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Thermodynamic Relations

7.1. General aspects. 7.2. Fundamentals of partial differentiation. 7.3. Some general thermodynamic
relations. 7.4. Entropy equations (7ds equations). 7.5. Equations for internal energy and enthalpy.
7.6. Measurable quantities : Equation of state, co-efficient of expansion and compressibility,
specific heats, Joule-Thomson co-efficient 7.7. Clausius-Claperyon equation—Highlights—
Objective Type Questions—Exercises.

7.1. GENERAL ASPECTS

In this chapter, some important thermodynamic relations are deduced ; principally those
which are useful when tables of properties are to be compiled from limited experimental data, those
which may be used when calculating the work and heat transfers associated with processes under-
gone by a liquid or solid. It should be noted that the relations only apply to a substance in the solid
phase when the stress, i.e. the pressure, is uniform in all directions ; if it is not, a single value for
the pressure cannot be alloted to the system as a whole.

Eight properties of a system, namely pressure (p), volume (v), temperature (T), internal
energy (u), enthalpy (h), entropy (s), Helmholtz function (f) and Gibbs function (g) have been
introduced in the previous chapters. 4, f and g are sometimes referred to as thermodynamic
potentials. Both f and g are useful when considering chemical reactions, and the former is of
fundamental importance in statistical thermodynamics. The Gibbs function is also useful when
considering processes involving a change of phase.

Of the above eight properties only the first three, i.e., p, v and T are directly measurable.
We shall find it convenient to introduce other combination of properties which are relatively easily
measurable and which, together with measurements of p, v and 7T, enable the values of the
remaining properties to be determined. These combinations of properties might be called ‘thermo-
dynamic gradients’ ; they are all defined as the rate of change of one property with another while
a third is kept constant.

7.2. FUNDAMENTALS OF PARTIAL DIFFERENTIATION

Let three variables are represented by x, y and z. Their functional relationship may be
expressed in the following forms :

flx,y,2) =0 (D)
x = x(y, 2) ..(11)
y = ylx, 2) ...(110)
z =z, y) ...(7v)
Let x is a function of two independent variables y and z
x = a(y, 2) (7.1
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Then the differential of the dependent variable x is given by

Ox Ox
dx = (@)Z dy + (E)y dz

where dx is called an exact differential.

Ox Ox

If (ayl =M and (gjy =N

Then dx = Mdy + Ndz

Partial differentiation of M and N with respect to z and y, respectively, gives
oM % ON _ 0%
—= and = -
0z 0yoz dy  0z0y
oM _oON

or P g

dx is a perfect differential when eqn. (7.4) is satisfied for any function x.

Similarly if y =y, z) and z = z(x, y)
then from these two relations, we have

"_Zj 9z
dz: ax y dx+ ay N dy

dy dy 0z 0z
dy = _xl dx + (azjx Kaxjyd“(ay

: 202
: 5 --®)
" (5] ) (&), -

In terms of p, v and T, the following relation holds good

(&), (5, 6r), -
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7.3. SOME GENERAL THERMODYNAMIC RELATIONS

The first law applied to a closed system undergoing a reversible process states that
d® = du + pdv
According to second law,

%)
ds - T rev.

Combining these equations, we get
Tds = du + pdv
or du = Tds — pdv ...(7.10)
The properties %, f and g may also be put in terms of 7, s, p and v as follows :
dh = du + pdv + vdp = Tds + vdp
Helmholtz free energy function,
df = du — Tds — sdT .L(7.11)
=— pdv - sdT .(7.12)
Gibb’s free energy function,
dg = dh — Tds — sdT = vdp — sdT ..(7.13)
Each of these equations is a result of the two laws of thermodynamics.
Since du, dh, df and dg are the exact differentials, we can express them as

ou ou

du = Bs ds + w0 dv,
®) 4. (2

dh = as » ds TP ap : dp’
of of

df= o - dv + oT . dTL
% (a_g]

dg = ap R dp P oT 4 dT.

Comparing these equations with (7.10) to (7.13) we may equate the corresponding co-efficients.
For example, from the two equations for du, we have

o (o
0s ), =Tand | 5, R

The complete group of such relations may be summarised as follows :

(ZJU =T= (%jp .(7.14)

(Z_ZJ -TPE (ZJT ..(7.15)

(g] -UT (g_i] ..(7.16)
D) T

(66_;] S0 (g—ijp (1.17)
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or) _ _(op
Also, ( UJS_ (asjv ...(7.18)
oT\ _(odv
;ﬁ; ) " s i ..(7.19)
) 0
(a—p] =(a—sj (7.20)
v v T
dv) _ _(0s
(2] --(2)

The equations (7.18) to (7.21) are known as Maxwell relations.

It must be emphasised that eqns. (7.14) to (7.21) do not refer to a process, but simply express
relations between properties which must be satisfied when any system is in a state of equilibrium.
Each partial differential co-efficient can itself be regarded as a property of state. The state may be
defined by a point on a three dimensional surface, the surface representing all possible states of
stable equilibrium.

7.4. ENTROPY EQUATIONS (Tds Equations)

Since entropy may be expressed as a function of any other two properties, e.g. temperature
T and specific volume v,

s = AT, v)
0s 0s
i.e., ds = 670 dT + ET dv
0s 0s
or Tds =T T ) dT + T w " dv ...(7.22)

But for a reversible constant volume change
dq = c, (dT), = T(ds),

(2
or c,=T or ). ...(7.23)
0s op
But, kN . =\ar ) [Maxwell’s eqn. (7.20)]
Hence, substituting in eqn. (7.22), we get
Tds=cdl+ T [ 2] g (7.24)
s = c,dT + or ), v .(7.

This is known as the first form of entropy equation or the first Tds equation.
Similarly, writing
s =T, p)

(E L
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0s
where ¢, = T (O_ij ...(7.26)

0s ov
Also » = 3T ) [Maxwell’s eqn. (7.21)]

whence, substituting in eqn. (7.25)

dv
Tds = c,dT - T (aT] dp ..(7.27)
p

This is known as the second form of entropy equation or the second Tds equation.

