AME 50531: Intermediate Thermodynamics
Homework Solutions

Fall 2010

1 Homework 1 Solutions
1.1 Problem 1:

CPIG air enters and isentropic nozzle &8datm and 25C with a velocity of 25 m/s. The nozzle entrance diameter
is 120mm. The air exits the nozzle at24 atmwith a velocity of 90m/s. Determine the temeprature of the exiting air
and the nozzle exit diameter.

At the nozzle entrance (State 1):

P, =1.30atm- 1013kPa = 1317 kPa (1)
latm

Ty =25°C+27315=29815K 2

vi=25m/s 3)

Aq = 11-(0.120m)? = 0.045n7 (4)

At the nozzle exit (State 2):

P, =1.24atm- 013kPa = 1256 kPa (5)

v, =90m/s (6)

T, andd, are unknown.

Because the nozzle is isentropic, we can use the isentrelgitan for temperature and pressure to find the exit
temperature. For aik = 1.4.

k=1
T (P %
T (Pl) "
P\ % 1256 kPa\ 17
| T,=29414K = 21°C| 9)
To find the exit diameter, recall that= pAv. Then,
M= p1A1V1 = P2AxV2 (10)
Knowing thatp; = po,
A1vi = AoVo (11)
Vi 25m/s
Ap=Ai( = | =0.045n7- =0.0012n7 12
2 1<v2> <90m/s> (12)

Therefore| d, = 0.020m = 20 mm ‘




1.2 Problem 2: 9.47

Consider a steam turbine power plant operation near diressure, as shown in Figure 1.2. As a first approximation,
it may be assumed that the turbine and pump processes arsibévand adiabatic. Neglecting any changes in kinetic
and potential energies, calculate:

e The specific turbine work output and the turbine exit state.
e The pump work input and enthalpy at the pump exit state.

e The thermal efficiency of the cycle.

We are giverP; = P, = 20MPa, T; = 800°C, P, = P; = 10kPa, andTs = 40°C.
Sate 1: Using Table B.1.3h; = 406980kJ/kg, s, = 7-0544|<§—.JK
Sate 2:

kJ
=5 = 7'0544kg—-K (13)
Using Table B.1.2,
s, = 0.6492+ 7.5010=- x, = 0.8539 (14)
h, = 19181+ 0.8539- 239282= 223504 kJ/kg (15)

The specific work output from the turbine,

W = hy — hp = 406980kJ /kg — 223504kJ /kg = [ 183476 k] /kg (16)

The turbine exit state is a saturated mixture.

Sate 3: Compressed liquid, using Table B.1tk,= 167.54kJ/kg, vs = 0.001007

Sate 4: Using the property relation for constant

Wp = —V3(Py — P3) = —0.001007 (20000- 10) =| —20.13kJ/kg 17)
hs = hs —wj, = 167.54kJ/kg+ 20.13kJ kg = | 187.67kJ /kg (18)

The heat transfer in the boiler is

Oin = hy — hy = 406980kJ /kg — 187.67kJ /kg = 388213kJ/kg (19)

Whe =W +Wp = 183476 kJ/kg—20.13kJ /kg = 181463 kJ /kg (20)
 Whe 181463

MTn = 5 = 3gaz1s ~ 04674 (21)



2 Homework 2 Solutions:

2.1 Problem 1: 7.64

Helium has the lowest normal boiling point of any of the eletseat 42 K. At this temperature the enthalpy of
evaporation is 83 kJ/kmol. A Carnot refrigeration cycle is analyzed for the producid 1 kmol of liquid helium at
4.2 K from saturated vapor at the same temperature. What is theinjout to the refrigerator and the coefficient of
performance for the cycle with an ambient temperature atZ80

For the Carnot cycle the ratio of the heat transfers is the oditemperatures:

QL = nh¢g = 1 kmol - 83.3kJ/kmol = 83.3kJ (22)
T 280
Qu=Qu T =833 57 = 55533 kJ (23)
Win = Qn — QL = 555333 —83.3=[5470kJ (24)
Q. 833 T
= e = 5470~ 00152 [_ T _TL] (25)



2.2 Problem 2: 8.97

A piston/cylinder contains air at 1380, 15 MPa, with V; = 9 cm®, Ay =5 cm?. The piston is released, and just
before the piston exits the end of the cylinder the pressigideé is 20kPa. If the cylinder is insulated, what is its
length? How much work is done by the air inside?

The cylinder is a control volume of air. Itis insulated andrflore adiabatic, sQ = 0. By the continuity equation,

Mp=mg=m (26)
From the energy equation (5.11),
MUz —U1) = 1Q; =1 Wo = - Wp (27)
From the entropy equation (8.37),
dQ
m(s; —s1) = / T + 1SZQen =0+ 1SZQen (28)

Pressure and temperature are known at State 1, but onlyupedgsknown at State 2, S6 must be obtained. Assume
a reversible process.

1Syen=0=>5-5=0 (29)

State 1: Using Table A.7u; = 10952 kJ/kg ands;, = 8.5115k'!§—_3K

- PVi _ 150009 10°°

RT, ~ 02871380 000341y (30)
Sate 2: From the entropy equatios; = s, so from Eq. 8.19,
=% 200 kJ
7, =St +RIn—==8.5115+0.287In| —— | =7.2724—— 31
Stz =St RN + n(15ooo> kg-K (31)

Then, use Table A.7 to interpolate and fifid= 447.2 K andu, = 320.92kJ/kg.

., TP 4472.15000

vz_vlTlp2 =9 225900 =2187cm’® (32)
V, 2187

=Lly= Ay~ B - 43.74cm (33)

Wy = U3 — Uy = 7743 kJ/kg (34)

W, = myws = | 0.264kJ = 264 | (35)




2.3 Problem 3:

CPIG air in a cylinder\(, = 0.03m?, P, = 100kPa, T, = 10C) is compressed reversibly at constant temperature to a
pressure of 42@Pa. Determine the entropy change, the heat transferred, addhk done. Also accurately plot this
process od-SandP-V diagrams.

Sate 1. Sate 2:
Ti =10C =28315K To=T1=28315K
P, = 100kPa P, = 420kPa
Vi =0.03m® Vo =?

We know thatm; = my, so,
PVi  100-0.03

M=M= R = 028728315 D000k o
mRT  0.0369-0.287-28315
Vo — — =0.00714m3 37
S 420 m (37)
Vi 003 N
Vi= =g o3g0— 0-813m/kg (38)
V, 0.00714
Vo=t =S =0.193m°/kg (39)
_ T2 P\ 420
S-S=m (cpln ﬁ —RIn El) =0.0369 (1.004In1 0.287 InlOO) (40)
\sz—sl: —0.0152kJ/K‘ (41)
Now, to find the heat transfer and work done,
B B Vo 0.193
1Q, =1W, =mRT In v 0.0369-0.287 28315'”0.813 (42)
| 1Q2 =1 Wp = —4.312KJ (43)
300 T T 500
400+
290
= 300
- : 200
280
100
27(()).23 0.‘24 O.‘25 0.26 00 0.61 0.62 0.63 0.04
S (KJ/K) v (md)
(a) T-S Diagram (b) P-V Diagram



2.4 Problem 4: 12.97

Consider an ideal air-standard Stirling cycle with an idegenerator. The minimum pressure and tmeperature in the
cycle are 10&Pa, 25°C, the compression ratio is 11, and the maximum temperatufreinycle is 1008C. Analyze
each of the four processes in this cycle for work and heasteapand determine the overall perfomance of the engine.

