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Q1.

(a) Given that U = 3nRT, we wish to find the entropy S, the enthalpy H, the Helmholtz free
energy F' and the Gibbs free energy G. Since we can treat C Hy(g) as an ideal gas, we can invoke
the ideal gas law, PV = nRT.

By definition,

H=U+PV F=U-TS G=U+PV-TS
= 3nRT +nRT =3nRT -TS =3RT +nRT -TS
=4nRT =3nRT -TS =4nRT —-TS

From the back of the textbook, each of the values are given for one mole of the substance at
298K = 25°C. The given value of entropy of CHy at 298K is S = 186.26J/K. Taking T' = 298K,
n =1, and R = 8.3145Jmol 'K, then

H = 4(1mol)(8.3145Jmol ' K ~1)(298K)

=991 x 103J

F = 3(1mol)(8.3145Jmol ' K ~1)(298K) — (298 K)(186.26 JK 1)
= —48.1x10%J

G = 4(1mol)(8.3145Jmol ' K 1) (298K ) — (298K)(186.26JK 1)
= —45.6 x 10° J.

Therefore for one mole of methane at room temperature and atmospheric pressure,

S =186.26 J/K H=991kJ F=—-481kJ G =—-45.6kJ.

(1b) To find the change in Gibbs free energy, we must consider the change in entropy to be neglible
over 3 K:

oG = -5 = AG =4nRAT + SAT.
T ) p

Taking AT = Ty — T; = 301K — 298K = 3K, n = lmol and R = 8.3145Jmol 'K ', the
change in the Gibbs free energy is AG = 4(1mol)(8.3145 Jmol ' K1) (3 K) — (186.26 J/K)(3K) =
—459.006 J. Therefore

[AG = 459 J.|




(1c) To find the change in enthalpy AH and the Gibbs free energy AG for one mole of each species
in the reaction, we can invoke the relation between the energy of the reactants and the products:

AH = AfI{products - AfI—Ireactants AG = Aprroducts - AfGreactzmts-

From the back of the textbook, we have that

AsG(kJ) - CHy: —50.72 AfH(EJ) : CHy: —74.81
05 :0 05 :0
H>O : —228.57 HyO : —241.82
COs : — 394.36 COsy : — 393.51.
Then, in kJ,

AH = [2(—241.82) + (—393.51)] — [(—74.81) + 2(0)] = —802.34 k.J

and
AG = [2(—228.57) 4+ (—394.36)] — [(—50.71) + 2(0)] = —800.79 k.J.

Therefore the change in enthalpy and Gibbs free energy for this reaction are

|AH=-802kJ and AG=-800kJ.|

(1d) Under constant pressure, the change in enthalpy per mole is equivalent to the amount of heat

produced per mole: AH = (). Therefore the heat produced per mole of methane is | Q = —802 k.J,

so heat is absorbed throughout the reaction process.



Q2.

(a) By definition, the efficiency of the engine is given by e = 1 — gT I will begin by calculating

H
the work done along each of the four stages of the engine cycle, since —Q = W. Since the heat
absorbed is just —Q g = Wp, then efficiency is given by

Wa+Wp+We+Wp
e = .
Wg

Since the work done along stages A and C' is zero because the volume change is zero, then the

W
efficiency ise =1+ W—D. Now

B
Wp = P1(Vi —V2) Wp = P(Va — V1)
= P (V4 —51) =3P (5V1 — W)
= 4PV =12~ V.
—4P 1 2 2
This implies that e =1+ 12P111‘//11 =1- 3= 3 Therefore the efficiency is|e = 3

(2b) In reverse, the cycle is

14
/
Vot b
A '
Vit -
Py Py P

In an ideal engine, the gas must be able to absorb heat throughout stages A and B. This is
a direct result of the ideal gas law PV = nRT, since if either P or V increase, T must increase
proportionally. Then the engine will release heat throughout steps C' and D. Equivalenty, in the
reverse cycle shown above, the gas must absorb heat through reverse stages D’ and ¢’ and release
heat during the B’ and A’ stages.

By the ideal gas law, the temperature of the gas is directly proportional to PV, so the tem-
perature of the gas continuously changes through the cycle. However, this means that the gas will
absorb heat throughout the range of temperatures over the stages D’ and C’, then release heat
over the same range of temperatures due to the symmetry of the cycle along stages B’ and A’. If
the cycle absorbs heat from the inside of the fridge (the cold resevoir) and continues to absorb heat



over each cycle, then this implies that the cold resevoir (inside of the fridge) is much hotter than
the gas itself, since the gas can continue to absorb heat. Likewise, if all the released heat goes into
the hot resevoir (the kitchen), then the temperature of the kitchen will always be colder than the
gas ever gets.

