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3. The First Law: the machinery

SR . SR BT



@) 3. The First Law: the machinery

In this chapter we begin to unfold some of the
power of thermodynamics by showing how to
establish relations between different properties of
a system. The procedure we use Is based on the
experimental fact that the internal energy and the
enthalpy are state functions, and we derive a
number of relations between observables by
exploring the mathematical consequences of these
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3.1 State functions

1). Exact and inexact differential

Internal
energy, U

Temperature, T

f

Volume, V

The initial state of the system is 1 and In this
state the internal energy is U;,. Work iIs done
by the system as It expands adiabatically to
a state f. In this state the system has an
Internal energy U; and the work done on the
system as it changes along Path 1 from i to f
IS w. U Is a property of the state; w Is a
p r o p e r t vy o f
the path.

AU = Lde




3.1 State functions

1). Exact and inexact differential

Internal
energy, U

Temperature, T

f

Volume, V

In Path 2, the initial and final states are the
same but In which the expansion Is not
adiabatic. In this path an energy ¢’ enters
the system as heat and the work w' Is not
the same as w. The work and
the heat are path functions.

f
i ,path

dg




3.1 State functions

1). Exact and inexact differential

AU, independent of the path, an exact differential. An exact
differential 1s an infinitesimal quantity which, when integra-ted,
gives a result that is independent of the path between

the initial and final states.

g or w, dependent on the path,an inexact differential. When a
system Is heated, the total energy transferred as heat Is the sum
of all individual contributions at each point of the path.
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@»3)] Example —Calculating work, heat, and internal energy

Consider a perfect gas inside a cylinder fitted with a piston.
Let the initial state be 7, V; and the final state be 7, V. The
change of state can be brought about in many ways, of
which the two simplest are following: Path 1, in which
there Is free expansion against zero external pressure; Path
2, In which there Is reversible, isothermal expansion.
Calculate w, g, and AU for each
pProcess.
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) Example —Calculating work, heat, and internal energy

Method: To find a starting point for a calculation In
thermodynamics, it is often a good idea to go back to first
principles, and to look for a way of expressing the quantity
we are asked to calculate in terms of other quantities that
are easler to calculate. Because the internal energy of a
perfect gas arises only from the kinetic energy of Its
molecules, it Is iIndependent of volume; therefore, for any
|l s ot her mal c hange, I N
general AU = g+w.
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Example —Calculating work, heat, and internal energy

Answer: Since AU = 0 for both paths and AU = g+w.
The work of free expansion Is zero,
In Path 1, w=0and ¢ = 0;
for Path 2, the work is given by

=—nRTj 9V _ e Y
V.

sow=- nRT In (V:/V;), and
q = nRT In (V:/V)).




&) 3.1 State functions

). Changes in internal energy

For a closed system of constant composition, U is a func-tion of
Jand T. When V changes to V' + dV at constant 7,
U changes to

U'=U+(@U/oV) dV
When T changes to 7+dT at constant V', U changes to

U=U+(U/oT ), dT l

U=U+(0U/oV ) dV + (8U/8T)VdT1

dU =(oU/oV ), dV +(oU/oT ), dT




&%) 3.1 State functions

dU =(oU/oV ) dV +(6U/oT ), dT

<

CV
( ZIT] j the slope of a plot of U against 7 at constant V.

dU — (an dV +C,dT
T

oV

oU . . .
Ty = (—j , the Internal pressure, the same dimension as p

ov ),
dU =n, dV +C,dT
In a closed system of constant composition, dU Is propor-

tional to dV and d7, the coefficients of proportionality
being the partial derivatives.




&) 3.1 State functions

dU =n.dV + C, dT

If dU > 0 as the volume of the sample

pands isothermal, d}” > 0, which Is the

Repuleions case when there are attractive
forces between the particles >0

=
=
2
e
o
£
o
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When there are no interactions be-tween
the molecules, U Is indepen-dent of their
separation and hence independent of the
volume the sample occupies; hence m; =
0 f or a perfect

Volume, V gaS-
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&%) 3.1 State functions

3). Changes in enthalpy at constant pressure
dU =z,dV +C,dT
Dividing both sides of the equation by d7, it follows that:

or )~ "ot ), "7

The expansion coefficient, «, Is expressed as:
1(8Vj
a =
v oT ),
A large value of « means that the volume of the sample
responds strongly to changes in temperature




&%) 3.1 State functions

3). expansion coefficient
Introducing the definition of « into the equation:

( j \
a
J oT P

oT p_ "\or p+ v

(O_Uj =arx .V +C,
oT )




&%) 3.1 State functions

3). expansion coefficient

(G_Uj =ar V +C,
oT ),

oT

oU
For a perfect gas, n+=0: ( j =C,
P

The constant-volume heat capacity of a perfect gas iIs equal
to the slope of a plot of internal energy against temperature
at constant pressure as well as to the slope
at constant volume.




&9 Example
TZ g I
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Derive an expression for the expansion coefficient for a
perfect gas by using the expansion coefficient of a gas.

Method: To use the expression of the expansion coefficient of a
gas, we simply substitute the expression for J in terms of T
obtained from the equation of state for the gas. The pressure Is
treated as a constant.

Answer: Because pV = nRT
1 (8(nRT/p)j _ nR 1
P

%= pV_T

The higher the temperature, the less responsive Is its volume to a
change In temperature.

