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15-19 Ethane is burned with an unknown amount of air during a combustion process. The AF ratio and the percentage of 
theoretical air used are to be determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, O2, and N2 only.  
Properties The molar masses of C, H2, 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 

   22222262 N3.76O3O3H2CO3.76NOHC aa  

O2 balance:  5.6a35.12a  

Substituting,  

22222262 24.44NO3O3H2CO3.76NO6.5HC  

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

 fuel air/kg kg 29.9
kg/kmol 2kmol 3kg/kmol 12kmol 2

kg/kmol 29kmol 4.766.5
AF

fuel

air

m
m

 

(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 C2H6, 

 C H O 3.76N 2CO 3H O 3.76 N2 6 th 2 2 2 2 th 2a a  

O2 balance: a ath th2 15 35. .  

Then,  

186%
5.3
5.6air ltheoreticaPercent 

ththair,

actair,

thair,

actair,

a
a

N
N

m
m

 

 

Products 
C2H6 

 air 



 

PROPRIETARY MATERIAL. © 2015 McGraw-Hill Education.  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. 

15-18 

 

15-26 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 CO2, H2O, O2, and N2 only.  
Properties The molar masses of C, H2, N2, 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 H2O, CO2, N2, and some free 
O2.  Considering 1 kmol of fuel, the combustion equation can be written as 

22th2222th224 NO0.3OHCO)3.76N(O1.3)0.20N0.35H(0.45CH zayxa  

The unknown coefficients in the above equation are determined from mass balances, 

332.53.176.320.0:N

05.13.02/3.1:O

2.12235.0445.0:H

45.045.0:C

th2

ththth2

zza

aayxa

yy

xx

 

Thus, 

222222224 .332N50.315OO1.2H0.45CO)3.76N1.365(O)0.20N0.35H(0.45CH  

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, 

 
kg 13.5kg282.0235.01645.0
kg .4188kg/kmol 29kmol 4.761.365

fuel

air

m
m

 

and 

 fuel air/kg kg  13.96
kg 13.5
kg 188.4

AF
fuel

air

m
m

 

(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 
H2O. 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 Nw kmol of H2O condenses, there will be 1.2 - Nw kmol of water vapor left in the products.  
The mole number of the products in the gas phase will also decrease to 7.297 − Nw as a result.  Treating the product gases 
(including the remaining water vapor) as ideal gases, Nw is determined by equating the mole fraction of the water vapor to 
its pressure fraction, 

 kmol 003.1
kPa 101.325
kPa 3.1698

297.7
2.1

prodgasprod,
w

w

wvv N
N

N
P
P

N
N

 

since Pv = Psat @ 25 C  = 3.1698 kPa. Thus the fraction of water vapor that condenses is  
1.003/1.2 = 0.836 or 84%. 

Air 
 

30% excess 

Products 
Gaseous fuel 

Combustion 
chamber 
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15-34 The composition of a certain coal is given. The coal is burned with 50 percent excess air. The AF ratio is to be 
determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, H2O, O2, N2, and ash only.  
Properties The molar masses of C, H2, O2, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 
Analysis The composition of the coal is given on a mass basis, but we need to know the composition on a mole basis to 
balance the combustion equation. Considering 1 kg of coal, the numbers of mole of the each component are determined to 
be 

 

kmol 00031.032/01.0/

kmol 01.02/02.0/

kmol 0028.018/05.0/
kmol 0683.012/82.0/

22

22

22

OO

HH

OHOH

CC

MmN

MmN

MmN
MmN

 

Considering 1 kg of coal, the combustion equation can be written as 
(0.0683C 0.0028H O 0.01H 0.00031O ash) 1.5 (O 3.76N )

CO H O 0.5 O 1.5 3.76 N ash
2 2 2 th 2 2

2 2 th 2 th 2

a

x y a a
 

The unknown coefficients in the above equation are determined from mass balances, 

 

073.05.02/5.100031.02/0028.0:O

0128.02201.020028.0:H

0683.00683.0:C

ththth2 aayxa

yy

xx

 

Thus, 

ash0.4117N0.0365OO0.0128H0.0683CO              

)3.76N0.1095(Oash)0.00031O0.01HO0.0028H(0.0683C

2222

22222  

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 coal, which is 
taken to be 1 kg, 

 
kg 1

kg 15.1kg/kmol 29kmol 4.760.1095

fuel

air

m
m

 

and 

 fuel air/kg kg 15.1
kg 1

kg 15.1AF
fuel

air

m
m  

 

