = Q12 + Q3 = 1332 +1864.8 = 3196.8K]



Example 2.2 .

In an internal combustion engine, during the compression stroke the heat
rejected to the cooling water is 50 kJ /kg and the work input is 100 kJ/kg
. Calculate the change in internal energy of the working fluid stating
whether it is a gain or loss
Solution:

Heat rejected to the cooling water,

Q = —50kJ/kg
(-ve sign since heat is rejected)
Work input, W=-100 kJ/kg
(-ve sign since work is supplied to the system)
Using the relation,

Q=(u —u)+wW
—50 = (u; —uy) — 100
Or
u, —u; = —-50+100 =50 kJ/kg

Hence , gain in internal energy =50 kJ/kg

Example 2.3.

0.3 kg of nitrogen gas at 100 kPa and 40 °C is contained in a cylinder. The
piston is moved compressing nitrogen until the pressure becomes 1 MPa and
temperature becomes 160 °C . The work done during the process is 30 kJ.
Calculate the heat transferred from the nitrogen (i.e system) to the
surrounding. Given c, for nitrogen =0.75 kJ /kg. K

Solution :

Mass of nitrogen, m=0.3 kg

Temperature before compression =40 °C = (40 + 273 = 313 K)
Temperature after compression = 160 °C = (160 + 273 = 433 K)

The work done during the compression process,

W=-30 KJ



Fig.2.10
According to first law of thermodynamics.
Q=AU+W= (Uy—-U)+W
=mc,(T, —T{)+W

=0.3x0.75(433-313) -30=-3KkJ
Hence, heat 'rejected "during the process
Q =3kJ

Example 2.4.

Air enters a compressor at 10° Pa and 25 °C having a volume of 1.8 m3/kg
and is compressed to 5 x 10° Pa isothermally . Determine :

(i) Work done

(if) Change in internal energy

(iii) Heat transfer

Solution :
Initial pressure of air , p; =10° Pa
Initial temperature of air, T; = 25+ 273 = 298 K
Final pressure of air, p; =5 x 10° Pa
Final temperature of air, T, = T = 298 K (Isothermal process)
Since, it is a closed steady state process, we can write down the first law of
thermodynamics as,
Q=(u;—uy) +W ....perunitmass
(i) for isothermal process
2
Wi, = f p.-dv = plvlln&
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As

P1V1 = P2V, for isothermal process

1x 105
5 X 105)
= —2.897 x 10°]J/kg = —289.7 kJ/kg

(- ve sign indicates that the work is supplied to the air (i.e system)

~ work done on the air = 289.7 kJ/kg
(ii) since temperature is constant

u,—u; =0
~ Change in internal energy = zero

W, ,= 10°x1.8 ln(

(iii) Again, Q1_, = (uy —uy) +W
=0+ (—289.7) = —289.7 KJ
(- ve sign indicates that heat is lost (rejects) from the system to the
surroundings)
-~ Heat transfeered = 289.7 kJ/kg

Example 2.5

Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m?, is
compressed reversibly and adiabatically by a piston to a pressure of 6.8
bar. Calculate the final temperature, the final volume, and the work done
on the mass of air in the cylinder. Given y

forair =1.4,R=0.287kJ/kg.K

Solution :

From Eqn. (2.27):



y—1
T _(22)7
T, P1

y-1/y
or, TZ = T1 (pZ)
P1
i.e.
6.8 (1.4-1)/14
T2—295><(102) =295 X% 6.67%%86 = 295 x 1,72
= 507.5K

WhereT, =22+ 273 =295 K
i.e Final temperature, T, =507.5-273 =234.5 °C

From Eqgn. (2.25) :

P2 <V1)y 121 (Pz)l/y
== —| or —=|—
P1 V2 V2 P1

1/1.4

0.015 .8
( ) =6.67%714 = 3,87
v, 1.02
0.015 0.00388 m?3
V2=73g7 ~ m
ie, Final volume = 0.00388 m?

FromEqn.2.21: W =uq; —u, =¢,(T; —T,) =0.718(295 — 507.5)

= —152.8 kJ/kg

i.e, Work input per kg =152.8 kJ /kg
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102x10°
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The mass of air can be found using equation

PV = mRT

_ piv;_ 1.02x10°x0.015
~ RT  0.287 x 103 x 295

= 0.0181 kg

i.e, Total work done =0.0181x 152.8 =2.76 KJ

The process is shown on a p-v diagram in fig. 2.12, the shaded area representing
the work done per kg of air.



