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Properties of Mixtures

Ideal Gas Mixtures!

Om:m1+m/2+m3+---+mk=Z?:1m¢
V=T = Y, Yi=1
sn=mtmtngtotn=Y"5 n
X, =% = YR ox =1

n

= mass of component

total mass of mixture

number of moles of component 2
total number of moles in mixture

mass fraction of component 7

mole fraction of component 2

molecular mass of component 1

REXxI3333

apparent molecular mass of mixture 2

1M. Moran et al. (2014). Fundamentals of Engineering Thermodynamics. 8th ed. Wiley.
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Properties of Mixtures

m; = n; M; m = nM |

_ mitmottmy . maMitng Mo+ Am My k n, .
- n - n - Zizl ( 1) M;

]
I
2[3

M=% XM
Dry air: 78.08% N5, 20.95% O3, 0.93% Ar, 0.03% C O,
M =0.7808-28+0.2095- 32+ 0.0093 - 39.94 4 0.0003 - 44 = 28.95 kg/kmol

j— R‘LL
Apparent gas constant, | R = 3%

Rgir = 8318 — 0.287 kJ/kg K

air = 28.95
e M=m—__m ___m __ _ 1 = 1
k A
onan mh(E) fh() Zh(w)
_ 1
M= sk (ll)
=1 M;

P _mi _ M nM/n  _ XiM; . L XiMy
Yi= o = Tnif = Tadtm — vxin 7| Yi=Tn

JR— XMy _ XM, . L — L — Yz/Mz

Yi= M T Y XM XZ_(MI)]M_ZYZ/MZ
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Properties of Mixtures

[lustrative Example: Mass Fraction to Mole Fraction

X; = (ﬁ) M= /M

M; > Yi/M;
i Y, M & Xi=sr
H, 0.10 2.0 0.050 0.6250
O, 048 320 0.015 0.1875
CO 0.42 28.0 0.015 0.1875
1.00 - 0.080 1.0000

1
M = w573 = 5080 a5 = 12.5 kg/kmol.

e If m;’s are given:

.WHYl_Zm,:%
'n:%
°* n, =X;n
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Properties of Mixtures

Mustrative Example: Mole Fraction to Mass Fraction

v XMy _ XiM;
‘ M Y XM,
. X M;
i X, M, XM, Y=<
H, 0.6250 2.0 1.25 0.10
O, 0.1875 32.0 6.00 0.48
CO 0.1875 28.0 5.25 0.42
1.00 - 12.5 1.0000
M =3 X;M, =125 kg/kmol.
e If n;’s are given:
°n — X; = an =7
* m=nM
°* m=Ym
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Combustion Stoichiometry

Combustion Stoichiometry?

CZCHZH OZONZNSZS + as (0 2102 + 0. 79N2)

fuel air

— 11 COz + npg Hy O + nzg Ny + 1y SOq

complete combustion product

e Z; be the number of moles of the i*" element per mole of fuel.

e Atom balance: Z Z
_ Ttz 2

C: Zoe=m as .
H: Zy=2n n = Zc

O: Zop+2(02l)as=2n+m+2n=> ny = %

N: Zy+2(0.79)as; =2n3 ng = % +0.79a;
S ZS = N4 ng = ZS

2A. Culp (1991). Principles of Energy Conversion. 2nd ed. McGraw-Hill.
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Combustion Stoichiometry
Theoretical (stoichiometric), Molar, Dry air-fuel ratio
Theoretical, Gravimetric, Dry air-fuel ratio

)T,M,D =
T.6D =

A~~~
o o s
~—

Il

~—
%)
|

Stoichiometric air-fuel ratio

A Zo+ 2+ 25— %2
— = as =

Flownp 0.21

A
{é} _ [é] _ 28.97 (%) 7.0
Flrap Fl, Mpyer

Mpyer =12Z¢ + Zy + 1620 + 142y + 3275

To include the water vapour contained in the atmospheric air:

7l s~ - w52 [7]
Florow 0.622) [ F| 1y p

A A
= =(1 =
Ao =0 5
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Combustion Stoichiometry