PL = 100kPa, Ty = T, = 25°C, % =11,T3=T4=1000C
From 1-2 at constant temperatuya, = 0, = T1 (S — S1)

Wy = —RTlln% — —0.287-29815In11=| —2052kJ kg (44)
2

From 2-3 at constant volumew,; =0

o3 = Cvo(Ts — To) = 0.717(1000— 25) = | 699kJ /kg (45)

From 3-4 at constant temperatuges,, = 30, = T1($4 — S3)

_ Va _ . —
Wy = +RTaln % = 0287127315 In11= | 8762 K3 kg (46)

From 4-1 at constant volumgy, =0

Qu1 = Cvo(T1 — Ta) = 0.717(25— 1000 = | —699kJ /kg (47)

WNeT = —2052+ 0+ 8762+ 0= 671kJ/kg (48)

Sincedys is supplied by—q4; (regenerator),

OH = O34 = 876.2kJ/kg (49)

- WNET . 671 .
Mh == = 5763~ 0.766 (50)

NOTE:
OH = O34 = RTzIn11 (51)
gL = —19, = RTyIn11 (52)
Q- T3-T1 975 B -
NtH = @ . 12735 0.766= Carnot efficiency (53)



3 Homework 3 Solutions;
3.1 Problem 1; 11:36

Consider an ideal steam reheat cycle where steam entersgiviessure turbine at@ MPa, 400°C, amd then
expands to B MPa. It is then reheated to 400 and expands to 1kPa in the low-pressure turbine. Calculate the
cycle thermal efficiency and the moisture content of themtksaving the low-pressure turbine.

Turbine

Q

Sate 3: High-pressure turbine entrance.

Py =4 MPa, T = 400°C = hg = 321351kJ/kg, S5 = 6.7689k£|;—JK (54)

State 4: High-pressure turbine exits = s3 = hy = 2817.77kJ/kg
Sate 5: Low-pressure turbine entrance.

kJ

Ps = 0.8 MPa, Ts = 400°C = hs = 3267.07kJ/kg, 5 = 7'5715kg—K (55)

Sate 6: Low-pressure turbine exit. Use entropy to find the moistamrgentxg:

S=S%= 7.5715£ = two-phase state (56)
kg-K
_ S—St  7.5715-0.6492

o= =g —Eop  —L0.92285 (57)
he = hs +Xghtg = 19181+ 0.92285 239282= 240002kJ /kg (58)

Sate 1: Pump entranceP; = 10kPa, v; = 0.00101m?/kg, hy = 19181kJ/kg

Sate2: Pump exit. Pump is reversible and adiabatic. Assume incessiirle flow.

wp = vy (P, — P1) = 0.0010%4000— 10) = 3.94kJ/kg (59)
hp = h1 +wp =19181+3.94=19575kJ/kg (60)
Wr tot = hg —ha+ hs —hg = 321351281777+ 3267.07— 240002= 126279kJ/kg (61)
On1 = hz—hy; =321351-19575=301776kJ/kg (62)
OH = Qu1+hs —hg = 301776+ 326707—2817.77= 346706 kJ/ jg (63)
Novele — (WT tot — Wp) _ 126279—3.94 _[03631 (64)

o 346706



3.2 Problem 2;

Consider a 600/W reheat-Rankine cycle steam power plant. The boiler pregsurO00psia, the reheater pressure
is 200 psia, and the condenser pressure ipda. Both turbine inlet temperatures are 1080 The water leaving the
condenser is saturated liquid. Determine the thermal effayi of the power plant and the boiler mass flow rate in
[bm/hr.

State 3: HP turbine entranceé? = 1000psia, Ts = 1000°F, h = 150586 Btu/lbm, s3 = 1.653O,E;9R
Sate 4: HP turbine exitP, = 200psia, 4 =3 = 1.6530@7‘_"?. Interpolatinghy = 129758 Btu/lbm
State 5: LP turbine entrance®; = 2000psia, Ts = 1000°F, hs = 152928 Btu/Ibm, S5 = 1.8425”5‘:1‘,‘R
Sate 6: LP turbine exit.Ps = 1 psia, s = S5 = 1.8425@7‘_}{

 s—s 18425-01323
o= o = T Tgaer  ~ 09264 (65)

he = ht +Xghtg = 69.57+0.9264- 103611= 102941 Btu/Ibn, (66)

Sate 1: Pump entrance, saturated liquR].= 1 psia, h; = 69.57 Btu/lbm, vi = 0.016136ft3/1bp,
Sate 2: Pump exit.”, = 1000psia

Wp=h1—h2= —Vl(Pz—Pl) :>h2=h1+V1(P2—P1) (67)
Converting pressures intb/ ft2, we getP; = 1441b/ ft?> andP, = 1440000b/ ft2.

1.285.10°3Btu

Wp = 0.016136144000- 144) - - ——— = 2.983Btu/Ibm = hp = 72.55Btu/ by (68)
WNET  (h3—hg) + (hs—hg) + (h1 —hp)
= = =10.4235 69
= Qm (hs—hp) + (hs —h—4) (©9)
. 1Btu/s

. ch(j e chcl e 36005 7
m= = . =1{2.9033-10" Ibm/hr 71
wnetr  (h3—hg) +(hs—he) +(h—1—hy)  1hr il ()



3.3 Problem 3: 11.45

A power plant with one open feedwater heater has a condesre@eerature of 4%, a maximum pressure of Pa,

and a boiler exit temperature of 9@ Extraction steam at WPato the feedwater heater is mixed with the feedwater
line so the exit is saturated liquid into the second pumpd Eire fraction of extraction steam flow and the two specific
pump work inputs.

g

| :
Boiler ®

Fesdwater ®yms
heater

®
|
s

Sate 5: Boiler exit/turbine entrancés = 437529kJ/kg, S5 = 7-87271<S—.JK
Sate 6: Turbine is reversible and adiabatsy:= s = S5

Ps=1MPa, 55= 7'8727|$—-JK = hg = 356939kJ /kg (72)

Sate 1: Condenser exit/pump 1 entrante.= 188.42kJ/kg, vi = 0.00101m?/kg, P, = 9.593kPa
Sate2: Pump 1 exitP, =P

Wp1 = hp — hy = vy (P, — P1) = 0.0010%41000— 9.593) = [ 1.0 kJ /kg (73)

= hp = hy +Wpy = 18842+ 1.0= 18942kJ /kg (74)

State 3: Feedwater exitP; = P, h3 = 76279,v3 = 0.001127m3/ kg The extraction fraction can be expressed as
y= % From the energy equatiofil — y)h, + yhg = hz

hs—h, 76279— 18942
= = =10.1696 75
Y= he—h, 356939_ 18942 (75)

Sate4: Pump 2 exitP,=Ps

Wp2 = h4 — h3 = V3(P4 — pg,) = 0.0011216000— 1000) =|5.635 kJ/kg (76)



4 Homework 4 Solutions:

41 Problem 1: 12.22

A Brayton cycle produces 1MW with an inlet state of 17C, 100kPa, and a compression ratio of 17 : 1. The heat
added in the combustion is 9&0. What are the highest temperature and mass flow rate of &ig psoperties from
Table A.7.1?

