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15-2

Fuels and Combustion

15-1C Nitrogen, in general, does not react with other chemical species during a combustion process but its presence affects
the outcome of the process because nitrogen absorbs a large proportion of the heat released during the chemical process.

15-2C Moisture, in general, does not react chemically with any of the species present in the combustion chamber, but it
absorbs some of the energy released during combustion, and it raises the dew point temperature of the combustion gases.

15-3C The number of atoms are preserved during a chemical reaction, but the total mole numbers are not.

15-4C Air-fuel ratio is the ratio of the mass of air to the mass of fuel during a combustion process. Fuel-air ratio is the
inverse of the air-fuel ratio.

15-5C No. Because the molar mass of the fuel and the molar mass of the air, in general, are different.

15-6C The dew-point temperature of the product gases is the temperature at which the water vapor in the product gases
starts to condense as the gases are cooled at constant pressure. It is the saturation temperature corresponding to the vapor
pressure of the product gases.

15-7 Sulfur is burned with oxygen to form sulfur dioxide. The minimum mass of oxygen required and the mass of sulfur
dioxide in the products are to be determined when 1 kg of sulfur is burned.

Properties The molar masses of sulfur and oxygen are 32.06 kg/kmol and 32.00 kg/kmol, respectively (Table A-1).

Analysis The chemical reaction is given by

S+0, —>S0,

Hence, 1kmol of oxygen is required to burn 1 kmol of sulfur which
produces 1 kmol of sulfur dioxide whose molecular weight is

S+0, —>S0,

Then,

Mo,  NpxMg,  (1Tkmol)(32 kg/kmol)
mg NgMg  (1kmol)(32.06 kg/kmol)

=0.998kg 0,/kg S

and

Mgoy  NgoaMgo, (1 kmol)(64.06 kg/kmol)
Mg NgMg  (1kmol)(32.06 kg/kmol)

=1.998Kkg SO,/kg S
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15-8E Methane is burned with diatomic oxygen. The mass of water vapor in the products is to be determined when 1 lbm of
methane is burned.

Properties The molar masses of CH,, O,, CO,, and H,O are 16, 32, 44,
and 18 Ibm/lbmol, respectively (Table A-1E).

CH, +20,

Analysis The chemical reaction is given by
— CO, +2H,0

CH, +20, —>CO, +2H,0

Hence, for each lbmol of methane burned, 2 Ibmol of water vapor are formed. Then,

Mo _ N20M im0 _ (2 Tbmol)(18 Ibm/Ibmol)
Megs NemaMens  (Tbmol)(16 Ibmy/Ibmol)

=2.25|bm H,O/lbm CH,
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15-4

Theoretical and Actual Combustion Processes

15-9C It represent the amount of air that contains the exact amount of oxygen needed for complete combustion.

15-10C No. The theoretical combustion is also complete, but the products of theoretical combustion does not contain any
uncombined oxygen.

15-11C Case (b).

15-12C The causes of incomplete combustion are insufficient time, insufficient oxygen, insufficient mixing, and
dissociation.

15-13C CO. Because oxygen is more strongly attracted to hydrogen than it is to carbon, and hydrogen is usually burned to
completion even when there is a deficiency of oxygen.
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15-5

15-14 Propane is burned with theoretical amount of air. The mass fraction of carbon dioxide and the mole and mass
fractions of the water vapor in the products are to be determined.

Properties The molar masses of C3Hg, O,, N,, CO,, and H,O are 44, 32, 28, 44, and 18 kg/kmol, respectively (Table A-1).

Analysis (a) The reaction in terms of undetermined coefficients is
C;H; +x(0, +3.76N,)—— yCO, +zH,0+ pN,

Balancing the carbon in this reaction gives

3 C;Hg
y= —>
d the hvd bal ‘ Air Combustion| O H20 N>
and the hydrogen balance gives chamber >
278 7-4 100% theoretical
The oxygen balance produces
2X=2y+Z1——>X=Yy+2/2=3+4/2=5
A balance of the nitrogen in this reaction gives
2x3.76x=2p—— p=3.76x=3.76x5=18.8
In balanced form, the reaction is
C;Hg +50, +18.8N, ——3CO, +4H,0+18.8N,
The mass fraction of carbon dioxide is determined from
mfogy = Meox NcoaM oo
products  Nco2M o2 + NpoM o + Nya My,
B (3 kmol)(44 kg/kmol)
- (3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol)
_132ke _4e1
730.4 kg

(b) The mole and mass fractions of water vapor are

Nipo N im0 4 kmol _ 4kmol

Yo = = = = =0.155
Norodus Ncoz +Niao +Nyy  3kmol + 4 kmol +18.8 kmol  25.8 kmol
- Mo NoM o
Ml = =
products  NcoaM oz + NipoM o + Nya My,
B (4 kmol)(18 kg/kmol)
(3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol)
2k
__2ke 40086
730.4 kg
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15-15 Methane is burned with air. The mass flow rates at the two inlets are to be determined.

Properties The molar masses of CHy, O,, N,, CO,, and H,O are 16, 32, 28, 44, and 18 kg/kmol, respectively (Table A-1).

Analysis The stoichiometric combustion equation of CHy is

CH, +a,[0, +3.76N, | —> CO, +2H,0 +3.76a, N, CH,
— ™ Products
O, balance: ay =1+l—ay =2 Air |
—

Substituting, ~ CH, +2[0, +3.76N, |——> CO, +2H,0+7.52N,

The masses of the reactants are
Meps = NepaM cpg = (1 kmol)(16 kg/kmol) =16 kg
Myz = Nxo M np = (2 x3.76 kmol)(28 kg/kmol) = 211kg
The total mass is

Then the mass fractions are

m 16k
mf oy, — e _ 10Ke ) 5408

mtotal 291 kg
m

mfy, =2 _ 04ke _ 5199
mtotal 291 kg

mfy, = _21hke o0,
mtotal 291 kg

For a mixture flow of 0.5 kg/s, the mass flow rates of the reactants are

Mg = MF e, M = (0.05498)(0.5 kg/s) = 0.02749 kg/s
My, =M — Megs = 0.5 —0.02749 = 0.4725 kg/s

15-16 n-Butane is burned with stoichiometric amount of oxygen. The mole fractions of CO, water in the products and the
mole number of CO, in the products per mole of fuel burned are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO, and H,O. 3 Combustion gases are ideal
gases.

Properties The molar masses of C, H,, and O, are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-1).

Analysis The combustion equation in this case is

Cc,H,, +6.50, ——4CO, +5H,0 C,Hyo
: g . Products
The total mole of the products are 4+5 = 9 kmol. Then the mole fractions are Combustion
0, chamber

Neoz 4 kmol S
Yco2 = =———=0.4444

N 9 kmol

N
Yooy =120 _skmol _ e

Noa 9kmol
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15-7

15-17 Propane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water and air per
unit mass of fuel burned are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.
Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively

(Table A-1).
Analysis The reaction equation for 100% theoretical air is
CsHg
C;H; +ay,[0, +3.76N,]|——>BCO, + DH,0 +EN, — Combustion | Products
. L. . . . . Air hamb >
where ay, is the stoichiometric coefficient for air. The coefficient ay, —»| Chamber
and other coefficients are to be determined from the mass balances 100%
Carbon balance: B=3 theoretical
Hydrogen balance: 2D=8——> D=4
Oxygen balance: 2ay, =2B+D——ay;, =0.5(2x3+4)=5
Nitrogen balance: agy x3.76=E——>E=5x3.76=18.8

Substituting, the balanced reaction equation is

C,Hg +5[0, +3.76N, |——>3C0O, +4H,0 +18.8N,
The mass of each product and the total mass are
My, = Ny My, = (18.8 kmol)(28 kg/kmol) = 526.4 kg

Migtal = Meoz + Mipo + My =132+ 724+ 526.4=730.4kg

Then the mass fractions are

mf :M:%:ng(ﬂ
2 M  730.4kg
m 2k
mfy, =20 __T2Ke 4 hogq
Mew  730.4kg
m .
mfy, =2 _3264ke 550,

Mya 7304 kg

The mass of water per unit mass of fuel burned is

Mizo _ (4x18)Ke 4 6361 H,0/kg C4Hg
mC3H8 (IX 44) kg

The mass of air required per unit mass of fuel burned is

Mae_ (53476 x29)Ke _ 15 69 1q airfkg C4H,
Mc3pg (I1x44) kg
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15-8

15-18 n-Octane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water in the
products and the mass fraction of each reactant are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively

(Table A-1).
Analysis The reaction equation for 100% theoretical air is
CHy
CgH, +2,[0, +3.76N,|—BCO, + DH,0+EN, e Products
. ombustion
where ay, is the stoichiometric coefficient for air. The coefficient ag, Air »| chamber >
and other coefficients are to be determined from the mass balances 100%
Carbon balance: B=8 theoretical
Hydrogen balance: 2D=18——> D=9
Oxygen balance: 284 =2B+D——>ay =0.5(2x8+9)=12.5
Nitrogen balance: ay x3.76=E——>E =12.5x3.76 =47

Substituting, the balanced reaction equation is
CgH g +12.5[0, +3.76N,|——>8CO, + 9H,0 + 47 N,

The mass of each product and the total mass are
My, = N My, = (47 kmol)(28 kg/kmol) =1316 kg
Mol = Meoa + My + My =352 +162 +1316=1830kg

tota

Then the mass fractions are

mf.. = Mco :%20_1923
O Mo 1830kg
mf,, = Mo _ 162ke 5 haan
O m . 1830kg
m
mfy, = _1316ke 4 2199

My 1830kg

The mass of water per unit mass of fuel burned is

Mpo  (Ox18) kg
Megmis (1x114) kg

=1.421kgH,0/kg CgH;4

The mass of each reactant and the total mass are

Megiis = NesaisM csiis = (Lkmol)(114 kg/kmol) =114 kg
M. =N, M. =(12.5x 4.76 kmol)(29 ke/kmol) = 1725.5 kg
Migtal = Megrig + Myie =114 +1725.5=1839.5kg

Then the mass fractions of reactants are

m
mf gy = csis __114ke 6 55,

Mea  1839.5kg

m,. .
mf, —ar__17255kg _; g3g,
Mya  1839.5kg
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15-9

15-19 Acetylene is burned with 10 percent excess oxygen. The mass fractions of each of the products and the mass of
oxygen used per unit mass of fuel burned are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and O,. 3 Combustion gases are
ideal gases.

Properties The molar masses of C, H,, and O, are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-1).

Analysis The stoichiometric combustion equation is

C,H, +2.50, ——>2CO, +H,0 GH,
> . Product
roducts
The combustion equation with 10% excess oxygen is Combustion]
0, chamber
—

C,H, +2.750, ——2C0, +H,0+0.250,

The mass of each product and the total mass are
Mcoz = NegaM cgr = (2 kmol)(44 kg/kmol) = 88 kg
Mo = NipoM oo = (1kmol)(18 kg/kmol) =18 kg
Mg, = Ny M g, =(0.25 kmol)(32 kg/kmol) = 8 kg
M1 = Meoz + Mipo + Moy =88+18+8=114kg

Then the mass fractions are

Mcox  88kg

mf oy = =0.7719
O Mew  1l4ke
m
mfpg =20 _ 18ke 4 1579
mtota] 114kg
m k
mfy, =z _ _8ke 4 0705

mtotal - 114 kg

The mass of oxygen per unit mass of fuel burned is determined from

m .
02 _2753D)Ke 3 385150,/kg C,H,
Mo (1%26)kg
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15-10

15-20 n-Butane is burned with 100 percent excess air. The mole fractions of each of the products, the mass of carbon
dioxide in the products per unit mass of the fuel, and the air-fuel ratio are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O,, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The combustion equation in this case can be written as
C,H,, +2.0a,[0, +3.76N, | ——4CO, + 5H,0 +1.0a,0, + (2.0x3.76)a,, N,

where ay, is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the
factor 2.0ay, instead of ay, for air. The stoichiometric amount of oxygen (a4,0;) will be used to oxidize the fuel, and the
remaining excess amount (1.0a4,0,) will appear in the products as free oxygen. The coefficient ay, is determined from the O,

balance,
O, balance: 2.0ay =4+25+1.0a, —> ay =6.5
Substituting, ~ C,H; +13[0, +3.76N,]——4CO, +5H,0 +6.50, + 48.88N,

The mole fractions of the products are

N,, =4+5+6.5+48.88 = 64.38 kmol CaHio
—> Products
\ . I
Veon =12 = 64431;101 ~0.0621 A
m .56 kKImo 100% excess
N
Vino = Nmo __ Skmol 77
N, 64.38kmol
N .
Voo = oy __6Skmol _ 4
N, 64.38kmol
N .
yp = Nn2 _ 48.88kmol _ oo,

N, 64.38kmol

The mass of carbon dioxide in the products per unit mass of fuel burned is

Mcor _ 4x4DKe _ 5 13419 CO,/kg CuHyg
Megro (1x58) kg

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

My (13x4.76 kmol)(29 kg/kmol)
My (1 kmol)(58 kg/kmol)

AF=

=30.94 kg air/kg fuel
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15-11

15-21 n-Octane is burned with 50 percent excess air. The mole fractions of each of the products, the mass of water in the
products per unit mass of the fuel, and the mass fraction of each reactant are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O,, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The combustion equation in this case can be written as
CgH g +1.58,[0, +3.76N,|——>8CO, + 9H,0 + 0.58,0, + (1.5x3.76)a, N,

where ay, is the stoichiometric coefficient for air. We have automatically accounted for the 50% excess air by using the
factor 1.5ay, instead of ay, for air. The stoichiometric amount of oxygen (a4,0;) will be used to oxidize the fuel, and the
remaining excess amount (0.5a4,0,) will appear in the products as free oxygen. The coefficient ay, is determined from the O,
balance,

O, balance: 1.5ay, =8+4.5+0.5a, —> ay =12.5

Substituting, ~ CgH,g +18.75[0, +3.76N,|——8CO, +9H,0 + 6.250, + 70.5N,

The mass of each product and the total mass are

CgHyg
Mcoa = NeoaM cop = (8 kmol)(44 kg/kmol) =352 kg —> Products
Mo = NmoMimoe = (9 kmol)(18kg/kmol) =162 kg Air —
Mg, = NG, Mg, =(6.25 kmol)(32 kg/kmol) =200 kg

50% excess
My, = Njo My, =(70.5 kmol)(28 kg/kmol) =1974 kg

Then the mass fractions are

m
mfpg, —Meo2 _ 352ke 5 45
total 2688 kg
m
mfypo =122 _162ke (0603
total 2688kg
m
mfy, =02 _ 200kg ¢ 4744
ol 2688Kkg
m
mfy, = _1974ke 5 500,

Mew 2688 kg
The mass of water per unit mass of fuel burned is

Mmpo (9%x18) kg
Mesms (1x114) kg

=1.421kg H,0/kg CgHyq

The mass of each reactant and the total mass are

M, = N, M, =(17.75 x 4.76 kmol)(29 kg/kmol) = 2588 kg
Mioar = Meging + My =114 +2588 = 2702 kg

Then the mass fractions of reactants are

Meguis _ 114k
Mo 2702kg

e Mar _ 2588kg
o mtotal 2702 kg

=0.0422

mfgy g =

=0.9578
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15-12

15-22 Ethyl alcohol is burned with 70% excess air. The mole fractions of the products and the reactants, the mass of water
and oxygen in products per unit mass of fuel are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The reaction with stoichiometric air is

C,HOH +ay,[0, +3.76N,|——>2CO, +3H,0 + a; x3.76 N,

where  05+a, =2+1.5— >a, =3 CH:OH
Ajp | Combustion| €O, H:O,
Substituting, el 0,, N,
70% excess

C,HOH +3[0, +3.76N, | ——>2CO, +3H,0+3x3.76 N,
The reaction with 70% excess air can be written as
C2H50H+1.7><3[O2 +3.76N2]—>2CO2 +3H,0+x0, +1.7x3x3.76 N,
The coefficient X is determined from O, balance:
05+1.7x3=2+15+Xx——>x=2.1
Then, C,H;OH+ 5.1[02 + 3.76N2]——>2 CO, +3H,0+2.10, +19.18N,
The total moles of the products is
Np=2+3+2.1+19.18=26.28 kmol
The mole fractions of the products are

Ncop,  2kmol

= = =0.0761
Yeor =7 T 26 28 kmol

N
m .28 kmol

N .
m .28 kmol

N .

Yag = N2 _ 19.18 kmol 07298

N, 26.28kmol

The total moles of the reactants is

N =1+5.1x4.76 =25.28 kmol

The mole fractions of the reactants are

N conson 1 kmol
= = -0.0396
Yeamson = =58 28 kmol

N,  (5.1x4.76) kmol
N 25.28 kmol

=0.9603

yair =

The mass of water and oxygen in the products per unit mass of fuel burned is

Mo _ BxI8Ke 4 12419 H,0/kg C,HsOH
Meonson  (1x46) kg

Moo _ 21x3Dke 4 46119 0,/kg C,HOH
Meonson  (1x46) kg
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15-13
15-23 Ethyl alcohol is burned with 70% excess air. The air-fuel ratio is to be determined.
Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The reaction with stoichiometric air is

C,HOH +ay,[0, +3.76N, | ——>2CO, +3H,0 + a;, x3.76 N,

where C,HsOH
— :
05+ay =2+1.5—ay =3 Ajr | Combustion|  CO», H;0O,
— | chamber 02, N,
Substituting, 70% excess

C,H;0OH +3[0, +3.76N,|——>2CO, +3H,0+3x3.76 N,
The reaction with 70% excess air can be written as

C,H;0H+1.7x3[0, +3.76N, | —>2CO, +3H,0 + X0, +1.7x3x3.76 N,
The coefficient X is determined from O, balance:

054+41.7x3=2+15+x——>x=2.1

Then,
C,H OH +5.1[0, +3.76N, | ——>2CO, +3H,0+2.10, +19.18 N,
The air-fuel mass ratio is

AF < Mair _ (5.1x4.76x29)kg _ 704.0kg _ 15.30 kg air/kg fuel
Miyel (1x46) kg 46 kg

15-24 Gasoline is burned steadily with air in a jet engine. The AF ratio is given. The percentage of excess air used is to be
determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0O, and N, only.
Properties The molar masses of C, H,, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1).

Analysis The theoretical combustion equation in this case can be written as

Gasoline
CgHg +a4,[0, +3.76N,]——>8CO, + 9H,0 +3.76a, N, —> Jet engine | Products
where ay, is the stoichiometric coefficient for air. It is determined from (CsH_lS)> "
0, balance: a, =8+45 —— a, =125 Air
The air-fuel ratio for the theoretical reaction is determined by taking the ratio of the mass of the air to the mass of the fuel
for,
AF,, = Mair,h (12.5x4.76 kmol )29 kg/kmol ) _ 15,14 kg air/kg fuel

My (8 kmol)(12 kg/kmol)+ (9 kmol )2 kg/kmol )
Then the percent theoretical air used can be determined from

AF,  18kg air/kg fuel

= - =119%
AF,  15.14 kg air/kg fuel

Percent theoretical air =
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15-14

15-25E Ethylene is burned with 175 percent theoretical air during a combustion process. The AF ratio and the dew-point
temperature of the products are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, and air are 12 Ibm/Ibmol, 2 Ibm/lbmol, and 29 1bm/lIbmol, respectively (Table A-
1E).

Analysis (a) The combustion equation in this case can be written as
C,H, +1.75a,[0, +3.76N, | ——2CO, +2H,0+0.75a,,0, +(1.75x3.76)a;, N,

where ay, is the stoichiometric coefficient for air. It is determined

from CH,

> Products
O, balance: 1.75a4 =2+1+0.75a, — a4 =3 175% —
Substituting, theoretical air

C,H, +5.25[0, +3.76N, |—>2CO, + 2H,0 + 2.250, +19.74N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

m (5.25x4.76 Ibmol )29 1bm/Ibmol)
AF = =
Mae (2 Ibmol )12 Ibm/Ibmol)+ (2 Ibmol )2 Ibm/Ibmol)

air  __

=25.9 Ibm air/lbm fuel

(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases
corresponding to its partial pressure. That is,

N 2 1bmol
P, =| —— P, =| ————|(14.5 psia)=1.116 psia
Y [Npde prod [25.99 lbmolJ( psia) P

Thus,
po = Tsat@l.ll() psia — 105.4°F
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15-15

15-26 Propylene is burned with 50 percent excess air during a combustion process. The AF ratio and the temperature at
which the water vapor in the products will start condensing are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1).
Analysis (a) The combustion equation in this case can be written as

C,H4 +1.584,[0, +3.76N, | ——3CO, +3H,0+0.5a,,0, +(1.5x3.76)a, N,

where ay, is the stoichiometric coefficient for air. It is determined from

CHo| Products
O, balance: l5a, =3+15+05a;, —— a5 =45 e —
—

0 ;
Substituting, 50% excess air

C3Hg +6.750, +376N,] —> 3CO, + 3H,0 + 2250, + 2538N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

ap Mar _ (6.75x4.76 kmol )29 kg/kmol) _ 222 kg airlkg fuel
Mue (3 kmol)(12 kg/kmol)+ (3 kmol )2 kg/kmol)

(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases
corresponding to its partial pressure. That is,

N
P, = £_v] Porod = (ﬂ](ms kPa)=9.367 kPa

N prod 33.63 kmol

Thus,
po = Tsat@9.367 kpa =44.5°C
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15-16

15-27 Butane C4H;, is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the
combustion chamber per kmol of fuel is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The reaction equation for 200% theoretical air without the additional water is
C,H,, +2a,[0, +3.76N,|——>BCO, +DH,0+E O, +F N,

where ay, is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the
factor 2ay, instead of ay, for air. The coefficient ay, and other coefficients are to be determined from the mass balances

Carbon balance: B=4
Hydrogen balance: 2D=10—— D=5 Catlio
- Products
Oxygen balance: 2x2ay =2B+D+2E Air —
—
200%
ap =E
th theoretical
Nitrogen balance: 2a4, x3.76=F

Solving the above equations, we find the coefficients (E = 6.5, F = 48.88, and ay, = 6.5) and write the balanced reaction
equation as

C,H,, +13[0, +3.76N,|——>4CO, +5H,0+6.50, +48.88N,
With the additional water sprayed into the combustion chamber, the balanced reaction equation is
C4H,( +13[0, +3.76N, |+ N, H,0——>4CO, +(5+N,)H,0+6.50, +48.88 N,

The partial pressure of water in the saturated product mixture at the dew point is

P, Poaeorc =19.95kPa

v,prod =Fs
The vapor mole fraction is

Pyprod  19.95kPa
P 100 kPa

prod

Yy = =0.1995

The amount of water that needs to be sprayed into the combustion chamber can be determined from

N 5+N
L 0.1995 = B
4+5+N, +6.5+48.88

total, product

Yy = N, =9.796 kmol

N
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15-17

15-28 A fuel mixture of 60% by mass methane, CHy, and 40% by mass ethanol, C,H40O, is burned completely with
theoretical air. The required flow rate of air is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis For 100 kg of fuel mixture, the mole numbers are

60% CH,
f
Negyy = Mena __ 60ke 5754001 40% C,H,O
M 16 kg/kmol . Products
f, Air —>
Neango = eanso . 40Ke _ g9 mol =
Meomgo 46 kg/kmol 100% theoretical

The mole fraction of methane and ethanol in the fuel mixture are

= N s _ 3.75 kmol 08118
Neps + Neago (375 + 0.8696) kmol
N .
y= C2H60 _ 0.8696 kmol —~0.1882

" N + Nongo (3.75+0.8696) kmol
The combustion equation in this case can be written as
xCH, +yC,H,O+a,[0, +3.76N,|——>BCO, +DH,0+F N,

where ay, is the stoichiometric coefficient for air. The coefficient a4, and other coefficients are to be determined from the
mass balances

Carbon balance: X+2y=8B
Hydrogen balance: 4x+6y=2D
Oxygen balance: 2a4, +y=2B+D
Nitrogen balance: 3.76ay, =F

Substituting X and y values into the equations and solving, we find the coefficients as

x=08118 B=1.188
y=0.1882 D =2.188
a,, =2.188 F=8.228

Then, we write the balanced reaction equation as
0.8118 CH, +0.1882C,H40 + 2.188[02 +3.76N2]——>1.188 CO, +2.188H,0 +8.228 N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap M (2.188 x 4.76 kmol)(29 kg/kmol)

- Myl - (0.8118 kmol)(12 + 4 x 1)kg/kmol + (0.1882 kmol)(2 x 12 + 6 x 1 + 16)kg/kmol
=13.94 kg air/kg fuel

Then, the required flow rate of air becomes

My, = AFmg, = (13.94)(10 kg/s) = 139.4 kg/s
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15-18

15-29 The volumetric fractions of the constituents of a certain natural gas are given. The AF ratio is to be determined if this
gas is burned with the stoichiometric amount of dry air.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only.

Properties The molar masses of C, H,, N,, O,, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis Considering 1 kmol of fuel, the combustion equation can be written as
(0.65CH, +0.08H, +0.18N, +0.030, +0.06CO,)+a (0, +3.76N,)——> xCO, + yH,0 + zN,
The unknown coefficients in the above equation are determined from mass balances,

C: 0.65+0.06=x ——x=0.71

H: 0.65x4+0.08x2=2y ——>y=1.38 Natural gas
Combustion| Products
0,:0.03+0.06+ay =x+y/2 —>ay =131 chamber .
N = = e
N,:0.18+3.76a, =2 —>2=5.106 Dryan

Thus,
(0.65CH, + 0.08H, + 0.18N, + 0.030, + 0.06CO,) + 1.31(O, + 3.76N,)
—> 0.71CO, +138H,0 + 5.106N,
The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel,
m,;, = (1.31x4.76 kmol )29 kg/kmol)=180.8 kg
Mpel = (0.65 x16+0.08x2+0.18x28+0.03x32+0.06 x 44)kg =19.2 kg

and

mair,th _ 1808 kg
My 192kg

AFy, = =9.42 kg air/kg fuel
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15-19

15-30 The composition of a certain natural gas is given. The gas is burned with stoichiometric amount of moist air. The AF
ratio is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only.

Properties The molar masses of C, H,, N,, O,, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H,0,
CO, and N, but no free O,. The moisture in the air does not react with anything; it simply shows up as additional H,O in
the products. Therefore, we can simply balance the combustion equation using dry air, and then add the moisture to both
sides of the equation. Considering 1 kmol of fuel, the combustion equation can be written as

(0.65CH, +0.08H, +0.18N, +0.030, + 0.06CO, ) +a,,(0, +3.76N,) —— xCO, + yH,0+ 2N,
The unknown coefficients in the above equation are determined from mass balances,

C: 0.65+0.06 =x —>x=0.71

Natural gas

H: 0.65x4+0.08x2=2 =1.

0.65x4+0.08x y ——y=138 ™ Combustion| Products
0,:0.03+0.06+ay =x+y/2 —ay =131 chamber ’

N,: 0.18+3.76a, =12 —>2=5.106 Moist air

Thus,
(0.65CH, + 0.08H, + 0.18N, + 0.030, + 0.06CO,) + 1.31(0, + 3.76N,)
—> 0.71CO, +138H,0 + 5106N,

Next we determine the amount of moisture that accompanies 4.76ay, = (4.76)(1.31) = 6.24 kmol of dry air. The partial
pressure of the moisture in the air is

Prin = bair Paaasec = (0.85)(3.1698 kPa) = 2.694 kPa

Assuming ideal gas behavior, the number of moles of the moisture in the air (N, i) is determined to be

Pyin 2.694 kPa
N,. =|——|N =|—— |16.24+N,.. ]——> N, ... =0.17 kmol
v,in { Ptmal J total (101325 kPa ( v,1n) V,air

The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.17 kmol of
H,O to both sides of the equation,

(0.65CH, + 0.08H, + 0.18N, + 0.030, + 0.06CO,) + 131(0, + 3.76N,) + 017H,0
—> 0.71CO, +155H,0 + 5106N,
The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel,
m,;, = (1.31x4.76 kmol)(29 kg/kmol)+ (0.17 kmol x 18 kg/kmol) = 183.9 kg
Meyet = (0.65x16+0.08x2+0.18x28+0.03x 32 +0.06 x 44 )kg = 19.2 kg

and

Mairmn  183.9kg
Mug  19.2kg

=9.58 kg air/kg fuel
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15-20

15-31 The composition of a gaseous fuel is given. It is burned with 130 percent theoretical air. The AF ratio and the fraction
of water vapor that would condense if the product gases were cooled are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, N, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis (a) The fuel is burned completely with excess air, and thus the products will contain H,O, CO,, N,, and some free
0,. Considering 1 kmol of fuel, the combustion equation can be written as

(0.45CH, +0.35H, + 0.20N,) +1.3a,, (0, +3.76N,)——>xCO, + yH,0 + 0.3a,;,0, + ZN,
The unknown coefficients in the above equation are determined from mass balances,

C:045=x ——>x=045

Gaseous fuel
H: 045x4+0.35x2=2y ——>y=1.2 —_

Combustion| Products
0,: 138y =x+y/2+03a; ——ay =105 Air chamber [ >

R —
N,:020+3.76x13a, =2 —>2=5332

30% excess
Thus,

(0.45CH, +0.35H, +0.20N,) +1.365(0, + 3.76N,) —>0.45CO, +1.2H,0 + 03150, + 5.332N,

The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel,

m,;, = (1.365x4.76 kmol )29 kg/kmol)=188.4 kg
Mper = (0.45x16+0.35x2+0.2x28)kg = 13.5 kg

and

m,; 188.4 k
AF = air  __ g

= = =13.96 kg air/kg fuel
Mue  13.5kg

(b) For each kmol of fuel burned, 0.45 + 1.2 + 0.315 + 5.332 = 7.297 kmol of products are formed, including 1.2 kmol of
H,0. Assuming that the dew-point temperature of the products is above 25°C, some of the water vapor will condense as the
products are cooled to 25°C. If N,, kmol of H,O condenses, there will be 1.2 - N, kmol of water vapor left in the products.
The mole number of the products in the gas phase will also decrease to 7.297 — N, as a result. Treating the product gases
(including the remaining water vapor) as ideal gases, N,, is determined by equating the mole fraction of the water vapor to
its pressure fraction,

N P 12-N _
v _ R w__ 3.1698 kPa N,, =1.003 kmol
Nooigs  Pood 7297—-N, 101325 kPa

since Py = Py @ 250c = 3.1698 kPa. Thus the fraction of water vapor that condenses is 1.003/1.2 = 0.836 or 84%.
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15-21

13
15-32 E Problem 15-31 is reconsidered. The effects of varying the percentages of CH4, H2 and N2 making up the fuel
and the product gas temperature are to be studied.