7.5. EQUATIONS FOR INTERNAL ENERGY AND ENTHALPY

(@) Let u = ﬂT’ v)
(a_u (au (au]
du = oT UdT+ o Tdv: c, dT + o )y dv ...(7.28)
ou
To evaluate k. let u=F(s v)
T
ou ou
Then du = 35 ds + w dv

[<TRN Y]
28

: ) -(2) ) (%),
o (] () (25

ou op
Hence ke = Tlar) —-p ...(7.29)

(=)
<

This is sometimes called the energy equation.
From equation (7.28), we get

op
= T|=—=| -
du = c dT + { (OT )v p} dv ...(7.30)
(i@1) To evaluate dh we can follow similar steps as under
h=fT, p)
dh = (%j dT + (%) dp
oT » op T
=c,dT + (ah) dp ...(7.31)
op )p
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346 ENGINEERING THERMODYNAMICS

oh
To find o )y ; let & = fis, p)

oh oh
Then, dh = gpds+ %sdp

o), (&) (o) (5]

(%), =(5) = &) 5, -

ds ), op )p o), \0p )

ov

Hence % =v-T (O_Tj ...(7.32)

op T p
From eqn. (7.31), we get

dh=c ar+ -7 g (7.33)
=c, T : §?) (7.

7.6. MEASURABLE QUANTITIES

Out of eight thermodynamic properties, as earlier stated, only p, v and T are directly
measurable. Let us now examine the information that can be obtained from measurements of
these primary properties, and then see what other easily measurable quantities can be introduced.

The following will be discussed :
(@) Equation of state
(i1) Co-efficient of expansion and compressibility
(iii) Specific heats
(iv) Joule-Thomson co-efficient.

7.6.1. Equation of State

Let us imagine a series of experiments in which the volume of a substance is measured over
a range of temperatures while the pressure is maintained constant, this being repeated for various
pressures. The results might be represented graphically by a three-dimensional surface, or by a
family of constant pressure lines on a v-T diagram. It is useful if an equation can be found to
express the relation between p, v and 7', and this can always be done over a limited range of states.
No single equation will hold for all phases of a substance, and usually more than one equation is
required even in one phase if the accuracy of the equation is to match that of the experimental
results. Equations relating p, v and T are called equations of state or characteristic equations.
Accurate equations of state are usually complicated, a typical form being

A B+
v = +— T + ...
p v 02

where A, B, C, ...... are functions of temperature which differ for different substances.
An equation of state of a particular substance is an empirical result, and it cannot be
deduced from the laws of thermodynamics. Nevertheless the general form of the equation may be
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predicted from hypotheses about the microscopic structure of matter. This type of prediction has
been developed to a high degree of precision for gases, and to a lesser extent for liquids and solids.
The simplest postulates about the molecular structure of gases lead to the concept of the perfect
gas which has the equation of state pv = RT. Experiments have shown that the behaviour of real
gases at low pressure with high temperature agrees well with this equation.

7.6.2. Co-efficient of Expansion and Compressibility

From p-v-T measurements, we find that an equation of state is not the only useful informa-
tion which can be obtained. When the experimental results are plotted as a series of constant
pressure lines on a v-T' diagrams, as in Fig. 7.1 (a), the slope of a constant pressure line at any

ov
given state is | gy | . If the gradient is divided by the volume at that state, we have a value of a

property of the substance called its co-efficient of cubical expansion . That is,

VA VA
Constant p _ 1 (dv Constant p
p
| Slope
i (i)
l oT
| 1;1_ »T

(a) (b)

Fig. 7.1. Determination of co-efficient of expansion from p-v-T data.

1( ov
B= - (B_ij ...(7.34)

Value of B can be tabulated for a range of pressures and temperatures, or plotted graphically
as in Fig. 7.2 (b). For solids and liquids over the normal working range of pressure and tempera-
ture, the variation of B is small and can often be neglected. In tables of physical properties B is
usually quoted as an average value over a small range of temperature, the pressure being atmos-
pheric. This average co-efficient may be symbolised by B and it is defined by

Vg~ U
B = vl (T2 _Tl) (735)
Fig. 7.2 (a) can be replotted to show the variation of volume with pressure for various
ov
constant values of temperature. In this case, the gradient of a curve at any state is % . When
T

this gradient is divided by the volume at that state, we have a property known as the compressibility
K of the substance. Since this(gradient is always negative, i.e., the volume of a substance always
decreases with increase of pressure when the temperature is constant, the compressibility is
usually made a positive quantity by defining it as
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ENGINEERING THERMODYNAMICS

VA VA
) Constant p
Constant T 1(adv lines
lines S )/
S'Ope — (i] /
J T
»p »T
(a) (b)
Fig. 7.2. Determination of compressibility from p-T"data.
K=-_1[o ..(7.36)
v\0p)p

K can be regarded as a constant for many purposes for solids and liquids. In tables of
properties it is often quoted as an average a value over a small range of pressure at atmospheric

temperature, i.e.,
= Ug Uy

v (P2 = p1)
When  and K are known, we have

o) (&) (&)=

ov ov
Since (—j = Bv and (—) =- Kuv,
oT ), op )
(9?]=_E (1.37)
oT ), K

When the equation of state is known, the co-efficient of cubical expansion and compressibility
can be found by differentiation. For a perfect gas, for example, we have

(ﬂj - E and (@J :R_Z
oT), P op)r P

1( ov R 1

H = - = — = —

ence B U(aij o0 T
1(@) RT 1
and =— =|—=| =5 ==
v\0p)p, PV p

7.6.3. Specific Heats
Following are the three differential co-efficients which can be relatively easily determined

experimentally.
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ou
Consider the first quantity or ) - During a process at constant volume, the first law
v

informs us that an increase of internal energy is equal to heat supplied. If a calorimetric experi-
ment is conducted with a known mass of substance at constant volume, the quantity of heat @
required to raise the temperature of unit mass by AT may be measured. We can then write :

AT AT
volume over the temperature range AT. It is found to vary with the conditions of the experiment,

Au
( J = ( Q J . The quantity obtained this way is known as the mean specific heat at constant
v v

i.e., with the temperature range and the specific volume of the substance. As the temperature
ou

range is reduced the value approaches that of (GTJ , and the true specific heat at constant
v
ou

oT
varies with the state of the substance, e.g., with temperature and pressure.

volume is defined by c, = ( J . This is a property of the substance and in general its value
v

According to first law of thermodynamics the heat supplied is equal to the increase of enthalpy
during a reversible constant pressure process. Therefore, a calorimetric experiment carried out
Q
AT
at constant pressure. As the range of temperature is made infinitesimally small, this becomes the

rate of change of enthalpy with temperature at a particular state defined by T and p, and this is

oh
true specific heat at constant pressure defined by &%= lor) - % also varies with the state, e.g.,
p

A
with a substance at constant pressure gives us, (Ej = ( J which is the mean specific heat
p p

with pressure and temperature.