_ 1 _ 1
Xs,fuel ~ Ttay? Ys,fuel — 1+(4/F),
¢ = fuel-air equivalence ratio, simply equivalence ratio

A = relative air-fuel ratio or excess-air factor or dilution coefficient
<1 :lean mixture
b= A= = : & =< =1 :stoichiometric mix.
> 1 :rich mixture

Percent excess air = 100(A — 1]

Actual air-fuel ratio,

oo~ [7)
F A,G,D F T,G,D

Actual, Molar, Dry air-fuel ratio
Theoretical, Gravimetric, Dry air-fuel ratio

(

)A,M,D =
T.6D =

{A} _{(%NZ‘)(ZCJZN} 1
amp LBCO+%CO;) 2

—~
R SEs(RN
~—

:’\"\v‘

F
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Combustion Stoichiometry

Ilustrative Example: Dew-point of Combustion Products®
Fuel: 92% CHy, 9% Ha, 14% Ny, 2% Oa, 3% CO,
Air: 20°C, 1 atm, 80% RH — w = 0.01175
Stoichiometric combustion, ¢ = 1.0
® 7o =0.75, Zy =3.06, Z5 =0, Zy =0.28, Zo = 0.01
= (A/F)r.ump =6.975 (A/F)rmw = "7.108
e water moles = 7.108 - 6.975 = 0.132 (from air moisture)
® Huel + 6.975 Air 4+ 0.132 H,O —— 0.75 CO4 + 1.662 H,O + 5.651 N,
® Puater = (1.662/8.063) Pyt — Puater = 20.8 kPa.
® Ty = P.4:(20.8 kPa) = 60.9°C

F .Y

3Y. Cengel (2014). Thermodynamics: An Engineering Approach. 8th ed. McGraw-Hill.
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Combustion Stoichiometry

Illustrative Problems*:
® Culp Ex. 3.5 > A natural gas with the following molar analysis is burned
in a furnace: CO; = 0.5%, CO = 5.0%, CH, = 87.0%, CoHy = 3.0%
and N, = 4.5%. An exhaust analysis gives the following results: 9.39%
CO,, 3.88% O, and 0.83% CO. Estimate actual-air fuel ratio and
percent excess air.

4A. Culp (1991). Principles of Energy Conversion. 2nd ed. McGraw-Hill.
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Heat Release Parameters

Enthalpy of Formation

h?=Q =-393,520 ki/kmol CO,

1 kmol C
25°C, 1 atm Combustion 1 kmol CO,
1 kmol O, chamber 25°C, 1 atm
—_—
1302 25°C, 1 atm

e The enthalpy of formation of a compound represents the amount
of energy absorbed or released as the component is formed from its
stable elements during a steady-flow process at a specified state.

F

. ,::
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Heat Release Parameters

Heat of Combustion

he = Q =-393,520 kJ/kmol C

1 kmol C
° 1 kmol CO
25°C, 1 atm Combustion ZI
1 kmol O, process 25°C, 1 atm
_—
1303 25°C, 1 atm

e The enthalpy of combustion represents the amount of energy
released as a fuel is burned during a steady-flow process at a
specified state.

® Heating Value = |h.| =|Hp — Hrl =) pniH; — ) pn;Hjl @

Heat Release Parameters Heating Values of Fuels

Heating Values of Fuels®

U Reactants
or
H
/ Products
-U)v,
or
—(H)pr,
1206 001 T, T

e The heating value is the heat release per unit mass of the fuel
initially at 25°C reacts completely with oxygen (or air) and the
products are returned to 25°C.

