2.3 THERMODYNAMICS

Thermal energy, or internal energy refers to the total energy of all the molecules in a
body. Heat refers to the transfer of energy from one body to another dueto a
difference of temperature.

The first law of thermodynamics states that the heat O absorbed by a system in some
physical process is the sum of the work W done by the system on its external
surroundings and the change AU in the total internal energy of the system:

. Q=AU-W.
Specific heat capacity or specific heat ¢ is defined as the quantity of heat absorbed or
emitted by I kg of mass of the system when its temperature changes by one degree.
Since ¢ depends on how the process of heating is carried out we introduce

- specific heat at constant pressure: ¢ = "I,;(%‘%)
P

- specific heat at constant volume: ¢ = 1 (9-9—) :
V

m\aT)j,
For liquids and solids we have ¢ =¢ =¢;, -12 =-—1——A—U—
m AT m AT

For gases we introduce molar specific heats defined as the quantity of heat absorbed or
emitted by I mole of mass of the system when its temperature changes by one
degree. Thus we have:

- molar specific heat at constant pressure:  Cp = 1 (—a———Q-)
n\daTj),

- molar specific heat at constant volume:  C,, = Ll (Q_Q) ,
v

nioT
where n expresses the amount of substance in moles.
For the ideal gas we have:
C, = it2p C, ==R.
2 2

The ratio of molar specific heats is called Poisson’s constant: x = —q—’i-.
-
Molar specific heats are related by the following formula: C, —C, =R, where Ris
the universal gas constant. _ N

A reversible process is a process in which a gas goes from one state to another
through a succession of infinitesimally close equilibrium states in which pressure and
temperature are defined at all instants. .

A change in the internal energy of the system does not depend on the type of
process but only on the temperature:
, ‘ dU =nC, dT.

The work done in taking a system from one state to another depends not only on the
initial and final state of the system but also on the type of process: B
oW = P(V).dV.
The total work done by the ideal gas when its volume changes from VoV, s
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I/
W= f PV)av.
The first law of thermodynamics for a reversible process has the following form:
Q=nC, (T, -T)+ |P(r)av.

' of reversibl sses for ideal gases:
1. Isochoric process (V = constant):
-all the heat added to the gas is used to increase its internal energy or

 Q=AU=1C,(1,~T)
2. Isobaric process (P = consiant):
- the heat added to the gas is
Q=AU+ W= nC, (T, = T)).
3. Isothermal process (T = constant):

- the heat added to the gas is used for work done by the gas:

v, P
=W =nRTIn-% =nRT In—+
0 7 nRT in P
4. Adiabatic process (80 = 0):
- the work of the gas is done on the account of its internal energy:

W =—AU=nC,. (T, - T,).

An adiabatic process can be described by the following equation:
PV*® =constant.
Entropy S is a state variable which is defined as

as =22
T

Change in entropy of an ideal gas going from one state {P;V,; T;) to another state
(B;Vy: 1) is
T, v,
AS =nC, In-2+nRIn-%.
T 14
The Carnet cycle consists of two isothermal and two adiabatic processes. We assume
that the working substance is one mole of an ideal gas and the process takes place

between the temperature of a hot reservoir 7 and the temperature of a cold reservoir
T,. If we denote the amount of heat absorbed by the.gas from the hot reservoir as O

and the amount of heat rejected to the cold reservoir as Q, the work done by the gas -
in one cycle is .

W=0-0
The efficiency of the Carnot cycle is defined as the ratio of work done by the gas in
one cycle and the amount of heat taken from the hot reservoir :
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If a Carnot cycle is operated in reverse, so that the external work W is done on the working
gas, instead of by it, the result is a refrigerator. The working gas now absorbs heat O, from a
cold reservoir and will reject this heat increased by the amount of the external work W, For the
Carnot refrigerator cycle the efficiency is defined as the ratio of heat Q, absorbed from a
cold reservoir and external work W:

0

n, = =
The second law of thermodynamics can be stated in many forms:

Clausius stated this law in following form:

- heat cannct, of itself, pass from a colder to a hotter body.

Statement using the concept of entropy and formulated for irreversible processes:

- the entropy of an isolated system must increase whenever it undergoes an
irreversible process.

