THE SECOND AND THIRD LAWS OF
THERMODYNAMICS

3.1 THERMODYNAMIC EFFICIENCY, THE SECOND LAW
AND ENTROPY
Starting with the definition of thermodynamic efficiency of a system for the
conversion of thermal to mechanical energy
= QH QL 3.1
n= 0n (3-1]
it can easily be shown for a Carnot cycle as illustrated in Example Problem 3-
1, that
-7

Ty
All steps are reversible, the working substance is an ideal gas, and O and Ty
are the heat output from and absolute temperature of a high temperature heat
source tespectively. O, and T} are the heat input to and absolute temperature
of a low temperature heat sink respectively. The heat source and heat sink are
reservoirs or masses so large that they can transmit or absorb, respectively, an
unlimited amount of heat without experiencing a change in temperature.

It should be noted that the Carnot cycle represents maximum theoretical
thermodynamic efficiency. A more realistic expression for Camot efficiency,
which takes into account the AT required for heat transfer, is discussed in
Exercise Problem [3.17].

Rearranging [3-1] and [3-2] and eliminating 7],

On % O O

= (3-2]

or [3-3]
Iy, . Ty T
Generalizing [3-3] for smaller and smaller Carnot cycles,
@Rcv
= 34
T [(3-4]
The ratio 8QR¥/T defines the thermodynamic function entropy, S, where
Rev
ds= GQT [3-5]

Mathematically, T is an integrating factor since the inexact differential 5QR<
is made exact by dividing by the absolute temperature. Based on the previous
discussion, the Second Law of Thermodynamics states that entropy, defined
by equation [3-5], is a thermodynamic property.
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Example Problem 3-1

Plot the Camot cycle on a temperature-entropy diagram. Using the defini-
tion of entropy [3-5], prove [3-2]. The processes in the Carnot cycle involve:
(1) isentropic (constant entropy) expansion, (2) isothermal transfer of heat
from a high temperature (T};) reservoir, (3) isentropic compression, and (4)
isothermal transfer of heat to a low temperature (T}) reservoir.

Solution
The Camot cycle processes are plotted on the 7-§ diagram below and [3-5] is
applied.

T‘r'--" oS,
4 3 \\<4/ QH=THJ dS =T, (S, - §,)
5
l \ S,
TL____2\ 35 0, =17, | dS=T,(5,-5)
] 1 .Sl
1, 6
S1 S_" 82

Substituting for @y and @y in [3-1],
_Tu(8=8)-T(S,-5) _ (Ty ~T))/Ty.
Tu(S:-5)
An altemnate solution follows from [3-1]:
n=Qu=Q _ Area23ds (T, -T,XS$;=S) _(Ty-T)ITy.
Oy  Area 123456 Ty(S; =8))

Now, substituting [1-10] and [3-5] into [2-2],
dU = TdS - PdV [3-6]
Writing [2-4] in differential form,
dH = dU + PdV + VdP,
and substituting [3-6] into this expression,

dH = TdS + VdP [3-71

At constant pressure, [3-7] reduces to
ds = -’ 3-8
=T [3-8]
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Integrating [3-8] at constant temperature,
s, H,
J‘ds =(1/T) | daH,
5 H,

or

AS = % [3-9]
Substituting [2-12] into [3-8] and integrating with respect to temperature,
n
c. dr
AS =I —-"T— [3-10]
.
At constant volume, [3-6] reduces to
dau
=—r 3-11
ds ~ [3-11]

Integrating [3-11] at constant temperature,

$2 U,
J‘dS = (l/T)J.dU,
Sl Ul

AU,

or

AS = - [3-12]
Substituting [2-9] into [3-11] and integrating with respect to temperature,
T;
AS = I C,;dT [3-13]
T
n

3.2 ENTROPY OF REACTION AND THE THYRD LAW
Consider the allotropic* transformation of tin (Darken and Gurry, 1953, p.
197) at 1 atm pressure. Using TL analysis,

(1) Set Up. A thermodynamic loop is set up as follows:

A
Sn (gray) Sk o, Sn (white) (State 1: 292 K, 1 atm)
AS, AS,
ASpk Y
Sn(gray) =————3 Sn (white) (State 2: 0 K, 1 atm)

* Allotropes are polymorphic elements.
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(2) Sum. Summing in the counterclockwise direction,
ZAST = 0= A8k + AS) — ASypr x — AS».

