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16-2

Kp and Equilibrium Composition of Ideal Gases

16-1C No, the wooden table is NOT in chemical equilibrium with the air. With proper catalyst, it will reach with the oxygen
in the air and burn.

16-2C They are

J ) Neno (p Y
=i K ze—AG(T)/R,,T and KP=M

K VipVs p v v,
PAA PBB NAA NBB N

p

total

where Av =v. +vp —v —Vvp. The first relation is useful in partial pressure calculations, the second in determining the K,
from gibbs functions, and the last one in equilibrium composition calculations.

16-3C (a) No, because K, depends on temperature only.

(b) In general, the total mixture pressure affects the mixture composition. The equilibrium constant for the reaction
N, +0, < 2NO can be expressed as

(VNo—VN, ~V0,)
NVN() P 2 2
_ NO
KP - ]\JVN2 ]\/VO2 Ntotal

N, 0,

The value of the exponent in this case is 2-1-1 = 0. Therefore, changing the total mixture pressure will have no effect on the
number of moles of N,, O, and NO.

16-4C (a) The equilibrium constant for the reaction CO + % 0, < CO, can be expressed as

K,=

Nég)zz ( P ‘J(Vcoz “Vco—Vo,)
NN \Niow
Judging from the values in Table A-28, the K, value for this reaction decreases as temperature increases. That is, the
indicated reaction will be less complete at higher temperatures. Therefore, the number of moles of CO, will decrease and
the number moles of CO and O, will increase as the temperature increases.

(b) The value of the exponent in this case is 1-1-0.5=-0.5, which is negative. Thus as the pressure increases, the term in the
brackets will decrease. The value of K, depends on temperature only, and therefore it will not change with pressure. Then
to keep the equation balanced, the number of moles of the products (CO,) must increase, and the number of moles of the
reactants (CO, O,) must decrease.
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16-3
16-5C (@) The equilibrium constant for the reaction N, < 2N can be expressed as

. - NI‘:JN[ p J(VNVNZ)

p 1%
N N2 Ntotal
N,

Judging from the values in Table A-28, the K, value for this reaction increases as the temperature increases. That is, the
indicated reaction will be more complete at higher temperatures. Therefore, the number of moles of N will increase and the
number moles of N, will decrease as the temperature increases.

(b) The value of the exponent in this case is 2-1 = 1, which is positive. Thus as the pressure increases, the term in the
brackets also increases. The value of K, depends on temperature only, and therefore it will not change with pressure. Then
to keep the equation balanced, the number of moles of the products (N) must decrease, and the number of moles of the
reactants (N,) must increase.

16-6C The equilibrium constant for the reaction CO+ % 0, < CO, can be expressed as

K,=

NEB‘)Z P Voo, ~Veo—Vo,)
2
V,
N Veo N, 02 \ N total
co Vo,

Adding more N, (an inert gas) at constant temperature and pressure will increase N, but will have no direct effect on other
terms. Then to keep the equation balanced, the number of moles of the products (CO,) must increase, and the number of
moles of the reactants (CO, O,) must decrease.

16-7C The values of the equilibrium constants for each dissociation reaction at 3000 K are, from Table A-28,
N, ©2N < InK, =-22.359
H, ©2H<InK, =-3.685 (greater than -22.359)

Thus H, is more likely to dissociate than N,.

16-8C (a) This reaction is the reverse of the known CO reaction. The equilibrium constant is then
1/ Kp

(b) This reaction is the reverse of the known CO reaction at a different pressure. Since pressure has no effect on the
equilibrium constant,

1/ Kp
(c) This reaction is the same as the known CO reaction multiplied by 2. The quilibirium constant is then
Kp

(d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium
constant,

K}
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16-4
16-9C (a) This reaction is the reverse of the known H,O reaction. The equilibrium constant is then
1/ Kp

(b) This reaction is the reverse of the known H,O reaction at a different pressure. Since pressure has no effect on the
equilibrium constant,

1/ Kp
(c) This reaction is the same as the known H,O reaction multiplied by 3. The quilibirium constant is then
Kp

(d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium
constant,

K}

16-10 The partial pressures of the constituents of an ideal gas mixture is given. The Gibbs function of the nitrogen in this
mixture at the given mixture pressure and temperature is to be determined.

Analysis The partial pressure of nitrogen is
Py, =110kPa=(110/101.325) =1.086 atm

N, ,CO,, NO
The Gibbs function of nitrogen at 293 K and 1.086 atm is
— _ PN2 =110 kPa
g(293K,1.086 atm) = g *(293K,latm)+ R, T In Py, 203 K
=0+ (8.314 kJ/kmol.K)(293 K)In(1.086 atm)
=200kJ/kmol

16-11 The mole fractions of the constituents of an ideal gas mixture is given. The Gibbs function of the N, in this mixture at
the given mixture pressure and temperature is to be determined.

Analysis From Tables A-18 and A-26, at 1 atm pressure,

Z* (600K, 1atm) = g% + A[f () - T5° (1) S
=0+ (17,563 — 600 x 212.066) — (8669 — 298 x 191.502) 30% O,
0,
= 61,278 k/kmol 40% H,0
5 atm
The partial pressure of N, is 600 K

Peo = yno P =(0.30)(5 atm) =1.5 atm
The Gibbs function of N, at 600 K and 1.5 atm is

g(600K,1.5atm)=g *(600K,1atm)+ R, T In P
=-61,278 kJ/kmol + (8.314 kJ/kmol)(600 K)In(1.5 atm)
=-59,260 kJ/kmol
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16-5

16-12 The temperature at which 0.2 percent of diatomic oxygen dissociates into monatomic oxygen at two pressures is to be
determined.

Assumptions 1 The equilibrium composition consists of N, and N. 2 The constituents of the mixture are ideal gases.
Analysis (a) The stoichiometric and actual reactions can be written as

Stoichiometric: N, < 2N (thus vy, =1 and vy =2)

Actual: N, < 0.998N, +0.004N
—_— —\—
react. prod. N2 « 2N
The equilibrium constant K|, can be determined from ?iP%
a

K _Nﬁ“( P ]V“V”z_o.ooﬂ( 1/101.325

2-1
) - J =1.579x107’
N (Vi 0.998 ( 0.998 +0.004

and

Nk, =-15.66

From Table A-28, the temperature corresponding to this InK), value is
T=3628 K
(b) At 10 kPa,

NVN VN—VN2 2 2-1

koM P _ 0.004 (10/101.325) 1579105
P NG (N 0.998 | 0.998 +0.004

InK, =-13.36

From Table A-28, the temperature corresponding to this InK), value is

T'=3909 K
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16-13 The equilibrium constant of the reaction H,O < H, + % O, is to be determined using Gibbs function.

Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

_ —AGX(T)/R,T _
K,=e or InK,=-AG*(T)/R,T

where H,0 < H,+ 140,

AGH*(T) =Vipgin (1) +V 02800 (T) = V1o &0 ()
At 500K,
AG*(T)=VipZin (1) + V02800 (T) = Vino &0 (T)
=vin(h =T +Voy (h =T5) 0z = Vino (h = T9)ino
=V [(}Tf + hsy — hagg) = TS
+ V02[(}7f + hso0 = aog) = T80
~Vmo [(}_lf + hsgp = haog) = TS0
=1x(0+14,350 - 8468 — 500 x 145.628)
+0.5x(0+14,770 — 8682 — 500 x 220.589)

—1x(-241,820 4+ 16,828 — 9904 — 500 x 206.413)
=219,067 kJ/kmol

500K

Substituting,
InK, =-(219,067 kJ/kmol)/[(8.314kJ/kmol- K)(500K)]=-52.70

or
K,=130x10"" (Table A-28:InK , =-52.70)
At 2000 K,
AG*(T) =V 81 (T) +v 02802 (T) = Vi 8o (7)
=V (h =T5)y; + Voo (h =15) 0 = Vino (B = T5) im0
=V l(hy + hygog — o) = T8
+Vo [(1’7_/' + }_’2000 - }_1298) =T5] 02
—Vmo [(}_l T }72000 - }7298) =T5]mo
=1x(0+61,400 — 8468 — 2000 x 188.297)
+0.5%(0+ 67,881 —8682 —2000 % 268.655)
—1x(-241,820 + 82,593 — 9904 — 2000 x 264.571)
=135,556 kJ/kmol
Substituting,

InK , = (135,556 kJ/kmol)/[(8.3 14 kJ/kmol - K)(2000K)] = ~8.15

or

—4 . —
K,=2.88x10"" (TableA-28: InK, =-8.15)
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16-7

16-14 The reaction C + O, < CO, is considered. The mole fraction of the carbon dioxide produced when this reaction
occurs at al atm and 3800 K are to be determined.

Assumptions 1 The equilibrium composition consists of CO,, C and O,. 2 The constituents of the mixture are ideal gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric: C+ 0, < CO, (thus v =1, vy, =1, and v, =1)
Actual: C+0, ——xC+ )0, +zCO, C+0, < CO,
R — —
react. products 3800 K
1 atm
C balance: l=x+z——>z=1-x
O balance: 2=2y+2z——>y=l-z=1-(1-x)=x

Total number of moles: N, =x+y+z=1+x
The equilibrium constant relation can be expressed as

. (Veor—vVe—Voz)
N Vcoz P
K =—-¢€02 |_ -
N

p Vv, Vv
N, CC N O%Z total

From the problem statement at 3800 K, In K p= —0.461. Then,

K, =exp(-0.461)=0.6307

Substituting,
o= 0L
()(x) \1+x
Solving for x,
x=0.7831
Then,
y=x=0.7831

z=1-x=0.2169
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is
0.7831C+0.78310, +0.2169 CO,

The mole fraction of carbon dioxide is

N, .
cor _ 02169 =0.1216
Nyw 1+0.7831

Yco2 =
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16-8
16-15 The reaction C + O, <> CO, is considered. The mole fraction of the carbon dioxide produced when this reaction
occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined.
Assumptions 1 The equilibrium composition consists of CO,, C and O,. 2 The constituents of the mixture are ideal gases.
Analysis We first solve the problem for 1 atm pressure:

The stoichiometric and actual reactions in this case are

Stoichiometric: C+0, & CO, (thus vq =1, v, =1, and v, =1)

Actual: C+0, ——xC+ )0, +zCO, C+0, = CO,
et products 3800 K

C balance: l=x+z——z=1-x 1 atm

O balance: 2=2y+2z——>y=l-z=1-(1-x)=x

Total number of moles: N, =x+y+z=1+x

The equilibrium constant relation can be expressed as
. Veor—Ve—Vo2)
- Né(oozz (PJcozcoz
r v v
NNy \N

From the problem statement at 3800 K, In K, =—0.461. Then,

total

K, =exp(~0.461) = 0.6307

Substituting,
1-1-1
0.6307=1"%) ( : j
()(x) \1+x

Solving for x,

x=0.7831
Then,

y=x=0.7831

z=1-x=0.2169
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is
0.7831C+0.78310, +0.2169 CO,

The mole fraction of carbon dioxide is

Neoy 02169
_ _ ~0.1216
Yoo =y T 07831

total

We repeat the calculations at 700 kPa pressure:
The pressure in this case is 700 kPa/(101.325 kPa/atm) = 6.908 atm. Then,

c - Né%)ozz ( P ](VconcVoz)
" NENEE N
_- C+0 Cco
(1-x)(6.908)"" 2= M
0.6307 = 3800 K
X)) 1+x
x=0.4320 700 kpa
y=x=0.4320

z=1-x=0.5680
Therefore, the equilibrium composition of the mixture at 3800 K and 700 kPa is
0.4320C+0.43200, +0.5680 CO,
The mole fraction of carbon dioxide is
Neoa ~ 0.5680
N 1+0.4320

total
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16-9

16-16 The reaction C + O, < CO, is considered. The mole fraction of the carbon dioxide produced when this reaction
occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined.

Assumptions 1 The equilibrium composition consists of CO,, C and O,. 2 The constituents of the mixture are ideal gases.
Analysis We first solve the problem for the reaction C + O, < CO:

The stoichiometric and actual reactions in this case are

Stoichiometric: C+ 0, < CO, (thus v =1, vy, =1, and v, =1)
C+0,<CO
Actual: C+0, ——xC+y0, +zCO, § ?
—_— 3800 K
react. products
1 atm
C balance: l=x+z——z=1-x
O balance: 2=2y+2z——>y=l-z=1-(1-x)=x

Total number of moles: N, =x+y+z=1+x
The equilibrium constant relation can be expressed as

. (Veor=ve—Vvo2)
Nég)zz P co2—vcTro2
NeNgg (N

K,=

total

From the problem statement at 3800 K, In K p= —0.461. Then,

K, =exp(-0.461)=0.6307

Substituting,
0.6307=1"%) ( : jH_l
()(x) \1+x
Solving for x,
x=10.7831
Then,
y=x=0.7831

z=1-x=0.2169
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is

0.7831C+0.78310, +0.2169 CO,
The mole fraction of carbon dioxide is

Neoa 02169

= =0.1216
Nyw 1+0.7831

Yco2 =
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16-10
If the reaction is: C + (O, + 3.76 N,) < CO, + 3.76 N,
The stoichiometric and actual reactions in this case are
Stoichiometric:

Actual: C+(0, +3.76 N,)——>xC+ y0O, +zCO, +3.76N,

[ ——— |

react. products
C+HO0,+3.76N,)
C balance: l=x+z——>z=1-x &C0,+3.76N,
O balance: 2=2y+2z— s y=l-z=1-(1-x)=x 3800K
1 atm

Total number of moles: N, =x+y+z+3.76=476+x

The equilibrium constant relation can be expressed as

N, é‘(‘)ozz Nl‘\’lhéz P (Veor PVn2=Ve=Yor—Vna)
K =

P 17 vV, v,
NNy NGy Niotal
Veor (Vcor=Ve—Vor
or K - New |_P
4 Ve arvor | N
N C N 02 total

From the problem statement at 3800 K, InK , =12.49 . Then,

K, = exp(12.49) = 265,670

Substituting,
265,670 = 1% ( ! J_l
(xX)(x)\ 4.76 + x
Solving for x,
x=0.004226
Then,
y=x=0.004226

z=1-x=0.9958

Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is
0.004226 C+0.004226 O, +3.76 N, + 0.9958 CO, +3.76 N,

The mole fraction of carbon dioxide is

Neor . 0.9958

= =0.2090
Nyw  4.76+0.004226

Yco2 =
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16-11

16-17 A gaseous mixture consisting of methane and carbon dioxide is heated. The equilibrium composition (by mole
fraction) of the resulting mixture is to be determined.

Assumptions 1 The equilibrium composition consists of CHy, C, Hy, and CO,. 2 The constituents of the mixture are ideal
gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric: CH, < C+2H, (thus vy, =1, v =1, and vy, =2)

Actual: 0.3CH, +0.7CO, ——xCH, + yC+ zH , + 0.7CO,
—— [ — — —
react. products inert
C balance: 03=x+y——> y=03-x CH,, CO,
1200 K
H balance: 12=4x+2z——>2z=0.6-2x 1 atm
Total number of moles: N, =x+y+z+1=1.6-2x

The equilibrium constant relation can be expressed as

. Vers—Ve—V
N Ven P cH4eTVCTVH2
CH4
K =
P Vearvm | N

NC NHZ

total
From the problem statement at 1200 K, In K p= 4.147 . Then,
K, =exp(4.147) = 63.244

For the reverse reaction that we consider,

K, =1/63.244=0.01581

Substituting,

x 1 1-1-2
0.01581= - ( j
(03— x)(0.6—2x)> \ 1.6 - 2x

Solving for x,
x=0.0006637
Then,
y=03-x=0.2993
z=10.6 —2x=10.5987
Therefore, the equilibrium composition of the mixture at 1200 K and 1 atm is

0.0006637 CH, +0.2993C + 0.5987H, + 0.7 CO,

The mole fractions are

N . .
o, News 00006637 0.0006637 o o0
New 16-2x0.0006637  1.599
N. o0
yo=Ne 02993 _41g75
Now 1599
N .
Vi = —2% = 05987 _0.3745
Ny 1599
Neoy 0.7
- = %7 _0.4379
Yoo =TT 509

total
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16-12

16-18 The dissociation reaction CO, < CO + O is considered. The composition of the products at given pressure and
temperature is to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, and O. 2 The constituents of the mixture are ideal gases.

Analysis For the stoichiometric reaction CO, < CO+% O, , from Table A-28, at 2500 K

In K, =-3331
L . CO;
For the oxygen dissociation reaction 0.50, < O, from Table A-28, at 2500 K, 2500 K
InK, =-8.509/2=-4.255 1 atm

For the desired stoichiometric reaction CO, < CO+O (thus veg, =1, Vg =1 and vy =1),

InK, =-3.331-4.255=-7.586

and
K, =exp(=7.586) =0.0005075
Actual: CO, —xCO, +yCO+:z0O
—_— —
react. products
C balance: l=x+y—— y=1-x
O balance: 2=2x+y+z——>z=1-x

Total number of moles: N,y =x+y+z=2-x

The equilibrium constant relation can be expressed as

‘- Né%o NSO ( P \J"co +Vo~Vcoz
r N&‘)ozz Ntotal
Substituting,
1+1-1
00005075 = =0A=0) (1 )7
X 2—x

Solving for x,
x=0.9775
Then,
y=1-x=0.0225
z=1-x=0.0225
Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is

0.9775 CO, +0.0225 CO+0.0225 O
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16-13

16-19 The dissociation reaction CO, < CO + O is considered. The composition of the products at given pressure and
temperature is to be determined when nitrogen is added to carbon dioxide.

Assumptions 1 The equilibrium composition consists of CO,, CO, O, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis For the stoichiometric reaction CO, < CO+—§ O, , from Table A-28, at 2500 K

In Kp =-3.331 CO,, 3N,
For the oxygen dissociation reaction 0.50, < O, from Table A-28, at 2500 K, 2500K
1 atm

Ink, =-8.509/2 =-4.255

For the desired stoichiometric reaction CO, < CO+0O (thus veg, =1, v =1 and vy =1),

InK, =-3.331-4.255=-7.586

and
K, =exp(-7.586) =0.0005075
Actual: CO, +3N, —>xCO, + yCO+z0+3N,
react. products inert
C balance: l=x+y—— y=1-x
O balance: 2=2x+y+z——z=1-x

Total number of moles: Ny, =x+y+z+3=5-x

The equilibrium constant relation can be expressed as

P =N58)N60£ P j‘”co‘*"’o_"coz
PoNEe (N
Substituting,
1+1-1
0.0005075 = DA (1 )7
X 5—-x

Solving for x,
x=0.9557
Then,
y=1-x=0.0443
z=1-x=0.0443
Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is

0.9557 CO, +0.0443 CO+0.0443 O+3N,
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16-14

16-20 The reaction N, + O, < 2NO is considered. The equilibrium mole fraction of NO 1600 K and 1 atm is to be
determined.

Assumptions 1 The equilibrium composition consists of N,, O,, and NO. 2 The constituents of the mixture are ideal gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric: N, +0, < 2NO (thus vy, =1, v, =1, and vy =2)

Actual: N, +0, ——aN, +)0, + zZNQ Ny, O,
Tt products 1600 K

N balance: 2=2x+z——z=2-2x I atm

O balance: 2=2y+z——>y=x

Total number of moles: N,y =x+y+z=2
The equilibrium constant relation can be expressed as

VNO (VNo—VN2—V02)
K = N\o P
P VN2 p7Vor | N

NN2 NOZ total

From Table A-28, at 1600 K, In K » =—5.294 .. Since the stoichiometric reaction being considered is double this reaction,

K, =exp(-2x5.294)=2.522x10""

Substituting,
S5 @-2202 (1)
2.522x107° :(x—z)(Ej
Solving for x,
x=0.9975
Then,
y=x=0.9975

z=2-2x=0.005009

Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is
0.9975N, +0.99750, +0.005009 NO

The mole fraction of NO is then

Nyo _ 0.005009
Ntotal

=0.002505

YNo =
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16-15

16-21E The equilibrium constant of the reaction H, + 1/20, <> H,0 is listed in Table A-28 at different temperatures. The
data are to be verified at two temperatures using Gibbs function data.

Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e 2R or InK,=-AG*(T)/R,T

where H, + 40, <> H,0

AG*(T)=vy,08n,0T) vy, &n, 1) —Vvo,80,T) 537R

At537R,
AG*(T) = 1(~98,350) — 1(0) — 0.5(0) = —98,350 Btu/ Ibmol

Substituting,
InK, =—(-98,350 Btu/lbmol)/[(1.986 Btu/Ibmol - R)(537 R)] = 92.22

or
K,=112x10* (Table A-28: InK, =9221)
(b) At4320R,
AG*(T) =vy,081,0(T) —vn,&n, (T ~vo, 80, (T)
=Vio(h =T8)y,0 — vy, (h =TSy, —vo, (h =T5),,
=Vu,0 [(}Tf + hazog —hsyy) — T5 1,0
~VH, [(}Tf + }_14320 - %298) —TI5]y,
—Vo, [ + hazng = hagg) - Ts]o,
=1x(-104,040 + 44,533 — 4258 — 4320 x 65.504)
—1x(0+32,647.2 -3640.3 —4320x 46.554)
—0.5%x(0+35,746 —3725.1 - 4320 x 65.831)
=—48,451 Btu/lbmol
Substituting,
InK , =—(~48,451 Btw/lbmoly[(1.986 Btu/Ibmol R)(4320R)] = 5.647

or

K, =283 (Table A-28:InK, =5.619

Discussion Solving this problem using EES with the built-in ideal gas properties give K, = 1.04x10" for part (a) and K,=
278 for part (b).
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16-16

16-22 The equilibrium constant of the reaction CO + 1/20, <> CO, at 298 K and 2000 K are to be determined, and
compared with the values listed in Table A-28.

Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e 2R or InK,=-AG*(T)/R,T

where

1
s — . CO++50, < CO
AG*(T)=vcor&€co2(T)—Vco&co(T) =V €02 (T) 272 2

298 K
At 298 K,
AG*(T) = 1(~394,360) — 1(~137,150) — 0.5(0) = —257,210 kJ/kmol

where the Gibbs functions are obtained from Table A-26. Substituting,

Kk . (C257210kVkmol) oo

P (8314 kJ/kmol - K)(298K)

From Table A-28: In Kp =103.76
(b) At2000 K,

AG*(T)=vc028cor(T)—Veo&eo (T =V 80n (T)
=vVeor (h=T5)cor =Veo (h —T5)co —Voa (h —T5) o
=1[(=302,128) — (2000)(309.00)| - 1](-53,826) — (2000)(258.48) |- 0.5[(59,193) — (2000)(268.53)]
=—110,409 kJ/kmol

The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa (1 atm) are obtained from EES. Substituting,

_ (-110409KkJkmol)
(8.314 kJ/kmol - K)(2000 K)

anp =

From Table A-28:
In K,= 6.635
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16-17

13
16-23 E The effect of varying the percent excess air during the steady-flow combustion of hydrogen is to be studied.

Analysis The combustion equation of hydrogen with stoichiometric amount of air is
H, +0.5[0, +3.76N, | ——>H,0+0.5(3.76) N,

For the incomplete combustion with 100% excess air, the combustion equation is
H, +(1+ Ex)(0.5)[0, +3.76N, |—>0.97H,0+aH, +h O, +¢c N,

The coefficients are to be determined from the mass balances

Hydrogen balance: 2=097x2+ax2——>a=0.03

Oxygen balance: (1+Ex)x0.5x2=0.97+bx2

Nitrogen balance: (1+ Ex)x0.5x3.76x2 =¢cx2

Solving the above equations, we find the coefficients (Ex =1, a =0.03 b =0.515, ¢ = 3.76) and write the balanced reaction
equation as

H, +[0, +3.76N, | —>0.97H,0+0.03H, +0.5150, +3.76 N,

Total moles of products at equilibrium are

Nt =0.97+0.03+0.515+3.76 =5.275
The assumed equilibrium reaction is
H,0«—H, +0.50,
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using
K,=e "R or InK,=-AG*(T)/R,T
where
AG*(T)=vy, §ffu (Tprod )+Vor §82 (Tprod )— VHzogl*{zo (Tprod )
and the Gibbs functions are defined as
82 (Tyroa) = (h = Tyoa 2
862 (Tyroa) = (h = Tyy04%) 02
Zino (T, prod) = (h-T, prodS ) H20

The equilibrium constant is also given by

1+05-1 o5 0.5 0.5
.03)(0.51
© :(ij ab 1:[ 1 J (0.03)(0.51™ _ o
ot 0.97

r 5.275 0.97
and InK , =1n(0.009664) = —4.647

The corresponding temperature is obtained solving the above equations using EES to be

T0a = 2600K

This is the temperature at which 97 percent of H, will burn into H,O. The copy of EES solution is given next.

"Input Data from parametric table:"
{PercentEx = 10}

Ex = PercentEx/100 "EX = % Excess air/100"
P_prod =101.3"[kPa]"
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16-18

R_u=8.314 "[kJ/kmol-K]"

"The combustion equation of H2 with stoichiometric amount of air is

H2 + 0.5(02 + 3.76N2)=H20 +0.5(3.76)N2"

"For the incomplete combustion with 100% excess air, the combustion equation is
H2 + (1+EX)(0.5)(02 + 3.76N2)=0.97 H20 +aH2 + bhO2+cN2"

"Specie balance equations give the values of a, b, and c."

"H, hydrogen"

2=0.97*2 + a*2

"O, oxygen"

(1+Ex)*0.5*2=0.97 + b*2

"N, nitrogen"

(1+Ex)*0.5*3.76 *2 = c*2

N_tot =0.97+a +b +c "Total kilomoles of products at equilibrium"

"The assumed equilibrium reaction is

H20=H2+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for

each H2mponent in the product gases as a function of its temperature, T_prod,
at 1 atm pressure, 101.3 kPa"

g_H20=Enthalpy(H20,T=T_prod )-T_prod *Entropy(H20,T=T_prod ,P=101.3)
g_H2=Enthalpy(H2,T=T_prod )-T_prod *Entropy(H2,T=T_prod ,P=101.3)
g_02=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)
"The standard-state Gibbs function is"

DELTAG =1*g_H2+0.5*g_02-1*g_H20

"The equilibrium constant is given by Eq. 15-14."

K_P =exp(-DELTAG /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 15-15."

"K_ P = (P/N_tot)*(1+0.5-1)*(a"1*b"0.5)/(0.97/1)"

sqrt(P/N_tot )*a *sqrt(b )=K_P *0.97

InK_p =In(k_P)
2625————5—F 77— 17—
InK, | PercentEx | Tprod
[%] (K]
-5.414 10 2440 2585
-5.165 20 2490
-5.019 30 2520
-4.918 40 2542 2545
-4.844 50 2557 3
-4.786 60 2570 | &
-4.739 70 2580 2505
-4.7 80 2589
-4.667 90 2596
-4.639 100 2602 2465
2425 ——— L
10 20 30 40 50 60 70 80 90 100
PercentEx
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16-19
16-24 The equilibrium constant of the reaction CHy + 20, <> CO, + 2H,0 at 25°C is to be determined.

Analysis The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e "R or InK,=-AG*(T)/R,T

where CH; +20, < CO,+2H,0

AG*(T) = Vcozgéo2 (T)+VH20§;IZO (T)-ven, gém (T)-vo, ggz (1) 25°C

At 25°C,
AG *(T) = 1(=394,360) + 2(~228,590) — 1(=50,790) — 2(0) = —800,750 kJ / kmol

Substituting,
In K, = —(-800,750 kJ/kmol)/[(8.314 kJ/kmol - K)(298 K)] = 323.04

or K, =1.96x10""

16-25 The equilibrium constant of the reaction CO, <> CO + 1/20; is listed in Table A-28 at different temperatures. It is to
be verified using Gibbs function data.

Analysis () The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

_ _-AGXT)/R,T _
K,=e or InK, =-AG*(T)/R,T

where AG*(T) .y g* (T)+V g* (T)—V g* (T)
co&co 0,80, €0, €0, CO, <> CO + %0,

At 298 K, 298 K
AG*(T) = 1(~137,150) +0.5(0) — 1(~394,360) = 257,210 kJ/kmol

Substituting,
InK, =—(257,210 kJ/kmol)/[(8.314 kJ/kmol - K)(298 K)] = -103.81

or K, =824x10" (Table A-28:InK , =-103.76)
(b) At1800K,

AG*(T) = Vcogéo(T)"‘Vozgg)2 (T)_Vcozg(*:o2 (T)
=veo(h=T8)co +vo, (h=T5)o, —Veo, (h=T5)co,
= Vco[(}_’f +7[1800 _7’298)—T§]CO

+vo, [(hy +higgy —hagg) —T5]o,

—Vco, [(}Tf +hygo0 — haog) — Ts]co,
=1x(-110,530+58,191-8669 —1800x 254.797)

+0.5%(0+60,371-8682 —-1800x264.701)

—1%x(-393,520+ 88,806 —9364 —1800 % 302.884)
=127,240.2 kJ/kmol

Substituting, ~ InK , = —(127,240.2 kJ/kmol)/[(8.314 kJ/kmol - K)(1800 K)] = —8.502

or K, =203x10" (TableA-28: InK, =-8.497)
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16-20

16-26 Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to
CO, is to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis Assuming N, to remain as an inert gas, the stoichiometric and actual reactions can be written as

Stoichiometric:  CO+30, < CO, (thus veo, =1, veo =1, and v =7)

Actual: CO +1(0, +3.76N,) —> 0.93CO, +0.07CO +0.5350, + 3.76N,
product reactants inert

The equilibrium constant K, can be determined from

‘- NggJZZ ( P J(Vcoz —Vco—Vo,)
’ NN (;‘)2 N iotal CO + %0, <> CO,
2 1-1.5 93 %
_ 0.93 ( 1 j ' 1 atm
0.07 x0.535%° 1 0.93+0.07 +0.535+3.76
=41.80
and
InK,=3.733

From Table A-28, the temperature corresponding to this K, value is 7= 2424 K
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16-21

13
16-27 E Problem 16-26 is reconsidered. The effect of varying the percent excess air during the steady-flow process
from 0 to 200 percent on the temperature at which 93 percent of CO burn into CO2 is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

"To solve this problem, we need to give EES a guess value for T_prop other than
the default value of 1. Set the guess value of T_prod to 1000 K by selecting Variable
Information in the Options menu. Then press F2 or click the Calculator icon.”

"Input Data from the diagram window:"
{PercentEx = 100}

Ex = PercentEx/100 "EX = % Excess air/100"
P_prod =101.3 [kPa]

R_u=8.314 [kJ/kmol-K]

f=0.93

"The combustion equation of CO with stoichiometric amount of air is
CO + 0.5(02 + 3.76N2)=C0O2 +0.5(3.76)N2"

"For the incomplete combustion with 100% excess air, the combustion equation is
CO + (1+EX)(0.5)(02 + 3.76N2)=0.97 CO2 +aCO + bO2+cN2"

"Specie balance equations give the values of a, b, and c."
"C, Carbon"

l=f+a

"O, oxygen"

1 +(1+Ex)*0.5*2=F*2 + a *1 + b*2

"N, nitrogen"

(1+Ex)*0.5*3.76 *2 = c*2

N_tot =f+a +b +c "Total kilomoles of products at equilibrium"
"The assumed equilibrium reaction is CO2=C0O+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for
each component in the product gases as a function of its temperature, T_prod,
at 1 atm pressure, 101.3 kPa"

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3)
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3)
g_02=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)

"The standard-state Gibbs function is"
DELTAG =1*g_CO+0.5*g_02-1*g_CO2

"The equilibrium constant is given by Eq. 15-14."
K_P =exp(-DELTAG /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 15-15."
"K_ P = (P/N_tot)*(1+0.5-1)*(a*1*b"0.5)/(0.9771)"

sqrt(P/N_tot )*a *sqrt(b )=K_P *f
InK_p =In(k_P)

"Compare the value of InK_p calculated by EES with the value of InK_p from table A-28 in the text."
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PercentEx Torod
[%] [K]
0 2247
20 2342
40 2377
60 2398
80 2411
100 2421
120 2429
140 2435
160 2440
180 2444
200 2447

Tprod [K]

2450

2400

2350

2300

2250

0 40 80 120 160 200
PercentEx [%]

16-22
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16-23

16-28E Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to CO, is
to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis Assuming N, to remain as an inert gas, the stoichiometric and actual reactions can be written as

Stoichiometric:  CO+30, & CO, (thus veo, =1, Voo =1, and v =1)

Actual: CO +1(0, +3.76N,) ——> 0.93CO, +0.07CO +0.5350, +3.76N,
—_— —
product reactants inert

The equilibrium constant K|, can be determined from

‘- NggJZZ P (Vco, =Veo=vo,) 1
P NVCONVOZ N CO + /202 g C02
co Vo, total 93 %
0.93 1 1-1.5 1 atm
T 0.07x0.535% (0.93 100740535+ 3.76)
=41.80
and
In Kp =3.733

From Table A-28, the temperature corresponding to this K, value is T'= 2424 K = 4363 R

16-29 Hydrogen is burned with 150 percent theoretical air. The temperature at which 98 percent of H, will burn to H,O is to
be determined.

Assumptions 1 The equilibrium composition consists of H,O, H,, O,, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis Assuming N, to remain as an inert gas, the stoichiometric and actual reactions can be written as

Stoichiometric: H, +%O2 < H,0 (thus vy o =Lvy, =1, and v, :%)

Actual: H, +0.75(0, +376N,) —— 098H,0+002H, +0.260, +282N,
product reactants inert

The equilibrium constant K|, can be determined from

o Vo ( P J() H,—
"N :1“2 N(V)02 Niotal Combustion _>H20, H,
’ ’ s chamber 0,, N,
098 ( 1 j ' .
0.02%0.26%5 | 0.98+0.02 + 0.26 + 2.82 Alr—>
=194.11

From Table A-28, the temperature corresponding to this K, value is T'= 2472 K.
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16-24
16-30 Air is heated to a high temperature. The equilibrium composition at that temperature is to be determined.
Assumptions 1 The equilibrium composition consists of N,, O,, and NO. 2 The constituents of the mixture are ideal gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric: >N, +30, <& NO (thus vyo =1, vy, =7, and vy =7)
Actual: 376N, +0, ——> xNO+yN,+z0, AIR
—_—
prod. reactants 2000 K
N balance: 752=x+2y or y=3.76-0.5x 2 atm
O balance: 2=x+2z or z=1-0.5x

Total number of moles: Ny =x+y+z=x+4.76-x=4.76

The equilibrium constant relation can be expressed as

(YNo—VN, V0, )
NI‘\?S) ( P J 270,
VN Yo
N2 N \N

K,=

total

From Table A-28, In K, =-3.931 at 2000 K. Thus K, = 0.01962. Substituting,

1-1
0.01962 = ;CS 05( 2 ]
(3.76 - 0.5x)"> (1 - 0.5x)"> \ 4.76

Solving for x,
x=0.0376
Then,
y=3.76-0.5x =3.7412
z=1-0.5x=0.9812
Therefore, the equilibrium composition of the mixture at 2000 K and 2 atm is

0.0376NO +3.7412N, + 098120,

The equilibrium constant for the reactions O, <> 20 (In K, =-14.622) and N, < 2N (In K, =-41.645) are much smaller
than that of the specified reaction (In K, = -3.931). Therefore, it is realistic to assume that no monatomic oxygen or nitrogen
will be present in the equilibrium mixture. Also the equilibrium composition is in this case is independent of pressure since
Av=1-05-05=0.
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16-25

16-31 Hydrogen is heated to a high temperature at a constant pressure. The percentage of H, that will dissociate into H is to
be determined.

Assumptions 1 The equilibrium composition consists of H, and H. 2 The constituents of the mixture are ideal gases.

Analysis The stoichiometric and actual reactions can be written as

Stoichiometric:  H, <> 2H (thus vy, =1 and vy =2)

Actual: H, ——> xH, +y Ho
— =~ 4000 K
react.  prod.

5 atm

H balance: 2=2x+y or y=2-2x

Total number of moles: Ny =x+y=x+2—-2x=2—x

The equilibrium constant relation can be expressed as

Ny (op YT
K, = E ( j
N, Hl:z Niotal

From Table A-28, In K, = 0.934 at 4000 K. Thus K, = 2.545. Substituting,
a5 @25 )
X 2—-x
Solving for x,
x=0.664
Thus the percentage of H, which dissociates to H at 3200 K and 8 atm is
1-0.664=0.336 or 33.6%

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

16-26

16-32E A mixture of CO, O,, and N, is heated to a high temperature at a constant pressure. The equilibrium composition is
to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis The stoichiometric and actual reactions in this case are

2CO
Stoichiometric:  CO+30, < CO, (thus veo =1,veo =1, and v =1) 20,
6N,
Actual: 2CO0+20,+6N, —— xCO,+yCO+z0,+6N, 4320 R
products reactants inert 3 atm
C balance: 2=x+y —— y=2-x
O balance: 6=2x+y+2z ——> z=2-05x

Total number of moles: N =x+y+z+6=10-05x
The equilibrium constant relation can be expressed as

NEE)OZ [ p j("coz—vco—"oz)
2

Vco A7Y02
NCO NOZ

K,=

N total

From Table A-28, In K, = 3.860 at T =4320 R=2400K.Thus K,= 47.465. Substituting,

¥ 3 1-1.5
)
(2 - x)(2-0.5x)*° \ 10— 0.5x

Solving for x,
x=1.930
Then,
y=2-x=0.070
z=2-0.5x=1.035
Therefore, the equilibrium composition of the mixture at 2400 K and 3 atm is

1.930CO, +0.070CO +1.0350, + 6N,
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16-27

16-33 A mixture of N, O,, and Ar is heated to a high temperature at a constant pressure. The equilibrium composition is to
be determined.

Assumptions 1 The equilibrium composition consists of N,, O,, Ar, and NO. 2 The constituents of the mixture are ideal

gases.
Analysis The stoichiometric and actual reactions in this case are
Stoichiometric: %Nz -i-%O2 < NO (thus vyo =1, vy, =%, and vg, =%) ?I(\)Iz
2
Actual: 3N, +0, +01Ar —— xNO+yN,+z0,+01Ar 0.1 Ar
—— T s 2400 K
prod. reactants inert
10 atm
N balance: 6=x+2y ——> y=3-05x
O balance: 2=x+2z —— z=1-05x

Total number of moles: N =x+y+z+01=41

The equilibrium constant relation becomes,

N YNO P (VNo—VN, ~Vo, ) x p 1-0.5-0.5
- NO _
K, = VN, A7 V0, [N J T 0505 (N j
N N N o total y 'z total
2 p)

From Table A-28, In K, =-3.019 at 2400K. Thus K, =0.04885. Substituting,

X

0.04885 = x1
(3-0.5x)"3(1-0.5x)%3

Solving for x,
x=0.0823
Then,
y=3-0.5x=2.9589
z=1-0.5x=0.9589
Therefore, the equilibrium composition of the mixture at 2400 K and 10 atm is

0.0823NO +2.9589N, +0.95890, +0.1Ar
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16-28

16-34 The mole fraction of sodium that ionizes according to the reaction Na <> Na™ + ¢  at 2000 K and 1.5 atm is to be
determined.

Assumptions All components behave as ideal gases.

Analysis The stoichiometric and actual reactions can be written as

Stoichiometric:  Na <> Na™ +e” (thus vy, =1, v . =l andv_ =1) Na < Na* + ¢

N | N N Na* - 2000 K

tual:

ctua a——>m+y a +ye 1.5 atm
react. products

Na balance: l=x+y or y=1-x

Total number of moles: N =x+2y=2-x

The equilibrium constant relation becomes,

NReNS (p \wer®ems) 20 p
K,= -
3 NVN“ N x Ntotal

total

Na
Substituting,
N2
0.668 = a-x" [ij
X 2—x

Solving for x,
x=0.4449
Thus the fraction of Na which dissociates into Na" and ¢ is

1 —0.4449 =0.555 or 55.5%
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16-29

16-35 Oxygen is heated from a specified state to another state. The amount of heat required is to be determined without and
with dissociation cases.

Assumptions 1 The equilibrium composition consists of O, and O. 2 The constituents of the mixture are ideal gases.
Analysis (a) Obtaining oxygen properties from table A-19, an energy balance gives
E in E out = AE

system
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Gin =Uy —U;
=57,192-6203

0,
=50,989 kJ/kmol 2200 K
(b) The stoichiometric and actual reactions in this case are 1 atm

Stoichiometric: O, <20 (thus vy, =1 and vy =2)

Actual: 0, —x0,+ »0
—— o~
react.  products

O balance: 2=2x+y——> y=2-2x

Total number of moles: N, =x+y=2-x

The equilibrium constant relation can be expressed as

N Vo P Vo—Vo2
N, O%Z N total

From Table A-28, at 2200 K, In K,= —11.827. Then,

-6
K, =exp(~11.827) = 7.305x10

Substituting,
2-1
7.305%x10°¢ :ﬂ b
' 2—-x

Solving for x,
x=0.99865
Then,
y=2-2x=0.0027
Therefore, the equilibrium composition of the mixture at 2200 K and 1 atm is

0.998650, +0.00270

Hence, the oxygen ions are negligible and the result is same as that in part (a),

¢in =50,989 kJ/kmol
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16-30

16-36 Air is heated from a specified state to another state. The amount of heat required is to be determined without and with
dissociation cases.

Assumptions 1 The equilibrium composition consists of O, and O, and N,. 2 The constituents of the mixture are ideal gases.
Analysis (a) Obtaining air properties from table A-17, an energy balance gives

Ein _Eout = AE

system
\_ﬂ/—d \q,_/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin = Uy — U

=1872.4-212.64 O;,;).g?z
=1660kJ/kg
1 atm

(b) The stoichiometric and actual reactions in this case are

Stoichiometric: O, <20 (thus vy, =1 and vy =2)

Actual: 0, +3.76N, —>x0, + yO +3.76N,
—— o~
react.  products inert

O balance: 2=2x+y——> y=2-2x

Total number of moles: N, =x+y+3.76=5.76-x

total

The equilibrium constant relation can be expressed as

N Vo P Vo—Vo2
N, O%Z N total

From Table A-28, at 2200 K, In K,= —11.827. Then,

-6
K, =exp(~11.827) = 7.305x10

Substituting,

2-1
7305x10°° = 2-209°( 1
’ X 5.76—x

Solving for x,
x=0.99706
Then,
y=2-2x=0.00588
Therefore, the equilibrium composition of the mixture at 2200 K and 1 atm is

0.99706 0, +0.005880+3.76 N

Hence, the atomic oxygen is negligible and the result is same as that in part (a),

¢, =1660kJ/kg
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16-31

16-37 Liquid propane enters a combustion chamber. The equilibrium composition of product gases and the rate of heat
transfer from the combustion chamber are to be determined.

