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Exercise 1

0.1 kg/s of liquid fuel formed by a volumetric mixture of isooctane (80%) and benzene (20%), burns
with an excess of air of 10%. Knowing that fuel and air enter at 25°C and 100 kPa and combustion
products know at 1727°C and 100 kPa. The molar ratio CO,/CO =5 and the presence of H; (g) is
observed in the combustion products.

Carry out a mass and thermodynamic analysis of the combustion process.

Combustion Chamber

FUEL

AIR

Heat {combustion chamber)

[T |Adibatic

I k3fmal fuel

‘ PRODUCTS

PRODUCTS

I 1727 °C I¥
I 100 kPa

Incomplete combustion can occur in rich, lean, or stoichiometric mixtures. In any case, the resolution of the
problem can be faced with the previously seen procedures of balance of atomic species and the laws of
stoichiometry. Two cases of incomplete combustion that are commonly applied in the operation of thermal
plants will be studied: Kissel Combustion, in which the unburned are CO and H,, and Ostwald Combustion,
in which there is only one unburned, the CO. For both cases there are graphic solutions that allow a quick
evaluation of the global conditions of combustion, the efficiency of combustion and the production of
environmental pollutants. These diagrams can be used to monitor a combustion installation. Large boilers,
for example, have instruments to analyze combustion gases.
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—FLEL
75 oC —Air Excess (A) —————
R | 1.100000 - @D
100 kFa
11I] 000 % ¥
ka/sT™
Air Relative
—AIR Hum[t!'r ﬂ
—25 oC T o PRODUCTS ——————
S 3 a 1727 ¢ ¥
100 kPa WE Temperature
kg/s ™ —°oc ™ 100.0 kPa
P fuep) (% T Re FUEL 2 =
kPa Malar ratio 9%
Ligud = | 76854 | e0.0000 < CsHis |1sooctane |
Ligud | 126947 [20.0000 = CeHe |Benzene |

Total: 100.0000

The hydrocarbon compounds of category C6, C7, C8 and higher, must be at high temperatures and
pressures to keep them in a gaseous state.

Normal conditions

|0ec, 1atm (DIN 1343:1990) |

0oC, 1atm (DIN 1343:1990)
150C, 1atm (IS0 2533:1975, IS0 13443:2005)
200C, 1atm

Ty Dead State P,

I 25.00 3: oC Imn.un 3: kPa

The stable reference environment is defined according to the temperature and pressure conditions of the
standard natural environment, that is, 25°C and 1 atm.
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—Hydrogen in the products
PRODUCTS IEI 3 r ¥ There is hydrogen B
¥ Incomplete Combustion B ¥ Water gas shift reaction (Products T=)
Equilibri
CO+H:0 5= CO,+ H2 e
Molar Ratio | s.00000 = Ko= | 0.220778 1727.00 )
C0,/CO
“Eéf,'éi’}ﬁ“ | 7.85606 3: [~ Molar ratio H2/CO | 0.00000 3:
—Molar Mass FLUEL ——
107.0052
g/maol fuel
Mole CO,
(maximum)
14.9424 ) %
— Airffuel ratio (dry air) —Dxyaen/Fuel ratio
AIR v IDXYEEN -|
Theoretical Actual Theoretical Actual
(5476191 ) (_60.23810 ) I mol/mol fuel (" 11.50000) [ 12.65000) [ maljmol fuel
(1476489 ) [ 16.24138) [ hajkg fuel ( 3.43008) [ 3.78200) [ kajkg fuel
—Mitrogen,/Fuel ratio
INITF‘.DEEN "’I
T tical Actual Reactants (fuel + dry air)
((43.26101) [ 47.58810) [ mol/mol fuel 61.23810 )  molfmolfue
[ 11_325?] [ 12_45335] [~ kgfkg fuel (Assume 1 mol fuel is being combusted)

The air-to-fuel ratio is the mount of air needed to completely burn a specific amount of fuel. To determine it,
we begin by including the 3.76 kmols of nitrogen that accompany each kmol of oxygen in the combustion
equation. This is done by recognizing that the stoichiometric coefficient for nitrogen is always 3.76 times the
stoichiometric coefficient of oxygen. Since, in our model, the nitrogen does not take part in the combustion
reaction, it usually has the same coefficient on both sides of the reaction equation.