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

Let's modify this problem to include the fuels butane, ethane, methane, and propane in
pull down menu. Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: aCxHy+bH2+cN2 + (a*y/4 + a*x+b/2) (Theo_air/100) (O2 + 3.76 N2)

<-->a*xC02 + ((a*y/2)+b) H20 + (c+3.76 (a*y/4 + a*x+b/2) (Theo_air/100)) N2 + (a*y/4 + a*x+b/2)
(Theo_air/100 - 1) O2

T_prod is the product gas temperature.

Theo_air is the % theoretical air. "

Procedure
H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H20_vap,Moles_H20 _liq,Result$)
P_v = Moles_H20/(M_other+Moles_H20)*P_prod

T_DewPoint = temperature(steam,P=P_v,x=0)

IF T_DewPoint <= T_prod then

Moles_H20O_vap = Moles_H20

Moles_H20 _lig=0

Result$='"No condensation occurred'

ELSE

Pv_new=pressure(steam, T=T_prod,x=0)
Moles_H20O_vap=Pv_new/P_prod*M_other/(1-Pv_new/P_prod)
Moles_H20O_liq = Moles_H20 - Moles_H20_vap
Result$="There is condensation'

ENDIF

END

"Input data from the diagram window"
{P_prod = 101.325 [kPa]

Theo_air = 130 "[%]"

a=0.45

b=0.35

¢c=0.20

T_prod = 25 [C]}

Fuel$='"CH4'

x=1

y=4

"Composition of Product gases:"

A_th = a*y/4 +a* x+b/2

AF_ratio = 4.76*A_th*Theo_air/100*molarmass(Air)/(a*16+b*2+c*28) "[kg_air/kg_fuel]"
Moles_02=(a*y/4 +a* x+b/2) *(Theo_air/100 - 1)

Moles_N2=c+(3.76*(a*y/4 + a*x+b/2))* (Theo_air/100)

Moles_CO2=a*x

Moles_H20=a*y/2+b

M_other=Moles_0O2+Moles_N2+Moles_CO2

Call H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H20O_vap,Moles_H20_lig,Result$)
Frac_cond = Moles_H20O_lig/Moles_H20*Convert(, %) "[%]"

"Reaction: aCxHy+bH2+cN2 + A_th Theo_air/100 (O2 + 3.76 N2)

<-->a*xC0O2 + (a*y/2+b) H20 + (c+3.76 A_th Theo_air/100) N2 + A_th (Theo_air/100 - 1) O2"
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AFratio I:raccond IVlOIeSHZO,qu M0|eSH20,vap Tprod
[KQair/ KGuell | [%] [C]
14.27 95.67 1.196 0.05409 5
14.27 93.16 1.165 0.08549 11.67
14.27 89.42 1.118 0.1323 18.33
14.27 83.92 1.049 0.201 25
14.27 75.94 0.9492 0.3008 31.67
14.27 64.44 0.8055 0.4445 38.33
14.27 47.92 0.599 0.651 45
14.27 24.06 0.3008 0.9492 51.67
14.27 0 0 1.25 58.33
14.27 0 0 1.25 65
14.27 0 0 1.25 71.67
14.27 0 0 1.25 78.33
14.27 0 0 1.25 85
14 T T T T T T T T T
1.2} -
i —Vapor
11 .
S osl -
I
8 L
° 0.6 |- 4
> L
0.4} _ 4
I Dew Point
0.2 4
0 1 L 1 L 1
0 60 70 80 90

Tprod [C]
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15-23

15-33 Carbon is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of
theoretical air used are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, O,, and N, only.
Properties The molar masses of C, H,, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1).

Analysis Considering 100 kmol of dry products, the combustion equation can be written as
xC+a[0, +3.76N, | ——10.06CO, +0.42CO +10.690, +78.83N ,

The unknown coefficients X and a are determined from mass balances,

N,:3.76a=78.83 ——a=20.965 Carbon
. Combustion| Products
C: x=10.06+042 ——>x=10.48 hanbor
(CheckO, : a=10.06+0.21+10.69 —>20.96 = 20.96) —
Dry air

Thus,
1048C + 20.96[02 + 3.76N2] ——> 10.06CO, + 0.42CO +10.690, + 78.83N,
The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 10.48,
C+ 2.0[02 + 3.76N2] —> 0.96CO, +0.04CO + 1020, + 752N,

(a) The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

m.. . . H
Ap o Mai _ (2.0x4.76 kmol)(29 kg/kmol) _ 23.0 kg air/kg fuel
M e (1 kmol )12 kg/kmol)

(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the
theoretical combustion equation of the fuel,

C+10, +376N,] ——> CO, +3.76N,
Then,

Percent theoretical air = —o2t — 202 _ (2.0)4.76) kmol =200%
My N (1.0)4.76) kmol

air,th
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15-24

15-34 Methane is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of
theoretical air used are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.
Properties The molar masses of C, H,, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1).

Analysis Considering 100 kmol of dry products, the combustion equation can be written as
XCH, + a[O2 + 3.76N2] ——> 520C0, + 0.33CO + 11240, + 8323N, +bH,0

The unknown coefficients X, @, and b are determined from mass balances,

CH,4
N, : 3.76a=83.23 ——a=22.14 — Combustion| Products
C: x=520+033 ——>x=5.53 chamber ’
—>
H: 4x=2b ——Db=11.06 Dry air

(Check O,: a=5.20+0.165+11.24+b/2 ——22.14=22.14)
Thus,

553CH, + 22.14[02 + 3.76N2] ——> 520C0O, +0.33CO + 11240, +8323N, + 11.06H,0
The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 5.53,

CH, +4.0[0, +3.76N,] —— 0.94CO, +0.06CO +2.030, +15.05N, + 2H,0

(a) The air-fuel ratio is determined from its definition,

AF— Mair _ (4.0><4.76 kmol)(29 kg/kmol) — 345 kg air/kg fuel
Mue (1 kmol)(12 kg/kmol)+ (2 kmol )2 kg/kmol)

(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the
theoretical combustion equation of the fuel,

CH, +a,[0, +3.76N,] —— CO,+2H,0+3.76a,N,

0,: ay=1+1 — a, =2.0
Then,
m,; N 4.0)(4.76) kmol
Percent theoretical air = —o2St — 262t :( )( ) mo =200%
Muewr  Naea  (2:0)(4.76) kmol
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15-25

15-35 n-Octane is burned with 100% excess air. The combustion is incomplete. The mole fractions of products and the dew-
point temperature of the water vapor in the products are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12
kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,

CgHyg

respectively (Table A-1). — Combustion| Products
Analysis The combustion reaction for stoichiometric air is Air | chamber >
o > P=1atm
CgH g +12.5[0, +3.76N, | ——8CO, +9H,0 + (12.5%3.76)N, 100% excess

The combustion equation with 100% excess air and incomplete combustion is

CgH g +2x12.5[0, +3.76N, |—(0.85x8) CO, +(0.15x8) CO+9H,0 + X O, +(2x12.5x3.76) N,
The coefficient for CO is determined from a mass balance,
O, balance: 25=0.85x8+0.5x0.15x8+0.5x9 + x——> x=13.1
Substituting,
CgH g +25[0, +3.76N, | ——6.8CO, +1.2CO+9H,0+13.10, +94 N,
The mole fractions of the products are
N oq =6.8+1.2+9+13.1+94 =124.1kmol

pro

Ncoz _ 6.8 kmol

- - =0.0548
Yeor Npog  124.1kmol
N .
Yoo =—co _ _L2kmol _ 4 5597
Npog  124.1kmol
N
Vino = 2o __kmol __ ;5755
Npog  124.1kmol
N .
y02 _ 02 _ 13 lkmol :01056
Npodg  124.1kmol
N
Vag =z 94kmol _ ;5575
Npog  124.1kmol

The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases
corresponding to its partial pressure. That is,

N
P, = [_VJ Prod = (Mj(lomzs kPa) = 7.348 kPa

N prog 124.1kmol

Thus,
po = Tsat@7.348 kPa = 39.90C (Table A'S or EES)
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15-26

15-36 Methyl alcohol is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to
be written and the air-fuel ratio is to be determined.

Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The balanced reaction equation for stoichiometric air is

CH;OH + a4, [0, +3.76N, |—— CO, + 2H,0 +a, x3.76 N,

CH;0H
The stoicihiometric coefficient ag, is determined from an O, balance: 3_. :
Air | Combustion CO,, CO
05+ay =1+1—>ay =15 —»| chamber H;0, 05, N,
100% excess

Substituting,

CH,0H +1.5[0, +3.76N, |—> CO, + 2H,0 +1.5x3.76 N,
The reaction with 100% excess air and incomplete combustion can be written as

CH;OH +2x1.5[0, +3.76N, |—0.60 CO, +0.40 CO+2H,0+Xx0, +2x1.5x3.76 N,
The coefficient for O, is determined from a mass balance,

O, balance: 05+2x1.5=0.6+02+1+xXx——>x=1.7

Substituting,

CH,OH +3[0, +3.76N,|——>0.6CO, +0.4CO +2H,0+1.70, +11.28N,

The air-fuel mass ratio is

AF < Mair _ (3x4.76x29)kg _ 414.1kg —12.94 kg air/kg fuel
Miyel (1x32)kg 32kg
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15-27

15-37 Ethyl alcohol is burned with stoichiometric amount of air. The combustion is incomplete. The apparent molecular
weight of the products is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,O, OH, and N, only.

Properties The molar masses of C, H,, OH, N, and air are 12 kg/kmol, 2 kg/kmol, 17 kg/kmol, 28 kg/kmol, and 29
kg/kmol, respectively (Table A-1).

Analysis The reaction with stoichiometric air is

C,HOH +ay,[0, +3.76N, |——2CO, +3H,0 + ay, x3.76 N,

C,HsOH
where
Ajp | Combustion| | CO, CO, O,
05+ay =2+1.5—>ay =3 —»| chamber H,0, OH, N,
L 100% theoretical
Substituting,

C,H;0H +3[0, +3.76N,|——>2CO, +3H,0 +3x3.76 N,
The balanced reaction equation with incomplete combustion is

C,H;OH +3[0, +3.76N, |—>2(0.90 CO, +0.10 CO) + 3(0.95H,0 + 0.1 OH )+ bO, +3x3.76 N,

O, balance: 0.5+3 =1.8+0.1+3.15/2+bh — b=10.025

which can be written as
C2H50H+3[O2 +3.76N2]—>1.80 CO, +0.20CO+2.85H,0+0.30H+0.0250, +11.28 N,

The total moles of the products is

Np=184+02+2.85+0.34+0.025+11.28 =16.64 kmol

The apparent molecular weight of the product gas is

m . . . . . .
M., :_m:(l 8x44+0.20x28+2.85x18+0 3X17+0025X32+1128X28)kg:27.83kg/km0|
N, 16.64 kmol
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15-28

15-38 Coal whose mass percentages are specified is burned with stoichiometric amount of air. The mass fractions of the
products and the air-fuel ratio are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, SO,, and N,. 3 Combustion gases

are ideal gases

Properties The molar masses of C, H,, O,, S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses

of the constituents, the mole numbers of the constituent of the coal are determined to be

me  79.61kg
Ne=—S= =6.634 kmol
€My 12kgkmol 79.61% C
466k 4.66% H,
Ny, =i __*00K8 5 331mol 4.76% O,
My, 2 kgkmol 1.83% N,
0.52% S
m .
Ny = |v|02 - 324k7?kkg = 0.1488 kmol 8.62% ash
02 g/kmo (by mass)
m )
Ny =z L83KE ) 6536 kmol
My, 28kg/kmol
m .
g=s _ 092K _ 4 61625 kmol Coal
M S 32 kg/kmol COZ, HZO,
Ash consists of the non-combustible matter in coal. Therefore, the Air SOy, 0, N,

R ——

mass of ash content that enters the combustion chamber is equal to the theoretical

mass content that leaves. Disregarding this non-reacting component
for simplicity, the combustion equation may be written as

6.634C+2.33H, +0.14880, +0.06536N, +0.01625S+a, (O, +3.76N,) ——> xCO, + yH,0+zS0, + WN,

Performing mass balances for the constituents gives

Chbalance: x=6.634

H, balance: y=2.33

Sbalance: z=0.01625

O, balance: 0.1488+a, =X+0.5y+z——a, =6.634+0.5(2.33)+0.01625—-0.1488 = 7.667

N, balance: w=0.06536+3.76a, =0.06536+3.76x7.667 =28.89
Substituting, the balanced combustion equation without the ash becomes

6.634C +2.33H, +0.14880, + 0.06536N, + 0.01625S + 7.667(0, +3.76N,)

—>6.634C0O, +2.33H,0 + 0.01625S0, + 28.89N,

The mass fractions of the products are
Mo =6.634x44 +2.33x18+0.01625 x 64 +228.89 x 28 =1144 kg

Mooy _ (6:634x44)ke _ e,

mfcg, =
total 1144 kg
m .
o = 2o 23XIKE 4 5367
total 1144 kg
m .
mfsoz _ SO2 _ (0 01625X64)kg :000091
M otal 1144 kg
m .
mfN2 _ N2 _ (28 89)( 28) kg _ 07072
Motal 1144 kg
The air-fuel mass ratio is then
m,. . . .
AF = Mair (7.667x4.76x29) kg _ 1058kg _11.58kg air/kg fuel

T Mpg  (6.634x12+2.33x2+0.1488x32+0.06536x 28 + 0.01625x32) kg 91.38kg
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15-29

15-39 Coal whose mass percentages are specified is burned with 40% excess air. The air-fuel ratio and the apparent
molecular weight of the product gas are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, SO,, and N,. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, O, S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses
of the constituents, the mole numbers of the constituent of the coal are determined to be

m .
N =t - _O740KE _ 5 617 ol 67.40% C
Mc  12kg/kmol 5.31% H,
15.11% O,
N, = TH2 _ >31kg =2.655kmol 1.44% N
H2 2
My,  2kg/kmol 236% S
m . 0
Nop =2 15 IKE 4 4755 kimol 8.38% ash
Mo, 32kg/kmol (by mass)
m .
Ny, e L43Kk8 ) 5143 kmol
My2  28kg/kmol Coal
m .
(=s __236Ke ) 67375 kmol A CO,, H,0,
Mg 32 kg/kmol Ir SO, 02, Ny

. . 40% excess
The mole number of the mixture and the mole fractions are ?

N =5.617+2.655+0.4722 + 0.05143 + 0.07375 = 8.869 kmol

_ N¢  5.617kmol
Ye =N, " 8869 kmol
Ny,  2.655kmol
N, 8.869kmol

N,  0.4722 kmol

0.6333

Vi = =0.2994

-2 _ =0.05323
Yor =N "7 8,869 kmol
N .
gy = Nn2 _ 0:05143kmol _ 100
N,  8.869kmol
N
_Ns _ 0.07375 kmol 000832

Vs =N, T 8,869 kol

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation
may be written as

0.6333C + 0.2994H, + 0.053230, + 0.00580N, +0.00832S + 1.4a,, (0, +3.76N,)
—>xCO, + yH,0 + 280, + kN, + mO,

According to the species balances,

Cbalance: x=0.6333

H, balance: y=0.2994

Sbalance: z=0.00832

O, balance:

0.05323 +ay, =x+0.5y+z

ag =0.6333+0.5x0.2994 + 0.00832 — 0.05323 = 0.7381

N, balance: k =0.00580+1.4x3.76a,, =0.00580+1.4x3.76x0.7381=3.891
m=0.4a,; =0.4x0.7381=0.2952
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15-30
Substituting,
0.6333C +0.2994H, + 0.053230, + 0.00580N, + 0.00832S +1.033(0, +3.76N,)
—0.6333C0O, +0.2994H,0 + 0.00832S0O, +3.89IN, + 0.29520,
The total mass of the products is

Mo = 0.6333x44 +0.2994 x 18 + 0.00832 x 64 +3.891x 28 + 0.2952x 32 =152.2 kg
The total mole number of the products is
N, =0.6333+0.2994 + 0.00832 + 3.891 + 0.2952 = 5.127 kmol

The apparent molecular weight of the product gas is

M, =M __1522ke o4 ggig/kmol
N, 5.127 kmol

The air-fuel mass ratio is then

A Mar _ (1.033x4.76x 29) kg
Mug  (0.6333x12+0.2994x2+0.05323x32+0.00580 x 28+ 0.00832 x 32) kg
142.6kg
T 10.33kg

=13.80kg air/kg fuel
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15-31

Enthalpy of Formation and Enthalpy of Combustion

15-40C For combustion processes the enthalpy of reaction is referred to as the enthalpy of combustion, which represents
the amount of heat released during a steady-flow combustion process.

15-41C Enthalpy of formation is the enthalpy of a substance due to its chemical composition. The enthalpy of formation is
related to elements or compounds whereas the enthalpy of combustion is related to a particular fuel.

15-42C The heating value is called the higher heating value when the H,O in the products is in the liquid form, and it is
called the lower heating value when the H,O in the products is in the vapor form. The heating value of a fuel is equal to the
absolute value of the enthalpy of combustion of that fuel.

15-43C If the combustion of a fuel results in a single compound, the enthalpy of formation of that compound is identical to
the enthalpy of combustion of that fuel.

15-44C Yes.

15-45C No. The enthalpy of formation of N, is simply assigned a value of zero at the standard reference state for
convenience.

15-46C 1 kmol of H,. This is evident from the observation that when chemical bonds of H, are destroyed to form H,O a
large amount of energy is released.
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15-32

15-47 The enthalpy of combustion of methane at a 25°C and 1 atm is to be determined using the data from Table A-26 and
to be compared to the value listed in Table A-27.

Assumptions The water in the products is in the liquid phase.
Analysis The stoichiometric equation for this reaction is

CH, +2[0, +3.76N,|—> CO, + 2H,0(¢)+ 7.52N,

Both the reactants and the products are at the standard reference state of 25°C and 1 atm. Also, N, and O, are stable
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of CH4 becomes

he =Hp —Hg = > Nphi p = > Ngh; o = (N7 )Coz + (N )HzO — (Ni; )CH4
Using h; values from Table A-26,

he = (1 kmol)(~393,520 kJ/kmol)+ (2 kmol)~285,830 kJ/kmol)
— (1 kmol Y- 74,850 kJ/kmol )
=-890,330 kJ (per kmol CH,, )

The listed value in Table A-27 is -890,868 kJ/kmol, which is almost identical to the calculated value. Since the water in the
products is assumed to be in the liquid phase, this h, value corresponds to the higher heating value of CH,.
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15-33

13
15-48 E Problem 15-47 is reconsidered. The effect of temperature on the enthalpy of combustion is to be studied.

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

Fuel$ = 'Methane (CH4)'

T_comb =25 [C]

T_fuel = T_comb +273 "[K]"

T_air1 =T_comb +273 "[K]"

T_prod =T_comb +273 "[K]"

h_bar_comb_TableA27 = -890360 [kJ/kmol]

"For theoretical dry air, the complete combustion equation is"
"CH4 + A_th(02+3.76 N2)=1 CO2+2 H20 + A_th (3.76) N2 "

A_th*2=1*2+2*1 "theoretical O balance"

"Apply First Law SSSF"

h_fuel_EES=enthalpy(CH4,T=298) "[kJ/kmol]"

h_fuel_TableA26=-74850 "[kJ/kmol]"
h_bar_fg_H20O=enthalpy(Steam_iapws,T=298,x=1)-enthalpy(Steam_iapws,T=298,x=0) "[kJ/kmol]"

HR=h_fuel _EES+ A_th*enthalpy(O2,T=T_air1)+A_th*3.76 *enthalpy(N2,T=T_air1) "[kJ/kmol]"
HP=1*enthalpy(CO2,T=T_prod)+2*(enthalpy(H20,T=T_prod)-h_bar_fg_H20)+A_th*3.76*
enthalpy(N2,T=T_prod) "[kJ/kmol]"

h_bar_Comb_EES=(HP-HR) "[kJ/kmol]"
PercentError=ABS(h_bar_Comb_EES-h_bar_comb_TableA27)/ABS(h_bar_comb_TableA27)*Convert(, %) "[%]"

Ncombees Tcomb -855000 ——————————— —
[kJ/kmol] [C]
-860000
-890335 25 S -865000L
-887336 88.89 £
-884186 152.8 S -870000-
-880908 216.7 2, g75000k
-877508 280.6 0
-873985 344.4 Ll -880000f
-870339 408.3 g
866568 472.2 E "8850001
-862675 536.1 | > -890000F
-858661 600 895000l L
0 100 200 300 400 500 600
Tcomb [C]
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15-34

15-49 Ethane is burned with stoichiometric amount of air. The heat transfer is to be determined if both the reactants and
products are at 25°C.

Assumptions The water in the products is in the vapor phase.

Analysis The stoichiometric equation for this reaction is ’ Q
C,Hs
C,H4 +3.5/0, +3.76N, |——>2CO, +3H,0+13.16N — 7
26 [ 2 2] 2 2 2 25°C C . Products
. ombustion [
Since both the reactants and the products are at the standard reference . hamb °
. . Air chamber 25°C
state of 25°C and 1 atm, the heat transfer for this process is equal to —
enthalpy of combustion. Note that N, and O, are stable elements, and 25°C

thus their enthalpy of formation is zero. Then,
Q = hC = H p — H R = Z NPHF,P —Z NRHF,R = (Nﬁfo )COZ +(Nﬁfo )HZO _(NHF )C2H6
Using h; values from Table A-26,

Q =he = (2 kmol)(=393,520 kJ/kmol)+ (3 kmol)(—241,820 kJ/kmol)— (1 kmol)(—84,680 kJ/kmol)
= -1,427,820 kJ/kmol C2H6

15-50 Ethane is burned with stoichiometric amount of air at 1 atm and 25°C. The minimum pressure of the products which
will assure that the water in the products will be in vapor form is to be determined.

Assumptions The water in the products is in the vapor phase.
Analysis The stoichiometric equation for this reaction is
C,H4 +3.5[0, +3.76N, |——2CO, +3H,0+13.16N,
At the minimum pressure, the product mixture will be saturated with water vapor and

Pv = Psat@25°C =3.1698 kPa

The mole fraction of water in the products is

Nipo 3 kmol

- =0.1652
N (2+3+13.16) kmol

Yy =
prod

The minimum pressure of the products is then

5 _P_3.1698kPa

i =19.2kPa
y,  0.1652
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15-35
15-51 The higher and lower heating values of liquid propane are to be determined and compared to the listed values.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0O, and N,. 3 Combustion gases are
ideal gases.

Properties The molar masses of C, O,, H,, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion reaction with stoichiometric air is

C;Hg () +5(0, +3.76N, )——3CO, +4H,0 +18.8N, CH
3418

—>

Products
—>

Both the reactants and the products are taken to be at the standard Combustion
reference state of 25°C and 1 atm for the calculation of heating values. Air chamber
The heat transfer for this process is equal to enthalpy of combustion.
Note that N, and O, are stable elements, and thus their enthalpy of
formation is zero. Then,

q=hc =Hp —Hg ZZNPHF,P _ZNRHF,R Z(Nﬁfo)coz +(NH;)H20 _(NHF )C3H8

The ﬁ;’ of liquid propane is obtained by adding Hfg of propane at 25°C to ﬁ}’ of gas propane (103,850 + 44.097 x 335 =
118,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then,

theoretical

he = (3 kmol)(—393,520 kJ/kmol) + (4 kmol)(—285,830 kJ/kmol)— (1 kmol)(-118,620 kJ/kmol)
=-2,205,260 kJ/kmol propane

The HHV of the liquid propane is

—he 2,205,260 kl/kmol C;H
HHV = ¢ _ ==Y 2 =378 _ 50,010 kd/kg CqHg
M 44.097 kg/kmol C;Hg

The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then,
he = (3 kmol)(=393,520 kJ/kmol) + (4 kmol)(=241,820 kJ/kmol)— (1 kmol)(~118,620 kJ/kmol)
=-2,029,220 kJ/kmol propane
The LHV of the propane is then

LHV — —hc 2,029,220 kJ/kmol C5Hy
M 44.097 kg/kmol C;Hg

The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical.
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15-36
15-52 The higher and lower heating values of gaseous octane are to be determined and compared to the listed values.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0O, and N,. 3 Combustion gases are
ideal gases.

Properties The molar masses of C, O,, H,, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion reaction with stoichiometric air is

CgH g +12.5(0, +3.76N, )——8CO, + 9H,0 + 47N, CoHe
Both the reactants and the products are taken to be at the standard Combustion | Products
. . —
reference state of 25°C and 1 atm for the calculation of heating values. Air chamber
The heat transfer for this process is equal to enthalpy of combustion. theoretical

Note that N, and O, are stable elements, and thus their enthalpy of
formation is zero. Then,

q=hc =Hp —Hg =Z NPHF,P _Z NRHF,R = (NHF )coz + (NHF )Hzo B (Nh;)cgms
For the HHV, the water in the products is taken to be liquid. Then,
hc = (8 kmol)(—393,520kJ/kmol) + (9 kmol)(—285,830 kJ/kmol)— (1 kmol)(—208,450 kJ/kmol)
=-5,512,180 kJ/kmol octane
The HHV of the gaseous octane is

“he 5,512,180 ki/kmol CgH
HHV = ¢ _ 21 MO8 718 _ 48,250 kd/kg CgHyg
M, 114.231kg/kmol C4H,q

The listed value for liquid octane from Table A-27 is 47,890 kJ/kg. Adding the enthalpy of vaporization of octane to this
value (47,890+363=48,253), the higher heating value of gaseous octane becomes 48,253 kJ/kg octane. This value is
practically identical to the calculated value. For the LHV, the water in the products is taken to be vapor. Then,

he = (8 kmol)(—393,520 kJ/kmol) + (9 kmol)(—241,820 kJ/kmol)— (1 kmol)(—208,450 kJ/kmol)
=-5,116,090 kJ/kmol octane
The LHV of the gaseous octane is then

Hiv = e _ 5:116,090 ki/kmol C4Hg
M,  114.231kg/kmol C¢H g

= 44,790 kJ/kg CgHyg

The listed value for liquid octane from Table A-27 is 44,430 kJ/kg. Adding the enthalpy of vaporization of octane to this
value (44,430+363=44,793), the lower heating value of gaseous octane becomes 44,793 kJ/kg octane. This value is
practically identical to the calculated value.
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15-37
15-53 The higher and lower heating values of coal from Illinois are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, SO,, and N,. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, O, S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses
of the constituents, the mole numbers of the constituent of the coal are determined to be

m 67.40kg
N = C = = 5.6 1 7 kmol
€T M. 12kg/kmol 67.40% C
m S31K 5.31% H,
Ny =—H2 = 2228 __ 3 655 kmol 15.11% O,
My, 2kgkmol 1.44% N,
m . 236% S
Ng, = o2 _ 1311k _ 4755 kmol 8.38% ash
Mg, 32kg/kmol )
L aak (by mass)
m )
Ny =22 = & —0.05143 kmol
My, 28kg/kmol
m .
s % =0.07375 kmol Coal
s giKmo Combustion | Products
The mole number of the mixture and the mole fractions are Air chamber
theoretical

Ny =5.617+2.655+0.4722 + 0.05143 + 0.07375 = 8.869 kmol

Ne  5.617kmol

=—== =0.6333
Ye =N T 8869 kmol
N .
Vi = H2 _ 2.655 kmol 02994
N, 8.869 kmol
N .
yoz _ 02 _ 0.4722 kmol ~0.05323
N,  8.869kmol
N .
vy = N2 _ 005143 kmol _ o oo
N,  8.869kmol
&: 0.07375 kmol —0.00832

STN,  8.869 kmol

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation
may be written as

0.6333C +0.2994H, +0.053230, +0.00580N, +0.00832S + a,, (O, +3.76N,)
—>xCO, + yH,0 + 2SO, + kN,

According to the species balances,

Cbalance: x=0.6333

H, balance: y=0.2994

Sbalance: z=0.00832

O, balance:

0.05323 +ay, =x+0.5y+z2

ag =0.6333+0.5x0.2994 + 0.00832 — 0.05323 = 0.7381

N, balance: k =0.00580+3.76a,, =0.00580 +3.76x0.7381=2.781
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15-38
Substituting,
0.6333C +0.2994H, + 0.053230, + 0.00580N, + 0.00832S + 0.7381(0, +3.76N,)
—0.6333C0O, +0.2994H,0 + 0.00832S0O, +2.781IN,

Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that C, S, H,, N, and O, are stable
elements, and thus their enthalpy of formation is zero. Then,

G=he =Hp —Hg = > Nphip > Nghi g =(NA7 ) +(NR7) o +(NR7 ).
For the HHV, the water in the products is taken to be liquid. Then,

hc =(0.6333 kmol)(—393,520 kJ/kmol) + (0.2994 kmol)(—285,830 kJ/kmol)
+(0.00832 kmol)(—297,100 kJ/kmol)
=-337,270 kJ/kmol coal

The apparent molecular weight of the coal is

My (0.6333x12+0.2994 x 2 +0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg

M. =
™ N, (0.6333 +0.2994 + 0.05323 + 0.00580 + 0.00832) kmol
= _10.33ke =10.33 kg/kmol coal
1.000 kmol

The HHV of the coal is then

HHV = —hc _ 337,270 kJ/kmol coal
M,  10.33 kg/kmol coal

=32,650 kJ/kg coal

For the LHV, the water in the products is taken to be vapor. Then,

hc =(0.6333 kmol)(—393,520 kJ/kmol) + (0.2994 kmol)(—241,820 kJ/kmol)
+ (0.00832 kmol)(-297,100 kJ/kmol)
=-324,090 kJ/kmol coal

The LHYV of the coal is then

Lipy - e _ 324,090 ki/kmol coal
M 10.33 kg/kmol coal

=31,370kJ/kg coal
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15-39

First Law Analysis of Reacting Systems

15-54C In this case AU + Wy, = AH, and the conservation of energy relation reduces to the form of the steady-flow energy
relation.

15-55C The heat transfer will be the same for all cases. The excess oxygen and nitrogen enters and leaves the combustion
chamber at the same state, and thus has no effect on the energy balance.

15-56C For case (b), which contains the maximum amount of nonreacting gases. This is because part of the chemical
energy released in the combustion chamber is absorbed and transported out by the nonreacting gases.
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15-40
15-57 Propane is burned with an air-fuel ratio of 25. The heat transfer per kilogram of fuel burned when the temperature of
the products is such that liquid water just begins to form in the products is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 Combustion is complete. 5 The reactants are at 25°C and 1 atm. 6 The fuel is in vapor phase.