The description of experimental methods of determining c, and c, can be found in texts on
physics. When solids and liquids are considered, it is not easy to measure c, owing to the stresses
set up when such a substance is prevented from expanding. However, a relation between Cp Cy B
and K can be found as follows, from which ¢, may be obtained if the remaining three properties
have been measured.

The First Law of Thermodynamics, for a reversible process states that
d® =du + p dv
Since we may write u = (T, v), we have

du ou
du = (O_TJU dT + [BUJT dv

(3] ar (2 (2
O dQ= aTUdT+ p avT dU=CudT+ p avT dv

This is true for any reversible process, and so, for a reversible constant pressure process,

0
dQ = ¢,(dT), = ¢, + {p + (TZJT} (dv),

: ()} )
ence C,—C, = p Py . oT ,

1 0
Also (a_pj = SJ = —p+ (_uj , and therefore
v ov T T ov T

'UQ
|
(o)
<
Il
N
V|
'ﬂ|ﬁ
N~
<
VR
WVl
'ﬂ|c
Ne—
kej
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Now, from eqns. (7.34) and (7.37), we have

BT
Cp - CU = T ...(7.38)
Thus at any state defined by T and v, c, can be found if ¢y B and K are known for the
substance at that state. The values of T, v and K are always positive and, although B may some-
times be negative (e.g., between 0° and 4°C water contracts on heating at constant pressure), ? is

always positive. It follows that c, is always greater than c,.

P
The other expressions for ¢, and c, can be obtained by using the equation (7.14) as follows :
. (auj (auj ( 0s J
Since c = | —| = [Z=2| | =
v oT ), ds ), \oT ),
We have c,=T (asj ..(7.39)
oT ),
Similarly, c, = (g—;ij = (ahj (asj
» 0s » oT »
Hence ¢ =T (as (7.40)
, > or ), (7.

Alternative Expressions for Internal Energy and Enthalpy
(1) Alternative expressions for equations (7.29) and (7.32) can be obtained as follows :

ou op
) r (%), o
But 9\ (0T \(ov| __ 1
0T ),\ dv )\ dp )
. (G_PJ_ (2 (a_p _, B_ B
? or), o) \v), " Ko T K
Substituting in eqn. (7.29), we get
ou B
(aU)T = T E —p (741)
3
Thus, du = c,dT + 7a -pl dv ...[7.28 (a)]
Similarly, (%) - (ﬂj .(7.32)
op )p oT

ou
But by definition, (aTj = Pv
p

Hence (%) = (1 - BT) (7.42)
T

dp
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Thus dh = c, dT + v(1 - BT) dp ..[7.31 (a)]

(i1) Since u=nh- pv

(au) oh (av)
or —| =|=—| -p|=—| -v
P )r op )p P ap T

=v—-vBT + pKv —v

9
Hence (”] - pKv — BT (7.43)
op T

7.6.4. Joule-Thomson Co-efficient

Let us consider the partial differential co-efficient T . We know that if a fluid is flowing

through a pipe, and(the pressure is reduced by a throttling progess, the enthalpies on either side of
the restriction may be equal.

The throttling process is illustrated in Fig. 7.3 (a). The velocity increases at the restriction,
with a consequent decrease of enthalpy, but this increase of kinetic energy is dissipated by friction,
as the eddies die down after restriction. The steady-flow energy equation implies that the enthalpy
of the fluid is restored to its initial value if the flow is adiabatic and if the velocity before restriction
is equal to that downstream of it. These conditions are very nearly satisfied in the following experi-
ment which is usually referred to as the Joule-Thomson experiment.

Ta
Constant h
lines
P Ty P Ty
1 1
1111111111111
I —
A—
L, s s Pa
Fluid—r/_/|_| A T—
1 1
77077777777 7777777748777 pl,Tl
1 1
Slope = u
» P

(@) ®)
Fig. 7.3. Determination of Joule-Thomson co-efficient.

Through a porous plug (inserted in a pipe) a fluid is allowed to flow steadily from a high
pressure to a low pressure. The pipe is well lagged so that any heat flow to or from the fluid is
negligible when steady conditions have been reached. Furthermore, the velocity of the flow is kept
low, and any difference between the kinetic energy upstream and downstream of the plug is negligible.
A porous plug is used because the local increase of directional kinetic energy, caused by the
restriction, is rapidly converted to random molecular energy by viscous friction in fine passages
of the plug. Irregularities in the flow die out in a very short distance downstream of the plug, and
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temperature and pressure measurements taken there will be values for the fluid in a state of
thermodynamic equilibrium.

By keeping the upstream pressure and temperature constant at p; and T, the downstream
pressure p, is reduced in steps and the corresponding temperature T, is measured. The fluid in the
successive states defined by the values of p, and T, must always have the same value of the
enthalpy, namely the value of the enthalpy corresponding to the state defined by p, and T,. From
these results, points representing equilibrium states of the same enthalpy can be plotted on a 7T-s
diagram, and joined up to form a curve of constant enthalpy. The curve does not represent the
throttling process itself, which is irreversible. During the actual process, the fluid undergoes first
a decrease and then an increase of enthalpy, and no single value of the specific enthalpy can be
ascribed to all elements of the fluid. If the experiment is repeated with different values of p, and T,
a family of curves may be obtained (covering a range of values of enthalpy) as shown in Fig. 7.3 (b).

The slope of a curve [Fig. 7.3 (b)] at any point in the field is a function only of the state of the

cq o . oT
fluid, it is the Joule-Thomson co-efficient |, defined by p = (%] . The change of temperature due
to a throttling process is small and, if the fluid is a gas, it may li)le an increase or decrease. At any
particular pressure there is a temperature, the temperature of inversion, above which a gas can
never be cooled by a throttling process.

Both ¢, and p, as it may be seen, are defined in terms of p, T and A. The third partial
differential co-efficient based on these three properties is given as follows :

o] (2)0)

oh
Hence % =— He, ...(7.44)
T

M may be expressed in terms of Cpy D, U and T as follows :
The property relation for dh is dh = T'ds + v dp
From second T ds equation, we have

ov
Tds:cpdT—T oT ) dp

ov
O dh =c,dT—|\T\5p | ~?| dp ..(7.45)
p

For a constant enthalpy process dh = 0. Therefore,

ov
0= (c,dT), + HU -T (a_T) }dp}
p n
ov
or (cp d?m), = HT (G_T) - v} dp}
p I3

oT 1 ov
O T (%)h = g T(OTJP v} ...(7.46)

ET
p

For an ideal gas, pv=RT; v=
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or

or

(ﬁj R v
an_p_T
1 v
0 = —|Tx-v|=0.
H cp( T vj

Therefore, if an ideal gas is throttled, there will not be any change in temperature.