® Heating value at constant pressure = Qpv p = —(AH)p, T,

® Heating value at constant volume = Qnv,v = —(AU)v, 1,
58. Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e@
McGraw-Hill.
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Heat Release Parameters Heating Values of Fuels Heat Release Parameters Heating Values of Fuels
= — H Reactants mhy
Quv,p — Quv,v = —P( Viprod — Vieac) = _Ru(npmd — Nreac) To LHV = Q, 0
Products ~ S
Gas, vapour with H,0(g) Fuel
Oxygen 1k .
* € | Combustion Products
Products 0 Products
! A Air chamber (vapor H,O)
\ with Hy0()
i i
er 110V
motor 1
! ™ [ / Thermometer é
L Lr . Products
Fuse wire By T (liquid H,0)
T299 ' T304

Test sample

Bomb (closed
|
rigid vessel)

| — Insulation

FE

T308

T307

Constant Pressure Flame @

Constant Volume Bomb Calorimeter Calorimeter
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MH,0
Qurv,p = QLuv,p + {m } hig, 0
el

Qurv,p = Higher (Gross) Heating Value

Qruv,p = Lower (Net) Heating Value

Mp,0/Mpe = mass ratio of water produced to fuel burned. @
htg oy 0,208 = 2.445 MJ/kg for water
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Heat Release Parameters Heating Values of Fuels

Illustrative Example: Methane-Air Combustion®

H (kD)

>,
&9

0
Hye (298) = — 74,831

AHp = (-877,236) — (-74,831) = —802,405

T839 Higoq (298) = —877.236 f — — — — — —

® CHy+ as (0.2105 4 0.79N3) — 1y COz + np Hy O 4+ nz Ny
® g, =9.52, n; = 1.0, np = 2.0, ng =7.52

= LHV = (802.33/16.0) MJ/kg = 50.14 MJ/kg

— HHV =50.14 + 2 x 18 /16 x2.445 = 55.64 MJ/kg

6S. Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e@
McGraw-Hill.
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Heat Release Parameters Heating Values of Fuels

Ilustrative Problem: Liquid n-decane (CioHs,) Combustion”

ok
= Data for n-decane:
o
| -
g * hf = - 249659 kJ/kmol
=
£ ® hy = 277 kJ/kmol
&

Iy w0

(per kg CygHy,)

Note: Not to scale
:
298

T1251 Temperature

e HHV (lig. fuel) = 48.0, LHV (lig. fuel) = 44.6 MJ/kg fuel

e HHV (gaseous fuel) = 48.3, LHV (gaseous fuel) = 44.9 MJ/kg qu:

7S. Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e
McGraw-Hill.
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Heat Release Parameters Heating Values of Fuels

Heat Release Parameters Adiabatic Flame Temperature

T1265

Higher Heating Values of Some Fuels®

Heating value

Fuel MJ/kg BTU/Ib kJ/mol
Hydrogen 141.8 61,100 286
Methane 55.5 23,900 890
Ethane 519 22,400 1,560
Propane 50.35 21,700 2,220
Butane 49.5 20,900 2,877
Gasoline 473 20,400 ~5,400
Paraffin 46 19,900 16,300
Diesel 44.8 19,300 ~4,480
Coal 15-27 8,000-14,000 200-350
Wood 15 6,500 300
Peat 6-15 2,500-6,500

Methanol 22.7 9,800 726
Ethanol 29.7 12,800 1,368
Propanol 33.6 14,500 2,020
Acetylene 49.9 21,500 1,300
Benzene 41.8 18,000 3,270
Ammonia 22,5 9,690 382
Hydrazine 19.4 8,370 622
Hexamine 30.0 12,900 4,200
Carbon 32.8 14,100 393.5

[700
‘R

doo3

U

-
He
R

Adiabatic Flame Temperature

Reactants

Products

Ug = Uprod( Ty V = constant)

7

HJ% = Hpmd( T4, P = constant)

T

T;zd T

Adiabatic Flame Temperature is the product temperature in an ideal
adiabatic combustion process. Actual peak temperatures in engines are several
hundred degrees less due to:

® heat loss from the flame

® combustion efficiency is less than 100%: a small fraction of fuel does not get
burned, and some product components dissociate (endothermic reaction) at

8S. McAllister, J. Chen, and A. Fernandez-Pello (2011). Fundamentals of Combustio@
Processes. Springer.
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high temperatures.
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Heat Release Parameters

e Adiabatic Constant Pressure
® Qout = 0; T= Tad‘P
= Z nihf = Z ni(hz-o + Ahin)

reac prod

Adiabatic Flame Temperature

Combustion:

= Z ni(Ahi)T) = Z nihf — Z nihf

prod reac prod

e Constant Volume Combustion:

® Qout =0, T= Tad,V

= Z ni(Ahi,T) - npdeu Tad,V = Z nih’io

prod

© Dr. Md. Zahurul Haq (BUET) Thermodynamics
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Heat Release Parameters Adiabatic Flame Temperature

[llustrative Problem: Turns Ex. 2.5 & 2.5° > Methane-air combustion:
adiabatic flame temperature for a) at constant pressure, b) at constant
volume.