Stoichiometric combustion means that F, = 1.0. Excess fuel produces a rich mixture (F, > 1) and excess air

is a lean mixture (Fr < 1), the lean mixture is preferred to ensure none of the fuel escapes in an unburnt
state.
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~FLUE GAS (Combustion Products) [ Onwetbasis [~ On dry basis

M mol/molfuel [ ko/kg fuel Mole % Mass %
€0, | 6333333 | 2604815 | 07531 | 15.0505
| €0 | 1266667 | 033157 | 19506 | 1.9169
"HO | [ 7470152 [ 1313200 [ 115038 [ 75022
| N: [ 47588007 [ 12458358 [ 73.2843 [ 72.0270
| 0; | 1048242 [ o586z | 30002 | 3.3684
S0, | | | |
" H: | o.320848 | o.06214 | 05080 [ 0.0359

| | |
| | |

rotAL | e4.9363) [ 17.2068) (100.00)% (100.00)%
Dew Point (and Pz I~ 100% () molimol fuel
e
11.50 kPa
~FLUE GAS (Combustion Products) I Onwetbass [¢ On dry bass
¥ mol/molfuel [ kg/kg fuel Mole % Mass %
| €0, [ 6333333 [ 2604815 [ 110210 [ 16.2068
€0 | 1266667 | 033157 | 22042 | 2.0744
CHO | | [ [
" N2 || 47588007 [ 12458358 | s2.8106 | 77.9446
L 0: [ 1oes242 [ ose23 [ 33002 [ 36451
- S0; | | [ [
" Ha || 0329848 | oooezi4 | 05740 [ o.0389
A | [ [
Unburned | | [ [
rotAL  (  s74662) [ 15.9836) (100.00)% (100.00) %

Carbon monoxide (CO) is produced when combustion reactions are not fully completed, either through lack
of oxygen or due to low mixing. Carbon monoxide is a colorless and odorless gas. All combustion sources,
including motor vehicles, power stations, waste incinerators, domestic gas boilers, and cookers, emit carbon
monoxide. Carbon monoxide is not poisonous but has a temporary effect on the human respiratory system.
High concentrations of CO can cause physiological and pathological changes and ultimately death.
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Lower Heating., LHY Higher Heating, HHY
4679.31 kJ/moal fuel 5022.59

43729.72 KJfkg fuel 4693777

31778531.28 kJ/Nm= 34109832.29

- m Z
2 I < B o e v B v

FUEL MOLECULAR FORMLULA

weesom| C H O N S

7.600 15.600  0.000 0.000  0.000

—GRAVIMETRIC COMPOSITION (1 kg of FUEL)

weesom| C H O N S

0.853 0.147 0.000 0.000  0.000

—FUEL MOLECULAR. FORMULA

Mormalized form | CH O N S

2.0533 0.000 0.000  0.000

GRAVIMETRIC COMPOSITION (1 kg of FUEL)

Mormalized form | CH O N S

0.172 0.000 0.000  0.000

—Fuel Properties

Enthalpy of formation n -197.640 | kJfmal fuel
Abszolute entropy ﬂ 3076520 1jmol fuel K
[1 atm & 25°C]
v Experimental lati
Standard chemical exergy ﬂ 5069.09 | kJ/mal fuel :;‘Exi;z:; correla u::unJ
] -
Standard Gibbs Free Energy ﬂ 4664.90 | kKljmol fuel ¥ Thermocombustion database

of Formation
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Enthalpy of formation is the enthalpy change when one mole of substance is formed from its elements in
the standard state. By definition, enthalpy of combustion is the enthalpy change (or energy released) when
one mole of substance is completely burnt in excess oxygen.

