HOMEWORK #4 SOLUTIONS
Problem #1: RDK 18.24

Solve: (a) The mean free path is
1

A=—"

427 (NIV)r?

where r ~0.5x1071% mis the atomic radius for helium and N/V is the gas number density. From the ideal-gas law,
N _ p _0.10atmx101,300 Pa/atm _

VKT (1.38x1072 J/K)(10K)
1

A=
4272(7.34%x10%° m=3)(0.5x1071% m)?

7.34x10% m™2

=3.1x10"" m=310nm

(b) The root-mean-square speed is

o [T _ [3(1.38x102 JK)(10K) 250 s
me m 4% (1.661x107%" kg)

where we used A= 4 u as the atomic mass of helium.
(c) The average energy per atom is €, = 2kgT =3 (1.38x1072° J/K)(10 K) =2.1x107%J.

Problem #2: RDK 18.32

Solve: The conservation of energy equation (AEy,)gas + (AE )sotig =07 i

Ngas (Cv)gas (Tr =T )gas + Nsotid (Cv)sotid (Tr = Ti)solia =0J
= (1.0 mol)(12.5 J/mol K)(—50 K) + (1.0 mol)(25.0 J/mol K)(AT )sp1ig =0 = (AT )ggiiqg =25°C
The temperature of the solid increases by 25°C.

Problem #3: RDK 18.34

Visualize: At low temperatures, C,= % R=125Jmol K. At room temperature and modestly hot temperatures,
C,= g R =20.8 J/mol K. At very hot temperatures, C,, = % R =29.1J/mol K.
Solve: (a) The number of moles of diatomic hydrogen gas in the rigid container is

0.20g
2 g/mol

=0.10 mol

The heat needed to change the temperature of the gas from 50 K to 100 K at constant volume is
Q = AEy, =nC, AT =(0.10 mol)(12.5 J/mol K)(100 K -50 K) =62 J

(b) To raise the temperature from 250 K to 300 K,
Q = AEy, =(0.10 mol)(20.8 J/mol K)(300 K —250 K) =100J

(c) To raise the temperature from 2250 K to 2300 K, Q = AEy, =nC,AT = (0.10 mol)(29.1J/mol K)(50 K) =150




Problem #4: RDK 18.48

Solve: (a) The number of molecules of helium is
5 -6 3
Nogiiam _v (2.0x1.013x10 2fa)(looxlo m?) 3036102
kgT (1.38x107°° JIK)(373 K)

3.936x10%
6.022x10%% mol ™!

= NMnelium = =6.536x10~° mol

The initial internal energy of helium is
Enetium i =2 NheliumkgT =30.4J~30
The number of molecules of argon is
_ pV _ (4.0x1.013x10° Pa)(200x10°° m?)
AN T T (1.38x10°2 JK)(673K)
8.726x10%
6.022x10% mol !

N =8.726x10%

=1.449x1072 mol

= Nargon =
The initial thermal energy of argon is

Eargoni = 3 NargonKeT =121.6 J ~122]
(b) The equilibrium condition for monatomic gases is

(Enelium f )avg = (Cargon f avg = (Erotal Javg

- Enetium £ _ Eargonf _ h _ (30.4+121.6) J
Melium ~ Nargon  Niot  (6.54x107%+1.449x1072) mol

= Epetium s = (7228 J/Imol)Ngjiym = (7228 JImol)(6.54x10~ mol) =47.3J~ 47 ]
Eargon £ = (7228 J/mol)n; o, = (7228 J/mol )(1.449 x 1072 mol)=104.7 J ~105J

=7228 J/mol

(c) The amount of heat transferred is
Eheliumf - Ehelium i = 473 \] —304 \] :169 \] Eargon f— Eargon i :1047 \] —1216 J = —169 \]

The helium gains 16.9 J of heat energy and the argon loses 16.9 J. Thus approximately 17 J are transferred from the argon
to the helium.

(d) The equilibrium condition for monatomic gases is

Enelium £ _ Eargonf —3k.T
- —2"B'f

(ehelium )avg = (eargon )avg =
Nhelium Nargon

Substituting the above values,
473 1047 4
3936x102  8.726x102 2
(e) The final pressure of the helium and argon are
NpeiumkeT  (3.936 x10%%)(1.38 1072 J/K)(580 K)
Vieliom 100x10~6 m®
NagonKeT  (8.726x10%%)(1.38x107% J/K)(580 K)
Vargon - 200x107% m®

(1.38x1072 JK)T; = Tz =580 K =307°C

=3.15x10° Pa~3.1atm

Phelium £ =

=3.49x10° Pa~3.4atm

Pargon t =




Problem #5: RDK 19.2

Solve: During each cycle, the work done by the engine is W, =200J and the engine exhausts Qs =400J of heat
energy. By conservation of energy,
Qn =Wyt + Q¢ =200 J+400 J=600J
Thus, the efficiency of the engine is
_Woy 4007 _ 0.33
Qy 6001J

Problem #6: RDK 19.14

Model: The heat engine follows a closed cycle, starting and ending in the original state. The cycle consists of three
individual processes.
Solve: (a) The work done by the heat engine per cycle is the area enclosed by the p-versus-V graph. We get

Woyt =5(200 kPa)(100x107% m%) =10

The heat energy transferred into the engine is Q. =30J+84J=114J. Because W,;=0Qy—Qc, the heat energy
exhausted is

Qc =Qn —W,; =114 J-10J=104 J = 0.10 kJ
(b) The thermal efficiency of the engine is
= Wou = 100 0.088

Qq 1143

Assess: Practical engines have thermal efficiencies in the range 7~0.1-0.4.