The third law of thermodynamics states:

- it is mot possible to reach absolute zero temperature in any finite number of
processes.

Problem-2-33. A wheel making #=1200 revolutions per minute is slowed by a break cooled
by & cubic meters of water per hour. The temperature of the water is #=10°C. The torque of
the friction forces is M=5000 N.m. Calculate the temperature of the water leaving the break,
assuming that 75% of the work done by the friction forces is used to increase the internal
energy of the cooling water. The specific heat of water is c=4186 J . kg™ '. K.

Solution: The work done by friction forces when the wheel is rotated by the angle ¢ is

W=Meg
The work done by this force increases the internal energy of the water and surroundings. The
part of this work, in our case 75%, increases the internal energy of the water that is used to
cool the the break. This increase in the internal energy is accompanied by an increase in the
temperature of the water. The same increase of temperature is obtained if we add to the water
a certain amount of heat from an external source. To heat a mass of water m by the
temperature Af the amount of heat required is

QO =mcA.

From the first law of thermodynamics we have

0.75 W=m.cAt
or

| 0.75M.¢ = m.c. At : : o - ¢))
We assume a constant angular velocity ® = 2ntn. Suppose that in time # the wheel is rotated by
the angle ¢, where

¢ =2nnt

Substituting for ¢ into equation (1) we obtain for the increase in temperature:
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4 1200
5000 X 2 x —— 3600
M.2x nt =0.75 T 760

— = 50.6°C.
m.c 8 x 10° x 4186

At =075

Since the initial temperature of the water was 10°C , the final temperature of the water
will be 60.6 °C.

Problem 2-34. Calculate molar heat capacities C,,, C, and Poisson's constant « for a
mixture of gases. The amounts of substance of the mixture components are 1, 1, ...
respectively and the molar heats of the components are C,,., C,1s.0: Cyy and

Cips Caprone Cep-

Solution: One mole of the mixture is defined as the amount of substance containing
N, molecules. Thus the number of moles in the mixture is
- g I o T My
n=n+nt..+n —M1 +M2 +...+Mk
where M, is the molar mass of the k-component of the mixture.
To determine C, we express the amount of heat that is required to increase the
temperature of ( 7, + n, + ... + n,) moles of the mixture by /K at constant pressure

using the following equation:

nCp+nCp+..+nC,p=nCp
From this equation we find

_nCptn Cp+..*n Cpp _mCpp +nCyp +... + 1 Cir

n no+n, .. +n,
Similarly, to determine C, we express the amount of heat that is required to increase
the temperature of ( m + n, + ... + n,) moles of the mixture by /X at constant
volume using the following equation:

Cp

nCyp +mnCy+..+nCp=nC,
Thus we have
nC,+n,C +..+n,C,
no+n,+.+n, ’
Finally for Poisson's constant we obtain

C, =

=l
C, m,C, +n,Cpy +u +1,Cpp

K

Problem 2-35S. Calculate the molar heat capacities C;,, C,, and Poisson’s constant « for
g mixture of 3 kmoles of argon and 5 kmoles of oxygen O,.

Solution: Since argon is a monatomic molecule we can write

C”"_::%R and Cr=

A molecule of oxygen O, is diatomic. Thus we have

N n

R.
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5
C,r = =R and C,,= ZR.
2 B 2
Following the results of problem 2-34 we can write
3 3R+ 5 %R 17
C, = —=2 2 - 2! 8314=17667 J.K* kmol '
3+ 5 8
32R+5 IR
= 2 2 25 e ~= e . .1
p = = £ = — 8314= 25981 J. K~ kmol
3+ 5 8
Finally for Poisson's constant we have
== 147
c, 17

{ Problem 2-36. The density of a gas at pressure P = 10° Pa and temperature t=20C is
p = 127 kg.m™’. Calculate its specific heats ¢, and ¢, if Poisson's constant of the gas is
=1.4.