Assumptions 1 The equilibrium composition consists of CO,,

H,O, CO, N,, and O,. 2 The constituents of the mixture are ideal C3_Hg,

gases. 25°C | Combustion 1200 K ((::82

Analysis (a) Considering 1 kmol of C;Hg, the stoichiometric chamber » H,0

combustion equation can be written as — 0
Alr 2 atm Nz

C;Hg () +ay (0, +3.76N,) —— 3CO, +4H,0 +3.76a, N, 12°C ?

where ay, is the stoichiometric coefficient and is determined from the
O, balance,

Z.Sch =3+2+1 .Salh —> ay = 5

Then the actual combustion equation with 150% excess air and some CO in
the products can be written as

C;Hg(£)+125(0,+376N,) ——  xCO, +(3—x)CO+(9—0.5x)0, +4H,0 + 47N,

After combustion, there will be no C; Hg present in the combustion chamber, and H,O will act like an inert gas. The
equilibrium equation among CO,, CO, and O, can be expressed as

CO, © CO+40, (thus veo =1, v =1, and vy =1)

and
~ NE(OO NS‘ZZ [ P J("co*"oz ~Vcos)
? Ngg)zz Ntotal
where
Nyt =X +(3—x)+(9-05x)+4+47 =63-05x

From Table A-28, In K]J =-17.871 at 1200 K. Thus Kp =1.73x107%. Substituting,

1.73x107%

_(3-x)(9-0.5x)" 2\
X 63 —-0.5x

Solving for x,
x=2.9999999 =3.0

Therefore, the amount CO in the product gases is negligible, and it can be disregarded with no loss in accuracy. Then the
combustion equation and the equilibrium composition can be expressed as

C3Hg(0) +125(0, +3.76N,) —>3CO, + 750, +4H,0 +47N,

and

3CO, +7.50, + 4H,0 +47N,
=AE

(b) The heat transfer for this combustion process is determined from the steady-flow energy balance E;, — E

out system

on the combustion chamber with W =0,
_Qout =ZNP(h_fO +l7—]’l_o)P _ZNR(E; +]’7—EO)R
Assuming the air and the combustion products to be ideal gases, we have & = h(T). From the tables, (The }7 7 of liquid

propane is obtained by adding the /g at 25°C to }7 7 of gaseous propane).
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16-32
H; E285 K E298 K HZLZOO K
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol
C;H; (0) -118,910 - - -
0, 0 8696.5 8682 38,447
N, 0 8286.5 8669 36,777
H,0 (g) 241,820 9904 44,380
CO, -393,520 9364 53,848
Substituting,

—QOoue =3(—393,520+ 53,848 —9364) + 4(—241,820 + 44,380 — 9904)
+7.5(0+38,447—8682)+47(0+36,777 — 8669)
—1(=118,910+ hygg — hpog ) —12.5(0 + 8296.5 — 8682)
—47(0+8186.5-8669)

=-185,764 kJ / kmol of C;H,

or
O, = 185,764 kJ / kmol of C;Hg

The mass flow rate of C;Hg can be expressed in terms of the mole numbers as

m 12 kg/min

=—=—-—=2—"=0.02727 kmol / min
M 44 kg/kmol

Thus the rate of heat transfer is

Ouu = Nx 0y, =(0.02727 kmol/min)(185,746 kJ/kmol) = 5066 kJ/min

The equilibrium constant for the reaction %Nz + % 0O, < NO is In K, =-7.569, which is very small. This indicates that the

amount of NO formed during this process will be very small, and can be disregarded.
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16-33

13
16-38 E Problem 16-37 is reconsidered. It is to be investigated if it is realistic to disregard the presence of NO in the
product gases.

Analysis The problem is solved using EES, and the solution is given below.

"To solve this problem, the Gibbs function of the product gases is minimized. Click on the Min/Max icon."

For this problem at 1200 K the moles of CO are 0.000 and moles of NO are 0.000, thus we
can disregard both the CO and NO. However, try some product temperatures above 1286 K
and observe the sign change on the Q_out and the amout of CO and NO present as the
product temperature increases."

"The reaction of C3H8(liq) with excess air can be written:
C3H8(l) + (1+Ex)A_th (02+3.76N2) =a C02+ b CO + cH20 +d N2 + e O2 + f NO

The coefficients A_th and EX are the theoretical oxygen and the percent excess air on a decimal
basis. Coefficients a, b, ¢, d, e, and f are found by minimiming the Gibbs Free Energy at a total
pressure of the product gases P_Prod and the product temperature T_Prod.

The equilibrium solution can be found by applying the Law of Mass Action or by minimizing the Gibbs function.
In this problem, the Gibbs function is directly minimized using the optimization capabilities built into EES.

To run this program, click on the Min/Max icon. There are six compounds present in the products subject to four
specie balances, so there are two degrees of freedom. Minimize the Gibbs function of the product gases with
respect to two molar quantities such as coefficients b and f. The equilibrium mole numbers a, b, ¢, d, e, and f
will be determined and displayed in the Solution window."

PercentEx = 150 [%]

Ex = PercentEx/100 "EX = % Excess air/100"
P_prod =2*P_atm

T_Prod=1200 [K]

m_dot_fuel = 0.5 [kg/s]

Fuel$="C3H8'

T_air=12+273 "[K]"

T_fuel = 25+273 "[K]"

P_atm = 101.325 [kPa]

R_u=8.314 [kJ/kmol-K]

"Theoretical combustion of C3H8 with oxygen:
C3H8 + A_th02=3C02+4 H20"
2*A_th =3*2 + 4*1

"Balance the reaction for 1 kmol of C3H8"

"C3H8(I) + (1+Ex)A_th (02+3.76N2) =a C02 +b CO +c H20 +d N2 + e O2 + f NO"
b _max=3

f_max = (1+Ex)*A_th*3.76*2

e_guess=Ex*A_th

1*3 = a*1+b*1 "Carbon balance"

1*8=c*2

"Hydrogen balance"

(1+Ex)*A_th*2=a*2+b*1+c*1+e*2+f*1 "Oxygen balance"
(1+Ex)*A_th*3.76*2=d*2+f*1 "Nitrogen balance"
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"Total moles and mole fractions"

N_Total=a+b+c+d+e+f

16-34

y_CO2=a/N_Total; y_CO=b/N_Total; y_H20=c/N_Total; y_N2=d/N_Total; y_O2=e/N_Total; y_NO=f/N_Total

"The following equations provide the specific Gibbs function for each component as a function of its molar

amount"

g_CO2=Enthalpy(CO2,T=T_Prod)-T_Prod*Entropy(CO2,T=T_Prod,P=P_Prod*y_CQ02)
g_CO=Enthalpy(CO,T=T_Prod)-T_Prod*Entropy(CO,T=T_Prod,P=P_Prod*y_CO)
g_H20=Enthalpy(H20,T=T_Prod)-T_Prod*Entropy(H20,T=T_Prod,P=P_Prod*y_H20)
g_N2=Enthalpy(N2,T=T_Prod)-T_Prod*Entropy(N2,T=T_Prod,P=P_Prod*y_N2)
g_02=Enthalpy(O2,T=T_Prod)-T_Prod*Entropy(O2,T=T_Prod,P=P_Prod*y_02)
g_NO=Enthalpy(NO,T=T_Prod)-T_Prod*Entropy(NO,T=T_Prod,P=P_Prod*y_NO)

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the molar amount of

each substance"

Gibbs=a*g_CO2+b*g_CO+c*g_H20+d*g_N2+e*g_02+f*g_NO

"For the energy balance, we adjust the value of the enthalpy of gaseous propane given by EES:"
h_fg_fuel = 15060"[kJ/kmol]" "Table A.27"
h_fuel = enthalpy(Fuel$,T=T_fuel)-h_fg_fuel
"Energy balance for the combustion process:"
"C3H8(I) + (1+Ex)A_th (02+3.76N2) =a C02 +b CO +c H20 +d N2 + e O2 + f NO"

HR =Q_out+HP

HR=h_fuel+ (1+Ex)*A_th*(enthalpy(02,T=T_air)+3.76*enthalpy(N2,T=T_air))
HP=a*enthalpy(CO2,T=T_prod)+b*enthalpy(CO,T=T_prod)+c*enthalpy(H20,T=T_prod)+d*enthalpy(N2,T=T_pro
d)+e*enthalpy(O2,T=T_prod)+f*enthalpy(NO,T=T_prod)

"The heat transfer rate is:"

Q_dot_out=Q_out/molarmass(Fuel$)*m_dot_fuel "[kW]"

SOLUTION

a=3.000 [kmol]
A_th=5

b=0.000 [kmol]
b_max=3

¢=4.000 [kmol]
d=47.000 [kmol]
€=7.500 [kmol]
Ex=1.5

e_guess=7.5

f=0.000 [kmol]
Fuel$='C3H8'
f_max=94
Gibbs=-17994897 [kJ]
g_C0=-703496 [kJ/kmol]

g_C02=-707231 [kJ/kmol]
g_H20=-515974 [kJ/kmol]
g_N2=-248486 [kJ/kmol]
g_NO=-342270 [kJ/kmol]
g_02=-284065 [kJ/kmol]
HP=-330516.747 [kJ/kmol]
HR=-141784.529 [kJ/kmol]
h_fg_fuel=15060 [kJ/kmol]
h_fuel=-118918 [kJ/kmol]
m_dot_fuel=0.5 [kg/s]
N_Total=61.5 [kmol/kmol_fuel]
PercentEx=150 [%]
P_atm=101.3 [kPa]
P_prod=202.7 [kPa]

Q_dot_out=2140 [kW]
Q_out=188732 [kJ/kmol_fuel]
R_u=8.314 [kJ/kmol-K]

T air=285 [K]

T_fuel=298 [K]
T_Prod=1200.00 [K]
y_CO=1.626E-15
y_C02=0.04878
y_H20=0.06504
y_N2=0.7642
y_NO=7.857E-08
y_02=0.122
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16-35

16-39 Oxygen is heated during a steady-flow process. The rate of heat supply needed during this process is to be determined
for two cases.

Assumptions 1 The equilibrium composition consists of O, and O. 2 All components behave as ideal gases.
Analysis (a) Assuming some O, dissociates into O, the dissociation equation can be written as
0, — x0,+2(1-x)0
The equilibrium equation among O, and O can be expressed as 0
0, <20 (thus vy, =1 andv, =2) ’

Assuming ideal gas behavior for all components, the equilibrium
constant relation can be expressed as

Nvo[ P j"o“’oz
K,=—2

298 K 3000 K

p v
N 02 Ntotal
0,

where Ny =x+2(1-x)=2-x

From Table A-28, In K, =-4.357 at 3000K. Thus K, =0.01282. Substituting,

2 2-1
0.01282 = M[Lj
X 2—x

Solving for x gives
x=0.943

Then the dissociation equation becomes
0, —— 09430,+01140

The heat transfer for this combustion process is determined from the steady-flow energy balance E;, — E,, = AE on

system

the combustion chamber with W= 0,
0= Npliy +h=0), = Nyl + 7 -7,
Assuming the O, and O to be ideal gases, we have & = i(T). From the tables,

hy hoggk N30k
Substance K/kmol kJ/kmol k/kmol
(@) 249,190 6852 63,425
0O, 0 8682 106,780
Substituting,

0., =0943(0+106,780—8682)+ 0.114(249,190 + 63,425 - 6852)— 0=127,363 kJ / kmol O,
The mass flow rate of O, can be expressed in terms of the mole numbers as

_ i _0.5kgmin _ o 61563 kmol/min
M 32kg/kmol

Thus the rate of heat transfer is
0., = NxQ,, =(0.01563 kmol/min)(127,363 kJ/kmol)=1990 kJ/min

(b) Ifno O, dissociates into O, then the process involves no chemical reactions and the heat transfer can be determined
from the steady-flow energy balance for nonreacting systems to be

0., =m(hy —h;) = N(hy —h;) = (0.01563 kmol/min)(106,780-8682) kJ/kmol = 1533 kJ/min
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16-36
16-40 The equilibrium constant, K, is to be estimated at 3000 K for the reaction CO + H20 = CO2 + H2.

Analysis (a) The K,, value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e " RT or InK, =-AG*(T)/R,T

p
where
AG*(T)=vcp€cor (T + Vi€ (1) ~veo€co (T) = Vo &ino ()
At 3000 K,
AG*(T)=vc028c02 (T) +VingZin (1) = veo&co (T) = Vino o (T)
=Veoa(h =T8)cop +Via (h =T5) iy =Veo (B =T5)co = Vo (B = T5)mo
=1[(~393,520 + 162,226 — 9364) — (3000)(334.084)]
+1[(0+97,211 - 8468) — (3000)(202.778)]
~1[(~110,530 + 102,210 — 8669) — (3000)(273.508]
—1[(-241,820 + 136,264 — 9904) — (3000)(286.273]
=49,291 kJ/kmol
Substituting,
K, = olkdAmol ____ o560,k _0.1386

(8.314kJ/kmol - K)(3000K)

The equilibrium constant may be estimated using the integrated van't Hoff equation:

o Kpest | _he (11
K, R\Tx T

K _
hl p.est _ 26,176 kJ/kl’IlOl 1 _ 1 K = 01307
0.2209 8.314 kJ/kmol.K { 2000K 3000 K P
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16-37

16-41 A constant volume tank contains a mixture of H, and O,. The contents are ignited. The final temperature and pressure
in the tank are to be determined.

Analysis The reaction equation with products in equilibrium is
H, +0,—>aH, +bH,0+cO,
The coefficients are determined from the mass balances
Hydrogen balance: 2=2a+2b
Oxygen balance: 2=b+2c
The assumed equilibrium reaction is
H,0+—H, +0.50,
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using
K,=e " ORI or InK,=-AG*(T)/R,T
where
AG*(T) = V812 (Tproa) + V02802 (Tprod) V1120 81120 (Tproa)
and the Gibbs functions are given by
812 (Tyroa) = (h = TyroaS) 2
862 (Tyroa) = (h = Tyrea )2
8110 (Tyroa) = (h = Tyra a0

The equilibrium constant is also given by

o _de (P ac (p1013)
? b' Ny b a+b+c

An energy balance on the tank under adiabatic conditions gives

UR =UP

where
Up = l(l/_lHZ@ZS"C ~ R, Tieqe) + l(/702@25°c =R, Treac)
=0-(8.314 kJ/kmol.K)(298.15 K)+0—(8.314 kJ/kmol.K)(298.15 K) =—-4958 kJ/kmol

UP = a(hH2@ Tood Ru Tprod ) + b(hH20@ Tood Ru Tprod ) + C(h02@ Tood Ru Tprod )

rod

The relation for the final pressure is

N T, 7
p, = o ed p :(“b“j pod_1101.3 kPa)
N, T 2 298.15K

Solving all the equations simultaneously using EES, we obtain the final temperature and pressure in the tank to be
Toa =3857K
P, =1043kPa
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16-38

16-42 It is to be shown that as long as the extent of the reaction, a., for the disassociation reaction X, <> 2X is smaller than

o Kp
one, o is given by o = [——
4+Kp

Assumptions The reaction occurs at the reference temperature.
Analysis The stoichiometric and actual reactions can be written as

Stoichiometric: X, < 2X (thus vy, =1 and vy =2)

Actual: X, & (l-a)X, +2aX
\—N_—)
react. prOd'
The equilibrium constant K, is given by
[P 0 0 e 29 S 0 U R
? N)Véz N (l-a)\a+1 (I-a)(1+a)

total

Solving this expression for a gives

/ K
a = —P
4+ Kp
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16-39

Simultaneous Reactions

16-43C It can be expresses as “(dG)zp = 0 for each reaction.” Or as “the K), relation for each reaction must be satisfied.”

16-44C The number of K|, relations needed to determine the equilibrium composition of a reacting mixture is equal to the
difference between the number of species present in the equilibrium mixture and the number of elements.
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16-40

16-45 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be
determined.

Assumptions 1 The equilibrium composition consists of H,O, OH, O,, and H,.
2 The constituents of the mixture are ideal gases.

Analysis The reaction equation during this process can be expressed as H,0,0H
H,0 —— xH,0+yH,+20,+wOH 129= 0 m,

Mass balances for hydrogen and oxygen yield 3400K

H balance: 2=2x+2y+w 1) I'atm

O balance: I=x+2z4+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K), relations) to determine the equilibrium composition of the mixture. They are

H,0 & H, +10, (reaction 1)
H,0 < 1 H, +OH (reaction 2)
The equilibrium constant for these two reactions at 3400 K are determined from Table A-28 to be

InKp =-1891 —— K, =015092
InKp, =-1576 ——>  Kp, =020680

The K, relations for these two simultaneous reactions are

Nl‘-/[Hz Néoz p Vi, +V0, ~Vi1,0) N;Hz N(‘;?_;I p (Vi *Vou—Vu,0)
Kp =—2 22 and Kp, =—-2
Pl NVHzO Ntotal = NVHzo Ntotal
H,0 H,0

where Ny = Ny,0 + Ny, + No, + Nog =x+y+z+w

Substituting,

1/2 1/2
0.15092 = X)) ( ! J A3)

X X+y+z+w

0.20680 = W) ( ! J 4)
X xX+ty+tz+w

Solving Egs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields
x=0.574 y=0.308 z=0.095 w=0.236
Therefore, the equilibrium composition becomes

0.574H,0 +0.308H, +0.0950, + 0.2360H
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16-41

16-46 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be
determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and O. 2 The constituents of the mixture are ideal
gases.

Analysis The reaction equation during this process can be expressed as

2CO0,+0, —> xCO,+yCO+z0,+w0O CO,, CO, 0,, 0
Mass balances for carbon and oxygen yield 2000 K
C balance: 2=x+y @) 4 atm
O balance: 6=2x+y+2z+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K relations) to determine the equilibrium composition of the mixture. They are

CO, & CO0+50, (reaction 1)
0, <20 (reaction 2)
The equilibrium constant for these two reactions at 2000 K are determined from Table A-28 to be

InK p =—6.635 — Kp =0.001314
InK py =—14.622 —— K », =4.464x1077

The Kp relations for these two simultaneous reactions are

Néﬁ(‘)o NS(:Z p (Vco Vo, =Vco,)
Kp = N

Négb total
2
KPZ = Néo [ P JVO_VOZ
Nézz Ntotal
where
Niotal = NCO2 +NO2 +Neog+Ng=x+y+z+w
Substituting,
4
0.001314 = @ ( j ?3)
X X+y+z+w
) 2-1
4.464x1077 = W_(;j (4)
z \x+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously using an equation solver such as EES for the four unknowns x, y, z, and w
yields

x=1.998 y=0.002272 z=1.001 w=0.000579
Thus the equilibrium composition is

1.998C0O, +0.002272CO +1.0010, + 0.0005790
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16-42

16-47 Two chemical reactions are occurring at high-temperature air. The equilibrium composition at a specified temperature
is to be determined.

Assumptions 1 The equilibrium composition consists of O,, N,, O, and NO. 2 The constituents of the mixture are ideal

gases.
Analysis The reaction equation during this process can be expressed as
Heat
0,+376N, ——> xN,+yNO+z0,+wO l
Mass bal for nit d ield . 0,, N, O, NO
ass balances for nitrogen and oxygen yie AIR Reaction 2, Ny
N balance: 7.52=2x+y (1) chamber, 2 atm 3000 K
O balance: 2=y+2z+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K), relations) to determine the equilibrium composition of the mixture. They are

N, +10, ©NO (reaction 1)
0, <20 (reaction 2)
The equilibrium constant for these two reactions at 3000 K are determined from Table A-28 to be
InKp =-2114 —— Kp =012075
InKp, =-4357T —— Kp, =001282
The Kp relations for these two simultaneous reactions are

("No—VN, V0, )

NVNO P 2 2

NO

K =

Pl v v
N N2 N 02 Ntotal

N, 0,

N(‘;o P Yo~Vo,
Kpy = ( j

Vo, N
0, total

where Ny =Ny, +Nyo +No, +No =x+y+z+w

Substituting,
’ 5 1-0.5-0.5
0.12075 = 3
x03703 (x+y+z+wj )
5 5 2-1
0.01282 = W—L—] 4)
z \x+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously using EES for the four unknowns x, y, z, and w yields
x=3.656 y=0.2086 z=0.8162 w=0.1591

Thus the equilibrium composition is
3.656N , +0.2086NO +0.81620, +0.15910

The equilibrium constant of the reaction N, <> 2N at 3000 K is InKp =-22.359, which is much smaller than the K, values
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture.
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16-43

16-48E
determined.

Two chemical reactions are occurring in air. The equilibrium composition at a specified temperature is to be

Assumptions 1 The equilibrium composition consists of O,, Ny, O, and NO. 2 The constituents of the mixture are ideal
gases.

Analysis The reaction equation during this process can be expressed as

Heat
0,+3.76N, —— xN,+yNO+z0,+wO l
Mass balances for nitrogen and oxygen yield . 0,. N,. 0. NO
AIR ReaCtIOIl 25 1N2, s
N balance: 752=2x+y ) chamber, 1 atm 5400 R
O balance: 2=y+2z+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K, relations) to determine the equilibrium composition of the mixture. They are

IN,+50, ©NO (reaction 1)
0, <20 (reaction 2)
The equilibrium constant for these two reactions at 7= 5400 R = 3000 K are determined from Table A-28 to be

InKp =-2114 —— Kp =012075
InKp, =—4357 —— Kp, =0.01282
The Kp relations for these two simultancous reactions are

("No—VNy V0, )

NVNO P 2 2

NO

K =

Pl v v
N N2 N 02 Ntotal

N, 0,

N(‘;o P Yo~Vo,
Kpy = ( j

v,
N 002 N total
2

where Ny =Ny, +Nyo +No, +Nog =x+y+z+w

Substituting,
. 1-0.5-0.5
Y

0.12075 = 3

x50 (x+y+z+wJ )

5 2-1
0.01282 = W—[;j 4)
z (x+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields
x=3.658 y=0.2048 z=0.7868 w=10.2216

Thus the equilibrium composition is
3.658N, + 0.2048NO + 0.78680, + 0.22160

The equilibrium constant of the reaction N, <> 2N at 5400 R is InK = -22.359, which is much smaller than the K values
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture.
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16-44

13
14-49E E Problem 16-48E is reconsidered. Using EES (or other) software, the equilibrium solution is to be obtained by
minimizing the Gibbs function by using the optimization capabilities built into EES. This solution technique is to be
compared with that used in the previous problem.

