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Thermodynamic Quantities ltv

First law of thermodynamics - balance between different forms of energy

* Change of specific internal energy: du
specific work due to volumetric changes: ow = -pdv ,v=1/p
specific heat transfer from the surroundings: oq

* Related quantities

specific enthalpy (general definition): h = u+ pv
specific enthalpy for an ideal gas: h=u—+ RT
M

* Energy balance for a closed system:
du = 0q + ow
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Multicomponent system

* Specific internal energy and specific enthalpy of mixtures

k
U = Z}/Z’U,Z, h = ZY;hZ
i=1 '
* Relation between internal energy and enthalpy of single species

RT

hz:uz+ 7::1,2,...,k




Multicomponent system Itl/

* |deal gas
- uand h only function of temperature

* Ifc, is specific heat at constant pressure and h; . is reference enthalpy at

reference temperature T, ., temperature dependence of partial specific

enthalpy is given by

T
hizhi,ref—l—/ epdT, i=1,2,.. .k
Tref

* Reference temperature may be arbitrarily chosen, most frequently used:
T.=0K or T_=298.15K

r
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Multicomponent system

* Partial molar enthalpy h, . is

him = M;h; i=1,2,...,k,

bl

and its temperature dependence is

T
hi,m — hi,m,ref + / Cpi,de 1 =1,2,...,k,
T’r'ef

where the molar specific heat at constant pressure is

sz,m :M’ch'l i=1,2,...7l€.

* |n a multicomponent system, the specific specific heat at constant
pressure of the mixture is

(L n
cp = 2. YiCp; - ecpom = 2 X sz‘,rrJ

=1 i=1
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Determination of Caloric Properties Itll

* Molar reference enthalpies of chemical species at reference temperature are

listed in tables

* Reference enthalpies of H,, O,, N, and solid carbon C, were chosen as zero,

because they represent the chemical elements

* Reference enthalpies of combustion products such that CO, and H,O are

typically negative



Determination of Caloric Properties ltv

« Temperature dependence of molar enthalpy, molar entropy, and molar

specific heat may be calculated from polynomials

C‘;%m = a1+ axT/K+ a3z (T/K)? + a4 (T/K)> + as (T/K)*

R T/K T/K)>? T/K)3 T/K)*

M ey é +a3%+a4%+a5( /5) —|—Ta}6K

. TK2 TK3 TK4

= = a1 IN(T/K) + ax T/K + ag /2) + o /3) +as /4) +a7+m(£)
Po

* Constants a;for each species i are listed in tables



Determination of Caloric Properties

Ity

NASA Polynomials for two temperature ranges and standard pressure p =1 atm

Hy

temperature range:
a1 = +0.2991E+4-01
as = +0.1583E—-14

temperature range:

a1 = +0.3298E+01
a5 = +0.4135E—-12

1000 < T < 5000

ap» = +0.7000E-03
ag = —0.8350E+-03

300 < T <1000

ay = +0.8249E—03
ag = —0.1013E+04

a3 = —0.5634E—07
a7 = —0.1355E+01

a3 = —0.8143E-06
a7 = +0.3294E+-01

aq = —0.9232E - 11

as = —0.9475E — 10

temperature range:
a1 = +0.3698E+-01
as = —0.1136E—-14

temperature range:

a1 = +0.3213E+4-01
as = —0.8769E—-12

1000 < T < 5000
ap = +0.6135E-03
ag = —0.1234E4-04

300 < T < 1000

as = +0.1128E—02
ag = —0.1005E+04

a3 = —0.1259E—06
a7 = +0.3189E+01

a3 = —0.5756E—06
a7 = +0.6035E+01

as = +0.1775E — 10

aq = +0.1314E — 08

temperature range:
a1 = +0.2927E4-01
a5 = —0.6753E—-14

temperature range:

a1 = +0.3299E+401
a5 = —0.2445E—11

1000 < T < 5000
as = +0.1488E—02
ag = —0.9228E403

300 < T < 1000

as = +0.1408E—02
ag = —0.1021E+404

a3 = —0.5685E—06
a7 = +0.5981E401

a3 = —0.3963E—05
a7 = +0.3950E+01

aq = +0.1010E — 09

as = +0.5642E — 08
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Reaction Enthalpy Itl/

e First law of thermodynamics for a system at constant pressure (dp = 0)

* From first law du = 0q + ow
it follows dh = du + vdp + pdv = dq + vdp = dq

* Heat release during combustion (dp = 0) given by reaction enthalpy:

Ahm — Z Vihé,m

e Stoichiometric coefficients:

 Example: CO + 3 H, = CH4 + H»,0O

* Reaction enthalpy: Ah,, = hcu,m + P,0m — hcom — 3P, m

10




Reaction Enthalpy Itl/

* Assumption that reaction occurs at T =T, then

T
hi,m — hi,m,ref + / Cp,;,de — hi,m,ref 1 =1,2,...,k
Tret

* Example CH,: C(s) + 2Hy(g) = CHy(g)

AhCH4,m — hOH4,m,ref — ?C,m,ref — 2hH2,m,ref — hCH4,m,ref

=0

» Example CO,: C(s) + O4(g) = CO4(g)

Ahcoym = hcoym et

1
* Example H,0: H2(9) +502(9) = H20(9)

AhHgO,'m — hHg O,m,ref

* hi e is the chemical energy of a species with respect to H,(g), O,(g), N,(g), C(s)

11
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List of enthalpies of formation

Ity

Mi hi,m, ref Mi hi,m, ref

[kg/kmol] [kJ/mol] [kg/kmol] [kJ/mol]
1 H, 2,016 0.000 11 | CH,0 30,027 -115,896
2 | H,0 18,016 -241,826 12 [ CH,0H |31,035 -58,576
3 | H,0, |34,016 -136,105 13 | CH, 16,043 -74,873
4 NO 30,008 90,290 14 | CH,0H 32,043 -200,581
5 NO, 46,008 33,095 15 | CO 28,011 -110,529
6 , 28,016 0,000 16 | CO, 44,011 -393,522
7 | N,O 44,016 82,048 17 | C,H, 30,070 -84,667
8 16,000 249,194 18 | C,H, 28,054 52,283
9 |0, 32,000 0,000 19 | C,H, 44,097 -103,847
10 | O, 48,000 142,674

Reference temperature: Trer = 298,15K
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Reaction Enthalpy Itl/

e C(Classification of reactions:
* Exothermic reaction: Ah,, <0

* Endothermic reaction: Ah,, >0

 Lower heating value (LHV)

(—Ah,,)
LHY = — /)
MFuel

* Higher heating value (HHV)

—Ahy,
ZFuel,H'T — g—|—8937ZFUGLH2442 kJ/kg
MFuel

(—Ahy,) Mpy,o
HHV =
MFuel * QMH

* For CH,: HHV is ~10% larger than LHV

13
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Example: Condensing Boiler

Buderus

Wall hung boilers

Floor standing
condensing boilers

GB402

SB745

Floor standing high
efficiency boilers

Heat distribution unit

Instantaneous water
heater

Industrial boilers

Combined heat and
power modules

Gas absorption heat
pump

Solar heating

Cascade boilers
Source:

Control
Buderus ontrofs

Key technologies
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i Suppor Eompany Informetion

= Buderus Products = Floor standing condensing boilers = GB312

GB312

The GB312 is available in the following kW outputs:

90kW

120kW
160kW
200kwW
240kwW

]
]
1
]
]
1 280kKW

Features Further information Controls and accessories Technical data

Literature

Servicing and maintenance
The GB312 is designed to make servicing and maintenance as straightforward as possible.

All parts can be accessed from the front and the burners can be accessed without having to
disturb the gas connection.

The boiler is equipped with SAFe digital ignition technology and a Buderus Energy
Management System (EMS).

Performance and design

The #5312 is a high pe
of ufto 108% (NVC).

grmance, compact condensing boiler which provides an efficiency

~<|

For a powerful floor standing condensing beilg
install.

itis very compact, lightweight and easy to

Quick links

Enhanced Capital Allowance
Scheme (ECA)

ECA

The boiler is whisper quiet, even when running at full output.

[...] efficiency of up to 108% (NVC).




Course Overview Itv

Part |I: Fundamentals and Laminar Flames

* |Introduction
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balances of combustion systems « Thermodynamic quantities
* Thermodynamics, tlame \ * Flame temperature at complete
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Flame Temperature at Complete Conversion Itll

* First law of thermodynamics for an adiabatic system at constant pressure

(0g =0, dp = 0) with only reversible work (ow = -pdv)

* Fromfirstlaw  dy = §q + dw = —pdv

with dh = du + pdv + vdp
follows dh = 0

* Integrated from the unburnt (u), to burnt (b) gives

hu: hb
or
k k
Z quhi,u - Z Yiphip
i=1 i=1

16



Flame Temperature at Complete Conversion Itv

* With

k k
}/i,u hi,u — Z S/i,b hi,b'
and T
h‘@ - h?, ref + / cpZdTa = 1127 7k
Tref
follows
k Tb Ty,
Z (Y;J,u - Yi,b)hi,ref — / Cp,de - ] cp,udT.
=1 Tref Tref

