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Concept-Study Guide Problems

15.1
Is the concept of equilibrium limited to thermodynamics?

Equilibrium is a condition in which the driving forces present are
balanced, with no tendency for a change to occur spontaneously. This concept
applies to many diverse fields of study — one no doubt familiar to the student
being that of mechanical equilibrium in statics, or engineering mechanics.

15.2
How does Gibbs function vary with quality as you move from liquid to vapor?

There is no change in Gibbs function between liquid and vapor. For
equilibrium we have g, =gy

15.3
How is a chemical equilibrium process different from a combustion process?

Chemical equilibrium occurs at a given state, T and P, following a
chemical reaction process, possibly a combustion followed by one or more
dissociation reactions within the combustion products. Whereas the combustion is
a one-way process (irreversible) the chemical equilibrium is a reversible process
that can proceed in both directions.

154
Must P and T be held fixed to obtain chemical equilibrium?
No, but we commonly evaluate the condition of chemical equilibrium at a
state corresponding to a given temperature and pressure.
15.5

The change in Gibbs function for a reaction is a function of which property?

The change in Gibbs function for a reaction is a function of T and P. The
change in standard-state Gibbs function is a function only of T.
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In a steady flow burner T is not controlled, which properties are?
The pressure tends to be constant, only minor pressure changes due to

acceleration of the products as density decreases velocity must increase to have
the same mass flow rate.

In a closed rigid combustion bomb which properties are held fixed?
The volume is constant. The number of atoms of each element is
conserved, although the amounts of various chemical species change. As the

products have more internal energy but cannot expand the pressure increases
significantly.

Is the dissociation of water pressure sensitive?

Yes, since the total number of moles on the left and right sides of the
reaction equation(s) is not the same.

At 298 K, K = exp(-184) for the water dissociation, what does that imply?
This is an extremely small number, meaning that the reaction tends to go

strongly from right to left — in other words, does not tend to go from left to right
(dissociation of water) at all.

For a mixture of O, and O the pressure is increased at constant T; what happens
to the composition?

An increase in pressure causes the reaction to go toward the side of
smaller total number of moles, in this case toward the O, .

For a mixture of O, and O the temperature is increased at constant P; what
happens to the composition?

A temperature increase causes more O, to dissociate to O.
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For a mixture of O, and O I add some argon keeping constant T, P; what happens
to the moles of O?

Diluting the mixture with a non-reacting gas has the same effect as

decreasing the pressure, causing the reaction to shift toward the side of larger total
number of moles, in this case the O .

In a combustion process is the adiabatic flame temperature affected by reactions?

The adiabatic flame temperature is decreased by dissociation reactions of
the products.

When dissociations occur after combustion, does T go up or down?

Dissociation reactions of combustion products lower the temperature.

In equilibrium Gibbs function of the reactants and the products is the same; how
about the energy?

The chemical equilibrium mixture at a given T, P has a certain total
internal energy. There is no restriction on its division among the constituents.
Does a dissociation process require energy or does it give out energy?

Dissociation reactions require energy and is thus endothermic.

If I consider the non-frozen (composition can vary) heat capacity, but still assume
all components are ideal gases, does that C become a function of temperature? of
pressure?

The non-frozen mixture heat capacity will be a function of both T and P,

because the mixture composition depends on T and P, while the individual
component heat capacities depend only on T.
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15.18
What is K for the water gas reaction in Example 15.4 at 1200 K?

Using the result of Example 15.4 and Table A.11
InK= 0.5[-35.736 —(-36.363)] =+0.3135 , K=1.3682
15.19
Which atom in air ionizes first as T increases? What is the explanation?

Using Fig. 15.11, we note that as temperature increases, atomic N ionizes

to N*, becoming significant at about 6-8000 K. N has a lower ionization potential
compared to O or Ar.

15.20
At what temperature range does air become a plasma?

From Fig. 15.11, we note that air becomes predominantly ions and
electrons, a plasma, at about 10-12 000 K.
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Equilibrium and Phase Equilibrium

15.21
Carbon dioxide at 15 MPa is injected into the top of a 5-km deep well in
connection with an enhanced oil-recovery process. The fluid column standing in
the well is at a uniform temperature of 40°C. What is the pressure at the bottom of
the well assuming ideal gas behavior?

2y (Z,-Z,) = 5000 m, P, = 15 MPa
T =40 °C = constant
CO, Equilibrium at constant T
-WREV = 0 = Ag + APE = RT ln (PZ/PI) + g(Zz-Zl) = O
ZZ N .

9.807x5000
In (P2/P1) =7000%0.188 92x313.2 _ 0-3287

P, = 15 exp(0.8287) = 34.36 MPa
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15.22
Consider a 2-km-deep gas well containing a gas mixture of methane and ethane at

a uniform temperature of 30°C. The pressure at the top of the well is 14 MPa, and
the composition on a mole basis is 90% methane, 10% ethane. Each component is
in equilibrium (top to bottom) with dG + g dZ = 0 and assume ideal gas, so for
each component Eq.15.10 applies. Determine the pressure and composition at the
bottom of the well.

Z 71 (Z,-Z,)=2000m, Let A=CH, B=C,H,
Gas — - _
P, =14 MPa =0.90 =0.10
mixture ! > Y > I
T =30 °C = constant
A+B From section 15.1, for A to be at equilibrium between
ZZ T cb
1 and 2: Wrey = 0= 1n4(Ga1-Gar) + 1sMp2(Z-Z,)

Simﬂarly, for B: WREV =0= nB(GBl-GBz) + nBMBg(Zl-Zz)

with a similar expression for B. Now, ideal gas mixture, P,;=y4P, etc.

Substituting:  In Yaks = MAgEZl_ZZ) and In YBoPs = MBg(_Zl-ZZ)
ya1Pi RT ye1Pi RT
Iy <0914 000, 31453035 ~ 2053
=> yaoPr=14.2748
In (ygyP,) = In(0.1x14) + 30.07x9.807(2000) _ 0.570 43

1000x8.3145x%303.2
=>  ypoPy = (1-yx2)P, = 1.76903
Solving: P, =16.044 MPa & y,,=0.8897
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A container has liquid water at 20°C , 100 kPa in equilibrium with a mixture of

water vapor and dry air also at 20°C, 100 kPa. How much is the water vapor
pressure and what is the saturated water vapor pressure?

From the steam tables we have for saturated liquid:

P,=2339kPa, v;=0.001002 m’/kg
The liquid is at 100 kPa so it is compressed liquid still at 20°C so from Eq.13.15

gig—gr=J vdP=v;(P—Py

The vapor in the moist air is at the partial pressure P, also at 20°C so we assume
ideal gas for the vapor

PV
—gg=deP=RTlnP—

8va
P g

We have the two saturated phases so gr=g, ( q=hg, =Tsg, ) and now for
equilibrium the two Gibbs function must be the same as
PV
gvap:gliq:RT lnp_g+gg:Vf(P_Pg)+gf

leaving us with

0.001002 (100 - 2.339)
0.4615 x 293.15

PV

In P, vp(P—P,)/ RT =

=0.000723

P, = P, exp(0.000723) = 2.3407 kPa.

This is only a minute amount above the saturation pressure. For the moist air
applications in Chapter 12 we neglected such differences and assumed the partial
water vapor pressure at equilibrium (100% relative humidity) is P,. The pressure

has to be much higher for this to be a significant difference.
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15.24
Using the same assumptions as those in developing Eq. d in Example 15.1,
develop an expression for pressure at the bottom of a deep column of liquid in

terms of the isothermal compressibility, Br. For liquid water at 20°C, B = 0.0005
[1/MPa]. Use the result of the first question to estimate the pressure in the Pacific

ocean at the depth of 3 km.
d gr =v° (1-BrP) dPy dgr+gdz=0
v° (1-BP) dPp + g dz=0 andintegrate  [v°(1-ByP) dPr=-g [dz

P g MH, 1 2 S22
fPO(l-BTP)dPT—JrVO o 4z = P-Py-Bp5 [P -P =5 H

1 . 1 2 . 8
P(1-3B, P)=P,-5B P+ H

VO = V000 = 0.001002; H=3000 m, g=9.80665 m/s’; B, = 0.0005 1/MPa
P (1 -3 x 0.0005P) = 0.101 -3 x 0.0005 x 0.101°

+19.80665 x 3000/0.001002] x 10°°
=29.462 MPa, which is close to P
Solve by iteration or solve the quadratic equation
P =29.682 MPa
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Chemical Equilibrium, Equilibrium Constant
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15.25
Calculate the equilibrium constant for the reaction O, < 20 at temperatures of

298 K and 6000 K. Verify the result with Table A.11.
Reaction O, <« 20

At 25 9C (298.15 K):
AH® = 200 - 1R}, = 2(249 170) - 1(0) = 498 340 kJ/kmol
AS? = 250 - 150, = 2(161.059) - 1(205.148) = 116.97 k/kmol K

AG? = AHY - TAS? = 498 340 - 298.15x116.97 = 463 465 kJ/kmol

AG? 463 465

InK = - RT =-%3145x208.15 _ ~186.961

At 6000 K:
AHC = 2(249 170 + 121 264) - (0 + 224 210) = 516 658 kJ/kmol
AS® = 2(224.597) -1(313.457) = 135.737 kJ/kmol K

AG® =516 658 - 6000x135.737 = -297 764 kJ/kmol

+297 764

InK= m =+5.969
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15.26
For the dissociation of oxygen, O, <> 20, around 2000 K we want a

mathematical expression for the equilibrium constant K(T). Assume constant heat
capacity, at 2000 K, for O, and O from Table A.9 and develop the expression

from Eqgs. 15.12 and 15.15.

From Eq.15.15 the equilibrium constant is

AG°
K=exp(~Z7); AG®=AH? - T AS°

and the shift is
AG® =2 fig - gy - T(250, ~ 50,)

Substitute the first order approximation to the functions h and s° as

T
2000
The properties are from Table A.9 and R = 8.3145 kJ/kmol K

h = fagoo k + Cp (T —2000); 5°=355099x +Cp In

OXygen 02 }-12000 K~ 59176 kJ/kmOl, 5(2)000 K= 268.748 kJ/kmol K

_ hyygox —hysgok _66770-351674

Cp= 2200 -1800 200 =37.74 kJ/kmol K

Oxygen O:  hyggox =35 713 + 249 170 = 284 883 kJ/kmol,

$9000 k = 201.247 kJ/kmol K

c - ha200 k — P00k 39878 -31547
P 2200-1800 400

Substitute and collect terms

=20.8275 kJ/kmol K

0 0
AG® AH® AS® _ AH3q . AC 2000 [ T-2000 T ] AS2000
RT RT R  RT R T ~™2000d" R

Now we have

AHjo00/R = (2 x 284 883 — 59 176)/8.3145 = 61 409.6 K
AC, 5000/R = (2 x 20.8275 — 37.74)/8.3145 = 0.470864

ASa00/R = (2 x 201.247 — 268.748)/8.3145 = 16.08587

so we get



Sonntag, Borgnakke and van Wylen

AG" 61 409.6 T — 2000 T
ST =+ 0470864 [ 5~ 555 ] - 16.08587
~ 60467.9

T
T = 15.615-0.470864 In 2000

Now the equilibrium constant K(T) is approximated as

60 467.9
T

K(T)=exp [ 15.615 - +0.470864 In

2000 ]

Remark: We could have chosen to expand the function AG% RT as a linear
expression instead or even expand the whole exp(-AG?/ RT) in a linear function.
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Calculate the equilibrium constant for the reaction H, <> 2H at a temperature of

2000 K, using properties from Table A.9. Compare the result with the value listed
in Table A.11.

From Table A.9 at 2000 K we find:

Ahyy =52 942 kI/kmol; sy = 188.419 kl/kmol K; e =0

Ahy

35375 kJ/kmol; sy = 154.279 kJ/kmol K; hy =217 999 kJ/kmol

0 _ _ 0 0
AG” = AH-TAS=Hppo-Hi s~ T Srps - S ps)

2 x(35375+ 217 999) — 52943 — 2000(2x154.279 - 182.419)
= 213 528 kJ/kmol

In K =-AGY%RT =-213 528 / (8.3145 x 2000) = -12.8407

Table A.11 InK=-12.841 OK
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15.28
Plot to scale the values of In K versus 1/7 for the reaction 2 CO, < 2 CO + O,.