Solution: Poisson's constant is defined as x = g—"f-.
14
We also know that C, = C, + R. Combining these two equations we obtain
_ R
=T
The relation between specific and molar heat is
S R
M M- 1)

Since we do not know the molar weight M of the gas we use the ideal gas law

Cy

pRT
} P
Substituting for M into the expression for ¢, we obtain

S 10°
" (k-1 (1.4-1)x1.27x293

pv="RT = M =
M

=671.8J kg ' K.

Similarly, for ¢, we have

B
= KC., = K ————=9406J kg K.
CP ¥ (K—'l)pT g

[Problem 2-37. A quantity of CO at temperature #,=I8°C and pressure F,=294 kPa is

enclosed in a container of volume ¥=20 /. Calculate the temperature and pressure of theCO if
it absorbs heat Q=21 kJ The specific heat and the molar weight of CO  are
c, =740J kg™ K" and 28 kg/kmol.
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Solution: Q =mc,(T, -T;) = T, = 0 + T (1)

mc,
From the ideal gas law we have m = 1)1];/]{\’1 2)
1
Substituting equation 2 into equation 1 we obtain
. )
PV.Mc,
Substituting equation 3 into Gay-Lussac's law we obtain for pressure
.R.
p=pb. 2R _ p
I, VMc,
Numerically we obtain

3
T = 21);10 x831—43x291 +291 =708K
294 x10”° x20x107° x28x740

708
- P, =294x10°——=715x10’Pa.
91

Problem 2-38. A certain amount of gas is enclosed in a volume V=3 / at pressure
P=2x 10° Pa. The Poisson's constant of the gas is x=1.4. Calculate the amount of heat that

must be absorbed by the gas undergoing an isobaric process if its volume is allowed to increase
three times.

Solution: From the first law of thermodynamics for an ideal gas we have
6Q0=mc, dl + PdV. (1)

We can differentiate the ideal gas law PV=nRT
Pav+vdP="Z_Rdr
M

Since the process is isobaric dP=0. Thus we have

dezM————-";'dV " @
Substituting equation (2) into equation (1) we obtain
C,+R
50= c,,y—'%ﬁV—Jr Pay =" pay- %”—P.dV.

After integration we have
C, 3 Cs C
=—EpV\dV = =EPW,-V,)=—5P.2V.
0 R,-,[ =PV, )=

Combining equations C, -~ C,, = R and « = é“’ we obtain
C _ «
R k-1

Finally, for the heat that must be absorbed by the gas we have

0== 2 2 py - (‘17"‘1 4)2x10° K3X107 =42 x10° |
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Problem 2-39. Oxygen of mass of 3.2 g is enclosed in a cylinder fitted with a light
frictionless piston at pressure F, =2 X 10° Pa at temperature , =27 °C. The oxygen
is allowed to expand isothermally to double its volume. Calculate:

(a) the final temperature of the oxygen,

(b) the work done by the oxygen,

(c) the heat added to the oxygen in the process of expansion.

(M, =32kg.kmol™).
Solution: -~ -
(a) T,=300.I5K
(b) From the first law of thermodynamics

6 Q=nC,dT +PdV
and bearing in mind the fact that the process is isothermal (d7T=0), we see that all the

heat added to the gas is used on work done by the gas.
From the ideal gas law we can detemlil;e the pressure

P=n.R.T'
V

Now we can determine P.dV-

Pdy = nR.Td7V
Thus the work done by the gas is

14 -
W—nRTji"—K_ R.TIn -21_32(—1—9_831”103x300><1n2=1728.f
V V. 32

¥ 1
(c) The heat added to gas during expansion is
‘ 0=1728J

Problem 2-40. The compression ratio of a Diesel engine is -gl— =15. A mass of gas in
a cylinder of this engine occupies an initial volume V=17 at p;essure P, =10’ Pa and
temperature t, =/6 °C. If the gas is compressed adiabatically, determine the |
temperature and pressure after compression. Assuming that the gas behaves like an
ideal gas for which x=1.4 calculate the work done by external forces during

compr ession.

Solution: An adiébatic process is described by the equation:

BV =BV, (1)
where subscnpts Iand 2 denote the initial and final state respectively. The behavmur
of a gas is also described by the ideal gas law

| PV=nRT

The ratio of initial and final temperature is
I, _BY,

T RY,
Substituting equation 2 into equation 1 we obtain

: y

133



g ~1
T, =7;G§-) - =289 (15)™ "'=846K.

