General Physics II: Tutorial Material 10

1) Let us consider an isothermal change of the state A(Va, P, TO)—>B (Vb, P, To) in
a closed system, where V, <V, .

a) Calculate work and heat of the system taking this path.
b) The system now takes another path for A to B, namely an isovolumetric

process from A to D(Va, P, T d) first, followed by an isobaric process from D

to B. Calculate the work and heat for the two processes. Is the total heat of the
path equal to the total work of the path? Is the result what one expects?
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a) From the ideal gas law,
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the work for the isothermal process is given by
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Note that from the ideal gas law, P, > F, . Since no change in the temperature

between A and B, there is no change in the internal energy and the first law of
thermodynamics gives AE, =0 -W =0, thus

Q=W=nR7;)ln%

a

b) Since no change is made in volume for A to D,



Wad = 0
The temperature of B is given by the ideal gas law to be

_VaPy
47 nR
and since
_ Vol
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Ty > Ty, 1.. the temperature decreases. The temperature difference is given by
Va(Pp — Fp)
AT =Ty —Tg=———
and heat by
V,(P, — P,
Qnq = NCyAT = %C\,

For D to B, the work is given by
Wap = PyAV = P,(V, = V)

and heat

Py(Vy — V)

= nCpAT =
Qap = nCp R

Cp
Therefore, the total work is given by

W =Wuq +Wap = P,(Vy — Vo)
and total heat

Q = Qqaa + Qap = Po(Vy — V2)
where Cp = Cy + R and PV, = P,V, = nRT, are used. The result shows that
Q = W as expected, since the change in the internal energy does not depend
on the path, but given only by the difference in the internal energies of the
final and of the initial states.

2) Lets us considers a very large heat reservoir at a temperature 7, and a small
thermal system at 7g. The specific heat of the small system is C. By putting them
into thermal contact, they reach a thermal equilibrium at 7y, since the heat
reservoir has such a large heat capacity and stays at the same temperature.

a) Calculate the entropy changes of the heat reservoir.

b) Calculate the entropy changes of the small system.

c) Calculate the entropy changes of the total system.

b) Show that the change of the entropy of the total system is AS =0.
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= —Qyysem-» Tespectively. So the thermal energy flows from the

Heat of the small system and that of reservoir are given by Q

and Qreservoir

reservoir to the small system when T > 7T5. Process of the transferring of thermal

system

energy from the heat reservoir itself can be considered as a reversible process
since the process can be reversed by attaching another system with a temperature
of 2T, - T . A similar argument can be valid for the system, since the process can

be reversed by attaching the system to another heat reservoir with a temperature
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of T, . However, the combined process of the heat reservoir and the system is

irreversible.

a) Since the process of the heat reservoir alone is reversible, entropy change of
the heat reservoir is given by

AS _ Qreseroir C (TS ~ TR)
reservoir T. = T
R R
thus change of the reservoir entropy is negative when 7, > T5.
b) Since the process of the system alone is reversible, entropy of the small
system is given by
dT 1;
—cf*= _cmR
Is T TS
thus change of the system entropy is positive when 7, > T5.

AS

system

c) Entropy of the total system is given by

T, - T; T
ystem =C—( s h) +Chn2
’ Ty I
d) Let us rewrite the change of the entropy as
1. T
AS=C|->-1-In->
Iy Ty
For Ty/T; =0 we obtain AS =+, for T /Ty =1 AS = 0. From the derivative,

dAS —C(l T_R)
dr/m) K

we learn that AS is monotonically decreasing function of 7y /T for Ty /T; =0 to

AS = AS +AS

reservoir

Ty/Ty =1. For T,/T, =1 to Ty/Ty =%, AS is monotonically increasing as a

function of Ty/T; . Therefore, we can conclude that AS=0, and it is O when
Iy =1T5.

Show that the entropy difference of an n-mol ideal gas, AS, when the state
A(Pl, Vi, Tl) is changed to B(Pz, Vs, T2) quasi-statically, is given by
T
AS = nCyIn—2 + nRIn~2
T, Vi,
Show that this leads to AS=0 for an adiabatic process, as expected from the
definition.

From the first law of the thermodynamics, Q = AE, , + W, where W = PAV, and

with the ideal gas law, PV = nRT and AE;, = nCyAT , heat can be written as

RT
Q = AE,, + PAV = nCyAT + ”V AV

mnt

For an infinitesimal quasi-static change of the state, this leads to

- RT
dQ = nCydT + ”V 1%

b
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and the change in the entropy becomes
d R
Q_ ﬂdT A

ds=— dv
T Vv
The entropy change for A to B is now given by
B
AS = [ dS.
thus
B dTr av B T. V
AS = fA(nCV -+ nRV) =[nCyInT +nRInV], =nC, ln?? + annvj
For an adiabatic process, we have PV =constant . Using PV=nRT, we have
—1 -
VT =V,
thus
/-
T
ln—z—ln( 2) —()/—1)1 h_G=C ln£= R ln5
]1 1 2 CV I/2 CV I/2

It follows that
AS=0
which makes sense since Q=0 in the adiabatic process.

An n-mole ideal gas with a volume V, expands adiabatically (Q = 0) into the
vacuum (free expansion) and its volume becomes V,. Is this process reversible
process? Show that the entropy change is positive, i.e. AS >0. Is this result
paradoxical? How can we explain this?

The free expansion of the gas into vacuum is not reversible process since it
cannot be controlled to proceed through a succession of many infinitesimally
small quasi-statistical paths. Thus, the entropy change cannot be obtained by

AS = f er;:/erse

On the other hand, the final state is well defined: Since it is an adiabatic process,
Q = 0. The pressure of the vacuum is zero, thus no work is done during the
expansion and W = 0. It follows that
AE. , =0-W =0,

thus no change in the temperature during the expansion: Thus the final state has
the same temperature, 7, as the initial state with a volume V.
Since the entropy difference between the two states does not depend on the path,
AS calculated between the initial and final states with a reversible isothermal
expansion of volume V|, —V, is identical to AS for the free expansion process.
Therefore, we can use the previous solution with 7; =7, It follows that

AS =nR lnﬁ.

Vi

Since V, <V,, we have AS >0, increase of the entropy.



From a usual expression of AS = Q/T, one wants to conclude AS = 0 for the free
expansion. However, with the exact formula
B ereversible B inrreversible

AS = f s T > f AT

we have
f B inrreversible =0
| =
T

but not AS.