Write an equation for In K as a function of temperature.
2C02C>2CO+ 102

T(K) InK T(K)

4 L 4 1
10 XT 10 X T
2000  5.000 -13.266 4000 2.500 3.204
2400  4.167 -7.715 4500 2.222 4.985
2800  3.571 -3.781 5000 2.000 6.397
3200  3.125 -0.853 5500 1.818 7.542

3600  2.778 1.408 6000 1.667 8.488

For the range
below ~ 5000 K,

] al nost

| i near

Using values at

8
4

InK~A +B/T 0 -
4

2000 K & 5000 K 2

4 1
A =19.5056 0 1 2 3 a4 & 10*7
B =-65 543 K
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15.29
Calculate the equilibrium constant for the reaction:2CO, <> 2CO + O, at 3000 K

using values from Table A.9 and compare the result to Table A.11.

From Table A.9 we get:
kJ/kmol kJ/kmol kJ/kmol K
Ahq = 93 504 b co=-110527  sco=273.607

Ahco, = 152853 Bico,=-393522  §co =334.17

Ao, =98 013 it 0,=0 So, = 284.466

0 B S
AGY = AH-TAS=2H, + Hy ~2Heo - T (25co * 5o, - 25c0,)
=2 (93 504 — 110 527) + 98 013 + 0 — 2(152 853 - 393 522)

-3000(2x273.607 + 284.466 - 2x334.17) = 55 285 kJ/kmol

In K = -AGYRT = -55 285/ (8.31451x3000) = -2.2164
Table A.11 InK=-2.217 OK
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Consider the dissociation of oxygen, O, < 2 O, starting with 1 kmol oxygen at

298 K and heating it at constant pressure 100 kPa. At which temperature will we
reach a concentration of monatomic oxygen of 10%?

Look at initially 1 mol Oxygen and shift reaction with x

0, =20
Initial 1 0
Change -x 2x
Equil. 1-x 2x N =1-x+2x=1+x
2x

Yo:1+x:0'1 = x=0.1/2-0.1)=0.0526, y,,=0.9

0.12
(P) =5 1=001111 = InK=-44998
Yo, 9

Now look in Table A.11: T=2980 K
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15.31
Pure oxygen is heated from 25°C to 3200 K in an steady flow process at a
constant pressure of 200 kPa. Find the exit composition and the heat transfer.

The only reaction will be the dissociation of the oxygen
0, < 20 ; FromA.l11: K(3200) = exp(-3.069) = 0.046467

Look at initially 1 mol Oxygen and shift reaction with x

n,=1-x5 ny=2x; ne=1+x y;=n/ny

2

2 2
sz_o(E)Z-l= 4x l-i—x2= 8x
Yo, Py 1+x)?1-x7 1-%°

, _K/8
X =
1+K/8

Q= nozexhozex + nOethex B h02in - (1 + X)(y02h02 + yOhO) -0

1'102 =106 022 kJ/kmol; EO =249 170 + 60 767 = 309 937 kJ/kmol

= x=0.07599; Yo, = 0.859; y,=0.141

= q=145015kJ/kmol O,
q=q/32=4532kl/kg (=3316.5 if no reaction)
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15.32

Nitrogen gas, N,, is heated to 4000 K, 10 kPa. What fraction of the N, is
dissociated to N at this state?

N, <=> 2N @ T=4000K, InK=-12.671
Initial 1 0 K =3.14x10°6
Change -x 2x
Equil. 1-x 2x Nt =1-x+2x=1+x
1-x _2x
y2 2
_IN (P 6 _ 4 (&) o
~Vvo (Poj ;= 3.14x10° = 2100 => x=0.0028
1- 2X
YN2= Trx 0.9944, INTT 1 x— 0.0056
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15.33

Hydrogen gas is heated from room temperature to 4000 K, 500 kPa, at which state
the diatomic species has partially dissociated to the monatomic form. Determine
the equilibrium composition at this state.

H2 < 2H Equil. n,, = 1-x
X T2x ny =0+ 2x
n=1+x
(2 )
(1 X))((H‘X) (ﬁ) at4000 K: InK=0.934 => K=2.545
2.545 2
4x(500/100) ~ 12725 = ~3  Solving,  x=03360

Ny, = 0.664, n, =0.672, ny=1.336
1 = 0497, y, =0.503
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15.34

One kilomole Ar and one kilomole O, are heated up at a constant pressure of 100
kPa to 3200 K, where it comes to equilibrium. Find the final mole fractions for

Ar, O,, and O.
The only equilibrium reaction listed in the book is dissociation of O,.
So assuming that we find in Table A.10: In(K) =-3.072

Ar+0, = Ar+(1-x)0,+2x0

The atom balance already shown in above equation can also be done as

Species Ar 0, O
Start 1 1 0

Change 0 -X 2x
Total 1 I-x 2x

The total number of molesis n, =1+ 1-x+2x=2+x so
Yar=1/(2+x); yo,=1-X/(2+X); yo=2x/(2+X)

and the definition of the equilibrium constant (P, = P,) becomes

2

Yo 4x?
K=¢30=0.04633="="7"-7"=
© Yo, Q2+x)(1-x)

The equation to solve becomes from the last expression
(K+4)x*>+Kx-2K=0

If that is solved we get
x =-0.0057 £ 0.1514 = 0.1457, X must be positive
Yo =0.1358; yy, =0.3981;  yu, = 0.4661
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15.35
Consider the reaction 2 CO, <> 2 CO + O, obtained after heating 1 kmol CO, to

3000 K. Find the equilibrium constant from the shift in Gibbs function and verify
its value with the entry in Table A.11. What is the mole fraction of CO at 3000 K,

100 kPa?
From Table A.9 we get:
Ahgg = 93 504 By co=-110527  sco=273.607

- _0 -
Ahco = 152853 hrco,=-393522 5o, =334.17

Aho =98 013 §02 = 284.466

0 _ _ - - -
AG” = AH-TAS=2 HCO + HO2 -2 HCOZ- T (2SCO + SO2 - 2SC02)

=2(93504—110527) + 98 013 + 0 — 2(152 853 - 393 522)
-3000(2x273.607 + 284.466 - 2x334.17) =55 285
In K = -AGYRT = -55 285/ (8.31451x3000) = -2.2164
Table A.11 InK =-2.217 OK

At 3000 K, 2C02<::>2CO+102

InK=-2.217 Initial 1 0 0

K=0.108935 Change -2z +27 +7
Equil. 1-2z 2z z

We have P=P°=0.1 MPa, and n,,=1+z so from Eq.15.29

Yeoy
CO’0; P 2z 2( z
K= 3 G =(1_2Z) (1+Z)(1)=0.108935;
Co,

47°=0.108935 (1 -22*(1+z) => 2z=0.22

Yoo =22/ (1 +2)=036
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15.36

Air (assumed to be 79% nitrogen and 21% oxygen) is heated in a steady state

process at a constant pressure of 100 kPa, and some NO is formed. At what
temperature will the mole fraction of N.O be 0.001?

0.79 N2 +0.21 O2 heated at 100 kPa, forms NO

N2+02<:>2NO nN2=0.79- X
-X -x +2x n02=0.21 - X
nNO=0 + 2x

Ntot = 1.0

2
Atexit, yy,=0.001="¢

o =  x=00005
= n, = 0.7895, n,, = 0.2095

2
YNo Py, 10 “
= )= = 6.046x10
YnoYon PO) 0.7895x0.2095 %

or InK=-12.016

From Table A.10, T =1444 K
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15.37

The combustion products from burning pentane, C;H ,, with pure oxygen in a

12°
stoichiometric ratio exists at 2400 K, 100 kPa. Consider the dissociation of only
CO, and find the equilibrium mole fraction of CO.

CH,,+80,->5CO,+6H,0

At 2400K, 2C0,<2C0+10,

InK=-7.715 Initial 5 0 0

K=4.461 x 10™* Change -2z +2z +z
Equil. 5-2z 2z z

Assuming P=P°=0.1 MPa, and n=5+z+6=11+z

Yoy

coYo, P (220 (_z ) ‘)

K=— (PO)_(5—22) (11+Zj(1)—4.461><10,
CO,

Trial & Error (compute LHS for various values of z): z=0.291
Nco, = 4.418; n.,=0.582; No, = 0291 =>  y,,=0.0515
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15.38
Find the equilibrium constant for the reaction 2NO + O, < 2NO, from the

elementary reactions in Table A.11 to answer which of the nitrogen oxides, NO or
NOz, is the more stable at ambient conditions? What about at 2000 K?

2NO + 0,<2NO, (1)
But N, + O,<2NO (2)
N, +20,<2N0, (3)
Reaction 1 = Reaction 3 - Reaction 2
= AG|=AG;-AG, => K, =InK,-nK,
At 25 °C, from Table A.10: In K, =-41.355 - (-69.868) = +28.513
or K, =2416x10"

an extremely large number, which means reaction 1 tends to go very strongly
from left to right.

At2000K: InK, =-19.136 - (-7.825)=-11.311 or K =1224x 107

meaning that reaction 1 tends to go quite strongly from right to left.
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15.39

Pure oxygen is heated from 25°C, 100 kPa to 3200 K in a constant volume
container. Find the final pressure, composition, and the heat transfer.

As oxygen is heated it dissociates
0, 20 In KeCl =-3.069 from table A.11
C.V.Heater: U, -U, = Q,=H,-H,-Pv+Pyv
Permole O,: ,q,=h,-h +R[T, - (n,/n)T,]
Shift x in reaction 1 to have final composition: (1 - x)0, +2x0

n1=1 n2=1-x+2X:1+x

Yoyp = (1-x)/(1+%); yg,=2x/(1 +x)
Ideal gasand V,=V, =P, =Pn,T./nT, = P/P =(1+x)T,/T,

Substitute the molefractions and the pressure into the equilibrium equation

1 1
Koy =™ y"(p) Er @

T
- A L3092 000433 = x=0.0324
I-X T2

The final pressure is then

T
P, =P (1+x)7>= 100 (1 +0.0324) 3200
0 Tl

2082 =1108 kPa

(n02)2 =0.9676, (n,),=0.0648, n,=1.0324
1512 =0.9676 x 106022 + 0.0648 (249170 + 60767) - 0

+8.3145 (298.15 - 1.0324 x 3200) = 97681 kJ/kmolO,

0.9676 0.0648
Yoy~ 1.0324 = 9937; Y02~ 1.0324

=0.0628
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15.40
A mixture of 1 kmol carbon dioxide, 2 kmol carbon monoxide, and 2 kmol
oxygen, at 25°C, 150 kPa, is heated in a constant pressure steady state process to
3000 K. Assuming that only these same substances are present in the exiting
chemical equilibrium mixture, determine the composition of that mixture.

initial mix: Constant Equil. mix:
1CO,,2CO, :\':> pressure E:> CO,, CO, O, at
2 O2 reactor T=3000K,
/\ P =150 kPa
QL]
Reaction 2 CO2 < 2C0 + O2
initial 1 2 2
change -2x +2x +x
equil. (1-2x) (2+2x) (2+x)

From A.10 at 3000 K: K = exp(-2.217) = 0.108935

1
Foreach n>0 = -1<x<+;

Y2COY02 ) B ( 1+X) (2+x)(150

Yco
Yop = 03302

1-2x/ \5+x/\100
Ycoz
1+x+2,2+x .
or 1 2x) (5+x =0.018 156, Trial & error: x =-0.521
y =(0.4559
n..=2042 n. =1479 coz
02 02 } =0.2139

n., =0958  n, . =4479
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Repeat the previous problem for an initial mixture that also includes 2 kmol of
nitrogen, which does not dissociate during the process.