—Density of the FLIEL

CAPT Speaific gravity
( 6263) ( 0.7289)

Absalute

o

Compressibility factor

H/C molar ratio 0/C molar ratio MN/C molar ratio

mal H/mal C mal Ofmol C mal N/mal C
Carbon content Hydrogen content Ozygen content

kg C/ka fuel kg Hfkg fuel kg O/ka fuel
C/H mass ratio C/0 mass ratio C/N mass ratio

o Ch 0 a0 0 o
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Denszity (Normal conditions)
Dy air Wwel air

Density [(Entry to the chamber)
Dy air Wwel air

et ()

o7482) kam ()

Mazs flow rate
Dy air

)

mol air/mol products [stq]

(Dry basis) 1.0767

mol air/mol products [actual]

(Dry basis) 1.0482

ka/s

WwWet air

)

kg air/kg products [stq]

(Dry basis) 1.0217

kg an/kg products [actual]

(Dry basis) 1.0161

AIR. MOLECULAR FORMULA

C N O

0.00000 23.79405

6.32500

Ar

0.00000

H

0.00000

—Flue-Gas

Compressibility factor | n

Absolute humidity

| @D
kaka flue gas dry

Molecular weight |

Wet kg/kmol
o o

The compressibility factor Z is defined as the ratio of the actual volume to the volume predicted by the ideal
gas law at a given temperature and pressure. If the compressibility factor is less than 1 then, the gas will
show negative deviation and it will be more compressible than expected.
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Density | ﬂ Flue gas/air ratio |
Relative Absolute 1.0616 ) ko/ka air

( 0.9807) ( 1.1611) kag/Nr?

ol

Ideal gas
Wet ( 0.9808) [ 1.1613) ka/Nm?

ory [ 1.0275) ( 1.2166) kg/Nr?

— Products Temperature

(zm)

Adiabatic Flame Temperature
For A = 1.1000 1819.85 ) °C
[Actual]

For A = 1.0 (max)

[Theoretical] 2132.20) °C (25°C, 1atm)

The adiabatic flame temperature is the maximum temperature of the combustion gas that can be reached
by the combustion reaction under the no heat loss to the surroundings in the adiabatic condition. Especially,
the theoretical maximum temperature assuming no thermal dissociation and complete combustion is called
the adiabatic theoretical flame temperature.

Heat {(Released or Absorbed) ﬂ Exothe
Exo =rel

Qf — Z”‘L’!LII h, Tow) — Z"inhinﬂi“]

¥ Reactants Products Reactants

¥ Productz

Qr= Hp(TouwP) - Ha(Tis P) = Hp(Tous P) - He(Taa, P)

b kafmol fuel T~ ki/kg fuel ™ kw H = Hyomm + H(T,P) - H(25°C, 1 atm)
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ENERGY BALANCE: REACTANTS ? X
I fmol I fmol fuel
W 0.0000 | o.o000 A
- I 0.0000 I 0.0000 I EMERGY BALAMCE: FLUE GAS ? x
TH0 | 0.0000 | L )
roraL | 0.0000 | 0.0000 i fmol K jmeol fuel
Gols | | 203000 | 074400 CO, | 3020800 | -1913.1732
CeHe | 2s.0000 | 5.8000
[ | F CO | s370 | 68.1353
| | U H.0 | -s0.1310 | -1283.4342
| | E 0, | ssaw0 | 1153340
I I L N, | 56.1410 |  2671.6433
rorat | -2w000 | -197.6400 H: | s2.950 | —
70TAL  ( -210.3000) (  -197.6400 ) (AIR+FUEL) TOTAL  ( -3s6.7209) [ -440.3059)
—Direct method
Combustion Efficiency Reference state: To=25 °C, Po=100 kPa -
Noomo = —f (19 * @

LHV {(Tncomplete Combustion Loss)

(100% for complete combustion)

Qf(T u) kJfmaol fuel

Combustion efficiency measures the presence of unburnt elements in the combustion process.