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).
Analysis The mass of air per kmol of fuel is

Q
M = (AF)Mg . ’
= (25 kg air/kg fuel)(1x 44 kg/kmol fuel) = 1100 kg air/kmol fuel 8 .
ZSTC’ Combustion
The mole number of air per kmol of fuel is then chamber Products
——
m.. i . T
N, = ar _ 1100kgaivkmolfuel _ ;5 31 o airkmol fucl Air | b am |
M 29 kg air/kmol air ZSTC>

The combustion equation can be written as
C;Hg +(37.93/4.76)(0, +3.76N, )——3CO, +4H,0 + X0, + (37.93/4.76) x 3.76N,
The coefficient for O, is obtained from O, balance:

(37.93/4.76) =3+ 2+ X——> X =2.968

Substituting, C;Hg + 7.968(02 +3.76N, )——) 3CO, +4H,0 +2.9680, +29.96N,
The mole fraction of water in the products is

~ Nyo 4 kmol 4 kmol
N

= = =0.1002
(3+4+2.968+29.96) kmol 39.93 kmol

Yy
prod

The partial pressure of water vapor at 1 atm total pressure is
P, =y,P=(0.1002)(101.325 kPa) =10.15 kPa

When this mixture is at the dew-point temperature, the water vapor pressure is the same as the saturation pressure. Then,
Tap =Tsw@r0.15kpa =46.1°C=319.1K =320K

We obtain properties at 320 K (instead of 319.1 K) to avoid iterations in the ideal gas tables. The heat transfer for this
combustion process is determined from the energy balance E;, —E_, = AE applied on the combustion chamber with
W = 0. It reduces to

~Quu = X Np (A7 +h =R ), > N (hf +h-R),

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables,

system

Substance hy,ki/kmol  hyoge, kJ/kmol  hy » ki/kmol

CsHg -103,850 - o

0, 0 8682 9325

N, 0 8669 9306

H,0 (g) -241,820 9904 10,639

Co, -393,520 9364 10,186
Substituting,

—Quu =(3)X=393,520 +10,186 — 9364) + (4 — 241,820 + 10,639 — 9904) + (2.968 0 + 9325 — 8682)

+(29.96)0 + 9306 — 8669) — (1) 103,850)— 0
=-2,017,590 kJ/kmol C;Hj

or Quue =2,017,590 kJ/kmol C;Hg
Then the heat transfer per kg of fuel is

Quu 2,017,590 ki/kmol fuel
M fel 44 kg/kmol

Qou = = 45,850 kJ/kg C;Hg
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15-41
15-58 n-Octane is burned with 100 percent excess air. The heat transfer per kilogram of fuel burned for a product
temperature of 257°C is to be determined.
Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 Combustion is complete. 5 The fuel is in vapor phase.
Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).
Analysis The combustion reaction for stoichiometric air is
CgH g +12.5[0, +3.76N, | ——8CO, +9H,0 +(12.5x3.76)N,
The combustion equation with 100% excess air is Qour
CsHis
CgH g +25[0, +3.76N, | ——8CO, +9H,0+12.50, + 94N, .
2—>5°C Combustion Products
The heat transfer for this combustion process is determined from chamber >
, =1 atm
combustion chamber with W = 0. It reduces to 250°C

™ Qo =ZNP(HF +H_HO)P _ZNR(HF +H—HQ)R

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables,

h fO h298K h530K

Substance kJ/kmol kJ/kmol kJ/kmol
CsHys (Q) 208,450

0, 0 8682 15,708
N, 0 8669 15,469
H,0 (g) 241,820 9904 17,889
Co, -393,520 9364 19,029

Substituting,

—Quu = (8)(=393,520+19,029 —9364)+ (9)— 241,820 +17,889 —9904 )+ (12.5)0+ 15,708 — 8682)
+(94)0+15,469 —8669)— (1) 208,450)—0 -0
= 4,239,880 kJ/kmol C¢H g

or Qou =4,239,880kJ/kmol CgH ¢
Then the heat transfer per kg of fuel is

_ Qou _ 4,239,880 kJ/kmol fuel
M fel 114 kg/kmol

Quu =37,200kJ/kg CgHyg
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15-42

15-59 Propane is burned with 50 percent excess air during a steady-flow combustion process. The rate of heat transfer in the
combustion chamber is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 Combustion is complete.

Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion equation can be written as
C;Hg +1.58, (0, +3.76N, )——3CO, +4H,0+0.5a,,0, +1.5a, x3.76N,

The stoichiometric coefficient is obtained from O, balance:

1.5a4 =3+2+0.5a, —ay =5 Q
Substituting, C;Hg
_> :
C3Hg +7.5(0, +3.76N, )——>3CO, +4H,0+2.50, +28.2N, 25°C C‘c’hma?;l‘lite‘f“ Products
The specific volume of the air entering the system is Air 1500°C
R.T . . P=1atm
v, = Rarl _ (0.287 kJ/kmol - K)(773K) _ 2,190 m’ ke SW
P 101.3kPa
and the mass flow rate of this air is
v, 3
i =G 1M 6 4566 kes

Var  2.190m’/kg
The air-fuel ratio for this combustion process is
Ap Mair _ (7.5 x 4.76 kmol {29 kg/kmol)
Mae (3 kmol )12 kg/kmol)+ (4 kmol )2 kg/kmol )
The mass flow rate of fuel is
. My,  0.4566 kg/s
Meyer = =
AF 23.53
The heat transfer for this combustion process is determined from the energy balance E;, —E_ = AE ., applied on the

=23.53 kg air/kg fuel

=0.01941kg/s

combustion chamber with W = 0. It reduces to
~Quue = D Nplf +h =R ) =S N7 + R —h° ),
Assuming the air and the combustion products to be ideal gases, we have h=h(T). From the tables,

ﬁ; h298 K h773 K h1773 K
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol
CyHs -103,850
0, 0 8682 23,614 59,364
N, 0 8669 22,866 56,689
H,0 (q) 241,820 9904 71,177
Co, -393,520 9364 87,195

Substituting,

— Quu = (3)~393,520 + 87,195 — 9364) + (4 )~ 241,820 + 71,177 —9904) + (2.5)(0 + 59,364 — 8682)
+(28.2)Y0 + 56,689 — 8669) — (1)~ 103,850 + hygg — hyoe ) — (7.5)0 + 23,614 — 8682)
—(28.2)(0+ 22,866 —8669)

=-596,881 kJ/kmol C;H,
or Quu =596,881 kJ/kmol C;H,
Then the rate of heat transfer for a mass flow rate of 0.01941 kg/s for the propane becomes

: . m 0.01941 kg/s
=N =|— = ——— (596,881 kJ/kmol ) = 263.3 KW
Qout Qout (M \JQout ( 44 kg/kmol \J( mo )
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15-43

15-60 Methane is burned completely during a steady-flow combustion process. The heat transfer from the combustion
chamber is to be determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 Combustion is complete.

Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H,O,
CO, and N,, but no free O,. Considering 1 kmol of fuel, the theoretical combustion equation can be written as

CH, +a,(0, +3.76N, ——>CO, + 2H,0 +3.76a,;, N, Q

where ay, is determined from the O, balance, CH, ’
Szo~>| Combustion
a, =1+1=2 25°C charleer Products
o]
Substituting, Air 25°C
. ., P =1 atm
CH, +2(0, +3.76N, )—>CO, +2H,0 +5.64N, 100% theoretical

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

combustion chamber with W = 0. It reduces to
~Quu = Y Nplf +7 =), =S N (A7 +h —h7) = > Noh; p = > Nehi

since both the reactants and the products are at 25°C and both the air and the combustion gases can be treated as ideal gases.

From the tables,
h
Substance
kJ/kmol
CH, -74,850
0, 0
N, 0
H,0 (¢) -285,830
CcO, -393,520
Thus,

~Quu = (1(-393.520)+ (2)(-285,830)+ 0~ (1)(~74.850) -0 ~0 = ~890,330 kI / kol CH,
or
Q.. =890,330 kJ/kmol CH,

If combustion is achieved with 100% excess air, the answer would still be the same since it would enter and leave at 25°C,
and absorb no energy.
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15-44

15-61E Diesel fuel is burned with 20 percent excess air during a steady-flow combustion process. The required mass flow
rate of the diesel fuel for a specified heat transfer rate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and Q = 1800 Brw/s
combustion gases are ideal gases. 3 Kinetic and potential f
energies are negligible. 4 Combustion is complete. CizHas Combusti
= ombustion
Analysis The fuel is burned completely with the excess air, and TT°F chamber Products
thus the products will contain only CO,, H,0O, N,, and some ) 800 R
S : Air _

free O,. Considering 1 kmol of Ci,H,g, the combustion A P=1atm
equation can be written as 20% excess air

77°F

C,H,e +1.2a4,(0, +3.76N, }——12CO, +13H,0 +0.2a,0, + (1.2)3.76a,4 )N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

12a, =12+6.5+02a, ——> a, =185
Substituting,

C,Hyg +22.2(0, +3.76N,)——12CO, +13H,0 +3.70, +83.47N,
=AE

The heat transfer for this combustion process is determined from the energy balance E;, —E applied on the

out system

combustion chamber with W = 0. It reduces to
~Qou = X Np (7 +h - ) =S NG (A R ) =SNG (A7 +Rh-R7), - > Nghi g

since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T).
From the tables,

hy Ns37 R hggo r
Substance Btwlbmol  Btuwlbmol  Btulbmol
Ci2Has -125,190 - .
0, 0 3725.1 5602.0
N, 0 3729.5 5564.4
H,0 (9) -104,040 4258.0 6396.9
CO, -169,300 4027.5 6552.9
Thus,
~Quu = (12)(=169,300 + 6552.9 — 4027.5) + (13~ 104,040 + 6396.9 — 4258)
+(3.7)0+5602.0 -3725.1)+ (83.47 )0+ 5564.4 - 3729.5) - (1Y~ 125,190)- 00
=-3,040,716 Btu/lbmol C,,H 5
or Quu = 3,040,716 Btu/lbmol C,,H

Then the required mass flow rate of fuel for a heat transfer rate of 1800 Btu/s becomes

= NM =| 2 |m = 1800 Btu/s (170 Ibm/Ibmol) = 0.1006 Ibm/s
Q 3,040,716 Btu/Ibmol
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15-45

15-62 A certain coal is burned steadily with 40% excess air. The heat transfer for a given product temperature is to be
determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, SO,, and N,. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, N,, O,, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses
of the constituents, the mole numbers of the constituent of the coal are determined to be

me  39.25kg

Ne=—S = =3.271kmol
M  12kg/kmol 39.25% C
6.93% H,
Ny =iz _ O93KE 3 45401 41.11% O,
My,  2kg/kmol 0.72% N,
m . 9
Ny = 002 _ 4L11Ke 1 g5 kmol 07505
Mo, 32kg/kmol 1 1b.20 7o ash
(by mass)
m .
Ny =2 __072Ke 5557 kmol
My2  28kg/kmol
‘= % - 32()%/;(%1 —0.0247 kmol Coal
s giKimo Combustion | Products
The mole number of the mixture and the mole fractions are , Air | chamber 127°C
40% excess

N, =3.271+3.465+1.285+ 0.0257 + 0.0247 =8.071 kmol

_k _ 3.271kmol

C = =0.4052
N, 8.071kmol
N .
sz _ H2 _ 3.465 kmol —0.4293
N,  8.071kmol
N .
yo2 _ 02 _ 1.285 kmol ~0.1592
N, 8.071kmol
N .
Vag = N2 0.0257 kmol —0.00319
N 8.071kmol
N
_Ns _ 0.0247 kmol —0.00306

"N,  8.07lkmol

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation
may be written as

0.4052C +0.4293H,, +0.15920, +0.00319N, +0.00306S +1.4a,, (O, +3.76N ,)
—>0.4052CO, +0.4293H,0+0.4a,,0, +0.0030680, +1.4a,, x3.76N,

According to the O, mass balance,

0.1592 +1.4a,, =0.4052+0.5x0.4293 +0.4a,, +0.00306 ——> a,, =0.4637
Substituting,

0.4052C +0.4293H , +0.15920, +0.00319N, +0.00306S +0.6492(0, +3.76N, )
—50.4052C0O, +0.4293H,0+0.18550,, +0.0030650 , +2.441N,

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
~ Qo = Z NP(HF +H_HO)P _z NR(HfO +H—H°)R
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15-46
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables,

h fQ h298 K h400 K
Substance kJ/kmol kJ/kmol kJ/kmol
0, 0 8682 11,711
N, 0 8669 11,640
H,0 (g) 241,820 9904 13,356
Co, -393,520 9364 13,372
SO, -297,100 - -

The enthalpy change of sulfur dioxide between the standard temperature and the product temperature using constant specific
heat assumption is

Ahgoy =C,AT = (41.7 ki/kmol - K)(127 - 25)K = 4253 kJ/kmol

Substituting into the energy balance relation,

~Quu = (0.4052)(~393,520+13,372—9364)+(0.4293)— 241,820 + 13,356 —9904)

+(0.1855)0+11,711-8682)+(2.441)(0+11,640—8669)+(0.00306 - 297,100 + 4253)— 0

or Qout = 253,244 kJ/kmol fuel

Then the heat transfer per kg of fuel is

Q. = Qout 253,244 kJ/kmol fuel
M My (0.4052x12+0.4293x2+0.1592x 32 +0.00319 x 28+ 0.00306 x 32) kg/kmol
253,244 kJ/kmol fuel

11.00 kg/kmol
=23,020 kJ/kg coal
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15-47

15-63 Octane gas is burned with 30 percent excess air during a steady-flow combustion process. The heat transfer per
unit mass of octane is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 Combustion is complete.

Properties The molar mass of CgH,g is 114 kg/kmol (Table A-1).

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,O, N,, and some
free O,. The moisture in the air does not react with anything; it simply shows up as additional H,O in the products.
Therefore, for simplicity, we will balance the combustion equation using dry air, and then add the moisture to both sides of
the equation. Considering 1 kmol of CgHg, the combustion equation can be written as

CeH ¢ (g)+1.8a,,(0, +3.76N,)——>8CO, + 9H,0 + 0.8a,0, + (1.8)3.76a,, N,
where ay, is the stoichiometric coefficient for air. It is determined from

O, balance:1.8ay =8+4.5+0.8a, —>ay, =12.5

Thus, f q
CgH g (2)+22.5(0, +3.76N, )——>8CO, + 9H,0 + 100, +84.6N, CsHisg
o S=o~"1 Combustion
Therefore, 22.5 x 4.76 = 107.1 kmol of dry air will be used per kmol of the 25°C chamber Products
fuel. The partial pressure of the water vapor present in the incoming air is Al 1000' K
ir
Poin = buir Paraas-c =(0.40)3.1698 kPa)=1.268 kPa . P=tlam
L . . 80% excess air
Assuming ideal gas behavior, the number of moles of the moisture 250(C
that accompanies 107.1 kmol of incoming dry air is determined to be
Pyjin 1.268 kPa
Nyin =| —— Nt =| ————— \107.1+ N, ,, |——> N, ;, =1.36 kmol
v,in (Ptotal J total [101325 kPa ( v,m) v,in
The balanced combustion equation is obtained by adding 1.36 kmol of H,O to both sides of the equation,
CgH g (2)+22.5(0, +3.76N, ) +1.36H,0——8CO, +10.36H,0 + 100, +84.6N,
The heat transfer for this combustion process is determined from the energy balance E;, —E; = AE ., applied on the

combustion chamber with W = 0. It reduces to
~Quu = Y Nplhf +h =0 ) =S Nglry +h R ) =S No iy +h-h"), > Nghig

since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T).

From the tables,

Substance hy , kJ/kmol hyos « » kKI/kmol — hygo0 x » kI/kmol

CsHis (9) -208,450 — —

0, 0 8682 31,389

N, 0 8669 30,129

H,0 (9) -241,820 9904 35,882

CcoO, -393,520 9364 42,769
Substituting,

— Quu = (8)=393,520 + 42,769 — 9364 ) + (10.36 ) — 241,820 + 35,882 — 9904)
+(10)0 +31,389 — 8682) + (84.6 {0 + 30,129 — 8669)
— (1)~ 208,450) - (1.36)(— 241,820) -0 -0
= 2,537,130 kJ/kmol C4H

Thus 2,537,130 kJ of heat is transferred from the combustion chamber for each kmol (114 kg) of CgH;s. Then the heat
transfer per kg of CgH,g becomes
2 130 k
g= Quou = 537,130 1d =22,260kJ/kg CgH;g
M 114kg
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15-48

13
15-64 E Problem 15-63 is reconsidered. The effect of the amount of excess air on the heat transfer for the combustion
process is to be investigated.

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

Fuel$ = 'Octane (C8H18)'

T_fuel = (25+273) "[K]"

{PercentEX = 80 "[%]"}

Ex = PercentEX/100 "[%EXxcess air/100]"

P_air1 = 101.3 [kPa]

T_airl = 25+273 "[K]"

RH_1=40/100 "[%]"

T_prod = 1000 [K]

M_air = 28.97 [kg/kmol]

M_water = 18 [kg/kmol]

M_C8H18=(8*12+18*1) "[kg/kmol]"

"For theoretical dry air, the complete combustion equation is"

"C8H18 + A_th(02+3.76 N2)=8 CO2+9 H20 + A_th (3.76) N2 "

A_th*2=8*2+9*1 "theoretical O balance"

"now to find the amount of water vapor associated with the dry air"
w_1=HUMRAT(AirH20,T=T_air1,P=P_air1,R=RH_1) "Humidity ratio, kgv/kga"
N_w=w_1*(A_th*4.76*M_air)/M_water "Moles of water in the atmoshperic air, kmol’kmol_fuel"

"The balanced combustion equation with Ex% excess moist air is"

"C8H18 + (1+EX)[A_th(02+3.76 N2)+N_w H20]=8 CO2+(9+(1+Ex)*N_w) H20 + (1+Ex) A_th (3.76) N2+ Ex(
A_th)O2"

"Apply First Law SSSF"

H_fuel = -208450 [kJ/kmol] "from Table A-26"

HR=H_fuel+ (1+Ex)*A_th*enthalpy(02,T=T_air1)+(1+Ex)*A_th*3.76
*enthalpy(N2,T=T_air1)+(1+Ex)*N_w*enthalpy(H20,T=T_air1)
HP=8*enthalpy(CO2,T=T_prod)+(9+(1+Ex)*N_w)*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76*
enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(O2,T=T_prod)

Q_net=(HP-HR)"kJ/kmol"/(M_C8H18 "kg/kmol") "[kJ/kg_C8H18]"

Q_out =-Q_net "[kJ/kg_C8H18]"

"This solution used the humidity ratio form psychrometric data to determine the moles of water vapor in
atomspheric air. One should calculate the moles of water contained in the atmospheric air by the method shown
in Chapter 14 which uses the relative humidity to find the partial pressure of the water vapor and, thus, the moles
of water vapor. Explore what happens to the results as you vary the percent excess air, relative humidity, and
product temperature."

32000
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20 29139 & 24000
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15-49

15-65 Propane gas is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to be
written, and the dew-point temperature of the products and the heat transfer from the combustion chamber are to be
determined.

Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis (a) The balanced reaction equation for stoichiometric air is

C,Hg +a,, [0, +3.76N,]——>3C0O, + 4H,0 + a, x3.76 N,

The stoicihiometric coefficient ay, i1s determined from an O, balance: C;Hg
:
ag, =3+2=5 Ajp |Combustion| | CO», CO
. __»| chamber H,0, O3, N,
Substituting, 100% excess

C,Hg +5[0, +3.76N, | ——>3C0O, + 4H,0+5x3.76 N,
The reaction with 100% excess air and incomplete combustion can be written as

C;Hg +2x 5[02 + 3.76N2]—>0.90 x3C0O, +0.10x3CO+4H,0+x0, +2x5%x3.76N,
The coefficient for O, is determined from a mass balance,

O, balance: 10=09%x3+0.05x3+2+Xx——>x=5.15
Substituting,

C;Hg +10[0, +3.76N,|——2.7CO, + 0.3CO +4H,0 +5.150, +37.6 N,

(b) The partial pressure of water vapor is

N
P, = NH20 Pl = 4 (100 kPa) __ A4kmol

= (100 kPa) = 8.040 kPa
27+403+4+5.15+37.6 49.75 kmol

total
The dew point temperature of the product gases is the saturation temperature of water at this pressure:
Tap = Tsa@s.0akpa =41.5°C (Table A-5)

(c) The heat transfer for this combustion process is determined from the energy balance E;, —E = AE .., applied on
the combustion chamber with W = 0. It reduces to

~Quu = D Nplf +h =R =S N7 + R R )
Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h =

h(T). Also, since the temperature of products (25 °C) is lower than the dew-po,nt temperature, some water vapor will
condense. Noting from Table A-5 that Py, ,soc =3.17 kPa , the molar amount of water that remain as vapor is determined

from

N N 1120 vanor
Pv _ _H20 Ptotal 3.17 kPa = H20,vapo
N total N20,vapor +2.7+0.3+5.15+37.6

(100 kPa) ——> N30 yapor = 1.5 kmol

Thus, N H20 liquid = 4 —-1.5=2.5kmol
Then, using the values given in the table,
—Qut =(2.7)(=393,520) + (0.3)(—110,530) + (1.5)(—241,820) + (2.5)(—285,830) — (1)(—-103,850)
=—2,069,120 kJ/kmol C;Hy
or Quut =2,069,120 kJ/kmol C;Hyg
Then the heat transfer for a 100 kmol fuel becomes

Qo =NQ,, = (%]Qm = (100 kmol fuel)(2,069,120 kJ/kmol fuel) = 2.069 x 10° kJ
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15-66 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain
CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis (a) The balanced reaction equation for stoichiometric air is
0.4C,Hg +0.6CH, +a,[0, +3.76N,|——>1.8CO, +2.8H,0 +a, x3.76 N,

The stoicihiometric coefficient ay, i1s determined from an O, balance:

ag =1.8+1.4=32 Catls, CHy
=1.8+1.4=3.
th Aip | Combustion CO,, H,0,
__,| chamber N,
100% theoretical

Substituting,
0.4C,Hg +0.6CH, +3.2[0, +3.76N, |——>1.8CO, + 2.8 H,0 +12.032 N,

(b) The partial pressure of water vapor is

N . .
p=—120p 2.8 (100 kpa) = 23 kmol
Nt 1.8+2.8+12.032 16.632 kmol

(100 kPa) =16.84 kPa

The dew point temperature of the product gases is the saturation temperature of water at this pressure:
Tap =Tsa@i684kpa =56.2°C (Table A-5)

Since the temperature of the product gases are at 398 K (125°C), there will be no condensation of water vapor.

(c) The heat transfer for this combustion process is determined from the energy balance E;, —E_,, = AE applied on

system

the combustion chamber with W = 0. It reduces to
~Quu = Y Np(f + R =R"), =S Nglh; +h-R°),

The products are at 125 °C, and the enthalpy of products can be expressed as
(h-h°)=c,aT

where AT =125-25=100°C =100 K . Then, using the values given in the table,

—Q, = (1.8)(=393,520 + 41.16 x 100) + (2.8)(—241,820 + 34.28 x 100) + (12.032)(0 + 29.27 x 100)
— (0.4)(~103,850) — (0.6)(~74,850)

=—1,246,760 kJ/kmol fuel
or Quut =1,246,760 kJ/kmol fuel
For a heat transfer rate of 97,000 kJ/h, the molar flow rate of fuel is
Qou 97,000 kJ/h

=0.07780 kmol fuel’h

N fuel —

Qo 1,246,760 kJ/kmol fuel
The molar mass of the fuel mixture is

M et =0.4%x 44 4+ 0.6 x16 =27.2 kg/kmol
The mass flow rate of fuel is

Meue = Nt M et = (0.07780 kmol/h)(27.2 kg/kmol) = 2.116 kg/h
The air-fuel ratio is

ApoMar __(32x4.76x29) kg
Mey (0.4x44+0.6x16)kg

=16.24 kg air/kg fuel
The mass flow rate of air is then

My, = M AF = (2.116 kg/h)16.24) = 34.4 kg/h
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15-67 A mixture of ethanol and octane is burned with 10% excess air. The combustion is incomplete. The balanced
chemical reaction is to be written, and the dew-point temperature of the products, the heat transfer for the process, and the
relative humidity of atmospheric air for specified conditions are to be determined.

Assumptions 1 Combustion is incomplete. 2 The combustion products

contain CO,, CO, H,0, O,, and N, only. CCﬁHg

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2_,6 :

2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively Ajr | Combustion| CO,, CO

(Table A-1). —»| chamber H,0, 0, N,
10% excess

Analysis (a) The balanced reaction equation for stoichiometric air is

0.1C,H,0+0.9CgH g +a,[0, +3.76N, |——>7.4CO, +8.4H,0 +a, x3.76 N,
The stoicihiometric coefficient ag, is determined from an O, balance:

0.1/2+ay, =74+84/2——ay =11.55
Substituting,

0.1C,H,O0+09C:H 4 +1 1.55[02 +3.76N, ]—)7.4 CO, +84H,0+11.55x3.76 N,
The reaction with 10% excess air and incomplete combustion can be written as

0.1C,H O +0.9CgH g +1.1x11.55[0, +3.76N, ]
——50.9x7.4C0, +0.1x7.4CO+84H,0+Xx0, +1.1x11.55x3.76 N,

The coefficient for O, is determined from a mass balance,
O, balance: 0.5x0.1+1.1x11.55=09%x7.4+0.5x(0.1x7.4)+ 0.5x8.4 + Xx——>x=1.525

Substituting,
0.1C,H O +0.9 CgH g +12.705[0, +3.76N, |
——6.66CO, +0.74CO +8.4H,0+1.5250, +47.77N,

(b) The partial pressure of water vapor is

N . .
p=—H0p 8.4 (100 kPa) =2 Km0 16 1pay = 12.9 kPa
N 6.66+0.74+8.4+1.525+47.77 65.10 kmol

total
The dew point temperature of the product gases is the saturation temperature of water at this pressure:

Tap = Tsa@12.9kpa =90.5°C  (Table A-5)

(c) The heat transfer for this combustion process is determined from the energy balance E;, —E_, = AE applied on

ut system

the combustion chamber with W = 0. It reduces to
~Quu = Y Np (7 +R =R"), = > Nglhf +h-R° ),
Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h =
h(T). Then, using the values given in the table,
—Qu =(6.66)(—393,520) + (0.74)(-110,530) + (8.4)(—241,820) — (0.1)(-235,310) — (0.9)(—208,450)
=—4,522,790 kJ/kmol fuel
or Quut =4.522,790 kl/kmol fuel

The molar mass of the fuel is

M =0.1x46+0.9x114=107.2 kg/kmol
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Then the heat transfer for a 2.5 kg of fuel becomes

m 2.5kg
=NQ_, =|— =— 75 (4,522,790 kJmol) = 105,480 kJ
Qour = NQuu ( M jQ"“‘ 107.2 kg/kmol ( )

(d) For 9.57 kmol of water vapor in the products, the air must carry 9.57 — 8.4 = 1.17 kmol of water vapor in the
atmospheric air. The partial pressure of this water vapor in the stmospheric air is

N . .
p——H0p _ 117 (100 kPa) =~ 7KL 160 kpa) —1.8979 kPa
N ot 12.705x4.76 +1.17 61.65 kmol
The saturation pressure of water at 25°C is 3.17 kPa (Table A-4). The relative humidity of water vapor in the atmospheric
air is then
P .
p=—v LBIKPL_ 599 50 9%
Pow ~ 3-17kPa
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15-68 A mixture of methane and oxygen contained in a tank is burned at constant volume. The final pressure in the
tank and the heat transfer during this process are to be determined.

Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete.
Properties The molar masses of CH, and O, are 16 kg/kmol and 32 kg/kmol, respectively (Table A-1).

Analysis (a) The combustion is assumed to be complete, and thus all the carbon in the methane burns to CO, and all of the
hydrogen to H,O. The number of moles of CH,4 and O, in the tank are

m 0.12 k;
Ney, = H & _75%x10kmol =7.5 mol Q
' Mcy, 16 kg/kmol
Mg 0.6 kg ~ 0, + CH,
Nog =—2 = =18.75x107> kmol = 18.75 mol o
Y o, 32 kgkmol 25°C, 200 kPa
Then the combustion equation can be written as 1200 K

7.5CH, +18.750, ——>7.5C0O, +15H,0+3.750,

At 1200 K, water exists in the gas phase. Assuming both the reactants and the products to be ideal gases, the final pressure
in the tank is determined to be

PoV = NgR,Tg Np ) Tp

26.25 molj( 1200 K

Substituting,

P> =(200 kPa{

=805kPa
26.25 mol | 298 K

which is relatively low. Therefore, the ideal gas assumption utilized earlier is appropriate.

(b) The heat transfer for this constant volume combustion process is determined from the energy balance
E;, —E,« =AE applied on the combustion chamber with W = 0. It reduces to

system
_Qout IZNP(HF +H_Ho _PU)P _ZNR(HF +H—HO—P(7)R

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields

= Qout :ZNP(HF +hiago k —Maog —RuT)p _ZNR(HF —RuT)R

since the reactants are at the standard reference temperature of 25°C. From the tables,

b EF ﬁ298 K H1200 K
Substance kd/kmol kd/kmol kd/kmol
CH, -74,850
0, 0 8682 38,447
H,0 (9) -241,820 9904 44,380
CO, -393,520 9364 53,848
Thus,
~Quu = (7.5)(~393,520 + 53,848 —9364 —8.314 x1200)
+(15)(~ 241,820 + 44,380 — 9904 —8.314x1200)
+(3.75)0+ 38,447 — 8682 —8.314x1200)
—(7.5)(~ 74,850 —8.314x298)—(18.75 )~ 8.314x 298)
=-5,251,791J = -5252 kJ
Thus Q,,, =5252kJ of heat is transferred from the combustion chamber as 120 g of CH, burned in this combustion
chamber.
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13
15-69 E Problem 15-68 is reconsidered. The effect of the final temperature on the final pressure and the heat transfer
for the combustion process is to be investigated.