This problem has a dilution of the reantant with nitrogen.

initial mix: Constant Equilibrium mix:
1CO,,2CO, — pressure E:> CO,,CO, 0, and N,
2 02, 2 N2 reactor A at T=3000K, P=150kPa
o U

Reaction 2CO, « 2C€0 + 0,
initial 1 2 2
change -2x +2x +x
equil. (1-2x) (2+2x) (2+x)

From A.10 at 3000 K: K =exp(-2.217) = 0.108935
Foreach n>0 = —1<x<+%
Equilibrium: n., = (1 -2x), n,,=(2+2x), n,, = (2 +x),

=2 sothen n, . =7+x
tot

Ycoy 1+x42 2+ 150
— (F) - 1-2);) (7+§) (100
Ycoz
or 11;);) (2+X ~0.018167  Trial & error: x = -0.464

- ng, = 1.536 - -
N, = 1.928 . {ycoz =0.295 y,, =0.235

N2 _ _
=1.072 e s36 | [Yeo =0-164 vy, =0306
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One approach to using hydrocarbon fuels in a fuel cell is to “reform” the
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part of the
analysis of such a procedure, consider the reforming section and determine the
equilibrium constant for this reaction at a temperature of 800 K.

For CH4, use CP0 at ave. temp., 550 K. Table A.6, CPO =49.316 kJ/kmol K

a) ﬁgoo K= ﬁ‘f) + Cp AT =-74 873 + 49.316(800-298.2) = -50 126 kJ/kmol

0

800
§800 K~ 186.251 +49.316 In 2982

For CH4 + HZO = 3H2 +CO

=234.918 kJ/kmol K

AHgy = 3(0+14 681) + 1(-110 527+15 174) - 1(-50 126)
S 1(-241 826+18 002) = +222 640 kJ/kmol

ASeoo x = 3(159.554) + 1(227.277) - 1(234.918) - 1(223.826)
= +247.195 kJ/kmol K
AG? = AH" - TAS? = 222 640 - 800(247.195) = +24 884 kJ/kmol

AG® 24884
" RT ™ 8.3145x800

InK = =-3.7411 => K =0.0237
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15.43
Consider combustion of methane with pure oxygen forming carbon dioxide and
water as the products. Find the equilibrium constant for the reaction at 1000 K.
Use an average heat capacity of Cp = 52 kJ/kmol K for the fuel and Table A.9 for
the other components.

For the reaction equation,
CH, +20, < CO, + 2H,0
At 1000 K

AH) 0ok = 1(-393 522 +33397) + 2(-241 826 + 26 000)

- 1[-74 873 + 52(1000 — 298.2)] - 2(0 + 22 703)
= - 798 804 kJ/kmol
100

0
ASToook = 1x269.299 + 2x232.739 — 1(186.251 + Imygg 5 ) - 2x243.579

298.
= 487.158 kJ/kmol K

0 0 0
AGigoox = AHjgook - T ASjp00x

= -798 804 — 1000 x 487.158 = -1 285 962 kJ/kmol

AGY + 1285962
InK=-RT = 3§3145x1000 ~ T 154665 ,

K=1.4796 E 67

This means the reaction is shifted totally to the right.
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Find the equilibrium constant for the reaction: 2NO + O, <> 2NO, from the
elementary reaction in Table A.11 to answer these two questions. Which of the
nitrogen oxides NO or NO, is the more stable at 25°C, 100 kPa? At what T do we
have an equal amount of each?

The elementary reactions are the last two ones in Table A.11:
a) N2+02©2NO b) N2+202 ©2N02

Actual reactionis: ¢ =b-a = In(K,) = In(Ky) - In(K,)

At 25°C (approx. 300 K) Table A.11: In(K,) =-69.868; In(Ky) = -41.355
SO NOW:
In(K,) =-41.355+69.868 =285 = K.=24x10"

meaning reaction is pushed completely to the right and NO, is the stable
compound. Assume we start at room T with 1 kmol NO,: then

NO 0, NO, TOT

start 0 0 1
change 2x X -2x
Final 2x X 1-2x  1+x

Equal amount of each

1-2x
1 +x

y(NO) = 2

1+x = Y(NO2) =

= x=0.25

(1-2x)2 052
453 4x025°

K(T) = —4 = In(K)=1.386

We quickly see
In(K) at 500 K =-30.725 + 40.449 = 9.724
In(K) at 1000 K =-23.039 + 18.709 = -4.33
Linear interpolation T =500 + 0.406 x 500 =703 K
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15.45
The equilibrium reaction as: CHy < C + 2Hj. has In K =-0.3362 at 800 K and
InK = -4.607 at 600 K. By noting the relation of K to temperature show how you
would interpolate In K in (1/7) to find K at 700 K and compare that to a linear
interpolation.

A.ll: In K =-0.3362 at 800K In K =-4.607 at 600K

1 1

B 700 ~800
InK ) = Ky + 71 x (-4.607 +0.3362)

500~ 300
800

) 700 !
=-03362 + g5

600 "1

x (-4.2708) =-2.1665

Linear interpolation:

700 - 600
InK_ =~ =InK 800 -600 (InK,, - InK

700 600 T 800 -60 600)

1
=-4.607 + 5 (-0.3362 +4.607) = -2.4716
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Water from the combustion of hydrogen and pure oxygen is at 3800 K and 50
kPa. Assume we only have H,O, O, and H, as gases find the equilibrium
composition.

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

which at 3800 K has an equilibrium constant from A.11 as In K =-1.906

Assume we start with 2 kmol water and let it dissociate x to the left then

Species H,0 H, O,

Initial 2 0

Change -2x 2x X

Final 2-2x 2 X Tot: 2+x

Then we have

2 2x \2  x
K = 1.906 _szyoz P22 (2+x) 2+x 50
=exp(-1.906) =757 | po 2-2x2 100
H0 2+x
which reduces to
1 43 11

0.148674 = or x>=0.297348 (1-x)>(2+x)

(1-x)? 2+x 4 2

Trial and error to solve for x = 0.54 then the concentrations are

2 -2x X 2x
=0.362; y02=2+X=0.213; Y =2+ x

Ymo~ 2 +x

=0.425
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15.47
Complete combustion of hydrogen and pure oxygen in a stoichiometric ratio at P,

T, to form water would result in a computed adiabatic flame temperature of 4990
K for a steady state setup.

a. How should the adiabatic flame temperature be found if the equilibrium reaction
2H, + 0, < 2 H,0 is considered? Disregard all other possible reactions

(dissociations) and show the final equation(s) to be solved.

b. Which other reactions should be considered and which components will be
present in the final mixture?

a) 2H,+0,< 2H0 Species  H, 0, HO0

_ — (0] _ 0o _ b
HP = HR = HP + AHP = HR =@ Initial 2 1 %]
Shift -2x -X 2x
Final 2-2x  1x 2x

2
Yo p
Keq="3"—(Go) > Ny, =2-2x + 1-x + 2x = 3-x
Hy" Oy

H = (2-2x)AﬁH2 - (1-x)Af102 +2x(hgp,0 + Ahy, ) =0 (1)

4x* (3—X)2 3;X_X2§3—X!

Keq = o 2P 1% (1) Keq(T) (2)
B0 = -241826; Ahy (T), Ahy, (T), Ahy o(T)

Trial and Error (solve for x,T) using Egs. (1) and (2).
Yo, = 0.15; Yu, = 0.29; Yi,0 = 0.56]

b) At 3800 K Keq = e!:906 (Reaction is times -1 of table)
X*(3-x)(1-x)3 =% =6.726 = x=0.5306

2x 1-x 2-2x
= =0.43; y02=3_x=0.19; yH2= 3x =0.38

c¢) Other possible reactions from table A.10
H,<2H 0,20 2H,0 > H,+2OH



15.48

Sonntag, Borgnakke and van Wylen

The van't Hoff equation
()

AH
dlnK= RT2 dTpo
relates the chemical equilibrium constant K to the enthalpy of reaction AH®. From
the value of K in Table A.11 for the dissociation of hydrogen at 2000 K and the
value of AH° calculated from Table A.9 at 2000 K use van’t Hoff equation to
predict the constant at 2400 K.

H2 < 2H
AH® =2 x (35 375+217 999) — 52 942 = 453 806 kJ/kmol
In Kzooo -12.841;

Assume AH° is constant and integrate the Van’t Hoff equation

2000
AH® 1 1
InK, - InK f (AHO/RT YT =-"F5( -
2400 2000 2400 R T24oo T2000
InK.,  =InK, + AH°( )/ R
2400 2000 T2400 Tzooo

=-12.841 + 453 806 (12000) /8.31451 =-12.841 + 4.548

=-8.293
Table A.11 lists —8.280 (AH® not exactly constant)
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Gasification of char (primarily carbon) with steam following coal pyrolysis yields
a gas mixture of 1 kmol CO and 1 kmol H,. We wish to upgrade the hydrogen

content of this syngas fuel mixture, so it is fed to an appropriate catalytic reactor
along with 1 kmol of H,O. Exiting the reactor is a chemical equilibrium gas

mixture of CO, H2, HZO, and CO2 at 600 K, 500 kPa. Determine the equilibrium

composition. Note: see Example 15.4.

1 +1H
coTih Constant Chem. Equil. Mix 600 K
— pressure > - Equil.
+1H0 reactor CO, H,, H,0,CO, 500 kPa

(1) 1CO+1H,0< 1CO, +1H,

=X -X *X +x

(2)2H,0 & 2H,+10, (3)2C0,<2CO+10,
11
1)=32)-30)

I
InK, =5[-85.794-92.49)]=+335, K, =28.503

2
Equilibrium:
Neo = 1-x, Do = 1-x, Negy = 0+x, ng,= 1+x
YooV , P Yoo
Shne3 K- co2YH2 Pyo_ co2YH2
YcoYmo P YcoYn20
1+
28.503 = XX (7704
(1-x)
n y %
CO 0.2206 0.0735 7.35
HZO 0.2206 0.0735 7.35
CO 0.7794 0.2598 26.0

H 1.7794 0.5932 59.3
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15.50
Consider the water gas reaction in Example 15.4. Find the equilibrium constant at
500, 1000, 1200 and 1400 K. What can you infer from the result?