Let h = ﬂp’ T’)

(ah) (ahj :
Th dh=\|3"| dp+ |37 | dT .(7.47
en op ) P oT ),
But FY
u oT ) Cp
0 dh (ah) d, dT
= |32 p + ¢
op )p P
For throttling process, dh = 0
O o= | &) (2 (7.48)
= apTaTh+cP
c,=- l(%) ..(7.49)
wop )y

oh
(Gp) is known as the constant temperature co-efficient.
T

7.7. CLAUSIUS-CLAPERYON EQUATION

Clausius-Claperyon equation is a relationship between the saturation pressure, tempera-

ture, the enthalpy of evaporation, and the specific volume of the two phases involved. This equa-
tion provides a basis for calculations of properties in a two-phase region. It gives the slope of a
curve separating the two phases in the p-T diagram.

dharm

pA

Critical point

\)0\,5"\d

Sublimation
curve

Fig. 7.4.p-T diagram.
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The Clausius-Claperyon equation can be derived in different ways. The method given below
involves the use of the Maxwell relation [eqn. (7.20)]

o), = (&),

Let us consider the change of state from saturated liquid to saturated vapour of a pure
substance which takes place at constant temperature. During the evaporation, the pressure and
temperature are independent of volume.

0 (d_p) 8¢ ~ S
ar) - Vg =Vr

where, s . = Specific entropy of saturated vapour,

Sp= Specific entropy of saturated liquid,
v, = Specific volume of saturated vapour, and

g
vp = Specific volume of saturated liquid.
h
Also, s —§,=8§, = I8
8 f fa T
and Uy = Vp= U

where S = Increase in specific entropy,
Vg = Increase in specific volume, and
hfg = Latent heat added during evaporation at saturation temperature 7.

0 dp a7 S _ P ..(7.50)
dT v, -vr v T.vg
This is known as Clausius-Claperyon or Claperyon equation for evaporation of liquids.

d,
The derivative d—; is the slope of vapour pressure versus temperature curve. Knowing this slope

and the specific volume v P and vy from experimental data, we can determine the enthalpy of
evaporation, (h — hf) which is relatively difficult to measure accurately.
Eqn. (7.50) is also valid for the change from a solid to liquid, and from solid to a vapour.
At very low pressures, if we assume v, ~ Vg and the equation of the vapour is taken as
pv = RT, then eqn. (7.50) becomes
dp _ Py hgp

8

dT = TUg = RT2 (751)
RT? dp
h, = = ..(7.52
or fe > dT ( )

Eqn. (7.52) may be used to obtain the enthalpy of vapourisation. This equation can be
rearranged as follows :

d_p hg dT

p ~ R T2
Integrating the above equation, we get
| dp _ hg (dT

D T2
Py _hp |1 1
In o TR |:T1 T, ..(7.53)
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Knowing the vapour pressure p, at temperature T, we can find the vapour pressure p,
corresponding to temperature T, from eqn. (7.53).

From eqn. (7.50), we see that the slope of the vapour pressure curve is always +ve,
since v > and hfg is always +ve. Consequently, the vapour pressure of any simple compressible
substance increases with temperature.

— It can be shown that the slope of the sublimation curve is also +ve for any pure substance.

— However, the slope of the melting curve could be +ve or —ve.

— For a substance that contracts on freezing, such as water, the slope of the melting
curve will be negative.

wExample 7.1. For a perfect gas, show that

e (3] )3 el
p= % P v \or ) o )p

where B is the co-efficient of cubical/volume expansion.

Solution. The first law of thermodynamics applied to a closed system undergoing a reversible
process states as follows :

dQ = du + pdv (D)
As per second law of thermodynamics,
p (dQJ @
= |7 LT
y T rev.
Combining these equations (i) and (i7), we have
Tds = du + pdv
Also, since h=u+pv
O dh = du + pdv + vdp = Tds + vdp
Thus, Tds = du + pdv = dh — vdp

Now, writing relation for u taking 7 and v as independent, we have
0
du = (a—“j dT + (—“J dv
T ), ov )p

(o)
=c,dT + o )y dv
Similarly, writing relation for 2 taking 7 and p as independent, we have

oh oh
dh = (O_ij dT + (%)T dp
oh
= Cp dT + (al)]T dp

In the equation for 7Tds, substituting the value of du and dh, we have

ou oh
c, dT + (EJT dv + pdv = ¢, dT + (EJT dp — vdp
or c dT+{p+(_auj}dv—c dT - v—(%j d
v ov T ~p ap - P
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Since the above equation is true for any process, therefore, it will also be true for the case
when dp = 0 and hence

9
(c,—c,) (dT), = [p + (a—‘ljjT} (dv),
ov
or (cp B cp) - {p * (g_lzjj } (G_ij
T

1
By definition, B = - (g_;j
P

0 The above equation becomes,

o)

ou
or =puB+ vB |3y . Proved.

wExample 7.2. Find the value of co-efficient of volume expansion B and isothermal
compressibility K for a Van der Waals’ gas obeying

(p +%)(v -b) = RT.
Solution. Van der Waals equation is
(p +%)(v -b) = RT
v

Rearranging this equation, we can write
RT a

or J(al)( -

- (39, B
ence oT L= (‘ij
T

op) R
o) ~v-b

apj RT 2a
Al /<o) =
50 (av T (U-b)z * v3

|
<
VR
Q)
N

Hence B= =

(or)
1@) _ 1] \or),
p

dharm
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R
1 v-b Rv? (v-b)
or ==|—"—sr——5|. ——— . (Ans.)
P v ~RT +2_a RTv® - 2a(v -b)
w-b?
Also K= l(a_vj __1 1 P -b? (Ans)
’ " vlop), T v|2 _ _RT | RTP -2aw-b? .

¥ (v-by
Example 7.3. Prove that the internal energy of an ideal gas is a function of temperature alone.

Solution. The equation of state for an ideal gas is given by

_ERT
rP=-

du) _p(o) _
bt (&), = [3h),
v

R
=T7_P =p-p=0.
Thus, if the temperature remains constant, there is no change in internal energy with
volume (and therefore also with pressure). Hence internal energy (1) is a function of temperature
...Proved.