9S. Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e@
McGraw-Hill.
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Heat Release Parameters

Adiabatic Flame Temperature

Adiabatic Flame Temperatures of some Fuels!®

Equivalence ratio, F

Fuel 0.8
Gaseous Fuels
Methane 2020
Ethane 2040
Propane 2045
Octane 2150
Liquid Fuels
Octane 2050
Cetane 2040
No. 2 fuel oil 2085
Methanol 1755
Ethanol 1935
Solid Fuel (Dry)
Bituminous coal 1990
Lignite 1960
Wood 1930
RDF* 1960
Solid Fuels (25% Moisture)
Lignite 1760
Wood 1480
T1254 RDF* 1660

1.0

2250
2265
2270
2355

2275
2265
2305
1975
2155

2215
2185
2145
2175

1990
1700
1885

1.2

2175
2200
2210
2345

2215
2195
2260
1810
2045

2120
2075
2040
2085

1800
1480
1695

10G. Borman and K. Ragland (1998). Combustion Engineering. McGraw-Hill.
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Heat Release Parameters Adiabatic Flame Temperature

2800 S - -
acetylene -
2,700
-
9
&
[}
5 2,600
2
I co 1
(0]
E‘ 2500 ethylene
s t H, 1
= benzene
(o]
E 2400 b
= [ ]
o r propane
p-] [ 1
£ 2300 methane
)
o ]
<
2,200
2,100
[+ Ll - ol Ll vl Ll
102 101 100 10! 102

T1265 Pressure (atm)

Increasing pressure suppresses (endothermic) dissociation reactions. @
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Coal Combustion

Coal Analysis'!

® Proximate analysis: gives the mass fraction of fixed carbon (FC),
volatile matter (VM), ash (A) and moisture (M) in the coal
sample.

® Ultimate analysis: a laboratory analysis that lists the mass
fractions of carbon (C), hydrogen (Hj), nitrogen (N2) and sulphur
(S), required for combustion-air calculations.

® Ash is essentially the inorganic matter deposited with the organic
materials during the compaction process.

® As moisture and ash fractions can vary widely, a common practice
is to report on a moisture-free (dry) and ash-free basis.

e As-burned mass fraction = [dry, ash-free mass fraction][1-M-A]
e As-burned HHV = [dry, ash-free HHV][1-M-A] o

Y
LA Culp (1991). Principles of Energy Conversion. 2nd ed. McGraw-Hill.
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Coal Combustion

For coal, where the moisture and ash values are as-burned values and
all other values are dry, ash-free values:

F 0.232

{A} [2.66C + 7.94H + 0.998S5 — O,](1 — M — A)
F T,G,D

= mass fraction of coal in dry, ash-free coal
= as-burned moisture content
as-burned ash content

2 Q
|

o HHV = 33950C + 144200 (H, — %) + 94005 (kJ/kg)
e HHV — LHV = 2400(M + 9H,) (kJ/kg)

& Mass fractions of C,H,, O2, S must be at as-received/as-burned
condition.

© Dr. Md. Zahurul Haq (BUET) Thermodynamics of Combustion ME 6163 (2020) 26 /44

Coal Combustion

[lustrative Example: Coal-combustion
Culp Ex.2.1 & 3.1 > Estimate A/F, HHV & LHV

® Proximate analysis of dry, ash-free coal:
VM = 54.0% & FC = 46.0%

e Ultimate analysis of dry, ash-free coal:
C = 172.4%, Hy = 4.7%, O, = 18.6%, N» = 1.5% & S = 2.8%

e As received condition: M = 39% & A = 8.0%

i - i
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Chemical Equilibrium

Criterion for Chemical Equilibrium?!?