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

"Input Data"

T_reac = (25+273) "[K]" "reactant mixture temperature”
P_reac = 200 [kPa] "reactant mixture pressure"
{T_prod = 1200 [K]} "product mixture temperature"
m_02=0.600 [kg] "initial mass of 02"

Mw_02 = 32 [kg/kmol]

m_CH4 = 0.120 [kg] "initial mass of CH4"
Mw_CH4=(1*12+4*1) "[kg/kmol]"

R_u = 8.314 [kJ/kmol-K] "universal gas constant"

"For theoretical oxygen, the complete combustion equation is"
"CH4 + A_th 02=1 CO2+2 H20 "
2*A_th=1*2+2*1"theoretical O balance"

"now to find the actual moles of O2 supplied per mole of fuel"
N_0O2=m_0O2/Mw_0O2/N_CH4
N_CH4=m_CH4/Mw_CH4

"The balanced complete combustion equation with Ex% excess O2 is"
"CH4 + (1+EX) A_th 02=1 CO2+ 2 H20 + Ex( A_th) 02"
N_O2 = (1+Ex)*A_th

"Apply First Law to the closed system combustion chamber and assume ideal gas

behavior. (At 1200 K, water exists in the gas phase.)"

E_in-E_out=DELTAE_sys

E in=0

E_out = Q_out "kJ/kmol_CH4" "No work is done because volume is constant”

DELTAE_sys = U_prod - U_reac "neglect KE and PE and note: U=H-PV=N(h-R_uT)"

U_reac = 1*(enthalpy(CH4, T=T_reac) - R_u*T_reac) +(1+EX)*A_th*(enthalpy(O2,T=T_reac) - R_u*T_reac)
U_prod = 1*(enthalpy(CO2, T=T_prod) - R_u*T_prod) +2*(enthalpy(H20, T=T_prod) -
R_u*T_prod)+EX*A_th*(enthalpy(O2,T=T_prod) - R_u*T_prod)

"The total heat transfer out, in kJ, is:"
Q_out_tot=Q_out"kJ/kmol_CH4"/(Mw_CH4 "kg/kmol_CH4") *m_CH4"kg" "kJ"

"The final pressure in the tank is the pressure of the product gases. Assuming
ideal gas behavior for the gases in the constant volume tank, the ideal gas law gives:"
P_reac*V =N_reac * R_u *T_reac

P_prod*V =N_prod *R_u* T_prod R ‘ ‘ 1100
N_reaC = N_CH4*(1 + N_OZ) r ) 1000
N_prod = N_CH4*(1 + 2 + Ex*A_th) 5700 1
900
s, 800 ©
Tprod CJout,tot I:)prod l_,‘_. 55007 ’700 Ei
[K] [kJ] [kPa] 2 ] S
500 [5872 [3356 3 5300 600 S
700 5712 469.8 o i 500 &
900 5537 604 5100 ]
1100 | 5349 738.3 . 1400
1300 | 5151 872.5 49000« o, 300
1500 4943 1007 500 700 900 1100 1300 1500

Tprod (K]
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15-70E Methane is burned with stoichiometric amount of air in a rigid container. The heat rejected from the container is to
be determined.

Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete.

Properties The molar masses of CH, and air are 16 Ibm/Ibmol and 29 Ibm/Ibmol, respectively (Table A-1E).

Analysis The combustion equation for 1 Ibmol of fuel is

Qout
CH, +2(0, +3.76N,)—— CO, +2H,0+7.52N, ’
CH,
The heat transfer for this constant volume combustion process is determined from Theoretical air
the energy balance Ej, —E = AE,, applied on the combustion chamber with 77°F, 14.4 psia
W = 0. It reduces to
1060°F

Qi = 2 Nefi +h~h" —PT), ~ SN R PO,

Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields

= Qout =Z:NP(Hfo +Nis0r —Nsz7r — RUT)p —Z NR(HfO - RuT)R

since the reactants are at the standard reference temperature of 77°F. From the tables,

EF H537R H1520R
Substance
Btu/lbmol Btu/lbmol Btu/lbmol
CH, -32,210
0, 0 3725.1 11,179.6
N, 0 3729.5 10,800.4
H,0 (g) -104,040 4258.0 12,738.8
Co, -169,300 4027.5 14,824.9
Thus,
~ Quu = (1)~169,300 +14,824.9 — 4027.5 —1.9858 x 1520)
+(2)(~ 104,040 +12,738.8 — 4258.0 — 1.9858 x 1520)
+(7.52)(0+10,800.4 — 3729.5 —1.9858 x 1520)
—(1)(~32,210-1.9858 x 537) — (2}~ 1.9858 x 537) — (7.52)(~1.9858 x 537)
= —284,800 Btu/Ibmol CH,,
Thus

Qou = 284,800 Btu/lbmol CH,
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15-71 A mixture of benzene gas and 30 percent excess air contained in a constant-volume tank is ignited. The heat transfer
from the combustion chamber is to be determined.

Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete.

Analysis The theoretical combustion equation of C¢Hg with

stoichiometric amount of air is ’ Q
CeHy(g)+ay, (0, +3.76N, ) ——> 6CO, + 3H,0 +3.76a, N, CeHgt Air
25C, 1 atm
where ay, is the stoichiometric coefficient and is determined from the O, balance, l
ath=6+1.5:7.5 IOOOK

Then the actual combustion equation with 30% excess air becomes
C¢He(2)+9.75(0, +3.76N, ) —— 5.52C0, +0.48CO + 3H,0 +2.490, +36.66N,

The heat transfer for this constant volume combustion process is determined from the energy balance E;, —E = AE e,

applied on the combustion chamber with W = 0. It reduces to
~Qui = S Nplf; - —P7), ~ Y N <R -PE),

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature
only, and the Pv terms in this equation can be replaced by R,T.

It yields
—Qout = z NP(HF +higoo k —Maog k — RuT)p _z NR(HfO - RuT)R

since the reactants are at the standard reference temperature of 25°C. From the tables,

hy Njes N 1000 k

Substance

kJ/kmol kJd/kmol kJ/kmol

CeHs (9) 82,930

0, 0 8682 31,389

N, 0 8669 30,129

H,0 (g) -241,820 9904 35,882

Co -110,530 8669 30,355

Co, -393,520 9364 42,769

Thus,

—Quu = (5.52)(=393,520 + 42,769 — 9364 —8.314x1000)
+(0.48)(~110,530 +30,355 - 8669 —8.314x1000)
+(3)(~ 241,820 + 35,882 — 9904 —8.314x1000)
+(2.49)0+31,389 —8682 —8.314x1000)
+(36.66)0+30,129 - 8669 —8.314x1000)
—(1)(82,930-8.314x298)—(9.75)4.76 |- 8.314x 298)

=-2,200,433 kJ
or Qou = 2,200,433 kJ
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15-72E A mixture of benzene gas and 60 percent excess air contained in a constant-volume tank is ignited. The heat transfer
from the combustion chamber is to be determined.

Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete.

Analysis The theoretical combustion equation of C¢Hg with

stoichiometric amount of air is ’ Q
CeHe(g)+ay (0, +3.76N,)—— 6CO, + 3H,0 +3.76a, N, CcHgt Air
77F, 1 atm

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

a, =6+15=75 2100 R

Then the actual combustion equation with 60% excess air becomes
C¢Hy(2)+12(0, +3.76N, )—5.52C0, +0.48CO + 3H,0 + 4.740, +45.12N,

The heat transfer for this constant volume combustion process is determined from the energy balance E;, —E = AE e,

applied on the combustion chamber with W = 0. It reduces to
~Qui = S Nplf; - —P7), ~ Y N <R -PE),

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature
only, and the PV terms in this equation can be replaced by R,T.

It yields
= Qout = Z NP(HF +hygoor — Nsazr — RuT)P —Z NR(HF - RuT)R

since the reactants are at the standard reference temperature of 77°F. From the tables,

hy hs37 R ha100r
Substance
Btu/lbmol Btu/lbmol Btu/lbmol
CsHs (9) 35,680
0, 0 3725.1 16,011
N, 0 3729.5 15,334
H,0 (9) -104,040 4258.0 18,467
Co -47,540 3725.1 15,463
Co, -169,300 4027.5 22,353
Thus,
— Q. =(5.52)(=169,300 + 22,353 — 4027.5 — 1.986 x 2100)
+(0.48)(— 47,540 + 15,463 —3725.1 —1.986 x 2100)
+(3)(— 104,040 + 18,467 — 4258.0 — 1.986 x 2100)
+(4.74Y0+16,011-3725.1-1.986 x 2100)
+(45.12)(0 +15,334 —3729.5 —1.986 x 2100)
—(1)(35,680 —1.986 x 537) — (12)(4.76 - 1.986 x 537)
= 757,400 Btu
or Q. = 757,400 Btu
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15-58
15-73 A high efficiency gas furnace burns gaseous propane CsHg with 140 percent theoretical air. The volume flow rate of
water condensed from the product gases is to be determined.
Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The reaction equation for 40% excess air (140% theoretical air) is
C;Hy +1.4a,[0, +3.76N,|——> BCO, + DH,0 + EO, + F N,

where ay, is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the
factor 1.4ay, instead of ay, for air. The coefficient ay, and other coefficients are to be determined from the mass balances

Carbon balance: B=3
Hydrogen balance: 2D=8——D=4 C.H ’ Q
3Hg
Oxygen balance: 2x1.4ay, =2B+D+2E 555" Combustion | progucts
0.4a, =E . chamber [—»
Nitrogen balance: l.4ay x3.76 =F Alr,

Solving the above equations, we find the coefficients (E = 2, 40% excess

F =26.32, and a4 = 5) and write the balanced reaction equation as

C,Hg +7[0, +3.76N,]——>3CO, +4H,0+20, +26.32N,

The partial pressure of water in the saturated product mixture at the dew point is
P Poat@aorc =7.3851kPa

v,prod =Fg
The vapor mole fraction is

Pyprod  7.3851kPa
P 100 kPa

prod

=0.07385

Yy =

The kmoles of water condensed is determined from
N 4-N,,

Yy = water 0.07385 =
N 3+4-N, +2+26.32

N,, =1.503 kmol

total, product

The steady-flow energy balance is expressed as
NfelHr = Qpuer + Nt Hp
Qo _ 31,650kJ/h

=32,969kJ/h
0.96

where Qg =
Tfurnace

Hg =h?, — Thopaasec +26.32hpa0s0c
= (~103,847 kJ/kmol) + 7(0) + 26.32(0) = —103,847 kJ/kmol

Hp =3Ncor@asec +#Nmoa@asec +2Noaaasec +26.32hyagasc + Ny, (h fOHzo(nq))
= 3(~393,520 kJ/kmol) + 4(-241,820 kJ/kmol) + 2(0) + 26.32(0) +1.503(~285,830 kJ/kmol)

=-2.577x10° kJ/kmol
Substituting into the energy balance equation,

NfuelH R = quel + Nfuel Hp
N 1o (—103,847 kJ/kmol) = 32,969 kJ/h + N ., (—2.577x10° kJ/kmol) —> N ¢, = 0.01333 kmol/h
The molar and mass flow rates of the liquid water are
N, =N, Ny = (1.503 kmol/kmolfuel)(0.01333 kmol fuel/h) = 0.02003 kmol/h
m, =N,M_ =(0.02003 kmol/h)(18 kg/kmol)=0.3608 kg/h
The volume flow rate of liquid water is
Vi = @asec )My, =(0.001003 m>/kg)(0.3608 kg/h) =0.0003619 m*/h =8.7 L/day
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15-59

15-74 Wheat straw that is being considered as an alternative fuel is tested in a bomb calorimeter. The heating value of this
straw is to be determined and compared to the higher heating value of propane.

Assumptions 1 Combustion is complete.
Analysis The heat released by the combustion is
Q =mc,AT =(100kJ/K)(1.8K)=180kJ

The heating value is then

pv =2 2 180K 16 000 Kkalkg

“m 0.010ke
From Table A-27, the higher heating value of propane is
HHV = 50,330 kJ/kg
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15-60
Adiabatic Flame Temperature

15-75C For the case of stoichiometric amount of pure oxygen since we have the same amount of chemical energy released
but a smaller amount of mass to absorb it.

15-76C Under the conditions of complete combustion with stoichiometric amount of air.
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15-61

15-77 Hydrogen is burned with 50 percent excess air during a steady-flow combustion process. The exit temperature
of product gases is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under
adiabatic conditions (Q = 0) with no work interactions (W = 0). Under steady-flow conditions the energy balance

Ein —Eou = AEgygem applied on the combustion chamber reduces to
> Np(h; +h-h°), => Nglh; +h-h°), H, %
The combustion equation of H, with 50% excess air is 27°C 7| Combustion | Products

Air chamber To

H, +0.75(0, +3.76N, )——> H,0 + 0.250, + 2.82N,

From the tables, 0% exce;;aig ;
hy ha00k g k
Substance kJ/kmol kJ/kmol kJ/kmol
H, 0 8522 8468
0, 0 8736 8682
N, 0 8723 8669
H,0 (g) -241,820 9966 9904
Thus,
(1)~ 241,820 + Py o —9904)+ (0.25)0 + Py, —8682)+ (2.82)0 + hy, —8669)
=(1)0 + 8522 —8468)+ (0.75)(0 + 8736 — 8682) + (2.82 )0 + 8723 — 8669)
It yields

hio +0.25h, +2.82hy =278,590k]

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 278,590/(1 + 0.25 + 2.82) = 68,450 kJ/kmol. This
enthalpy value corresponds to about 2100 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2100
K, but somewhat under it because of the higher specific heat of H,O.

At 2000 K: hu,o +0.25h, +2.82hy =(1)(82,593)+(0.25)67.881)+(2.82)64.810)
=282,330 kJ (Higher than 278,590 kJ)

At 1960 K: hu,o +0.25h, +2.826hy  =(1)80,555)+(0.25)(66,374)+ (2.82)(63,381)
=275,880 kJ (Lower than 278,590 kJ)
By interpolation, Tp = 1977 K

Discussion The adiabatic flame temperature cam be obtained by using EES without a trial and error approach. We found the
temperature to be 1978 K by EES. The results are practically identical.
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15-62

13
15-78 E Problem 15-77 is reconsidered. This problem is to be modified to include the fuels butane, ethane, methane,
and propane as well as H2; to include the effects of inlet air and fuel temperatures; and the percent theoretical air supplied.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHy + (y/4 + x) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x) (Theo_air/100) N2 + (y/4 + x) (Theo_air/100 - 1) O2
T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. " "The initial guess value of T_prod = 450K ."
Procedure Fuel(Fuel$:x,y,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H6' then
x=2;y=6
Name$='ethane'

else
If fuel$="C3H8' then
x=3; y=8
Name$="propane'
else
If fuel$="C4H10' then
x=4; y=10
Name$='butane'
else
if fuel$="CH4' then
x=1; y=4
Name$='"methane'
else
if fuel$='"H2' then

x=0; y=2
Name$="hydrogen'
endif; endif; endif; endif; endif
end

{"Input data from the diagram window"

T_fuel = 300 [K]

T_air=300 [K]

Theo_air =150 "%"

Fuel$="H2'}

Call Fuel(fuel$:x,y,Name$)

HR=enthalpy(Fuel$,T=T_fuel)+ (y/4 + x) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x)*
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod)
Moles_02=(y/4 + x) *(Theo_air/100 - 1)

Moles_N2=3.76*(y/4 + x)* (Theo_air/100)

Moles_CO2=x; Moles_H20=y/2

T[1]=T_prod; xa[1]=Theo_air "array variable are plotted in Plot Window 1"
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Theoair Tprod
[%] [K]
100 2528
150 1978
200 1648
250 1428
300 1271
350 1153
400 1060
450 986.3
500 925.5

Tprod [K]

2750 :

15-63

2350 [

1950

1550

1150

750 :

B Calculated point

100 150

200 250 300 350 400 450 500
Theo,;, [%]
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15-79 Acetylene is burned with stoichiometric amount of oxygen. The adiabatic flame temperature is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis Under steady-flow conditions the energy balance E;, —E = AE .., applied on the combustion chamber with

Q =W =0 reduces to
SNpl; +n =0 ), = SN i -0), — NG (7 +h 0] = SN

since all the reactants are at the standard reference temperature of 25°C. Then, for the stoichiometric oxygen
C,H, +2.50, —>2CO, +1H,0

From the tables,

_ _ CH, 7
h{ h —
f 298K 25°C | Combustion | Products
Substance —
kJ/kmol kJ/kmol , chamber [ T
100% theoretical O, P
C,H; (9) 226,730 - 25°C I
(0)3 0 8682
N, 0 8669
H,0 (9) -241,820 9904
CO, -393,520 9364
Thus,

(2)(= 393,520 + o, — 9364)+ (1) 241,820 + ypo0 — 9904)= (1)(226,730)+ 0+ 0

It yields 2oy + 1o =1,284,220 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 2,284,220/(2+1) = 428,074 kJ/kmol. The ideal gas
tables do not list enthalpy values this high. Therefore, we cannot use the tables to estimate the adiabatic flame temperature.
In Table A-2b, the highest available value of specific heat is ¢, = 1.234 kJ/kg-K for CO, at 1000 K. The specific heat of
water vapor is ¢, = 1.8723 kJ/kg-K (Table A-2a). Using these specific heat values,

(2)(-393,520+ T, AT )+ (1)~ 241,820 + T, AT )= (1)(226,730) + 0 + 0
where AT = (T, —25)°C. The specific heats on a molar base are

Cp.con =CpM =(1.234 ki/kg - K)(44 kg/kmol) = 54.3 ki/kmol - K
€p20 =CpM = (1.8723 kl/kg - K)(18 kg/kmol) = 33.7 k/kmol - K

Substituting,

(2)(~ 393,520 + 54.3AT )+ (1)(— 241,820 + 33.7AT ) = 226,730
(2x 54.3)AT +33.7AT =1,255,590
1,255,590 kJ/kmol
" (2x54.3+33.7)kJ/kmol - K

=8824K

Then the adiabatic flame temperature is estimated as

T, = AT +25=8824 + 25=8849°C
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15-65

15-80 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined
for both cases.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis Under steady-flow conditions the energy balance E;, —E = AE .., applied on the combustion chamber with
Q=W =0 reduces to

SNpl; +n =0 ), = SN i -07), — NG (7 +h 0] =SNG
since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air
C;Hg +a4 (0, +3.76 N,)——3CO, +4H,0+a, x3.76 N,

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

ath = 3 + 2 = 5 .
C;Hg &
Thus, —
25°C ¥ Combustion [ Products
C,Hg +5(0, +3.76N,)—>3CO, +4H,0 + 188N, i | chamber [T,
From the tables, 100% T
he HZQSK theoretical air
f
Substance kd/kmol kd/kmol
C:Hs (g) -103,850
0, 0 8682
N, 0 8669
H,0 (g) -241,820 9904
o, -393,520 9364
Thus,
(3)(- 393,520+ Ry —9364)+ (4)(- 241,820 + Py, —9904)+ (18.8)(0 + Py, — 8669)= (1)(~ 103,850)+ 0+ 0
It yields 3heey + 4hyao +18.8hy, =2,274,680 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 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This
enthalpy value corresponds to about 2650 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2650 K,
but somewhat under it because of the higher specific heat of H,O.

At 2500 K:

3heoy + 4hio +18.8Ny, =3x131,290 + 4 x 108,868 +18.8 x 82,981
=2,389,380 kJ (Higher than 2,274,680 kJ)

At 2450 K:

3heoy + N0 +18.8Ny, =3x 128,219 + 4 x 106,183 +18.8 x 81,149
=2,334,990 kJ (Higher than 2,274,680 kJ)

At 2400 K:

3heoy + 4hpao +18.8Ny, =3 x125,152 + 4% 103,508 +18.8 x 79,320
=2,280,704 kJ (Higher than 2,274,680 kJ)
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15-66

At 2350 K:

3heoy + 4hpo +18.8hy, = 3% 122,091+ 4 x 100,846 + 18.8 x 77,496

=2,226,580kJ (Lower than 2,274,680 kJ)

By interpolation of the two results,

Tp = 2394 K = 2121°C
When propane is burned with 50% excess air, the reaction equation may be written as

C;3Hg +1.5xa, (0, +3.76N,)——3C0O, +4H,0+0.5xa,0, +1.5xay x3.76N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

1.5a, =3+2+0.58, —> a, =5 (M
Thus, 25°C | Combustion [ Products

-

Air chamber To
C;Hg +7.5(0, +3.76N,)——>3CO, +4H,0 + 2.50, + 28.2N,

50% excess air 1
25°C
Using the values in the table,
(3)(- 393,520 + o, —9364)+ (4)(= 241,820 + Ay —9904)+ (2.5)(0 + P, —8682)
+(28.2)(0 + Py, —8669)=(1Y-103.850)+ 0+ 0

It yields 3heoy + N0 +2.5h, +28.2hy, =2,377,870 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 2,377,870/(3+4+2.5+28.2) = 63,073 kJ/kmol. This
enthalpy value corresponds to about 1960 K for N,. Noting that the majority of the moles are N,, Tp will be close to 1960 K,
but somewhat under it because of the higher specific heat of H,O.

At 1800 K:

3heoy + 4hipeo + 2.5, +28.2hy, =3x 88,806 + 4 x 72,513 + 2.5x 60,371 + 28.2x 57,651
=2,333,160 kJ (Lower than 2,377,870 kJ)

At 1840 K:

3heey + 4hipo + 2.5, +28.2hy, =3x 91,196 + 4 x 74,506 + 2.5 x 61,866 + 28.2 x 59,075
=2,392,190kJ (Higher than 2,377,870 kJ)

By interpolation,
Tp = 1830 K = 1557°C
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15-67

15-81 Octane is burned with 40 percent excess air adiabatically during a steady-flow combustion process. The exit
temperature of product gases is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and
combustion gases are ideal gases. 3 Kinetic and potential energies are

s
negligible. 4 There are no work interactions. 5 The combustion Cngg, |
chamber is adiabatic. 25°C | combustion | Products
Analysis Under steady-flow conditions the energy balance Ajr | Chamber | T,
Ein —Eou = AEgygem applied on the combustion chamber —
b= W= 30% excess air L
with Q =W = 0 reduces to 307°C

S Npl; +h-ht), =S NG (7 +R-R°),
since all the reactants are at the standard reference temperature of 25°C. Then,

CeH 5(1)+1.4a,(0, +3.76N,)——>8CO, +9H,0 +0.4a,0, +(1.4)3.76)a,, N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

14a, =8+4.5+04a, —> a, =12.5

Thus, C4H(g)+17.5(0, +3.76N,)——>8CO, +9H,0 + 50, +65.8N,

From the tables,
Hfo HZQBK HSSOK
Substance kd/kmol kd/kmol kd/kmol
CsHys (1) -249,950 - o
0, 0 8682 17,290
N, 0 8669 16,962
H,0 (g) 241,820 9904
Co, -393,520 9364
Thus,

(8)(—393.520 + Ao, —9364)+ (9)— 241,820 + hypp —9904 )+ (5)0+ Py, —8682)
+ (65.8)(0 +hy, — 8669): (1)(-249,950)+ (17.5)0+17,290 — 8682) + (65.8)(16,962 — 8669)
It yields 8hcos + N0 +5hoy +65.8hy, = 6,548,788 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 6,548,788/(8 + 9 + 5 + 65.8) = 74,588 kJ/kmol. This
enthalpy value corresponds to about 2250 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2250
K, but somewhat under it because of the higher specific heat of H,O.

At 2100 K:

8hcos + 9o +5ho +65.8hy, = (8)106,864)+(9)87,735)+ (5)(71,668)+(65.8)68,417)
= 6,504,706 kJ (Lower than 6,548,788 kI)

At 2150 K:

8hcos + 9o +5ho, +65.8hy, = (8)109,898)+(9)(90,330)+ (5)(73,573)+(65.8)(70,226)
= 6,680,890 kJ (Higher than 6,548,788 kJ)

By interpolation,
Tp = 2113 K =1840°C
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15-82 A certain coal is burned with 100 percent excess air adiabatically during a steady-flow combustion process. The
temperature of product gases is to be determined for complete combustion and incomplete combustion cases.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Properties The molar masses of C, H,, N,, O,, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses

of the constituents, the mole numbers of the constituent of the coal are determined to be

Nc

NH2

N02

NN2

S

Me

84.36 kg

- = =7.03 kmol
Mc 12 kg/kmol

_ M 189ke ) ous ol
My,  2kg/kmol

_ Moy __440kg 1375 kmol
Mg,  32kg/kmol

M 063ke 0508 kmol
My,  28kg/kmol

_Ms __089Ke 4 5578 kmol
Mg 32kg/kmol

The mole number of the mixture and the mole fractions are

N =7.03+0.945+0.1375 + 0.0225 + 0.0278 = 8.163 kmol

C

Y2

Yor =

Yn2

S

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation

_N¢ _ 7.03 kmol 08611
N, 8.163kmol

_ Nup _ 0.945 kmol _0.1158
N, 8.163kmol
No, _ 0.1375 kmol 001684
N,  8.163kmol

_ Nyo _ 0.0225 kmol —0.00276
N,  8.163kmol

_ Ns _ 0.0278 kmol —0.003407

N,

may be written as
0.8611C+0.1158H, +0.016840, +0.00276N, + 0.00341S + 2a,, (O, +3.76N,)
—>x(0.97CO, +0.03CO) + yH,0 + 2SO, + kN, +a,0,

8.163 kmol

According to the species balances,

C balance:
H, balance: y=0.1158

S balance:

x=0.8611

z2=0.00341

O, balance:

0.01684 +2a, =0.97x+0.015x+ 0.5y + 2 + ay,
ag, =(0.97)(0.8611) +(0.015)(0.8611) + (0.5)(0.1158) + 0.00341 - 0.01684 = 0.8927

N, balance: 0.00276 +2x3.76a, =k ——>k =0.00276 + 2x3.76 x 0.8927 = 6.72
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15-69
Substituting,
0.8611C+0.1158H, +0.016840, + 0.00276N, + 0.003407S +1.785(0, +3.76N,)
—0.8353CO, +0.0258CO + 0.1158H,0 + 0.00341SO, + 6.72N, +0.89270,

Under steady-flow conditions the energy balance E;, —E_, = AE applied on the combustion chamber with Q =W =0

system

reduces to
SNpl; +n =0 ), =S N i -07), — NG (7 +h -0 ), =SNG

From the tables,

h{ [
Substance kd/kmol kd/kmol
0, 0 8682
N, 0 8669
H,0 (g) 241,820 9904
co 110,530 8669
CO, -110,530 8669
Thus,
(0.8353)(- 393,520 + Ny —9364)+ (0.0258)~ 110,530 + hey —8669)+ (0.1158)(~ 241,820 + iy, —9904)
+(0.8927)0 + o, —8682)+ (6.72)(0 + iy, —8669)=0
It yields 0.8353hc0n + 0.0258N0 +0.1158hy,0 +0.8927Ny, + 6.72hy, = 434,760 kJ

The product 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

434,760/(0.8353+0.0258+0.1158+0.00341+6.72+0.8927) = 50,595 kJ/kmol.

This enthalpy value corresponds to about 1600 K for N,. Noting that the majority of the moles are N,, Tp will be close to
1600 K, but somewhat under it because of the higher specific heat of H,O.

At 1500 K:

0.8353h0, +0.0258h¢ +0.1158hy5,0 +0.9095h,, + 6.842hy,
=(0.8353)(71,078) + (0.0258)(47,517) + (0.1158)(57,999) + (0.8927)(49,292) + (6.72)(47,073)
=427,647k] (Lower than 434,760 kJ)

At 1520 K:

0.8353hc0, +0.0258h¢ +0.1158h;5,0 +0.9095h,, + 6.842hy,
=(0.8353)(72,246) + (0.0258)(48,222) + (0.1158)(58,942) + (0.8927)(50,024) + (6.72)(47,771)
=434,094k] (Lower than 434,760 kJ)
By extrapolation, Tp = 1522 K =1249°C
We repeat the calculations for the complete combustion now:
The combustion equation in this case may be written as
0.8611C +0.1158H, +0.016840, +0.00276N , +0.00341S + 2a,, (O, +3.76N )
—>xCO, + yH,0 + 2SO, + kN, +a,4,0,

According to the species balances,
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15-70
Chbalance: x=0.8611
H, balance: y=0.1158
Sbalance: z=0.00341
O, balance:

0.01684 +2a, =x+0.5y+z+a, —>ay =0.8611+(0.5)(0.1158) +0.00341—-0.01684 = 0.9056
N, balance: 0.00276 +2x3.76a,, =k ——k =0.00276 + 2 x3.76 x 0.9056 = 6.81

Substituting,
0.8611C +0.1158H, + 0.016840, + 0.00276N, + 0.003407S +1.819(0, +3.76N,)
—0.8611CO, +0.1158H,0 + 0.00341SO, + 6.81N, + 0.90560,

Under steady-flow conditions the energy balance E;, —E_,, = AE applied on the combustion chamber with Q =W =0

system

reduces to
ZNP(H; +H—Ho)p ZZNR(HF +H—H°)R — ZNP(HF "'H_HO)P :ZNRHF’R
From the tables,
ﬁ]f [P

Substance kJ/kmol kJ/kmol
0, 0 8682
N, 0 8669
H,0 (g) 241,820 9904
Co -110,530 8669
o, 0 8682

Thus,

(0.8611)~ 393,520 + o, —9364)+ (0.1158)(~ 241,820 + g, —9904)
+(0.9056)0 + gy —8682)+ (6.81)0 + Py, —8669)=0

It yields 0.8611hc, + 0.1158h;5,0 + 0.9056h,, + 6.81hy, = 442,971 kJ

The product 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

442.971/(0.8611+0.1158+0.00341+6.81+0.9056) = 50,940 kJ/kmol.

This enthalpy value corresponds to about 1600 K for N,. Noting that the majority of the moles are N,, Tp will be close to
1600 K, but somewhat under it because of the higher specific heat of H,O.

At 1500 K:

0.8611Nq, +0.1158hy,0 +0.9056h, + 6.81hy,
= (0.8611)(71,078) + (0.1158)(57,999) + (0.9056)(49,292) + (6.81)(47,073)
=433,128kJ (Lower than 442,971 kJ)

At 1520 K:

0.8611hq, + 0.1158hy,0 +0.9056hy, + 6.81hy,
=(0.8611)(72,246) + (0.1158)(58,942) + (0.9056)(50,024) + (6.81)(47,771)
=439,658kJ (Lower than 442,971 kJ)

By extrapolation, Tp = 1530 K = 1257°C
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15-71

15-83 A mixture of hydrogen and the stoichiometric amount of air contained in a constant-volume tank is ignited. The final
temperature in the tank is to be determined.

Assumptions 1 The tank is adiabatic. 2 Both the reactants and products are ideal gases. 3 There are no work interactions. 4
Combustion is complete.

Analysis The combustion equation of H, with stoichiometric amount of air is

H, +0.5(0, +3.76N, ) —> H,0 +1.88N, H,, AIR

The final temperature in the tank is determined from the energy balance relation 25°C, 1 atm

Ein — Eout = AEyem for reacting closed systems under adiabatic conditions (Q = 0)

with no work interactions (W = 0), Te

S Np (7 +h - —PT), = S Ng(A; +h -h - P7),

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature
only, and the Pv terms in this equation can be replaced by R,T.