[Eqn. (7.29)]

(T) alone.
Example 7.4. Prove that specific heat at constant volume (c,) of a Van der Waals’ gas is a

function of temperature alone.
Solution. The Van der Waals equation of state is given by,

_ BT _a
p= v-b v
Op R
or o) = v-b
62
or (a_l;] =0
de %p
Now (&), -7 ()

dc
Hence (ﬁJT =
Thus ¢, of a Van der Waals gas is independent of volume (and therefore of pressure also)

Hence it is a function of temperature alone.
= Example 7.5. Determine the following when a gas obeys Van der Waals’ equation,

(p+f—2) (—b)= RT

(t) Change in internal energy ;

(tii) Change in entropy.
Solution. (i) Change in internal energy :

The change in internal energy is given by

du = c,dT + {T (g—g,jv - p} dv

(i1) Change in enthalpy ;
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: fawsa [ am- {[r[25) oo
=% ."12 OZT-FJ;2 T vljbj_{f?b _aQHdU

v
=ch'12 alT+_[12 RT _ RT %}dv

- +
v-b v-b v
2 2
= ch. dT+J. %.dv
1 1yp
1 1
O uy—u;=¢c(T,-T) +a V_1_V_2 (Ans.)

(i) Change in enthalpy :
The change in enthalpy is given by

w19
dh = c,dT + T ) dp

oh W
ET =0+v-T an

Let us consider p = flv, T)

: =
0 (dp)p = (

From equation (1),

[SRSY
cl’t:

| e (3] ar

dv+0 asdT =0

ol
cl’t:
;/

(dh)y = {v -T (avj :l(dp)T

Substituting the value of (dp), from eqn. (2), we get

any- -7 35)[2),
@), ) o

Using the cyclic relation for p, v, T' which is

(o) (5], (3 =1
. (), (3), (3%,

\M-therm\Th7-1.pm5
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Substituting this value in eqn. (3), we get

9 9
(dh)y = {v (a—f,’jT +T (a—’}” dv .(4)

For Van der Waals equation

(%), - 2[(25)-5]

RT | 2a
=—m+v—3 ...(5)
op) _O0|(RT a)|l _ R 6)
o), = (v-5 02| T 0

Substituting the values of eqns. (5) and (6) in equation (1), we get

RT 2a R
= -—+—+T
(dhy {v{ -b)* 03} (v—bj dv
2 2 2dv 2 dv
dh)p =— — —
O .[1( T RT b2 dv + 2a .[102 + RT L (0-b)
_ Uz_b _ 1 _ 1
O (hy— h)p=~-RT {loge(vl_bj b{vz_b Ul_bH

1 1 1 1
= bRT [(Vz “b) " (v —b)] — 2a {V_z —} (Ans.)
(iii) Change in entropy :
The change in entropy is given by
—c 4aT (9
ds = ¢ T +(6TJU. dv
For Van der Waals equation,

op) _ R
T | " v-b ...as per eqn. (6)
_.dl' ., R
0 ds—cUT+v_b dv
2 2[dT 2 dv
- — |+R
. Jlds‘ch[T} \ 0-b)
O s, - §; = ¢, log, {E} + R log, {v2 _b}. (Ans.)
Tl Vl—

Example 7.6. The equation of state in the given range of pressure and temperature is
given by
RT ¢C
V= ——— —3
p T
where C is constant.

Derive an expression for change of enthalpy and entropy for this substance during an
isothermal process.
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Solution. The general equation for finding dh is given by

v-T v
dh =c,dT + an dp

o ffb-+(3

as dT = 0 for isothermal change.
From the given equation of state, we have

(GT b p T4

2l |(RT C RT 3C

_[ — )T, T
1 p T p T r

2( 4C 4C
- ldp| =- 5 lpg -
= Ul( T3] pL p3 P2~ Pk

The general equation for finding ds is given by
dT (ov
ds = ¢ T (G_T)p dp
2 2( ov
jds = [—J‘ (G_T) dp}
1 1 p

as dT = 0 for isothermal change.
Substituting the value from eqn. (i), we get

2 (R 3C
(82_81)= |:J; _(;+T_4]dp:|T

P 3C
=- R log, (Ez) - (Fj (p, - py) (Ans)
Example 7.7. For a perfect gas obeying pv = RT, show that c, and c, are independent of

0 h,— h,

pressure.
Solution. Let s = AT, v)
0s 0s
Then ds= |37 | dT + %Tdv
v
Also u= AT, v)
ou ou ou
Then du = (7) dT + (—j dv=c dT + (7J dv
oT ), ov ), v v ),
Also, du = Tds — pdv
Tds — pdv = c, dT + (g%j dv
T
_ dT | 1 |(ou
ds = c, T +T{(WJT +p}dv
dharm
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361
Equating the co-efficients of dT in the two equations of ds, we have
[ (ﬁ)
T \oT),
o5
¢, =T \aT
v
(acvj e 0%s
ov Jp 0Tov
From eqn. (7.20),
(&), =(3)
v)p \OT ),
0%s _ ’p
T | 9T? )
(%) =T _622
ov )p or” ),
Also p= % ...(Given)

?p) _ dc, | _
(GTZJU =0 or (E;‘LJT =0

This shows that c, is a function of T alone, or c, is independent of pressure.

Also, ¢p = T (g_;vj
p
dc 0%
_P| =T 22
( B ] T 3Tap
T
8-
From eqn. (7.21), op ) oT ),
s (o
opoT 0T .
(a&] =-=-T (in]
op r oT b
U=
(7).
oT ),
), -0 (5]
d 372 =0; An =0
an oT? ) % ).

This shows that ¢, is a function of T alone or

Again, ...(Given)

SRR

c, is independent of pressure.
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Example 7.8. Using the first Maxwell equation, derive the remaining three.
Solution. The first Maxwell relation is as follows :

oT\ _ _(op .
o)~ \0s) ..(i) (Eqn. 7.18)

(1) Using the cyclic relation

oT) (ov) (0

v ) \os),\or) =-1

9s or) (os .
0 ), == (v L T ! .(@1)

Substituting the value from eqn. (i) in eqn. (ii), we get

(), = (%) -(or) i

Using the chain rule,

ap 0s ﬂ )
0s ), aT op ), = 1 ...(v)

Substituting the value of eqn. (w) in eqn. (zit), we get

(5] - (58]

This is Maxwell Third relation.
(2) Again using the cyclic relation

CORCIRE
D (&), - (%)) e

Substituting the value from eqn. (i) into eqn. (v)

ov oT ov )
0s b =\ov L op ) ...(v1)

Again using the chain rule,

(5] (5), () =

Substituting the value of (vi) into (v), we get

&), (%)
0s B op A
This is Maxwell second relation.

ov) (9T) (dp
) or ), "\op ), \av ), =—1

\M-therm\Th7-2.pm5
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() - (%) (%),
-~ (%), 38),(3), (%),

Substituting the value from eqn. (i), we get
() (o) (3) (&) (2
o), = (avjs (aTl(apL(asJT
- 5%, @) (5), - (5]
~ |\ v )g\0s ), \OT ) | \Op )y ~ op )
ov 0s
- (ﬁ)p (%)T

This is Maxwell fourth relation.
Example 7.9. Derive the following relations :

(i)u:a-T(g;l (ii)h:g—T(g—g,)p
2 2
i) e, =— T [27‘;) (iv)e, =T [;’T—i]
v p

where a = Helmholtz function (per unit mass), and

g = Gibbs function (per unit mass).
Solution. (i) Let a = flv, T)

_ (%a 9a
Then da = (%)T dv + (aTjU dT
Also da = — pdv — sdT

Comparing the co-efficients of dT', we get

9a
o) ==+

Also a=u-"Ts
Ja
or u=a+Ts=a—T(aTjU

Hence u=a-T da (Ans.)