Problem #7: RDK 19.17

Model: The Brayton cycle involves two adiabatic processes and two isobaric processes. The adiabatic processes involve
compression and expansion through the turbine.

Solve: The thermal efficiency for the Brayton cycle is 7g =1—rF§1‘7)’7, where y=Cp/Cy, and r, is the pressure ratio.
For a diatomic gas y =1.4. For an adiabatic process,

PV =PV = palp = (M/Vy)
Because the volume is halved, V, :%V1 S0
= Polpy = (2)7 =2+ =2.639
The efficiency is
g =1—(2.639) %414 —0.24



Problem #8: RDK 19.53
Model: The heat engine follows a closed cycle. For a diatomic gas, Cy, =§R and Cp =%R.
Visualize: Please refer to Figure P19.53.
Solve: (a) Since T; =293 K, the number of moles of the gas is
_ pM;_ (0.5x1.013x10° Pa)(10x10~° m?)
RT, (8.31 J/mol K)(293 K)

At point 2, V, =4V, and p, =3p;. The temperature is calculated as follows:

=2.08x10* mol

PM_ PNV P2V _ 34y 093 K) = 3516 K
T T, P Vs

At point 3, V3 =V, =4V, and p; = p;. The temperature is calculated as before:
T, =P Va1 _ (4203 K) =1172 K
P VL
For process 1— 2, the work done is the area under the p-versus-V curve. That is,

W = (0.5 atm)(40 cm® —10 cm®) + 1 (1.5 atm — 0.5 atm)(40 cm® —10 cm®)

[1.013x105 Paj
t

=(30x107% m®)(L atm) =3.041]

The change in the thermal energy is
AEy, =nCyAT = (2.08x107* mol)%(8.3l J/mol K)(3516 K —-293 K) =13.93J

The heat is Q =W + AEy, =16.97 J. For process 2 — 3, the work done is Wy =0J and
Q=AEy, =nCyAT =n(3R)(T3-T,)
= (2.08x107* mol)g(&sl J/imol K)(1172 K -3516 K)=-10.13J
For process 3—1,

= (0.5 atm)(10 cm® — 40 cm®) = (0.5x1.013x10° Pa)(—30x10°® m®)=-1.52
AEy, =nCyAT = (2.08x10~* mol)$(8.31 J/mol K)(293 K ~1172 K) =-3.80 J

=

The heat is Q =AEy, +W; =-5.32 J.

W ) Q) AE,,
152 3.04 16.97 13.93
253 0 -10.13 -10.13
3-1 -1.52 -5.32 -3.80
Net 1.52 1.52 0
(b) The efficiency of the engine is
n= Whey _ 1520 _ 0.090 =9.0%
Qy 169717

(c) The power output of the engine is

500 (revolgtlonsj(l mmj( Whet J:(Sooj(l,sz Js)=13 W

min 60 s /\ revolution E



Assess: Note that more than two significant figures are retained in part (a) because the results are intermediate. For a closed
cycle, as expected, (Wg)pet =Qnet and (AEg ) et =0 J.

Problem #9: RDK 19.63 (BONUS)

Model: The closed cycle of the heat engine involves the following four processes: isothermal expansion, isochoric
cooling, isothermal compression, and isochoric heating. For a monatomic gas C,, :%R.

Visualize:

p (kPa)
500 4 1
i 600 K isotherm
250 4 2
4 300 K isotherm 3
0 T — V(cm3)
0 2,000 4,000

Solve: Using the ideal-gas law,
_ nRT; _ (0.20 mol)(8.31 J/mol K)(600 K)
VA 20x1073 m?
At point 2, because of the isothermal conditions, T, =T, =600 K and

=4.986x10° Pa

P, = pl\% =(4.986x10° Pa)

(2.0><103 m3
2

— =2.493x10° Pa
40x107° m

At point 3, because it is an isochoric process, V5 =V, =4000 cm® and

Py = p2T—3 =(2.493x10° Pa) 300K 1 24710° Pa
T, 600 K

Likewise at point 4, T, =T, =300K and

40x103 m?®

V3 5
= py -3 = (L.247x10° Pa
Pa=Payy, = )[2.0><103 m?

] =2.493x10° Pa

Let us now calculate Wi,o; =Wj_,» +W5_,3 +W5_ 4 +W,_,;. For the isothermal processes,

W,_,, =nRT, In\% =(0.20 mol)(8.31 J/mol K)(600 K)In(2) =691.2J
1

W; ,, =NRT, In\\j—“ = (0.20 mol)(8.31 J/mol K)(300 K)In (%) =-3456]
3
For the isochoric processes, W, ,5 =W, 4 =0J. Thus, the work done per cycle is W, =345.6J~350J. Because
Q :WS + AEth’



Q.—)Z :Wl—>2 + (AEth)1—>2 = 6912 \]+ 0 J = 6912 \]
For the first isochoric process,

Q, ,3=NCyAT =(0.20 mo|)(g R)(T3 -T,)
= (0.20 mol)3 (8.31 J/mol K)(300 K — 600 K) =—747.9 K
For the second isothermal process
Qg =W5 4 +(AEy )3 54 =—345.6 J+0J =—3456 ]
For the second isochoric process,
Qy1 =NCVAT = n(% R)(Tl -T4)
= (020 mol)($)(8:31J/mol K)(600 K ~300 K) =747.9 K
Thus, Qq =Q_,» +Qs_,; =14391J. The thermal efficiency of the engine is

_Woy _ 34560 _

=024=24,
Qy 14391J