—Combustion Chamber Efficency

& * LHV

" HHV

Heat released n

242.67 k1mol fuel
% (of the calorific value of the fuel)

The efficiency of the combustion chamber is the ratio between the energy obtained in the combustion
process (present in the combustion products) and the heating value of the fuel.
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m Execute Chemical Equilibrium Plot  Format |

Output sumrmary definition »

Water gas shift reaction (mass balance) r

Dissociation OM/OFF b

Model Substances r

Combustion Products r

Reactants g |: Reactants at their partial pressure

Streams of AIR/FUEL L

Ignore water condensation |

Reactants at the same pressure

Settings Execute Chemical Equilibrium  Flot  Format |

Output summary definition r
Water gas shift reaction (mass balance] »
Dissociation OM/OFF 4

Model Substances

Combustion Products |: Products at their partial pressure

Reactants
Streams of AIR/FUEL » I

Products at the same pressure

Streams of AIR/FUEL ® separate Streams

Sankey or Grassmann - Together Streams

Ignore water condensation |

—Entropy Terms (1/mol fuel K)

Generated Entropy (Sg) 5383.32592 = "|" Z"m:im Z"msm

Ty Products Reactants
¥ Reactants

¥ Products @D ( 323.49) (5050.83504) @D

IEntrop',r balance j

The entropy generation associated with irreversible phenomena and based on the Second Law of
Thermodynamics is of considerable importance in the fields of engineering sciences. Different phenomena
give rise to entropy generation, such as heat transfer through finite temperature gradients, heat transfer
characteristics, and effects of fluid viscosity.

10
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EMTROPY BALAMCE: REACTANTS ? ot
Jimol K Jimol fuel K
PO | 2ioos0 [ aszsiee A
PN [ w54 | sooesas I
CH.0 | 0.0000 | 0.0000 R
TOTAL | 4114709 | 11964.2088
CsHiz | zouee2 | 241.35m0
CeHs | 3281947 | 656389 F
| |
| | U
| | E
| | L
| |
TOTAL | &29.3308 |  306.9953
TOTAL ( 1041.3518) [ 12271.2947 ) (AIR+FUEL)

— Availability Balance (ki/mol fuel)

ThermoSuite

Technical Software Suite

ENTROPY BALANCE: FLUE GAS 7 X
Kimol K Jimol fuel K
CO, | 328527 | 2080.8972
CO | 291335 |  369.0238
H,O | 2825511 | 2110.6935
0, | 2978098 |  580.2054
N, | 2545533 | 12113.70%0
H, | 232217 | 76,5966
TOTAL | 1637.0293) ( 17331.1309)

Boundary
temperature Tf

I 477.0 3: oc

= (-

{ Dot forget to update the energy balance )7
) Q.+ Z"m in z oD o

Reactants  Products

(

-146.22 ) | -3856.32658 ) -5607.58254 )

Gibbs function, AG -31248.84 ﬂ Exergy Heat Tranzfer

Speciez Exergy

n Irreversibility (I=T.s,)
(exergy destroyed in

the combustion process)

1605.04008
1751.25586

146.22000

Reversible work, W
(exergy change of the
combustion streams)

Irreversibility, |AT]|
{heat transfer process)

External Internal

96.45) [ 1508.50008 ) @

(

Avrailability fuel, Ex;
{dependent on the defined state
of the atmospheric reference)

Exr + EXair o Weew + EXp

9641.90

Useful exergy
(furnace or steam boiler) 000000
Exergy of the products, Ex;
Chemical FPhysical
4772 |+ 272549 = 3273.21
Exergy destroyed (l): ( ) ( ) [ ]
1>0 Irreversible process Exergy of the air, Exa
@® =0 Reversible process Chemical Physical
I>0 Impossible process s —
( 7.74 )+( 0.00)=( 7.74)
Theoretical Fo = 1.0 (max) Actual

Reversible Work (maximum),
AG=Gg(Ty,Pg) - Gp(To, Po)

4848.26

4476.74

11
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|'Settings Execute Chemical Equilibrium Plot  Format

Output sumrary definition ’
Water gas shift reaction (mass balance) r
Dissociation OM/OFF k
Model Substances r
Combustion Products r
Reactants »
Streams of AIR/FUEL r

Ignore water condensation

—

Settings Execute Chemical Equilibrium  Flot  Format

Output summary definition r
Water gas shift reaction (mass balance] »
Dissociation OM/OFF L
Model Substances r
Combustion Products

Reactants r
Streams of AIR/FUEL r

— Entropy Terms (1/mol fuel K}

|

ThermoSuite
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Reactants at their partial pressure