(3) Substitute.t

AS, = J.C (white Sn)dT /T =-38.12 J/(mol - K)

AS, = ‘[Cp(gray Sn)dT/T =—46.19 J/(mol - K)
0

ASsgy = AH g/ T™ = 2263.5/292 = 7.75 J/(mol K).
Substituting the above data into XAS7; =0,
0=ASyx - 38.12 - 7.75 + 46.19.

(4) Solve.
ASpg =-0.32 J/(mol - K)

Assuming that the calculated value of AS, k is within experimental error, it
has been shown that AS; x is zero. Consequently, it is concluded that the en-
tropies of gray and white tin are the same at 0 K. It follows from the analysis
above that the entropies of all substances are the same at 0 K and therefore
assumed to be zero at 0 K. This conclusion is stated as the Third Law of Ther-
modynamics: “the entropy of any homogeneous substance which is in com-
plete internal equilibrium may be taken as zero at 0 K” (Darken and Gurry,
1953, p. 193). As will be discussed in Section 3.5, complete order implies the
same conclusion, For additional reading concerning the third law, refer to
Swalin (1964, p. 51-58), Gaskell (1981, p. 134-145), and DeHoff (1993, p.
32-34). In the context of the previous discussion, standard state entropy val-
ues are absolute within the limits of experimental error and are denoted by a
superscript 0 in Table 3.1. Since Sgx of any homogeneous substance in com-
plete internal equilibrium is zero, the absolute standard entropy of any such
substance at temperature T can be calculated from [3-10]:

1 Below 80 K, C was obtained from a combination of Debye's formula and an expression for

C’J C, givenin Exerr.uc Problem [4.12]. Above BOK, Cp was obtained experimentally.
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Table 3.1: Standard State Entropy

State of Pure Elements Pure Compounds
Aggregation PP=1lam,T(K) P°=1atm,T(K)
Solid (internal equilibrium) 55 =0 Sox =0

Values of Sy for selected pure solids are found in Table A.1.
The standard entropy of reaction is

Products
dS = AS8]
Reactants
or
ASY = T nSP (Products) - ZnS; (Reactants) [3-14)

Consider the standard state oxidation of element A at a temperature T =298
K as given by
3A+ 02 - A302.
The entropy of the reaction is

Mgsus =(1) S%s,a,o, -G S%E,A - S%s.o,

where Sggs_A #0, sg,s_oz #0.

Example Problem 3-2
Calculate AS? at 298 K and 1 atm for the reaction
W(s) + Oz(g) = WO(s).

Solution
Applying [3-14],

A5398 =(1) S%s,wo, - Sgss.w - ngz,o2
=66.95-33.48 - 205.10

= -171.63 J/(mol - K).

In this example WO, is formed from its component elements, all in the
most stable form at 208 K and 1 atm. Therefore, ASyy = ASysf where ASyf
is the standard entropy of formation of WO,.

3.3 TL ANALYSIS: TEMPERATURE DEPENDENCE
To determine an expression for the entropy change of a reaction as a func-
tion of temperature, the procedure described in Example Problem 2-4, Sec-
tion 2.7 is followed.
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Example Problem 3-3
Derive an expression for the standard entropy change of the general reac-
tion npA + ngB — ncC + npD as a function of temperature at P2 = 1 atm.

Solution

(1) Set Up.

ASY
MmA + ngB———3=nC + noD (State2:PO=1atm, T (K)

ASy ASg' ASc' ASy’

MA + ngB——3mncC + mpD (State1:P°=1atm, T=298K)
ASg

(2) Sum. Summing in the counterclockwise direction,
TASt,=0= ASgys + AS¢ + AS, - ASy — AS, — ASS.