Analysis The problem is solved using EES, and the solution is given below.

"This example illustrates how EES can be used to solve multi-reaction chemical equilibria
problems by directly minimizing the Gibbs function.

0.21 02+0.79N2=a02+b O +c N2 +d NO

Two of the four coefficients, a, b, ¢, and d, are found by minimiming the Gibbs function at a total
pressure of 1 atm and a temperature of 5400 R. The other two are found from mass balances.

The equilibrium solution can be found by applying the Law of Mass Action to two
simultaneous equilibrium reactions or by minimizing the Gibbs function. In this problem, the Gibbs function is
directly minimized using the optimization capabilities built into EES.

To run this program, select MinMax from the Calculate menu. There are four compounds present
in the products subject to two elemental balances, so there are two degrees of freedom. Minimize
Gibbs with respect to two molar quantities such as coefficients b and d. The equilibrium mole
numbers of each specie will be determined and displayed in the Solution window.

Minimizing the Gibbs function to find the equilibrium composition requires good initial guesses."

"Data from Data Input Window"
{T=5400 "R"
P=1"atm"}

A02=0.21; BN2=0.79 "Composition of air"
AO2*2=a*2+b+d "Oxygen balance"
BN2*2=c*2+d "Nitrogen balance"

"The total moles at equilibrium are"
N_tot=a+b+c+d
y_02=a/N_tot; y_O=Db/N_tot; y N2=c/N_tot; y NO=d/N_tot

"The following equations provide the specific Gibbs function for three of the components."
g_02=Enthalpy(02,T=T)-T*Entropy(02,T=T,P=P*y_02)
g_N2=Enthalpy(N2,T=T)-T*Entropy(N2,T=T,P=P*y N2)
g_NO=Enthalpy(NO,T=T)-T*Entropy(NO,T=T,P=P*y_NO)

"EES does not have a built-in property function for monatomic oxygen so we will use the JANAF
procedure, found under Options/Function Info/External Procedures. The units for the JANAF
procedure are kgmole, K, and kJ so we must convert h and s to English units."
T_K=T*Convert(R,K) "Convert R to K"

Call JANAF('O',T_K:Cp',h’,S") "Units from JANAF are SI"

S_0=S*Convert(kJ/kgmole-K, Btu/lbmole-R)

h_O=h"*Convert(kJ/kgmole, Btu/lbmole)

"The entropy from JANAF is for one atmosphere so it must be corrected for partial pressure."”
g_O=h_O-T*(S_O-R_u*In(Y_0O))

R _u=1.9858 "The universal gas constant in Btu/mole-R "

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the
molar amount of each substance."

Gibbs=a*g_02+b*g_O+c*g_N2+d*g_NO
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0.000

3000

3500

4000
T [R]

4500

d b Gibbs Yo2 Yo Yno Yn2 T
[lbmol] [lbmol] [Btu/lbmol] [R]
0.002698 | 0.00001424 | -162121 | 0.2086 | 0.0000 | 0.0027 | 0.7886 3000
0.004616 | 0.00006354 | -178354 | 0.2077 | 0.0001 | 0.0046 | 0.7877 3267
0.007239 | 0.0002268 | -194782 | 0.2062 | 0.0002 | 0.0072 | 0.7863 3533
0.01063 | 0.000677 | -211395 | 0.2043 | 0.0007 | 0.0106 | 0.7844 3800
0.01481 | 0.001748 | -228188 | 0.2015 | 0.0017 | 0.0148 | 0.7819 4067
0.01972 | 0.004009 | -245157 | 0.1977 | 0.0040 | 0.0197 | 0.7786 4333
0.02527 | 0.008321 | -262306 | 0.1924 | 0.0083 | 0.0252 | 0.7741 4600
0.03132 | 0.01596 -279641 | 0.1849 | 0.0158 | 0.0311 | 0.7682 4867
0.03751 | 0.02807 -297179 | 0.1748 | 0.0277 | 0.0370 | 0.7606 5133
0.04361 | 0.04641 -314941 | 0.1613 | 0.0454 | 0.0426 | 0.7508 5400

0.050 : : :
O
o 0.040 §
[
© l
O
< 0.030 -
©
- l
0
S 0.020 .
©
5 l
ég 0.010 .

16-45

Discussion The equilibrium composition in the above table are based on the reaction in which the reactants are 0.21 kmol

0O, and 0.79 kmol N,. If you multiply the equilibrium composition mole numbers above with 4.76, you will obtain

equilibrium composition for the reaction in which the reactants are 1 kmol O, and 3.76 kmol N,.This is the case in problem

16-43E.
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16-46

16-50 Water vapor is heated during a steady-flow process. The rate of heat supply for a specified exit temperature is to be
determined for two cases.

Assumptions 1 The equilibrium composition consists of H,O, OH, O,, and H,. 2 The constituents of the mixture are ideal

gases.
Analysis (a) Assuming some H,O dissociates into H,, O,, and 0
O, the dissociation equation can be written as

HzO —_—> xH20+yH2 +ZOz+WOH I Hzo, Hz, 02,

. H,0 OH
Mass balances for hydrogen and oxygen yield —
298K 2400 K

H balance: 2=2x+2y+w )
O balance: I=x+2z4+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K relations) to determine the equilibrium composition of the mixture. They are

H,0 & H, +10, (reaction 1)
H,0 < JH, +OH (reaction 2)
The equilibrium constant for these two reactions at 2400 K are determined from Table A-28 to be

InK p =—5.619 —> K p, =0.003628

The Kp relations for these three simultaneous reactions are

NVHz N"Oz Vi, V0, ~Vi,0)
K. = H, Y0, P
n NVHZO Ntotal
H,0

N]‘;Z'z N(‘;(I)_;l P (Vir, +Vor—Vu,0)
Kpy =

Ny Vo
where
Nigtal = Nu,0 + N, +No, + Nog =x+y+z+w
Substituting,
0.003628 = A ( 1 jl/z 5
x \x+y+zew

1/2 1/2
0.002032 = VG) ( ! j 4)
X X+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields
x=10.960 y=0.03204 z=10.01205 w=0.01588

Thus the balanced equation for the dissociation reaction is
H,0 —— 0.960H,0 + 0.03204H, + 0.012050, + 0.015880H

The heat transfer for this dissociation process is determined from the steady-flow energy balance E,, — E, = AE with

w=0,

ut system

Qin ZZNP(zJO +}7_}70)P_ZNR(E; +}7_}70)R
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Assuming the O, and O to be ideal gases, we have 2 = A(T). From the tables,

hy [P ook
Substance

kJ/kmol kJ/kmol kJ/kmol
H,O -241,820 9904 103,508
H, 0 8468 75,383
0O, 0 8682 83,174
OH 39,460 9188 77,015

Substituting,

Oi, =0.960(—241,820 + 103,508 — 9904)
+0.03204(0 + 75,383 — 8468)
+0.01205(0 + 83,174 — 8682)
+0.01588(39,460 + 77,015 - 9188) — (—241,820)
=103,380 kJ/kmol H,O

The mass flow rate of H,O can be expressed in terms of the mole numbers as

m__ 0.6 kg/min
M 18kg/kmol

=0.03333 kmol/min

Thus,
0., =N x 0, =(0.03333 kmol/min)(103,380 kJ/kmol) = 3446 kJ/min

(b) If no dissociates takes place, then the process involves no chemical reactions and the heat transfer can be determined
from the steady-flow energy balance for nonreacting systems to be

Oy =mi(hy = hy)=N(hy = hy)
=(0.03333 kmol/min)(103,508 — 9904) kJ/kmol
=3120 kJ/min
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16-48

13
16-51 E Problem 16-50 is reconsidered. The effect of the final temperature on the rate of heat supplied for the two
cases is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

"Given"

T1=298 [K]
"T2=2400 [K]"

P=1 [atm]
m_dot=0.6 [kg/min]
T0=298 [K]

"The equilibrium constant for these two reactions at 2400 K are determined from Table A-28"
K_pl=exp(-5.619)
K_p2=exp(-5.832)

"Properties”
MM_H20=molarmass(H20)

"Analysis"

"(a)"

"Actual reaction: H20 = N_H20 H20 + N_H2 H2 + N_0O2 O2 + N_OH OH"

2=2*N_H20+2*N_H2+N_OH "H balance"

1=N_H20+2*N_0O2+N_OH "O balance"

N_total=N_H20+N_H2+N_02+N_OH

"Stoichiometric reaction 1: H20 = H2 + 1/2 02"

"Stoichiometric coefficients for reaction 1"

nu_ H20 1=1

nu H2 1=1

nu_02 1=1/2

"Stoichiometric reaction 2: H20 = 1/2 H2 + OH"

"Stoichiometric coefficients for reaction 2"

nu_H20_2=1

nu_H2 2=1/2

nu_OH_2=1

"K_p relations are"

K_p1=(N_H2"nu_H2_ 1*N_02"nu_02_1)/N_H20"nu_H20_ 1*(P/N_total)*(nu_H2_1+nu_0O2 1-nu_H20 1)
K_p2=(N_H2"nu_H2_2*N_OH"nu_OH_2)/N_H20"nu_H20_2*(P/N_total)(nu_H2_2+nu_OH_2-nu_H20_2)

"Enthalpy of formation data from Table A-26"

h_f OH=39460

"Enthalpies of products"

h_H20_R=enthalpy(H20, T=T1)
h_H20_P=enthalpy(H20, T=T2)

h_H2=enthalpy(H2, T=T2)

h_0O2=enthalpy(02, T=T2)

h_OH=98763 "at T2 from the ideal gas tables in the text"
"Standard state enthalpies”

h_o_OH=9188 "at TO from the ideal gas tables in the text"

"Heat transfer"
H_P=N_H20*h_H20_P+N_H2*h_H2+N_02*h_02+N_OH*(h_f_OH+h_OH-h_o_OH)
H R=N_H20 R*h_H20 R

N_H20 R=1

Q_in_a=H P-H R

Q_dot_in_a=(m_dot/MM_H20)*Q in_a

ll(b)ll

Q_in_b=N_H20_R*(h_H20_P-h_H20_R)

Q_dot_in_b=(m_dot/MM_H20)*Q _in_b
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16-49
Tprod [K] Qin,Dissoc Qin,NoDissoc
[kJ/min] [kJ/min]
2500 3660 3295
2600 3839 3475
2700 4019 3657
2800 4200 3840
2900 4382 4024
3000 4566 4210
3100 4750 4396
3200 4935 4583
3300 5121 4771
3400 5307 4959
3500 5494 5148
5200 |
4800 dissociation |
= i 1
£ 4400 1
S i
x -
= 2000 no dissociation ]
OT ]
3600 ]
3200 v ]
2500 2700 2900 3100 3300 3500
T2 [K]
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16-50

13
16-52 E Ethyl alcohol C,HsOH (gas) is burned in a steady-flow adiabatic combustion chamber with 40 percent excess
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of
the percent excess air is to be plotted.

Analysis The complete combustion reaction in this case can be written as

C,H;OH (gas)+ (1+ Ex)ay, [0, +3.76N, | ——> 2 CO, +3H,0+(Ex)(ag,) O, + f N,
where ay, is the stoichiometric coefficient for air. The oxygen balance gives

I+ (1+ Ex)ay, x2=2x2+3x1+(Ex)(ay, ) x2

The reaction equation with products in equilibrium is
C,H;OH (gas) + (1+ Ex)ay [0, +3.76N, |——>a CO, +bCO+d H,0 +e0, + f N, + g NO

The coefficients are determined from the mass balances

Carbon balance: 2=a+b

Hydrogen balance: 6=2d ——>d =3

Oxygen balance: 1+ (1+ Ex)ay, x2=ax2+b+d+ex2+g
Nitrogen balance: 1+ Ex)ay, x3.76x2= fx2+g

Solving the above equations, we find the coefficients to be
Ex=04,an,=3, a=1.995, b=0.004712, d=3, e=1.17, f=15.76, g=10.06428
Then, we write the balanced reaction equation as
C,H,OH (gas) + 4.2[0, +3.76N, |
—>1.995C0O, +0.004712CO+3H,0+1.170, +15.76 N, + 0.06428 NO
Total moles of products at equilibrium are

Nyt =1.995+0.004712+3+1.17+15.76 = 21.99
The first assumed equilibrium reaction is
CO, «——CO0+0.50,

The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

_AGI * (Tprod)J

K, =exp
i [ Rqurod

Where  AG, *(Tjr04) = Vo 2co (Tproa ) + Vo2 2o (Tprod ) — Vo2 Zcon (Tproa)
and the Gibbs functions are defined as
8¢0 (Tpeoa) = (h = Typoa¥) o
862 (Tpeoa) = (h = Typoa¥) 2
8¢02(Tywoa) = (h = Tyyoa) con

The equilibrium constant is also given by

pl —

be“[ P J”O‘S‘_(0.004712)(1.17)0‘5[ I

0.5
] =0.0005447
Ny 1.995 21.99

a
The second assumed equilibrium reaction is
0.5N, +0.50, «—NO

Also, for this reaction, we have
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16-51
230 Tprod) = (1 = Ty no
Zx2 (Toa) = (h =Tooa )
200 (Tyroa) = (h = Tpoa )
AG, *(Tproa) = Vo 2o (Tproa) — Ve &N (Tproa) — V02802 (Tproa)

_AGZ *(Tprod)J

Ru T, rod

sz = exp[
P!

p ) 1\ 006428
sz:( 5g05 :( j (;5 0.5 =0.01457
N o3 105 (2199 (1.17)%5(15.76)"

A steady flow energy balance gives
Hp=Hp

where

Hp=h{ — 4. 2honaasec +15.79pa0s0c
= (~235,310 kJ/kmol) + 4.2(0) +15.79(0) = —235,310 kJ/kmol

Hp =1.95hcoyar, , +0.004712hcoqr | +3hnoar,., +11Thoxar,, +15.76hqr, , +0.06428hvoq1,

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature
Thoroa =1901 K

The copy of entire EES solution including parametric studies is given next:

"The reactant temperature is:"

T_reac= 25+273 "[K]"

"For adiabatic combustion of 1 kmol of fuel: "

Q_out = 0 "[kJ]"

PercentEx = 40 "Percent excess air"

Ex = PercentEx/100 "EX = % Excess air/100"

P_prod =101.3"[kPa]"

R_u=8.314 "[kJ/kmol-K]"

"The complete combustion reaction equation for excess air is:"
"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 CO2 + 3 H20 + Ex*A_th O2 + f N2 "
"Oxygen Balance for complete combustion:"

1+ (1+Ex)*A_th*2=2*2+3*1 + Ex*A_th*2

"The reaction equation for excess air and products in equilibrium is:"
"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a CO2 + b CO+ d H20 + e O2 + f N2 + g NO"
"Carbon Balance:"

2=a+b

"Hydrogen Balance:"

6=2%d

"Oxygen Balance:"

1+ (1+Ex)*A_th*2=a*2+b + d + e*2 +g

"Nitrogen Balance:"

(1+Ex)*A_th*3.76 *2=f*2 + g

N_tot=a +b +d + e + f +g "Total kilomoles of products at equilibrium"

"The first assumed equilibrium reaction is CO2=C0O+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for

each component in the product gases as a function of its temperature, T_prod,
at 1 atm pressure, 101.3 kPa"

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3)
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3)
g_02=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)
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16-52

"The standard-state Gibbs function is"

DELTAG_1=1*g_CO+0.5*g_02-1*g_CO02

"The equilibrium constant is given by Eq. 15-14."

K_P_1 =exp(-DELTAG_1 /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 15-15."
"K_P_1=(P/N_tot)*(1+0.5-1)*(b"1*e"0.5)/(a"1)"

sqrt(P/N_tot) *b *sqrt(e) =K_P_1*a

"The econd assumed equilibrium reaction is 0.5N2+0.502=NQO"
g_NO=Enthalpy(NO,T=T_prod )-T_prod *Entropy(NO,T=T_prod ,P=101.3)
g_N2=Enthalpy(N2,T=T_prod )-T_prod *Entropy(N2,T=T_prod ,P=101.3)

"The standard-state Gibbs function is"

DELTAG_2 =1*g_NO-0.5*g_02-0.5*g_N2

"The equilibrium constant is given by Eq. 15-14."

K_P_2 =exp(-DELTAG_2 /(R_u*T_prod))

"The equilibrium constant is also given by Eq. 15-15."

"K_P_2 = (P/N_tot)"(1-0.5-0.5)*(g"1)/(e"0.5*f*0.5)"

g=K_P_2 *sqrt(e*f)

"The steady-flow energy balance is:"

H_R=Q_out+H_P

h_bar_f C2H50Hgas=-235310 "[kJ/kmol]"

H_R=1*(h_bar_f _C2H50Hgas )
+(1+Ex)*A_th*ENTHALPY(02,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]"
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY (H20,T=T_prod)+e*ENTHAL
PY(O2,T=T_prod)+f*ENTHALPY(N2,T=T_prod)+g*ENTHALPY(NO,T=T_prod) "[kJ/kmol]"

amn a b d e f g PercentEx | Tprod
[%] [K]
3 1.922 0.07779 3 0.3081 | 12.38 | 0.0616 10 2184
3 1.971 0.0293 3 0.5798 13.5 | 0.06965 20 2085
3 1.988 0.01151 3 0.8713 | 14.63 | 0.06899 30 1989
3 1.995 0.004708 3 1.17 15.76 | 0.06426 40 1901
3 1.998 0.001993 3 1.472 16.89 | 0.05791 50 1820
3 1.999 | 0.0008688 3 1.775 18.02 | 0.05118 60 1747
3 2 0.0003884 3 2.078 19.15 | 0.04467 70 1682
3 2 0.0001774 3 2.381 20.28 | 0.03867 80 1621
3 2 0.00008262 3 2.683 | 21.42 | 0.0333 90 1566
3 2 0.00003914 3 2.986 | 22.55 | 0.02856 100 1516

2200

2100

2000

1900

1800

Tprod (K)

1700

1600

1500 PR Y T S T Y S S N S R SO B S S!
10 20 30 40 50 60 70 80 90 100

PercentEx

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

16-53

Variations of K, with Temperature

16-53C It enables us to determine the enthalpy of reaction h, r from a knowledge of equilibrium constant Kp.

16-54C At 2000 K since combustion processes are exothermic, and exothermic reactions are more complete at lower
temperatures.

16-55 The ER value for the dissociation process O, <> 20 at a specified temperature is to be determined using enthalpy and
Kp data.

Assumptions Both the reactants and products are ideal gases.
Analysis (a) The dissociation equation of O, can be expressed as
0, 20

The &, r of the dissociation process of O, at 3100 K is the amount of energy absorbed or released as one kmol of O,
dissociates in a steady-flow combustion chamber at a temperature of 3100 K, and can be determined from

hp= > Npliy v =07), =3 Npl; 45 -77),

Assuming the O, and O to be ideal gases, we have 2= A (7). From the tables,

HF ﬁ298 K H2900 K
Substance
kJ/kmol kJ/kmol kJ/kmol
(0] 249,190 6852 65,520
0, 0 8682 110,784
Substituting,

ZR =2(249,190 + 65,520 — 6852) —1(0 + 110,784 — 8682)
=513,614 kJ/kmol

(b) The h, r value at 3100 K can be estimated by using Kp values at 3000 K and 3200 K (the closest two temperatures to
3100 K for which K data are available) from Table A-28,

Kp, _h, h,
mir2 e f 11 InKp, —InKp =% L
Kp R, RA\T T,

u

h,
-3.072—(-4.357) = R L
8.314 kJ/kmol-K { 3000K  3200K

hy, =512,808 kJ/kmol
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16-54

16-56 The A, r at a specified temperature is to be determined using the enthalpy and K, data.

Assumptions Both the reactants and products are ideal gases.