* Specific heats to be calculated with the mass fractions of the burnt and

unburnt gases

k k
Cp,b = Z }/;',bcpi(T), Cp,u = Z S/:i,ucp’i(T)-
1=1 1 =1

17



Flame Temperature at Complete Conversion Itv

* For a one-step global reaction, the left hand side of

) T, Tu
Z (Yiu—Y; b)hz,ref - f cppdT — / cpudT
=1 Tref Trer
. . dY; dYq )
may be calculated by integrating — (i=1,2,....n)

V’L'Mi I/]_M]_

i=1,2,....k, / X h;

which gives }/z',u — }/z — (Ypu —Yr b) VFMF iref

(Yeu, — Y,
and f|na”y Z(Yz,u - Yti,b)hi,ref — d Fb Z VzM hz ref

18




Flame Temperature at Complete Conversion Itv

Definition: Heat of combustion
k

k
Q=—> viMihi=—=> vihim
i=1

1=1

* Heat of combustion changes very little with temperature

k
« Often set to: Qo = — Z Uil o
1=1

* Simplification: T,= and assume Cph approximately constant

ref
* For combustion in air, nitrogen is dominant in calculating c, ,
* Value of c,;somewhat larger for CO,, somewhat smaller for O,, while that
for H,0 is twice as large
e Approximation for specific heat of burnt gas for lean and stoichiometric

mixtures ¢, = 1.40 kl/kg/K

19



Flame Temperature at Complete Conversion Itv

k Ty T,
Yr, — Y]
( F,U M F,b) E V’iMih'i,I‘ef - / Cp,de i / Cp,udT
VrMF 1=1 Tref Tyef

* Assuming ¢, constant and Q = Q,, the flame temperature at complete conversion

ref 7

for a lean mixture (Y, = 0) is calculated from

Z ViMih; vt = cp (Ty, — Ty

=1
— Coupling function between fuel mass fraction and temperature!

*  With v, =- V', follows

(;?ref}/}ﬂQL

T, — T, =
’ cpVp Mp

20



Flame Temperature at Complete Conversion Itv

e For arich mixture

I/@'M%'

Yiu—"Yis = Yr,— Y, =1,2,...,k,
1 :b ( Fa F:b)VFMF t
should be replaced by
viM; .
Yiu—Yis = (Yo, — Y Y i =1,2,...,k
) ab ( OQ, Ost)VFMF

* One obtains similarly for complete consumption of the oxygen (YOz'b = 0)

QrefYOg,u
/
cpVpMp

Ty — Ty =

21



Flame Temperature at Complete Conversion Itv

* Flame Temperature for stoichiometric CH,/air combustion at T, = 298 K:

* Qref: OH4 —+ 202 = OOQ -+ QHQO
Qret = —(hcosm + 2hm,0,m — homy,m) = 802.3 kJ /kg

 Further Quantities:

Yeo.=0.0548 ¢, =14 kJ/kg Mp = 0.016 kg/mol
* Flame Temperature

Qref YF,u

T, — T, =
’ cpVp Mp

> Ty = 2201K

 Determination of flame temperature from detailed thermodata models
(no assumption for c,)

) Ty, = 2225 K - |ATy| = 36K




Flame Temperature at Complete Conversion Itv

. re Y u re u
e Equations T, — T, = @ ,f & and T, - T, = QretY0,.
cpVpMp cpVpMFp
may be expressed in terms of the mixture fraction
* Introducing Yg,=YF1Z and Yo, , =Yo,2(1-2)

and specifying the temperature of the unburnt mixture by

Tu(Z) =T — Z(12 — T1),

where
* T,is the temperature of the oxidizer stream and T, that of the fuel stream

* assumed to be constant

23



Flame Temperature at Complete Conversion Itv

. refY Flu
 Equations T, T, = ¢ TE and T, T, = QretY0,
cpVpMp cpVpMp
then take the form
QretYF 1
TW(Z) =Ty (Z)+ — v Z, Z < Zy
QrefYOQ,l

1—7 Z >
cpy};Mp( ) = st

* The maximum temperature appears at Z = Z_:

QrefYFl QrefYOg 1
—’ZS = Tu ZS ’ 1 - ZS
oy My~ (Zst) + eV My ( 2

24
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Flame Temperature at Complete Conversion Itv

Qref YF, 1

QrefYOQ,l
!

7, Z<Zy TZ)=TdZ)+ 1-2), Z>Za

! 7
cpVpMp

0 7

St

Burke-Schumann Solution:

mmm)> Infinitely fast, irreversible one-step chemistry

25




Flame Temperature at Complete Conversion Itv

* The table shows for combustion of pure fuels (Y;, = 1) in air (Yoz,z =0.232)
with T, , =300 K and ¢, = 1.4 kl/kg/K

- stoichiometric mixture fraction

- stoichiometric flame

temperatures Fuel Zst Tt [K]

for some hydrocarbon-air mixtures
CH4 | 0.05496 | 2263.3

CoHg | 0.05864 | 2288.8
CoH,4 | 0.06349 | 2438.5
CoH,4 | 0.07021 | 2686.7

C3Hg | 0.06010 | 2289.7
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Course Overview Itv
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Chemical Equilibrium |t|/

 Assumption of complete combustion is approximation, because it disregards

the possibility of dissociation of combustion products
 More general formulation is assumption of chemical equilibrium

- Complete combustion then represents limit of infinitely large equilibrium

constant (see below)

* Chemical equilibrium and complete combustion are valid in the limit of

infinitely fast reaction rates only, which is often invalid in combustion systems

mmm)> Importance of kinetics!