S Violation of G
second law
\\
N
dS<0 N
A
\‘ \dG <0 dG>0 /"
[ aG=0 7 |
l T
‘ T
} } Violation of }
} | second law |
I
! I I
| L L
—— L 100% Equilibrium 100%
100% Equil 'br_”_lm 100% T1319 reactants composition products
T1318 reactants composition products —

Criteria for fized mass reactions at
. F B
specified P and T ul
12Y. Gengel (2014). Thermodynamics: An Engineering Approach. 8th ed. McGraw-Hill.
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Criteria for adiabatic reactions




Chemical Equilibrium

Equilibrium Constant, X,

Reaction
chamber dNpA A+ dNgB — dNcC+dNp D
T,p ® dNy = —evy, dNp = —€vp
Ny moles of A ® dN¢ = +eve, dNp = +evp
N moles of B . L
® ¢ is a proportionality constant.

N¢moles of C
Np moles of D = VaA+veB==vcC+vpD
T1320
© Griw=Y Nigir=Y Nilglr+ RuTln(%
R—P R—P
e For fixed T & P, equilibrium condition:

= dGmiz =0 = ZR—)P dNi(ng + RuTln(%))

133, Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e@
McGraw-Hill.
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Chemical Equilibrium

P,
® [vcgl r+Vpgp T —Vvagar —VBgg rl =—RuT Z viln (FZ)
0
R—P
(Pc/Py)¥¢(Pp/Po)*P
(Pa/Po)v4(Pp/Po)VE

— AG%:—RuTln[ } = —R,TIn(Kp)

® Kp =exp {—}A?fﬂ

® Equilibrium constant, Kp = ((‘;ijiggijéﬁg jﬁgfiﬁ

o Kp— e"AGH/RuT) — o=AH/RyT 5AS°/Ry
e For Kp > 0, which favours products, AH° should be negative,
exothermic reaction.
® For gaseous mixture, P; = X; P, and if Av=voc+Vvp —va—Vp,
A A
_ X XpP [P N“Np® [P/Po)™
X;{A XEB Py N;{A NgB Nrp
e N is the total number of moles present in the reaction vessel. @

= Kp
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Chemical Equilibrium

Illustrative Example!*: Dissociation of CO, at 2500 K, 10 atm
CO; == CO +10,

T =298 K 1 0 0 1w i , i .
T=2500K 1-u« o “/2 il €0,=CO+1/20, |
* AGZ500 = [9c0+0.5902—gco2l2s00 " [ — T
= Kp =exp(—AG$/R,T)=0.0363 <" —
XooX3$ [ p\ 11051 £t — 200K |
* Kp= Xcoz (P_D) N 1074k T " |
o o/2 \1/2 ) 1500 K
«/ &/ ) 10} )
= 0.036 = Wloos
1+:x/2) 10°¢ > 1011 1(|)° 1(:)] 1:]2 o
: x = 0'06205 — XCO = O~0602 T1213 Pressure (atm)

143, Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd e@
McGraw-Hill.
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Chemical Equilibrium

Hlustrative Example'®: Effects of pressure and inert-addition on
equilibrium composition

1 atm 5 atm Ny addition
Tnitial Equilibrium Equilibrium Initial Equilibrium
of 57 & comp p
= Initial o 100
co it x mol
1 molCO x mol composition xmol CO 1 mol CO ymol 0,
1 S 1 mol CO y mol O, zmol CO,
mol 0, zmol CO, i E‘(’)I a zmol CO, 1 mol O, 376 mol N,
1 atm ¢ 5 atm 7 1 atm
3000 K 3.76 mol
3000 K ‘3
T TL322 14323 3000 K
° z =034 ® £ =0.193 o =047
° y =067 * y = 0.5965 e y =0.736
® 2 =0.66 e z = 0.807 ® 2 =0.53

15K. Wark and D. Richards (1999). Thermodynamics. 6th ed. McGraw-Hill.
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Chemical Equilibrium

Observations: K, of Ideal Gas Mixture!®

® The K, of a reaction depends solely on temperature only.
® The K, of the reverse reaction is 1/K,.