% oT T
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3.2 The temperature dependence of the enthalpy

1). Changes in enthalpy at constant volume

For a closed system of constant composition, H is a function of p
and 7, and 1t follows that

dH = oH dp+£—j
op ), oT ),

7

and  dH :(ai) dp+C . dT
op ),

This expression implies that: 59




3.2 The temperature dependence of the enthalpy

(GHJ | o c,
oT ), k.,

The isothermal compressibility, « ,, Is defined as:

1(8Vj
Ky =—
V\adp ),

The Joule-Thomson coefficient, 4, Is defined as:




3.2 The temperature dependence of the enthalpy

2). The i1sothermal compressibility

1(8Vj
Ky, =—
V\adp ),

The negative sign in the definition of x ,ensures that it IS
positive, because an increase of pressure, implying a posi-tive

dp, brings about a reduction of volume, a negative dV. For a
perfect gas

op V

o(nRT /p)\ _ nRT ( 1

P

It shows that the higher the pressure of the gas, the lower its
compressibility.




Example— Using the isothermal compressibility

The isothermal compressibility of water at 20'C and 1 atm
1S 4.94 X 10-% atm-1. What change of volume occurs when a
sample of volume 50 cm?3 is subjected to
an additional 1000 atm at constant temperature?

Method: for an infinitesimal change of pressure at constant
temperature, from the definition of k&, the volume changes:

j dV = —x Vdp
T




Example - Using the isothermal compressibility

Answer: Integrate both sides:

[ rdV =

Suppose that k., and V are approximately constant over
the range of pressures of interest:

[ rdv =

AV = —kTVj:_f dp = —kV Ap

AV =—(4.94 X 106 atm1) X (50cm3) X (1000atm)
=—0.25cm3




@23 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect

Upstream | Throttle Downstream
pressure

The thermodynamic basis
of Joule-Thomson
expansion.

Adiabatic expansion, Constant H-

let a gas expand through a porous barrier
from one constant pressure to another, and
monitored the difference of T that arose from
the expansion. The process was adiabatic. It
was observed a lower T on the low-pressure
side, the difference in T being proportional to
the p difference maintained. This cooling by
adiabatic expansion iIs now called the
Joule-Thomson effect.




ﬁ} 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect

Upstream | Throttle Downstream
pressure

The thermodynamic basis
of Joule-Thomson
expansion.

Because all changes to the gas occur
adiabatically: ¢ = 0.

The gas on the left is compressed
Isothermally and the work done:

w_ == p;(0- V) =pV,
The work done in right:
we =~ pi(V: = 0) = pel;

The total work done:
w=w_+wg =pV;piV;




%3] 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect

Upstream | Throttle Downstream
pressure pressure

The thermodynamic basis
of Joule-Thomson
expansion.

Sinceg=0, thenU=w+qg=w.
the change of U of the gas as it moves
from one side of the throttle to the other is:

U~ Ui=w=pVi— p:iV3
Us + pivs = Ui + piV;
H:=H,

The expansion occurs without change of
enthalpy: an isenthalpic process.




@) 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect

The property is the ratio of the T change to the change of p, A T/ A p.
Adding the constraint of constant enthalpy and taking the limit of
small A p implies the quantity measured is (d7/dp),, which is the
Joule-Thomson coefficient, 2. And z is the ratio of the change in
temperature to the change In pressure when a
gas expands under adiabatic conditions.

H = (aT/ap)H

For measurement, the isothermal Joule-Thomson coefficient, z ,, IS
used:

ur =(0H [op),=-C,u




@3] 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect: for real gases

For a perfect gas, # = 0. But Real gases have
nonzero x and, depending on the identity of
the gas, p and T,the relative magnitudes of
the attractive and repulsive intermolecular
forces, the sign of the coefficient may be
e I t her P o s 1 t 1 v e
or negative.

b
E..
=
bl
&
5
=

Heating A positive sign implies that dT is negative
——— Wwhen dp Is negative,in which case the gas cools
Pressure, p on expansion. A negative sign implies

The sign of the Joule- heating process.
Thomson coefficient, u




@+3)] 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect: for real gases

T

.
=
i
ol
5
|_

Heating

Pressure, p

Inside the boundary, 4> 0 and outside it is
negative. The T corresponding to the
boundary at a given p is the inversion T of
the gas at that p. Reduction of p under
adiabatic conditions moves the system along
one of the isenthalps. The inversion T curve
runs through the points of the isenthalps
where their slopes change

——__ from negative to positive.




@53 3.2 The temperature dependence of the enthalpy

3). The Joule -Thomson effect: for real gases

600

TK w =<0
(heating)
Upper
INversion
temperature

Lovver
inversion
temperature
Hydrogen

o : I-Ielmgn

0 200 400
platm

The sign of the Joule-Thomson
coefficient, u

Gases that show a heating effect
(u<0) at one T show a cooling effect
(1> 0) when the T is below their
upper inversion temperature, 7,. A
gas typically has two Inversion
temperatures, one at high
temperature and the other at
low.




@3] 3.3 The reaction between C, and C,

We know that c -C, = (ai) _(8_Uj
P oT J, oT Jy
To introduce H=U+pV

(28] (45 (%)

or .V




23] 3.3 The reaction between C, and C,

C,-C,=apV+anV=a(p+r;)V

op )
Since =T -~
Tr = (GT P

c,-C, —aTV(apj
oT




@=)) 3.3 The reaction between Cj,and C,




@=)) 3.3 The reaction between Cj,and C,

For a perfect gas




A summary

dU = n,dV + C,dT

1). Internal pressure, 7,

n_(ézj
ooy ),

For a perfect gas: 7= 0.

3) Isothermal compressibility, « ;
1 ( oV
V- op ),
1

For aperfectgas: Kr = ;

K, = —

2). Expansion coefficient, «

1(8V)
v\oT ),

a =

1
For aperfectgas: a =—
T
4). Joule-Thomson coefficient, u

For a perfectgas: ©=0
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