As in Example 154, 1l H, + CO, & H,0 + CO
I 2COp & 2CO + Oy
I 2H,0< 2H, + Oy
Then, InKyp = 0.5(InK; - InKyp)

At500K, InKyp = 0.5(-115.234 — (-105.385)) = - 4.9245
K =0.007 266

At 1000 K, In Ky = 0.5 (-47.052 — (- 46.321)) = - 0.3655 ,
K = 0.693 85

At 1200 K, In Ky = 0.5 (-35.736 — (-36.363)) = + 0.3135,
K =1.3682

At 1400 K, In Kyj = 0.5 (-27.679 — (-29.222)) = + 0.7715,
K=2.163

It is seen that at lower temperature, reaction III tends to go strongly from right to
left, but as the temperature increases, the reaction tends to go more strongly from
left to right. If the goal of the reaction is to produce more hydrogen, then it is
desirable to operate at lower temperature.
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Catalytic gas generators are frequently used to decompose a liquid, providing a
desired gas mixture (spacecraft control systems, fuel cell gas supply, and so

forth). Consider feeding pure liquid hydrazine, N H , to a gas generator, from
which exits a gas mixture of Nz’ H2’ and NH3 in chemical equilibrium at 100°C,
350 kPa. Calculate the mole fractions of the species in the equilibrium mixture.

Initially, 2 NH, »> IN,+1H, +2NH,

then, N2 + 3 H2 & 2 NH3

initial 1 1 2

change -X -3x +2x

equil. (1-x) (1-3x) (2+2x) Nyopap = (4-2%)

B yNH3 _ (242x)*(4- 2x)2 35042
- Dum (Zy?

yNzsz (1-x)(1-3x)> “100

At 100 °C =373.2 K, for NH, use A.5 CPO =17.03x2.130 =36.276

Py = -45 720 + 36.276(373.2-298.2) = -42 999 kJ/kmol

373.2
Sz = 192,572+ 36,276 In 59575 =

200.71 kJ/kmol K

Using A8,
AH(I)OO c=2(-42 999) - 1(0+2188) - 3(0+2179) =-94 723 kJ
AS?OO c=2(200.711) - 1(198.155) - 3(137.196) = -208.321 kJ/K

AG1go = AH? - TAS® = -94 723 - 373.2(-208.321) =-16 978 kJ

AGP +16 978
InK=-Fr=331450a737 " 54716 = K=237.84

Therefore,

(1+x)(2-x)]2 1  237.84x3.5
(1-3x) 4 (1=x)(1-3x) 16

By trial and error, x = 0.226

= 182.096

=0.2181
=0.0908

_ _ N2
n, =0.774 ny,, =2.452 }
=0.6911

_ _ YH2
i =0.322 . =3.518
YNH3



Sonntag, Borgnakke and van Wylen

15.52

A piston/cylinder contains 0.1 kmol hydrogen and 0.1 kmol Ar gas at 25°C, 200
kPa. It is heated up in a constant pressure process so the mole fraction of atomic
hydrogen is 10%. Find the final temperature and the heat transfer needed.

When gas is heated up H, splits partly into H as

H, < 2H and the gas is diluted with Ar
Component  H, Ar H

Initial 0.1 0.1 0

Shift -X 0 2x

Final 0.1-x 0.1 2x Total = 0.2 +x

vy = 0.1=2x/(0.24x) = 2x = 0.02+0.1x =  x=0.010526
=n,_, =0.21053
ot
Yigp = 0425 = [(0.1-%)/(024%)]; y, =1 —rest=0.475

Do the equilibrium constant:

2
Vi (P 0.01\ 200\ _
K(T) =y—i o) = (0425) x (fgp) = 0.047059

In (K) =-3.056 so from Table A.10 interpolate to get T=3110K
To do the energy eq., we look up the enthalpies in Table A.8 at 3110K
h,, =92829.1;h, =217999 + 58 447.4 =276 445.4 (= h.+ Ah)

h, = Cp(3110-298.15) = 20.7863 x (3110-298.13) = 58 447.9

(same as Ah for H)
Now get the total number of moles to get

1-
n, =0.021053; n,=n_ x5

=N X 31, = 0.08947; n, =0.1

Ar

Since pressure is constant W = PAV and Q becomes differences in h
Q =nAh =0.08947 x 92 829.1 — 0 + 0.021053 x 276 446.4
—0+0.1x58447.9
=19970 kJ
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A tank contains 0.1 kmol hydrogen and 0.1 kmol of argon gas at 25°C, 200 kPa
and the tank keeps constant volume. To what T should it be heated to have a mole
fraction of atomic hydrogen, H, of 10%?

Vit

. P21
For the reaction H, < 2H , K (Po)

Assume the dissociation shifts right with an amount x then we get

Yu,

reaction H2 & 2H also, Ar

initial 0.1 0 0.1

change -X 2x 0

equil. 0.1-x 2x 0.1 Tot: 0.2 +x
2X

yH=0‘2+X=0.10 = x=0.010526

We need to find T so K will take on the proper value, since K depends on P we
need to evaluate P first.
- - n,T,
P1V=n1RT1; P2V=n2RT2 = P2 =P1 E

where we have n = 0.2 and n,= 0.2 +x=0.210526

21 (x> 200  mT
~ (0.1 -x)n, 100 0.2 x 298.15

Yu P
K=y, (e =0.0001661 T,

Now it is trial and error to get T, so the above equation is satisfied with K from
A.llatT,.

3600 K: InK=-0.611, K=0.5428, RHS=0.59796, error=0.05516
3800 K: InK=0.201, K=1.22262, RHS=0.63118, error =-0.59144
Linear interpolation between the two to make zero error

0.05516
T=3600+200 x405516 + 0.59144 ~ 3017 K
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A gas mixture of 1 kmol carbon monoxide, 1 kmol nitrogen, and 1 kmol oxygen
at 25°C, 150 kPa, is heated in a constant pressure process. The exit mixture can be
assumed to be in chemical equilibrium with CO,, CO, O,, and N, present. The mole

fraction of CO, at this point is 0.176. Calculate the heat transfer for the process.

initial mix: Constant Equil. mix:

1CO, 10,, :\':> pressure E:> CO,, CO, 0, N,

1 N2 reactor Yeor = 0.176

4 > P =150 kPa
o L

reaction 2 CO2 < 2CO + O2 also, N2
initial 0 1 1 1
change +2x -2x -X 0
equil. 2x (1-2x) (1-x) 1

2x
yCO2=O.176=§ = x=0.24265

N, =0.4853 n,, = 0.7574} { Yeop = 0-176

B B B Yop = 0.2747
n., =05147 ng, =1 Yoo = 0.1867

2

YcoYo, P! 0.1867°x0.2747 150
-—2(5) - 5 ) =0.4635

yeoy P 0.176 100

From A.10, TPROD =3213 K

From A.9, Hy =-110 527 kJ

H,, =0.4853(-393 522 + 166 134) + 0.5147(-110 527 + 101 447)

+0.7574(0 + 106 545) + 1(0 + 100 617)
= +66 284 kJ

Qpy =Hp - Hp =66284 - (-110 527) = +176 811 kJ
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A rigid container initially contains 2 kmol of carbon monoxide and 2 kmol of
oxygen at 25°C, 100 kPa. The content is then heated to 3000 K at which point an
equilibrium mixture of CO,, CO, and O, exists. Disregard other possible species

and determine the final pressure, the equilibrium composition and the heat
transfer for the process.

2C0+20,<2C0,+0, Species: CO O, CO,

Initial 2 2 0
Shift -2x 2x+x 2x
Final 2-2x 2-x 2x: n = 2-2x + 2-x + 2x = 4-x

2-2x _2x 2x
Yoo~ 4x> Yo, 4x Yo, 4x

UZ—U1=1Q2=H2—H1—sz+P1V

= (2200, + (2R, + 2xh -2hfco2-2hf02

CO2
-R(4 - X)T, + 4RT1

2

yC02 P X2 4X 4Tl
0= =T (P) 22x (40T,
q Yo,Yco 4(1-x)
T
X o L 172 5597 _
= T 3a=71 <27 =23.09

x=08382  y.,=0.102; y, =0368; y., =0.53
P, = P,(4-x)T,/4T, = 100(3.1618)(3000/4)(298.15) =795.4 kPa
|Q, = 0.3236(-110527 + 93504) + 1.1618(98013) + 1.6764(-393522

+152853) - 2(-110527) - 2(D) + 8.3145(4(298.15) - 3000(3.1618))
=-142991 kJ
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15.56
A coal gasifier produces a mixture of 1 CO and 2H, that is fed to a catalytic

converter to produce methane. The reactionis  CO + 3H, < CHy4 + H;0. The

equilibrium constant at 600 K is K = 1.83 x 10° . What is the composition of the
exit flow assuming a pressure of 600 kPa?

The reaction equation is:

CO + 3H = CH4 + Hzo

2
initial 1 2 0 0
change —X -3x +x +x
equil. 1 -x 2-3x X X 3-2x

Nrorar =

_ Yen, Yu,0 (£)1+1-1—3 _ X2 (3-2%)? (P =)

- 3 0 _ _ 3 (5o
Yo Yeg T (1-x)(2 - 3x)> ‘P

60042 x> (3 -2x)°
1. 10° x (=) =6. 107 =
83 x 105 x (Tpg) = 6588 x 10 10 31

Trial and error to solve for x.
x=0.6654 LHS=6.719 x 10’
x=0.66538 LHS=6.41x 10’
x=0.66539 LHS =6.562 x 10’ close enough

nepa = 0.66539, npppo = 0.66539, nco = 0.66539, npyp = 0.00383

so we used up nearly all the hydrogen gas.
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One approach to using hydrocarbon fuels in a fuel cell is to “reform” the
hydrocarbon to obtain hydrogen, which is then fed to the fuel cell. As a part of the
analysis of such a procedure, consider the reaction CH4 + H,O < CO + 3H,.
One kilomole each of methane and water are fed to a catalytic reformer. A
mixture of CHy, H,O, H,, and CO exits in chemical equilibrium at 800 K, 100
kPa; determine the equilibrium composition of this mixture using an equilibrium
constant of K = 0.0237.

The reaction equation is:

CH, + HO & 3H, + CO

initial 1 1 0 0
change -X -X +3x +x
equil. (1-x) (1-x) 3x X
DporaL = 2 +2x
3
_ Yu2Yco (P2 (3x)°x 10012
) - )

Yoo PY (1-x)(1-x)(2+2x)2 1100

or (ﬁ)z(lix)2 _ 00237 _ 003 51
2

27x1

or % —+/0.003 51 =0.05925 Solving, x=0.2365

Ny = 0.7635)
cH Yoy = 03087

N, =0.7635

Yo = 0-3087
n,, =0.7095 >

Yy, = 0.2870
N =0.2365 0.0956
n o= 2473 Yo
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15.58

Use the information in Problem 15.45 to estimate the enthalpy of reaction, AHO,
at 700 K using Van’t Hoff equation (see problem 15.48) with finite differences
for the derivatives.

_ 2
dlnK = [AH®/RT ]dT or solve for AH®

AHC = RT2 dinK RT2 AlnK
N dT AT
2 .0.3362 +4.607

=8.31451 x 700 x =86 998 kJ/kmol

800 - 600
[ Remark: compare this to A.9 values + A.5, A.10,
AH° = HC + ?_HH2 - HCH4 =0.61 x 12 x (700-298) + 2 x 11730

—2.254 x 16.04 x (700-298) - (-74873) = 86 739 kJ/kmol ]
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15.59

Acetylene gas at 25°C is burned with 140% theoretical air, which enters the
burner at 25°C, 100 kPa, 80% relative humidity. The combustion products form a
mixture of CO,, H,0, N,, O,, and NO in chemical equilibrium at 2200 K, 100

kPa. This mixture is then cooled to 1000 K very rapidly, so that the composition
does not change. Determine the mole fraction of NO in the products and the heat
transfer for the overall process.