It yields
Z NP(HF +hr, —hysg _RuT)P =Z NR(HFRUT)R

since the reactants are at the standard reference temperature of 25°C. From the tables,

h¢ Mg i

Substance kd/kmol kd/kmol

H, 0 8468

0, 0 8682

N, 0 8669

H,0 (g) -241,820 9904
Thus,

(1)~ 241,820+ Py —9904—8.314xTp )+ (1.88)(0 + Py, ~8669-8.314xTp )
=(1)0-8.314x298)+(0.5)0—8.314x298)+(1.88)0—8.314x298)

It yields hiyo +188hy, —23.94 x Tp = 259,648 kJ

The temperature of the product gases is obtained from a trial and error solution,

At 3050 K: hy,o +1.88hy, —23.94xT, = (1)139,051)+(1.88)(103,260)-(23.94)3050)
=260,163 kJ (Higher than 259,648 kJ)

At 3000 K: hio +1.88hy, —23.94xTp = (1)136,264)+ (1.88)101,407)-(23.94)3000)
=255,089 kJ (Lower than 259,648 kJ)

By interpolation, Tp = 3045 K
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15-72

15-84 Methane is burned with 300 percent excess air adiabatically in a constant volume container. The final pressure and
temperature of product gases are to be determined.

Assumptions 1 Air and combustion gases are ideal gases. 3 Kinetic and potential energies are negligible. 4 There are no
work interactions. 5 The combustion chamber is adiabatic.

Analysis The combustion equation is
CH, +4a,[0, +3.76N, |—> CO, + 2H,0 + 4a,, x3.76 N, + 32,0, Air + CH,
25°C, 100 kPa

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

p

Substituting, ~ CH, +8[0, +3.76N,|—> CO, + 2H,0+30.08 N, +60,
For this constant-volume process, the energy balance E;, —E = AE ., applied on the combustion chamber with
Q =W =0 reduces to

> Np(h +h =R -P7), =3 Nglhj +h-h° -P7),
Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields

S Npl; =R -R,T), =S Ng (A +h-h" -R,T),
From the tables,

ﬁ]f hagek
Substance kJ/kmol kJ/kmol
CH, (9) 74,850
o, 0 8682
N, 0 8669
H,0 (g) -241,820 9904
o, -393,520 9364

Thus,
(1)~ 393,520 + ey — 9364 —8.314x T, )+ (2)(- 241,820 + Py — 9904 —8.314xT, )
+(6)0+ Py —8682-8.314xT, )+ (30.08)0 + hy, —8669~8.314xT, )
= (1)(- 74,850 —8.314 x 298) + (8)(0 — 8.314 x 298) + (30.08)(~8.314 x 298)

Ityields  hegy +2Ny0 +6Ng, +30.08hy, —324.9T ) =—171,674 + 1,219,188 = 1,047,514 kJ

The adiabatic flame temperature is obtained from a trial and error solution. A first guess may be obtained by assuming all
the products are nitrogen and using nitrogen enthalpy in the above equation. That is,

39.08hy, —324.9T, =1,047,514 kJ
An investigation of Table A-18 shows that this equation is satisfied at a temperature close to 1200 K but it will be somewhat

under it because of the higher specific heat of H,O.
(48,258) +(2)(40,071) + (6)(34,899) + (30.08)(33,426) — (324.9)(1100) = 985,858

At 1100 K:
(Lower than 1,047,514 kJ)
At 1200 K- (53,848) +(2)(44,380) + (6)(38,447) + (30.08)(36,777) — (324.9)(1200) = 1,089,662
(Higher than 1,047,514 kJ)
By interpolation, Tp = 1159 K

The volume of reactants when 1 kmol of fuel is burned is
(8.314 kJ/kmol - K)(298 K)
101.3kPa

R,T
V=V +V =(Np + Nair)% = (1+38.08) kmol) =955.8m’

The final pressure is then
R,T

prod v

(8314 kJ/kmol - K)(1159K) _ 40, o

P=N 3
955.8m

= (39.08 kmol)
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15-73

Entropy Change and Second Law Analysis of Reacting Systems

15-85C Assuming the system exchanges heat with the surroundings at T, the increase-in-entropy principle can be
expressed as

- - .9
Seen :ZNPSP—ZNRSR+ 7‘:(:“

15-86C By subtracting RIn(P/Py) from the tabulated value at 1 atm. Here P is the actual pressure of the substance and Py is
the atmospheric pressure.

15-87C It represents the reversible work associated with the formation of that compound.

15-88 Hydrogen is burned steadily with oxygen. The reversible work and exergy destruction (or irreversibility) are to be
determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The combustion equation is
2H, +10, ——2H,0.

The H,, the O,, and the H,O are at 25°C and 1 atm, which is the standard reference state and also the state of the
surroundings. Therefore, the reversible work in this case is simply the difference between the Gibbs function of formation
of the reactants and that of the products,

o o — 0 —e 0 o —o
Wrev:ZNRgf,R_ZNng,P:NHzgf,HZ +No,0t0, —Nuo00tm0="Nuo0su0

= —(2 kmol - 237,180 kJ/kmol) = 474,360 kJ (for 2 kmol of H,)

since the g} of stable elements at 25°C and 1 atm is zero. Therefore, 474,360 kJ of work could be done as 2 kmol of H; is

burned with 1 kmol of O, at 25°C and 1 atm in an environment at the same state. The reversible work in this case
represents the exergy of the reactants since the product (the H,O) is at the state of the surroundings.

This process involves no actual work. Therefore, the reversible work and exergy destruction are identical,
Xdestruction = 474,360 kJ  (for 2 kmol of Hy)

We could also determine the reversible work without involving the Gibbs function,
W, =Y NR(H; +h=h —T0§)R -3 NP(H; +h-h —T0§)P

= 3 Nglfi; ~Tos) - 3 N (1 ~Ti5),

=Ny, (17 ~To5"), + No, (17 ~To57), = NiolPy ~To7),

Substituting,
W, = (2)0-298x130.58)+ (10 — 298 x 205.03) — (2 285,830 — 298 x 69.92) = 474,400 kJ

which is almost identical to the result obtained before.
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15-74

15-89 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy generation, and
the exergy destruction (or irreversibility) are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,O, N,, and
some free O,. Considering 1 kmol of C,Hy, the combustion equation can be written as

C,H,(g)+1.2a,(0, +3.76N,)— 2CO, + 2H,0 + 0.2a,0, + (1.2)3.76)a;, N,

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

l1.2ay, =2+14+0.2a, ——> ay=3 C,H, f
Thus, 25°C 4 Ccombustion [ Products
. hamber
C,H,(g)+3.6(0, +3.76N,) —— 2CO, + 2H,0 + 0.60, +13.54N, Air | ¢ Te
20% excess air L

Under steady-flow conditions, the exit temperature of the product gases
can be determined from the steady-flow energy equation, which reduces

to
S af ), = TN = (4 L,

since all the reactants are at the standard reference state, and for O, and N,. From the tables,

25°C

hy N 08 k

Substance kJ/kmol kJ/kmol
CaHy (9) 52,280

o, 0 8682

N, 0 8669
H,0 (g) 241,820 9904
Co, -393,520 9364

Substituting,

(2)(-393,520+ o, —9364 )+ (2)( 241,820+ hy;  —9904)
+(0.6)0+ho, —8682)+(13.54)0-+ Py, ~8669)=(1)(52,280)

or, 2heo, +2hy o +0.6hg +13.54hy =1,484,083 kJ

By trial and error,
Tp = 2269.6 K

(b) The entropy generation during this adiabatic process is determined from
Sgen =Sp = Sg = ZNPEP _ZNRER

The C,H, is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol-K (Table A-26). The entropy values listed
in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, but the
entropies are to be calculated at the partial pressure of the components which is equal to P; = Y; Py, Where y; is the mole
fraction of component i . Also,

Si = N;§; (T, Pi): Ni(gio(T’ Po)—Ry ln(Yi P ))
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15-75

The entropy calculations can be presented in tabular form as

N; Yi 57(T,1atm) RyIn(y;Pr) N;s;
C,Hy 1 1.00 219.83 --- 219.83
0, 3.6 0.21 205.14 -12.98 784.87
N, 13.54 0.79 191.61 -1.96 2620.94

Sr = 3625.64 kIJ/K

CO, 2 0.1103 316.881 -18.329 670.42
H,O 2 0.1103 271.134 -18.329 578.93
0, 0.6 0.0331 273.467 -28.336 181.08
N, 13.54 0.7464 256.541 -2.432 3506.49

Sp = 4936.92 kJ/K

Thus,
Spen =Sp —Sg =4936.92-3625.64 =1311.28 kJ/kmol - K

gen
and

(©) X gestroyed = ToS gen = (298 KN1311.28 ki/kmol-K C,H, )=390,760 kJ (per kmol C,H, )
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15-76

15-90 Liquid octane is burned steadily with 50 percent excess air. The heat transfer rate from the combustion chamber, the
entropy generation rate, and the reversible work and exergy destruction rate are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,0O, N,, and
some free O,. Considering 1 kmol CgH;g, the combustion equation can be written as

CgH 4(£)+1.5a, (0, +3.76N, ) —> 8CO, + 9H,0 + 0.5a,0, + (1.5)3.76)a, N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

1.5a, =8+4.5+0.5a, ——> ay=125
Thus,

CgH 5(¢)+18.75(0, +3.76N,) —— 8CO, +9H,0+6.250, +70.5N,

Under steady-flow conditions the energy balance E;, —E, = AE ., applied on the combustion chamber with W =0

reduces to
Qo = Y Nplf =R =S NG (7 +R A7) =S NGRT o > NG 4

since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T).

From the tables,
H; To=298K o)
Substance kd/kmol CiHys (£) ’
e
CsHys (1) -249,950 25°C | Combustion | Products
—>
02 0 Air chamber 25°C
—.>
N, 0 50% excess air
H,0 (I) -285,830 2>°C
CO, -393,520
Substituting,

~Qou = (8)(~393,520)+(9)(-285,830)+ 0+ 0 — (1)(-249,950)— 0 — 0 = —5,470,680 kJ/kmol of CgH or
Qout = 5,470,680 kl/kmol of CgH

The CgH g is burned at a rate of 0.25 kg/min or

_m_ 0.25 kg/min B . |
=M R (81 Tkghmol 02X 10 kmol/min

Thus,
Qo =NQ,, = (2.193x10‘3 kmol/minX5,470,68O kJ/kmol) = 11,997 kJ/min

The heat transfer for this process is also equivalent to the enthalpy of combustion of liquid CgH;s, which could easily be de
determined from Table A-27 to be HC = 5,470,740 kJ/kmol CgH 3.

(b) The entropy generation during this process is determined from

_ Qout _ S S Qout
Sin =Sp = Sg + 2 —> Sy =D NpSp - D Ngsg +o

gen
surr surr
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15-77

The CgHys is at 25°C and 1 atm, and thus its absolute entropy is S¢ ;. = 360.79 kJ/kmol.K (Table A-26). The entropy

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm,
but the entropies are to be calculated at the partial pressure of the components which is equal to P; = V; Py, Where ; is the
mole fraction of component i. Also,

S =N;5(T.R)= Ni(gio(T’ Py)-R, In(y;P,, ))

The entropy calculations can be presented in tabular form as

N; Yi 57 (T,1atm) RuIn(yiPn) N5
CsHi 1 1.00 360.79 360.79
0, 18.75 0.21 205.14 -12.98 4089.75
N, 70.50 0.79 191.61 -1.96 13646.69
Sg = 18,097.23 kI/K
CO, 8 0.0944 213.80 -19.62 1867.3
H,0 (V) 9 69.92 629.3
0, 6.25 0.0737 205.04 -21.68 1417.6
N, 70.50 0.8319 191.61 -1.53 13,616.3
Sp = 17,531 kI/K
Thus,
Sgen =Sp —Sg +Qﬂ=17,531—18,097+w=17,798 kJ/kmol - K
and .
Sgen = NS = (2.193><10_3 kmol/minX17,798 kJ/kmol -K ) = 39.03 kJ/min- K

(c) The exergy destruction rate associated with this process is determined from

X gestroged = ToSgen = (298 K)(39.03 kJ/min -K)=11,632 kJ/min =193.9 kW
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15-78

15-91E Benzene gas is burned steadily with 90 percent theoretical air. The heat transfer rate from the combustion chamber
and the exergy destruction are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and the combustion gases are ideal gases. 3 Changes in kinetic and
potential energies are negligible.

Analysis (a) The fuel is burned with insufficient amount of air, and thus the products will contain some CO as well as CO,,

H,0, and N,. The theoretical combustion equation of C¢Hg is 0
CeH, +y (0, +3.76N,) ——> 6CO, + 3H,0 +3.76a, N, cn f
6116
Evl}ere ay, is the stoichiometric coefficient and is determined from the O, 77°F | Combustion | Products
alance, —
Air chamber 1900 R
a,=6+15=75 —
90% theoretical
Then the actual combustion equation can be written as 77°F

CHg +(0.90)7.5(0, +3.76N, )— xCO, +(6—x)CO +3H,0 +25.38N,
The value of X is determined from an O, balance,

(0.90)7.5)=x+(6-x)2+1.5 —> x=4.5
Thus,

C¢Hg +6.75(0, +3.76N, )——>4.5C0O, +1.5CO + 3H,0 + 25.38N

Under steady-flow conditions the energy balance E;, —E , = AE ., applied on the combustion chamber with W =0

reduces to
Q=Y Np (7 +R-h° ), -y Ng (0 +R-h°) :ZNP(H; +h-h°), -3 Nghi g

since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T).

From the tables,
hy hsgr g [
Substance Btulbmol  Btulbmol  Btu/lbmol
CeHq (g) 35,680
0, 0 3725.1 14322
N, 0 37295 13,742
H,0 (g) -104,040 4258.0 16,428
CO -47,540 3725.1 13,850
CO, -169,300 4027.5 19,698
Thus,

— Quu = (4.5(~169,300 +19,698 — 4027.5) + (1.5 )— 47,540 + 13,850 — 3725.1)
+(3)(— 104,040 + 16,428 — 4258) + (25.38)0 + 13,742 — 3729.5) - (1)35,680) - 0 — 0
=-804,630 Btu/lbmol of CzHg

(b) The entropy generation during this process is determined from

Sgen = SP - SR +__|Q_0ut = Z NP§P _Z NR§R +__(|_?0ut
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15-79
The C¢Hg is at 77°F and 1 atm, and thus its absolute entropy is S i, = 64.34 Btu/lbmol'R (Table A-26E). The entropy

values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm,
but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y; Py, where y; is the
mole fraction of component i. Also,

S =N;5(T.R)= Ni(gio(T’ Py)—R, In(y; Py, ))

The entropy calculations can be presented in tabular form as

N; Yi 57 (T,1atm) RyIn(y;Py,) N;S;

CeHs 1 1.00 64.34 - 64.34

0, 6.75 0.21 49.00 -3.10 351.68

N, 25.38 0.79 45.77 -0.47 1173.57

Sg = 1589.59 Btu/R

CO;, 4.5 0.1309 64.999 -4.038 310.67

CO 1.5 0.0436 56.509 -6.222 94.10

H,0 (9) 3 0.0873 56.097 -4.843 182.82

N» 25.38 0.7382 54.896 -0.603 1408.56

Sp = 1996.15 Btu/R

Thus,

Seen =Sp —Spi +&=1996.15—1589.59+
T

gen

505930 _1904.9 Bru/r

surr

Then the exergy destroyed is determined from

X estroyed = ToSgen = (537 R)(1904.9 Btu/Ibmol- R )=1,022,950 Btu/R (per Ibmol C(H)
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15-80

15-92 Liquid propane is burned steadily with 150 percent excess air. The mass flow rate of air, the heat transfer rate
from the combustion chamber, and the rate of entropy generation are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Properties The molar masses of C;Hg and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,O, N,, and
some free O,. Considering 1 kmol of C;Hg, the combustion equation can be written as

C3Hg(#)+2.5a,(0, +3.76N,)— 3CO, + 4H,0 +1.5a,0, +(2.5)3.76)a, N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

2.5ay, =3+2+15a, — a;=5
Substituting,

C3Hg()+12.5(0, +3.76N, ) — 3CO, + 4H,0 + 7.50, + 47N,

The air-fuel ratio for this combustion process is

A Mair _ (12.5x4.76 kmol 29 kg/kmol)

B =39.2 kg air/kg fuel
Mee (3 kmol )12 kg/kmol)+ (4 kmol)(2 kg/kmol) g air/kg fue

Thus,
My, = (AF) Mg, )= (39.2 kg air/kg fuel 0.4 kg fuel/min)=15.7 kg air/min

(b) Under steady-flow conditions the energy balance E;, —E_; = AE ., applied on the combustion chamber with W =0

reduces to
~Quui = Y Nplh + 7 =07 )~ S Ng Ay + R -h°),
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, (The ﬁ;’ of liquid

propane is obtained by adding the hy, at 25°C to H;’ of gaseous propane).

hy Nags k Naes k N 1200 k
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol
C;H; (0) -118,910 - - -
0, 0 8296.5 8682 38,447
N, 0 8286.5 8669 36,777
H,0 (g) 241,820 9904 44,380
Co, -393,520 9364 53,848

Thus,

~Quu = (3)(~393,520+ 53,848 —9364)+ (4 241,820 + 44,380 — 9904)
+(7.5)(0+38,447 —8682)+(47)0+36,777 —=8669)— (1Y~ 118,910+ h,os — o)
—(12.5)(0+8296.5-8682)— (470 +8286.5 — 8669)
=-190,464 kJ/kmol of C;Hj

Thus 190,464 kJ of heat is transferred from the combustion chamber for each kmol (44 kg) of propane. This corresponds to
190,464/44 = 4328.7 kJ of heat transfer per kg of propane. Then the rate of heat transfer for a mass flow rate of 0.4 kg/min
for the propane becomes
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15-81
Qout = MGy = (0.4 kg/min)4328.7 ki/kg) = 1732 kd/min

(c) The entropy generation during this process is determined from

Qu - - Qu
Sgen :SP—SR+TL‘=ZNPSP—ZNRsR+ T‘”

surr surr

The C3Hs is at 25°C and 1 atm, and thus its absolute entropy for the gas phase is S¢ = 269.91kJ/kmol'K (Table A-26).
Then the entropy of C;Hg(?) is obtained from

hg

15,060
S, ()= scyn, () =519 = Scym, ()7 =26991-225==

5 =219.4 kJ/kmol-K

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y;
P.ota1, Where Y; is the mole fraction of component i. Then,

Si =N;5; (T’ Pi)= Ni(gio(T’ Po)— Ry 1H(Yi P ))

The entropy calculations can be presented in tabular form as

N; Yi 57 (T,1atm) RyIn(yiPy) N;S;

C3Hg 1 219.40 219.40

0, 12.5 021 203.70 -12.98 2708.50

N, 47 0.79 190.18 -1.96 9030.58

Sk = 11,958.48 kI/K

o, 3 0.0488 279.307 25.112 913.26

H,0 () 4 0.0650 240.333 22.720 1052.21

0, 75 0.1220 249.906 -17.494 2005.50

Na 47 0.7642 234.115 -2.236 11108.50

Sp = 15,079.47 kI/K

Thus,

S.en =Sp —Sg  Dou _ 15,079.47—11958.48 + 120464 _ 3760 1 ik (per kmol C;Hy)
T 298

gen
surr

Then the rate of entropy generation becomes

Sgen = (N)Sen )= (% kmol/minj(3760.l kJ/kmol- K ) = 34.2 k/min - K
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15-82

13
15-93 E Problem 15-92 is reconsidered. The effect of the surroundings temperature on the rate of exergy destruction is
to be studied.

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

Fuel$ = 'Propane (C3H8)_liq'

T_fuel = (25 + 273.15) "[K]"

P_fuel = 101.3 [kPa]

m_dot_fuel = 0.4 [kg/min]*Convert(kg/min, kg/s)
Ex = 1.5 "Excess air"

P_air = 101.3 [kPa]

T_air = (12+273.15) "[K]"

T_prod = 1200 [K]

P_prod = 101.3 [kPa]

Mw_air = 28.97 "Ibm/Ibmol_air"
Mw_C3H8=(3*12+8*1) "kg/kmol_C3H8"
{TsurrC = 25 [C]}

T_surr = TsurrC+273.15 "[K]"

"For theoretical dry air, the complete combustion equation is"
"C3H8 + A_th(02+3.76 N2)=3 CO2+4 H20 + A_th (3.76) N2 "

2*A_th=3*2+4*1"theoretical O balance"

"The balanced combustion equation with Ex%/100 excess moist air is"
"C3H8 + (1+EX)A_th(02+3.76 N2)=3 CO2+ 4 H20 + (1+Ex) A_th (3.76) N2+ Ex( A_th) O2 "

"The air-fuel ratio on a mass basis is:"
AF = (1+Ex)*A_th*4.76*Mw_air/(1*Mw_C3H8) "kg_air/kg_fuel"

"The air mass flow rate is:"
m_dot_air = m_dot_fuel * AF

"Apply First Law SSSF to the combustion process per kilomole of fuel:"
E_in-E_out=DELTAE_cv
E_in=HR

"Since EES gives the enthalpy of gasesous components, we adjust the

EES calculated enthalpy to get the liquid enthalpy. Subtracting the enthalpy

of vaporization from the gaseous enthalpy gives the enthalpy of the liquid fuel.
h_fuel(liq) = h_fuel(gas) - h_fg_fuel"

h_fg_fuel = 15060 "kJ/kmol from Table A-27"

HR = 1*(enthalpy(C3H8, T=T_fuel) - h_fg_fuel)+ (1+Ex)*A_th*enthalpy(O2,T=T_air)+(1+Ex)*A_th*3.76
*enthalpy(N2,T=T_air)

E_out=HP + Q_out
HP=3*enthalpy(CO2,T=T_prod)+4*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76*
enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(O2,T=T_prod)

DELTAE_cv = 0 "Steady-flow requirement"

"The heat transfer rate from the combustion chamber is:"
Q_dot_out=Q_out"kJ/kmol_fuel"/(Mw_C3H8 "kg/kmol_fuel")*m_dot_fuel"kg/s" "kW"

"Entopy Generation due to the combustion process and heat rejection to the surroundings:"

"Entopy of the reactants per kilomole of fuel:"

P_02_reac= 1/4.76*P_air "Dalton's law of partial pressures for O2 in air"
s_02_reac=entropy(0O2,T=T_air,P=P_02_reac)

P_N2_reac= 3.76/4.76*P_air "Dalton's law of partial pressures for N2 in air"
s_N2_reac=entropy(N2,T=T_air,P=P_N2_reac)
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15-83

s_C3H8_reac=entropy(C3HS8, T=T_fuel,P=P_fuel) - s_fg_fuel "Adjust the EES gaseous value by s_fg"
"For phase change, s_fg is given by:"

s_fg_fuel = h_fg_fuel/T_fuel

SR = 1*s_C3H8_reac + (1+Ex)*A_th*s_0O2_reac + (1+Ex)*A_th*3.76*s_N2_reac

"Entopy of the products per kilomle of fuel:"

"By Dalton's law the partial pressures of the product gases is the product
of the mole fraction and P_prod"

N_prod = 3 + 4 + (1+Ex)*A_th*3.76 + Ex*A_th "total kmol of products"
P_02_prod = Ex*A_th/N_prod*P_prod "Patrial pressure O2 in products"
s_02_prod=entropy(O2,T=T_prod,P=P_0O2_prod)

P_N2_prod = (1+Ex)*A_th*3.76/N_prod*P_prod "Patrial pressure N2 in products"
s_N2_prod=entropy(N2,T=T_prod,P=P_N2_prod)

P_CO2_prod = 3/N_prod*P_prod "Patrial pressure CO2 in products"
s_CO2_prod=entropy(CO2, T=T_prod,P=P_CO2_prod)

P_H20_prod = 4/N_prod*P_prod  "Patrial pressure H20 in products"
s_H20_prod=entropy(H20, T=T_prod,P=P_H20O_prod)

SP =3*s_CO02_prod + 4*s_H20O_prod + (1+Ex)*A_th*3.76*s_N2_prod + Ex*A_th*s_0O2_prod

"Since Q_out is the heat rejected to the surroundings per kilomole fuel,
the entropy of the surroundings is:"
S_surr=Q_out/T_surr

"Rate of entropy generation:"
S _dot_gen = (SP - SR +S_surr)"kJ/kmol_fuel"/(Mw_C3H8 "kg/kmol_fuel")*m_dot_fuel'kg/s" "kW/K"
X_dot_dest = T_surr*S_dot_gen"[kW]"

TsurrC | Xgeut WS
[C] [kW]
0 157.8
4 159.7 1735 1
8 161.6
12 163.5 —
16 165.4 = 1695 1
20 167.3 =
24 169.2 o
28 171.1 o 1655 -
32 173 <
36 174.9
38 175.8 1615 f
1575 1 | 1 | 1 | | | | |
0 5 10 15 20 25 30 35 40

TsurrC [C]

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

15-84

15-94 Liquid octane is burned steadily with 70 percent excess air. The entropy generation and exergy destruction per unit
mass of the fuel are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Properties The molar masses of CgH;g and air are 114 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,0, N,, and some
free O,. Considering 1 kmol CgH;g, the combustion equation can be written as

CgH g (0)+1.7a4 (0, +3.76N, )——>8CO, + 9H,0 +0.7a,0, + (1.7)(3.76)a, N,

where ay, is the stoichiometric coefficient and is CsHys (0)
determined from the O, balance, —
25°C | Combustion Products
1.7ath = 8 + 45 + 0.7ath e ath = 125 Alr chamber —>1500 K
Th N
> 70% excess air
CgH g (¢)+21.25(0, +3.76N,) ——> 8CO, +9H,0 +8.750, + 79.9N, 600 K

(b) Under steady-flow conditions the energy balance E;, —E = AE .., applied on the combustion chamber with W = 0

reduces to
™ Qo = Z NP(HF +H_HO)P _Z NR(HfQ +H—HQ)R

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables,

HF H298K H600 K H:|.500 K
Substance kd/kmol kJ/kmol kJ/kmol kJ/kmol
CsHig () -249,950 - - -
0, 0 8682 17,929 49,292
N, 0 8669 17,563 47,073
H,0 (g) -241,820 9904 57,999
co, -393,520 9364 71,078

Thus,
=(8)(—393,520 + 71,078 — 9364) + (9}~ 241,820 + 57,999 —9904)

=
- (8.75)0 + 49,292 — 8682) + (79.9)(0 + 47,073 — 8669) — (1)(— 249,950)
—(21.25)0+17,929 —8682) - (79.9)0 + 17,563 — 8669)

= —1,631,335 kl/kmol of CgH g

The entropy generation during this process is determined from

Qou = = Qou
Sien =Sp =Sk + 7 L= NpSp— ) Niig+ - d

surr

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of Py, = 600 kPa (=600/101.325=5.92 atm), but the entropies are to be calculated at the partial pressure of the
components which is equal to P; = y; Py, where y; is the mole fraction of component i. Then,

S = NS, (TP )= Ny 57 (T, Py)—R, In(y; Py, )
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The entropy calculations can be presented in tabular form as

N; Yi 57 (T,1atm) RyIn(y;Ppy) N;S;

CsHis 1 - 466.73 14.79 451.94

0, 21.25 0.21 226.35 1.81 4771.48

N» 79.9 0.79 212.07 12.83 15,919.28

Sgp = 21,142.70 kJ/K

CO; 8 0.0757 292.11 -6.673 2390.26

H,0 (9) 9 0.0852 250.45 -5.690 2305.26

0, 8.75 0.0828 257.97 -5.928 2309.11

N, 79.9 0.7563 241.77 12.46 18,321.87

Sp = 25,326.50 kJ/K

Thus,

Seen =Sp —Sg + Qour _ 2532650~ 21,142.70 + 2031333 _g6se 11k (per kmol C¢H ¢ )
T 298

gen
surr

The exergy destruction is

X gest = ToSgen = (298)(9658.1kJ/K) = 2,878,114 kI/K (per kmol C¢H,)

gen

The entropy generation and exergy destruction per unit mass of the fuel are

Sgen _ 9658.1KJ/K - kmol

S =84.72kJ/K -kg CgHyg

© "M 1l4kgkmol
X .
X~ Xus  2878UAKIK kol o o0 o
M fie1 114 kg/kmol

15-85
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15-86
15-95 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of
work that can be produced by this engine is to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,0, N,, and some
free O,. Considering 1 kmol CH;0H the combustion equation can be written as

CH;OH +3a,, (0, +3.76N, )——CO, + 2H,0 + 28,0, +3a,, x3.76N,

Qout

where ay, 1s the stoichiometric coefficient and is determined CH.OH
from the O, balance, 3

25°C Products

0.5+3ay =1+1+2a, —>ay, =1.5 =g

200% excess air

25°C

Thus,

CH;OH +4.5(0, +3.76N, )—— CO, + 2H,0 + 30, +16.92N,

Under steady-flow conditions the energy balance E;, —E, = AE ., applied on the combustion chamber with W =0

reduces to
~ Qo :Z NP(HF +H_HO)P _Z NR(Hfo +H—HO)R

Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables,

H; H298K H350K
Substance

kJ/kmol kJ/kmol kJ/kmol
CH;0OH -200,670
0, 0 8682 10,213
N, 0 8669 10,180
H,0 (g) -241,820 9904 11,652
CO, -393,520 9364 11,351

Thus,

—Quy = (1X(=393,520+11,351-9364) + (2)— 241,820 + 11,652 — 9904)
+(3)0+10,213 -8682)+(16.92)(0 +10,180 — 8669) — (1Y~ 200,670)
= 663,550 kJ/kmol of fuel

The entropy generation during this process is determined from
Q < < .9
TSL“T TSllIT

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y;
P, Where Y; is the mole fraction of component i. Then,

Si =N;§; (T, Pi): Ni(gio(T’ Po)_ R, ln(Yi Pn ))
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The entropy calculations can be presented in tabular form as

N; Yi 57(T,1atm) RyIn(y;Ppy) N;S;
CH;0H 1 - 239.70 - 239.70
0, 4.5 0.21 205.04 -12.98 981.09
N» 16.92 0.79 191.61 -1.960 3275.20
Sgr = 4496 kJ/K
CO; 1 0.0436 219.831 -26.05 245.88
H,0 (g) 2 0.0873 194.125 2027 428.79
0, 3 0.1309 209.765 -16.91 680.03
N, 16.92 0.7382 196.173 -2.52 3361.89

Sp = 4717 kJ/K

Thus,
663,550

S,.. =Sp —Sg + Qo _ 4717 - 4496+
T

gen

= 2448 kJ/K (per kmol fuel)

surr
The maximum work is equal to the exergy destruction

W, = X = ToSeen = (298)(2448 kI/K) = 729,400 kJ/K (per kmol fuel)

gen
Per unit mass basis,

~729,400kJ/K - kmol
ma 32 kg/kmol

= 22,794 kJ/kg fuel

15-87
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15-88

Review Problems

15-96 A sample of a certain fluid is burned in a bomb calorimeter. The heating value of the fuel is to be determined.
Properties The specific heat of water is 4.18 kJ/kg.°C (Table A-3).