This is why this cycle cannot work in reverse for refridgeration.

PV,

(2c) By the symmetry of the cycle, the extremes of the temperature is 77 = (lowest temper-

PV, 15P V)

ature), and Ty = Y (hottest temperature). The efficiency of an ideal engine is given
n n
by
Te Te
egl—ﬁ — emale—ﬁ,
P1 V1 / nR . 1

which is then just e = 1 — which is quite efficient. Therefore the

14
15PVi/nR ~ ~ 15 15
efficiency of an ideal engine operating at the same temperature extremes is about



Q3.

(a) If we begin with 2 moles of HCI, then the extent « is simply

2HCI(g9) = Ha(g)+ Cla(9)
2—« + « + «

: Pioi. The value N; is the number of

The partial pressure of each species are given by P, =
tot
particles of a species, which, in terms of the extent, is ang,tNa. Since Nyyt = NgotNa, then the

partial pressures are just

‘PHCI = (2 - Oé)Ptot, PH2 = a Py, and PCl2 = aPiot.

(3b) By the law of mass action, we have that

[Prci)?[Po)* 11 _(2- a)?P2,(1) _(2- 0‘)2'

K = = —
[Pr, ] [Per,]t 042Pt20t a?

Given that o = 1.0 x 1079, the value of the equilibrium constant is simply

(2-1.0 x 10792
(1.0 x 10-6)2

K = = 3.999996 x 10'2.

After rounding, the constant just becomes ‘ K =4 x10". ‘

(3c) The standard Gibbs energy, in terms of the equilibrium constant, is

AGY = RTog (L) = R log —2—
- \K)~ S\e2—a2 )
Again taking a = 1.0x107%, and T = 900 K, again the the gas constant being R = 8.3145 Jmol 1K1,

then the standard Gibbs for this reaction is

(1.0 x 1076)2
(2—1.0 x 10-9)

AG = (R = 8.3145 Jmol ' K~1)(900 K) log ( 2) = —217"138 J.

To futher simplify, then | AG® = —2.2 x 10° J. |




Q4.

(a) We wish to find the rate at which the excess heat Q¢ is expelled into the environment. The work
done by the plant is the difference in the expelled heat with the input heat, that is W = Qg — Qc¢.

By definition, the efficiency of the plant is defined as the work upon the cost, that ise =1 — <0
H
. . : c  Qc o H
At maximum efficiency, we have the relation that — = —— which implies that Qp = —Qc¢.
. _ Tu  Qu Tc
The expression for the work done is then
Ty Ty
W=—"—Qc— = — —1].
T Qe —Qc =Qc <Tc >
W T
The output power, which is Ap is then P = % T—g — 1> . Rearranging to solve for % gives

the expression for the amount of heat released by the turbine:

Qc  (Tu -
o _P<TC 1> |

Taking Ty = 600°C = 873 K, To = 30°C = 303 K and P =5 x 108 W, then

Qc g 873K ! reorss
— =0Bx10°W) | —== —1 = 265'921'052 W.
At~ B 303

Therefore the plant expels heat at a rate of % =2.7x10°W.

(4b) The find a relationship between heat and temperature, we can consider the specific heat
¢ = 4.186 x 10 J(K - kg)~!. As the water flows at 80 m3/s, with

mAT 5
80 997 k

a density of 997 kgm ™3, then every second, [ mn ] X [ 3 9

S m

section of the river as a flux. Rearranging the specific heat capacity to solve for the change in
temperature AT,

capacity of the water: ¢ =

} = 79760 kg/s passes through a

_ Qc/At
r= m/Atc’

Taking Q¢ /At = 265'921052 W from the previous question (4a), ¢ = 4.186 x 10% J(K - kg) ' and
m/At = 79760 kg/s, then the change in temperature of the river is

265/921/052 W
AT = = 0.7964 K.
(79'760 kg/s)(4.186 x 103 J(K - kg)~1)

Therefore the change in the river temperature is | At = 0.8 K.




(4c) If the plant expels heat at a rate of 2.7 x 108 W, then the rate at which water must be
evapourated is simply the rate at which heat is expells upon the latent heat per kilogram required
to evapourate the water, that is

Qc/At

rate = .

L

Taking Qc/At from question (3a), and L = 2400.J/g = 2.4 x 10° J/kg, then the rate required to
evapourate the river water is

Lt — 265'921'052 /s
24 %106 J/kg

= 110.8 kg/s.