The specific heat varies; therefore it is necessary to gaitfirthe processes individually to find the net work and
highest temperaturgs.

Sate1: Ty = 29015K, P, = 100kPa. From A.7.1h; = 29043kJ/kg, s7, = 6.83521kg—?K
Sate 2: The compression is reversible and adiabatic, so from E®, 8.1

$=8=S,=S1+ RIn% = 6.83521+0.287In17= 7'64834kg|;—JK (77)
3 :
= T, =64236K, hy =65204kJ/kg (78)
From the energy equation with compressor work in,
We = W, = hp —h; = 65204 —29043=36161kJ/kg (79)
Sate 3: Energy equation for the combustor,
hs = hy+ gy = 65204+ 960= 161204 kJ /kg (80)
R kJ
Sate 4: The expansion is reversible and adiabatic so from Eq. 8.19,
=53 =S4 =5S13+RIn P 8.59596+ 0 287Ini =7 78283£ (82)
= Ty =72836K, hy =74414kJ/kg (83)
From the energy equation with turbine work out,
wr = hg—hy =161204—74414=8679kJ/kg (84)
The net work is
Wne = Wr —We = 867.9—-36161=50629kJ/kg (85)

The total power requires a mass flow rate of

_ Whe 14000 KW
M= e ~ 50629ki/kg ~ L21E5ky/S (86)

10



42 Problem 2: 12.36

A large stationary Brayton cycle gas-turbine power plativdes a power output of L0MW to an electric generator.
The minimum temperature in the cycle is 220and the maximum temperature is 1800The minimum pressure in
the cycle is 10(Pa, and the conmpressor compression ratio is 14 : 1. The cosgirhas an isentropic efficiency of
85% and the turbine has an isentropic efficiency of 88%. Qatledhe power output of the turbine. What fraction of
the turbine output is required to drive the compressor? \Wae thermal efficiency of the cycle?

Solve using constai@pg. For an ideal compressa, = 51 = Implemented by Eq. 8.23

k-1

ket
Tos=Th (%) =290(14)%2%° = 6164 K 87)
1
Wcs = h2 — hl = Cpo(Tz — Tl) = 1.004(6164 — 290) =32771 kJ/kg (88)
For the actual compressor,
Sowe = W 32T aenmak) kg = Cro(To— Th) (89)
Nsc 0.85

38554

Ty Ne S090%
=>THh=T1+ Coo 290+ 1004 674K (90)
For an ideal turbinesy = s3 = Implemented by Eq. 8.23
P, ket 1\ 0286
Tus=Ts (53) = 1600(ﬂ) =7528K (91)
wrs = hg —hg = Cpp(Ts — T4) = 1.004(1600— 752.8) = 85063 kJ/kg (92)
For the actual turbine,
= Wy = nsr - Wsr = 0.88-85063= 74856 kJ/kg = Cpo(Tz — Ty) (93)
B W 74856
Ta=Ts Cog 1600 1004 8544K (94)
To calculate the overall net work and the cycle efficiency,
WNET = Wr —We = 74856 — 38554=36302kJ/kg (95)
. Wher 100000 kw
= = = 27547k 96
M= Wner 36302 ki/kg 9/s (96)
WAET = wr = 27547kg/s- 74856kJ/kg = | 206.203MW (97)
we 38554
W~ 74856 0.515 (98)
Energy input is from the combustor,
gn = Cpo(T —3—T,) = 1.004(1600— 674) = 9297 kJ/kg (99)
. WNET . 36302 .
NTH = w9297 0.3905 (100)

11



4.3 Problem 3: 12.41

An air-standard Ericsson cycle has an ideal regeneratat islsupplied at 95 and heat is rejected at 8D. Pressure
at the beginning of the isothermal compression process ¥°Pa0The heat added is 7080 /kg. Find the compressor
work, the turbine work, and the cycle efficiency.

Identify the states:

Heat supplied at high temperatuiig:= T4 = 950°C = 122315K
Heat rejected at low temperaturf: = T, = 0°C = 35315K
Beginning of the compressio; = 70kPa

Ideal regenerator:

203 = —491 = OH = 304 = 700kJ /kg (101)
= wWr =gy =| 700kJ/kg (102)
35315
NTH = Ncarnor = 1— 122315 0.7113 (103)
WNET = NTHOH = 0.7113- 700= 497.895kJ/kg (104)

We = gL = Qn — WneT = 700— 497.895= | 202105kJ /kg (105)

12



44 Problem 4: 12.53

An afterburner in a jet engine adds fuel after the turbing thising the pressure and temperature due to the energy of
combustion. Assume a standard condition of 8Q@50kPa after the turbine into the nozzle that exhausts akPh
Assume the afterburner adds 4F kg to that state with a rise in pressure for the same specifimwve]and neglect
any upstream effects on the turbine. Find the nozzle exitoigl before and after the afterburner is turned on.

Without afterburnerT; = 800K, P, = 200kPa, P, = 95 kPa

With afterburnervs = vy, P, — 95kPa
N
| > 2

> =

Assume reversible adiabatic nozzle flow, then constémim Eq. 8.23

(k1) 0.2857
ko
T2—T1<%) = 800K - (%)) = 6068 K (106)

Energy Equation:

1 J
5V8 =Co(Ti—To) = Vo = \/2Cp(T1 —T2) = \/ 2:1004; " (800 6068) K =[6228m/s|  (107)

Add thegag at assumed constant volume then energy equation gives

JdaB 425
T3=T1+— =800+ —— =139263K 108
3=t o717 (108)
V3=Vvi=P;=P <$) = 25kPa- 139263:4352 kPa (109)
1
Reversible adiabatic expansion, again from Eq. 8.23
(1) 0.2857
P\ 95
T4_T3<53> =139263- (FE;Z) =9015K (110)

J
= _ f— . _— —_ —
Vo =/2Ch(Ta—Tg) = 4|2 1004, " (139263 9015) K = 99302m/s (111)

Comment: The real process adds some fuel that burns rejeas@rgy so the temperature goes up and due to the
confined space then pressure goes up. As the pressure gdesexittvelocity increases altering the mass flow rate
through the nozzle. As in most problems the real device issnsomplicated than we can describe with our simple
analysis.

13



5 Homework 5 Solutions;
5.1 Problem 1; 12.70

A gasoline engine takes air in at 360 90 kPa and then compresses it. The combustion adds k00Kg to the air
after which the temperature is 2080 Use variable heat capacities (Table A.7) and find the cossgoe ratio, the
compression specific work and the highest pressure in tHe.cyc

Standard Otto cycle, solve using Table A.7.1.
State 3: T3 = 2050K, uz = 172571kJ/kg
Sate 2: Combustion Process

Up =Uz—Qn = 172571—1000= 72571kJ/kg (112)
= T, =9605K, s7 —80889£ (113)
2= d y ST2 =0, kg K
Sate 1: Compression from 1 to 213 = 21436kJ/kg, 51 = 6.86926@—?}(, S =S = From Eq. 8.19
. o PRY o Tova
0=sr,—sr;—Rin (P1> =Sr2—Sr1—RIn (T1V2> (114)
= 8.0089—- 6.86926— 0.287In 9605) _ 0.2871In bl (115)
300 )
. Vi
Sol — =121.89 116
oving= =~ (116)

Comment: This is much too high for an actual Otto cycle.