             Air 
 
   50% excess 

Products 
Coal 

Combustion 
chamber 
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15-42 The enthalpy of combustion of gaseous ethane 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 

 2222262 13.16NO3H2CO3.76NO3.5HC  

Both the reactants and the products are at the standard reference state of 25 C and 1 atm.  Also, N2 and O2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of C2H6 becomes 

 
6222 HCOHCO,, fffRfRPfPRPC hNhNhNhNhNHHh  

Using h f  values from Table A-26, 

 

62HCkmolper 
kJ/kmol 84,680kmol 1

kJ/kmol 285,830kmol 3kJ/kmol 393,520kmol 2

kJ  1,559,850

Ch
 

The listed value in Table A-27 is -1,560,633 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 hc value corresponds to the higher heating value of C2H6. 
 
 
 
 
15-43 The enthalpy of combustion of liquid octane 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 

 22222188 47NO9H8CO3.76NO12.5HC  

Both the reactants and the products are at the standard reference state of 25 C and 1 atm.  Also, N2 and O2 are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of C8H18 becomes 

 
18822 HCOHCO,, fffRfRPfPRPC hNhNhNhNhNHHh  

Using h f  values from Table A-26, 

 
kJ  5,470,680

kJ/kmol 249,950kmol 1
kJ/kmol 285,830kmol 9kJ/kmol 393,520kmol 8Ch

 

The listed value in Table A-27 is -5,470,523 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 hc value corresponds to the higher heating value of C8H18. 
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15-46 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 CO2, H2O, and N2. 3 Combustion gases are 
ideal gases. 
Properties The molar masses of C, O2, H2, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1). 
Analysis  The combustion reaction with stoichiometric air is 

2222283 N8.18OH4CO33.76NO5)(HC l  

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 N2 and O2 are stable elements, and thus their enthalpy of 
formation is zero. Then, 

 
C3H8H2OCO2,, fffRfRPfPRPC hNhNhNhNhNHHhq  

The h f  of liquid propane is obtained by adding h fg  of propane at 25 C to h f  of gas propane (103,850 + 44.097  335 = 
118,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then,  

propane kJ/kmol ,260205,2
)kJ/kmol 620,118)(kmol 1()kJ/kmol 285,830)(kmol 4(kJ/kmol) 393,520)(kmol 3(Ch

 

The HHV of the liquid propane is  

 83HC kJ/kg 50,010
83

83

HC kg/kmol 44.097
HC kJ/kmol 2,205,260

HHV
m

C

M
h

 

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,  

propane kJ/kmol ,220029,2
)kJ/kmol 620,118)(kmol 1()kJ/kmol 241,820)(kmol 4(kJ/kmol) 393,520)(kmol 3(Ch

 

The LHV of the propane is then 

 83HC kJ/kg 46,020
83

83

HC kg/kmol 44.097
HC kJ/kmol 2,029,220

LHV
m

C

M
h

 

The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical. 
 

Air 
theoretical 

Products 
C3H8 

Combustion 
chamber 
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15-54 Hydrogen 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 H2 is burned completely with the stoichiometric amount of air, and thus the products will contain only H2O 
and N2, but no free O2.  Considering 1 kmol of H2, the theoretical combustion equation can be written as 

      2th222th2 N3.76OH3.76NOH aa  

where ath is determined from the O2 balance to be ath = 0.5. 
Substituting, 

 22222 1.88NOH3.76NO0.5H  

The heat transfer for this combustion process is determined from 
the energy balance systemoutin EEE  applied on the 
combustion chamber with W = 0. It reduces to 

RfRPfPRfRPfP hNhNhhhNhhhNQ ,,out  

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, 
 

 
Substance 

h f  

kJ/kmol 
H2 0 
O2 0 
N2 0 

H2O ( ) -285,830 

 
Substituting, 

or 

2H kmol kJ /  285,830out

2out H kmol /kJ   830,28500008302851

Q

,Q
 

If combustion is achieved with 50% excess air, the answer would still be the same since it would enter and leave at 25 C, 
and absorb no energy. 