Analysis We take the water as the system, which is a closed
system, for which the energy balance on the system

Ein — Eout = AEgygem With W =0 can be written as
Qin =AU
Reaction
or chamber
Qin = MCAT
= (2 kg)4.18 kl/kg -°C)2.5°C)

=20.90 kJ (per gram of fuel)

Therefore, heat transfer per kg of the fuel would be 20,900
kJ/kg fuel. Disregarding the slight energy stored in the gases
of the combustion chamber, this value corresponds to the
heating value of the fuel.
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15-89
15-97E Hydrogen is burned with 100 percent excess air. The AF ratio and the volume flow rate of air are to be determined.
Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases.

Properties The molar masses of H, and air are 2 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis (a) The combustion is complete, and thus products will contain only H,O, O, and N,. The moisture in the air does
not react with anything; it simply shows up as additional H,O in the products. Therefore, for simplicity, we will balance the
combustion equation using dry air, and then add the moisture to both sides of the equation. The combustion equation in this
case can be written as

H, +2a, (0, +3.76N,)— H,0 + 8,0, +(2)(3.76)a; N,

Q
where ay, is the stoichiometric coefficient for air. It is determined from H, ’
— ™| Combustion
O, balance: 2ay =0.5+ay, o a, =05 chamber Products
—
Substituting,  H, + (0, +3.76N, )—> H,0 + 0.50, + 3.76N, Al | b 145 psia
Therefore, 4.76 1bmol of dry air will be used per kmol of the fuel. 90°F

The partial pressure of the water vapor present in the incoming air is

Poin = air Parooer = (0.60)(0.69904 psi) = 0.419 psia

The number of moles of the moisture that accompanies 4.76 Ibmol of incoming dry air (N, ;,) is determined to be

P,. ‘
Nyin =| — N g :[M]@Jm Ny i) —— Ny =0.142 Ibmol
otal 14.5 psia ’

The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.142 lbmol of
H,O to both sides of the equation,

H, +(0, +3.76N, )+0.142H,0 —1.142H,0 + 0.50, +3.76N ,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap Mar _ (4.76 1bmol)(29 Ibm/Ibmol)+ (0.142 Tbmol )18 Ibm/lbmol) _ 20.3 Ibm air/lbmfuel

Mfuel (1 Ibmol )2 Ibm/Ibmol)

(b) The mass flow rate of H, is given to be 10 Ibm/h. Since we need 70.3 lbm air per Ibm of H,, the required mass flow rate
of air is

My = (AF) Mg )= (70.3)(25 Ibm/h) = 1758 Ibm/h
The mole fractions of water vapor and the dry air in the incoming air are

Nuo 0142
= = =0.029 and . =1-0.029=0.971
Yo N 4.76+0.142 Y dryair

Thus,
M =(YM )0 +(YM ) gyir = (0.029)18)+(0.971)(29) = 28.7 Ibm/Ibmol
L RT _ (10.73/28.7 psia-fﬁ/lbm-RXsso R)
P 14.5 psia
U = = (1758 Ibm/h)14.18 t*/1bm )= 24,928 ft/h

=14.18 ft*/Ibm
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15-90

15-98 A gaseous fuel with a known composition is burned with dry air, and the volumetric analysis of products gases is
determined. The AF ratio, the percent theoretical air used, and the volume flow rate of air are to be determined.

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases.
Properties The molar masses of C, H,, N,, O,, and air are 12, 2, 28, 32, and 29 kg/kmol, respectively (Table A-1).
Analysis Considering 100 kmol of dry products, the combustion equation can be written as
x(0.65CH, +0.25N, +0.100, )+ a(0, + 3.76N, )
——53.36C0O, +0.09CO +14.910, +81.64N, +bH,0

The unknown coefficients X, @, and b are determined

from mass balances, 65%0CH4
%Ny 3.36% CO,
C: 0.65x=3.36+0.09 —>x=531 10% O, Combustion 0.09% CO
H: (4)(0.65)x=20 ——b=6.90 chamber | 1491% 0,
()
N,: 0.25x+3.76a=81.64 —>a=21.36 Air 81.64% N

[Check 0,: 0.10x+a=3.36+0.045+14.91+ b/2—>a=21.23]

The N, balance and O, balance gives two different a values. There must be a small error in the volumetric analysis of the
products and the mass balance is not completely satisfied. Yet we solve the problem with an a value of 21.36 being aware
of this situation. Then,

5.31(0.65CH , +0.25N, +0.100, )+ 21.36(0, +3.76N,,)
——3.36C0, +0.09CO +14.910, +81.64N, + 6.9H,0

The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 5.31,
(0.65CH, +0.25N, +0.100, )+4.02(0, +3.76N, )
—50.633C0O, +0.017CO+2.810, +15.37N, +1.3H,0

(a) The air-fuel ratio is determined from its definition,

Ap Mar _ (4.02x4.76 kmol )29 kg/kmol) _ 26.9 kg airfkg fuel
Muer  0.65x16+0.25% 28 +0.10x 32

(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the
theoretical combustion equation of the fuel,

(0.65CH, +0.25N, +0.100, )+ a, (0, +3.76N, ) ——0.65C0O, +1.3H,0 +(0.25 + 3.76a,, )N,
0,: 0.10+a, =0.65+0.65 —> a, =12

Then, Percent theoretical air = Mot = Naiact _ (4'02)(4'76) kmol

= =3.35=335%
Myewr N (1:2)(4.76) kmol

(c) The specific volume, mass flow rate, and the volume flow rate of air at the inlet conditions are

,_RT _ (0287 kpa-m kg K J298 K)
P 100 kPa
My, = (AF)Mg, = (26.9 kg air/kg fuel 3.5 kg fuel/min) = 94.15 m* /min

=0.855 m’/kg

v, =(mv),, =(94.15 kg/min)(o.sss m3/kg)= 80.5 m*3/min

air
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15-91

15-99E Propane is burned with stoichiometric amount of air. The fraction of the water in the products that is vapor is to be
determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases.

Analysis The fuel is burned completely with the air, and thus the products will contain only CO,, H,O, and N,. Considering
1 kmol C;Hg, the combustion equation can be written as

C;Hg +5(0, +3.76N,)——3CO, +4H,0 +18.8N,

C;H
The mole fraction of water in the products is = .
Combustion
CO,, HoO, N,
y N0 4 kmol 0.1550 chamber | 2
Npoa  (3+4+18.8)kmol Theoretical air 1 atm 120°F
—

The saturation pressure for the water vapor is

P, = Psat@120°F =1.6951psia

When the combustion gases are saturated, the mole fraction of the water vapor will be

_ P _16951kPa _ s

Yo = 5 T 14696 kPa

Thus, the fraction of water vapor in the combustion products is

¢ _Yg_01153

vapor = =0.744
y  0.1550
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15-92

15-100 Coal whose mass percentages are specified is burned with 20% excess air. The dew-point temperature of the
products is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H,0, SO,, and N,. 3 Combustion
gases are ideal gases.

Properties The molar masses of C, H,, O,, S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses
of the constituents, the mole numbers of the constituent of the coal are determined to be

m .
Ne =De __6140Kke 517 1mol
Mc  12kg/kmol 61.40% C
m 5.79kg 5.79% H
Ny, =—12 = =2.895 kmol 2
7 My, 2kg/kmol 25.31% O,
m 2531k 1.09% N,
Ny =—22 = —=22"%8 __ 7909 kmol 141% S
Mo,  32kg/kmol 5.00% ash
m . by mass
Ny = __109ke 3093 kol (by mass)
My, 28kg/kmol
m .
= % = 0.04406 kmol Coal
S £/Kmo —
. . Combustion Products
The mole number of the mixture and the mole fractions are Air chamber >
N, =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 20% excoss

N .
Ve _Nc _ 5.117 kmol 05758
N, 8.886kmol

Ny,  2.895kmol

= = =0.3258
i =7y "7 5 886 kmol
N .
yoz _ 02 _ 0.7909 kmol —0.0890
N,  8.886kmol
N .
Yoy = N2 _ 0.03893kmol _ o
[\ 8.886 kmol
N .
Yo =N _ 0044O6km01:0.00496

N,  8.886kmol

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber

is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation
may be written as

0.5758C + 0.3258H, + 0.08900, + 0.00438N, + 0.00496S +1.25a,, (O, +3.76N,)
—>0.5758C0O, +0.3258H,0 + 0.004965S0, +0.25a,0, +1.25a, x3.76N,
According to the oxygen balance,
O, balance: 0.0890+1.25a, =0.5758+0.5x0.3258 + 0.00496 + 0.25a,, ——> a,, = 0.6547
Substituting,
0.5758C +0.3258H, +0.08900, + 0.00438N, + 0.00496S + 0.8184(0, +3.76N,)
—>0.5758C0O, +0.3258H,0 + 0.00496S0O, +0.16370, +3.077N,

The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases
corresponding to its partial pressure. That is,

R, =| Porod = 0.3258 kmol (101.3kPa) = 7.96 kPa
N rod (0.5758+0.3258+ 0.00496 + 0.1637 + 3.077) kmol

ThuS, po = Tsat@7.96 kPa = 41.300 (Table A—S)
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15-93

15-101 Methane is burned steadily with 50 percent excess air. The dew-point temperature of the water vapor in the products
is to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases.

Properties The molar masses of CH, and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,0, N,, and some
free O,. Considering 1 kmol CHy, the combustion equation can be written as

CH, +1.5a,(0, +3.76N,)—— CO, +2H,0+0.5a,,0, +(1.5)3.76)a;, N,

where ay, is the stoichiometric coefficient and is

determined from the O, balance, CH,4
—_—
1.5ay4, =1+1+0.5a, —> a, =2 Combustion | Products
Aj chamber T,
Thus, ir p
50% excess

CH, +3(0, +3.76N,) —— CO, +2H,0+0, +11.28N,

The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases
corresponding to its partial pressure. That is,

N
p, = (—V] P ot = ( 2 kmol J(IOI 325kPa) =13.26 kPa

N prod (1+2+1+11.28) kmol

Thus,
po = Tsat@13‘26 wpa =21.4°C (from EES)
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15-94

15-102 A mixture of 40% by volume methane, CH4, and 60% by volume propane, C3HS, is burned completely with
theoretical air. The amount of water formed during combustion process that will be condensed is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products 40% CH,
contain CO,, H,0, and N, only. 60% C;Hq
Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 _’ Products
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-1). Air >

— > 100°C
Analysis The combustion equation in this case can be written as 100% theoretical

04CH, +0.6C;Hg +a,[0, +3.76N,]|——>BCO, + DH,0+F N,

where ay, 1s the stoichiometric coefficient for air. The coefficient a4, and other coefficients are to be determined from the
mass balances

Carbon balance: B=04+3x0.6=2.2

Hydrogen balance: 2D =4%x0.4+8%x0.6=2D——>D=32

Oxygen balance: 2ay, =2B+D——2ay =2(2.2)+32——>ay =3.8
Nitrogen balance: 3.76ay =F ——3.76(3.8) =F ——> F =14.29

Then, we write the balanced reaction equation as
0.4CH, +0.6C;Hg +3.8[0, +3.76N,|—>2.2C0O, +3.2H,0+1429 N,

The vapor mole fraction in the products is

3.2

=—————=0.1625
2.2+3.2+14.29

Yy

The partial pressure of water in the products is

Py prod = Yy Poroa = (0.1625)(100 kPa) =16.25kPa
The dew point temperature of the products is 100 Steam
po = Tsat@16.25 Kpa =55.64°C
The partial pressure of the water vapor remaining in
the products at the product temperature is 300} §
P, = Pai@3oec =7.0kPa
The kmol of water vapor in the products at the g 200l i
product temperature is ~
N
Pv = . I:)prod 1
N total,product 100p /‘ 7
7.0kPa = N i 16.25 kPa: 2 o
22+ N, +14.29 /% 6.997 kpa—‘\3
_ O n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
Ny =1.241kmol 0 20 40 60 80 100 120 140 160 180 200

The kmol of water condensed is s [kJ/kmol-K]

N, =3.2-1.241=1.96 kmol water/kmol fuel
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15-95

15-103 A gaseous fuel mixture of 60% propane, C;Hg, and 40% butane, C4H,(, on a volume basis is burned with an air-fuel
ratio of 25. The moles of nitrogen in the air supplied to the combustion process, the moles of water formed in the
combustion process, and the moles of oxygen in the product gases are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products

contain CO,, H,0, and N, only. 60% C;Hg
i i 40% C4H,o
Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 N Products
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-1). L
Analysis The theoretical combustion equation in this case can be written as A
ir

0.6C;Hg +0.4C,H,y +a,[0, +3.76N,]|—>BCO, + DH,0+F N,

where ay, is the stoichiometric coefficient for air. The coefficient ay, and other coefficients are to be determined from the
mass balances

Carbon balance: B=3x0.6+4x04=34

Hydrogen balance: 8x0.6+10x04=2D——>D=44

Oxygen balance: 2a4, =2B+D—>2ay =2x34+44——>a, =5.6
Nitrogen balance: 3.76ay =F ——3.76x5.6=F —— F =21.06

Then, we write the balanced theoretical reaction equation as
0.6C,Hg +0.4C,H,, +5.6[0, +3.76N,|—>3.4CO, +44H,0+21.06 N,

The air-fuel ratio for the theoretical reaction is determined from

My (5.6 x4.76 kmol)(29 kg/kmol)

=15.59 kg air/kg fuel
(0.6x44 +0.4x58) kg

AF,, =

fuel

The percent theoretical air is

AF,
PercentTH ;, = —=actwal _ 2 100=160.4%
AF,  15.59
The moles of nitrogen supplied is
PercentTH, .
Ny, = % xay x3.76= %(5.6)(3.76) —33.8 kmol per kmol fuel

The moles of water formed in the combustion process is

Nio =D =4.4kmol per kmol fuel

The moles of oxygen in the product gases is

PercentTH ;.
(S

1 lag =[ 2292 _1}(5.6) = 3.38 kmol per kmol fuel
100 100
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15-96
15-104 Ethane is completely burned with air. Various parameters are to be determined for the given reaction.
Assumptions The water in the products is in the vapor phase.
Analysis (a) The reaction equation is given as
C,H, +4.788[0, +3.76N, |——>2CO, + 3H,0 +1.2880, +18N,
The partial pressure of water vapor is
P - N o 3 _ 3kmol

Potal = 100 kPa) = ——10"
N 2+3+1.288+18( ) 24.288 kmol

The dew point temperature of the product gases is the saturation temperature of water at this pressure:
Tap = Ts@1235kpa =49.6°C  (Table A-5)

(100 kPa) =12.35kPa

(b) The partial pressure of oxygen is

N 1.288 kmol C,Hg
Pos =—2 Pt = (100 kPa) = 5.303 kPa — ™| Combustion

N otal 24.288 kmol Products

Chamber >
The specific volume of oxygen is then, Air 100 kPa

Ro, T ) . -
Voy = ool _ (0.2598 kJ/kmol - K)(373 K) ~18.3m3/kg

P, 5.303kPa

(c) The combustion reaction with stoichiometric air is
C,H4 +3.5(0, +3.76N,)——2CO0, +3H,0 +3.5x3.76N,

Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N, and O, are stable
elements, and thus their enthalpy of formation is zero. Then,

G=hc =Hp —Hg = > Nphip - > Nghig =(NA7 ), + (N7 )~ (NRT ).
For the LHV, the water in the products is taken to be vapor. Then,
hc = (2 kmol)(-393,520 kJ/kmol) + (3 kmol)(—241,820 kJ/kmol)— (1 kmol)(—84,680 kJ/kmol)
=-1,427,820 kJ/kmol ethane
The LHV per unit kmol of the fuel is the negative of the enthalpy of combustion:
LHV =-h; =1,427,820 kJ/kmol C,Hg
(d) The average molar mass of the product gas is
_ NcoaMcos + NpaoMino + NoyMoy + Ny My,

M
N total
_ (2kmol)(44 kg/kmol) + (3 kmol)(18 kg/kmol) + (1.288 kmol)(32 kg/kmol) + (18 kmol)(28 kg/kmol)
24.288 kmol
_ 6872kmol _ 54 59 kgikmol
24.288 kmol

(e) The average molar constant pressure specific heat of the product gas is
= _ Nco2€p.coz + NmoCpmo + No2Cpo2 + NxaCpne
P N total
_ (2x41.16+3x34.28+1.288x30.14+18x29.27)kJ/K  750.8 kJ/K
24.288 kmol 24.288 kmol

=30.91kJ/kmol -K

(f) The air-fuel mass ratio is

AF < Mair_ _ (4.788x4.76x29) kg _ 660.9kg _ 22.03 kg air/kg fuel
Miyel (1x30) kg 30kg

(g) For a molar fuel flow rate is 0.1 kmol/min, the mass flow rate of water in the product gases is

N
20 M (0.1 kmol/min) imO!

C216 1 kmol

Mo = N o (18 kg/kmol) = 5.4 kg/min
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15-97

15-105 CO gas is burned with air during a steady-flow combustion process. The rate of heat transfer from the combustion
chamber is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 Combustion is complete.

Properties The molar masses of CO and air are 28 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis We first need to calculate the amount of air used per kmol of CO before we can write the combustion equation,

2968 kPa-m>/kg-K [310 K
Ucozﬂz(o 968 kPa-m>/kg Xso )=0'836m3/kg Q
P (110 kPa) co
, v, 0.4 m*/mi . oC
Mg =—>= 2 r3n1n =0.478 kg/min 37°C Combustion | Products
Veo  0.836 m”/kg Air chamber 900 K

Then the molar air-fuel ratio becomes 250(C

— N, m. /M. ) i

Fo_tair e /M _ (LS kg/min)(29 kg/kmol) _ o 0y 1o o) el

Npw  Mue /Mpe  (0.478 kg/min)/(28 kg/kmol)

Thus the number of moles of O, used per mole of CO is 3.03/4.76 = 0.637. Then the combustion equation in this case can
be written as

CO+0.637(0, +3.76N, )—— CO, +0.1370, +2.40N,

Under steady-flow conditions the energy balance E;, —E,, = AE .., applied on the combustion chamber with W =0

reduces to
~ Q= Z NP(HF +H_HD)P ‘Z NR(HF +H—H°)R

Assuming the air and the combustion products to be ideal gases, we have h =h(T). From the tables,

HF H298 K H3].0 K H900 K
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol
co 110,530 8669 9014 27,066
0 0 8682 27,928
Ny 0 8669 26,890
0, 393,520 9364 37,405

Thus,

—Quu = (1X393,520 +37,405-9364)+(0.137)0 + 27,928 - 8682)
+(2.4)0+26,890 -8669)— (1)~110,530+ 9014 —8669)—0 — 0
=-208,927 kJ/kmol of CO

Then the rate of heat transfer for a mass flow rate of 0.956 kg/min for CO becomes

: : m 0.478 kg/min .
Qout = NQout = (W]Qom = (mj(208,927 kJ/kmol)z 3567 kJ/min
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15-98

15-106 Ethanol gas is burned with 10% excess air. The combustion is incomplete. The theoretical kmols of oxygen in the
reactants, the balanced chemical reaction, and the rate of heat transfer are to be determined.

Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis (a) The balanced reaction equation for stoichiometric air is
C,HsO+a,[0, +3.76N,|——>2C0O, +3H,0 +a, x3.76 N,

The stoicihiometric coefficient ag, is determined from an O, balance:

C,HqO
0.3+ 8 =2+13——8, =3 E» Combustion| €O, CO
Substituting, — | chamber H,0, 02, N,
10% excess

C,H40+3[0, +3.76N,|——>2CO, +3H,0 +11.28N,
Therefore, 3 kmol of oxygen is required to burn 1 kmol of ethanol.
(b) The reaction with 10% excess air and incomplete combustion can be written as
C,H,O+1.1x 3[02 + 3.76N2]—>2(O.9 CO, +0.1CO)+3H,0+x0, +1.1x3x3.76 N,
The coefficient for O, is determined from a mass balance,
O, balance: 0.5+1.1x3=09%x2+0.5%(0.1x2)+0.5x3+Xx——>x=04
Substituting,
C,H,0+3.3[0, +3.76N,|—>1.8CO, +0.2CO+3H,0+0.40, +12.408 N,

(b) The heat transfer for this combustion process is determined from the energy balance E;, —E, = AE ., applied on

the combustion chamber with W = 0. It reduces to
~Quu = D Nplf +h =R ), =S N7 + R —h° ),

Both the reactants and products are at 25 °C. Assuming the air and the combustion products to be ideal gases, we have h =
h(T). Then, using the values given in the table,

—Q,y = (1.8)(=393,520) + (0.2)(~110,530) + (3)(—241,820) — (1)(~235,310)
=—1,220,590 kJ/kmol fuel

or

Qo = 1,220,590 kJ/kmol fuel

For a 3.5 kg/h of fuel burned, the rate of heat transfer is

: : m 3.5kg/h
=NQ_ =|— =278 (1,220,590 kJ/kmol) = 92,870 kJ/h = 25.80 KW
Qour = NQuu ( M )Q"‘“ 46 kg/kmol ( )
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15-99

15-107 Propane gas is burned with air during a steady-flow combustion process. The adiabatic flame temperature is to be
determined for different cases.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under
adiabatic conditions (Q = 0) with no work interactions (W = 0). Under steady-flow conditions the energy balance

Ein —Eou = AEgygem applied on the combustion chamber reduces to

S Nalfr +h ="}, =Y gl +h-h°), —— > Nalf7 +hy -A), =(NA; ),
since all the reactants are at the standard reference temperature of 25°C, and Hf" =0 for O, and N».

(a) The theoretical combustion equation of C;Hg with stoichiometric amount of air is

C4Hy(g)+5(0, +3.76N, ) —— 3CO, + 4H,0 +18.8N,

H o
From the tables, C_..f3 i
25°C | Combustion | Products
—
_ _ Air chamber Tp
h; N 298 k oo
5° "
Substance KI/kmol K3/kmol
C3Hy (Q) -103,850
0, 0 8682
N, 0 8669
H,0 (g) 241,820 9904
co 110,530 8669
CO, 1393,520 9364
Thus,
(3)-393,520+ A, —9364 )+ (4)(~ 241,820 + iy, —9904 )+ (18.8)0+ hy, —8669)= (1)~103,850)
It yields

3hco, +4hy o +18.8hy =2,274,675 kI

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 2,274,675 / (3 + 4 + 18.8) = 88,165 kJ/kmol. This
enthalpy value corresponds to about 2650 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2650
K, but somewhat under it because of the higher specific heats of CO, and H,0.

At 2400 K: 3hco, +4hy o +18.8hy = (3)(125.152)+(4)103,508)+(18.8)79.320)
=2,280,704 kJ (Higher than 2,274,675 kJ)

At 2350 K: 3hco, +4hy o +18.8hy = (3)122,091)+(4)100,846)~+ (18.8)(77.496)
=2,226,582 kJ (Lower than 2,274,675 kJ)

By interpolation, Tp = 2394 K

(b) The balanced combustion equation for complete combustion with 200% theoretical air is
C;Hg(g)+10(0, +3.76N,)——3CO, +4H,0 + 50, +37.6N,

Substituting known numerical values,
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15-100
(3)-393,520 + Ry, —9364)+ (4)— 241,820 + hyy o —9904)
+(5)0+ho, —8682)+ (37.6)0+ Py, —8669)= (1Y~103.850)
which yields
3heo, +4hy o + Sho, +37.6hy =2,481,060 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 2,481,060/ (3 +4 + 5+ 37.6) = 50,021 kJ/kmol. This
enthalpy value corresponds to about 1580 K for N,. Noting that the majority of the moles are N,, Tp will be close to 1580

K, but somewhat under it because of the higher specific heats of CO, and H,O.

At 1540 K: 3hco, +4hy o +5ho, +37.6hy =(3)(73.417)+ (4)59,888)+ (5)50,756) + (37.6 {48,470)
=2,536,055 kJ (Higher than 2,481,060 kJ)
At 1500 K: 3hco, +4hy o +5ho, +37.6hy =(3)71,078)+ (4)57.999) + (5(49,292) + (37.6{47.073)

N— —

=2,461,630 kJ (Lower than 2,481,060 kJ

By interpolation, Tp = 1510K
(c) The balanced combustion equation for incomplete combustion with 95% theoretical air is

C3Hg(g)+4.75(0, +3.76N, ) —— 2.5CO, + 0.5CO + 4H,0 +17.86N,
Substituting known numerical values,

(2.5)-393,520 + Ao, —9364)+ (0.5)~ 110,530 + A, — 8669)

+ (4)(— 241,820+ hy o, —9904)+(17.86)0 + hy - 8669) = (1Y-103,850)

which yields

2.5heo, +0.5hco +4hy o +17.86hy =2,124,684 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 2,124,684 / (2.5 +4 + 0.5 + 17.86) = 85,466 kJ/kmol.
This enthalpy value corresponds to about 2550 K for N,. Noting that the majority of the moles are N,, Tp will be close to
2550 K, but somewhat under it because of the higher specific heats of CO, and H,O.

At 2350 K:

2.5hco, +0.5hco +4hy o +17.86hy =(2.5)122,091)+(0.5)78,178)+ (4)(100,846 )+ (17.86)(77,496)
=2,131,779 kJ (Higher than 2,124,684 k)

At 2300 K:

2.5hco, +0.5heo +4hy o +17.86hy =(2.5)119,035)+(0.5)(76,345)+(4)98,199)+(17.86)75,676)
= 2,080,129 kJ (Lower than 2,124,684 kJ)

By interpolation, Tp = 2343 K
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15-101
15-108 The highest possible temperatures that can be obtained when liquid gasoline is burned steadily with air and with
pure oxygen are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis The highest possible temperature that can be achieved during a combustion process is the temperature which
occurs when a fuel is burned completely with stoichiometric amount of air in an adiabatic combustion chamber. It is
determined from

S Nplfr +h ="}, =S Ng (7 +h-h7), —— SN (A7 4 -R7), =(NA7 ),

since all the reactants are at the standard reference temperature of 25°C, and for O, and N,. The theoretical combustion
equation of CgH g air is

CgH g +12.5(0, +3.76N,)—> 8CO, + 9H,0 + 47N,

From the tables,
h; N08 k CsHis 7
—
Substance kd/kmol kd/kmol 25°C 71 Combustion |, Products
CsHis (0) -249.,950 - Air chamber Te. max
0, 0 8682 25°C g
N, 0 8669 i
H,0 (g) -241,820 9904
CO, -393,520 9364
Thus,

(8)(~ 393,520 + Ry, —9364)+ (9)~ 241,820 + Py, — 9904 )+ (47)0 + Py, —8669) = (1) 249,950)
Ityields 8hcq, +9hy o +47hy =5646,081kJ

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 5,646,081/(8 + 9 + 47) = 88,220 kJ/kmol. This
enthalpy value corresponds to about 2650 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2650
K, but somewhat under it because of the higher specific heat of H,O.

At 2400 K: 8hco, +9hy o +47hy = (8)125,152)+(9)103,508)+(47)(79.320)
= 5,660,828 kJ (Higher than 5,646,081 kJ)
At 2350 K: 8Nco, +9Ny o +47hy, =(8)(122,091)+(9)100,846)+(47)77,496)
= 5,526,654 kJ (Lower than 5,646,081 kJ)
By interpolation, Tp = 2395 K
If the fuel is burned with stoichiometric amount of pure O,, the combustion equation would be
C¢H g +12.50, ——8CO, +9H,0
Thus, (8)(~ 393,520 + e, —9364)+ (9)~ 241,820 + iy, —9904) = (1}~ 249,950)

It yields 8hco, + 9Ny o = 5,238,638 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 5,238,638/(8 + 9) = 308,155 kJ/kmol. This enthalpy
value is higher than the highest enthalpy value listed for H,O and CO,. Thus an estimate of the adiabatic flame temperature
can be obtained by extrapolation.

At 3200 K: 8hco, +9hy o = (8174,695)+(9)147.457) = 2,724,673 kJ
At 3250 K: 8heo, +9hy o = (8)177.822)+(9)150,272) = 2,775,024 kI

By extrapolation, we get Tp = 3597 K. However, the solution of this problem using EES gives 5645 K. The large difference
between these two values is due to extrapolation.
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15-102

15-109 Methyl alcohol vapor is burned with the stoichiometric amount of air in a combustion chamber. The maximum
pressure that can occur in the combustion chamber if the combustion takes place at constant volume and the maximum
volume of the combustion chamber if the combustion occurs at constant pressure are to be determined.

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential
energies are negligible.