C2H2 +3.5 02 + 1316N2 + water >
2CO,+1H,0+10,+13.16 N, + water
water: P, =0.8x3.169 =2.535 kPa
n, =n, P,/P, =(3.5+13.16)2.535/97.465 = 0.433
So, total H,O in products is 1.433.
a) reaction: N, + O, <-> 2NO

change : -x -x +2x
at 2200 K, from A.10: K =0.001 074

Equil. products: Doy = 2, No = 1.433, n,, = 1-x,
ng, = 13.16-x, no = 0+2x, Npor = 17.593
K—Az—XL—OOOI 074 = x=0.0576
~(1x)(13.16-x) X7
2x0.0576
Yo~ 17.593 — 0-00655

b) Final products (same composition) at 1000 K
Hp =1(226 731) + 0.433(-241 826) = 122 020 kJ

H,, = 2(-393 522 + 33 397) + 1.433(-241 826+26 000)

+0.9424(0+22 703) + 13.1024(0+21 463) + 0.1152(90 291422 229)
=713 954 kJ
Quy = H, - H, =-835974 kJ
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A step in the production of a synthetic liquid fuel from organic waste matter is the
following conversion process: 1 kmol of ethylene gas (converted from the waste)
at 25°C, 5 MPa, and 2 kmol of steam at 300°C, 5 MPa, enter a catalytic reactor.

An

ideal gas mixture of ethanol, ethylene, and water in chemical equilibrium

leaves the reactor at 700 K, 5 MPa. Determine the composition of the mixture and

the heat transfer for the reactor.
25°C, 5 MPa 1 GH, IG chem. equil. mixture
> C,HsOH, C,Hy, H,O
300 °C, 5 MPa 2HO 700 K, 5 MPa
1C,H,+ 1 H,0 & 1 C,H;OH A.6 at~ 500 K:
init 1 2 0 CPO CoHa = 62.3
ch. -X -X +X
equil. (1-x) (2-x) X

a) AHogox = 1(-235 000 + 115(700-298.2)) - 1(+52 467 + 62.3(700-298.2))

- 1(-241 826 + 14 190) =-38 656 kJ

700 700
S0g.3) - 1(219.330 + 62.3In5005) - 1(218.739)

ASo k = 1(282.444 + 115 In

— -110.655 kI/K
AGago k = AH - TAS? = +38 803 kJ

-AG YcoHs50H ( P )'1
InK="54—=-6667 = K=0001272=—"">(=
n RT Yc2r4Y20 PP
X 3_X) _ 50 _
= (£)(E2) 0001272 39 = 0.0636

By trial and error: x =0.0404 => C,H;OH: n=0.0404, y=0.01371
CHy: n=0.9596, y=0.3242, H,O: n=1.9596, y=0.6621
b) Reactants:  C,H,: T,=298.2/282.4 =1.056, P,=5/5.04=0.992

A.15: (h™-h) = 1.30x8.3145x282.4 = 3062 kJ

= Heoyyy = 1(+52 467 - 3062) = +49 405 kI

H,0, LIQ Ref. + St. Table:
Hippo = 2(-285830 + 18.015(2924.5-104.9)) = -470070 kJ
Hprop = 0.0404(-235 000 + 115(700-298.2)) + 0.9596(+52 467

+62.3(700-298.2)) + 1.9596(-241 826 + 14 190) =-379 335 kJ
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15.61
Methane at 25°C, 100 kPa, is burned with 200% theoretical oxygen at 400 K, 100
kPa, in an adiabatic steady state process, and the products of combustion exit at
100 kPa. Assume that the only significant dissociation reaction in the products is
that of carbon dioxide going to carbon monoxide and oxygen. Determine the
equilibrium composition of the products and also their temperature at the
combustor exit.

Combustion: CH At 4O2 - CO2 + 2H20 + 202

Dissociation:
2C0, < 2CO + O, .H,O inert
initial 1 0 2 2
change -2x +2x +x 0
equil. 1-2x 2x 2+x 2 N =51x
y2 Yy
S oh 7C0%02 P X \22+xy P
qu,lll. qu’l: K= 2 (PO): (OS—X) (5+X)(P0)
Yco2
X \2/2+x K

or (O.S-X) (5+x): (P/P°)

st law: HP - HR =0

(1-2x)(-393 522 + Ah,) + 2x(-110 527 + Ah,..))

+2(-241 826 + Ahy,, ) + (2+x)Ah, - 1(-74 873) - 4(3027) = 0

or (1-2x)Ah, + 2xAh . + 2Ah,,  + (2+x)Ah, + 565 990x - 814 409 =0

Assume TP =3256 K. From A.10: K =0.6053

Solving (1) by trial & error, x=0.2712
Substituting x and the Ah values from A.8 (at 3256 K) into (2)
0.4576x168 821 + 0.5424x103 054 + 2x140 914
+2.2712x108 278 + 565 990x0.2712 - 814 409 ~ 0 OK
T,=3256K & x=10.2712

N, =0.4576,n.,=0.5424,n 2.0 =2.2712

co mo < 0o
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15.62
Calculate the irreversibility for the adiabatic combustion process described in the

previous problem.

From solution of Prob. 15.61, it is found that the product mixture consists of
0.4576 CO,, 0.5424CO, 2.0H,0 & 2.27120, at 3256 K, 100 kPa. The

reactants include

1 CH4 at 25 °C, 100 kPa and 4 O2 at 400 K, 100 kPa.

Reactants:
SR = 1(186.251) + 4(213.873) = 1041.74 kJ/K

Products:
I Yi 5 R lnﬁ S
Py
CO2 0.4576 0.0868 339.278 +20.322 359.600
CO 0.5424 0.1029 276.660 +18.907 295.567
HZO 2.0 0.3794 291.099 +8.058 299.157
0) 22712 0.4309 287.749 +7.000 294.749

S, = 0.4576(359.600) + 0.5424(295.567) + 2.0(299.157)

+2.2712(294.749) = 1592.62 kJ/K
I=T,(Sp-Sp) - Qcy = 298.15(1592.62 - 1041.74) - 0 = 164 245 kJ
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15.63
An important step in the manufacture of chemical fertilizer is the production of
ammonia, according to the reaction: N, +3H, < 2NH,

a. Calculate the equilibrium constant for this reaction at 150°C.
b. For an initial composition of 25% nitrogen, 75% hydrogen, on a mole
basis, calculate the equilibrium composition at 150°C, 5 MPa.

IN, +3H, < 2NH, at 150 °C

423.2
298.2

S 150 ¢ = 192.572 +2.13x17.031 In =205.272

AH'sy o = 2(-41 186) - 1(0+3649) - 3(0+3636) =-96 929 kJ
ASYso c = 2(205.272) - 1(201.829) - 3(140.860) = -213.865 kJ/K

AGso e = 96 929 - 423.2(-213.865) = -6421 kJ/kmol

+6421

an—m— 1.8248, K=6.202

b) N3 = 2X, n, = 1-x, n,,= 3-3x
K Y3 ( ) _(2x)*2%(2- x) ( P )-2
pO 331-x)* \p?

)( ) x6202x(01) =26165
(IX—X)G—z = 161.755

yNzy

n y
— Trial & Error: NH3 1.843 0.8544
x=0.9215 N 0.0785 0.0364

2

H, 0.2355 0.1092
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15.64
One kilomole of carbon dioxide, CO,, and 1 kmol of hydrogen, H, at room
temperature, 200 kPa is heated to 1200 K at 200 kPa. Use the water gas reaction
to determine the mole fraction of CO. Neglect dissociations of H, and O,.

1CO,+ 1H,< 1CO+1H,0

Initial 1 1 0 0
Shift -X -X +x +x
Total 1-x 1-x X X; Not = 2

YH20 = Yco = X/2, yH2 = Yco2 = (1-x)/2
From solution to problem 15.36, K = 1.3682

2
gx/2)!x/2!:K:_x_2 o X 1697
1-x 1-x (1-x) 1-x
)5

x=1.1697/2.1697 =0.5391
YH20 = Yco = X/2=0.27, ym2=ycoz = (1-x)/2=10.23
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15.65
Consider the production of a synthetic fuel (methanol) from coal. A gas mixture
of 50% CO and 50% H__ leaves a coal gasifier at 500 K, 1 MPa, and enters a
catalytic converter. A gas mixture of methanol, CO and H, in chemical
equilibrium with the reaction: CO +2H, < CH;0H leaves the converter at the
same temperature and pressure, where it is known that In K =-5.119.
a. Calculate the equilibrium composition of the mixture leaving the converter.
b. Would it be more desirable to operate the converter at ambient pressure?

1CO Equil.  CH,OH, CO, H,
1H, C=p Converterb=>  Mix 500 K, 1 MPa

Reaction: CcCO + 2 H2 = CH3OH
initial 1 1 0
change -X -2x +x
equil. (1-x) (1-2x) X
yCH3OH 2-2x\2, P -2 x(1 x)
a) 0) -G )T = )
yCOYH2 1-x/\-2x7 \p (1 2X) P

InK=-5.119, K =0.00598
x(1x) _0.00598 ( 1y
(1-2%) 0.1
Nepgzog = X = 0.1045,  neg = 1-x = 0.8955, ng, =1-2x=0.791
Yemson = 0.0583,  yco=0.5000,  yp, =0.4417

=0.1495 => x=0.1045

b) For P=0.1 MPa
x(1-x)  0.005 98 0.1\2
(12x)? 4 ‘0l
x 1s much smaller (~ 0.0015) not good

=0.001 495
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Hydrides are rare earth metals, M, that have the ability to react with hydrogen to
form a different substance MH with a release of energy. The hydrogen can then
be released, the reaction revers)éd, by heat addition to the MH . In this reaction
only the hydrogen is a gas so the formula developed for the cHemical equilibrium
is inappropriate. Show that the proper expression to be used instead of Eq. 15.14
is

In (Py;,/P°) = AG®/RT

when the reaction is scaled to 1 kmol of H,.

1
M+§xH2 < MH,

At equilibrium Gp = G , assume g of the solid is a function of T only.

- -0 _0 _0 _ -0 _0 _0
Byirx — MM - TSvmx = Bmmx > &y = b - Ty = &um

— fippy - Tsppp + RT In(Pro/Po) = 81pp + RT In(Pro/Po)

- - | 0 1 __o =
GP = GR: gMHX = gM + 5 X gHZ =M™ + 5 X[gHZ +RT ln(PHZ/PO)]

gH2

-0 .0 0 .0 _0 0
AG = Byiriy - 8 - X Br2/2 = Emy - EM

Scale to 1 mole of hydrogen
AG® = (Bypsrs - Bw)/(%/2) = RT In(Pyy/P°)

which is the desired result.
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Simultaneous Reactions

15.67

Water from the combustion of hydrogen and pure oxygen is at 3800 K and 50
kPa. Assume we only have H,O, O,, OH and H, as gases with the two simple

water dissociation reactions active find the equilibrium composition.