Analysis (a) The complete combustion equation of CO can be expressed as

co+lo, & co,

The }TR of the combustion process of CO at 2200 K is the amount of energy released as one kmol of CO is burned in a
steady-flow combustion chamber at a temperature of 2200 K, and can be determined from

he =Y Nplip -kt ), =S N+ -0°),

Assuming the CO, O, and CO; to be ideal gases, we have & = A(T). From the tables,

hy hoggk has00k
Substance

kJ/kmol kJ/kmol kJ/kmol
CO, -393,520 9364 112,939
CO -110,530 8669 72,688
0, 0 8682 75,484

Substituting,

T = 1(-393,520+ 112,939 — 9364)
—1(~110,530+ 72,688 — 8669)
—0.5(0+ 75,484 —8682)

= -276,835 kJ / kmol

(b) Theh, » value at 2200 K can be estimated by using Kp values at 2000 K and 2400 K (the closest two temperatures to

2200 K for which Kp data are available) from Table A-28,

Kpy _ g
KPl Ru

ln—z—(i—TLJ or nKp, —InKp,

h
3.860—6.635 = R
8.314 kJ/kmol-K

hg =—-276,856 kJ/kmol

2000K  2400K

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org
16-55
16-57E The #, r at a specified temperature is to be determined using the enthalpy and K, data.
Assumptions Both the reactants and products are ideal gases.
Analysis (a) The complete combustion equation of CO can be expressed as
CO+ % 0, & CO,

The &, r of the combustion process of CO at 3960 R is the amount of energy released as one kmol of H; is burned in a steady-
flow combustion chamber at a temperature of 3960 R, and can be determined from

he =Y Nplip -kt ), =S N+ -0°),

Assuming the CO, O, and CO, to be ideal gases, we have & = h (T). From the tables,

hy hsgrr haggor
Substance
Btu/lbmol Btu/lbmol Btu/lbmol
CO, -169,300 4027.5 48,647
CO -47,540 3725.1 31,256.5
0O, 0 3725.1 32,440.5
Substituting,

hp =1(~169,300 + 48,647 — 4027.5)
—1(-47,540+31,256.5—3725.1)
—0.5(0+32,4405-3725.1)

=-119,030 Btu/lbmol

(b) The h, r value at 3960 R can be estimated by using Kp values at 3600 R and 4320 R (the closest two temperatures to 3960
R for which K data are available) from Table A-28,

X _ _
an_PZEZ_R(L_LJ or anpz—anplzh—R(i—Lj
Pl

u

h
3.860—6.635 = R b1
1.986 Btu/lbmol-R | 3600R  4320R

hp =-119,041 Btu/lbmol
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16-56

16-58 The Kp value of the combustion process H, + 1/20, <> H,0 is to be determined at a specified temperature using lTR
data and Kp value .

Assumptions Both the reactants and products are ideal gases.

Analysis The /i, and K data are related to each other by

Kp, _h, h,
I 3 R R S R i 3 S
Kp R T.

The &, r of the specified reaction at 3000 K is the amount of energy released as one kmol of H; is burned in a steady-flow
combustion chamber at a temperature of 3000 K, and can be determined from

hp= > Npliy v =07), =3 Npl; +h-i°),

Assuming the H,O, H, and O, to be ideal gases, we have 4 = & (T). From the tables,

HF ﬁ298 K H3000K
Substance

kJ/kmol kJ/kmol kJ/kmol
H,0 -241,820 9904 136,264
H, 0 8468 97,211
0, 0 8682 106,780

Substituting,

hp =1(=241,820 + 136,264 — 9904)
—1(0+97,211 — 8468)
~0.5(0 + 106,780 — 8682)
= -253,250 kJ/kmol

The Kp value at 3200 K can be estimated from the equation above by using this h, r value and the Kp value at 2800 K which
is In Kpl =3812or Kp1 = 4524,

—253,250kJ/kmol 11
8.314kJ/kmol- K { 2800K  3200K

In(K p, /45.24) =

InKp, =2.452 (Table A -28:InkK ,, =2.451)

or

Kp, =116
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16-57

16-59 The }_tR value for the dissociation process CO, < CO + 1/20, at a specified temperature is to be determined using

enthalpy and K, data.

Assumptions Both the reactants and products are ideal gases.

Analysis (a) The dissociation equation of CO, can be expressed as

Co, & Co+10,

The &, r of the dissociation process of CO, at 2200 K is the amount of energy absorbed or released as one kmol of CO,
dissociates in a steady-flow combustion chamber at a temperature of 2200 K, and can be determined from

hy ZZNP(}T; +E_ZO)P_ZNR(}7;+E_EO)R

Assuming the CO, O, and CO, to be ideal gases, we have & = h (T). From the tables,

H; E298 K H2200 K
Substance

kJ/kmol kJ/kmol kJ/kmol
CO, -393,520 9364 112,939
CO -110,530 8669 72,688
0, 0 8682 75,484

Substituting,

B =1(~110,530 + 72,688 — 8669)

+0.5(0+ 75,484 —8682)

-1(-393,520+112,939-9364)

= 276,835 kJ / kmol

(b) Theh, » value at 2200 K can be estimated by using Kp values at 2000 K and 2400 K (the closest two temperatures to

2200 K for which Kp data are available) from Table A-28,

Kpy & h
lni:_R(i_LJ or NKp, ~InKp =

Kp R\T, T,

u

g

1 1
L T

—3.860 — (~6.635) =

8.314 kJ/kmol - K (20001{ 2400 Kj

hy = 276,856 kJ/kmol
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16-58

16-60 The enthalpy of reaction for the equilibrium reaction CH4 + 202 = CO2 + 2H20 at 2000 K is to be estimated using
enthalpy data and equilibrium constant, K, data.

Analysis The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

_ _-AGXT)/R,T _
K,=e or InK, =-AG*(T)/R,T

where
AG*(T) = Vcozg(*:oz (T)+VHZO§;IZO (T)_VCH4§éH4 (T)_Vozggz (1)
At T, =2000 - 10=1990 K:
AG, *(T)= Vcozgéoz () + VHZOE:IZO(TI) - VCH4§ZH4 (1) - Vozggz (1)

=1(=917,176) + 2(—695,638) — 1(~559,718) — 2(—475,399)
= 797,938 kJ/kmol

At T, =2000+ 10=2010K:
AG, *(T) = Vcozgc*:oz (1) + VH2O§I:20 (1) - VCH4§éH4 () - Vozggz (1)
=1(-923,358) + 2(-700,929) — 1(-565,835) — 2(—480,771)
=-797,839 kJ/kmol

The Gibbs functions are obtained from enthalpy and entropy properties using EES. Substituting,

- 797,938 kJ/kmol
K, =exp| -
r (8.314 kJ/kmol - K)(1990 K)

j: 8.820x102°

— 797,839 kJ/kmol
K, =exp| -
(8.314 kJ/kmol - K)(2010 K)

J =5.426x10%
The enthalpy of reaction is determined by using the integrated van't Hoff equation:
| Ko | E_R(L _ L]
K pl Ru Tl T 2

20 7 _
In| 222010 fix ( L1 j hy =-807,752 kd/kmol
8820x102° | 8314kJ/kmolK{1990K 2010K

The enthalpy of reaction can also be determined from an energy balance to be
hy=Hp,—-Hp
where

H g =1hcna@ao0k +2h02 @00k =48.947 +2(59,193) =167,333 kJ/kmol
H p =1hcoy @000k + 2h120 @000k = (=302,094) + 2(=169,162) = —640,419 kJ/kmol

The enthalpies are obtained from EES. Substituting,
ER =Hp — Hy =(—640,419) — (167,333) =-807,752 kJ/kmol

which is identical to the value obtained using K, data.
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16-59

Phase Equilibrium

16-61C No. Because the specific gibbs function of each phase will not be affected by this process; i.e., we will still have
8r = 8¢

16-62C Yes. Because the number of independent variables for a two-phase (PH=2), two-component (C=2) mixture is,
from the phase rule,

IV=C—-PH+2=2-2+2=2
Therefore, two properties can be changed independently for this mixture. In other words, we can hold the temperature
constant and vary the pressure and still be in the two-phase region. Notice that if we had a single component (C=1) two

phase system, we would have IV=1, which means that fixing one independent property automatically fixes all the other
properties.

11-63C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid 4 in the liquid at the interface
at a specified temperature can be determined from

m .
_ solid
mf, =
Msolid T Miiquid

where miq is the maximum amount of solid dissolved in the liquid of mass miqiq at the specified temperature.

11-64C The molar concentration C; of the gas species 7 in the solid at the interface C soiid sice (0) is proportional to the partial
pressure of the species i in the gas P; s side(0) on the gas side of the interface, and is determined from

Ci, solid side (0) =8x Pi, gasside (O) (kmOI/m3)

where S is the solubility of the gas in that solid at the specified temperature.

11-65C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in the liquid at the
interface at a specified temperature can be determined from Henry’s law expressed as

P .
i, liquid side 0)= %m()

where H is Henry’s constant and P; g siqe(0) is the partial pressure of the gas i at the gas side of the interface. This relation
is applicable for dilute solutions (gases that are weakly soluble in liquids).
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16-60

16-66E The maximum partial pressure of the water evaporated into the air as it emerges from a porous media is to be
determined.

Assumptions The air and water-air solution behave as ideal solutions so that Raoult’s law may be used.
Analysis The saturation temperature of water at 70°F is

Po@roer =0.36334 psia

S
Since the mole fraction of the air in the liquid water is essentially zero,

P =1x Py@er =0.36334 psia

v,max

16-67 The number of independent properties needed to fix the state of a mixture of oxygen and nitrogen in the gas phase is
to be determined.

Analysis In this case the number of components is C = 2 and the number of phases is PH = 1. Then the number of
independent variables is determined from the phase rule to be

IV=C-PH+2=2-1+2=3

Therefore, three independent properties need to be specified to fix the state. They can be temperature, the pressure, and the
mole fraction of one of the gases.

16-68 It is to be shown that a saturated liquid-vapor mixture of refrigerant-134a at -20°C satisfies the criterion for phase
equilibrium.

Analysis Using the definition of Gibbs function and enthalpy and entropy data from Table A-11,
gy =h; —Ts, =(25.49kl/kg) — (253.15K)(0.10463 kl/kg -K)=-0.9967 kl/kg
8g =hy —Ts, =(238.41kJ/kg) —(253.15K)(0.94564 kJ/kg-K)=-0.9842kJ/kg

which are sufficiently close. Therefore, the criterion for phase equilibrium is satisfied.

16-69 It is to be shown that a mixture of saturated liquid water and saturated water vapor at 300 kPa satisfies the criterion
for phase equilibrium.

Analysis The saturation temperature at 300 kPa is 406.7 K. Using the definition of Gibbs function and enthalpy and entropy
data from Table A-5,

g, =h, —Ts, =(561.43kJ/kg) - (406.7 K)(1.6717 k/kg -K) = ~118.5 kl/kg
g, =hy —Ts, =(2724.9 kl/kg) - (406.7 K)(6.9917 ki/kg - K) = ~118.6 kl/kg

which are practically same. Therefore, the criterion for phase equilibrium is satisfied.
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16-61
16-70 The values of the Gibbs function for saturated refrigerant-134a at 280 kPa are to be calculated.

Analysis The saturation temperature of R-134a at 280 kPa is —1.25°C (Table A-12). Obtaining other properties from Table
A-12, the Gibbs function for the liquid phase is,

g, =h, ~Ts, =50.18kl/kg — (~1.25+273.15K)(0.19829 kl/kg - K) = ~3.74 kJ/kg

R-134a
For the vapor phase, 280 kPa
gg =hy —Ts, =249.72kl/kg— (-1.25+273.15K)(0.93210kJ/kg - K) = -3.72kJ/kg x=0.7

The results agree and demonstrate that phase equilibrium exists.

16-71E The values of the Gibbs function for saturated steam at 300°F as a saturated liquid, saturated vapor, and a mixture
of liquid and vapor are to be calculated.

Analysis Obtaining properties from Table A-4E, the Gibbs function for the liquid phase is,
gy =h;—Ts; =269.73 Btw/lbm—(759.67 R)(0.43720 Btw/lbm- R) = -62.40 Btu/lbm

Steam
For the vapor phase, 300°F

gg =hy —Ts, =1180.0 Btu/lbm— (759.67 R)(1.6354 Btw/lbm- R) = ~62.36 Btu/lbm

For the saturated mixture with a quality of 60%,
h=h; +xh, =269.73 Btu/lbom +(0.60)(910.24 Btu/Ibm) = 815.87 Btu/lbm
s =5, +xs, =0.43720 Btu/lbm- R +(0.60)(1.19818 Btu/Ibm- R) =1.1561 Btw/lbm- R
g=h—-Ts=815.87 Btu/lbm—(759.67 R)(1.1561 Btu/lbm-R) = —62.38 Btu/lbm

The results agree and demonstrate that phase equilibrium exists.

16-72 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The pressure of
ammonia is to be determined for two compositions of the liquid phase.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.

Analysi; Accqrdjng to Raoults’s law, when the mole fraction of the H,0 + NH,
ammonia liquid is 20%,

Paips = ¥ s xits Pz (7) = 0.20(615.3 kPa) = 123.1kPa

When the mole fraction of the ammonia liquid is 80%,

P =V pains Py (1) = 0.80(615.3kPa) = 492.2kPa s
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16-62

16-73 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture, the composition of each phase at a
specified temperature and pressure is to be determined.

Analysis From the equilibrium diagram (Fig. 16-21) we read
Liquid: 65% N, and 35%O0,

Vapor: 90% N, and 10%O,

16-74 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is
to be determined for a specified composition of the vapor phase.

Analysis From the equilibrium diagram (Fig. 16-21) we read 7=82 K.

16-75 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is
to be determined for a specified composition of the nitrogen.

Properties The molar masses of O, is 32 kg/kmol and that of N, is 28 kg/kmol (Table A-1).
Analysis For 100 kg of liquid phase, the mole numbers are

Mmeon  40kg
My, 32kg/kmol

Mmenay  60kg
My,  28kg/kmol
N totar =1.25+2.143 =3.393 kmol

=1.25kmol

Ny =

Nf,N2 = = 2143 kl’nOl

The mole fractions in the liquid phase are

Nyo2  1.25kmol
N 3:393kmol

Nyny  2.143kmol
Ny o 3:393kmol

=0.3684

Y502 =

=0.6316

YrNe =

From the equilibrium diagram (Fig. 16-21) we read 7= 80.5 K.
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16-63

16-76 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the mass of the
oxygen in the liquid and gaseous phases is to be determined for a specified composition of the mixture.

Properties The molar masses of O, is 32 kg/kmol and that of N, is 28 kg/kmol (Table A-1).

Analysis From the equilibrium diagram (Fig. 16-21) at 7= 84 K, the oxygen mole fraction in the vapor phase is 34% and
that in the liquid phase is 70%. That is,

yf702 = 0.70 and yg’oz = 0.34

The mole numbers are

Noy = Moz ___30ke 9375 1mol
My,  32kg/kmol
Ny = ___40ke ) 4r04mol

My, 28kg/kmol
Nygta = 0.9375 +1.429 = 2.366 kmol

The total number of moles in this system is

N, +N, =2.366 (1)

The total number of moles of oxygen in this system is

0.7N; +0.34N, =0.9375 2)

Solving equations (1) and (2) simultneously, we obtain

N, =0.3696
N, =1.996

Then, the mass of oxygen in the liquid and vapor phases is
Mmeon =Y ro2N Mo =(0.7)(0.3696 kmol)(32 kg/kmol) = 8.28 kg
My 0p =Yg 00NgMoy =(0.34)(1.996 kmol)(32 kg/kmol) = 21.72 kg
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16-64

16-77 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the total mass of
the liquid phase is to be determined.

Properties The molar masses of O, is 32 kg/kmol and that of N, is 28 kg/kmol (Table A-1).

Analysis From the equilibrium diagram (Fig. 16-21) at 7= 84 K, the oxygen mole fraction in the vapor phase is 34% and
that in the liquid phase is 70%. That is,

yf702 = 0.70 and yg’oz = 0.34

Also,
yf,NZ = 0.30 and yg,N2 = 0.66

The mole numbers are
mo,  30kg
My,  32kg/kmol

N _ Mo __ 40kg
UMy, 28kg/kmol
Nygta = 0.9375+1.429 = 2.366 kmol

=0.9375 kmol

No, =

=1.429 kmol

The total number of moles in this system is

N, +N, =2.366 (1)

The total number of moles of oxygen in this system is

0.7N, +0.34N, = 0.9375 2)

Solving equations (1) and (2) simultneously, we obtain
N, =0.3696
N, =1.996

The total mass of liquid in the mixture is then

My total =My 02 TMy 02
=VrooN Moy +yraoN My,
= (0.7)(0.3696 kmol)(32 kg/kmol) + (0.3)(0.3696 kmol)(28 kg/kmol)
=11.38kg
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16-65
16-78 A rubber wall separates O, and N, gases. The molar concentrations of O, and N, in the wall are to be determined.
Assumptions The O, and N, gases are in phase equilibrium with the rubber wall.

Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-1). The solubility of
oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156 kmol/m*-bar, respectively (Table 16-3).

Analysis Noting that 300 kPa = 3 bar, the molar densities of oxygen

and nitrogen in the rubber wall are determined to be Rubber
late
COZ,solid side (O) =Sx POZ, gas side I/)\—
=(0.00312 kmol/m? .bar)(3 bar)
o
=0.00936 kmol/m® o Co» N,
25°C 259C
CNZ ,solid side (0) =Sx PN2 , gas side 300 kPa CN2 300 kPa
= (0.00156 kmol/m> bar)(3 bar)
~——

=0.00468 kmol/m?
That is, there will be 0.00936 kmol of O, and 0.00468 kmol of N, gas in each m’ volume of the rubber wall.

16-79 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The
composition of the vapor phase is given. The composition of the liquid phase is to be determined.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.

Properties At 50°C, Py y,0 =12.352kPa and Py, =2033.5kPa.

Analysis We have y, 1.0 =1% and y, \y, =99% . For an ideal two-phase mixture we have

Yer,0bn = yf,HZOPsat,HZO(T)

Vet Fm = Y 7 iy Bagn, (1)

YrH,0tYrNH, = 1

Solving for y /o,

(0.01)(2033.5 kPa) S

Puo U=y, o) P
fH0) 0 b

Vimo="—"—7—0-y,u0)=
SOt P 07T (0.99)(12.352 kPa)

It yields
yf,HZO = 0.624 al’ld yf,NH3 = 0.376
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16-66

16-80 A mixture of water and ammonia is considered. The mole fractions of the ammonia in the liquid and vapor phases are
to be determined.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.
Properties At 25°C, P, jpo = 3.1698 kPa and P, nyy3 = 1003.5kPa (Tables A-4).

Analysis According to Raoults’s law, the partial pressures of
ammonia and water in the vapor phase are given by

N
SN (1003.5kPa)

Py Nz =Y nusFeanns = H,0 + NH;

100 kPa, 25°C

Nynms +Nymo

N .
L0 (31698 kPa)

P, gH20 =)V f,HZOPsat,HZO =

N0 +Nymo

N/ mo

Ny nws

The sum of these two partial pressures must equal the total pressure of the vapor mixture. In terms of x = , this sum

is

1003.5 N 3.1698x
x+1 x+1

100

Solving this expression for x gives
x=9.331 kmol H20/kmol NH3
In the vapor phase, the partial pressure of the ammonia vapor is

1003.5  1003.5
x+1 9.331+1

Py = =97.13kPa

The mole fraction of ammonia in the vapor phase is then

Py 97.13kPa

= = =0.9713
YeNm =p 100 kPa
According to Raoult’s law,
P
gNH3  97.13kPa 0.0968

YyNm = s 1003.5kPa
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16-67

16-81 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber,
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid
solution being drained from the generator are to be determined.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.
Properties At 0°C, P, 150 = 0.6112kPa and at 46°C, P, 115 =10.10kPa (Table A-4). The saturation pressures of

ammonia at the same temperatures are given to be 430.6 kPa and 1830.2 kPa, respectively.

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by

P, o NH3 =V f NH3 P Nm3

Pg,HZO =Y r.Hmo Psat,HZO =(- Y7 NH3 )Psat,HZO
Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is

y _/',NH3Psat,NH3

Ve NH3 =
Y rnms Bagnns + (- Y r s P oo )

430.6y ; nu3

0.96 =
430.6y ;N3 +0.6112(1 -y r \3)

yf,NH3 = 0.03294

Then,

P=y w3 Loz (=Y s nis ) Pac o
— (0.03294)(430.6) + (1—0.03294)(0.6112) = 14.78 kPa

Performing the similar calculations for the regenerator,

3 1830'2y/',NH3
1830.2y 3 +10.10(1=y 7 \p13)

P =(0.1170)(1830.2) + (1 0.1170)(10.10) = 223.1kPa

0.96 7 yf,NH3 = 0.1170

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

16-68

16-82 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber,
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid
solution being drained from the generator are to be determined.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.
Properties At 6°C, P, 10 = 0.9353 kPa and at 40°C, P, ;5o = 7.3851kPa (Table A-4 or EES). The saturation pressures

of ammonia at the same temperatures are given to be 534.8 kPa and 1556.7 kPa, respectively.

Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by

P, o NH3 =V f NH3 P Nm3

Pg,HZO =Y r.Hmo Psat,HZO =(- Y7 NH3 )Psat,HZO
Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is

Y £ NH3 Psat,NH3

Vg NH3 =
& Y i Poanms + (I-y N3 Beanizo )

534.8y  nus

0.96 =
534.8y r npz +0.9353(1-y 4 nu3)

> yf,NH3 = 0.04028

Then,

P =y xmsPagnms + (=Y 7 nms ) Pagizo
— (0.04028)(534.8) + (1—0.04028)(0.9353) = 22.44 kPa

Performing the similar calculations for the regenerator,

3 1556'7yf',NH3
1556.7y ¢ w3y + 738511y \i3)

0.96 7 y/,NH3 = 0.1022

P =(0.1022)(1556.7) + (1 - 0.1022)(7.3851) = 165.7 kPa
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16-69

16-83 A liquid mixture of water and R-134a is considered. The mole fraction of the water and R-134a vapor are to be
determined.

Assumptions The mixture is ideal and thus Raoult’s law is applicable.

Properties At 20°C, P, 120 = 2.3392kPa and P, =572.07 kPa (Tables A-4, A-11). The molar masses of water and R-

134a are 18.015 and 102.03 kg/kmol, respectively (Table A-1).