B or ) *
(i) Let g="fp, T)

_ (% 9
Then dg = (ap)T dp + (aij dT
Also dg = vdp — sdT
Comparing the co-efficients of dT', we get

0g
%),
p
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_ _,_17 (08
Also h=g+Ts=g T(G—Tj
p
0g
Hence h=g-T T | - (Ans.)
p
(i) From eqn. (7.23), we have
0s )
¢,= T\ 3T (D)
9a
Also or) ==+
ds 0% -
or or) =- |\ar2 ..(i1)

From eqns. (i) and (it), we get

0%
c, =~ T W . (AIIS.)

(iv) From eqn. (7.26), we have

0s
c,=T (a_ij ..(0)
0,
Also (a%j =—5
p
Os o’g .
or oT =" ar? ..(i1)
p

From eqns. (i) and (it), we get

g
c,=-T or? 5 (Ans.)
Example 7.10. Find the expression for ds in terms of dT and dp.
Solution. Let s = AT, p)

0s 0s
Then ds = (—j .dT + (—) dp
or b op )

As per Maxwell relation (7.21)
&)@
op ) =~ 0T ),
Substituting this in the above equation, we get
ds = (g_;jp dT - (g;jp dp ()
The enthalpy is given by

dh = cpdT = Tds + vdp
Dividing by dT at constant pressure

(ﬂj =c,= T (g—;j +0 (as dp = 0 when pressure is constant)
p p
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Now substituting this in eqn. (i), we get

aT Os
=6 ?(a—T) P
b
1(dv
But B= a(a—T)
p

Substituting this in eqn. (ii), we get

ds=c, % —pudp | (Ans)

Example 7.11. Derive the following relations :

op c
where B = Co-efficient of cubical expansion, and

v

0 (ﬂj - TvB (i) (%j -- B

K = Isothermal compressibility.
Solution. (i) Using the Maxwell relation (7.19), we have

(5] - (), - (30 (%),

0s
Also c,= T (67]
p
_1(ov
From eqn. (7.34), B= v(aT)p
T\ _ BT
op S_ c,
i.e., oT :@. (Ans.)
op LG

(1) Using the Maxwell relation (7.18)

) - (] (305,

Also c,=T (g;jv

- g,
(&) - o3
A (8, 65r) (%), -

i e (a—pj = — a_p _av = —
© or ), =~ (@v ), (aT
p

dharm
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T\ _ -TB
O (Wl = CUK . (Ans.)

wwExample 7.12. Derive the third Tds equation

oT oT
Tds = c, (EJU dp + ¢, [EJP dv

and also show that this may be written as :

Tds—c—Ude+c—pdv
B Bv

Solution. Let s =flp, v)
0 0s
Then ds = (%)Udp + (%)p dv
0s 0s
or Tds=T (%l dp+ T (E) dv

0s oT 0s oT
=TGﬂi%l+TGﬁlGﬂp@

0s c 0s c
But (O_Tj = 7 and (WJP =T
Hence Tds = cv(%j dp+cp (%) dv ...Proved.
v P
u (@) . i (T (2] X
” o (@) (&) T\ @R TP
v )p oT
P
4 (ﬁj 1
an aU B = BU

Substituting these values in the above Tds equation, we get
Tds = &E dp + e gv  ..Proved.
B Bv

Example 7.13. Using Maxwell relation derive the following Tds equation

0

Tds =c, dT-T (a—;jp dp. (U.P.S.C. 1988)

Solution. s=f(T, p)
0s ) .
Tds=T (TT] dT + T (%j dp (D)

P T
where c, = T [:—;JP

Also, (g—;)T =— (g_fll)’)p ...... Maxwell relation

Substituting these in eqn. (1), we get

T, =c, dT-T (g—;j dp. (Ans.)
p
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Example 7.14. Derive the following relations

op

T it i —_

(Qlj (aTl, P

o) =—"+—.
u CU

Solution. (Wj can be expressed as follows :
u

o 5L (8)
Ll ]

Also Tds = du + pdv
or du = Tds — pdv
3) -r(E) (2
or UT=T avT_p(WjT
u o |
or )y, = T | 30 , ~P ()
ou 0s .
or ar) =T \3T ..(17)
v v
Dividing eqn. (i) by eqn. (ii), we get
0s
or TG%) P .
) = —AE— ...(ii)
u T Os
(o)
v
)
Also ¢, = T \ 3T !
aS ap .
and — | =35 ... Maxwell relation
v ) oT )
Substituting these value in eqn. (iii), we get
dp\ _
oy Ton)
) = ——%—  ..Proved.
u ¢,
wExample 7.15. Prove that for any fluid
o(&) o (®Lr (@) @(§) -0 ()
Yiov), =V {ov), * oT ), W\op ) =V~ an
Show that for a fluid obeying van der Waal’s equation
_ RT a
Tuv-b 2

where R, a and b are constants

RTH 2
h (enthalpy) = ;7 —§ ~ Ta + fiT)

where f(T) is arbitrary.
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Solution. We know that

ds = idT + (gg,j dv [Eqn. (7.24)]
Also dh=Tds +vdp =T {idT +(6Tj dv} + vdp
. op
i.e., dh=cdl +T |37 | +dv+vdp

Putting dT = 0, we get

oh d op
- =T|X op
(GVJT (GTJV+V(GVJT ...Proved.
(if) (%) :(ahj (@j - T("_Pj +v(0_pj [@j
op T U )p \OP )p T ), o0 )y [\ op :
oh op ov |
i.e., (_j =T (—J (—] + v (D)
ov