2
From equation 1 we have

P, =R Gf—) =10° x (15) *=4.4 X 10° Pa.
3 #
From the first law of thermodynamics we have for an adiabatic process:
dw = -dU
which means that the work done by the gas is done on the account of its internal
energy or ‘
W=—AU=nC,(T, - T,). Q)
The molar heat can be found from: C, —C, =R and « = —g—’f-.
. ¥V
: R _
Thus we have: Cc, = T “)
Substituting equation 4 into equation 3 we obtain:
W=n—ry/ G-T) (5)
The product (7R) is found from the ideal gas law for the first state
nR = LA
' L
Finally, for the work we have:
-3
weBli 1 (p_ gy 10X 1 (9 g46) = — 496
T x~1 289 14-1

Note that the work is negative, which means that during compression the work is done
by some external agent.

Problem 2-41. A certain amount of gas at pressure P, =1 10° Pais enclosed in a
volume ¥, = I I. The gas undergoes the following processes successively :
(D it is isobarically heated so that its volume is doubled,
(I) it is isochorically heated so that its pressure is doubled,
(IID) it is allowed to expand adiabatically, so that its temperature is equal to the
initial temperature.
Calculate:
- the total amount of heat added to the gas during these processes,
- the total work done by the gas,
- the total change of its internal energy.
Draw a graph of all three processes in a P - V' diagram. Poisson’s constant x=1.4.

Solution: For each of the three processes we determine the work done by the gas, the
heat added and the change of its internal energy following the first law of
thermodynamics:

3Q=dU +5W
where
aw="te ar =R _ur
M k —1
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(I) Isobaric process: _ _ \
After this process the gas will have the pressure F, = P, the volume V, = 2V, and the
temperature 7; can be found from the ideal gas law:
' Po Vo Po 4 0
= : = T =2T.
T, T o
The work done by the gas:

2%,
W, = [Pdv =R,
VO

The change in the internal energy is:

From the ideal gas law we Have:
I, =

PV, M

m
Thus for the change in internal energy we obtain:

m R RV,M PRV,
Mx-1 R m k-1
The heat added to the gas in this process is therefore:

AU, =

A YA

= AU, + W, = :
QI I+ I K-l K'—li

(II) Isochoric process:

The parameters of the gas at the beginning of this process are:

P=P, V=, - L=7,
After this isochoric process the gas will have the following parameters:
V,=V=20, F,= 2P = 2P,

and the temperature can be found from the ideal gas law:
BV,=nRT = nR2T,
= T, = 47T,
2P,¥,= nRT,

135




Since the work done by the gas in an isochoric process equals zero (W, = 0), from the first
law of thermodynamics we see that Q,, = AU,,. Thus for the change in the internal energy of
the gas we obtain:

T : 4T,
ag, = B R g o2 far= m R p- 25N
7 M k-1 Mx-15 M k-1 k-1
The amount of heat added to the gas in this process is therefore:
BV,
0, = S22
k-1

(IIT) Adiabatic process:
The parameters of the gas at the beginning of this process are:

P,= 2P, v, =W, T, = 4T,

After this adiabatic process the gas will have parameters P, V, and temperature
T, = T,. Volume ¥, can be found by combining the equation for the adiabatic process

and the ideal gas law:
PV."= BV, PBV;= nRT, P, V,= nRT,
L. L 1+
k-1 x~1 x
o) (e
I 1y )

Similarly we determine the pressure of the gas:

K

(y. \* 1 ol
2 ZLE ) B2= Yo | 2p =Rz .
v, =
In an adiabatic process the work of the gas is done on the account of its internal energy:
7, T
Wy =—AUy = [2C,dT = —= R |ar = m R gp_ 34V
TzM Mx-1g M k-1 k-1
Thus for the change in internal energy of the gas we obtain:
AU = - 2Do¥o,
k-1

The total work done in all three processes is:

F 7 v
W, +W, W,y = PV, + 200 =POVOE1£ 850,
K—_

The total heat added to the gas is:

x 2PV, K+ 2
+

Q=Q7+QH+QIH: PgVo =P43Vg = 850J.
i k-1 k-1 k-1

Finally, the total change in the internal energy of the gas is:

136




I

RV, ,2RY, _3RY,
x—1 k —1 k —1

=0.