") Reactants at the same pressure

}

Products at their partial pressure

|: Products at the same pressure

¥ Reactants

Q
f
Generated Entropy (5;) 5076.5100 5= —?f +

Z Moyt S ot — Z"m Sin

Products Reactants

Entropy balance j

¥ Products ﬂ [

24263) [ 4s33.08) @D

ENTROPY BALANCE: REACTANTS 7 X
Jimol K Jimal fuel K
B0 | wsoso | asezeem A
- I 191.5020 I 9113.2153 I EMTROPY BALAMCE: FLUE GAS ? x
TR0 | 0.0000 | 0.0000 R
TOTAL |  396.5350 | 11706.8338 WimolK  Jimol fuel K
cél:lm I iqulzz I 2‘:22:; CO, | 309.2100 | 1958.3298
¢ | : | : F CO | 2sss000 | 32mse01
| | U H,0 | 2845710 | 1976385
| | E O, |  268.6550 |  523.4050
I I L N, | 2519800 | 11990.7246
H 188.2970 62,1094
TOTAL | 6146539 | 3028353 : | |
TOTAL (  1011.1839) ( 12003.7191) (AIR+FUEL) TOTAL  (_1541.30:0) (_16838.5137)

12
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Boundary
temperature Tf

I 477.0 3: oc

Gibbs function, AG -30341.52 ) @D E

=

{ Dron "t forget to update the energy balance )7
1— E) Q,+ Z"inbin - z MogD ot
A7

Reactants  Products
[ -146.22) [ -3778.33794 ) -5460.70873 )

xergy Heat Transfer

Species Exergy

Irreversibility (I=Tas)
(exergy destroyed in
the combustion process)

Reversible work, We.
(exergy change of the
combustion streams)

Irreversibility, |AT|
(heat transfer process)

Useful exergy
(furnace or steam boiler)

Exergy destroyed (I):
120 Irreversible process
I=0 Reversible process
I1>0 Impossible process

1536.15495
1682.37061

146.22000
0.00000

External Internal

96.45) (143970401 ) @D

&

Availability fuel, Ex;
(dependent on the defined state
of the atmospheric reference)

Exr + EL'HWm"‘EKp

9641.90

Exergy of the products, Ex;
Chemical Physical
547.72|+( 272549 = (

(

3273.21)

Exergy of the air, Exa
Chemical
7.74 )+(

Physical
0.00)= [

(

7.74)

Reversible Work (maximum),
AG=Gg(Tg,Po) - Gp(Tq, Po)

Actual

4407.86

Theoretical For j = 1.0 (max)

4809.09

13
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CO/CO2

| Products temperature

KISSEL DIAGRAM

& Excess air
i coeffident

Mole ratio (%)
Ispoctane: 80.0000
Benzene: 20.0000

0,(%)

414

Technical Software Suite

CO,(%)

Combustion products contain CO and molecular hydrogen H, (Kissel combustion). The Kissel diagram
allows the combustion mass balance to be carried out quickly and effectively, and to obtain its characteristic
parameters. The data required by the program are the same as for the Ostwald option, apart from the

temperature.

CO,(%)

100

a0 |

10

GREBBEL DIAGRAM

Mole ratio (%)

Isooctane: 80.0000
Benzene: 20.0000

Excess air

coeffident =10, 6, 5, 4, 3, 2, 1.5, 1.4, 1.3, 1.2, 1.1

1 1
14 16 13 20

14
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Grebbel diagram shows a family of lines with focus at (0,1) whose intersection with the Grebbel line defines
the excess air. In this diagram is shown the Grebbel line and constant excess air lines for complete
combustion.

Some sensitivity analyses are performed below:

461.51
-141.88 /
/
-745.26 ,/
/
/
-1348.65 /
_—
/
-1952.03
1000.000 1100.000 1200.000 1300.000 1400.000 1500.000 1600.000 1700.000 1800.000 1900.000 2000.000

Plot Format Help Re
@ Add Analysis

Delete Label
Delete All Labels
Delete All Analysis

Cursor

See Values

Exchange Heat (kJ/mol fuel)

—AXIS X

Products temperature

~

-

Initial value Im L

Final value Im oC

Interval Im oC
—Background calor

=

r ¥

-
-

Negative values (Exothermic reaction)