(3) Substitute. Applying [3-10] to each reaction component and rearrang-
ing,
T ~C T D T ~A T B
C;dT C, dr c,dr c,dr
AS¥=AS:?98+nCJ Ee—tny | 2—-n, | L—-n5| 2
T T /4 T
208 298 298 298

T
AC, dT
=AShe + E
298 J‘ T
298
where AC, is defined by [2-17].

(4) Solve.
T
AC dT
AS7=AS3s +j £ 3-15]
298
or in general,
T
AC,dT
ASp=ASp +j —-;_— [3-16]
.
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Approximations similar to [2-19] and [2-20] are
Case I: AC, =0, hence

ASp=ASp (3-17)]
Case II: AC,, = a (constant), hence
ASp=AS7 +aIn(T/T;) [3-18]

Example Problem 3-4
Calculate the entropy of formation of TiC(s), AS%:L , at 1200 K.

Solution
TL analysis is applied in a manner analogous to that of Example Problem 2-5.

(1) Set Up. A TL is set up to include the Ti(o) —»Ti(B) phase
transformation at 1155 K.
of

AS
TiB) +  C(graphite) — =3 TiC (s) (State 2: 1 atm, 1200 )

AStig) A
. AST
Ti (o) W Ti(B) | ASc AStic
ASrig '
Ti (o) - C (graphite) —-E-Sib- TiC (s) (State 1: 1 atm, 298 K)

(2) Sum. Summing in the counterclockwise direction,
EASTL =0= ASgé{i' AST,C = AS?Z{O"' ASC = AS’E@ ~ASTr - AS’ﬁ(dJ.
Rearranging and solving for AS3,

(3) Substitute. ASy/ is calculated using [3-14] and substituted along with
the heat capacity and transformation enthalpy data given below into the
expression for AS5, .

ASpst = S50 ic — S298.Ticay — Spos.c = —11.96 J/(mol -K).
From heat capacity data,

1200 5 g 5
49.50+3.35x107°T -14.98 x10°T
ASqic = -
298
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2 (17.15+427%10°T -8.79x10° T2
ASC = T

1200

s [ (B
T 1155 r

13 9,09 +10.04 X107 T
ASTi(a) = T .
298

Substituting AH;! from Example Problem 2-5 into [3-9],
ASTr = AHTST
= 3473/1155 = 3.01 J/(mol-K).

(4) Solve. The desired unknown is obtained by integrating and completing
calculations. Integration, left to the reader, gives

AS35, = =13.64 J/(mol - K)
Note that substitution of AH 3{,=-186.7 kJ/mol (Example Problem 2-5)

and T = 1200 K into [3-9] cannot be used to calculate A.S‘fz'{o since the carbide
forming reaction is irreversible.

3.4 STABILITY CRITERIA: ENTROPY

The net entropy change associated with a reaction or process, ASy..* is

defined by
ASyy = ASgy, + ASger [3-19]

where ASs,, denotes the entropy change of the system and ASReY denotes the
reversible entropy change of the surroundings (see Swalin, 1964, p. 17-20 for
additional information regarding ASx.,). Equation [3-19] can be used to as-
sess whether or not a reaction or process will proceed. Consequently, it as-
sesses the stability of the products under the conditions for which ASy, is
calculated.

Three stability criteria are defined:

(1) If ASne = 0, the reaction or process is at equilibrium;

(2) If ASne > 0, the reaction or process as described is spontaneous;

(3) If ASne: < 0, the reaction or process as described is nonspontaneous.

" ASy, is also referred 1o as ASq,, oras ASy ..
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The above criteria are applicable under the following conditions:
(a) The system and surroundings are at constant pressure, hence from [2-
6], dH = 6Q,.
(b) The surroundings behave reversibly and lsothennally even though the
reacuon is proceeding irreversibly. Thus 5qun- -8Qs,, and from [2-
61, dH = —dHy,,.
Combining [2-6] and {3 5] with T = Tg,,

@Sm _‘SQSy- _dHSY'

Rev_ =
dS TSurr T.S'm = TSIE? [3-20]
and upon integration as in [3-9],
AH?; -AHSy:
ASger= ) E—— 3-21
Surr TSurr TSurr [ ]
(c) The temperature of the system and surroundings are not necessarily the

same.