Products 

25 C 

H2 

25 C 

Air 

100% theoretical 

Q 

Combustion 
chamber 

 
P = 1 atm 
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15-59 Diesel fuel is burned with 20 percent excess air during a steady-flow combustion process. The required mass flow 
rate of the diesel fuel to supply heat at a specified rate 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. 
Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO2, H2O, N2, and some 
free O2.  Considering 1 kmol of C12H26, the combustion equation can be written as 

    2th2th2222th2612 N3.761.2O0.2O13H12CO3.76NO1.2HC aaa  

where ath is the stoichiometric coefficient and is 
determined from the O2 balance, 

 1.2 12 6.5 0.2 18.5th th tha a a  

Substituting, 

2222222612 83.47N3.7OO13H12CO3.76NO22.2HC  

The heat transfer for this combustion process is determined from the 
energy balance systemoutin EEE  applied on the combustion 
chamber with W = 0. It reduces to 

 RfRPfPRfRPfP hNhhhNhhhNhhhNQ ,out  

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 

hf  
kJ/kmol 

h298 K  

kJ/kmol 

h500 K  

kJ/kmol 
C12H26 -291,010 --- --- 

O2 0 8682 14,770 
N2 0 8669 14,581 

H2O (g) -241,820 9904 16,828 
CO2 -393,520 9364 17,678 

 
Thus, 

 
2612

out

HC kmolkJ 1108696
00010,29118669581,14047.838682770,1407.3

9904828,16820,241139364678,17520,39312

/,,

Q
 

or  2612out HC kmolkJ 1108696 /,,Q  

Then the required mass flow rate of fuel for a heat transfer rate of 2000 kJ/s becomes 

  g/s 49.5kg/s 0.0495kg/kmol 170
kJ/kmol 6,869,110
kJ/s 2000

out

out M
Q
Q

MNm  

Products 

500 K 

C12H26 

25 C 

Air 

20% excess air 
25 C 

Combustion 
chamber 

 
P = 1 atm 

2000 kJ/s
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15-66 A stoichiometric mixture of octane gas and air contained in a closed combustion chamber 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 C8H18 with stoichiometric amount of air is 

 2th2222th188 N3.76O9H8CO3.76NOgHC aa  

where ath is the stoichiometric coefficient and is determined from the O2 balance, 
 ath 8 4.5 12.5  

Thus, 

 22222188 47NO9H8CO3.76NO12.5gHC  

The heat transfer for this constant volume combustion process is determined 
from the energy balance E E Ein out system  applied on the combustion 
chamber with Wother = 0,  

RfRPfP PhhhNPhhhNQ vvout  

For a constant pressure quasi-equilibrium process U + Wb = H.  Then the first law relation in this case is  

 RfRPfP hNhhhNQ ,K298K1000out  

since the reactants are at the standard reference temperature of 25 C. Since both the reactants and the products behave as 
ideal gases, we have h = h(T).  From the tables, 
 

 
Substance 

hf  
kJ/kmol 

h298 K  

kJ/kmol 

h1000 K  

kJ/kmol 
C8H18 (g) -208,450 --- --- 

O2 0 8682 31,389 
N2 0 8669 30,129 

H2O (g) -241,820 9904 35,882 
CO2 -393,520 9364 42,769 

Thus, 

 
188

out

HC of kmolper  kJ 428,606,3
00450,20818669129,30047

9904882,35820,24199364769,42520,3938Q
 

or  188out HC of kmolper kJ 428,606,3Q . 

Total mole numbers initially present in the combustion chamber is determined from the ideal gas relation, 

 kmol 0.06054
K 298K/kmolmkPa 8.314

m 0.5kPa 300
3

3

1

11
1 TR

PN
u

V  

Of these, 0.06054 / (1 + 12.5 4.76) = 1.001 10-3 kmol of them is C8H18. Thus the amount of heat transferred from the 
combustion chamber as 1.001 10-3 kmol of C8H18 is burned is 

 kJ 3610188188
3

out HC kJ/kmol 3,606,428HC kmol 10001.1Q  

 

1000 K 

Q 

P = const. 
C8H18+ Air 

25C, 300 kPa 
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Products 

TP 

C8H18 

25 C 

Air 

30% excess air 
25 C 

Combustion 
chamber 

15-73 Octane gas is burned with 30 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 Under steady-flow conditions the energy balance E E Ein out system  applied on the combustion chamber with Q 
= W = 0 reduces to  

        RfRPfPRfRPfP hNhhhNhhhNhhhN ,  

since all the reactants are at the standard reference temperature of 25°C.  Then, 

2th2th2222th188 N3.761.3O0.3O9H8CO3.76NO1.3gHC aaa  
where ath is the stoichiometric coefficient and is determined from the O2 balance, 