— Wy =Up— U = 72571—21436=|51135kJ/kg (117)

Highest pressure is after combustion wheye- v, so we get

Py = P2$ =P (%) (ﬁ) = 90 <%J> :21.89=|1346MPa (118)
2 1

V3

14



5.2 Problem 2: 12.90

A diesel engine has a state before compression dfF25 300K, a peak pressure of 600@Pa, and a maximum
temperature of 2408. Find the volumetric compression ratio and the thermal efidy. Use the properties from
Table A.7.

Compression:
Sate 1: Ty = 300K, u; = 214.36,5, = 6.869 kgK
Sate2: s, =5 = From Eq. 8.19

o o P 6000 kJ
st2=sr1tRIn <El> _6869+0287In< 95 > _80588kg—K (119)
A.7.1= T, =93532K,h, =97290kJ/kg (120)
State3: hy = 275578kJ/kg, Sp3° = 9.195865%
gn = h3 —hy =275578—-97290= 178288kJ /kg (121)
Vi T P> 300 6000
CR= =) (Z2) =0z ) [ == ) =]20.26] 122
i (2)(5) - (es2) () 122
Expansion process
. . Py Ta
St4= ST3+RIn(Pg,> 5'|'3+R|n<_|_ )+Rln <v4> (123)
V3 \'%) Ts Ta 1 2400 1
= =~ === =—=) === ) =0.1267 124
u <vl) < > <T2) <CR> (93532> (20.26> (124)
st4—RIn (?) =sr3+RIn (%) =9.1958+0.287In01267= 8.6029 (125)
4 3
Trial and error orl, since it appears both &}, and the In function
=1300K, LHS=8.4405-0.287In 1300) _ 8.6160 (126)
2400
1250
T4 =1250K, LHS=8.3940-0.287In =8.5812 (127)
2400
Now linearly interpolate= T, = 12807 K, us = 100481 kJ/kg
gL = Us—up = 100481 —21436= 79045kJ /kg (128)
aL 79045\
n=1- (qH)_l (178288 =|0.5566 (129)

15



5.3 Problem 3: 11.122

Consider an ideal dual-loop heat-powered refrigeratiatiecysing R-134a as the working fluid, as shown in Figure
5.3. Saturated vapor at 90 leaves the boiler and expands in the turbine to the ocnd@nsssure. Saturated vapor at

—15°C leaves the evaporator and is compressed to the condenssupeThe ratio of the flows through the two loops
is such that the turbine produces juse enough power to dieveampressor. The two exiting streams mix together
and enter the condenser. Saturated liquid leaving the aesapr at 4%C is then separated into two streams in the
necessary proportions. Determine the ratio of mass flonthateigh the power loop the the refrigeration loop. Find

also the performance of the cycle, in terms of the r%;io

to |
Qr,

E L&~

‘f 5 ¢
Gz A ;
C .

-+ 3 1
G

Oy S
—.<—Y—>.——— "

From Table B.5.1Tg = 90°C sat. vapor Ps = P; = 3.2445MPa

From Table B.5.1T3 = 45°C sat. liquid= P, = P; = P, = 1.1602MPa

Ty = —15°C, hy = 389.20kJ/kg, hg = hy =26411kJ/kg, hg = 42570kJ /kg (130)
C.V. Turbine I
ST=%= 1'6671kg—K =1.2145+ x7-0.4962 x7 = 0.912 (131)
hy =26411+0.912- 157.85= 40809kJ/kg (132)
C.V. Compressor
S =5 = 0.9258= hy, = 429.89kJ/kg (133)
CV: turbine + compressor
Continuity Eq.:my = ip, mg = ny (134)
Energy Eq.mph; + mehg = mphy + mzhy (135)
mg (ho—h;) 42989-—38920
2= = =231 136
My (hs — h7) 42520—-40809 ( )
CV: pump
wp = v3(P5 — P3) = 0.00089(32445 — 11602) = 1.855kJ /kg (137)
hs = hg+wp = 26597 kJ/kg (138)

CV: evaporators Q = iy (hy — hy)
CV: boiler= Q. = rmg(hs — hs)

QU rm(m—hy)  38920-26411
P =8 " Telhe—hs) ~ 231(42570—26507) 2339 (139)

16



5.4 Problem 4: 12.112

A small utility gasoline engine of 25€x runs at 1500RPM with a compression ratio of 7 : 1. The inlet state iskPa,
17°C and the combustion adds 15R0/kg to the charge. This engine runs a heat pump using R-410a witbha
pressure of MPa and an evaporator operating &0 Find the rate of heating the pump can deliver. Overall cycle

efficiency is from Eq. 12.12,, = % =7
N =1-rt*=1-7"94-05408

WNET = N7H - GH = 0.5408- 1500= 81127kJ/kg

We also need specific volume to evaluate Egs. 12.9t0 12.11

RT; 0.287 kg—JK 290K .
Vi=p, 75kPa m/kg
-\
Vo= 5 = 0.15853m°/kg
Poorf = WNET 81127 kK/kg — 8529kPa

vi—Vz  1.097—0.15853m3/kg
Now we can find the power from Eq. 12.11 (assume 4-stroke eqgin

: RPM 1 1500
W = Prref fVaispl —en- = = 8529-2.5-10%

1
60 2 50 2 2>065KW

For the refrigeration cycle we have:
Sate1: hy =27912kJ/kg, s1 = 1.0368k‘!§—_3K
State 2: P, =4 MPa, 5 = 51, interpolate= hy = 32381kJ/kg
State 3: P; = 4 MPa, interpolate=- hs = 171,62kJ/kg
gu ho—hz 32381-17162

% _ — 3.405
Bup we h,—h;  32381-27912

The work out of the heat engine queals the input to the heappum

Qu = BHPW = 3.405. 2.665kKW =| 9.07 kW
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6 Homework 6 Solutions:

6.1 Problem 1: 13.20

A 100 nm? storage tank with fuel gases is at 3R0 100kPa containing a mixture of acetyler@H,, propaneCsHg
and butan€,Hi. A test shows the partial pressure@H, is 15kPa and that ofCsHg is 65kPa. How much mass is

there of each component?

Assume ideal gases, then the ratio of partial to total pressithe mole fractiony = %

15 65 20
=_—=0.15 =_— =0.65 =—=0.20 148
Yot = 700  YesHs = 700  Yeahio = 705 (148)
Mot = N 100kPa-100n° _ _ 4.0091kmol (149)

= kJ
RT  8.31451 -5+ - 300K
Me,H, = (NM)c,H, = Yo,H,MatMc,H, = 0.15-4.0091kmol - 26.038kg/kmol = 15.659kg (150)
MeaHg = (MM)Cahg = YCsHg Mot Mg = 0.65-4.0091kmol - 44.097kg/kmol = | 114.905kg (151)

McyH g = (nM)C4H10 = YC4H1p Mot MC4H10 =0.20-4.0091kmol -58.124kg/kmol = 46.604kg (152)
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6.2 Problem 2: 13.29

A flow of 1 kg/s argon at 30K and another flow of kg/sCO, at 1600K both at 200kPa are mixed without any
heat transfer. Find the exit,P using variable specific heats.