Example Problem 3-5

Referring to Example Problem 2-6, calculate the entropy change for the
isothermal fusion of 1 gram atom of gold supercooled 230°C below the freez-
ing point at atmospheric pressure (Upadhyaya and Dube, 1977, p. 39). What
is the entropy change of the surroundings if the surroundings are at the super-
cooled temperature? Is fusion spontaneous?

Solution

Since the problem statement involves fusion, not solidification as in Example
Problem 2—6 the direction of the reactions in the TL loop below are reversed
so that AS{ can be determined directly.

(1) Set Up.
ASia3 ay
AU (5) ————BA 3 Ay (1) (State 1: 1 atm, nomal m.p. = 1336 K)

AS Au (s) AS Aufy

AS!
Au (s) — Dnma o A ()  (State 2: 1 atm, supercooled m.p. = 1106 K)

(2) Sum. Summing in the counterclockwise direction,
IASy =0= AslleS.Au +ASpun - AS1336 au — ASaug)-
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Rearranging,
A 06,a0 = ~ASaup + ASfrsg au + ASauge

(3) Substitute. Inserting heat capacity and transformation enthalpy data,

AHL -3
Asﬁ“mbjz”"‘” s, (2368+519x10 T}”.
1 1106

106T T

(4) Solve. Integrating,
A.S'fr,oe_m [J/(mol - K)] = -29.291n(1336/1106) + 9.55+ 23.68 % In(1336 /1106)

+5.19%107% x (1336 - 1106)
=-5.53+9.55+5.67

which reduces to

AS{, 06 40 = 9-69 J/(mol - K).
The TL analysis above refers to the system. From [3-21] and Example
Problem 2-6, the entropy of the surroundings is
—AH{i06 a0 sys _ —12,930

- 1106

=-11.69 J/(mol - K).

From [3-19], ASne = (9.69 — 11.69) = —2.00 J/(mol -K),
Since ASn < O, fusion is not spontaneous at 1106 K.

ASRS = J/(moi-K)

3.5 ALTERNATE DEFINITION OF ENTROPY
An altemnate equation defines entropy according to
S§’=k In(W) [3-22]
where W = number of microstates/macrostate and k is Boltzmann's constant
(R/Ny,). S reflects the degree of randomness or disorder of a system.

In the context of crystalline materials at constant temperature, W corre-
sponds to a configurational or structural change as reactants combine to form
compounds or solution mixtures. Consider a physical model of a substitu-
tional solid solution made up of atoms of A and B. Suppose atoms of the same
kind are indistinguishable from one another but that A atoms are distinguish-
able from B atoms. It can then be shown that,

_(Ny+Np)!
- N, !XNg!

where N and Np are numbers of A atoms and B atoms respectively. Substitut-
ing this expression into [3-22] and expanding by Stirling’s approximation,

In(X!) = XIn(X) - X,
§™ = —R[X, In(X,) + X In(Xp)] [3-23]
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where §™ is the molar entropy of mixing, and X, and Xy are the mole fractions
of atoms A and B respectively (see SYMBOLS FOR MOLAR PROPERTIES:
CHARACTERIZED BY VOLUME). For an equimolar solution, X, = X =
0.5; §m = -8.3144 x [0.5 In(0.5) + 0.5 In(0.5)] = 5.76 J/(mol-K). Equation [3-
23] will be derived using the classical approach in Chapter 6, Section 6.4.

If A and B atoms are indistinguishable from one another, it can be shown
that

Ny +Ng)!
"~ N, !xNg!
In such a case, the mixture of A and B atoms is completely ordered.