This problem is very similar to Example 15.7 in the text. The only difference is
that we have T = 3800 K and P = 50 kPa. From table A.11 we have

InK,=-1906; K, =0.14867; InK,=-0.984; K2 =0.3738

2a+b 2 2a+b ,
K1:(1 2a-2b 1+a+b\p0) K,= 1+a+b\1 2a 2b) (ﬁ)

So we have two equations as

2a+b 2  a P

1-2a-20) T+a+b_ Kt/ Po):0-29734 (1)
2a+b , 2b
1+a+b\1 2a - 2b) =K /(_0) 0.7476 ()

Divide the second equation by the first to give

452 0.7476
(2a+b)a 029734

=2.5143

or
2a? + ba— 1.5909 b* =0
a=-(b/4) £ (1/4)\[b - 4 x 2 x (-1.5909 b2) = 0.676256 b
Now we can do trial and error on equation 1 for only one variable, say b:
a=0.14228, b=0.2104

n,,=1-2a-2b=029464, n,,=2a+b=0.49496,

n,,=a= 0.14228, Noy = 2b =0.4208
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Ethane is burned with 150% theoretical air in a gas turbine combustor. The
products exiting consist of a mixture of CO H 0,0_, N_, and NO in chemical
equilibrium at 1800 K, 1 MPa. Determine tl%e mole fractlon of NO in the
products. Is it reasonable to ignore CO in the products?

Combustion:
C2H6 +5.25 O2 +19.74 N2 - 2 CO2 +3 H20 +1.75 O2 +19.74 N2

Products at 1800 K, 1 MPa
Equilibrium mixture: COZ, HZO, 02, N2, NO

N, + 0, o 2NO
initial 19.74 1.75 0
change -X -X +2x
equil. 19.74-x 1.75-x 2x
Equil. comp. n., = 2, = 1.75x, ny, =2x, ny,, =3, ng, =19.74-x
YNo X
K=1.192x10"= s
N2y02( ) (19.74- X)(l 75-x)

Solving, x =0.031 75

2x0.031 75
YN0~ 2649 - 00024
b) 2C0, & 2CO + 0,
initial 2 0 0
change -2a +2a +2x
equil. 2-2a 2a 2x
2
Yc OyO2 1.75-xtay 1
8 _ X 1
Roabbedo™="7 (po) (5 Geooea o

This equation should be solved simultaneously with the equation solved in
part a) (modified to include the unknown a). Since x was found to be small
and also a will be very small, the two are practically independent. Therefore,
use the value x =10.031 75 in the equation above, and solve for a.

2,1.75-0.031 75+ 0.1
(li_a) ( T %) = (ﬁ x4.194x10°8

Solving, a=0.000 254 or y.,= 1.92x107 negligible for most applications.
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15.69
Butane is burned with 200% theoretical air, and the products of combustion, an
equilibrium mixture containing only COz, HZO’ 02, N2, NO, and NOZ’ exit from
the combustion chamber at 1400 K, 2 MPa. Determine the equilibrium
composition at this state.

Combustion:

C4H10+13O +489N - 4CO +5H O+650 +489N
Dissociation:

1) N2+ 02<:>2NO 2) N2+202c>2NO2

change -a -a +2a change -b -2b +2b

At equilibrium:

No = 5 ng, = 48.9-a-b Ny = 2a
Neg, = 4 Ny, = 6.5-a-2b Ny, = 2b
Npor = 64.4-b

At1400K, from A.10: K, =3.761x10°, K, =9.026x10"""

K (2a)? __ (2b)*(64.4-b) )-1
17 (48.9-a-b)(6.5-a-2b) 2 (6.5-a-2b)*(48.9-a-b) PO

As Kl and K2 are both very small, with K2 << Kl, the unknowns a & b will

both be very small, with b << a. From the equilibrium eq.s, for a first trial

1 1 f 2 48 9
~51 /le48.9x6.5 ~0.0173; b~ 2><6.5 K2><0 1%64.4"~ ~0.000 38

Then by trial & error,
2 -6
a 3.761x10% “
(48.9-a-b)(6.5a2b) 4 0-94025x10
2
-10 =

(6.5-a-2b)*(48.9-a-b) 4 :
Solving, a=0.01727, b=0.000379
Doy = 4 N =5, n,, =48.882, n,, =6.482,
Yooy = 006211,y =0.07764, y,, =0.75904, y_, =0.100 65
Ny, = 0.03454, n = 0.00076
Yno = 0:00055,  yy,, =0.00001
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A mixture of 1 kmol water and 1 kmol oxygen at 400 K is heated to 3000 K, 200
kPa, in a steady flow process. Determine the equilibrium composition at the outlet

of the heat exchanger, assuming that the mixture consists of H,O, H,, O,, and
OH.

Reactions and equilibrium eq'ns the same as in example 15.7 (but different
initial composition).

Atequil: ng, =1-2a-2b, n,,=2a+b, n,=1+a

nOH=2b, nTOT=2+a+b

Since T = 3000 K is the same, the two equilibrium constants are the same:
From Table A.11: K, =0.002062, K,=0.0023893

The two equilibrium equations are

2a+b 2 1+a /P) 2a+b , )(_)
1-2a-2b/ 2+a+b\po/ K, 2+a+b\1 2a 2b/ \po

which must be solved simultaneously for a & b. If solving manually, it
simplifies the solution to divide the first by the second, which leaves a
quadratic equation in a & b - can solve for one in terms of the other using the
quadratic formula (with the root that gives all positive moles). This reduces
the problem to solving one equation in one unknown, by trial & error.

Solving ==  b=0.116, a=-0.038 =>

N, =0.844, n,=0.0398, n,,=0.962, n,, =0232, n, . =2.0778

=0.4062, y,,=0.0191, y,,=0.4630, y,,=0.1117

YH20 Yoz
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15.71
One kilomole of air (assumed to be 78% nitrogen, 21% oxygen, and 1% argon) at

room temperature is heated to 4000 K, 200 kPa. Find the equilibrium composition
at this state, assuming that only N,, O,, NO, O, and Ar are present.

1 kmol air (0.78 N, 0.21 O,, 0.01 Ar) heated to
4000 K, 200 kPa.

Equil.:
1) N2 + O2 < 2NO ng, = 0.78-a
change -a -a +2a n,, = 0.21-a-b
n, = 0.01
2) O2 =20 n, = 2b
change -b +2b Ny = 2a
n = 1+b
4a? 20010
K, =0.0895 =4 782a)(0. 21-a-b)\1oo)
- - 4b° /200
K, =2.221 =150)(0 21 b)\loo)

Divide 1st eq'n by 2nd and solve for a as function(b), using
K
1P
X = fz(ﬁ): 0.0806

Get

_Xb? | 1+4><0.78(1+b)] (1
A7 2(1+p)l Xb?

Also
b2 K2 2)

(I+b)(0.21-a-b) _ 4(p/p) 27763
Assume b=0.1280 From (1), geta=0.0296
Then, checka & bin(2) = OK

Therefore,
n, =0.7504 ny =0.2560 y,,=0.6652 y, =0.2269

Ny, =0.0524 n = 0.0592 y.,=0.0465 y, = 0.0525
n, =0.01 ¥, = 0.0089
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15.72

One kilomole of water vapor at 100 kPa, 400 K, is heated to 3000 K in a constant
pressure steady flow process. Determine the final composition, assuming that
H,0, H,, H, O,, and OH are present at equilibrium.

Reactions:
1) 2H20<:>2H2+O2 2) 2H20<:>H2+20H

change-2a  +2a +a change -2b +b  +2b
3) H,<2H

change -c  +2c

At equilibrium (3000 K, 100 kPa)

N = 1-2a-2b n,, = a n, = 2c

ng,, = 2at+b-¢ Ny, = 2b Noor = 1+a+b+c

K1 . 2.062)(10_3 B (2a+b—c )2( a )
(P/P% 1 ~ \1-2a-2b/ \l+atb+c

K, _2.893><10'3_(2a+b-c )22y
(P/P%) 1 ~ \U+at+b+c/\1-2a-2b

Ky 2.496x107 (2a)>
(P/P%) 1 ~ (2atb-c)(1+atb+c)

These three equations must be solved simultaneously for a,b & c:
a=0.0622, b=0.0570, c¢=0.0327

and  n,,=0.7616 = 0.6611

n,,, =0.1487

YH20

Yy = 0.1291

ng, =0.0622 y,, = 0.0540

ngy = 0.1140 y,, =0.0990

n, =0.0654 y, =0.0568
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Acetylene gas and x times theoretical air (x > 1) at room temperature and 500 kPa
are burned at constant pressure in an adiabatic steady flow process. The flame
temperature is 2600 K, and the combustion products are assumed to consist of N,
0,, CO,, H,0, CO, and NO. Determine the value of x.

Combustion:
C2H2 +2.5x O2 +9.4x N2 -2 CO2 + HZO + 2.5(x-1)O2 + 9.4x N2

Eq. products 2600 K, 500 kPa: N,, 0,, CO,, H,0, CO & NO

2 Reactions:

1) 2CO,<2C0O+0, 2) N,+0,<2NO
change -2a +2a +a  change -b -b +2b
Equil. Comp.: ng, = 9.4x-b , Do = 1, Ny = 2a, Ny = 2b
n,, =25x-25+a-b, nCO2=2-2a, Npop = 119x+05+a

At2600 K, from A.11: K, =3.721 x 107, K,=4.913 x 107

FO1- Ky _3.721x10-3_( a )2(2.5X-2.5+a-b)
Ql: (P/P°) 5 “\l-a 119x+05+a
2
: _ 3_ (2b)
EQ2: K, =4913x10" = 9 4 1) 2.5x - 2.5 +a - b)

Also, from the 1st law: HP - HR = (0 where
Hp = 1(+226 731) + 0 + 0 = +226 731 kJ
H,= (9.4x -b)(0 + 77 963) + (2.5x - 2.5 + a - b)(0 + 82 225)

+ (2 -2a)(-393 522 + 128 074) + 1(-241 826 + 104 520)
+2a(-110 527 + 78 679) + 2b(90 291 + 80 034)
Substituting,
EQ3: 988 415x +549425a+ 180462b-1100496=0

which results in a set of 3 equations in the 3 unknowns x, a, b. Assume x =
1.07 Then

EQl: 7.442x 1072 = (li_a)z(—o'llgg i'ab)
b2
(10.058 - b)(0.175 +a+b)
Solving, a=0.1595, b=0.0585 Then checking in EQ3,
088 415x1.07 + 549 425x0.1595 + 180 462x0.0585 - 1 100 496 ~ 0
Therefore, x =1.07

EQ2: 1.2283x 107
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Tonization

15.74
At 10 000 K the ionization reaction for Ar is: Ar < Arf+e with
equilibrium constant of K =4.2 x 10~*. What should the pressure be for a mole
concentration of argon ions (Ar") of 10%?

From the reaction (ionization) we recognize that the concentration of electrons
must equal that of argon ions so

Yart=Ye-=0.1  and Yar =1 —yart—ye—=08

Now
YArt Ye— (PNIF1-1 0.1 x0.1 P
- 4 _ Al 7€ (1 L TAN LT N S
0.8

P =0.00042 x x 100 = 3.36 kPa

0.1 x0.1
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Operation of an MHD converter requires an electrically conducting gas. It is
proposed to use helium gas “seeded” with 1.0 mole percent cesium, as shown in
Fig. P15.75. The cesium is partly ionized (Cs < Cs” + e~ ) by heating the mixture
to 1800 K, 1 MPa, in a nuclear reactor to provide free electrons. No helium is
ionized in this process, so that the mixture entering the converter consists of He,
Cs, Cs', and e”. Determine the mole fraction of electrons in the mixture at 1800 K,
where In K = 1.402 for the cesium ionization reaction described.