No work implies no pressure change for a simple flow.

P.= (153)
The energy equation becomes

mh; = mhe = (mh;) or + (Mhy)co, = (Mhe)ar + (Mhe)co, (154)
= o, (he — hi)co, + MarCrar (Te—Ti)ar =0 (155)
= 1kg/s- (he—174812kJ/kg) + (1-0.52) KW /K - (T — 300K) = 0 (156)
heco, +0.52Te = 174812+ 0.52- 300= 190412kJ/kg (157)

Trial and error ore using Table A.8 foheco,
Te=1200K : LHS=122334+0.52-1200= 1847.34 (158)
Te=1300K : LHS=135228+ 0.52-1300= 202828 (159)

Interpolating,

a0 o2 1T
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6.3 Problem 3: 13.46

A mixture of 2kg oxygen and Xg argon is in an insulated piston cylinder arrangement atkPaQ300K. The piston
now compresses the mixture to half its initial volume. Fihe final pressure, temperature, and the piston work.

C.V. Mixture. Control mass, boundary work, adiabatic argliage reversible.
Energy Eq. 5.11up — U1 = 10y — Wy = — W,

Entropy Eq. 8.37—5=0+0=0

Process: cosntast= PVK = constanty, = "—21
Assume ideal gaseg(>> T¢) and usenyix andCypy for properties.

kJ
Eq. 13.15Rmix = zCiRi =0.5-0.25983+0.5-0.20813= 0'234kg—-K

Eq. 13.23Cpmix = ¥ GCpi = 0.5-0.9216+0.5-0.5203=0.721 kgl;—JK

kJ
Cvm'x = CF’rrix — Rrix = 0.487 —kg K

Ratio of specific heatkmx = (évp—n';‘l': = 1.4805 The relations for the polytropic process

k
Eq. 8.25:P, = P1<%) = Py(2)% = 150(2)148% = | 4185 kPa
2

k—1
Eq.824T,=T, (%) =Ti(2)" ! =300(2)8%°= | 4186 K
2

Work from the energy equation

kJ
AWy = Mgt (Ug — Uz) = MtCy(Ty — To) = 4 kg- 0.487( " (300 4186) K =[ -2311
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6.4 Problem 4: 13.54

Carbon dioxide gas at 320 is mixed with nitrogen at 28& in an insulated mixing chamber. Both flows are at
100kPa and the mass ratio of carbon dioxide ot nitrogen is 2 : 1. Hiedetxit temprature and total entropy generation
perkg of the exit mixture.

CV mixing chamber. The inlet ratio is stoco, = 2y, and assume no external heat transfer, no work involved.
Continuity Eq. 6.9my, + 2y, = Me = 3, (169)

Energy Eq. 6.10my, (hn, — 2hco,) = 3N, Nimixex (170)
Take 30K as reference and write= h3po+ Cppix( Trixex — 300)

Cen, (Tin, —300) + 2Cpco, (Tico, — 300) = 3Cpmix(Tmixex — 300) (171)

Comix =  GCri = g .0.842-+ % .1.042— 0.9087k£ (172)
g-K

3Chrmix Tmixex = Cpn, Tin, + 2Cpco, Tico, = 830.64kJ/kg (173)

Trvixex = (174)

To find the entropies we need the partial pressures, whiehh@sg ideal gas are equal to the mole fractions times
the total pressure:

yi = ['&_I'c] (175)
3wy
35058
YN = 53333, 06666 — 044 (176)
28013 T 4401
Yco, = 1-— YN, = 0.56 (177)
Syen = MexSex — (MS)ico, — (IMS)in, = N, (Se — SN, + 2, (Se — S)co, (178)
Sen 1 Tex 2 Tex
= = — |Cppn, IN=—— | — |G In— — | 179
3y, 3 PN, nTiNz R\, INYN, | + 3 | Cpeos nTicoz Reo, Inyco, (179)
1 3047 2 3047
=3 [1.042In(m) —O.2968In044} + 3 [0.842“’1(%) —0.1889In056} (180)
. kJ
S = 01561 (181)
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7 Homework 7 Solutions:

7.1 Problem 1: 13.73

Ambient moist air enters a steady-flow air-conditioningtuati 105kPa, 30°C, with a 60% relative humidity. The
volume flow rate entering the unit is 1Q0's. The moist air leaves the unit at 88a, 15°C, with a relative humidity
of 100%. Liquid condensate also leaves the unit &C1®etermine the rate of heat transfer for this process.

Sate 1:
R/1 = @1Ps1 = 0.60- 4.246kPa = 2.5476kPa
2.5476
wp = 0.622- To5 25476~ 0.0154668
PaVe  10245.0.1
- - =0.1178k
M= R\T, ~ 0.287-303156 9/s
State 2:
R/2 = Pgy = 1.705kPa
1.705

Energy Eq. 6.10: _
Qcv + Mahat + My1hyy = Mahao + myahyz + igh s

% = Cpoa(T2 — T1) +Wahy2 —wihy + (Wp —Wp)hi 3

= 1.004(15— 30) + 0.1137- 252891 — 0.0154668 255625+ 0.00456 63.0= —26.732kJ /kg air

Qov = 0.1178—26.732) = | —3.088kW
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7.2 Problem 2;: 13.103

Use a psychrometric chart to find the missing propertymiw, Twet, Tary

a. Tgry = 25°C, @ = 80% C. Tary = 20°C, w = 0.008
b. Tyry = 15°C, ¢ = 100% d. Tgry = 25°C, Ty = 23°C

a. 25C, p=80%=| w=0.016 Tya =223°C|

b. 15C, ¢ =100%=>| @ = 0.0106 Tya = 15°C|

c. 20C, w= o.oos;»\ ©=57% Tyg = 14.4°C \

d. 25°C, Tye = 23°C :»\ w=0017, ¢= 86%\
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7.3 Problem 3: 14.35

The Joule-Thomson coefficieny is a measure of the direction and magnitude of the temperahiamge with pressure
in a throttling process. For any three propertiggz use the mathematical relation

(3).(3),(5), 159
dy),\0z),\9x/,
to show the following relations for the Joule-Thomson caoeéffit:

ad
_ (9T ,T(%)p_vaTz 9z (196)
H=\ap ).~ c e, l\aT ),

Letx=T, y= P andz= hand substitute into the relations as

(), ()

Then we have the definition of specific heatGas= (‘7—$) o so solve for the first term

1
oT G 1 (ah)
,,,J:(_) ___ &% __1/(on (198)
oP ap oP
v (&), FNPA
The last derivative is substituted with Eq. 14.25 so we get
a
_ (9T 7T("__¥ )_P_V (199)
H=\wp),~ " &
If we use the compressibility factor then we get
ov ZR RT [0z v RT [0z
PV=ZRT=(— | ==—+— (=) ==+—= (= 200
:><0T>P PP (aT)p TP (aT)p (200)
so then 5 5
ov RT< (07 RT= [0z
(o), (5, (), o
and we have shown the last expression also.
d
_ (9T fT(%)P_VfEZ 9Z (202)
W=\ ).~ ¢ ot ),
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7.4 Problem 4: 14.77