In general, entropy increases as the degree of randomness increases. This
behavior is noted, for example, in the transition from solid to liquid (melting),
liquid to gas (vaporization), and solid to gas (sublimation). At 0 K, complete
order implies that entropy of a homogeneous substance is zero.

=1.0and §™=0.

3.6 DISCUSSION QUESTIONS

(3.1) Entropy is related to the degree of randomness or disorder in a system
(Section 3.5). Give three examples that illustrate a change in random-
ness and state how each change effects entropy.

(3.2) Consider the chemical reaction nyA + ngB — An,Bny. If AS® > 0 for
this reaction, can it be concluded that the reaction is spontaneous?

(3.3) Assuming the reaction in (3.2) is spontaneous, does

J.\S._,0 = AHTO (reaction)/T (reaction)?

(34) Is ngs of an internally equilibrated homogeneous element or compound
zero?

(3.5) Two phase transformations occur at a temperature T" and pressure P.
The phases involved are A and A’, and the corresponding entropy
changes are as follows:

(DA A’ AS,
2)A—- A’ AS,
How is AS, related to AS,?

(3.6) For which mineral reaction below is AS{'. = AS,Q:{MW?

(a) SiOy(s) + 2A1,5105(5) + CazAly(Si0,)s(s) — 3CaAl,Si,04(s)
Quartz  Kyanilte Grossular Anorthite
(b) 3Ca(s) + 6Al(s) + 6Si(s) + 120,(g) — 3CaAl,Si;04(s)

3.7 EXERCISE PROBLEMS

[3.1]1 Prove that PV7 is constant for an ideal gas. The process is adiabatic.
Lety=C,/C.,.

[3.2] Compute the standard entropy of formation for the reaction 2Hy(g) +
S,(g) — 2H,S(g) from 300 to 800 K in 100 K increments. Plot the
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(3.3]

[3.4]

[3.5]

[3.6]

[3.7]

56

entropy as a function of temperature. What is the significance of the
plot?
Ans: AS?/ (J/K) =-78.07 at 300 K, —84.42 at 400 K, —89.00 at
500K, -92.36 at 600 K, —94.83 at 700 K, and -96.62 at 800 K.
The plot shows that AS%/ (reaction) decreases as the tempera-
ture increases (Since Vproguct < VReactants) and that the volume
effect on AS®f becomes less dominant.
Compute the standard molar volume change for the reaction in Exer-
cise Problem [3.2] from 300 K to 800 K in 100 degree increments.
Plot the entropy change of the reaction as a function of molar volume
change. What is the significance of the plot?
Ans: AV (cm3/mol) = —24,617 at 300 K, -32,823 at 400 K, —
41,029 at 500 K, —49,234 at 600 K, -57,440 at 700 K, and -
65,646 at 800 K. The plot shows that AS®/ decreases as AV?
decreases. This is consistent with the reduction in volume as-
sociated with the reaction as it proceeds in the direction indi-
cated.
Use the entropy criteria to prove that liquid tantalum will solidify if
the surroundings are at 20°C. Assume that the melt does not super-
cool.
Ans: ASye = 76.36 J/(mol-K) > 0, hence Ta will solidify.
One mole of low carbon steel at 900 K is quenched and held in contact
with a large reservoir of liquid lead at 700 K.
(a)What is AS for the steel, for the reservoir, and for the universe
(ASxe)? Use C1®) and assume that the reservoir is sufficiently large
to maintain constant temperature.
Ans: ASg.q = -9.36 J/(mol-K), ASg., = 10.67 J/(mol-K), and
ASne = 1.32 J/(mol-K).
(b)If the steel had been quenched to an intermediate temperature of
800 K, then subsequently quenched to 700 K, what would ASy,, be for
such a process? Note that during the quenching process the steel is
placed in contact with reservoirs at consecutively lower temperatures.
Ans: ASyg = 0.63 J/(mol-K).
(c) Explain how *“equilibrium quenching” could be approached.
Ans: ASNG‘ =0.
Calculate ASs,,, ASs,, and ASy,, for the isothermal solidification of
lithium at 453 K and 1 atm pressure. Assume Ty, = Ty
Ans: ASsy, = —6.47 J/(mol-K), ASg, = 6.47 J/(mol-K), and
ASth = 0
Calculate the entropy change of: (a) the system, (b) the surroundings,
and (c) the universe (ASy.,) for the isothermal solidification of 1 gram
atom of Al supercooled 130°C below its normal freezing point. As-
sume AC, = 0 over the supercooled interval. Is the process spontane-
ous?
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Ans: ASg, =-11.21 J/(mol-K), ASg,, = 13.03 J/(mol-K), ASye
= 1.82 J/(mol-K) > 0 = spontaneous.
[38] Repea Exercise Problem [3.7] using heat capacity data from Appen-
&= A, Table A.3A. What is the percent error in ASy,, assuming AC, =
o
Ans: ASs,, =-11.53 J/(mol-K), AS5, = 15.11 J/(mol-K), AS\,
= 3.58 J/(mol-K) > 0 = spontaneous. Error = 100%.
{380 Calculate the entropy change for the vaporization of potassium at 950
¥ 2nd 0.447 bar. Illustrate calculations using two methods.
Ans: As™™" = 2,08 kJ/(kg-K).
(308 Use e entropy criteria to confirm that liquid and potassium vapor are
= =guilibrium at 950 K and 0.447 bar.
Ans: ASNu =0.
328 A smgle crystal of the amphibole tremolite at 298 K undergoes a vol-
ume expansion of 105.5 x 10-3 cm3/mol during heating at P? = 1 atm.
‘& Calculate the temperature shift associated with the volume change.
Assume OV, 203 x iS constant over the temperature interval,
Ans: AT=1249 K.
& Use the result from (a) to calculate the corresponding change in
eatropy.
Ans: AS = 2.73 x 10-2kJ/(mol -K).
S22 A gearz sandstone with calcite cement is intruded by molten igneous
mck as shown below.