Problem 2-42. Compute the entropy change of m=3 g of air which is cooled from
temperature 1, = 50°C to ¢, = 0°C when the process is carried out:

(a) at constant volume,

{(b) at constant pressure.

M=28.5 kg.kmol ', k=1.4).
Solution: We assume that air behaves like an ideal gas Thus we can write:

0Q=TdS =dU+sW
or

dU oW
ds ="— + 2 1
T T (1)
where dU =nC, dT and SW =Pdv )

(a) Isochoric process V=constant:
Substituting equation 2 into equation 1 we have:

dr  Pdv dr
dS =nC,— +— = nC,—.
S T T T
After integration we obtain
mS 7,
= — =—=RIn-=
AS =nC, f 32 7;
Substituting numerical values we obtam
-3
=220 2 xmtaximil = —06 K
285 2 5

(b) Isobaric process P=constant:
The product P.dVi is obtamed by differentiation of the ideal gas law for case of

P=constant:
P.dV=n.R.dT
dT  PdV dT dar
dS =nC,—+——=nC,— +nR— =n{R+C;
T T 7+ AR = )

After integration we substitute numerical values:

m 5. T, 5x107° 273.15 i
L PO Py 8314 N2 = —0.857.K°".
AS =1 ( 2) T 28.5 ( } 323.15 J

Problem 2-43.An ideal gas heat engine operates in a Camnot cycle between
temperaturm t, =327°C and t, =127°C. The amount of heat Q, =12 560 J per
“cycle is added to the heat engine. Determine the heat Q, rejected to the low
temperature reservoir and the work W that is done.

 Solution: We can draw a Camot cyclein a T - S diagram.

Heat added = Q, = area: S,,1,2,S,.
Rejected heat = @, = area : §,4,3,5,.
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- The work that must be done by external forces is denoted as /7 * and the work that must be

T Work done = W =0, - 0,= area: 1,2,3,4.
Y 1 . Change in entropy:
Ty
7
/ as = g—_— @: 20.9 J](1
/ T, 600
7,
4 3 _ The work done is: -
1 —=s =(600-400)x20.9 =4180 . .
The heat rejected is:
' 0, =8380J.

Problem 2-44. A Carnot engine operates with efficiency 7,= 40 %. To increase the efficiency
to 7,=50 % what must be the increase of the temperature of the heat source? The
temperature of the cold reservoir remains unchanged at 7, = 9°C.

Solution: The efficiency of the Carnot cycle is

n:K :7; ‘7; > 7; = T‘z .
IR - 1-7
Thus for the first case we have: I =7 42 .
-
For the second case we have:
1— 7,

Finally

'AT:T' ‘T T(”z 77i) 282X(05 04)“94](
| (- Mi-n,) (1-04)1-0.5)

Temperature of the heat source must be increased by 94°C.

Problem 2-45, For the Carnot refrigerator cycle the efficiency is defined as the ratio of the
heat O, absorbed from a cold reservoir and the external work W. Calculate this efficiency in

terms of temperatures of cold and hot temperature reservoirs.

Solution: The gas absorbs heat from the freezer compartment at temperature 7, and exhausts
it into the room at temperature 7. The heat absorbed during isothermal expansxon (1-2)

from the freezer compartment is

V.
O, = nRTzln?;—

1

done by the gas is denoted as W. It is obviousthat W '= — W .
The Carnot refrigerator cycle is shown in the following P -V diagram.
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0 vV, V4 V3 Vs —_— Y

The work done by gas in different processes of the cycle is:

(a) isothermal processes:
K, : V,
W,,= nRT,In—% and W,,= nRT,In%.
’ 4 S ' £
(b) adiabatic processes: Wy=-W,, .