Developgeneral expressions for changes in internal energy, enthalpy, ardgy for a gas obeying the Redlich-
Kwong equation of state.

a

. . _ RT
Redlich-Kwong equation of stafe= V_b V1D (203)
oP R a
) = 204
<0T)v v—b+2v(v+b)T3/2 (204)
From Eqg. 14.30
Vo+Db V1
—up = T,v)dT / —_— / In 205
temth= / CATVAT | % v+b)Tl/2 (T 2bT1/2 [( V2 )(vﬁ—bﬂ (209)
We find the change ih from change iru, so we do not do the derivative in Eq. 14.27. This is due to ¢henfof the
EOS.
2 . N 3a Vo+b Vi
hy — hl_/l Co(T V)T + Povz —Povy — 5= In [( " ) (Vﬁb)} (206)

Entropy follows from Eq. 14.35

2 dT a/2
sg—sl_/l Cu(T,v)— +/ {v b+v(v+b)T3/2]dv (207)

dt b a Vo+Db Vi
T +RIn (vl—b) - 2b_|_3/2In [( % ) <v1+b>} (208)

S—S1= /CVTV)
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75 Problem5: 14.81

A flow of oxygen at 23, 5 MPa is throttled to 10kPa in a steady flow process. Find the exit temperature and
the specific entropy generation using the Redlich-Kwongaéqu of state and ideal gas heat capacity. Notice this
becomes iterative due to the non-linearity coupln@; vandT.

C.V. Throttle. Steady single flow, no heat transfer and ndkwor
Energy Eq.h; + 0= h, + 2 so constart (209)

Entropy EQ.:s; + Sgen = S SO entropy generation (210)
Find the change ih from Eq. 14.26 assumingp is constant.

RT a

Redlich-Kwong equation of stafe= — 211
geq V—b  v(vib)T2 (211)
oP R a
— ) = 212
<0T>V v—b+2v(v+b)T3/2 (212)
From Eqg. 14.31
2 3a —3a Vo+b Vi
(U2 = Uy)r /1 NVFD)TIZ  25T172 K V2 ) (v1+ b)] (213)
We find change itn from change iru, so we do not do the derivative in Eq. 14.27. This is due to ¢heafof the EOS.
3a Vo+Db V1
hy —hy))t =Povo — Privy — I 214
(he—hy)r = Pavz —Povi— o HK v > <v1+b)] (214)
Entropy follows from Eq. 14.35
2 R a/2 Vo—b a Vo+b Vi
(2—s1)7 = /1 [v—b+ v(v+b)T3/2} dv=RIn (v —b) ~ ST In [( v ) (vﬁ-bﬂ (215)
P; =5040kPa, T = 1546 K, R= 0.2598k5—‘]K (216)
b= 0.08664RL = 0.08664 0.2598 1546 = 0.0006905m°/kg (217)
Pe 5040
215/2 2. 5/2
a= 0.42748Ii =0.42748 (0.25987 (1546) =1.7013 (218)
Pe 5040
We need to find, so the energy equation is satisfied
hy —hy =ha —hy+hy—hy =Cp(T2—T1) + (2 —hy)T =0 (219)

and we will evaluate it similar to figure 13.4, where the fiestt is done from state x to 2 and the second term is done
from state 1 to state x (& = 235K). We do this as we assume state 2 is close to ideal gas, but wetdaowT,.

We first need to find; from the EOS, so guessand findP
vi = 0.011m3/kg = P = 5059 too high (220)

vy = 0.01114m3/kg = P = 50006 OK (221)

Now evaluate the change malong the 23K from state 1 to state x, that requires a valueiprGuess ideal gas at

Ty = 235K,

Rk 235
W= g = 0.2598 To0 = 0.6105m°/kg (222)
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From the EOSP, = 99.821kPa (close) A few more guesses and adjustments gives

Vx = 0.6094m° /kg, P> = 100.0006kPa OK

B 3a Vy+b \%1 B
(hx— hl)T = B — PlVl— oT1/2 In |:< v ) <Vl+b>:| = 19466kJ/kg

- (hk=hyr 19466
Fromenergyeq.T, =T1 = C, =235 0.9055 21351K

Now the change isis done in a similar fashion,

_ _ B v—Db a Vx+Db V1 T
Sen =2 —S1= (%~ ST+ sx—Rln<V1_b> 2bT3/2|n[( “ ><V1+b)]+cp|nTX

=1.0576+0.0202— 0.0868= 0.9910|(£|;—JK
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7.6 Problem 6:

Consider a thermodynamic system in which theretarereversible work modes: compression and electrical. So take

the version of the text’s Eq. 4.16 givirdyV to be

whereé’ is the electrical potential difference add is the amount of charge that flows into the system.

SW = PdV — £dz,

e Extend the Gibbs equation to account for electrical work.

(228)

¢ Find the Legendre transformation which renders the indégetvariables to bB, &£ andT and show how the
other variables can be determined as functions of thes@amttent variables.

¢ Find all Maxwell equations associated with this Legendaas$formation.

Gibbs equation:

Legendre transformation:

Maxwell equations:

dU = 5Q— W, 5Q=Tds
|dU = TdS—PaV + £dZ |

=T, Yp=-P =8 X1=5 %=V, X3=2

s— (

Fi=U—yx,=U—TS
Fo=U—x=U—PV
Fo=U—yaxg=U—&Z

Fioz3=U—TS+PV—_¢&Z

|F(P.£,T) = —SdT +VdP—Zd¢ |

au
T

ou
(%),
)P,@@ P )1
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7.7 Problem 7: 14.113

A 2 kg mixture of 50% argon and 50% nitrogen by mass is in a tankMPa, 180K. How large is the volume using
a model of (a) ideal gas and (b) Redlich-Kwong equation déstath a, b for a mixture.

a) ldeal gas mixture:

Eq. 13.15Rmix = z CiR =0.5-0.20814-0.5-0.2968= 0. 25245k5—‘]K (241)

_ MRyixT  2-0.25245180 3
V= —p = 5000 =10.0454m (242)

b) Redlich-Kwong equation of state:
Before we can do the parameters a, b for the mixture we neaddhivédual component parameters, Eq. 14.54, 13.55.

R2T 5/2 2. 25
=0. 42748— 0.42748% 208111 8%508) = 1.06154 (243)
1>/2 (0.2081)2- (126.2)25
an, = 0.42748—C  —0.42748 =1.98743 (244)
P 3390
0.2081- 1508
Qg T
bar =0. 08664P— 0.0866 2870 0.000558 (245)
RTc 0.2081- 1262
= Y/ bbb
bn, = 0. 08664P— 0.0866 3390 0.000957 (246)
Now the mixture parameters are from Eq. 14.84
2 2
By = (z cat 2) - (0.5- V1.06154+0.5- \/1.987439 — 1.4885 (247)
brix = z ciby = 0.5-0.000558+ 0.5-0.000957= 0.000758 (248)
Using now Eq. 14.53:
RT a
P _ 249
v—b v(v+b)T/2 (249)
2000 0.25245 180 1.4885 (250)

v=0.000758 v(v+0.000758180%/2
By trial and error we find the specific volumes= 0.02102m?/kg

v —mv—[0.04204n7 (251)
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8 Homewrok 8 Solutions:
8.1 Problem 1; 15.20

Calculate the theoretical air-fuel ratio on a mass and masgsifor the combustion of ethan@hHs0H.