0O Eqn. (i) becomes

(58, - (50
6pT=V_T F] , Proved
RT «a
Now P=3-p 2
(fLPJ _ RT .2
ov T - (v—b)2 v3
op R
and T) = v-b
oh RT | 2a R
. (GUJT Lu—b)2 El +T(v—bj
__ _RTv 2 _RT _ -RTv  RT , 2

T w-b2 2 v-b  (W-b2 v-b %
_ —~RTv+RT(@ —b)+ﬁ _ —RTv+RTv —RTb+&

(v -b)? v (v-b)? v?
. (%) _ —RTb , 20
€., av - (l) _ b)2 02
or h= RTb _ 2_a +f(T) .. Proved.

v-b v
This shows & depends on 7" and v.
Example 7.16. Derive the following relations :

., [0h ov
o] -or )
l apT U an

oT ... (Ou op
% (%)h @ (aUJT -7 (% ) P
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With the aid of eqn. (ii) show that
), 3) )
op ) oT B P\ ap T
The quantity ¢, (%j is known as Joule-Thomson cooling effect. Show that this cooling
h

RT C
effect for a gas obeying the equation of state (v — b) = > T2 is equal to (;—g) -b.

Solution. We know that

oh
£ = He, ...[Eqn. (7.44)]
1 ov
Also = — T(—j -v ...[Eqn. (7.46)]
H Cp { oT ) } a
oh Jv ov
O (Op jT =— {T (O_ij —v} =v-T (G_ij ... Proved.
Al (ﬂj
S0 U= op A
(%), =~ (5)
O op . =-c, | op =
(@) Let u= AT, v)
ou ou
du = (67) dT + (a")T dv
ou )
=c,dT + (%)T dv ..
Also du = Tds — pdv

Substituting the value of Tds [from eqn. 7.24], we get

9P
du=c,dT+ T |37 ; dv — pdv

o)
= ¢, dT+ {T (a—;j -p} dv (i)
v
From (i) and (ii), we get
ou 0
(EJT =T (% -p ...Proved.
v
- B0
50 op )y~ \0v)p\ 0P )y
3 ) (av {T apj }
N = | A~ Y20 - P
or (Gp r P )r oT ),
0u) p ) (v
or (_ T —p) ( ) p (@j Proved
ap T 0 v ap T ap T
dharm
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op ov oT
We know that (%)T (G_T) (Ejv =-1

p
(G_PJ w) _(ﬂj
o oT J,\op ), \aT ),
Also (a—zJT =-T (g—;)p -p (g—;)T ...Already proved.
and U= Lip (a_uj -v ...[Eqn. (7.46)]
cp oT »
Now v->b= BT _C ...[Given]
p T?
(%) -R.2C
oT p p T3
Substituting this value in the expression of | above, we get
- 2p(E8)
Cp p T
R 2C RT  C 3C
=T|—=+— ——+——b=——b
or IJCp (p T3 j D T2 T2
or c ) _ 3C _ b ... Proved.
p ap h T2

Example 7.17. The pressure on the block of copper of 1 kg is increased from 20 bar to 800
bar in a reversible process maintaining the temperature constant'at 15°C. Determine the following :
(1) Work done on the copper during the process,
(i) Change in entropy, (iit) The heat transfer,
(iv) Change in internal energy, and (v) (cp - ¢,) for this change of state.

Given : B (Volume expansitivity = 5 x 10°/K, K (thermal compressibility) = 8.6 x 102 m2/N
and v (specific volume) = 0.114 x 1073 m3/kg.

Solution. (i) Work done on the copper, W :
Work done during isothermal compression is given by

W= f pdv

The isothermal compressibility is given by

1(0v
f=- E(EJT
O dv = — K(v.dp),
2 )
O W=-— Jl pKv.dp = - vK .[lpdp

Since v and K remain essentially constant

O W=— % (pzz_plz)

-3 -12
- 0114 x10 2>< 8.6 x10 [(800 x 10%)2 — (20 x 105

dharm
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-15
114 x 86 x1
- SHREOEXD 100 (8002 - (2018
_ 0.114x86x107

= 2 (640000 — 400) = — 3.135 J/kg. (Ans.)

The negative sign indicates that the work is done on the copper block.
(@) Change in entropy :
The change in entropy can be found by using the following Maxwell relation :

Os ov v ( ov 1(ov
(E)T - (G_ij =- E(G_T)p =— P as E(G_T)p =B
O (ds)p = — vB (dp)y
Integrating the above equation, assuming v and (3 remaining constant, we get
Sy =8, == VB (py—pyr
=—-0.114 x 103 x 5 x 10 [800 x 10° — 20 x 10°]
=—-0.114 x 103 x 5 (800 — 20) = — 0.446 J/kg K. (Ans.)
(iii) The heat transfer, Q :
For a reversible isothermal process, the heat transfer is given by :
Q = T(sy — s;) = (15 + 273)(— 0.4446) = — 128 J/kg. (Ans.)
(iv) Change in internal energy, du :
The change in internal energy is given by :
du=Q-W
=-128 — (- 3.135) = — 124.8 J/kg. (Ans.)

() c,—Cy:
The difference between the specific heat is given by :
- BT
C == i ... [Eqn. (7.38)]
(5x107%)2 x (15 +273) x0114 x1073

86 x10-12 = 9.54 J/kg K. (Ans.)

Example 7.18. Using Clausius-Claperyon’s equation, estimate the enthalpy of vapourisation.
The following data is given :

At 200°C : v, = 0.1274 m3lkg ; v, = 0.001157 m3lkg ; (3—;) = 32 kPal/K.
Solution. Using the equation

dp\_ g
dT ) Tdvg —vp)

where, hfg = Enthalpy of vapourisation.
Substituting the various values, we get

hy
32 x 103 = 2
(200 +273)(0.1274 - 0.001157)
O hfg =32 x 103 (200 + 273)(0.1274 — 0.001157) J

= 1910.8 x 10° J/kg = 1910.8 kJ/kg. (Ans.)
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Example 7.19. An ice skate is able to glide over the ice because the skate blade exerts
sufficient pressure on the ice that a thin layer of ice is melted. The skate blade then glides over
this thin melted water layer. Determine the pressure an ice skate blade must exert to allow
smooth ice skate at — 10°C.