Analysis (a) The combustion equation of CH;OH(g) with stoichiometric amount of air is
CH;0H + a,,(0, +3.76N, ) —> CO, + 2H,0 +3.76a, N,

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

CH;0H(g)
1+2ay =2+2 —— a, =15 AIR
25°C, 101 kPa

Thus,

v
CH,0H +1.5(0, +3.76N, )——> CO, + 2H,0 + 5.64N, ”

The final temperature in the tank is determined from the energy balance relation E;, —E_, = AE for reacting closed

system

systems under adiabatic conditions (Q = 0) with no work interactions (W = 0),
0= Nplhj +h-h"=P7), - > Ng[h; +h-h" ~PT),

Assuming both the reactants and the products to behave as ideal gases, all the internal energy and enthalpies depend on
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields

ZNP(HF "'HTP —Pyos — RuT)P ZZNR(HF —RL,T)R

since the reactants are at the standard reference temperature of 25°C. From the tables,

i Pags k
Substance kd/kmol kd/kmol
CH;OH -200,670
0, 0 8682
N, 0 8669
H,0 (g) -241,820 9904
Co, -393,520 9364
Thus,
(1)~393,520+ Ao, —9364—8.314xT, )+ (2)- 241,820+ hyy o ~9904-8.314xT, )
+ (5.64)(0 +hy, —8669-8.314xTp ): (1Y=200,670—8.314x298)+(1.5 )0 —8.314 x 298)
+(5.64)0-8.314x298)
It yields

heo, +2hy,0 +564hy, —71833x Ty = 734,388 kI
The temperature of the product gases is obtained from a trial and error solution,
At 2850 K:

heo, +2hy,o +5.64hy —71.833xTp = (1)152,908)+(2)(127,952)+ (5.64)95.859)— (71.833)2850)
= 744,733 kJ (Higher than 734,388 kJ)

At 2800 K:
heo, +2hy o +5.64hy —71.833xTp = (1)149,808)+ (2)(125,198)+(5.64)(94,014)—(71.833)(2800)
=729,311kJ (Lower than 734,388 kJ)
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15-103
By interpolation Tp = 2816 K

Since both the reactants and the products behave as ideal gases, the final (maximum) pressure that can occur in the
combustion chamber is determined to be
PV NRT, o NaTo (8.64 kmol)(2816 K)

- - = 101 kPa)=1013 kP
P,V N,R,T, ? " (8.14 kmol )298 K)( 2 a

- NlTl

(b) The combustion equation of CH;OH(Q) remains the same in the case of constant pressure. Further, the boundary work
in this case can be combined with the U terms so that the first law relation can be expressed in terms of enthalpies just like
the steady-flow process,

Q=Y Nl +h-h"), ~ > Nglif +h-h°),

Since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an adiabatic
combustion process, the 1st law relation reduces to

z NP(Hfo +HTP _HZQ8K)p =Z NR(HfO)R
since the reactants are at the standard reference temperature of 25°C. Then using data from the mini table above, we get
(1)-393,520 + e, —9364)+ (2)- 241,820+ g o —9904)+ (5.64)0 + y, ~8669)
= (1)~200,670)+(1.50)+(5.64)0)
It yields
heo, +2hy o +5.64hy =754,555 kI
The temperature of the product gases is obtained from a trial and error solution,

At 2350 K: heo, +2hy o +5.64hy = (1)122,091)+(2)(100,846)+(5.64)77,496 )
760,860 kJ (Higher than 754,555 kJ)

(1)119,035)+(2)98,199)+(5.64)75,676)
=742,246 kJ (Lower than 754,555 kJ)

At 2300 K: heo, +2hy o +5.64hy

By interpolation, Tp = 2333K

Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can
have is determined to be

PV, _ NiRT; v NaTy _ (8.64 kmol 2333 K)
PV, N,R,T, NT, ' (8.14 kmol)298 K)

(15L)=125L
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15-104

=

15-110 Problem 15-109 is reconsidered. The effect of the initial volume of the combustion chamber on the
maximum pressure of the chamber for constant volume combustion or the maximum volume of the chamber for constant
pressure combustion is to be investigated.

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

"Given"
V1=1.5[L]
T1=(25+273) [K]
P1=101 [kPa]
T0=25+273 [K]

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

"Analysis"

"The stoichiometric combustion equation is: CH30OH + a_th (02+3.76N2) = CO2 + 2 H20 + 3.76*a_th N2"
1+2*a_th=2+2 "O balance"

"Mol numbers of reactants and products in kmol"
N_CH30H=1

N_0O2=a_th

N_N2=a_th*3.76

N_CO2=1

N_H20=2

"Enthalpy of formation data from Table A-26 in kJ/kmol"
h_f CH30H=-200670

"Enthalpies of reactants in kJ/kmol"
h_0O2=enthalpy(O2, T=T1)

h_N2_R=enthalpy(N2, T=T1)

"Enthalpies of products in kJ/kmol"
h_N2_P_a=enthalpy(N2, T=T2_a)
h_CO2_a=enthalpy(CO2, T=T2_a)
h_H20_a=enthalpy(H20, T=T2_a)

N_CO2*(h_CO2_a-R_u*T2_a)+N_H20*(h_H20_ a-R_u*T2_a)+N_N2*(h_N2_P_a-R_u*T2_a)
N_CH3OH*(h_f CH30OH-R_u*T1)+N_02*h_02-R_u*T1)+N_N2*(h_N2_R-R_u*T1)
H

_P/ N R)*(T2 a/T1)*P1 "Final pressure"
+4.76*a_th
+2+3 76*a_th

"Now ideal gas enthalpies of products are, in kJ/kmol"
h_N2_P_b=enthalpy(N2, T=T2_b)
h_CO2_b=enthalpy(CO2, T=T2_b)
h_H _b=enthalpy(H20, T=T2_b)

H_P_b=N_CO2*h_C0O2_b+N_H20*h_H20_b+N_N2*h_N2_P_b
H_R_b=N CH3OH*h f CH3OH+N 02*h 02+N N2*h N2_R
H_P_b:H R_b

V2=(N_P/N_R)*(T2_b/T1)*V1 "Final pressure"
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Vi V2 P2
[L] [L] [kPa]
0.2 1.663 1013
0.4 3.325 1013
0.6 4.988 1013
0.8 6.651 1013
1 8.313 1013
1.2 9.976 1013
1.4 11.64 1013
1.6 13.3 1013
1.8 14.96 1013
2 16.63 1013

18

16

14

12

V2 [L]

0.4 0.6 0.8

1 1.2 1.4

V1 [L]

1.8

1200

1150

1100

1050

1000

950

900

850

800

P2 [kPa]

15-105
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15-106

15-111 Methane is burned with the stoichiometric amount of air in a combustion chamber. The maximum pressure that can
occur in the combustion chamber if the combustion takes place at constant volume and the maximum volume of the
combustion chamber if the combustion occurs at constant pressure are to be determined.

Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential
energies are negligible.

Analysis (a) The combustion equation of CHy(g) with stoichiometric amount of air is
CH, +ay, (0, +3.76N,)—> CO, + 2H,0 +3.76a, N,

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

CH. (9)
ap =141 —— a, =2 AIR

25°C,101 kPa
7

Thus,

CH, +2(0, +3.76N,)—— CO, + 2H,0 + 7.52N,

The final temperature in the tank is determined from the energy balance relation E;, —E_ = AE.,, for reacting closed

systems under adiabatic conditions (Q = 0) with no work interactions (W = 0),
0=>"Np; +h—h° =P7), - > Ng (0 +h —h° - PT),

Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature
only, and the Pv terms in this equation can be replaced by R,T. It yields

ZNP(HF +HTP — Poog — RUT)P :ZNR(HF —RUT)R

since the reactants are at the standard reference temperature of 25°C. From the tables,

i Pags k
Substance kd/kmol kd/kmol
CH, 74,850
0, 0 8682
N, 0 8669
H,0 (g) 241,820 9904
o, 1393,520 9364
Thus,
(1)-393,520+ R, ~9364—8.314xT, )+ (2)f-241,820+ hyy o —9904—8.314xT; )
+(7.52)0+ Py, —8669—8.314xT, )= (1)~74,850~8.314x298)+ (2)(0—8.314 x 298)
+(7.52)(0-8.314x298)
It yields

heo, +2hy o +7.52hy —87.463xTp =870,609 kJ
The temperature of the product gases is obtained from a trial and error solution,
At 2850 K:

heo, +2hy o +7.52hy —87.463xTp = (1)152,908)+(2)127.952)+(7.52)(95,859) - (87.463)(2850)
= 880,402 kJ (Higher than 870,609 kJ)

At 2800 K:
heo, +2hy o +7.52hy —87.463xTp = (1)149.808)+(2)(125,198)+(7.52)(94,014)-(87.463)2800)
= 862,293 kJ (Lower than 870,609 kJ)
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15-107
By interpolation, Tp = 2823 K
Treating both the reactants and the products as ideal gases, the final (maximum) pressure that can occur in the combustion
chamber is determined to be
PV NRT, o NaTo (10.52 kmol }(2823 K)

_ - _ 101 kPa)=957 kP
PV N,R,T, 2 ' 77(10.52 kmol)(298 K)( 2 2

- NlTl

(b) The combustion equation of CH4(Q) remains the same in the case of constant pressure. Further, the boundary work in
this case can be combined with the U terms so that the first law relation can be expressed in terms of enthalpies just like the
steady-flow process,

Q=Y Nl +h-h"), ~ > Nglif +h-h°),

Again since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an
adiabatic combustion process, the energy balance relation reduces to

z NP(Hfo +HTP _HZQ8K)p =Z NR(HfO)R
since the reactants are at the standard reference temperature of 25°C. Then using data from the mini table above, we get
(1)-393,520 + i, —9364)+ (2]~ 241,820+ iy o —9904)+(7.52)(0 + Py, ~8669)
= (1)~ 74,850)+(2)0)+(7.52)0)
It yields
heo, +2hy o +7.52hy =896,673 kJ
The temperature of the product gases is obtained from a trial and error solution,

At 2350 K: heo, +2hy o +7.52hy = (1)122,091)+(2)(100,846)+(7.52)(77,496 )
906,553 kJ (Higher than 896,673 kJ)

(1)119,035)+(2)98,199)+(7.52)75,676)
=884,517 kJ (Lower than 896,673 kJ)

At 2300 K: heo, +2hy o +7.52hy,

By interpolation, Tp = 2328 K

Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can
have is determined to be

PV, _ NiR,T, g NoTo (10.52 kmol {2328 K)
PV, N,R,T, 27NT, ' (1052 kmol)(298 K )

(15L)=117 L

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

15-108

15-112 n-Octane is burned with 100 percent excess air. The combustion is incomplete. The maximum work that can be
produced is to be determined.

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The combustion equation with 100% excess air and 10% CO is
CgH g +2x 12.5(02 + 3.76N2)——>8(0.90 CO, +0.10CO)+9H,0+x0, +2x12.5x3.76 N,
The coefficient for O, is determined from its mass balance as

25=724+04+45+xXx——>x=129

Substituting,
CgH g +25(0, +3.76N2)—>7.2 CO, +0.8CO+9H,0+1290, +94N,

The reactants and products are at 25°C and 1 atm, which is the

standard reference state and also the state of the surroundings. CsHig
Therefore, the reversible work in this case is simply the difference N > ) Products
between the Gibbs function of formation of the reactants and that 1 atm, 25°C Co}r?buts)tlon >
. chamber
of the products, Air 1 atm, 25°C
R
W, = Ng@ir - D Nplip 100% excess
1 atm, 25°C

=(1)16,530) - (7.2)(~394,360) — (0.8)(—137,150) — (9)(~228,590)
=5,022,952kJ (per kmol of fuel)

since the g$ of stable elements at 25°C and 1 atm is zero. Per unit mass basis,

5,022,952 kJ/kmol
© 114 kg/kmol

=44,060 kJ/kg fuel

15-113E Methane is burned with stoichiometric air. The maximum work that can be produced is to be determined.

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The combustion equation is

CH, +2(0, +3.76N,)——>CO, +2H,0 + 7.52N,

CH,4
The reactants and products are at 77°F and 1 atm, which is the standard R
reference state and also the state of the surroundings. Therefore, the 1 atm, 77°F | Combustion Products
reversible work in this case is simply the difference between the Gibbs ) chamber [+
function of formation of the reactants and that of the products, Air 1 atm, 77°F
. . 100% theoretical
WreV:zNRgf,R_zNng,P 1atm,77°F

= (1)~ 21,860) - (1)(~169,680) — (2)(~98,350)
=344,520Btu (per Ibmol of fuel)

since the g; of stable elements at 77°F and 1 atm is zero. Per unit mass basis,

344,520 Btu/Ibmol

rev = =21,530 Btu/lbm fuel
16 Ibm/lbmol
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15-109

15-114E Methane is burned with 100% excess air. The maximum work that can be produced is to be determined and
compared to when methane is burned with stoichiometric air.

Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The combustion equation with 100% excess air is

CH, +4(0, +3.76N,)——CO, +2H,0 + 20, +15.04N,

The reactants and products are at 77°F and 1 atm, which is the CH,
standard reference state and also the state of the surroundings. — Products
Therefore, the reversible work in this case is simply the 1 atm, 77°F | Combustion
difference between the Gibbs function of formation of the . chamber
Air 1 atm, 77°F
reactants and that of the products, _— ’
B B 100% excess
Wrev:zNRgf,R_zNng,P 1 atm, 77°F

= (1)~ 21,860) — (1)(~169,680) — (2)(—98,350)
=344,520 Btu (per Ibmol of fuel)

since the g$ of stable elements at 77°F and 1 atm is zero. Per unit mass basis,

344,52 Btu/Ibmol

rev =21,530Btu/lbm fuel
16 Ibm/Ibmol

The excess air only adds oxygen and nitrogen to the reactants and products. The excess air then does not change the
maximum work.

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

15-110

15-115 Methane is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per unit of
fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, and the
lost work potential are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Properties The molar masses of CH, and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-1).

Analysis (@) The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,0, N,, and
some free O,. Considering 1 kmol CHy, the combustion equation can be written as

CH, +3(0, +3.76N,)——>CO, +2H,0+0, +11.28N, CH,
.. PR—
Under steady-flow conditions the energy balance E;, —E  =AE .., 25°C Combustion | Products
applied on the combustion chamber with W = 0 reduces to Air chamber WC
~Quu = Y Nplhf+h—=h°) =) Nglhf+h-h° >
Qou Z P( f )P Z R( f )R 50% excess air

Assuming the air and the combustion products to be ideal gases, we have 25°C
h=h(T). From the tables,

HF H298K hSOOK
Substance

kJ/kmol kJ/kmol kJ/kmol
CH,4 74,850
0, 0 8682 14,770
N, 0 8669 14,581
H,0 (g9) -241,820 9904 16,828
CO, -393,520 9364 17,678

Thus,

Qo = (1)(~393,520+17,678 —9364)+ (2} 241,820 + 16,828 —9904)
+(1)0+14,770-8682)+(11.28)0 +14,581-8669) — (1)~ 74,850)
=-707,373 kJ/kmol of fuel

The heat loss per unit mass of the fuel is

707,373 kJ/kmol of fuel
out 16 kg/kmol of fuel

=44211kJ/kg fuel

The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of
steam are from tables A-4 and A-6)

ms  Quu _ 44,211kJ/kg fuel
m; Ahg  (3214.5-852.26) kl/kg steam

=18.72 kg steam/kg fuel

(b) The entropy generation during this process is determined from

Qu - - Qu
Sgen :SP—SR+TLt=ZNPsP—ZNRsR+ T‘”

surr surr

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y;
P, Where Y; is the mole fraction of component i. Then,

Si =N;§; (T, Pi): Ni(gio(T’ Po)_ R, ln(Yi Pn ))
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15-111

The entropy calculations can be presented in tabular form as

N; Yi 57(T,1atm) RyIn(y;Pp,) N;S;
CH, 1 - 186.16 0 186.16
0O, 3 0.21 205.04 -12.98 654.06
N» 11.28 0.79 191.61 -1.960 2183.47
Sg = 3023.69 kJ/K
CO, 1 0.0654 234.814 -22.67 257.48
H,0 (9) 2 0.1309 206.413 -16.91 446.65
0, 1 0.0654 220.589 -22.67 243.26
Na 11.28 0.7382 206.630 -2.524 2359.26

Sp = 3306.65 kI/K

Thus,

S, = Sp — S + 20U _ 3306,65-3023.69+
T

gen

707,373

= 2657 kJ/K (per kmol fuel)

surr
The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is,

AX gases ==X dest =TS gen = (298 K)(2657 kI/K) = 791,786 kJ/kmol fuel

gen
Per unit mass basis,

AX . = —791,786 kJ/kmol fuel _ 49,490 kJ/kg fuel
£ 16 kg/kmol

Note that the exergy change is negative since the exergy of combustion gases decreases.
(c) The exergy change of the steam stream is

AX oo = AN—TyAs = (3214.5—852.26) — (298)(6.7714 — 2.3305) = 1039 kJ/kg steam

(d) The lost work potential is the negative of the net exergy change of both streams:

m
X dest = _[m_s AX eam +AX gases J
f

= —[(18.72 kg steam/kg fuel)(1039 kJ/kg steam) + (—49,490 kJ/kg fuel)]
=30,040 kJ/kg fuel
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15-116 A coal from Utah is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per
unit of fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream,
and the lost work potential are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible. 5 The effect of sulfur on the energy and entropy balances
is negligible.

Properties The molar masses of C, H,, N,, O,, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1).

Analysis (a) We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the
masses of the constituents, the mole numbers of the constituent of the coal are determined to be

m .
Ne =Me _ _O140ke 5174001
M  12kg/kmol
m 5.79kg
Ny, =—12 = =2.895 kmol
"My, 2kg/kmol 61.40% C
2531k 5.79% H,
m .
Ngy =—22 = € —0.7909 kmol 25.31% 0,
Mg,  32kg/kmol 1.09% N,
1.41% S
m .
Nyp =2 = 1k09i<g = 0.03893 kmol 5.00% ash
My, 28kg/kmo (by mass)
m .
(=s LAk 64406 kmol
Mg  32kg/kmol
The mole number of the mixture and the mole fractions are
N =5.117 +2.895+ 0.7909 + 0.03893 + 0.04406 = 8.886 kmol
N .
Yo=—C= 5.117kmol _ 0.5758
N, 8.886kmol Coal
N . o
Yo = NH2 = z :ZZ tmol =0.3258 25°C | combustion | Products
m . mol —
Ai chamber 227°C
Ng,  0.7909 kmol Ir
Yor TN, T Rg6kmol
m : 0 50% excess air
N . o
Vap = N2 _ 0.03893 kmol —0.00438 25°C
N,  8.886kmol
N
_Ng _ 0.04406 kmol — 0.00496

TN,  8.886kmol

Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation
may be written as

0.5758C +0.3258H, +0.08900, +0.00438N , +0.004965 +1.5a,, (0, +3.76N )
—50.5758C0, +0.3258H,0+0.0049680,, +0.5a,,0, +1.5a,, x3.76N,

According to the oxygen balance,
O, balance: 0.0890+1.5a,; =0.5758+0.5%x0.3258+0.00496 + 0.5a,, —> ay, =0.6547
Substituting,

0.5758C+0.3258H, +0.08900, +0.00438N, +0.00496S +0.9821(0, +3.76N,)
—>0.5758C0O, +0.3258H,0 +0.0049650, +0.32740, +3.693N,

The apparent molecular weight of the coal is
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15-113
M _ My (0.5758x12+0.3258x2+0.0890x32 +0.00438 x 28 +0.00496 x 32) kg
™ ON, (0.5758+0.3258 +0.0890 + 0.00438 + 0.00496) kmol
= M =10.69 kg/kmol coal
1.0 kmol

Under steady-flow conditions the energy balance E;, —E;, = AE ., applied on the combustion chamber with W =0

reduces to
™ Qo = z NP(HF +H—H°)P _z NR(HF +H—HO)R

Assuming the air and the combustion products to be ideal gases, we have h =h(T). From the tables,

h{ [P h 500K
Substance

kJ/kmol kJ/kmol kJ/kmol
0, 0 8682 14,770
N, 0 8669 14,581
H,0 (g) -241,820 9904 16,828
CO, -393,520 9364 17,678

Thus,

—Quu = (0.5758)(-393,520+17,678 —9364)+ (0.3258) 241,820 +16,828 —9904)
+(0.3274)0+14,770 - 8682)+(3.693)(0 +14,581—-8669) -0
=-274,505 kJ/kmol of fuel

The heat loss per unit mass of the fuel is

274,505 kJ/kmol of fuel
% 10.69 kg/kmol of fuel

= 25,679 kl/kg fuel

The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of
steam are from tables A-4 and A-6)
Mg Qg 25,679 kJ/kg fuel

— = = =10.87 kg steam/kg fuel
m; Ahg  (3214.5-852.26) kl/kg steam

(b) The entropy generation during this process is determined from

QOL\'[
Ty

0 _ _
Syen = Sp —SR+TL‘“=ZNPsP = NgSg+
surr

vy

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = ;
Piotal, Where ; is the mole fraction of component i. Then,

Si =N;5(T, Pi): Ni(gio(T’ Py)—Ry ln(Yi P ))
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The entropy calculations can be presented in tabular form as

N; Yi 57(T,1atm) RyIn(y;Pp,) N;S;
C 0.5758 0.5758 5.74 -4.589 5.95
H, 0.3258 0.3258 130.68 -9.324 45.61
0, 0.0890 0.0890 205.04 -20.11 20.04
N, 0.00438 0.00438 191.61 -45.15 1.04
0, 0.9821 0.21 205.04 -12.98 214.12
N, 3.693 0.79 191.61 -1.960 714.85

Sg = 1001.61 kJ/K

CO, 0.5758 0.1170 234.814 -17.84 145.48
H,0 (9) 0.3258 0.0662 206.413 -22.57 74.60
0, 0.3274 0.0665 220.589 -22.54 79.60
N, 3.693 0.7503 206.630 -2.388 771.90

Sp = 1071.58 kI/K

Thus,

S.n =Sp —Sg +ﬁ=1071.58—1001.61+

gen

% =991.1 kJ/K (per kmol fuel)

surr
The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is,

AX e ==X gest = —ToS pen = —(298 K)(991.1KkJ/K) = ~295,348 ki/kmol fuel

gases gen

Per unit mass basis,

AX,. = Z23BKIK o0 630 kalkg fuel

£ 10.69 kg/kmol

Note that the exergy change is negative since the exergy of combustion gases decreases.
(c) The exergy change of the steam stream is

AX gour = AN—TyAs = (3214.5—852.26) — (298)(6.7714 — 2.3305) = 1039 kJ/kg steam

steam

(d) The lost work potential is the negative of the net exergy change of both streams:

m
X dest — _(m_s AX steam T AX gases ]
f

= —[(10.87 kg steam/kg fuel)(1039 kJ/kg steam) + (27,630 kl/kg fuel)]
=16,340 kJ/kg fuel
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15-117 An expression for the HHV of a gaseous alkane C,H,,:, in terms of n is to be developed.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0O, and N,. 3 Combustion gases are
ideal gases.

Analysis The complete reaction balance for 1 kmol of fuel is

3n+1
2

3n+1
2

CoHypio + (0, +3.76N,)——>nCO, +(n+1)H,0 + (3.76)N,

Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N, and O, are stable
elements, and thus their enthalpy of formation is zero. Then,

For the HHV, the water in the products is taken to be liquid. Then,

he =n(-393.,520) +(n+1)(-285.830) - (7 ).,

Fuel
1 —>
The HHV of the fuel is Combustion Products
(ﬁo ) Air chamber
—h n(=393,520)+ (n +1)(-285,830) —
HHV=—2FC = " fuel theoretical

fuel M fuel

For the LHV, the water in the products is taken to be vapor. Then,

n(-393,520)+ (n+1)(-241,820) — (ﬁ; )

LHV — fuel
M fuel
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15-118 It is to be shown that the work output of the Carnot engine will be maximum when T, =\ [ToTy . It is also to be
2

T

v Taf

Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame
temperature T,¢ since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion
gases as a gas stream with a constant specific heat ¢,. Noting that the heat exchanger involves no work interactions, the
energy balance equation for this single-stream steady-flow device can be written as

shown that the maximum work output of the Carnot engine in this case becomes W = CTa{l -

Q = m(he _hi)= mC(Tp _Taf)

where Q is the negative of the heat supplied to the heat engine. That is, Fuel
| Adiabatic
QH =-Q-= mC<Taf _Tp) To combustion
Air chamber
Then the work output of the Carnot heat engine can be expressed as E
S T T
W = - =mC(T, -T, ] 1-=2 1
QH[ Tp] (af p{ Tp] M) Heat
' Exchanger —Tp
Taking the partial derivative of W with respect to T, while holding T,rand T, Tp = const.
constant gives
oW T T Q
T 20— —mC| 1-—% |+ mC(T, ~T, )=% =0
T, T, T pz

Solving for T, we obtain

To=yToTy

which the temperature at which the work output of the Carnot engine will be a
maximum. The maximum work output is determined by substituting the relation
above into Eq. (1),

W = mc(T, —Tp{ —I—O] _ mc(Taf — T {1— To J

p TOTaf

It simplifies to

2
. JT
W = mCTaf[l— 0 ]

or

2
w :CTa{l - \/ﬁ ]
T

which is the desired relation.
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15-119 It is to be shown that the work output of the reversible heat engine operating at the specified conditions is
. . T T . . . .
W, = mCT, (TLf -1- lnTLf) . Itis also to be shown that the effective flame temperature T, of the furnace considered is
0 0

Tf_TO

a

e (T, /T,)

Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame
temperature T, since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion
gases as a gas stream with a constant specific heat ¢,. Also, the work output of the reversible heat engine is equal to the
reversible work W,., of the heat exchanger as the combustion gases are cooled from T,¢ to Ty. That is,

Wrev = m(hl - he _TO(Si — S )) Fuel Air
T P70
=mC| T, —Ty - T,/ Cln2L — RIn—2L— ) Ty
T P 1
T Adiabatic Heat
= rhC[Taf -T,-T,C ln_l_if] combustion Exchanger — T,
0 chamber ’—/\/\/\/\—I
which can be rearranged as -
Tat TO
W, = mCT, T ol | o w,,, =CT, T g gL (1)
To 0 Ty Ty W

which is the desired result.

The effective flame temperature T, can be determined from the
requirement that a Carnot heat engine which receives the same amount of heat
from a heat reservoir at constant temperature T, produces the same amount of
work. The amount of heat delivered to the heat engine above is

Qn = m(hi - he): mC(Taf _To)
A Carnot heat engine which receives this much heat at a constant temperature T, will produce work in the amount of

o . T,
W = QHnth,Carnot = mC(Taf _TO{ _T_OJ (2)

e

Setting equations (1) and (2) equal to each other yields

mCTO(TLf— - nTLfJ =mC(T,; —TO{ —T—OJ
TO TO Te

T, T, T,
T -Ty-Tyln-2L =T, —T, LT, +T,-C
af 0 0 To af af Te 0 0-|-e

Simplifying and solving for T,, we obtain

Tf_TO

a

T (T, /T,)

which is the desired relation.
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15-120 The combustion of a hydrocarbon fuel C,H,, with excess air and incomplete combustion is considered. The
coefficients of the reactants and products are to be written in terms of other parameters.

Analysis The balanced reaction equation for stoichiometric air is

C.H,, + Ay [0, +3.76N,|——>nCO, + (Mm/2)H,0 +3.76A,, N, C.Hp,
S
Combustion CO,, CO

The stoichiometric coefficient Ay, is determined from an O, balance: —
i ? __ 4| chamber H,0, O,, N,

Ap =n+m/4 Excess air
The reaction with excess air and incomplete combustion is
C.H, +(1+B)A,[0, +3.76N, | ——>anCO, +bn CO + (m/2)H,0+G O, +3.76(1+ B)A; N,

The given reaction is

C.H, +(1+B)A,[0,+3.76N,]|—>DCO, + ECO+F H,0+G O, + J N,

Thus,
D=an
E =bn
F=m/2

J=3.76(1+ B)A,
The coefficient G for O, is determined from a mass balance,

O, balance:

bn m
1+B =an+—+—+G
(1+B)Ay, >

1+ B)(n+mj=an+b—n+m+6
4 2 4

n+m + BA,, =an+b—n+m+G
4 2 4

G=n+BA; —an—b?n

=n(l-a)+ BA, _b7n

bn
=nb-—+ BA
7 th

bn
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15-121 The combustion of an alcohol fuel (C,H,,0x) with excess air and incomplete combustion is considered. The
coefficients of the reactants and products are to be written in terms of other parameters.

Analysis The balanced reaction equation for stoichiometric air is

CoH,,0, + A, [0, +3.76N, |——>nCO, +(Mm/2)H,0 +3.76A, N, CHpOx
o .

Combustion| €O, CO
— | chamber H,0, Oy, N,

X/2+ Ay =n+m/4——> Ay =n+m/4-x/2 Excess air

The stoichiometric coefficient Ay, is determined from an O, balance:

The reaction with excess air and incomplete combustion is
C,H,O, +(1+B)A, [O2 + 3.76N2]——> anCO, +bnCO+(m/2)H,0+G O, +3.76(1 + B)A;, N,
The given reaction is

C,H,O, +(1+B)A,;[0, +3.76N,|—>DCO, + ECO+F H,0+G O, + J N,

Thus,
D=an
E=bn
F=m/2

J=3.76(1+B)Ay
The coefficient G for O, is determined from a mass balance,

O, balance:
5+(1+ B)A;, =an +b_n+m+G
2 2 4

5+(1+B) n+m—1 :an+b—n+m+G
2 4 2 2 4

X m X m X bn m
—+|n+——-—|+Bln+———=|=an+—+—+G
2 4 2 4 2 2 4

l+ n+m—5 +BAth:an+b—n+m+G
2 4 2 2 4

G=n-an+BA, _b_2n

=n(1—a)—b7”+ BA,,

—nb-20 4 BA,
2
bn
=—+B
5 +BAn
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15-122 The combustion of a mixture of an alcohol fuel (C,H,,0y) and a hydrocarbon fuel (CH,) with excess air and
incomplete combustion is considered. The coefficients of the reactants and products are to be written in terms of other

parameters.