Analysis The mole fraction of the water in the liquid mixture is

- N mo _ mf ;o0 / Mipo H,0 + R-134a
2 N (f o0 / Mypo) +(mf ;g / My) 20°C
0.9/18.015 —~0.9808

T (0.9/18.015) +(0.1/102.03)

According to Raoults’s law, the partial pressures of R-134a and water in the vapor mixture are

P,r =/ r Par = (1-0.9808)(572.07 kPa) =10.98 kPa

Py 110 = ¥ 11120 Paciino = (0.9808)(2.3392kPa) = 2.294kPa

The total pressure of the vapor mixture is then

P, P, + Py o =10.98+2.294=13.274kPa

otal — L'g

Based on Dalton’s partial pressure model for ideal gases, the mole fractions in the vapor phase are

P 2.294 kPa
g,H20 .
= = =0.1728
Yemo =7p 13.274kPa

otal

P
Vex = Pg,R _ 10.98kPa _0.8272
t

13.274kPa

otal
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16-70

16-84 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole fraction of air in the
water are to be determined when the water and the air are in thermal and phase equilibrium.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 percent. 3 Air is
weakly soluble in water and thus Henry’s law is applicable.

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for air dissolved in water at
27°C (300 K) is given in Table 16-2 to be H = 74,000 bar. Molar masses of dry air and water are 29 and 18 kg/kmol,
respectively (Table A-1).

Analysis (a) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the saturation pressure
of water at 27°C,

Prapor = Par@arec =3.568 kPa  (Table A-4)

Vv

Air
Assuming both the air and vapor to be ideal gases, the mole fraction of 27°C
water vapor in the air is determined to be 92 kPa
#=100%

Pvapor _ 3568 kPa

= =0.0388
Y vapor I3 92 kPa -

(b) Noting that the total pressure is 92 kPa, the partial pressure of dry air is

Water
Pdlyair =P-P, =92 —-3.568=88.43 kPa =0.8843 bar 27°C

vapor
From Henry’s law, the mole fraction of air in the water is determined to be

_ Pdryair,gas side 0.8843 bar
ydryair,liquidside - H - 74.000 bar

=1.20x107°

Discussion The amount of air dissolved in water is very small, as expected.
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16-71

16-85 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a saturated mixture
of CO, and water vapor and treating the drink as a water, determine the mole fraction of the water vapor in the CO, gas and
the mass of dissolved CO, in a 300 ml drink are to be determined when the water and the CO, gas are in thermal and phase
equilibrium.

Assumptions 1 The liquid drink can be treated as water. 2 Both the CO, and the water vapor are ideal gases. 3 The CO, gas

and water vapor in the bottle from a saturated mixture. 4 The CO, is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for CO, dissolved in water
at 27°C (300 K) is given in Table 16-2 to be H = 1710 bar. Molar masses of CO, and water are 44 and 18 kg/kmol,
respectively (Table A-1).

Analysis (a) Noting that the CO, gas in the bottle is saturated, the partial pressure of water vapor in the air will simply be
the saturation pressure of water at 27°C,

P\,apor =lgt@27°C = 3.568 kPa (more accurate EES value compared to interpolation value from Table A-4)

Assuming both CO, and vapor to be ideal gases, the mole fraction of water vapor in the CO, gas becomes

P
_ vapor _ 3568 kPa _ 00274

Pvapor = T T T30 kPa

(b) Noting that the total pressure is 130 kPa, the partial pressure of CO, is
Peo, gas =P~ P, =130-3.568 =126.4 kPa =1.264 bar

vapor
From Henry’s law, the mole fraction of CO; in the drink is determined to be

PCOZ,gas side 1.264 bar

= =7.39x107*
H 1710bar

yCOZ,liquid side =

Then the mole fraction of water in the drink becomes
-4
Vwater, liquid side = 1~ Yco,, liquid side = 1-739%107" =0.9993

The mass and mole fractions of a mixture are related to each other by

NlMl M[
mf, =—=

VoM, iu

m

where the apparent molar mass of the drink (liquid water - CO, mixture) is

M,y ="M, = Yiguidwater Myater + Yo, Mo, =09993x180+(739x10™*) x 44 =18.02 kg / kmol

Then the mass fraction of dissolved CO, gas in liquid water becomes

¢ 3 Mo,
mfeo liquidside = YCO,, liquidside (0) IY;
m

~739x10~* 24 _0.00180
18.02

Therefore, the mass of dissolved CO, in a 300 ml = 300 g drink is
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16-72

Review Problems

16-86 The equilibrium constant of the dissociation process O, <> 20 is given in Table A-28 at different temperatures. The
value at a given temperature is to be verified using Gibbs function data.

Analysis The Kp value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e " ORI or InK,=-AG*(T)/R,T

p
where
o —k 0,20
AG*(T) =0 (T) Vo, &0, (T) ’
- - 2000 K
=vo(h=T5)o —Vvo, (h =T5)o,
=Vo [(I’Tf + P00 —haog) = T5 1o = Vo, [(I’Tf + 00 —haog ) T5]o,
=2x(249,190+ 42,564 — 6852 —2000x201.135)
—1x(0+67,881-8682—2000x 268.655)
= 243,375 kJ/kmol
Substituting,
In K, =—(243,375 kJ/kmol)/[(8.314 kl/kmol- K)(2000K)] = —14.636
or

K,=44x10"" (Table A-28: In Kp =-14.622)

16-87 A mixture of H, and Ar is heated is heated until 10% of H; is dissociated. The final temperature of mixture is to be
determined.

Assumptions 1 The constituents of the mixture are ideal gases. 2 Ar in the mixture remains an inert gas.

Analysis The stoichiometric and actual reactions can be written as

Stoichiometric:  H, <> 2H (thus vy, =1 and vy =2)

Actual: H, + Ar —— 0.2H + 0.90H, + ég H, < 2H
prod react. inert Ar
1 atm

The equilibrium constant Kp can be determined from

NVH VH~VH, . 2 2-1

K,=—" F _02 [ 1 J =0.02116
N]:HZ N 09 (09+0.2+1

2

total

and

InK, =-3.855

From Table A-28, the temperature corresponding to this Kp value is 7= 2974 K.
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16-73
16-88 The equilibrium constant for the reaction CH, + 20, << CO, + 2H,0 at 100 kPa and 2000 K is to be determined.
Assumptions 1 The constituents of the mixture are ideal gases.

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide,

CH, < C+2H, Kp=e7%
C+0, < CO, K, =%
CH4+202 Py
When these two reactions are summed and the common carbon term CO,+2H,0
cancelled, the result is
3000 K
CH, +0, < CO, +2H, K, = (58099685 _ 6184 690 kPa
Next, we include the water dissociation reaction (Table A-28),

2H, +0, < 2H,0 K, = 23080 = o617
which when summed with the previous reaction and the common hydrogen term is cancelled yields
CH, +20, < CO, +2H,0 K, = 618446172 _ 12,356

Then,
InK, =12.356
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16-74

16-89 A mixture of H,O, O,, and N, is heated to a high temperature at a constant pressure. The equilibrium composition is
to be determined.

Assumptions 1 The equilibrium composition consists of H,O, O,, N, and H,. 2 The constituents of the mixture are ideal

gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric:  H,0 < H, +30, (thus vy o =1vy =1, and v =7) 1H0
20,

Actual: H,0+20, +5N, —— xH,0+yH, +z0, +5N, SN

react. products inert 2200 K

5 atm

H balance: 2=2x+2y ——> y=1l-x

O balance: 5=x+2z—— z=25-0.5x

Total number of moles: N =x+y+z+5=85-0.5x

The equilibrium constant relation can be expressed as

N]‘_’[Hz NéOz P Vi, =V0, =VH,0) ¥ 20'5 P 1+0.5-1
K = 2 2 _
p VH, 0 N. X N,
N, H,0 total total

From Table A-28, InKp =-6.768 at 2200 K. Thus K»=0.00115. Substituting,

(1-x)(1.5-0.5x)"° 5\
X 8.5-0.5x

0.00115 =

Solving for x,
x=0.9981
Then,
y=1-x=0.0019
z=2.5-0.5x=2.00095
Therefore, the equilibrium composition of the mixture at 2200 K and 5 atm is

0.9981H,0 +0.0019H, +2.000950, + 5N,

The equilibrium constant for the reaction H,0 < OH + % H, is InKp = -7.148, which is very close to the K value of the

reaction considered. Therefore, it is not realistic to assume that no OH will be present in equilibrium mixture.
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16-75

16-90 Methane gas is burned with stoichiometric amount of air during a combustion process. The equilibrium
composition and the exit temperature are to be determined.

Assumptions 1 The product gases consist of CO,, HO, CO, N,, and O,. 2 The constituents of the mixture are ideal gases.
3 This is an adiabatic and steady-flow combustion process.

Analysis (a) The combustion equation of CH, with stoichiometric amount of O, can be written as

CH, +2(0,+376N,) —— xCO,+(1-x)CO+(0.5-0.5x)0, +2H,0+ 7.52N,
After combustion, there will be no CH, present in the combustion chamber, and H,O will act like an inert gas. The
equilibrium equation among CO,, CO, and O, can be expressed as

CO, & CO+50, (thus veo =1, veg =1, and v =1)

5
NYco NYor (Vco+vo, ~Veoa) CH,4
and =L 0 (P P . CO
P Vo L Nl 25°C Combustion co
co, 2
chamber ‘ H.0
where Ny = x+(1—x)+ (15— 05x)+ 2+ 752 = 12.02— 0.5x "
Al
Substituting, S tam N,
(1—x)(0.5—0.5x)°3 1 5 25°C
K =
r X 12.02-0.5x

The value of Kp depends on temperature of the products, which is yet to be determined. A second relation to determine Kp
and x is obtained from the steady-flow energy balance expressed as

0= Npli;+h-0), =S Noliy i -7), — 0= N (b} +h-7"), -3 Ny},

since the combustion is adiabatic and the reactants enter the combustion chamber at 25°C. Assuming the air and the
combustion products to be ideal gases, we have 4 = & (7). From the tables,

Substance h;, kd/kmol gy , kd/kmol
CH,(g) 74,850 -

N, 0 8669

0, 0 8682

H,0(g) -241,820 9904

CO -110,530 8669

CO, -393,520 9364

Substituting,

0= x(-393,520+ hco, —9364) + (1— x)(~110,530+ /c —8669)
+2(-241,820+ /iy o — 9904) + (05— 0.5x)(0+ | —8682)
+7.52(0+hy, —8669) = 1(=74,850+ hygg — o) — 0= 0

which yields
Xheo, +(1=x)hco +2hy o +(05=05x)hg +752hy —279,344x = 617,329

Now we have two equations with two unknowns, 7» and x. The solution is obtained by trial and error by assuming a
temperature 7p, calculating the equilibrium composition from the first equation, and then checking to see if the second
equation is satisfied. A first guess is obtained by assuming there is no CO in the products, i.e., x = 1. It yields 7» = 2328 K.
The adiabatic combustion temperature with incomplete combustion will be less.

Take 7,=2300K ——> InK,=-449 —— x=0870 ——> RHS=641,093
Take 7,=2250 K —— InK,=-4805 —— x=0893 —— RHS=612755
By interpolation, 7, =2258 K and x=0.889

Thus the composition of the equilibrium mixture is
0.889CO, +0.111CO +0.05550, + 2H,0 + 7.52N,,
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16-76

£E
16-91 E Problem 16-90 is reconsidered. The effect of excess air on the equilibrium composition and the exit
temperature by varying the percent excess air from 0 to 200 percent is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

"Often, for nonlinear problems such as this one, good gusses are required to start the solution. First, run the
program with zero percent excess air to determine the net heat transfer as a function of T_prod. Just press F3 or
click on the Solve Table icon. From Plot Window 1, where Q_net is plotted vs T_prod, determnine the value of
T_prod for Q_net=0 by holding down the Shift key and move the cross hairs by moving the mouse. Q_net is
approximately zero at T_prod = 2269 K. From Plot Window 2 at T_prod = 2269 K, a, b, and ¢ are approximately
0.89, 0.10, and 0.056, respectively." "For EES to calculate a, b, ¢, and T_prod directly for the adiabatic case,
remove the { }' in the last line of this window to set Q_net = 0.0. Then from the Options menu select Variable
Info and set the Guess Values of a, b, ¢, and T_prod to the guess values selected from the Plot Windows. Then
press F2 or click on the Calculator icon."

"Input Data"

{PercentEx = 0}

Ex = PercentEX/100

P_prod =101.3 [kPa]

R_u=8.314 [kJ/kmol-K]

T_fuel=298 [K]

T_air=298 [K]

"The combustion equation of CH4 with stoichiometric amount of air is

CH4 + (1+Ex)(2)(02 + 3.76N2)=C0O2 +2H20+(1+EXx)(2)(3.76)N2"

"For the incomplete combustion process in this problem, the combustion equation is
CH4 + (1+Ex)(2)(02 + 3.76N2)=aCO2 +bCO + cO2+2H20+(1+Ex)(2)(3.76)N2"
"Specie balance equations"

IIOII

4=a *2+b +c *2+2

IICII

1=a+b

N_tot =a +b +c +2+(1+Ex)*(2)*3.76 "Total kilomoles of products at equilibrium"
"We assume the equilibrium reaction is

C02=C0O+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for

each component as a function of its temperature at 1 atm pressure, 101.3 kPa"
g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3)
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3)
g_02=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)

"The standard-state Gibbs function is"

DELTAG =1*g_CO+0.5*g_02-1*g_CO02

"The equilibrium constant is given by Eq. 16-14."

K_P =exp(-DELTAG /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 16-15."

"K_ P = (P/N_tot)*(1+0.5-1)*(b"1*c"0.5)/(a"1)"

sqrt(P/N_tot )*b *sqrt(c )=K_P *a

"Conservation of energy for the reaction, assuming SSSF, neglecting work , ke, and pe:"
E_in- E_out=DELTAE_cv

E in=Q_net+HR

"The enthalpy of the reactant gases is"

HR=enthalpy(CH4,T=T_fuel)+ (1+Ex)*(2) *enthalpy(O2,T=T_air)+(1+Ex)*(2)*3.76 *enthalpy(N2,T=T_air)
E_out=HP

"The enthalpy of the product gases is"

HP=a *enthalpy(CO2,T=T_prod )+b *enthalpy(CO,T=T_prod ) +2*enthalpy(H20,T=T_prod
)+(1+Ex)*(2)*3.76*enthalpy(N2,T=T_prod ) + ¢ *enthalpy(O2,T=T_prod )
DELTAE_cv = 0 "Steady-flow requirement”

Q_net=0 "For an adiabatic reaction the net heat added is zero."
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16-77
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16-78
16-92 The equilibrium partial pressure of the carbon dioxide for the reaction CH, + 20, < CO, + 2H,0 at 700 kPa and
3000 K is to be determined.

Assumptions 1 The equilibrium composition consists of CHy, O,, CO,, and H,0. 2 The constituents of the mixture are ideal
gases.

Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide,

C+0, < CO, KP:615-869
When these two reactions are summed and the common carbon term CH+20, <
cancelled, the result is CO,+2H,0
CH, +0, < CO, +2H, Kp= o(15:869-9.685) _ ,6.184 3000 K
700 kPa

Next, we include the water dissociation reaction,

2H, +0, < 2H,0 K p = 23080 _ p6172

which when summed with the previous reaction and the common hydrogen term is cancelled yields

CH, +20, < CO, +2H,0 K, _ 618446172 _ 12356
Then,
InK, =12.356
Actual reeaction: CH, +20, ——xCH, +y0, +zCO, +mH,0
react. products
C balance: l=x+z——>z=1-x
H balance: 4=4x+2m——>m=2-2x
O balance: 4=2y+2z+m——> y=2x

Total number of moles: N, =x+y+z+m=3

tota

The equilibrium constant relation can be expressed as

V, +v, =V, =V,
N VCOZ N V]-[zo P co2 H20 CH4 02
_ Vo2 Y20
N

P

Nt NGy (N

Substituting,

p23s6 _ (1=0)2-2%)° (700 /101.325 jm_l_z

x(Zx)2 3

Solving for x,

x=0.01601
Then,

y=2x=0.03202

z=1-x=0.98399
m=2-2x=1.96798

Therefore, the equilibrium composition of the mixture at 3000 K and 700 kPa is
0.01601CH, +0.03202 O, +0.98399 CO, +1.96798 H,0O

The mole fraction of carbon dioxide is

and the partial pressure of the carbon dioxide in the product mixture is
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16-79

16-93 Methane is heated from a specified state to another state. The amount of heat required is to be determined without and
with dissociation cases.

Properties The molar mass and gas constant of methane are 16.043 kg/kmol and 0.5182 kJ/kg-K (Table A-1).
Assumptions 1 The equilibrium composition consists of O, and O. 2 The constituents of the mixture are ideal gases.

Analysis (a) An energy balance for the process gives

Ein - Eout = AEsystem
e M
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies CH,4
Oin = N(uy —uy) 1000 K
:N[hZ_hl_Ru(TZ_TI)] Fatm
Using the empirical coefficients of Table A-2c,

2

= = b c d

hy =hy :Icpdea(Tz _T1)+E(T22 _T12)+§(T23 _T13)+Z(T24 -T%)
1

0.05024

-5
=19.89(1000 - 298)+ =—=— (1000 0982y 4 1209107

(1000° —298%)

_ -9
L ZHLOIA0 7 5004 — 298¢

= 38,239 kJ/kmol

Substituting,
0., = (10 kmol)[38,239 kJ/kmol — (8.314 kJ/kmol - K)(1000 — 298)K | = 324,000 kJ

(b) The stoichiometric and actual reactions in this case are

Stoichiometric: CH, < C+2H, (thus vepy =1, ve =1 and vy, =2)
Actual: CH, —xCH, +yC+zH,
—_— —
react. products
C balance: l=x+y——> y=1-x
H balance: 4=4x+2z——> z=2-2x

Total number of moles: N, =x+y+z=3-2x

tota

The equilibrium constant relation can be expressed as

VeV —V,
NVCNVIIZ( P Jc H2 ~Veua
_ N Ny
VCH4 N
NCH4

p
total

From the problem statement, at 1000 K, In K p= —2.328 . Then,

Kp=e2% =0.09749

Substituting,

0.09749 =

(1-x)(2-2x)> ( 1 j““
X 3-2x

Solving for x,

x=0.6414
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Then,
y=1-x=0.3586
z=2-2x=0.7172

Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is

0.6414CH, +0.3586C+0.7172H,

The mole fractions are

N . .
ey = Nena _ 0.6414 06414 _ oo
Nyw 0.6414+03586+0.7172 1.7172

N :
ye =—= _ 93586 _ 5088
New 17172

N 7172
i =z _OTIT2_ 6 4197
Ny 17172

The heat transfer can be determined from

Oin =NenaCocnaln + Yo ls + vecocTn) = Ney cua Ty
= (10)[(0.3735)(63.3)(1000) +(0.4177)(21.7)(1000) + (0.2088)(0.71 1)(1000)]— (10)(27.8)(298)

=245,700 kJ
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16-81

16-94 Solid carbon is burned with a stoichiometric amount of air. The number of moles of CO, formed per mole of carbon
is to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and N,. 2 The constituents of the mixture are ideal
gases.

Analysis Inspection of Table A-28 reveals that the dissociation equilibrium constants
of CO,, O,, and N, are quite small and therefore may be neglected. (We learned from
another source that the equilibrium constant for CO is also small). The combustion is
then complete and the reaction is described by 25°C

Carbon + Air

C+(0, +3.76N,)——>CO, +3.76N,
The number of moles of CO, in the products is then

Ncoo -1
Nc

16-95 Solid carbon is burned with a stoichiometric amount of air. The amount of heat released per kilogram of carbon is to
be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and N,. 2 The constituents of the mixture are ideal

gases.
Analysis Inspection of Table A-28 reveals that the dissociation equilibrium

constants of CO,, O,, and N, are quite small and therefore may be neglected. Carbon + Air
(We learned from another source that the equilibrium constant for CO is also

small). The combustion is then complete and the reaction is described by 25°C

C+(0, +3.76N,)——>CO, +3.76N,

The heat transfer for this combustion process is determined from the energy balance E;, —E, = AE applied on the

system

combustion chamber with W = 0. It reduces to
O = Y Nl =17 ), =3 Nyl +h-7),

Assuming the air and the combustion products to be ideal gases, we have i = A(T). From the tables,

}7; }7298K }71240K
Substance
kJ/kmol kJ/kmol kJ/kmol
N, 0 8669 38,129
CO, -393,520 9364 56,108
Substituting,
— Qo = (D(=393,520 + 56,108 — 9364) + (3.76)(0 + 38,129 — 8669)
=-236,000 kJ/kmol C
236,000 kJ/kmol
or QO =229 19 670 kdlkg C
12 kg/kmol
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16-82
16-96 Methane gas is burned with 30 percent excess air. The equilibrium composition of the products of combustion and the
amount of heat released by this combustion are to be determined.

Assumptions 1 The equilibrium composition consists of CO,, H,0, O,, NO, and N,. 2 The constituents of the mixture are
ideal gases.