Reaction: Cs < Cs™ + e, AlsoHe InK =1.402
initial  0.01 0 0 0.99 => K =4.0633
change -x +x X 0

Equil (0.01-x) x X 0.99 ; total: 1+x

k=520 - (65 =) () )
" Yes pY/  \0.01 —x/ \1+x/ \po

or (o.of— X) (12) = 40633/ (1/0.1) = 0.40633

Quadratic equation:  x =0.009767

= Yo =Ty = 0.00967
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15.76

One kilomole of argon gas at room temperature is heated to 20000 K, 100 kPa.
Assume that the plasma in this condition consists of an equilibrium mixture of Ar,
Ar ,Ar ,and e according to the simultaneous reactions

(1) Ar & Ar'+e (2) Ar' & Ar' +¢e
The ionization equilibrium constants for these reactions at 20000 K have been
calculated from spectroscopic data as In K; =3.11 and In K, =-4.92. Determine
the equilibrium composition of the plasma.

) AreoAr +e 2) Arr o ArT +e
ch. -a +a +a ch. -b +b +b

Equil. Comp.: n, =l-a, = a-b, n, .= b, n_= a+b, Noor = 1+atb

YArJrYe (a-b)a+b)
(PO) (1-a)(1+a+b) (1)=22.421

YAr++Ye- b(a + b)
K= A ( 5)- (a-b)(1 +a+b) (D=00073

By trial & error:  a=0.978 57, b=0.01413
ar=0.02143, n,, =0.96444, n,..,=0.01413, n,_=0.9927

Yar=0.0107, yo.=0484,  yu., =00071, y,=0.4982
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15.77
At 10 000 K the two ionization reactions for N and Ar as

I: Ar & Ar +e” 2: N & N +e”
have equilibrium constants of K; =4.2 x 10™* and Ky =6.3 x 1074,

respectively. If we start out with 1 kmol Ar and 0.5 kmol N,, what is the
equilibrium composition at a pressure of 10 kPa?

At 10 000 K we assume all the nitrogen is dissociated to N.

Assume we shift the argon ionization with a and the nitrogen ionization with b we
get

Ar Ar' e N N*

Initial 1 0 0 1 0

Change -a a atb -b b

b

Final l-a a atb 1-b Tot: 2+a+b
4 YartYe( P a(a+b) 10
_ 4_ YArYe (P
Kp=4.2x107"= =" (po)_(l—a)(2+a+b)(100) (1)
4 INtYe-( P b(a+b) 10
_ 4_ INe (P _
Kp=63x107" =~ - (pO)_(l-b)(2+a+b)(100) @)

Divide the second equation with the first to get

b (1-a) Ko b-ab
i-b) a ~k -5 = a1

b-ab=15a-15ab = b=1.5a-05ab=a(1.5-0.5b)

A=73.050b trial and error on equation (1)

a=0.059 and b=0.086

ny, =0.941, n,.=0.059, ny=0914, ny, =0.086, n, =0.145
Yar= 0439, ya.=0.027, yy=0426, yn.=0.04, y, =0.068
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Plot to scale the equilibrium composition of nitrogen at 10 kPa over the
temperature range 5000 K to 15000 K, assuming that N,, N, N+, and e” are

present. For the ionization reaction N <> N + ¢, the ionization equilibrium
constant K has been calculated from spectroscopic data as

T[K] 10000 12000 14 000 16 000

100K 0.0626 1.51 15.1 92

1) N, & 2N 2) N & N'+e
change -a +2a  change -b +b +b
Equil. Comp.: ng, = 1-a, n = 2a-b, n, = b, n,_ = b
. (2a-b’ (P
FQl: 5 v (po) (1-a)(1 +a+ b)\py
yN+y b? (P
FQ2 K=o )@t e
For T<10000K: b~0 soneglect EQ2: = K, = (1 %) )(100
118 260
To extrapolate K, above 6000 K: InK, ~16.845 - T
(from values at 5000 K & 6000 K)
T(K) K, a YN Yo
5000 0.0011 0.0524 0.0996 0.9004
6000 0.0570 0.3532 0.5220 0.4780
7000 0.9519 0.8391 0.9125 0.0875
8000 7.866 0.9755 0.9876 0.0124
10000 151.26 0.9987 0.9993 0.0007

b2 /10 b’

ForT>10000K: a~10 = K,=5pom(] 00) = Ga0) 0.1
T(K) K, b YN YN+
10000  ¢26x10%+  0.1577 0.8538  0.0731
12000  151x102  0.7244 04862  0.2659
14000  0.151 1.5512 0.1264  0.4368
16000  0.92 1.8994 0.0258  0.4871

Note that b = 0 is not a very good approximation in the vicinity of 10 000 K.
In this region, it would be better to solve the original set simultaneously for a
& b. The answer would be approximately the same.
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Review Problems

15.79

Repeat Problem 15.21 using the generalized charts, instead of ideal gas behavior.

2T (Z,-Z,)=5000m, P,=15MPa
T =40 °C = const
3132 _ 15
Equilibriurn: “Wppy = O =Ag+ APE
Z, cb

9.807x5000
8- =hy-hy T(sy-5) = 8(Z - Zy) =~ 00 — 49-04 kl/kg

From Figures D.2 and D.3,
h) -h, =RT,x 3.54=203.4 ki/kg; s, -5, =R x2.61=04931 ki/kg K
hy-h, =0; s,-s, =0-RIn(P,/P,)=0.18892 In( P, /15)

Trial and error. Assume P, =55 MPa (P,, =55/7.38 =7.45)

h2 h, =RT_x 3.60 = 206.8 kl/kg ; 32 -5, =R x2.14=0.4043 kJ/)kg K
Ag=-206.8 +0+203.4 - 313.2[-0.4043 - 0.18892 In(55/15) + 0.4931] =45.7
Too low so assume P, = 60 MPa (P,, =60/7.38 =8.13)

h2 -h, =RT_ x 3.57=205.1 kl/kg ; 32 -5, =R x2.11=0.3986 kJ/kg K

Ag=-205.1+0+203.4-313.2[-0.3986 - 0.18892 In(60/15) + 0.4931] = 50.7
Make linear interpolation = P, =58 MPa
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In a test of a gas-turbine combustor, saturated-liquid methane at 115 K is to be
burned with excess air to hold the adiabatic flame temperature to 1600 K. It is
assumed that the products consist of a mixture of CO_, H O,N O and NO in
chemical equilibrium. Determine the percent excess dir used in %he c¢ombustion,
and the percentage of NO in the products.

CH, +2x 0, +7.52x N,
—>1CO,+2H,0+(2x-2) 0, +7.52xN,

Then N2 + O2 < 2NO Also CO2 HZO
initial 7.52x  2x-2 0 1 2
change -a  -a +2a 0 0
final (7.52x-a) (2x-2-a) 2a 1 2
Npor = 1 +9.52x
1600 K: InK =-10.55, K = 2.628x107
y2 p y2 4a’
2.628x1075 K =——2—()0 = =R _ 2

YnYor PV YaoYo,  (7:52x-2)(2x-2-a)

From A.9 and B.7,
Hp = 1[—74 873 + 16.043(—274.7—624.1)]+ 0+0=-89292kJ

(Air assumed 25 °C)
H, = 1(-393 522 + 67 569) + 2(-241 826 + 52 907)
+ (7.52x-a)(41 904) + (2x-2-a)(44 267) +2a(90 291 + 43 319)
=-792325+403 652x + 181 049a
Assume a ~ 0, then from HP - HR =0 — x=1.7417 and substitute
a’ _ 2.628x107
(13.098-a)(1.483-a) 4 &t
Use this a in the energy equation
703 042 - 181 049x0.0113

a~0.0113

* 403 652 =1.7366
a’ _2.628x10° e
=~ (13.059-a)(14732-a) 4 2= % = x=1
% excess air = 73.7 %
2x0.0112x100
%NO =1, = 0.128 %

1+9.52x1.7366
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A space heating unit in Alaska uses propane combustion is the heat supply.
Liquid propane comes from an outside tank at -44°C and the air supply is also
taken in from the outside at -44°C. The airflow regulator is misadjusted, such that
only 90% of the theoretical air enters the combustion chamber resulting in
incomplete combustion. The products exit at 1000 K as a chemical equilibrium
gas mixture including only CO,, CO, H,0, H,, and N,. Find the composition of
the products. Hint: use the water gas reaction in Example 15.4.

Propane: Liquid, T1 =-44°C =229.2 K
Air: Ty =-449C =229.2 K, 90% Theoretical Air
Products: T; =1000 K, CO,, CO, H,O, H,, N,
Theoretical Air:
C3Hg +50, + 18.8N, => 3CO, +4H,0 + 18.8N,

90% Theoretical Air:

C3Hg +4.50, + 16.92N, => aCO, +bCO + cH,0 + dH, + 16.92N,
Carbon: a+b=3
Oxygen: 2a+b+c=9 Where: 2 < a <3
Hydrogen: c +d =4

Reaction: CO + H,0 <« CO, + H,
Initial: b c a d
Change: -x -X X X
Equil: b-x c¢-Xx a+x d+x

Chose an Initial guess suchas:a=2,b=1,c=4,d=0

Note: A different initial choice of constants will produce a different value for
x, but will result in the same number of moles for each product.

Neop=2+X, nog=1-X, ngpo=4-X, ngp =X, npp = 16.92
The reaction can be broken down into two known reactions to find K

(1) 2C0» <> 2CO+ 0y @ 1000 K In(Ky) =-47.052

(2) 2H»O <> 2Hy + Oy @ 1000 K In(K») = -46.321
For the overall reaction: InK = (In(K») - In(K1))/2 = 0.3655; K =1.4412

1+1-1-1
yco2y P yco2y 2+
a cosz( j _YCOYH2 s X)X

~ YcoYn20 \Po YCOYH20 (1 -4 -x)
= x=0.6462
nCOz =2.6462 nCO = (0.3538 nN2 =16.92

nHZO =3.3538 nH2 = 0.6462
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Consider the following coal gasifier proposed for supplying a syngas fuel to a gas
turbine power plant. Fifty kilograms per second of dry coal (represented as 48 kg
C plus 2 kg H) enter the gasifier, along with 4.76 kmol/s of air and 2 kmol/s of
steam. The output stream from this unit is a gas mixture containing H,, CO, N,,
CHy4, and CO, in chemical equilibrium at 900 K, 1 MPa.

a. Setup the reaction and equilibrium equation(s) for this system, and calculate
the appropriate equilibrium constant(s).
b. Determine the composition of the gas mixture leaving the gasifier.

a) Entering the gasifier: 4C+1H,+10,+3.76 N, + 2H,0

Since the chem. equil. outlet mixture contains no C, O, or H,O, we must first
consider “preliminary” reaction (or reactions) to eliminate those substances in
terms of substances that are assumed to be present at equilibrium. One
possibility is
4C+10,+2H,0>4CO+2H,
such that the "initial" composition for the equilibrium reaction is
4CO+3H,+3.76N,

(or convert equal amounts of CO and H, to half of CH, and CO, - also
present at equilibrium. The final answer will be the same.)

reaction 2CO + 2 H2 < CH s 7 CO2 also N2
initial 4 3 0 0 3.76
change -2X -2x +x +x 0

equil. (4-2x) (3-2x) X X 3.76

Nror = 10.76 - 2x
For CH, at 600 K (formula in Table A.6), Cpy=52.22
At 900 K

Ry = -74 873 + 52.22(900 - 298.2) = -43 446 kJ/kmol

Ser = 186.251 + 52,22 In (900 / 298.2) = 243.936 kJ/kmol K

(The integrated-equation values are -43 656 and 240.259)
AHgoo k = 1(-43 447) + 1(-393 522 + 28 030)

-2(-110 527 + 18 397) - 2(0 + 17 657) =-259 993 kJ
ASSOO k = 1(243.935) + 1(263.646)

-2(231.074) - 2(163.060) = -280.687 kJ/K
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AGago k = -259 993 - 900(-280.687) = -7375 kJ

+7375

an=m= 0.9856, K =2.679

b) ch-‘/coz( ) xxxx(lO 76- 2x) (50)-2

YeoYin (4-2x)%(3-2x)*

x(10.76-2x)
o GG2%) PO\/E 01 2.679 = 16.368

By trial & error, x=1.2781

neo=1444, n,,=0444, n.,=n.,=1278, n,,=3.76

Yeo=0.176, y,;,=0.054, ¥ 1,=Yco,=0-156, yy,=0.458
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15.83
One kilomole of liquid oxygen, O,, at 93 K, and x kmol of gaseous hydrogen, H >
at 25°C, are fed to a combustion chamber. x is greater than 2, such that there is
excess hydrogen for the combustion process. There is a heat loss from the
chamber of 1000 kJ per kmol of reactants. Products exit the chamber at chemical
equilibrium at 3800 K, 400 kPa, and are assumed to include only H,O, H,, and O.
a. Determine the equilibrium composition of the products and also x, the amount of
H, entering the combustion chamber.
b. Should another substance(s) have been included in part (a) as being present in
the products? Justify your answer.