 1.3 8 4.5 0.3 12.5th th tha a a  

Thus,  222222188 61.1N3.75OO9H8CO3.76NO16.25gHC  

Therefore, 16.25 4.76 = 77.35 kmol of dry air will be used per 
kmol of the fuel. The partial pressure of the water vapor 
present in the incoming air is 
     kPa 1.902kPa 3.16980.60C25@satairin, PPv  

Assuming ideal gas behavior, the number of moles of the moisture that 
accompanies 77.35 kmol of incoming dry air is determined to be 

 kmol 48.135.77
kPa 101.325

kPa 1.902
in,in,total

total

in,
in, vv

v
v NNN

P
P

N  

The balanced combustion equation is obtained by adding 1.48 kmol of H2O to both sides of the equation, 

 2222222188 61.1N3.75OO10.48H8COO1.48H3.76NO16.25gHC  
From the tables, 

 
Substance 

hf  
kJ/kmol 

h298 K  
kJ/kmol 

C8H18 (g) -208,450 --- 
O2 0 8682 
N2 0 8669 

H2O (g) -241,820 9904 
CO2 -393,520 9364 

Thus, 

 
00820,24148.1450,2081866901.61

8682075.39904820,24148.109364520,3938

2

222

N

OOHCO

h
hhh

 

It yields  kJ 029,857,51.6175.348.108
2222 NOOHCO hhhh  

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 5,857,029/(8 + 10.48 + 3.75 + 61.1) = 70,287 kJ/kmol.  
This enthalpy value corresponds to about 2150 K for N2.  Noting that the majority of the moles are N2, TP will be close to 
2150 K, but somewhat under it because of the higher specific heat of H2O. 
At 2000 K: 

    
kJ 5,857,029than Higher kJ 451,886,5

810,641.61881,6775.3593,8248.10804,10081.6175.348.108
2222 NOOHCO hhhh  

At 1980 K: 
     

kJ 5,857,029than Lower kJ 583,819,5
090,641.61127,6775.3573,8148.10606,9981.6175.348.108

2222 NOOHCO hhhh  

By interpolation,  TP  =  1991 K 
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15-86 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 CO2, H2O, N2, and some 
free O2. Considering 1 kmol CH3OH the combustion equation can be written as 

2th2th2222th3 N76.33O2OH2CO3.76NO3OHCH aaa  

where ath is the stoichiometric coefficient and is determined 
from the O2 balance, 

 1.521130.5 ththth aaa  

Thus, 

2222223 N92.16O3OH2CO3.76NO5.4OHCH  

Under steady-flow conditions the energy balance systemoutin EEE  applied on the combustion chamber with W = 0 
reduces to 

 
RfRPfP hhhNhhhNQout  

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

 
Substance 

fh  

kJ/kmol 
K298h  

kJ/kmol 

Kh350  

kJ/kmol 

CH3OH -200,670 --- --- 

O2 0 8682 10,213 

N2 0 8669 10,180 

H2O (g) -241,820 9904 11,652 

CO2 -393,520 9364 11,351 

Thus, 

 
fuel of kJ/kmol 550,663

670,20018669180,10092.168682213,1003
9904652,11820,24129364351,11520,3931outQ

 

The entropy generation during this process is determined from 

 
surr

out

surr

out
gen T

QsNsN
T
QSSS RRPPRP  

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 Pi  =  yi 
Ptotal, where yi is the mole fraction of component i.  Then, 

 miuiiiiii PyRPTsNPTsNS ln,, 0  

Products 

77 C 

CH3OH 

25 C 

200% excess air 

25 C 

Combustion 
Chamber 

 
1 atm 

Qout 
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The entropy calculations can be presented in tabular form as 
 

 Ni  yi  atm1T,si  miu PylnR  ii sN  

CH3OH 1 --- 239.70 --- 239.70 

O2 4.5 0.21 205.04 -12.98 981.09 

N2 16.92 0.79 191.61 -1.960 3275.20 

SR  =  4496 kJ/K 

CO2 1 0.0436 219.831 -26.05 245.88 

H2O (g) 2 0.0873 194.125 -20.27 428.79 

O2 3 0.1309 209.765 -16.91 680.03 

N2 16.92 0.7382 196.173 -2.52 3361.89 

SP  =  4717 kJ/K 

 
Thus, 

 fuel kmolper kJ/K 2448
298

550,66344964717
surr

out
gen T

Q
SSS RP  

The maximum work is equal to the exergy destruction 
fuel kmolper kJ/K  400,729kJ/K) 2448)(298(gen0destmax STXW  

Per unit mass basis, 

  fuel kJ/kg 22,794
kg/kmol 32

kmolkJ/K 400,729
maxW  