Analysis Inspection of the equilibrium constants of the possible reactions indicate that only the formation of NO need to be
considered in addition to other complete combustion products. Then, the stoichiometric and actual reactions in this case are

Stoichiometric: N, +0, < 2NO (thus vy, =1, vg, =1, and vy =2)

Actual: CH, +2.6(0, +3.76N,) —>CO, +2H,0+xNO + yO, + 2N,
N balance: 2%9.776 = x + 22—z =9.776 - 0.5x Ou
O balance: 52=242+x+2y——>y=0.6-0.5x CH ’
4
Total number of moles: N, =1+2+x+y+2z=13.38 ZSTC> Cloismsiiam CO, 1,0
The equilibrium constant relation can be expressed as chamber L » NO, O, N,
N Yo p oo 30% excess air 1 atm 1600 K
K = NO
"N NGG N 25°C

From Table A-28, at 1600 K, In K » =—5.294 . Since the stoichiometric reaction being considered is double this reaction,

- _ -5
K, =exp(-2x5.294) =2.522x10

Substituting,

2-1-1
2.522x10°5 = X ( ! j
(0.6—0.5x)(9.766— 0.5x) | 13.38

Solving for x,
x=0.0121
Then,
y=0.6-0.5x=0.594
z=9.776 - 0.5x=9.77
Therefore, the equilibrium composition of the products mixture at 1600 K and 1 atm is

CH, +2.6(0, +3.76N,)—>CO, +2H,0+0.0121NO +0.5940,, +9.77N,

The heat transfer for this combustion process is determined from the energy balance E,, —E,, = AE applied on the

ut — system

combustion chamber with W = 0. It reduces to
O = Y Np ;=17 ) =3 Nyl +h-0),

Assuming the air and the combustion products to be ideal gases, we have & = A(T). From the tables,

h; h298K hlGOOK
Substance kJ/kmol kJ/kmol kJ/kmol
CH, 74,850
0, 0 8682 52,961
N, 0 8669 50,571
H,0 -241,820 9904 62,748
Co, -393,520 9364 76,944

Neglecting the effect of NO in the energy balance and substituting,
—Oout = (l)(— 393,520+ 76,944 - 9364)+ (2)(—241,820+ 62,748 —9904) + 0.594(52,961 — 8682)
+(9.77)(50,571-8669) — (—74,850)
=-193,500 kJ/kmol CH 4

or 0, =193,500 kd/kmol CH,
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16-83

16-97E Gaseous octane gas is burned with 40% excess air. The equilibrium composition of the products of combustion is to
be determined.

Assumptions 1 The equilibrium composition consists of CO,, H,O, O,, NO, and N,. 2 The constituents of the mixture are
ideal gases.

Analysis The stoichiometric and actual reactions in this case are

Stoichiometric: N, +0, <> 2NO (thus vy, =1, vg, =1, and vyg =2)

Actual: CgH g +1.4x12.5(0, +3.76N,) ——>8CO, +9H,0 + xNO + yO, +zN,
N balance: 131.6 =x+2z——>z=65.8—-0.5x
O balance: 35=16+9+x+2y——>y=5-0.5x
C8H18

Total number of moles: Ny, =8+9+x+y+2z=87.8 — e nbion

hamb CO,, H,O
The equilibrium constant relation can be expressed as CHAmOEr —> NO, O, N,

ro—Vra Vo) 40% excess air 600 psia 3600 R
N Yno ( P ] No VN2 Vo2 )
K = NO
NN (N

From Table A-28, at 2000 K (3600 R), In K, =-3.931. Since the stoichiometric reaction being considered is double this

reaction,
—4
K, =exp(-2x3.931) =3.851x10
Substituting,
385110~ x2 (600/14.7)211
' (5-0.5x)(65.8—0.5x)\_  87.8

Solving for x,
x=0.3492

Then,
y=5-0.5x=4.825
z=65.8-0.5x=65.63

Therefore, the equilibrium composition of the products mixture at 2000 K and 4 MPa is

CgHyg +17.5(0, +3.76N,) ——>8CO,, + 9H,0 +0.3492NO + 4.8250, +65.63N,

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

16-84

16-98 Propane gas is burned with 20% excess air. The equilibrium composition of the products of combustion on a mass
basis and the amount of heat released by this combustion are to be determined.

Assumptions 1 The equilibrium composition consists of CO,, H,O, O,, NO, and N,. 2 The constituents of the mixture are
ideal gases.

Analysis (a) The stoichiometric and actual reactions in this case are

Stoichiometric: N, +0, <> 2NO (thus vy, =1, vg, =1, and vyg =2)

Actual: C;Hg +1.2x5(0, +3.76N,)——>3CO, + 4H,0 + xNO + yO, + zN,
N balance: 4512 =x+2z——>z=22.56-0.5x Oout
O balance: 12=6+4+x+2y——>y=1-0.5x ’
C3H8
. _ _ —» :
Total number of moles: N, =3+4+x+y+2z=30.56 250C Cc;hmabmuf)gfn Products
The equilibrium constant relation can be expressed as 2000 K
, Vro—Yso—Ven) 20% excess air 1 atm
N NO P >
K, =—"% [ ] 25°C
NE NG\ Vot

From Table A-28, at 2000 K, In K b= —3.931. Since the stoichiometric reaction being considered is double this reaction,

K, =exp(-2x3.931)=3.851x107"

Substituting,

2-1-1
3.851x10~% = X’ ( ! )
(1—0.5x)(22.56 — 0.5x) | 30.56

Solving for x,
x=0.09097

Then,
y=1-0.5x=0.9545
z=22.56—-0.5x=22.51

Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is
C;Hg +6(0, +3.76N,)——>3CO, +4H,0 + 0.09097NO + 0.95450, + 22.5IN,

The mass of each product and the total mass of the products is

Mcoy = NeopM cor = (3 kmol)(44 kg/kmol) =132 kg

Mo = NmoM o = (4 kmol)(18 kg/kmol) = 72 kg

myo = NnoM o = (0.09097 kmol)(30 kg/kmol) = 2.73 kg
Mgy = NogaM g, = (0.9545 kmol)(32 kg/kmol) = 30.54 kg
My, = NoM N, = (22.51kmol)(28 kg/kmol) = 630.28 kg
Mg =132+ 72+ 2.73+30.54 + 630.28 = 867.55 kg

The mass fractions of the products are
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My, 867.55kg

mfyp, = 70 - _72K8 4 g3
My 867.55kg

mfy = N0 _ _273ke 5539
My, 867.55kg

mfy, = o2 _ 3054kg _ 4 a5,
O mgw 867.55kg

mf, = e _ 63028ke o oo

(b) The heat transfer for this combustion process is determined from the energy balance E;, —E

My 867.55kg

the combustion chamber with W = 0. It reduces to

~Qou :ZNP(E;+}7_}70)P_ZNR(}7}+}7_}70)R

ut

Assuming the air and the combustion products to be ideal gases, we have & = A(T). From the tables,

h / }72981( }71600K
Substance

kJ/kmol kJ/kmol kJ/kmol
C;Hg -103,850 — —
0, 0 8682 67,881
N, 0 8669 64,810
H,O -241,820 9904 82,593
CO, -393,520 9364 100,804

Neglecting the effect of NO in the energy balance and substituting,

— 0,y = (3)(=393,520 + 100,804 — 9364) + (4)(—241,820 + 82,593 —9904) + 0.9545(67,881 — 8682)
+(22.51)(64,810 —8669) — (—103,850)
= —158,675 ki/kmol C;Hy

or

158,675 kJ/kmol
out 44 kg/kmol

=3606 kJ/kg C5Hg

=AE

system

16-85

applied on
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16-86

16-99 Propane gas is burned with stoichiometric air in an adiabatic manner. The temperature of the products and the
equilibrium composition of the products are to be determined.

Assumptions 1 The equilibrium composition consists of CO,, H,O, O,, NO, and N,. 2 The constituents of the mixture are
ideal gases.

Analysis (a) The stoichiometric and actual reactions in this case are

Stoichiometric: N, +0, <> 2NO (thus vy, =1, vg, =1, and vyg =2)

Actual: C;Hg +1.1x5(0, +3.76N,)——3CO, +4H,0 + xNO + yO, +zN,
N balance: 4136 =x+2z——>z=20.68-0.5x
O balance: 11=6+4+x+2y——>y=05-0.5x C;Hg 7
Combustion
Total number of moles: N =3+4+x+y+z=21.18 25°C Products
Chamber fF—»
The equilibrium constant relation can be expressed as Air ] 1 atm T
ey 10% excess air %
(v Ve Vo)
k- xS [P]”O e 25°C
NN (N

We assume that the products will be at 2000 K. Then from Table A-28, at 2000 K, In K p = —3.931. Since the stoichiometric

reaction being considered is double this reaction,

K, =exp(-2x3.931)=3.851x107"

Substituting,

2-1-1
3.851x10°% = X’ [ !
(0.5—0.5x)(20.68 — 0.5x) | 21.18

Solving for x,
x=0.0611

Then,
y=0.5-0.5x=0.4695
z=20.68 — 0.5x = 20.65

Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is

C4Hg +6(0, +3.76N,)——>3CO, +4H,0 +0.0611NO + 0.46950,, + 20.65N,

(b) From the tables,
Substance  {° kJ/kmol Pyoak » kI/kmol
C3Hg (9) -103,850
0, 0 8682
N; 0 8669
H,0 (g) -241,820 9904
CO, -393,520 9364
Thus,

(3)(- 393,520 + hie, —9364)+ (4)(= 241,820 + Ty — 9904+ (0.0611)(39,460 + fy —9188)
+(0.4695)(0 + g, —8682)+ (20.65)(0 + Ty, — 8669) = (1)(~103,850)+ 0 + 0
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16-87
It yields

3hcoy + Ao +0.061 1y +0.4695h0, +20.65hy, = 2,292,940 kJ

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-
hand side of the equation by the total number of moles, which yields 2,292,940/(3+4+0.0611+0.4695+20.65) = 81,366
kJ/kmol. This enthalpy value corresponds to about 2450 K for N,. Noting that the majority of the moles are N,, 7p will be
close to 2450 K, but somewhat under it because of the higher specific heat of H,O.

At 2200 K:

3heon + 4hypo + 0.061 1Ay +0.4695h0, +20.65hy, = 3(112,939) + 4(92,940) + 0.0611(69,932)
+0.4695(75,484) + 20.65(64,810) = 2,088,620 kJ (Lower than 2,292,940)

At 2400 K:

3heon + 4o + 0.061 1Ay +0.4695h0, +20.65hy, = 3(125,152) + 4(103,508) + 0.0611(77,015)
+0.4695(83,174) + 20.65(79,320) = 2,471,200 kJ (Higher than 2,292,940)

By interpolation of the two results,
Tp = 2307 K =2034°C
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16-88
16-100 A mixture of H,O and O, is heated to a high temperature. The equilibrium composition is to be determined.

Assumptions 1 The equilibrium composition consists of H,O, OH, O,, and H,. 2 The constituents of the mixture are ideal
gases.

Analysis The reaction equation during this process can be expressed as

2H,0+30, ——> xH,0+yH,+z0,+wOH H,0, OH, Hy, O,

3600 K
Mass balances for hydrogen and oxygen yield 8 atm
H balance: 4=2x+2y+w (D
O balance: 8=x+2z+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K relations) to determine the equilibrium composition of the mixture. They are

H,0< H, +%Oz (reaction 1)
H,0 & %Hz +OH (reaction 2)
The equilibrium constant for these two reactions at 3600 K are determined from Table A-28 to be

InKp =-1392 ——  Kp =024858
InKp, =-1088 —— Kp, =033689

The Kp relations for these two simultaneous reactions are

N]‘_’[”z Ngoz p Vi, +V0, ~Vi,0)
K — 2 2
" N H20 (Nt J
H,0 otal
N:Illz N(‘;(ﬁl P (i, HVou=Vu,0)
Kpy=—2
2 N0 (N j
H,0 total
where
Niotal = NHZO +NHz +N02 +Noyg =x+y+z+w
Substituting,
" 1/2
8
0.24858 = ) [ j 3)
X X+y+z+w

0.33689 = ) ( 8 J e))
X X+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields
x=1371 y=0.1646 z=2.85 w=0.928
Therefore, the equilibrium composition becomes

1.371H,0 +0.165H,, + 2.850, +0.9280H
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16-89
16-101 A mixture of CO, and O, is heated to a high temperature. The equilibrium composition is to be determined.

Assumptions 1 The equilibrium composition consists of CO,, CO, O,, and O. 2 The constituents of the mixture are ideal

gases.
Analysis The reaction equation during this process can be expressed as
3C0O, +30, — xCO, + yCO +z0, + wO CO,, CO, 0,, O
Mass balances for carbon and oxygen yield 2600 K
C balance: 3=x+y @) 1.5 atm
O balance: 12=2x+y+2z+w 2)

The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations
(to be obtained from the K relations) to determine the equilibrium composition of the mixture. They are

CO, & CO0+40, (reaction 1)
0, <20 (reaction 2)
The equilibrium constant for these two reactions at 2600 K are determined from Table A-28 to be

INK py =—=7.521 ——> K p, =0.0005416

The Kp relations for these two simultaneous reactions are

Ng%o N(‘;Oz ( P j(VCOH/()z ~Vco,)
_ P

Pl —
NEE)O; Ntotal
Néo P Vo=V,
Kpy = iy
N 02 Ntotal
2
where
Ntotal = NCOZ ‘}']\/O2 +NCO +NO =.x+y+Z+W
Substituting,

1/2 1/2
0.06075 = W) ( L5 j 3)

X X+y+z+w

2 15 2-1
0.0005416 :W—(—J (4)

z\x+y+z+w

Solving Egs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields
x=2.803 y=0.197 z=3.057 w=0.08233
Thus the equilibrium composition is

2.803C0O, +0.197CO + 3.0570, +0.08230
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16-90

13
16-102 E Problem 16-101 is reconsidered. The effect of pressure on the equilibrium composition by varying pressure
from 1 atm to 10 atm is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

"Given"
T=2600 [K]
P=1.5 [atm]

"The equilibrium constant for these two reactions at 2600 K are determined from Table A-28"
K_pl=exp(-2.801)
K_p2=exp(-7.521)

"Analysis"

"Actual reaction: 3C0O2+302=N_C0O2C0O2+N_COCO+N_0202+N_0OO"
3=N_CO2+N_CO "C balance"

12=2*N_CO2+N_CO+2*N_02+N_0O "O balance"
N_total=N_CO2+N_CO+N_0O2+N_O

"Stoichiometric reaction 1: CO2 =CO + 1/2 O2"
"Stoichiometric coefficients for reaction 1"
nu_CO2_1=1

nu_CO_1=1

nu_02 1=1/2

"Stoichiometric reaction 2: 02 =2 O"
"Stoichiometric coefficients for reaction 2"
nu 02 2=1

nu O 2=2

"K_p relations are"
K_pl=(N_CO™u_CO_1*N_02"nu_02_1)/N_CO2"nu_CO2_1*(P/N_total)(nu_CO_1+nu_02_1-nu_C0O2_1)
K_p2=N_O"nu_O_2/N_02"nu_02_2*(P/N_total)(nu_O_2-nu_02_2)

Patm b 0.24
[atm] [kmolco]
1 0.2379 0.22
2 0.1721 0.2
3 0.1419
4 0.1237 = 018
5 0.1111 € 016
6 0.1017 =
7 0.09442 3 014
8 0.0885 z
9 0.08357 012
10 0.0794 0.1
0.08
0.06 - - - - - - - -
1 2 3 4 5 6 7 8 9 10
P [atm]
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16-91

16-103 The 4, r at a specified temperature is to be determined using enthalpy and X, data.

Assumptions Both the reactants and products are ideal gases.

Analysis (a) The complete combustion equation of H, can be expressed as
H, +% 0, & H,0

The &, r of the combustion process of H, at 2400 K is the amount of energy released as one kmol of H; is burned in a steady-
flow combustion chamber at a temperature of 2400 K, and can be determined from

he =Y Nplip -0t ), =S Ny 47 -0°),

Assuming the H,O, H,, and O, to be ideal gases, we have 4 =/ (7). From the tables,

hy hags i a0k
Substance

kJ/kmol kJ/kmol kJ/kmol
H,O -241,820 9904 103,508
H, 0 8468 75,383
0, 0 8682 83,174

Substituting,

hy = 1(-241,820+103,508 — 9904)
~1(0+ 75,383 - 8468)
—0.5(0+83,174 —8682)

= -252,377 kJ / kmol

(b) Theh, r value at 2400 K can be estimated by using Kp values at 2200 K and 2600 K (the closest two temperatures to
2400 K for which Kp data are available) from Table A-28,

Ky, h h,
LS R S T PR 2 L
KPI Ru Tl T2 Ru Tl TZ

h
4.648—6.768 = R b1
8.314kJ/kmol-K \ 2200K 2600 K

hy =-252,047 kd/kmol
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16-104 E Problem 16-103 is reconsidered. The effect of temperature on the enthalpy of reaction using both methods by
varying the temperature from 2000 to 3000 K is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

T_prod=2400 [K]

DELTAT_prod =25 [K]

R_u=8.314 [kJ/kmol-K]

T _prod_1=T_prod - DELTAT_prod
T prod_2=T_prod + DELTAT_prod

"The combustion equationis 1 H2 + 0.5 02 =>1 H20"

"The enthalpy of reaction H_bar_R using enthalpy data is:"
h_bar_R_Enthalpy = HP - HR

HP = 1*Enthalpy(H20,T=T_prod )

HR = 1*Enthalpy(H2,T=T_prod ) + 0.5*Enthalpy(O2,T=T_prod )

"The enthalpy of reaction H_bar_R using enthalpy data is found using the following equilibruim data:" "The
following equations provide the specific Gibbs function (g=h-Ts) for

each component as a function of its temperature at 1 atm pressure, 101.3 kPa"
g_H20_1=Enthalpy(H20,T=T_prod_1)-T_prod_1 *Entropy(H20,T=T_prod_1 ,P=101.3)
g_H2_1=Enthalpy(H2,T=T_prod_1)-T_prod_1 *Entropy(H2,T=T_prod_1 ,P=101.3)
g_02_1=Enthalpy(O2,T=T_prod_1)-T_prod_1 *Entropy(O2,T=T_prod_1 ,P=101.3)
g_H20_2=Enthalpy(H20,T=T_prod_2 )-T_prod_2 *Entropy(H20,T=T_prod_2 ,P=101.3)
g_H2_2=Enthalpy(H2,T=T_prod_2 )-T_prod_2 *Entropy(H2,T=T_prod_2 ,P=101.3)
g_02_2=Enthalpy(O2,T=T_prod_2 )-T_prod_2 *Entropy(O2,T=T_prod_2 ,P=101.3)

"The standard-state (at 1 atm) Gibbs functions are"
DELTAG_1=1*g_H20_1-0.5*g_02_1-1*g_H2_1

DELTAG_2 =1*g_H20_2-0.5*g_02_2-1*g_H2_2

"The equilibrium constants are given by Eq. 15-14."
K_p_1=exp(-DELTAG_1/(R_u*T_prod_1)) "From EES data"

K_P_2 = exp(-DELTAG_2/(R_u*T_prod_2)) "From EES data"

"the entahlpy of reaction is estimated from the equilibrium constant K_p by using EQ 15-18 as:"
In(K_P_2/K_P_1)=h_bar_R_Kp/R_u*(1/T_prod_1 - 1/T_prod_2)

PercentError = ABS((h_bar_R_enthalpy - h_bar_R_Kp)/h_bar_R_enthalpy)*Convert(, %)

Percent Torod | PRenthapy | NRip -251500 ' T ' T ' T ' T T
Error [%)] K] | [kJ/kmol] | [kJ/kmol] i DELTATp0q = 25 K
0.0002739 | 2000 | -251723 | -251722 251850

0.0002333 | 2100 | -251920 | -251919

0.000198 2200 | -252096 | -252095
0.0001673 | 2300 | -252254 | -252254
0.0001405 | 2400 | -252398 | -252398
0.0001173 | 2500 | -252532 | -252531
0.00009706 | 2600 | -252657 | -252657 —-252550r-

—~Enthalpy Data
—A—Kp Data

-252200-

kJ/kmol]

0.00007957 | 2700 | -252778 | -252777 |f:r L
0.00006448 | 2800 | -252897 | -252896 252000
0.00005154 | 2900 | -253017 | -253017
0.0000405 | 3000 | -253142 | -253142 I
-253250 : . : . : . : . :
2000 2200 2400 2600 2800 3000
Tprod [K]
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16-105 The Kp value of the dissociation process O, < 20 at a specified temperature is to be determined using the h, r data
and Kp value at a specified temperature.

Assumptions Both the reactants and products are ideal gases.

Analysis The /1, and K data are related to each other by

Kpy, _h h,
I 3 R R S N i 3 LI
Kp R T.

The &, r of the specified reaction at 2800 K is the amount of energy released as one kmol of O, dissociates in a steady-flow
combustion chamber at a temperature of 2800 K, and can be determined from

o= 2Nl )= SNl ),

Assuming the O, and O to be ideal gases, we have & =/ (7). From the tables,

E; E298 K H2800 K
Substance
kJ/kmol kJ/kmol kJ/kmol
(0] 249,190 6852 59,241
0, 0 8682 98,826
Substituting,

Ty =2(249,190+ 59,241 — 6852) — 1(0+ 98,826 — 8682)
=513,014 kJ / kmol

The Kp value at 3000 K can be estimated from the equation above by using this h, r value and the Kp value at 2600 K which
isIn Kpl = -7521,

K, (_7.521)= S13014KIKmol (11
8.314kJ/kmol- K | 2600K  3000K
InK p, =—4.357 (Table A-28: InK p, = —4.357)

or
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16-106 A mixture of CO and O, contained in a tank is ignited. The final pressure in the tank and the amount of heat transfer
are to be determined.
Assumptions 1 The equilibrium composition consists of CO, and O,. 2 Both the reactants and the products are ideal gases.