Positive values (Endothermic reaction)

Products Temperature (°C)

15
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Positive values (Endothermic reaction)

4110.71 /
302237 //
1934.02 /
845.68 et
//
-242.66
1.100 1.240 1.380 1.520 1.660 1.800 1.940 2.080 2.220 2.360 2.500
Air Excess Coefficient
—AXRIS X
Air excess coefficent j

Initial value I 1,000 3:

Final value I 2,500 3:

Interval I 0,100 3

—Backaround color
r r v r
Combustion Products -> Mole % ¥ Onwetbasis [~ Ondrybass
0.50800
o Hz
0.43923
0.37045
0.30167 \
0.23290 T~
1.100 1.240 1.380 1.520 1.660 1.800 1.940 2.080 2.220 2.360 2.500

Air Excess Coefficient

16
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Mumerical values ? >

|coz

Axis-X

Plot Format Help Re
@ Add Analysis

Delete Label
Delete All Labels
Delete All Analysis

Cursor
v Grid
Label
Settings S
Combustion Products -> Mole % [ Onwetbass | Ondry basis
12.74570
\ ® 0, © Ho(g)
® 0 ©
9.78290
6.82010 H"‘*——-‘“\_____E
""-h._‘_‘_‘-‘-_‘-—‘- --—__-""--.______
-‘_-‘-_'-‘-I—-.
-‘-‘-‘—_-__--‘-‘--‘-!—-—____
3.85730
—_—
0.89450
1.100 1.240 1.380 1.520 1.660 1.800 1.940 2.080 2.220 2.360 2,500

Air Bxcess Coefficient

17
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¥ Onwetbasis |~ Ondry basis

16.52300
12.61090 ““-\
"\“-—H\\_“
hh"‘"‘-—u—_
froses _—h"""'"-""‘---...______‘_
_‘_-‘-‘-‘-"‘-l—n_
<
------_-_-_"‘———
1.78670 R —
___-_-_-_‘————_
—
S
S N
0.87460
1.000 1150 1300 1.450 1.600 1750 1.900 2.050 2200 2350 2500
Air Excess Coefficient
Combustion Products -> Mass % ¥ Onwetbasis [~ Ondrybasis

15.10800

\\ ® o, * H:0(g)
11.54965 “m\ &g

T —
‘M“\“\
7.99130 \ — -...."----...._._______---...._._________
‘H“"“‘*&--.._,_‘___‘
T ——
443295 |
—
P—
-——_——
0.87460
1.100 1.240 1.380 1.520 1.660 1.800 1.940 2.080 2.220 2.360 2.500

Air Excess Coefficient

18
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4
o
=

o
=
S

=
—
S
<]
e

=
=

[~ Ondry basis

[¥ On wetbasis

Combustion Products (kg/kg fuel)

C0;

@

& mo(g)-

IS

(27]

IS

5.39735

4.13090

2.86446

1.59801

0.33157

2,500

2.220 2.360

2.080

1.940

1.800

1.660

Air Excess Coefficient

1.520

1.380

1.240

1.100

Adiabatic Temperature (°C)

1819.85

1600.64

1381.42

1162.21

943.00

2,500

2220 2,360

2.080

1.940

1.800

1.660

Air Excess Coefficient

1.520

1.380

1.240

1.100

19
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1870.00 /
/
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1857.46 et

1844.92 /
-

1832.39 /

_—

25.000 32,500 40.000 47.500 55.000 62.500 70.000 77.500 85.000 92.500 100.000
Air Temperature (°C)

1819.85

Exchange Heat (kJ/mol fuel) Negative values (Exothermic reaction) Positive values (Endothermic reaction)

TN

-275.63 \

-341.56 \

S

25.000 32.500 40.000 47.500 55.000 62.500 70.000 77.500 85.000 92.500 100.000
Air Temperature (°C)

20
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Exergy destroyed (k1/mol fuel)

Exceso de|

1602.10

1538.39

Excesq de aire: 1.2

1474.68
1410.97

1347.26

1300.000

1190.000

1080.000

420.000 530.000 640.000 750.000 860.000 970.000

310.000

200.000

Products Temperature (°C)
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