That is, |rate = 110 J/K‘

(4d) To find the new amount of power generated, we can invoke the relation between plant effi-

ciencies and powers:
Pold _ Pnew Pold

Prew = " Enew-
€old Enew €old

The old maximum efficiency is given when T, = 600°C = 873 K and the new efficiency is given
when T}, = 650°C = 923 K. With T¢ = 303 K remaining the same, the new power generated is

then
_ 5Ex108W ( 303 K

Prew = T5mr 1~ 903k

> = 514’398’1290 W.
873K

Taking the difference between the previous input power, Ppey, — Pog = 514’398 129 W —5 x 108W =
14/398'129 W. Therefore the additional power generated is ‘ P=14x10"W.

(4e) To find the efficiency of this rankine cycle, we require the enthalpies onyl from stages 1, 3,
and 4. This is because H; ~ Hj since the pump adds very little energy to the water during this
stage. Then the efficiency is given by

Hy— H;

R
€ Hs — H,

With the maximum temperature of the steam being 300°C' at P = 10 bars and the lowest temper-
ature released being 30°C, then by table 4.1 and 4.2, we can deduce that

Hy =126kJ and Hs = 3051 kJ with S5 = 7.123kJ/K.



I will need S5 to determine Hy. This is because during stage 3, the adiabat, Q = 0 so the
entropy shouldn’t change. This gives that Sy = S = 7.123kJ/K. Now, we can use table 4.1 again
to interpolate the percentages of steam and water in this phase.

At 30°C, the entropy of water is 0.437 k.J/ K, while the entropy of steam is 8.453 kJ/K. To find
the percentage of steam, we have that

Sy = 0.437(1 — z) + 8.453z = 7.123 kJ/ K
—> Tateam = 0.8341 - .

With this, the percentage of water is Ty qer = 0.1659 at the 4 stage.

Multiplying these percentages through the values in table 4.1 at 30°C, we have that the enthalpy
of the steam is 0.8341-2556 kJ = 2'131.96 ... k.J, and the enthalpy of the water is 0.1659-126 kJ =
20.90... kJ. Adding these together gives the enthalpy at point 4: H; = 2'152.86 k.J. We can now

calculate the efficiency:

2/152.86 k.J — 126 k.J
—1- — 0. .
€ 3051 %) — 126k 030709

Therefore the efficiency of the plant is




Q5.

(a) We can begin by expressing the total energy U as a function of the volume V' and temperature
T. Similarly with volume, we can assume that the volume is a function of the pressure P and the
temperature 7' (this is a result of PV = nRT for an ideal gas). It follows that we can expand U
and V in terms of its partial derivatives:

ou ou
w- (2 e () a -
ov ov
== T — P. .
w=(2) e (%) ”

With the volume kept at constant pressure, dP — 0. We can substitute equation (5.2) into
(5.1) with the expression for dV and dP = 0, hence rewriting the energy as

w=(or), o+ (o), Gr), = (Gr),= (Gr), (&), (o), 09

oU
From the definition of heat capacity at constant volume, we have that Cy = (W) , which
T
can be substituted into (5.3) to yield
ou ou ov
— =C — — ] . 5.4
(o), =+ (ov), (ar), o)

Now, the defintion of heat capacity at constant pressure is defined in terms of the enthalpy:
OH oU+ PV ou ov
Cp— (PHY _ (0U+PV)N _ (0U jo3 adn Iy (5.5)
or ) p oT p or ) p oT ) p

Since (5.4) gives an expression for (

7).
cp=0v+<8U> < ) +P<Z¥>P,

which directly implies that | Cp — (W) [( ) + P} , | as required. (5.6)
T

we can substitute (5.4) into equation (5.5) to give that

0

(5b) We begin by deriving a relation between pressure in terms of a partial derivative of the
Helmholtz free energy F'. By the thermodynamic identities,

dU =T dS — PdV (5.7)
dF = dU —TdS — SdT. (5.8)



substituting (5.7) into (5.8) quickly yields that dF" = —SdT — P dV. However, with temperature
held constant as stated, d7" — 0, thus implying that

oOF
p—_ (22 5.9
(ov), )
Expressing pressure in this fashion and writing it into equation (5.6), we have that
ov ou oF
Cp—Cy=|— — — | = . 5.10
r-cv=(5r), (&), - (o)., (10

oF
Helmholtz free energy states F' = U — T'S, so differentiating with respect to volume PG gives

@(V])T_ <25>T: @é)T‘ (gg)ﬂ(ﬁi);T(ﬁi)T (5.11)

and therefore (5.6) and (5.11) imply that

a8 oV
CP—CV+T<av>T<aT>P‘

(5¢) The Maxwell relation we wish to employ is

<§5>T - <gITD>V (5.12)

The relation between Cp and Cy is a direct result of (5.11) and (5.12):

oP ov
CPCV—T<6T)V<0T>P'

10
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