COUNTRY ROCK:
QUARTZ SANDSTONE
WITH CALCITE
CEMENT

IGNEOUS INTRUSION

The country rock (sandstone) adjacent to the intrusion undergoes “con-
=1 metamorphism™ as a consequence of heat transfer from the intru-
mon. The contact metamorphic reaction is:

Si0,(s) + CaCO;(s) — CaSiOs(s) + CO4(g).

a-Quartz Calcite  Wollastonite
Calculate AS? for this reaction at 565°C.
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Ans: ASgy, =-11.21J/(mol-K), ASs,, = 13.03 J/(mol-K), ASng
= 1.82 J/(mol-K) > 0 = spontaneous.
Repeat Exercise Problem [3.7] using heat capacity data from Appen-
dix A, Table A.3A. What is the percent error in ASy,, assuming AC, =
0?
Ans: ASs,, =-11.53 J/(mol-K), ASs, = 15.11 J/(mol-K), ASx,,
= 3.58 J/(mol-K) > 0 = spontaneous. Error = 100%.
Calculate the entropy change for the vaporization of potassium at 950
K and 0.447 bar. Illustrate calculations using two methods.
Ans: As'™" =2.08 kJ/(kg-K).
Use the entropy criteria to confirm that liquid and potassium vapor are
in equilibrium at 950 K and 0.447 bar.
Ans: ASNa =0,
A single crystal of the amphibole tremolite at 298 K undergoes a vol-
ume expansion of 105.5 x 10-3 cm3/mol during heating at P° = 1 atm.
(a)Calculate the temperature shift associated with the volume change.
Assume V., 208  iS constant over the temperature interval.
Ans: AT=1249 K.
(b)Use the result from (a) to calculate the corresponding change in
entropy.
Ans: AS = 2.73 x 10~2kJ/(mol-K).
A quartz sandstone with calcite cement is intruded by molten igneous
rock as shown below.