* K, =0.1147 x 10! for Hy + 3 O == H,0 at 1000 K
* K, =8.718 x 10~ for HoO —= H; + 5 O at 1000 K

® The larger the K, the more complete the reaction.

® K, > 1000 — reaction proceeds to completion,
® K, <0.001 — reaction assumed not occurring.

® The mixture pressure affects the equilibrium composition.
® The presence of inert gases affects the equilibrium composition.

e Equilibrium calculations provide information on the equilibrium
composition of a reaction, not on the reaction rate.

16Y. Gengel (2014). Thermodynamics: An Engineering Approach. 8th ed. McGraw-Hill.
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Chemical Equilibrium

Equilibrium with Simultaneous Reactions'”

[Nlustrative Example:
Moran Ex.14.9 > A system consisting initially of 1 kmol of COg, 12 kmol of
Og, and 12 kmol of N5 forms an equilibrium mixture of CO,, CO, O,, N3, and
NO at 3000 K, 1 atm. Determine the composition of the equilibrium mixture.
COQ+%N2+%OQ — (lCO-i—bNO-i—CCOg-FdOg-i—ENg
e c=1—a,d=0514+a—0b), e=0.5(1-05b)
® Two independent reactions:
1 _ Vita—b
© CO; — CO+10, = Ky = 2, i
1 1 — _ 2b
O :;N2+5;0:=—NO0= K, = 0 (D)
® At 3000 K & 1 atm, K; =0.327, K, =0.1222

= a=0.374, b=0.0674, c = 0.626, d =0.653, e = 0.466

7M. Moran et al. (2014). Fundamentals of Engineering Thermodynamics. 8th ed. Wiley.
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Chemical Equilibrium

Chemical Equilibrium using Equilibrium Constants'®

Qs

¢
4+ 1405+ n5CO + ngHy + n7H +ngO + ngOH + nigNO

CZCHZH OZONZN + (0.2105,+0.79N5) — N1 COz+ Ny Hy O +n3 Ny

Additional six gas-phase equilibrium reactions are required.

i1H,—H Kp1=
%ozéo Kpo ="

THy+ 50, ==O0H Kpz="-
10,+iN; = NO Kps=-
Hy+ 10, ==H0 Kps=---
CO+%02‘:‘COZ Kpg="---
® 10 unknowns: 1y, np, - , Nio

® 4 atom balance equations + 6 K, equations.

18C. Ferguson and A. Kirkpatrick (2015). Internal Combustion Engines: Applied
Thermosciences. Wiley.
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Chemical Equilibrium Equilibrium Composition: HC Fuel Combustion

Equilibrium Composition: Detailed Chemistry®®

10000
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2200
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oL "
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T1263 Equivalence ratio, ® T1264 Equivalence ratio, &

193. Turns (2012). An Introduction to Combustion: Concepts and Applications. 3rd edy F
McGraw-Hill. )
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Chemical Equilibrium Equilibrium Composition: HC Fuel Combustion

® Major products of lean combustion are H, O, CO;, O, and No;
while, for rich combustion they are H, O, CO;, CO, H; and Ns.

e Maximum flame temperature is at slightly rich condition
(¢ ~ 1.05) as a result of both the heat of combustion & heat
capacity of products decaying beyond ¢ = 1.0.

e Between 1.0 £ ¢ < ¢( Tz ) heat capacities decays more rapidly
with ¢ than AH, and beyond ¢(Thas), AH, falls more rapidly
than does the heat capacity.

e Increase in temperature promotes dissociation (endothermic)
reactions and increase in pressure decreases dissociation in case of
HC combustion.
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Chemical Equilibrium Equilibrium Composition: HC Fuel Combustion

Product of Combustion at TDC in Otto Cycle?