Reaction EQ.CoHs0H + v, (024 3.76N2) = aCO» + bH,O + N, (252)
Do the atom balance
BalanceC: 2=a (253)
BalanceH: 6=2b=b=3 (254)
BalanceO: 1+ 2vg,2a+b=4+3=7— vg, =3 (255)
<é> _ V014378 _ 5 476_[1428 (256)
F/ mol 1

A _ Vo,Mo, +V\,Mn,  3-31.999+1128-28013

( F ) mass Mg N 46.069 =18943 (257)
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8.2 Problem 2: 16.20

A container has liquid water at 16, 100kPa in equilibrium with a mixture of water vapor and dry air al4dl&°C,
100kPa. How much is the vater vapor pressure and what is the satimateer vapor pressure?

From the steam tables we have for a saturated liquid:

P, =[1.705kPa], v; = 0.001001m® kg (258)

The liquid is at 10kPa so it is compressed liquid still at 16so from Eq. 14.15 at constant

g~ 91 = [ vdP=V¢(P—Py) (259)
The vapor in the moist air is at the partial pressralso at 20C so we assume ideal gas for the vapor

Gvap — Jg = / vdP = RTIn g (260)
[¢]

We have two saturated phasesyse- gg (q = htg = TStg) and now for equilibrium the two Gibbs functions must
be the same as

P
Ovap = Olig = RTanVg“‘gg:Vf (P—Py) + 0t (261)

leaving us with

R, vi(P—P;) 0.001001100—1705
In P, RT 0461528815 0.0007466 (262)

R, = Pye®0007466_ 1 7063kPa (263)

This is only a minute amount above the saturation pressuoe.meist air applications such differences were
neglected and assumed the partial water vapor pressureiéibegm (100% relative humidity) i$. The pressure
has to be much higher for this to be asignificant difference.
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8.3 Problem 3: 16.24:

Calculate the equilibrium constant for the reactitn=- 2H at a temperature of 2000, using properties from Table
A.9. Compare the result with the value listed in Table A.11.

From Table A.9 at 2008 we find:

— _ kKl =
Ay, = 52942k] /kmol, 4, =188419; ———, hi =0 (264)
— _ kKl o
Ahy, = 35375k)/kmol, §4, = 154279, ———, hj = 217999 (265)
AGO :AH —TAS: HRHS_HLHS_T($HS_$HS) (266)
= 2. (35375217999 — 52943 20002 154.279— 182419) = 213528kJ /kmol (267)
Ink — 28 —213528 _ 158407 (268)

RT 831452000

|K = 2.6507-10°9| (269)

Table A.11: I'K = —12.841 OK
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8.4 Problem 4: 16.34

Pure oxygen is heated from Z5to 3200K in a steady flow process at a constant pressure okBa0Find the exit

composition and the heat transfer.

The only reaction will be the dissociation of oxygen
0, & 20, From A.11:K (3200 = e 3%%9—0.046467

Look at initially 1 mol Oxygen and shift reaction witkh
No, =1—X No=2X, Ngt =1+X, yi = AL
Niot

(Yo (PN 4@ 1ix . 128
C¥3, \P S (14x21-x  1-x%
,  Kj12

X = —r
1+K/12

1-x
Yo, = Trx =|0.883| yo=1-Yyo,=|0.117

X_

=x=0.06211

q= nozaﬁoza + nOaHOa - HOzin =(1+Xx) (Yo, Hoz + yoﬁo) -0
Hoz =106022kJ/kmol, ﬁo = 2491704 60767= 309937kJ/kmol = q= 137947kJ/kmol O,
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9 Homework 9 Solutions;
9.1 Problem 1; 15:70

An isobaric combustion process receives gaseous befgefgeand air in a stoichiometric ratio &, Tp. To limit the
product temperature to 2260liquid water is sprayed in after the combustion. Findkimel of liquid water adder per
kmol of fuel and the dew point of the combined products.

The reaction for stoichiometric mixture withandH balance done is:

CsHg + Vo, (024 3.76Np) — 3H2,0+ 6CO, + cNy (278)
Obalance: 20, =3+6-2=15=Vvp, =75 (279)
N balancec = 3.76vp, = 3.76-7.5=28.2 (280)

With x kmol of water added pémol fuel the products are
Productsi(3+ x)H,0+ 6CO, + 28.2N, (281)

Energy Eq.Hr = Hg+ XNt} o 1ig = HE + AHp = H3 + X1} 6 o+ (3+X)Bhiy0 + Bhco, + 2820y, (282)

Where the extra water is shown explicitly. Rearrange to get

H& — Hp — 6Ahco, — 28.2Ahn, — 3Ahk,0 = X(Nf}y 6 vap — Ny 0 1ig + ANky0) (283)
40756 78.114— 6103562 28.2-63362— 3- 83153= x| 241826 (—28583( -+ 83153 (284)
525975= x(127157 = | x = 4.1364kmol /kmol fud! | (285)
Dew point:yy — — % _ 01862 (286)

POt = 612827 x
= R/ =P =0.1862101325= 18.86 kPa (287)

B.1.2:| Tyey = 58.7°C (288)
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9.2 Problem 2: 15.81

A stoichimetric mixture of benzen€sHg and air is mixed from the reactants flowing at’@5100kPa. Find the
adiabatic flame temperature. What is the error if constaatifip heat afly for the products from Table A.5 are used?

CgHg + V0202 + 3.76V02N2 — 3H,0+6CO, + 3.76V02N2 (289)
Vo, = 6+g =75= VN, =282 (290)
Hp = HS + AHp = Hg = H3 = (291)
AHp = —Hgp = 40576 78.114= 3169554J/kmol (292)
AHp = 6hco, + 3hi,0 + 28.2hy, (293)
AHp 2600 = 6(128074 + 3(10452Q -+ 28.2(77963 = 3280600 (294)
AHp 240 = 6(115779 + 3(93741) + 28.2(70640 = 2968000 (295)
Linear interpolation=- | Tap = 2529K
Z ViC_Pi =6-0.842-44.01+3-1.872-18.015+28.2-1.042-28.013= 114666 7km|(()\|] K (296)
ar— AHe 3109554 .4, (297)

"~ SvCpi 114666

= Tap = 3062K, | 21% high (298)
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9.3 Problem 3: 16.49

Water from the combustion of hydrogen and pure oxygen is @88and 50kPa. Assuming we only havel,O, O,

andH, as gases, find the equilibrium composition.