The following data is given for the range of temperatures and pressures involved :

Rpiice) = 334 kIIRG ; vy, = 1 % 10 milkg ; v, = 1.01 x 10° m?/kg.
Solution. Since it is a problem of phase change from solid to liquid, therefore, we can use

Clausius-Claperyon equation given below :
dp _ My 1
dT Ufg T
Multiplying both the sides by dT' and integrating, we get

“ap _ P (dT

P Urg 91y T
or (py—py) = Py log, (%) ()
Ute 1
But at p,=1latm, ¢, =0°C
Thus, py=1.013 bar, T, =0 + 273 = 273 K

py=7Ty=-10+273 =263 K
Substituting these values in eqn. (i), we get

334 x10° 263
(p, — 1.013 x 10°) = 1-101) & 273

334 x 103 273
= T X loge (263 = 1246 X 105 I\I/I'Il2

or py = 12.46 x 10° + 1.013 x 10°
= 13.47 x 10° N/m? or 13.47 bar. (Ans.)

This pressure is considerably high. It can be achieved with ice skate blade by having only a
small portion of the blade surface in contact with the ice at any given time. If the temperature
drops lower than — 10°C, say — 15°C, then it is not possible to generate sufficient pressure to melt
the ice and conventional ice skating will not be possible.

Example 7.20. For mercury, the following relation exists between saturation pressure
(bar) and saturation temperature (K) :

log,) p = 7.0323 - 3276.6/T- 0.652 log,, T

Calculate the specific volume v P of saturation mercury vapour at 0.1 bar.

Given that the latent heat of vapourisation at 0.1 bar is 294.54 kJ/kg.

Neglect the specific volume of saturated mercury liquid.

Solution. Latent heat of vapourisation, A, = 294.54 kJ/kg (at 0.1 bar) ...(given)
Using Clausius-Claperyon equation
h h
d _ g _E D)

dr vl gyl

Since vy is neglected, therefore eqn. (i) becomes

dp _
ar ~ el
Now, log, p = 70323 — 22708 _ 0652 log,, T
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Differentiating both sides, we get

1 dp 32766 0.652
2.302p dT ~ T2 2.302T

or 5—; = 2.302 x 32766 x 7y - 0652 & ...(ii)
From (i) and (iz), we have
or IZ%‘} = 2.302 x 3276.6 x % - 0652 & ...(iii)
We know that log,, p = 7.0323 — 32;6'6 - 0.652 log,, T ... (given)
At p = 0.1 bar,
log,, (0.1) = 7.0332 — 32766 0.652 log,, T
T 10
_1-70323 - 22788 6so log,, T
T 10
3276.6
or 0.652 log,, T = 8.0323 — T
or log,, T = 12.319 — 20254
T

Solving by hit and trial method, we get
T =523 K
Substituting this value in eqn. (iti), we get

3
29454 x10 01x10° 01x10°
To, %528 = 2.302 x 3276.6 x g — 0652 x ———
563.17
= 275.75 — 12.46
Vg
ie., v, = 2.139 m3/kg. (Ans.)

HIGHLIGHTS

1. Maxwell relations are given by
(E) _ (Lp) (ﬁ) _ (0_1))
ov )~ \os) *\op), ~ \0s),
)-8, (), (%)
[aTl (au)T, aT ), op Jp -

2. The specific heat relations are

JoTB (98 [ﬁ)
€, =¢= "% ,cv—T[ )v,c—T oT Y

3. Joule-Thomson co-efficient is expressed as

u_(ﬂ]
op n
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4. Entropy equations (7ds equations) :
0
Tds=cdl+T (a—g)v dv
ov

Tds = cPdT -T (O_T)p dp

5. Equations for internal energy and enthalpy :

ENGINEERING THERMODYNAMICS

ood1D)

..(2)

(5,

du
(%)
op r

dh

op

c,dT + {T(S—é’,) ‘P} dv

[
e
p

c,dT + {U‘T[%) } dp
P

OBJECTIVE TYPE QUESTIONS

Choose the Correct Answer :
1. The specific heat at constant pressure (cp) is given by

0.
@¢,=7 (&)
P

0
©6,=7(3F)
p

oT
®)e,=T (KJ
p

0
wer (),
p

(1)

.1 (@)

..(2)

2 (@)]

2. The specific heat relation is

2
@ (,—c)= "2 ®) (6, ~e)=
© (¢, ~e)= B (@) (¢, ~c)= LT .
3. The relation of internal energy is
du=%c,|d [c—”-de O du=(Eeldp+ |2 +pla

(c) du = [%cp) dp + [Z—E - v] dv

4, Tds equation is

(d) du = [

Cp) dp + [5—‘[’3 —p) dv.

(@) Tds = ¢ dT + % dv (b) Tds = ¢ dT - % dv
(c) Tds = c dT + % dv (d) Tds =c dT + % dp.
Answers
L (o) 2. (@) 3. (a) 4. (a).
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=

® N

10.

11.

12.

dharm

EXERCISES

Define the co-efficient of :
(i) Volume expansion (i1) Isothermal compressibility
(i17) Adiabatic compressibility.
Derive the Maxwell relations and explain their importance in thermodynamics.
Show that the equation of state of a substance may be written in the form

ﬂ=—de+ BdT.
v

A substance has the volume expansivity and isothermal compressibility :

1 1
B = T 5 = p
Find the equation of state. [Ans. LA constant]
For a perfect gas, show that the difference in specific heats is
B
c,—¢,= 7 -
For the following given differential equations,
du = Tds — pdv
and dh = Tds + vdp

prove that for perfect gas equation,

ou Oh
6pT=0 and apT=0.

Using the cyclic equation, prove that

[6_19)_ B
o), = KT -

Prove that the change in entropy is given by

- & |KT ‘p
ds = T[ B 'dp+[3v dv.
Deduce the following thermodynamic relations :

.. (0h v oT .. [ou op
© (%)T =o-T (a—TL (%)h ) (%)T =7 (67) Ré

Show that for a Van der Waals gas

R
c —c, =
P v 1-24 (v -bY/RTv3
A gas obeys p(v — b) = RT, where b is positive constant. Find the expression for the Joule-Thomson co-
efficient of this gas. Could this gas be cooled effectively by throttling ?

The pressure on the block of copper of 1 kg is increased from 10 bar to 1000 bar in a reversible process
maintaining the temperature constant at 15°C. Determine :

() Work done on the copper during the process (iz) Change in entropy
(Zi7) The heat transfer (iv) Change in internal energy

(v) (cp —c,) for this change of state.

The following data may be assumed :

Volume expansivity () =5 x 105/K

Isothermal compressibility (K) = 8.6 x 102 m¥N

Specific volume (v) = 0.114 x 10 m%kg

[Ans. (i) — 4.9 J/kg ; (i) — 0.57 J/kg K ; (iii) — 164 J/kg ; (iv) — 159.1 J/kg ; 9.5 J/kg K]
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