To determine the efficiency of the cycle we have to find the relation between ratios % and
. 1

—I;i. To do this we use the fact that change of entropy in a reversible process along a closed
3
path is equal to zero, dS = 0. Thus in our case we have:

: V. v,
AS,, = n.R.ln—I—;— AS,, = n.R.lnf/fL

] _ 3

AS,;=0 : AS,, = 0.
For a closed path we therefore have
AS = AS,+ AS,;+ AS,, + AS,, = 0.

From this equation after substitution we obtain

N
SN

The work done by the gas in process 3-»4 is

V.
W,,= — nRT,In-% .
34 1y

1

The total work done by the gas is
v,
W=W,+ Wy, W+ W= nR(T, —2;)1n-Vl.

1
The work done by external forces is '
W' =nR(T, -T,)In —';i .

1
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Finally for the efficiency of the Carnot refrigerator we obtain

0. _ T,
w' (T,-T,)

N, =

Problem 2-46 A steel bullet falls from height #=20 m with initial velocity
=4 m.s”". After being reflected from the ground the bullet reaches height
ho = 4 m. Calculate the increase of temperature of the bullet if 60 % of the

deformation work is used to increase its internal energy. The specific heat of steel is
c=418.6 kg X). |

[-At ~0. 280k ;"") +% =0.23°c}
(4

Problem 2-47. A certain amount of air of mass m=1 kg, pressure P, = 10°Pa and
temperature /=20 °C is compressed to pressure P, = 10°Pa. Calculate the work that

must be done if the process is carried out: o
(a) isothermally (b) adiabatically.

(M,,=28.5 kg/kmol, C,, = g R and x=1.4).

[(a) W' = —;%RT} ln%— =196 x 10° J]

1

I

[(b) W=

CT (——) Co—1]=198 % 1031’
” ]
Problem 2-48. Calculate the change in entroﬁy when m, = 4 kg of water of

temperature 4 = 80 °C is mixed with m, = 6 kg of water of temperature ¢, = 20 °C
The specific heat of water is ¢ = 4186 J/(kg.K).

H 2

T T o
AS = In=+min—|=176J.K"!
[ C(ﬂ!l HT n12 nT) }

i

Problem 2-49. Prove that the total change in entropy of an ideal gas undergoing a
Carnot cycle is zero. ‘

fas =0

Problem 2-50. A steam engine utilizes a heat source at temperature t, =210°C, the
exhaust temperature is z, = 40 °C. Calculate the theoretical work which can be
obtained if the amount of heat added to the engine is 0=4.2 KJ.
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L-T,
T

[W#Q =1.48 X 10° J]

Problem 2-51. A Carnot refiigerator absorbs heat from the freezer compartment so
that it changes water of temperature 7, = 20 °C and mass m=3.6 kg into ice of
temperature ¢, = 0 °C in time 7=/ hour. If the compressor output is /00 W calculate
the heat which must be exhausted into the room. The specific heat of water is ¢ =
4186 J/(kg.K), the heat of fusion is /=334 kJ/kg.

’ . 1
[Q, =P'r +m(cAt+I)=1.87x106JJ

2.4 CHANGES OF PHASE, REAL GASES

When a material changes phase from a solid to a liquid , or frm a liquid to a gas, a
certain amount of energy is involved in this change of phase.

The heat required to change one kilogram of a substance from the solid to the liquid
state is called heat of fusion /..

The heat required to change one kilogram of a substance from the liquid to the
vapour is called heat of vaporisation /,.

Heats of fusion and vaporisation are also called latent heats.

Heats of vaporisation and fusion also refer to the amount of heat released by a
substance when it changes from a gas to a liquid, or from a liquid to a solid.
Clausius-Clapeyron's equation expresses the dependence of the latent heat of the
substance on the change in its temperature and pressure:

_Tw, -v)ar

/
m ar

where ¥V, and V] are the volume of the substance in the higher and lower phase and m
is the mass of the substance.

The behaviour of real gases at high pressures and near their liquefaction point deviates
from the ideal gas law. These deviations are due to the finite size of molecules and to
the attractive forces between molecules which become greater in these situations. An
equation which describes the behaviour of real gases is van der Waal's equation of
state:

vV

where constants g and b are experimental constants that are different for different
gases. '

. nta
(P+-———2—)(V—-nb) =nRT
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