Analysis The balanced reaction equation for stoichiometric air is

y; C,H, O, +y, C,,H, + Ay [O2 + 3.76N2]——>(y1n +Y,Ww)CO, +0.5(yym+Yy,z2)H,0 +3.76 Ay, N,
The stoichiometric coefficient Ay, is determined from an O, balance:

YiX/24 Ay = (YN + Yo W) + (Y M+ Y, 2) [ 4—— Ay = (VN + Yo W) + (Y M+ Y,2) /4=y X/ 2
The reaction with excess air and incomplete combustion is

y, CoH, O, +Y, C H, +(1+B)A, [0, +3.76N, |
——a(y,n+y,w)CO, +b(y;n+y,w)CO+0.5(yym+Yy,z)H,0+G O, +3.76(1+ B)A;, N,

The given reaction is

y, CoH, O, + Y, C,H, +(1+B)A, [0, +3.76N,]|—>DCO, + ECO+F H,0+G O, +J N,

Thus,
C.H,Ox
D=a(y,n+ y,w) Cy,H,
E =b(y,;n+y,w) Combustion| | CO,, CO
F=0.5(yym+y,2) — | chamber H;0, 02, N,
J=3.76(1+B)A Excess air

The coefficient G for O, is determined from a mass balance,

O, balance:
0.5y, x+ 1+ B)A; =a(y;n+ y,w)+0.5b(y;n+ y,w) +0.25(yym+y,z)+G
0.5y, x+ (y;n+ y,w)+0.25(y;m+y,z)—0.5y,x+ BA,, =a(y,;n+y,w)+ 0.5b(y,;n+ y,w) + 0.25(yym+y,z)+ G
G =(yin+y,W)—a(y;n+y,w)—0.5b(y,;n+ y,w) + BA,
=(y|n+y,w)(1-a)—0.5b(y;n + y,w) + BAy,
=b(y;n+y,w)—0.5b(y,;n+y,w) + BA,
=0.5b(y,;n + y,w) + BA;,
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13
15-123 E The effect of the amount of air on the adiabatic flame temperature of liquid octane (CgH;s) is to be
investigated.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2"
"For theoretical oxygen, the complete combustion equation for CH30H is"
"CH30OH + A _th 02=1 C0O2+2 H20 "
"1+ 2*A_th=1*2+2*1""theoretical O balance"
"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<--> (x-w)CO2 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2)
(Theo_air/100 - 1) +w/2)02"

"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "
"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$='Acetylene'
h_fuel = 226730

else
If fuel$="C3H8(l)' then
x=3; y=8; z=0
Name$='Propane(liq)'
h_fuel = -103850-15060
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$="Octane(liq)'
h_fuel = -249950
else
if fuel$="CH4(g)' then
x=1; y=4; z=0
Name$='"Methane'
h_fuel = enthalpy(CH4,T=T_fuel)
else
if fuel$='"CH3OH(g)' then

x=1; y=4; z=1
Name$='Methyl alcohol'
h_fuel = -200670

endif; endif; endif; endif; endif
end
Procedure Moles(x,y,z, Th_air,A_th:w,MolO2,SolMeth$)
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100
IF Th_air >= 1 then
SolMeth$ = ">= 100%, the solution assumes complete combustion.'
{MoICO =0
MoICO2 = x}
w=0
MolO2 = A_th*(Th_air - 1)
GOTO 10
ELSE

w=2*x+y/2-z-2"A_th*Th_air
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IFw>x then

Call ERROR('The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh)
Else

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products.'
MolO2 =0

endif; endif

10:

END

{"Input data from the diagram window"

T_air=298 [K]

Theo_air =200 "%"

Fuel$="CH4(g)"}

T_fuel =298 [K]

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A th=x+ y/4-2z/2

Th_air = Theo_air/100

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4-
2/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+MolO2*enthalpy(O2,T=T_prod)

Moles_02=MolO2

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100)

Moles_CO2=x-w

Moles_CO=w

Moles_H20=y/2

Theoair Tprod 2500 T T T T T T T T T T T T T T T
[%] [K] i ) )
75 2077 Adiabatic Flame Temp.
90 2287 2100+ o T
100 | 2396 I for Cg Hyg (liquid)
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13
15-124 E A general program is to be written to determine the adiabatic flame temperature during the complete
combustion of a hydrocarbon fuel C,H,, at 25°C in a steady-flow combustion chamber when the percent of excess air and its
temperature are specified.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2"
"For theoretical oxygen, the complete combustion equation for CH30H is"
"CH3OH + A_th 02=1 CO2+2 H20 "
"1+ 2*A_th=1*2+2*1""theoretical O balance"
"Adiabatic, Incomplete Combustion of fuel ChnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<--> (x-w)CO2 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2)
(Theo_air/100 - 1) +w/2)02"

"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "
"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$="acetylene'
h_fuel = 226730

else
If fuel$="C3H8(I)' then
x=3; y=8; z=0
Name$="propane(liq)'
h_fuel = -103850-15060
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$="octane(liq)'
h_fuel = -249950
else
if fuel$="CH4(g)' then
x=1; y=4; z=0
Name$='methane'
h_fuel = enthalpy(CH4,T=T_fuel)
else
if fuel$="CH30OH(g)' then

x=1; y=4; z=1
Name$="methyl alcohol'
h_fuel =-200670

endif; endif; endif; endif; endif
end

Procedure Moles(x,y,z, Th_air,A_th:w,MolO2,SolMeth$)
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100

IF Th_air >= 1 then

SolMeth$ = ">= 100%, the solution assumes complete combustion.'
{MolCO =0

MoICO2 = x}
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w=0
MolO2 = A_th*(Th_air - 1)
GOTO 10
ELSE
w=2*x+y/2-z-2*A_th*Th_air
IF w>x then
Call ERROR('The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh)
Else
SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products.'
MolO2 =0
endif; endif
10:
END

{"Input data from the diagram window"
T_air =298 [K]

Theo_air = 120 [%]

Fuel$="CH4(g)"}

T_fuel = 298 [K]

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A_th=x+ yl4-2/2

Th_air = Theo_air/100

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4-
2/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+MolO2*enthalpy(O2,T=T_prod)

Moles_02=MolO2

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100)

Moles_CO2=x-w

Moles_CO=w

Moles_H20=y/2

SOLUTION for the sample calculation

A_th=5 fuel$="C3H8(l)’
HP=-119035 [kJ/kg] HR=-119035 [kJ/kg]
h_fuel=-118910 Moles_C0O=0.000
Moles_C02=3.000 Moles_H20=4
Moles_N2=22.560 Moles_02=1.000
MolO2=1 Name$="propane(lig)'
SolMeth$=">= 100%, the solution assumes complete combustion.'
Theo_air=120 [%] Th_air=1.200
T_air=298 [K] T_fuel=298 [K]
T_prod=2112 [K] w=0

x=3 y=8

z=0
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13
15-125 E The minimum percent of excess air that needs to be used for the fuels CHy(g), C,Hy(g), CH3;0H(g), C3Hs(g),
and CgH (1) if the adiabatic flame temperature is not to exceed 1500 K is to be determined.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2"
{"For theoretical oxygen, the complete combustion equation for CH3OH is"
"CH30H + A_th 02=1 CO2+2 H20 "
1+ 2*A_th=1*2+2*1"theoretical O balance"}

"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "
"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$="acetylene'
h_fuel = 226730

else
If fuel$="C3H8(g)' then
x=3; y=8; z=0
Name$="propane'
h_fuel = enthalpy(C3H8,T=T_fuel)
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$='octane'
h_fuel = -249950
else
if fuel$="CH4(g)' then
x=1; y=4; z=0
Name$='methane’
h_fuel = enthalpy(CH4,T=T_fuel)
else
if fuel$="CH30H(g)' then

x=1; y=4; z=1
Name$="methyl alcohol'
h_fuel =-200670

endif; endif; endif; endif; endif
end

{"Input data from the diagram window"
T_air =298 [K]

Fuel$="CH4(g)"}

T_fuel = 298 [K]

Excess_air=Theo_air - 100 "[%]"

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A_th =y/4 + x-z/2

Th_air = Theo_air/100

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(02,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
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HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)*
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod)

Moles_02=(y/4 + x-z/2) *(Theo_air/100 - 1)
Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100)
Moles_CO2=x

Moles_H20=y/2

T[1]=T_prod; xa[1]=Theo_air

SOLUTION for a sample calculation

A_th=25 Excess_air=156.251 [%]
fuel$="C2H2(g)' HP=226596 [kJ/kg]
HR=226596 [kJ/kg] h_fuel=226730
Moles_C0O2=2 Moles_H20=1
Moles_N2=24.09 Moles_02=3.906
Name$="acetylene' Theo_air=256.3 [%]
Th_air=2.563 T[1]=1500 [K]
T_air=298 [K] T_fuel=298 [K]
T_prod=1500 [K] x=2

xa[1]=256.3 y=2

z=0
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13
15-126 E The minimum percentages of excess air that need to be used for the fuels CH,(g), C;H,(g), CH;0H(g),
C;Hg(g), and C8H18(1) AFOR adiabatic flame temperatures of 1200 K, 1750 K, and 2000 K are to be determined.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2"
{"For theoretical oxygen, the complete combustion equation for CH3OH is"
"CH30H + A_th 02=1 CO2+2 H20 "
1+ 2*A_th=1*2+2*1"theoretical O balance"}

"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "
"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$="acetylene'
h_fuel = 226730

else
If fuel$="C3H8(g)' then
x=3; y=8; z=0
Name$="propane'
h_fuel = enthalpy(C3H8,T=T_fuel)
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$="octane'
h_fuel = -249950
else
if fuel$="CH4(g)' then
x=1; y=4; z=0
Name$='methane'
h_fuel = enthalpy(CH4,T=T_fuel)
else
if fuel$="CH30H(g)' then

x=1; y=4; z=1
Name$="methyl alcohol'
h_fuel =-200670

endif; endif; endif; endif; endif
end

{"Input data from the diagram window"
T_air = 298 [K]

Fuel$="CH4(g)"}

T_fuel = 298 [K]

Excess_air=Theo_air - 100 "[%]"

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A_th =y/4 + x-z/2

Th_air = Theo_air/100

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
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HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)*
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod)

Moles_02=(y/4 + x-z/2) *(Theo_air/100 - 1)
Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100)
Moles_CO2=x

Moles_H20=y/2

T[1]=T_prod; xa[1]=Theo_air

SOLUTION for a sample calculation

A_th=5 Excess_air=31.395 [%]
fuel$="C3H8(g)' HP=-103995 [kJ/kg]
HR=-103995 [kJ/kg] h_fuel=-103858
Moles_C0O2=3 Moles_H20=4
Moles_N2=24.7 Moles_02=1.570
Name$="'propane' Theo_air=131.4 [%]
Th_air=1.314 T[1]=2000 [K]
T_air=298 [K] T_fuel=298 [K]
T_prod=2000 [K] x=3

xa[1]=131.4 y=8

z=0
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13
15-127 E The adiabatic flame temperature of CH,(g) is to be determined when both the fuel and the air enter the
combustion chamber at 25°C for the cases of 0, 20, 40, 60, 80, 100, 200, 500, and 1000 percent excess air.

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

Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<-->xCO02 + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2"
"For theoretical oxygen, the complete combustion equation for CH30H is"
"CH30H + A_th 02=1 CO2+2 H20 "
"1+ 2*A_th=1*2+2*1""theoretical O balance"
"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air:
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2)
<--> (x-w)CO2 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2)
(Theo_air/100 - 1) +w/2)02"
"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "
"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$="acetylene'
h_fuel = 226730

else
If fuel$="C3H8(g)' then
x=3; y=8; z=0
Name$="propane'
h_fuel = enthalpy(C3H8,T=T_fuel)
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$='octane'
h_fuel = -249950
else
if fuel$='"CH4(g)' then
x=1; y=4; z=0
Name$='methane'
h_fuel = enthalpy(CH4,T=T_fuel)
else
if fuel$='"CH3OH(g)' then

x=1; y=4; z=1
Name$="methyl alcohol'
h_fuel =-200670

endif; endif; endif; endif; endif
end

Procedure Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100

IF Th_air >= 1 then
SolMeth$ = '>= 100%, the solution assumes complete combustion.'

{MolCO =0
MoICO2 = x}
w=0

MolO2 = A_th*(Th_air- 1)

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

15-130

GOTO 10
ELSE
w=2"x+y/2-z-2*A_th*Th_air
IF w>x then
Call ERROR('The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh)
Else
SolMeth$ ='< 100%, the solution assumes incomplete combustion with no O_2 in products.'
MolO2 =0
endif; endif
10:
END

{"Input data from the diagram window"

T_air =298 [K]

Theo_air = 200 [%]

Fuel$="CH4(g)"}

T_fuel = 298 [K]

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A_th=x+ yl4-2/2

Th_air = Theo_air/100

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100)
*enthalpy(N2,T=T_air)

HP=HR "Adiabatic"
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4-
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+MolO2*enthalpy(O2,T=T_prod)

Moles_02=MolO2

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100)

Moles_CO2=x-w

Moles_CO=w
Moles_H20=y/2 Product temperature vs % excess air for CH4
3000 e
Theoair Tprod 2 -_ a
e | (K] 500
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13
15-128 E The fuel among CHy(g), C;Hx(g), CoHg(g), CsHs(g), and CgH 5(1) that gives the highest temperature when
burned completely in an adiabatic constant-volume chamber with the theoretical amount of air is to be determined.

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

Adiabatic Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T reac in a constant volume,
closed system:
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (02 + 3.76 N2)

-->xC0O2 + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + (x+y/4-z/2) (Theo_air/100 - 1) O2"
"For theoretical oxygen, the complete combustion equation for CH30OH is"
"CH30H + A_th 02=1 CO2+2 H20 "
"1+ 2*A_th=1*2+2*1""theoretical O balance"

"Adiabatic, Incomplete Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant
volume, closed system:
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (O2 + 3.76 N2)

--> (x-w)CO2 +wCO + (y/2) H20 + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + ((x+y/4-z/2) (Theo_air/100 - 1)
+w/2)02"

"T_prod is the adiabatic combustion temperature, assuming no dissociation.
Theo_air is the % theoretical air. "

"The initial guess value of T_prod = 450K ."

Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel,Name$)
"This procedure takes the fuel name and returns the moles of C and moles of H"
If fuel$="C2H2(g)' then
x=2;y=2; z=0
Name$="acetylene'
h_fuel = 226730"Table A.26"

else
If fuel$="C3H8(g)' then
x=3; y=8; z=0
Name$="propane'
h_fuel = enthalpy(C3H8,T=T_fuel)
else
If fuel$="C8H18(l)' then
x=8; y=18; z=0
Name$="octane'
h_fuel = -249950"Table A.26"
else
if fuel$="CH4(g)' then
x=1; y=4; z=0
Name$="methane’
h_fuel = enthalpy(CH4,T=T _fuel)
else
if fuel$="CH30OH(g)' then

x=1; y=4; z=1
Name$="methyl alcohol’
h_fuel = -200670"Table A.26"
endif; endif; endif; endif; endif
end

Procedure Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)

ErrTh =(2*x + y/2 - z - X)I(2*A_th)*100

IF Th_air >=1 then

SolMeth$ = '>= 100%, the solution assumes complete combustion.'

w=0

MolO2 = A_th*(Th_air - 1)
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GOTO 10
ELSE

W =2*x +y/2 - z-2*A_th*Th_air

IFw > x then

15-132

Call ERROR('The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh)

Else

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products.'

MolO2 =0
endif; endif
10:

END

{"Input data from the diagram window"

Theo_air = 200 [%)]
Fuel$="CH4(g)"}

T reac =298 [K]
T air=T reac
T_fuel = T_reac

R_u = 8.314 [kJ/kmol-K]

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$)

A th=x+ yl4-2/2

Th_air = Theo_air/100

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$)
UR=(h_fuel-R_u*T_fuel)+ (x+y/4-z/2) *(Theo_air/100) *(enthalpy(O2,T=T_air)-R_u*T_air)+3.76*(x+y/4-z/2)
*(Theo_air/100) *(enthalpy(N2,T=T_air)-R_u*T_air)
UP=(x-w)*(enthalpy(CO2,T=T_prod)-R_u*T_prod)+w*(enthalpy(CO,T=T_prod)-
R_u*T_prod)+(y/2)*(enthalpy(H20,T=T_prod)-R_u*T_prod)+3.76*(x+y/4-z/2)*
(Theo_air/100)*(enthalpy(N2,T=T_prod)-R_u*T_prod)+MolO2*(enthalpy(O2,T=T_prod)-R_u*T_prod)

UR =UP "Adiabatic, constant volume conservation of energy"

Moles_02=MolO2

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100)

Moles_CO2=x-w
Moles_CO=w
Moles_H20=y/2

SOLUTION for CH4
A _th=2

Moles CO=0.000
Moles N2=7.520
Name$='methane'

SolMeth$=">= 100%, the solution assumes complete combustion.

Theo_air=100 [%]
T fuel=298 [K]
UP=-100981

x=1

SOLUTION for C2H2
A th=2.5

Moles CO=0.000
Moles N2=9.400
Name$='"acetylene'

SolMeth$=">= 100%, the solution assumes complete combustion.

Theo_air=100 [%]
T fuel=298 [K]
UP=194717

x=2

fuel$="CH4(g)'

Moles C0O2=1.000
Moles_02=0.000

R u=8.314 [kJ/kmol-K]
Th_air=1.000
T_prod=2824 [K]
UR=-100981

y=4

fuel$='"C2H2(g)'

Moles C02=2.000
Moles 02=0.000

R u=8.314 [kJ/kmol-K]
Th_air=1.000
T_prod=3535 [K]
UR=194717

y=2

h_fuel=-74875
Moles H20=2
Mol02=0

T air=298 [K]
T reac=298 [K]
w=0

z=0

h_fuel=226730
Moles H20=1
Mol02=0

T air=298 [K]
T reac=298 [K]
w=0

z=0
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SOLUTION for CH30OH
A th=1.5

Moles CO=0.000

Moles N2=5.640
Name$="methyl alcohol'

SolMeth$=">= 100%, the solution assumes complete combustion.

Theo_air=100 [%]
T fuel=298 [K]
UP=-220869

x=1

SOLUTION for C3H8
A _th=5

Moles CO=0.000
Moles N2=18.800
Name$='propane'

SolMeth$=">= 100%, the solution assumes complete combustion.

Theo_air=100 [%]
T fuel=298 [K]
UP=-165406

x=3

SOLUTION for C8H18
A th=12.5

Moles CO=0.000

Moles N2=47.000
Name$='octane'

SolMeth$=">= 100%, the solution assumes complete combustion.

Theo_air=100 [%]
T fuel=298 [K]
UP=-400104

x=8

fuel$="CH3OH(g)'
Moles_C02=1.000
Moles 02=0.000

R u=8.314 [kJ/kmol-K]
Th_air=1.000
T_prod=2817 [K]
UR=-220869

y=4

fuel$='"C3HS8(g)'

Moles C02=3.000
Moles 02=0.000

R u=8.314 [kJ/kmol-K]
Th_air=1.000
T_prod=2909 [K]
UR=-165406

y=8

fuel$="C8H18(1)’

Moles C0O2=8.000
Moles 02=0.000

R u=8.314 [kJ/kmol-K]
Th_air=1.000
T_prod=2911 [K]
UR=-400104

y=18

h_fuel=-200670
Moles H20=2
Mol02=0

T air=298 [K]
T reac=298 [K]
w=0

z=1

h_fuel=-103858
Moles H20=4
Mol02=0

T air=298 [K]
T reac=298 [K]
w=0

z=0

h_fuel=-249950
Moles H20=9
Mol02=0

T air=298 [K]
T reac=298 [K]
w=0

z=0

15-133
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15-134

Fundamentals of Engineering (FE) Exam Problems

15-129 A fuel is burned with 70 percent theoretical air. This is equivalent to

(a) 30% excess air (b) 70% excess air (¢) 30% deficiency of air
(d) 70% deficiency of air (e) stoichiometric amount of air

Answer (c) 30% deficiency ofair

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).

air_th=0.7
"air_th=air_access+1"
air_th=1-air_deficiency

15-130 Propane C;Hg is burned with 150 percent theoretical air. The air-fuel mass ratio for this combustion process is
(a)5.3 (b) 10.5 (c) 15.7 (d)23.4 (e)39.3
Answer (d) 23.4

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).

C=3
H=8
fuel=n_H*1+n_C*12

th=n_C+n_H/4

coeff=1.5 "coeff=1 for theoretical combustion, 1.5 for 50% excess air"
n_02=coeff*a_th

n_N2=3.76*n_02

m_air=n_02*32+n_N2*28

AF=m_air/m_fuel

n
n
m
a
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15-135

15-131 One kmol of methane (CH,) is burned with an unknown amount of air during a combustion process. If the
combustion is complete and there are 1 kmol of free O, in the products, the air-fuel mass ratio is

(a) 34.6 (b)25.7 ()17.2 (d)14.3 (e)11.9
Answer (b) 25.7

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).

c=1
H=4
fuel=n_H*1+n_C*12

a_th=n_C+n_H/4

(coeff-1)*a_th=1 "O2 balance: Coeff=1 for theoretical combustion, 1.5 for 50% excess air"
n_02=coeff*a_th

n_N2=3.76*n_02

m_air=n_02*32+n_N2*28

AF=m_air/m_fuel

n_
n_
m

"Some Wrong Solutions with Common Mistakes:"
W1_AF=1/AF "Taking the inverse of AF"
W2_AF=n_02+n_N2 "Finding air-fuel mole ratio"
W3_AF=AF/coeff "Ignoring excess air"

15-132 A fuel is burned steadily in a combustion chamber. The combustion temperature will be the highest except when

(a) the fuel is preheated.

(b) the fuel is burned with a deficiency of air.
(c) the air is dry.

(d) the combustion chamber is well insulated.
(e) the combustion is complete.

Answer (b) the fuel is burned with a deficiency of air.
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15-136

15-133 An equimolar mixture of carbon dioxide and water vapor at 1 atm and 60°C enter a dehumidifying section where the
entire water vapor is condensed and removed from the mixture, and the carbon dioxide leaves at 1 atm and 60°C. The
entropy change of carbon dioxide in the dehumidifying section is

(a) 2.8 kl/kg-K (b) —0.13 kJ/kg-K ©0 (d) 0.13 kJ/kg-K (e) 2.8 kl/kg:K
Answer (b)-0.13 kJ/kg-K

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).

Cp_C02=0.846
R_C02=0.1889

T1=60+273 "K"

T2=T1

P1=1 "atm"

P2=1 "atm"

yl_C02=0.5; P1_CO2=yl_CO2*P1

y2_CO02=1; P2_CO2=y2_CO2*P2
Ds_C02=Cp_CO2*In(T2/T1)-R_CO2*In(P2_CO2/P1_CO2)

"Some Wrong Solutions with Common Mistakes:"
W1 _Ds=0 "Assuming no entropy change"
W2_Ds=Cp_CO2*In(T2/T1)-R_CO2*In(P1_CO2/P2_C02) "Using pressure fractions backwards"

15-134 Methane (CHy,) is burned completely with 80% excess air during a steady-flow combustion process. If both the
reactants and the products are maintained at 25°C and 1 atm and the water in the products exists in the liquid form, the heat
transfer from the combustion chamber per unit mass of methane is

(a) 890 MJ/kg (b) 802 MJ/kg (c) 75 MJ/kg (d) 56 MJ/kg (e) 50 MJ/kg
Answer (d) 56 MJ/kg

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"

P=1"atm"

EXCESS=0.8

"Heat transfer in this case is the HHV at room temperature,”
HHV_CH4 =55.53 "MJ/kg"

LHV_CH4 =50.05 "MJ/kg"

"Some Wrong Solutions with Common Mistakes:"
W1 Q=LHV_CH4 "Assuming lower heating value"
W2_Q=EXCESS*hHV_CH4 "Assuming Q to be proportional to excess air"
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15-137

15-135 The higher heating value of a hydrocarbon fuel C,H,, with m = 8 is given to be 1560 MJ/kmol of fuel. Then its
lower heating value is

(a) 1384 MJ/kmol  (b) 1208 MJ/kmol  (c) 1402 MJ/kmol  (d) 1540 MJ/kmol  (e) 1550 MJ/kmol
Answer (a) 1384 MJ/kmol

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).

HHV=1560 "MJ/kmol fuel"

h_fg=2.4423 "MJ/kg, Enthalpy of vaporization of water at 25C"
n_H=8

n_water=n_H/2

m_water=n_water*18

LHV=HHV-h_fg*m_water

"Some Wrong Solutions with Common Mistakes:"

W1 LHV=HHV - h_fg*n_water "Using mole numbers instead of mass"

W2_LHV= HHV - h_fg*m_water*2 "Taking mole numbers of H20 to be m instead of m/2"

W3_LHV= HHV - h_fg*n_water*2 "Taking mole numbers of H20 to be m instead of m/2, and using mole
numbers"

15-136 Acetylene gas (C,H,) is burned completely during a steady-flow combustion process. The fuel and the air enter the
combustion chamber at 25°C, and the products leave at 1500 K. If the enthalpy of the products relative to the standard
reference state is —404 MJ/kmol of fuel, the heat transfer from the combustion chamber is

(a) 177 MJ/kmol  (b) 227 MJ/kmol  (c) 404 MJ/kmol  (d) 631 MJ/kmol  (e) 751 MJ/kmol
Answer (d) 631 MJ/kmol

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).

hf_fuel=226730/1000 "MJ/kmol fuel"
H_prod=-404 "MJ/kmol fuel"
H_react=hf_fuel
Q_out=H_react-H_prod

"Some Wrong Solutions with Common Mistakes:"
W1 _ Qout=-H_prod "Taking Qout to be H_prod"
W2_Qout= H_react+H_prod "Adding enthalpies instead of subtracting them"
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15-138

15-137 Benzene gas (CgHy) is burned with 95 percent theoretical air during a steady-flow combustion process. The mole
fraction of the CO in the products is

(a) 8.3% (b) 4.7% (©)2.1% (d) 1.9% (e) 14.3%
Answer (c) 2.1%

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).

n_C=6

n_H=6

a th=n_C+n_H/4

coeff=0.95 "coeff=1 for theoretical combustion, 1.5 for 50% excess air"

"Assuming all the H burns to H20, the combustion equation is
C6H6+coeff*a_th(02+3.76N2)----- (n_C02) CO2+(n_CO)CO+(n_H20) H20+(n_N2) N2"

n_02=coeff*a_th

n_N2=3.76*n_02

n_H20=n_H/2

n_CO2+n_CO=n_C

2*n_C0O2+n_CO+n_H20=2*n_02 "Oxygen balance"

n_prod=n_CO2+n_CO+n_H20+n_N2 "Total mole numbers of product gases"

y_CO=n_CO/n_prod "mole fraction of CO in product gases"

"Some Wrong Solutions with Common Mistakes:"
W1 yCO=n_CO/nl prod; n1_prod=n_CO2+n_CO+n_H20 "Not including N2 in n_prod"
W2_yCO=(n_C0O2+n_CO)/n_prod "Using both CO and CO2 in calculations"

15-138 A fuel is burned during a steady-flow combustion process. Heat is lost to the surroundings at 300 K at a rate of 1120
kW. The entropy of the reactants entering per unit time is 17 kW/K and that of the products is 15 kW/K. The total rate of
exergy destruction during this combustion process is

(a) 520 kW (b) 600 kW (c) 1120 kW (d) 340 kW (e) 739 kW
Answer (a) 520 kW

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).

To=300 "K"

Q_out=1120 "kW"

S react=17 "kKW'K"

S _prod= 15 "kW/K"

S react-S_prod-Q_out/To+S_gen=0 "Entropy balance for steady state operation, Sin-Sout+Sgen=0"
X_dest=To*S_gen

"Some Wrong Solutions with Common Mistakes:"
W1 Xdest=S_gen "Taking Sgen as exergy destruction"
W2_Xdest=To*S _genl; S react-S_prod-S_gen1=0 "Ignoring Q_out/To"
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15-139
15-139 --- 15-144 Design and Essay Problems

15-139 A certain industrial process generates a liquid solution of ethanol and water as the waste product. The solution is to
be burned using methane. A combustion process is to be developed to accomplish this incineration process with minimum
amount of methane.

Analysis The mass flow rate of the liquid ethanol-water solution is given to be 10 kg/s. Considering that the mass fraction
of ethanol in the solution is 0.2,

Meanot = (0-2)10 kg/s) =2 kg/s
Myaer = (0.8)10 kg/s) =8 kg/s

water

Noting that the molar masses Megnanol = 46 and My = 18 kg/kmol and that mole numbers N = m/M, the mole flow rates

become
: m 2 kg/
N ethanol — cthanol _ &S =0.04348 kmol/s
M cthanot 46 kg/kmol
: m 8 kg/
N water — water &5 =(0.44444 kmol/s
M yaer 18 kg/kmol
Note that

Nyer  0.44444
N 0.04348

=10.222 kmol H,0/kmol C,HOH

ethanol
That is, 10.222 moles of liquid water is present in the solution for each mole of ethanol.

Assuming complete combustion, the combustion equation of C,HsOH (/) with stoichiometric amount of air is
C,H,0H(¢)+a, (0, +3.76N,)——>2CO, +3H,0 +3.76a, N,
where ay, is the stoichiometric coefficient and is determined from the O, balance,

I+2ay, =4+3 ——ay =3
Thus,

C,HOH(¢)+3(0, +3.76N,)——>2CO, + 3H,0 +11.28N,

Noting that 10.222 kmol of liquid water accompanies each kmol of ethanol, the actual combustion equation can be written
as

C,H;O0H(¢)+3(0, +3.76N, )+10.222H,0(f)—>2CO, +3H,0(g)+11.28N, +10.222H,0(1)
The heat transfer for this combustion process is determined from the steady-flow energy balance equation with W = 0,
Q=Y Nl +h-h"), > Neli; +h-h°),
Assuming the air and the combustion products to be ideal gases, we have h = h(T). We assume all the reactants to enter the

combustion chamber at the standard reference temperature of 25°C. Furthermore, we assume the products to leave the
combustion chamber at 1400 K which is a little over the required temperature of 1100°C. From the tables,
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15-140

hy h2es k P1400 k
Substance kd/kmol kJ/kmol kJ/kmol
C,HsOH (¥) -277,690
CH, ~74,850
0O, 0 8682 45,648
N, 0 8669 43,605
H,0 (g) 2241820 9904 53351
H,0 () -285,830 - -
CO, -393,520 9364 65,271

Thus,

Q =(2)(-393,520+ 65,271-9364)+ (3)—241,820+ 53,351 —9904)
+(11.28)0 + 43,605 -8669)— (1)—277,690)— 0 — 0
+(10.222)(- 241,820 +53,351-9904)— (10.222 - 285,830)
= 295,409 kJ/kmol of C,H;OH

The positive sign indicates that 295,409 kJ of heat must be supplied to the combustion chamber from another source (such
as burning methane) to ensure that the combustion products will leave at the desired temperature of 1400 K. Then the rate
of heat transfer required for a mole flow rate of 0.04348 kmol C,HsOH/s CO becomes

Q = NQ = (0.04348 kmol/s)(295,409 kJ/kmol) = 12,844 kJ/s

Assuming complete combustion, the combustion equation of CH4(g) with stoichiometric amount of air is

CH, +a,(0, +3.76N,)——>CO, + 2H,0 +3.76a,N,

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

Thus,
ay =1l+1——ay =2
CH, +2(0, +3.76N,)——CO, +2H,0+7.52N,

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

equation as shown above under the same assumptions and using the same mini table:

Q = (1)(~393,520 + 65,271 -9364) + (2)(—241,820 + 53,351 -9904)
+(7.52)(0+ 43,605 —8669)— (1) 74,850)—0—0
=-396,790 kJ/kmol of CH,

That is, 396,790 kJ of heat is supplied to the combustion chamber for each kmol of methane burned. To supply heat at the
required rate of 12,844 kJ/s, we must burn methane at a rate of

Q 12,844 kl/s

Ney, ===———————=0.03237 kmolCH /s
Q396,790 kJ/kmol

or, )
Mey, =M ey, Ny, = (16 kg/kmol{0.03237 kmolCH /) = 0.5179 ks

Therefore, we must supply methane to the combustion chamber at a minimum rate 0.5179 kg/s in order to maintain the
temperature of the combustion chamber above 1400 K.
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