With only the given components we have the reaction
2H,0 < 2H, + Oy

which at 380K has an equilibrium constant from A.11 ofdn= —1.906.
Assume we start with Rmol water and let it dissociateto the left then

Species H,O Hy; O
Initial 2 0 0
Change —-2x 2x
Final 2-2x 2x X

Total: 2+ x

Then we have )
2 2+1-2 2
K — o 1906 _ YHpYOr (P) e (3%) 7 50

Ro \B) gz 10

which reduces to 5
1 4311

0.148674= ——~——~~ orx® = 0.2973481 — x)%(2
1-x22+x42 " 1372+

Trial and error to solve fox = 0.54, then the concentrations are

2—-2x

YH,0 = 2 x

X
0362 Yo, = 5 = 0213 yw, = 5

X o425
X
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9.4 Problem 4: 16.54

A tank contains (L kmol hydrogen and @ kmol of argon gas at 2&, 200kPa and the tank keeps constant volume.
To whatT should it be heated to have a mole fraction of atomic hydrpigeof 8%?

y2 p 2-1
For the reactiom, < 2H, K = 22 (—) (303)
YH, \Po

Assume the dissociation shifts right with an amoxyrthen we get
Assume we start with Rmol water and let it dissociateto the left then

Reaction H, < 2H also, Ar
Initial 0.1 0 01 )
Change X o 0 Total: 0.2+ x
Equilibrium 01-—x 2X 0.1
_ 2 008= x—0.008333 (304)
M=021x v
We need to find' soK will take on the proper value; sin¢e depends o® we need to evaluate first.
= — T,
PV = anTl, PV =nRTh =P, = Plﬁ (305)
111

where we have; = 0.2 andn, = 0.2+ x=0.2083

2-1 2
v (P (2x)> 200 T
k=Y (D) _ = — 0.0001016 306

Yy <Po (0.1—x)n, 1000.2- 29815 2 (306)

Now it is trial and error to get, so the above equation is satisfied witHrom A.11 atT,.
3400K : InK = —1.519, K =0.2189 RHS=0.34544 error = —0.1266 (307)

3600K: InK =-0.611 K =0.5428 RHS=0.36576 error = 0.1769 (308)

Linear interpolation between the two to make zero error

0.1769
T = 3400+ 200- 01769+ 0.1266 348343K (309)
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95 Problem 5;

Consider the reaction of heptane and air:
ViC7H16+ V5(O2 + 3.76N;) = v5CO, + V/HoO + VECO+ V{NO + V/NO, + VEN, (310)

Find the most general set of stoichiometric coefficientslierreaction.

Vi
V2
C 7 0O 1 01000 V3
H 16 0 0 2 0 0 0 O va |
olo 2 211120[)uv (0 (311)
N 0O 752 0 0 0 1 1 2 Vg
V7
Vg
Row echelon form:
1 0 0 0 222 —-34/1019 -16/203 14/579
01 00 0 25188 25188 2594 {v }70 (312)
0 0 1 0 1522 103441 114)2068 —175/1034 o
0 0 0 1 —-4/11 67/251 326/517 —53/274
1000 V1 —35Vs 1°%§V6 2o.v7 5759\;8
0O 1 0O Vo _ 0 }8§VG fg 1% _?4‘}8 (313)
0010 V3 —4%—2v —%771 —@v 118§4V8
0001 va 115 #iVe —EVT Vs
From there the four stoichiometric equations can be wribign
1 34 16 14
Vi, = —2—2V5—|— —1019V6—|— ﬁ\h — ﬁ)vS (314)
25 25 25
15 103 1141 175
V3= "55Y5 " 4416 2068”7 T 1034”8 (316)
4 67 326 53
— Ty 317
Va= 1%~ 2516 T 5177 T 274" (317)
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10 Homework 10 Solutions:

10.1 Problem 1:

PIotgversusT € [300K,5000K] for He, Ar, H, O, Hz, Oy, H20, andH,0,. Use thechemkin software package to
generate values ai(T).

Helium Argon
12000 T T T T 12000 T T T T
10000 B 10000 - 1
8000 B 8000 1
5 3
& 6000 1 & 60001 1
£ =<
4000 B 4000 - 1
2000 B 2000 1
0 . . . . 0 . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Temperature [K] Temperature [K]
x10* Hydrogen, Monatomic x10* Oxygen, Monatomic
3.8 T T T T 4.2 T T T T
361 1 4 |
3.8F 1
3.4r B
= z 36r 1
x 32F B 14
£ o
S > 34t 1
3l 4
3.2 1
281 , sl ]
26 . . . . 28 . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Temperature [K] Temperature [K]
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25

15

u, IR K]

0.5

0.5

Hydrogen, Diatomic

5000

x 10
. . . .
1000 2000 3000 4000
Temperature [K]
x10* Water
. . . .
1000 2000 3000 4000

Temperature [K]

5000

40
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0.5

5000

x 10 Oxygen, Diatomic
. . . .
1000 2000 3000 4000
Temperature [K]
x10° Hydrogen Peroxide
. . . .
1000 2000 3000 4000

Temperature [K]

5000



10.2 Problem 2

Consider a Hydrogen dissociation reaction,

Ha+Hp = 2H + Hy (318)
For this reaction
a=223.102 C':; K: (319)
B=05 (320)
E= 92600ﬂ%Ie (321)

Consider an isochoric, isothermal reaction in whigl) = 1 kmole, ny = 0 kmole att = 0, and for whichT =
5200K andP = 1500kPa.

a) Formulate the reaction kinetics in the form _
d _
X — f(pre) (322)

b) Find all equilibria.
c¢) Ascertain the stability of each equilibrium point.

d) Use any appropriate numerical method such as Mathersatib&olve, MATLAB, or a straightforward Euler
method to integrate the governing differential equatiamfithe initial state to the equilibrium state.

e) Repeat this usinghemkin to generate the reaction rates atigode to integrate the differential equations.

f) Plot the Gibbs free energ = nn,0H, + NHOH, as a function of time.

Formulation of the reaction kinetics:

dp_H2 o B ;é N —V|'< 1 N —Vi
T viaTFPerr lepk 1- E lepk (323)
1
a=2.23-10° w, E = 387,6236 kJ/kmol (324)
kmol - s
_ P 1500kPa
=— = = 0.034696kmol /m® 325
(Pre)io = RT = §.314 19, -5200K / (829)
_ Mahoo _ pggpnp (326)
(rhOHz)t:O
1 1
—dnH2 = inH — — (nH2 — (nHz)tzo) = E (nH2 — (nHz)t:O) (327)
Ny = 2(1kmol —ny,), rhoy =2 Lkmol o (328)
H= Ho/» TR = 2\ 28.82m8 Ho
dp: —E _ — 1 _
B2 — v aTeF (B, (50)% (1- (B 5w)" ) (329)
Vi, =2,V =0, Vig, = —1, vy =2 (330)
dp_H2 [g ;E — 2 ( 1 5E| >
—= = —aflFferr - 331
dt (sz) kc sz ( )
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K(T) = aTPerr = —2.0532 107

Z|:lv| _
ke = (ﬂ) el 7 ), AG = 1795642 k3 /kmol = k; = 0.14723

dpw,
dt

= 2
— —2.0532-10"- g, <1 1 [2(0.034696- prp)] )

"~ 0.14723 PH,

Find all equilibria: B
i . d
Equilibria are located at the points Whe%2 =0.

dpr —
£ — 0 when|pr, = {0,0.01290.0933 |
Ascertain stability:
d2
For stability, —2 must be negative. Therefore,

e p =0is unstable
e p=0.0129 s stable
e p =0.0933 is unstable and non-physical
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