(1) 1H,0 1H,+10

shift -a +a  +a and a>0

Equil 2-a x-2+a a a<2 and Nt =X+ a
2)2H,0<2H,+10, InKy;=-1.906
3 10,20 In K3 =-0.017

InK;=0.5(InKy +InK3)=-09615 = K;=0.3823

Eauil. K;i  (x-2+a)a  0.3823
QUL (PP )T~ (2-a)(x+a) 4

Istlaw: Q+Hr=Hp, Q=(1+x)(-1000)kJ

=0.95575

Table A.8: Al = -5980 ki/kmol

[or =0.922 x 32(93 - 298.2) = - 6054 kJ/kmol ]
Fig. D.2: T;=93/154.6=0.601, Ahy=-5.16xRx154.6=-6633
Hg = x(0 + 0) + 1(0 + Afyg + Afip) = 1(-5980 - 6633) = - 12613 kJ
Hp = (2-a)(-241826 + 171 981) + (x-2+a)(0 + 119077)
+a(249170 + 73424) =119077 x + 511516 a - 377844
=Q+HRr=-1000-1000x - 12613
Rearrange eq. to: x+4.2599 a=3.03331

1.03331 + 5.2599
Substitute it into the equilibrium eq.: ((2-a)(3 0333132 59219) :) =0.095575

Solve a=10.198, LHS=0.09547, x=2.1898
2-a x-2+a a
YH20 = 34 T 0.755, ym= ta 0.162, yo= ta 0.083
Other substances and reactions: 2 H,O <=> H, + 2 OH, In K=-0.984,
Hy<=>2H, : InK=0.201, 0,<=>20, : InK=-0.017

All are significant as K's are of order 1.
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15.84
Saturated liquid butane (note: use generalized charts) enters an insulated constant

pressure combustion chamber at 25°C, and x times theoretical oxygen gas enters
at the same pressure and temperature. The combustion products exit at 3400 K.
Assuming that the products are a chemical equilibrium gas mixture that includes
CO, what is x?

Butane: T =25°C, sat. liq., x; =0, T, =425.2K, P,=3.8 MPa

Ty =0.7,Figs. D.land D.2, P, =0.10, Py =P,P.=380kPa
Fig D.2: (El - Hl)f= 4.85 RT,
Oxygen: T, =25°C, X * theoretical air Products: T3 = 3400 K

2C0, <=> 2C0 + O,

Initial 4 0 6.5(X-1)
Change -2a 2a a
Equil. 4-2a 2a 6.5(X-1)+a Ntot = 2.5 +a+6.5X

nco, = 4 -2a, negp=2a, no, = 6.5(X-1) +a, nypp=>5,

B 2a B 4 -2a _6.51X-1!+a
YCOT25+a+6.5X> YCO2T25+3+65X° Y027 25+2+6.5X

The equilibrium constant is

2
«  YcoYo, 52“'2_(ij2 (6.5X—6.5+a) Py
-2 P, - 2-a) \6.5X-2.5+a/)\P,
Yco,

@ T3 =3400 K Table A.11, In(K)=0.346, K=1.4134

a )2 (6.5X -65+a

1.4134 = (2—_,& 65X-25+ a) (3.76) Equation 1.

Need a second equation:
Energy eq.: Qcy THR=Hp+ W,y Qey=0, Wi, =0

Hy = (b + Ah) iy, = (-126 200 — 17 146) = -143 346 kI
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Products @ 3400 K:
HP = H(H? + AH)COZ + H(H? + AE)CO + H(H? + AH)OZ + H(H? + AH)HZO
= (4 - 2a)(-393 522 + 177 836) + 2a(-110 527 + 108 440)
+16.5(X - 1) +a](0 + 114101) + 5(-241 826 + 149 073)
=-463 765 kJ/kmol
Hp=Hp => 1924820 = 541299a + 741656.5 X  Equation 2.

Two equations and two unknowns, solve for X and a.

a=0.87, X=1.96
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15.85

Derive the van’t Hoff equation given in problem 15.48, using Eqgs.15.12 and
15.15. Note: the d(g/T) at constant P for each component can be expressed using
the relations in Egs. 13.18 and 13.19.

-0 _0 -0 _0
Eq. 15.12: AG" = Ve g€ T VD Eb - VA £ - VB 8B

Eq. 15.15: InK = AGYRT Eq.13.19:  AGY=AH°-T AS°
dnk d AG® 1.dG° AG® 1 dG°
= - () = R g+ o — 53 [AGY - T
dT ~"dT'RT’~ RT dT ' RT2 RT dT
1 5
=W[AGO+TASO] used Eq.13.19 E%Z-s
1
=—— AH°

RT?
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15.86
A coal gasifier produces a mixture of 1 CO and 2H, that is then fed to a catalytic
converter to produce methane. A chemical-equilibrium gas mixture containing
CH,, CO, H,, and H20 exits the reactor at 600 K, 600 kPa. Determine the mole
fraction of methane in the mixture.

CO +3H2 > CH4 +H20

Initial 1 2 0 0
Change -x -3x X X
Equil. I-x  2-3x X X
n=(1-x)+2-3x)+x+x=3-2x
YCH4YH20 (P \(1+1-1-3) = -2 x? P2
K=""3"1p T 23 (P
yeoYip O © (1-x)(2-3x)” \Fo

InK = - AGO/R; AG® = AHO - TAS®
Hp = ncpg [hy + Cp(T - To)] + ngao (hy + Ah)

= [-74873 + 2.254x16.04(600 - 298.15)] + (-241826 + 10499) = -295290
Hg =n¢q (7 + Ah) + nypy (b} + Ah) = 1(-110527 + 8942) + 3(0 + 8799)

= 75188 kJ

(0]
AHggo = Hp - H = -295290 - (-75188) = -220102 kJ
(S CHa = Sy + Cpln(T/Ty) = 186.251 +2.254x16.04 In(600/298.2) = 211.549
(57)m20 = 213.051 kJ/kmol-K; ~ Sp = 424.6 kJ/K

(Spco =218.321 ki/kmol-K, (5P = 151.078 kJ/kmol-K

ASgoo = Sp - Sr = (SDcHa + (057 )20 - (7)o - (5D
= (211.549 + 213.051) - (218.321 + 3 x 151.078) = -246.955 kJ/K
AGO = AHO - TAS® = -220 102 - 600(-246.955) = -71929 kJ,
InK = -(-71915)/(8.31451x600) = 14.418 => K =1.827x10°
Solve forx, x=0.6667, n¢y=1.6667, ycpq=0.4
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15.87

Dry air is heated from 25°C to 4000 K in a 100-kPa constant-pressure process.
List the possible reactions that may take place and determine the equilibrium
composition. Find the required heat transfer.

Air assumed to be 21% oxygen and 79% nitrogen by volume.

From the elementary reactions we have at 4000 K (A.10)
(1) 0,<=>20  K;=2221=yplyom

(2) N,<=>2N  Kp=3.141 x 106 = yy/yno

(3) N,+0,<=>2NO K3 =0.08955 = yxo/yn2 Yoo
Call the shifts a,b,c respectively so we get
noy = 0.21-a-c, ng =2a, nnp = 0.79-b-c, ny = 2b,
nNo = 2¢, Nyt = 1+atb
From which the molefractions are formed and substituted into the three
equilibrium equations. The result is
Ky=2.221= yé/yoz = 4a2/[(1+a+b)(0.21-a-c)]
Ko = 3.141 x 106 = y/yno = 4b2/[(1+a+b)(0.79-b-c)]

K3 = 0.08955 = yuo/yno o2 = 4¢2/[(0.79-b-c)(0.21-a-c)]

which gives 3 egs. for the unknowns (a,b,c). Trial and error assume b=c =0
solve for a from K then for ¢ from K3 and finally given the (a,c) solve for b
from K5. The order chosen according to expected magnitude K1>K3>K»

a=0.15, b=0.000832, ¢=0.0244 =>
nop=0.0356, np=0.3, Ny =0.765, ny=0.00167, nno=0.049
Q = Hex - Hin = nopAhop + nxpAhy + no(hso + Aho)

+ny(hyy + Ahy) + nyo(hpvo + Ahno) - 0
=0.0356 x 138705 + 0.765 x 130027 + 0.3(249170 + 77675)
+0.00167(472680 + 77532) + 0.049(90291 + 132671)

=214 306 kJ/kmol air

[If no reac. Q =nppAhpy + nyaAhyng = 131 849 kJ/kmol air]
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15.88

Methane is burned with theoretical oxygen in a steady flow process, and the
products exit the combustion chamber at 3200 K, 700 kPa. Calculate the

equilibrium composition at this state, assuming that only CO_, CO,H.O,H_, O_,
2 2 2" 2
and OH are present.

Combustion: CH;+20, - CO, +2H,0
Dissociation reactions:
) 2H,0<2H,+0, 2) 2H,0<H,+20H
change -2a +2a +a change -2b +b +2b
3) 2C0O,<2CO0+0,

change -2¢ +2c +c

At equilibrium:
NH2O = 2-2a-2b n,, = atc Nog, = 1-2¢
N, = 2a+b Noy = 2b N = 2¢
Noor = 3+atbtc

Products at 3200 K, 700 kPa

Kl —0.007 328 = (223+b )2(3+a+c )(700

-2a-2b a+b+c/\100
2b 2, 2a+b 700
KZ =0.012265= (2_2a_2b) (3+a+b+c)(100

2¢ \2 atc 700
K, =0.426 135 = (750) GGrrnre) (oo

These 3 equations must be solved simultaneously for a, b, & c. If solving by
hand divide the first equation by the second, and solve for ¢ = fn(a,b). This
reduces the solution to 2 equations in 2 unknowns. Solving,

a=0.024,b=0.1455,c=0.236

Substance: H20 H2 O2 OH CO2 CO

n 1.661 0.1935 0.260 0.291 0.528 0.472
y 0.4877 0.0568  0.0764  0.0855  0.1550 0.1386
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