CONTACT

METAMORPHOSED

COUNTRY ROCK:
QUARTZ SANDSTONE
WITH CALCITE
CEMENT

IGNEOUS INTRUSION

The country rock (sandstone) adjacent to the intrusion undergoes “con-
tact metamorphism” as a consequence of heat transfer from the intru-
sion. The contact metamorphic reaction is:

Si0,(s) + CaCO;(s) — CaSiO5(s) + COy(g).

o-Quartz Calcite  Wollastonite
Calculate AS? for this reaction at 565°C.

57



THERMODYNAMIC LOOP APPLICATIONS IN MATERIALS SYSTEMS

Ans: ASYs.c = 154 J/(mol-K).

[3.13] Calculate the standard entropy of formation for the reaction in Exer-
cise Problem [2.13] at 1356 K.

Ans: ASDife=122.2J/(mol K).
[3.14] Calculate the standard entropy change for the reaction in Exercise Prob-

lem [2.10] at temperature T where 373 K < T < 800 K. No phase
changes occur.

Ans: AS? [J/(mol-K)] =-771.17 + 4672.2 In(T) - 5.17T -
10.41 x 10-772 + 131.26 x 103795 — 389,32 x 10°T-2,
[3.15] Calculate the standard entropy change for the reaction in Exercise Prob-
lem [2.12] at temperature T where 298 K < T < 844 K.

Ans: AS? [J/(mol-K)] = 1762.2 - 238.21In(T) + 140.75x 10T
—113.61 x 10-7T2 - 87.38 x 102795 + 24.60 x 10°T-2,
[3.16] Consider the hypothetical power cycle represented below.
(a)Calculate actual and Carnot efficiencies for the process if T, = 600
Kand T, =300 K.
Ans: 1= 33%, Ny = 50%.
(b)If a new alloy permits raising the maximum operating temperature
to 750 K, calculate the resulting efficiencies.
Ans: 11=43%, Ny, = 60%.

Ta
- 2
T, fenenee 1 '3
al b!
i 1 _;S
s, S,
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The Carnot cycle efficiency is often used as a basis for estimating the
effect of increasing operating input temperature and lowering rejec-
tion temperature on the efficiency of a power generating process.
Curzon and Ahlborn (1975, p. 22-24) have shown that to achieve theo-
retical Camnot efficiency, heat transfer must take place through an infi-
nitely small temperature differential, which in tum, requires infinite
time. They derived the following modification to Carnot efficiency,
which takes into account the necessary temperature differential that
must exist across the high and low temperature heat transfer bound-
aries, if the cycle is going to be completed in a reasonable time inter-

val:
Nea =1-IL/Ty.
Using the data given in Exercise Problem [3.16], calculate n¢ 4 and
compare with 1} and T¢,, obtained in the same problem.
Ans: @) N =29.3%, (b) 7, = 36.8%. The predicted effi-
ciencies are closer to the actual values in [3.16]. On a com-
parative basis, the 7., equation provides a stronger case for
alloy modification.
A small amount of H,S(g) in volcanic gases promotes intense chemi-
cal weathering of rocks in the vicinity of a volcanic vent. Calculate the
standard entropy of formation associated with the production of H,S(g)
from its elements at 600 K and 1 atm in kJ/(mol-K) and cal/(mol-K).

(a) 3Hx(g) + SO(g) — 2H,0(g) + H,5(g)

ASgy, =-75.44 J/(mol-K)
(b) SO4(g) = (1/2)S2(g) + Oy(g)

ASgy = 73.26 J/(mol-K)
(c) Hay(g) + (1/2)0,(g) — H20(g)

ASSS = -51.30 J/(mol-K)

Ans: ASgy, =-46.1 x 10-3 kJ/(molK) = -11.02 cal/(mol-K).

Show that H,S(g) spontaneously forms at 600 K. Refer to Exercise
Problem [3.18]. Assume the surroundings are at 600 K. Use the heat

capacity for S,(g) in Appendix A, Table A.3B.
Ans: ASng = 100.5 J/(mol-K) > 0 = spontaneous.

59