——
[
|
Lo |
[ —T | 01 _L—"

. TO, T
g
g 0. [ON
= @
£ P @] S
) & Y 8 ﬁ}</

ool 001

0,001 ‘ . . . o.001 T T T T T T T

0.6 08 1.0 12 06 08 10 12
T1262 Equivalence ratio, ¢ T1261 Equivalence ratio, ¢

Octane combustion Methane combustion

20D. Winterbone (1997). Advanced Thermodynamics for Engineers. Arnold.
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Chemical Equilibrium Equilibrium Composition: HC Fuel Combustion

Equilibrium Composition: iso-octane at 30 bar?

(a) (b) (c)
i Temperature 1750 K 5 Temperature 2250 K i Temperature 2750 K
10 10 10
I [
N, N, N,
LW ich|—> {w ich] > [ ich]—>
5. H.0 o, 1,0 6 H.0
107 ~ 107! \ 107t ~ Lty
— /,——\<
<o, co o, ©o,
7z o
= xo
< b, s co 5 2| T
E ] No Ha 2
3 102 ERTEI e 3 102
& & ~ & o
- = = o on
= No = = o
—
I~ on | | | ; xo
107 107 10
/ O
co, H |
o
o | < /
on
1074 1074 104
02 04 06 08 10 12 14 02 04 06 08 10 12 14 02 04 06 08 10 12 14
T1317 Equivalence ratio, ¢ Equivalence ratio, ¢ Equivalence ratio, ¢

21]. Heywood (2018). Internal Combustion Engine Fundamentals. 2nd ed. McGraw-Hill.
ME 6163 (2020)  39/44
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Chemical Equilibrium Equilibrium Composition: Simple Calculation

Low Temperature Combustion (T < 1000 K)?2

a
CyoHz, Oz, Ny, + ;f (0.210; + 0.79N,)
— n1C’02 + 7L2H20 + n3N2 + 7L402 + TL5CO + n6H2

eifdb=1n=n=mg=0
eifdp<limg=mg=0
e if ¢ > 1: additional equation is required.
Water-gas shift equation: CO, + H, = CO + H, O

K(T) = UPALS
LGRLS
1.761 1.611 0.2803 T
InK(T) =2.743 — — te
n K(T) 7 g ( 1000
22C. Ferguson and A. Kirkpatrick (2015). Internal Combustion Engines: Applied
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Chemical Equilibrium Equilibrium Composition: Simple Calculation

Species n; d<1 d>1

COQ ny Zc ZC — Ny
H,O ny Zy/2 Zyg/2—dy+ ns
N ns  Zn/2+0.79as/b  Zn/2+0.79a/d
Og Ny 0.42a; 0

coO ns 0 ns

Hy g 0 dy — ns

o dy = 0.42a,(1— 1/d)
e ¢ =—Jcdi K
L4 b1:ZH/2+KZc—d1(1—K)

e ¢ =1—-K
o n —b1++/ b%74a1 c1
5 = 2a1

D)
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Chemical Equilibrium Equilibrium Composition: Simple Calculation

Ilustrative Example: Octane (¢ = 1.2) combustion at 1000 K23
o 7o =8, Zy—18 — a — 59.52

d; = 4.167

®* InK =-0.34 - K =0.705

InKp=—-AG%/R,T,Kp = 0.693]

4 = 0.295, by = 13.41, ¢; — —23.50

ns = 1.600 — ny — 6.31, 1y — 6.52, ng = 39.17, mg — 2.48

e N=Y n;=56.17

Cs Hig + 49.6(0.21 05 + 0.79N,)
5 6.31C05 + 6.52H,0 + 39.17N, + 1.69CO + 2.48H,

® Y =Yoo =mns/N =0.03 =30000 ppm

23C. Ferguson and A. Kirkpatrick (2015). Internal Combustion Engines: Applied @
Thermosciences. Wiley.
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Chemical Equilibrium Equilibrium Composition: Simple Calculation

Heat Release: Product Leaving at High Temperature®*

INlustrative Problem:

Wark Ex. 13.7 > Methane gas initially at 400 K is burned with 50% excess air
which enters the combustion chamber at 500 K. Product leaves the chamber
at 1800 K and 1 atm. Estimate heat release per kmol of methane.

24K. Wark and D. Richards (1999). Thermodynamics. 6th ed. McGraw-Hill.
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