Analysis The combustion equation can be written as

CO+30, ——> CO0,+250, CO,, CO, O,
25°C
The heat transfer can be determined from 3 atm

O = D Nyl + 1" = P5), =Y Ny + -k - PT),

Both the reactants and the products are assumed to be ideal gases, and thus all the internal energy and enthalpies depend on
temperature only, and the Pv terms in this equation can be replaced by R, 7. It yields

= Oout :ZNP(}?; +hgoo k. — haos x _RuT)P —ZNR(}?; _RuT)R

since reactants are at the standard reference temperature of 25°C. From the tables,

hy hoggk Ngook
Substance kd/kmol kd/kmol kd/kmol
co 2110,530 8669 23,344
0, 0 8682 24,523
o, -393,520 9364 32,179

Substituting,
—Qout =1(=393,520+ 32,179 — 9364 — 8.314 x 800)
+2.5(0 + 24,523 - 8682 —8.314 x 800)
—3(0-8.314x298)
—1(-110,530 — 8.314 x 298)
=-233,940 kJ/kmol CO

or

Oout = 233,940 kJ/kmol CO

The final pressure in the tank is determined from

BV R,T, T
v _ MRy P2=N2 2P1:£><M(3atm)=7.05 atm
PV N,R,T, NT, 4 298K

The equilibrium constant for the reaction CO + % 0, & CO, at 800 K is In Kp =37.2 (by interpolation), which is much

greater than 7.05. Therefore, it is not realistic to assume that no CO will be present in equilibrium mixture.
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16-107 A 2-L bottle is filled with carbonated drink that is fully charged (saturated) with CO, gas. The volume that the CO,
gas would occupy if it is released and stored in a container at room conditions is to be determined.

Assumptions 1 The liquid drink can be treated as water. 2 Both the CO, gas and the water vapor are ideal gases. 3 The CO,
gas is weakly soluble in water and thus Henry’s law is applicable.

Properties The saturation pressure of water at 17°C is 1.938 kPa (Table A-4). Henry’s constant for CO, dissolved in water
at 17°C (290 K) is H = 1280 bar (Table 16-2). Molar masses of CO, and water are 44.01 and 18.015 kg/kmol, respectively
(Table A-1). The gas constant of CO, is 0.1889 kPa.m’/kg.K. Also, 1 bar = 100 kPa.

Analysis In the charging station, the CO, gas and water vapor mixture above the liquid will form a saturated mixture.
Noting that the saturation pressure of water at 17°C is 1.938 kPa, the partial pressure of the CO, gas is

Peo, gasside = P = Puapor = P~ Paga17:c = 600~1.938 = 598.06 kPa = 5.9806 bar

vapor sat
From Henry’s law, the mole fraction of CO, in the liquid drink is determined to be

PCoz,gas side  5.9806 bar

Yo, liquidside = I 1280 bar =0.00467

Then the mole fraction of water in the drink becomes

Ywater, liquid side = 1- yCOZ, liquid side — 1-0.00467 = 099533

The mass and mole fractions of a mixture are related to each other by

W, = —L = NiMi _ Mi
" m, N,M, v

m m

where the apparent molar mass of the drink (liquid water - CO, mixture) is
M, = ZyiMi = Yliquid water Mwater +Yco, Mco,
=0.99533x18.015+0.00467 x 44.01 = 18.14 kg/kmol
Then the mass fraction of dissolved CO, in liquid drink becomes

M, 4401
€92 _ 0.00467 - = 0.0113
18.14

Wco,, liquidside = YCO,, liquidside (0)
m

Therefore, the mass of dissolved CO, ina 2 L = 2 kg drink is
Mcg, = Weo, M, =0.0113(2 kg) = 0.0226 kg

Then the volume occupied by this CO, at the room conditions of 20°C and 100 kPa becomes

_ mRT _ (0.0226 kg)(0.1889 kPa-m" /kg-K)(293 K)
P 100 kPa

v =0.0125 m® =125 L

Discussion Note that the amount of dissolved CO; in a 2-L pressurized drink is large enough to fill 6 such bottles at room
temperature and pressure. Also, we could simplify the calculations by assuming the molar mass of carbonated drink to be
the same as that of water, and take it to be 18 kg/kmol because of the very low mole fraction of CO, in the drink.
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13
16-108 E Ethyl alcohol C,HsOH (gas) is burned in a steady-flow adiabatic combustion chamber with 90 percent excess
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of
the percent excess air is to be plotted.

Analysis The complete combustion reaction in this case can be written as

C,H;OH (gas)+ (1+ Ex)ay, [0, +3.76N, | —— 2 CO, +3H,0+(Ex)(ag,) O, + f N,
where ay, is the stoichiometric coefficient for air. The oxygen balance gives

1+ (1+ Ex)ay, x2=2x2+3x1+(Ex)(ay, ) x2
The reaction equation with products in equilibrium is

C,H,OH (gas)+ (1+ Ex)ay, [0, +3.76N, | ——>a CO, +b CO+d H,0+e0, + [ N,

The coefficients are determined from the mass balances

Carbon balance: 2=a+b
Hydrogen balance: 6=2d ——>d =3
Oxygen balance: I+(1+Ex)ag x2=ax2+b+d+ex2

Nitrogen balance: (1+ Ex)ay, x3.76 = f

Solving the above equations, we find the coefficients to be
Ex=09,an,=3, a=2, b=0.00008644, d=3, e=2.7, f=21.43

Then, we write the balanced reaction equation as

C,H,OH (gas) + 5.7[0, +3.76N, ]| ——>2 CO, + 0.00008644 CO + 3H,0 +2.70, +21.43N,

Total moles of products at equilibrium are

Ny =2+0.00008644 +3+2.7+21.43=29.13
The assumed equilibrium reaction is

CO, «—C0+0.50,
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using

K,=e " RT or InK,=-AG*(T)/R,T
where

AG*(T) =0 8c0 (Tproa) + V02802 Tprod) = V02802 (Tprod)
and the Gibbs functions are defined as

géo (Tprod) = (%_ Tprod§)co

862 (Tproa) = (h = Tppoa¥) 2
202 (Tproa) = (h - TorodS) con

The equilibrium constant is also given by

0.5 1+0.5-1 0.5
 _be [ P j ~(0.00008644)(2.7) ( 1
) -

0.5
= ) =0.00001316
Nyt 2 29.13

a
A steady flow energy balance gives
Hp,=Hp
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16-97
where

H +5.Thopgnsec +21.43h@sec

r=hf fuel@25°C
=(-235,310 kJ/kmol) + 5.7(0) + 21.43(0) = —-235,310 kJ/kmol

Hp= choz@rpmd + 0.00008644ZCO@TPM +3hpoar,, + 2.71702@de + 21.43;7N2@de

Solving the energy balance equation using EES, we obtain the adiabatic flame temperature to be

T =1569K

The copy of entire EES solution including parametric studies is given next:

"The product temperature isT_prod"
"The reactant temperature is:"
T reac= 25+273.15 "[K]"

"For adiabatic combustion of 1 kmol of fuel: "
Q_out=0"[kJI"

PercentEx = 90 "Percent excess air"

Ex = PercentEx/100 "EX = % Excess air/100"
P_prod =101.3"[kPa]"

R _u=8.314 "[kJ/kmol-K]"

"The complete combustion reaction equation for excess air is:"

"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=2 CO2 + 3 H20 +Ex*A_th O2 + f N2"
"Oxygen Balance for complete combustion:"

1+ (1+Ex)*A_th*2=2*2+3*1 + Ex*A_th*2

"The reaction equation for excess air and products in equilibrium is:"
"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a CO2 + b CO+ d H20 + e O2 + f N2"
"Carbon Balance:"

2=a+b

"Hydrogen Balance:"

6=2*d

"Oxygen Balance:"

1+ (1+Ex)*A_th*2=a*2+b + d + e*2

"Nitrogen Balance:"

(1+Ex)*A_th*3.76 = f

N_tot=a +b +d + e + f "Total kilomoles of products at equilibrium"

"The assumed equilibrium reaction is CO2=C0O+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for

each component in the product gases as a function of its temperature, T_prod,
at 1 atm pressure, 101.3 kPa"

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3)
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3)
g_02=Enthalpy(02,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)

"The standard-state Gibbs function is"
DELTAG =1*g_CO+0.5*g_02-1*g_CO2

"The equilibrium constant is given by Eqg. 15-14."
K_P =exp(-DELTAG /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 15-15."
"K_ P = (P/N_tot)*(1+0.5-1)*(b"1*e"0.5)/(a"1)"

sqrt(P/N_tot )*b *sqrt(e )=K_P *a
"The steady-flow energy balance is:"
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16-98
H_R=Q out+tH_P

h_bar f C2H50Hgas=-235310 "[kJ/kmol]"

H_R=1*(h_bar_f C2H50Hgas)
+(1+Ex)*A_th*ENTHALPY(O2,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]"
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod)
+e*ENTHALPY(O2,T=T_prod)+*ENTHALPY(N2,T=T_prod) "[kJ/kmol]"

PercentEx a amn b d e f Torod
[%] (K]
10 1.921 3 0.07868 3 0.3393 | 12.41 2191
20 1.97 3 0.03043 3 0.6152 | 13.54 2093
30 1.988 3 0.01212 3 0.9061 | 14.66 1996
40 1.995 3 0.004983 3 1.202 15.79 1907
50 1.998 3 0.002111 3 1.501 16.92 1826
60 1.999 3 0.0009184 3 1.8 18.05 1752
70 2 3 0.0004093 3 2.1 19.18 1685
80 2 3 0.0001863 3 24 20.3 1625
90 2 3 0.00008644 3 2.7 21.43 1569
100 2 3 0.00004081 3 3 22.56 1518
2200
2100
2000
< 1900
3
& 1800

1700
1600
1500
10 20 30 40 50 60 70 80 90 100
PercentEx
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13
16-109 E The percent theoretical air required for the combustion of octane such that the volume fraction of CO in the
products is less than 0.1% and the heat transfer are to be determined. Also, the percent theoretical air required for 0.1% CO
in the products as a function of product pressure is to be plotted.

Analysis The complete combustion reaction equation for excess air is

CsH 5 + Ppag[0; +3.76N, | ——8C0O, +9H,0+ (P, —Day, O, + f N,
The oxygen balance is

Ppag x2=8x24+9x1+(Py —Day, x2
The reaction equation for excess air and products in equilibrium is

CgHyg + Ppag [0y +3.76N, | ——>aCO, +hCO+d H,0+e0, + f N,

The coefficients are to be determined from the mass balances

Carbon balance: 8=a+b

Hydrogen balance: 18=2d ——>d =9

Oxygen balance: Ppag x2=ax2+b+d+ex2
Nitrogen balance: Ppag x3.76=f

Volume fraction of CO must be less than 0.1%. That is,

b b

= =0.001
N, a+b+d+e+f

Yco =

The assumed equilibrium reaction is
CO, «—C0+0.50,
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data:
2¢o (Torod) = (h— TrodS) co = (—53,826) —(2000)(258.48) = —570,781kJ/kmol
2o (Torod) = (h— TorodS) 02 = (59,193) - (2000)(268.53) = —477,876 kl/kmol
2eon (T prod ) = (h-T prodS) coz = (=302,128) —(2000)(309.00) = —920,121 kJ/kmol
The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa are obtained from EES. Substituting,

AG* (Tprod ) =Vco géo (Tprod ) Vo2 ggZ (Tprod ) ~Vco2 géOZ (Tprod )
=1(=570,781) +0.5(-477,876) — (=920,121) = 110,402 kJ/kmol

—AG*(Tpmd)J ( ~110,402
—————— |=exp

K =ex et bt
r p[ R.T (8.314)(2000)

j =0.001308
u” prod

The equilibrium constant is also given by

u a \ Ny a \a+b+d+e+f

The steady flow energy balance gives
HR = Qout + HP

where
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16-100

Hy = IEC8H18@298K + Py, auﬁoz @208k T (Ppag x 3-76)}7N2 @298K
=(-208,459) + Py, ay, (0) + (Py, ay, x3.76)(0) = —208,459 kJ/kmol

Hp =ahcoy @000k +0hco@2000k + o @2000k +€ho2@2000k + . vz @ 2000k
= a(=302,128) + b(~53,826) + d(—169,171) + (59,193) + £(56,115)

The enthalpies are obtained from EES. Solving all the equations simultaneously using EES, we obtain

Py, =1.024, ay =12.5, a=7.935, b=0.06544, d =9, e=0.3289, f =48.11
PercentTh = P, x100=1.024 x100=102.4%
Ooue =995,500 kJ/kmol CgH; 4

The copy of entire EES solution including parametric studies is given next:

"The product temperature is:"

T _prod = 2000 "[K]"

"The reactant temperature is:"

T reac= 25+273 "[K]"

"PercentTH is Percent theoretical air"

Pth= PercentTh/100 "Pth = % theoretical air/100"

P_prod =5 "[atm]" *convert(atm,kPa)"[kPa]"

R_u=8.314 "[kJ/kmol-K]"

"The complete combustion reaction equation for excess air is:"

"C8H18+ Pth*A_th (02 +3.76N2)=8 CO2 + 9 H20 +(Pth-1)*A_th O2 + f N2"
"Oxygen Balance for complete combustion:"

Pth*A_th*2=8*2+9*1 + (Pth-1)*A_th*2

"The reaction equation for excess air and products in equilibrium is:"
"C8H18+ Pth*A_th (02 +3.76N2)=a CO2 + b CO+ d H20 + e O2 + f N2"
"Carbon Balance:"

8=a+bh

"Hydrogen Balance:"

18=2*d

"Oxygen Balance:"

Pth*A_th*2=a*2+b + d + e*2

"Nitrogen Balance:"

Pth*A_th*3.76 = f

N_tot=a +b +d + e +f "Total kilomoles of products at equilibrium"

"The volume faction of CO in the products is to be less than 0.1%. For ideal gas mixtures volume fractions equal
mole fractions."

"The mole fraction of CO in the product gases is:"

y_CO =0.001

y_CO = b/N_tot

"The assumed equilibrium reaction is CO2=C0O+0.502"

"The following equations provide the specific Gibbs function (g=h-Ts) for
each component in the product gases as a function of its temperature, T_prod,
at 1 atm pressure, 101.3 kPa"

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3)
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3)
g_02=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3)
"The standard-state Gibbs function is"

DELTAG =1*g_CO+0.5*g_02-1*g_CO2

"The equilibrium constant is given by Eqg. 15-14."

K_P =exp(-DELTAG /(R_u*T_prod))

P=P_prod /101.3"atm"

"The equilibrium constant is also given by Eq. 15-15."

"K_ P = (P/N_tot)*(1+0.5-1)*(b"1*e"0.5)/(a"1)"

sqrt(P/N_tot )*b *sqrt(e )=K_P *a

"The steady-flow energy balance is:"
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16-101
H R=Q_out+H_P
H_R=1*ENTHALPY(C8H18,T=T_reac)+Pth*A_th*ENTHALPY(O2,T=T_reac)+Pth*A_th*3.76*ENTHALPY(N2,T=
T reac) "[kJ/kmol]"
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod)
+e*ENTHALPY(02,T=T_prod)+*ENTHALPY(N2,T=T_prod) "[kJ/kmol]"

Porod PercentTh
[kPa] [%]
100 112
300 104 .1
500 102.4
700 101.7
900 101.2
1100 101
1300 100.8
1500 100.6
1700 100.5
1900 100.5
2100 100.4
2300 100.3
112—. T T T T T T T T T
110 -
$ 108+ -
- L i
= 106} -
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16-102

16-110 It is to be shown that when the three phases of a pure substance are in equilibrium, the specific Gibbs function of
each phase is the same.

Analysis The total Gibbs function of the three phase mixture of a pure substance can be expressed as

szsgs tmg, +mggg

where the subscripts s, ¢, and g indicate solid, liquid and gaseous phases. Differentiating by holding the temperature and
pressure (thus the Gibbs functions, g) constant yields

dG=g.dmg+g,dm, +g,dm,

From conservation of mass,
dmg+dm, +dmy, =0 ——  dm; =—dm, —dm,

Substituting,

dG =—-g(dm, +dmy) + g,dm, + g dm,

Rearranging,
dG = (g/ _gs)dmf + (gg - gs)dmg

For equilibrium, dG = 0. Also dm,and dm, can be varied independently. Thus each term on the right hand side must be
zero to satisfy the equilibrium criteria. It yields

81 =& and gg =&
Combining these two conditions gives the desired result,

8r=8s=8;s
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16-103

16-111 Tt is to be shown that when the two phases of a two-component system are in equilibrium, the specific Gibbs
function of each phase of each component is the same.

Analysis The total Gibbs function of the two phase mixture can be expressed as

G=(mygu +mg&g)+(Mpgp +Myrg4s)
Mgy
where the subscripts ¢ and g indicate liquid and gaseous phases. Differentiating mg
by holding the temperature and pressure (thus the Gibbs functions) constant v
yields
............. Moo
dG = gpdmy, + gg1dmgy + gprdmy, + gordmg, RSP I
Mg
From conservation of mass,

dmg, =—dmy and dmg,, =—dm,
Substituting,
dG = (g, — ggq1)dmy +(gn — &g2)dmy,

For equilibrium, dG = 0. Also dm,; and dm,, can be varied independently. Thus each term on the right hand side must be
zero to satisfy the equilibrium criteria. Then we have

8n =8y and gp =8,

which is the desired result.

16-112 Using Henry’s law, it is to be shown that the dissolved gases in a liquid can be driven off by heating the liquid.
Analysis Henry’s law is expressed as

Pi, gas side (0)

Vi liquidside (0) = 7

Henry’s constant / increases with temperature, and thus the fraction of gas i in the liquid y; jiquia siee decreases. Therefore,
heating a liquid will drive off the dissolved gases in a liquid.
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16-104

Fundamentals of Engineering (FE) Exam Problems

16-113 If the equilibrium constant for the reaction H, + 120, — H,0 is K, the equilibrium constant for the reaction 2H,0 —
2H, + O, at the same temperature is

(a) /K (b) 1/(2K) (c) 2K (d)K* (e) 1/K?
Answer (e) 1/K*

16-114 If the equilibrium constant for the reaction CO + 20, — CO, is K, the equilibrium constant for the reaction CO, +
3N, — CO + 40, + 3N, at the same temperature is

(a) /K (b) 1/(K+3) (c) 4K (K (e) 1/K?
Answer (a) 1/K

16-115 The equilibrium constant for the reaction H, + %20, — H,O at 1 atm and 1500°C is given to be K. Of the reactions
given below, all at 1500°C, the reaction that has a different equilibrium constant is

(a) H; + 520, —» H,0 at 5 atm,

(b) 2H, + O, —> 2H,0 at 1 atm,

(C) H, + O, > H,0+ 50, at 2 atm,

(d) H, + %0, + 3N, —» H,0+ 3N, at 5 atm,
(e) Hz + 1/.702 + 3N2 e H20+ 3N2 at 1 atm,

Answer (b) 2H; + O, > 2H,0 at 1 atm,

16-116 Of the reactions given below, the reaction whose equilibrium composition at a specified temperature is not affected
by pressure is

(a) H2 + 1/202 e d H20

(b) CO + 50, - CO,

(¢) N, + 0O, > 2NO

(d)N, - 2N

(e) all of the above.

Answer (c) N, + O, > 2NO
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16-105

16-117 Of the reactions given below, the reaction whose number of moles of products increases by the addition of inert
gases into the reaction chamber at constant pressure and temperature is

(a) H2 + l/202 b d HzO
(b) CO + 150, - CO,
(¢) N, + 0, = 2NO
(d)N, - 2N

(e) none of the above.

Answer (d) N, = 2N

16-118 Moist air is heated to a very high temperature. If the equilibrium composition consists of H,O, O,, N,, OH, H,, and
NO, the number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is

(@)1 (b) 2 ()3 (d) 4 OR

Answer (c) 3

16-119 Propane C;Hg is burned with air, and the combustion products consist of CO,, CO, H,0, O,, N,, OH, H,, and NO.
The number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is

(a) 1 (b) 2 (¢)3 (d) 4 ()5
Answer (d) 4

16-120 Consider a gas mixture that consists of three components. The number of independent variables that need to be
specified to fix the state of the mixture is

(a) 1 (b) 2 (¢)3 (d) 4 ()5
Answer (d) 4
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16-106

16-121 The value of Henry’s constant for CO, gas dissolved in water at 290 K is 12.8 MPa. Consider water exposed to air at
100 kPa that contains 3 percent CO, by volume. Under phase equilibrium conditions, the mole fraction of CO, gas dissolved
in water at 290 K is

(a) 2.3x10™ (b) 3.0x10™ (c) 0.80x10™ (d)2.2x10™ (e) 5.6x10™
Answer (a) 2.3x10™

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

H=12.8 "MPa"

P=0.1 "MPa"
y_CO2_air=0.03
P_CO2_air=y_CO2_air*P
y_CO2_liquid=P_CO2_air/H

"Some Wrong Solutions with Common Mistakes:"
W1 yCO2=P_CO2_air*H "Multiplying by H instead of dividing by it"
W2_yCO2=P_CO2_air "Taking partial pressure in air"

16-122 The solubility of nitrogen gas in rubber at 25°C is 0.00156 kmol/m’-bar. When phase equilibrium is established, the
density of nitrogen in a rubber piece placed in a nitrogen gas chamber at 300 kPa is

(a) 0.005 kg/m’ (b) 0.018 kg/m’ (c) 0.047 kg/m’ (d) 0.13 kg/m® (e) 0.28 kg/m’
Answer (d) 0.13 kg/m’

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

T=25"C"

S$=0.00156 "kmol/bar.m"3"

MM_N2=28 "kg/kmol"

S _mass=S*MM_N2 "kg/bar.m”3"

P_N2=3 "bar"

rho_solid=S_mass*P_N2

"Some Wrong Solutions with Common Mistakes:"
W1_density=S*P_N2 "Using solubility per kmol"

16-123 ... 16-125 Design and Essay Problems
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