28




Chemical Equilibrium |t|/

* Chemical equilibrium assumption
- Good for hydrogen diffusion flames
- For hydrocarbon diffusion flames
* Overpredicts formation of intermediates such as CO and H,

for rich conditions by large amounts

e Equilibrium assumption represents an exact thermodynamic limit

29



Entropy and Molar Entropy Itv

Partial molar entropy s, . of chemical species in a mixture of ideal gases

depends on partial pressure

=0 _wrin? =12k

Siom — Si,m - Do
where p, = 1 atm and
T
O _ .0 Cpi,m .
Siom = Sim ref T / TdT i =1,2,...,k
Tref

depends only on temperature

Values for the reference entropy S, ., ¢ are listed in tables

30



Entropy and Chemical Potential
Gibbs Free Energy

Gibbs Free Energy:

G=H-TS

— Part of energy that can be converted to work

For mixtures with molar Gibbs Free Energy g; ,,

T
G= > nigim
i—1

Equilibrium, when Gibbs Free Energy reaches minimum, i.e. dG = 0!

Gibbs equation for G=G(p, T, n))

N
dG = Vdp — SdT + Y _ pidn;

1=1

31




Chemical Potential and Partial Molar Gibbs Free Energy Itv

* From Gibbs equation
N
dG = Vdp — SdT + ) padn;
and total differential of G = G(p, T, n)) =

N
oG oG oG
dG = —’ dp + — dl’ + dn;
8p T,{n;} p oT p,{n:} ; anz T,p{n;,izj}
follows oG =
On; 1 T,p,{nj,iz;} i
* Since O = L
— Z g 9im
i=1
# Hi = Gim

* Chemical potential is equal to partial molar Gibbs free energy

32




Chemical Potential and the Law of Mass Action

Ity

 Chemical potential

[ = = Ry — Tsim = pd(T) + RTIn 2L i=1,2,... k
PO
where T T
/’l’? — hi,m,r‘ef_TS?,m,ref_F / CDZ',m dr-T / p;:,de 1= 17 27 JEI k
Trer Tref
is chemical potential at 1 atm
. _ - - dn;
e Chemical equilibrium: From dG =0 > Zmdm = ZWM o 0
i=1 i=1 ¢
* With coupling function, dn/n; same for all species
dn; ~— k
= =D viti =0 > S v =0, 1=1,2,...,r
=1 i=1

33




Chemical Potential and the Law of Mass Action Itv

* Using ;= hipm—Tsim = pd(T) + RT In Pi i=1,2,...,k,
Po
. k
N ZUM,U,Z'ZO, l=1,2,...,r.
i=1
leads to

K B
Y vad =RTIn [[ (P9)™, 1=1,2,...,n
i=1 i=1 PO

* Defining the equilibrium constant K, by

K Depends only on
RTINK,y=—> vyud, 1=1,2,....r —>| thermodynamics,
=1 not on composition

one obtains the law of mass action

Pi\Vi .-
11 (p—;) = (1), 1=1,2,...,m —> Composition

1=

34
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Chemical potential and the law of mass action Itv

e The law of mass action

k N
11 (&)%l =Kp(T), 1=1,2,...,r < K, only depends on temperature

i=1 PO
 Examples:
1. A+B=C+D

_ bc - Pp _XC'XD

K, (T =
o(T) pa-ps  Xa-XB

—~ K, determines composition as a function of temperature:

Xi}=r1()
2. A+B=C
Pc Xc 2o
KA(T) = e 20
»(T) DA * DB o X4-Xp p

> Ko determines composition as a function of temperature and pressure:
{Xi}=f(T,p)
35



Chemical potential and the law of mass action Itv

 Law of mass action using Ko

* With theideal gas law p; = C;RT

k

: TN CCh_yvin)
[Tcr (R_) MY (T
i=1 Po

follows

* Law of mass action using K.

36




Chemical potential and the law of mass action Itv

e Equilibrium for elementary reaction: v, A + vy B = v.C + v D

CLeord
) Ko(T) = S,A E/),B
Ca'Cp
dC ! ! " "
e Rate of change d—tA = VA(kaZAOéB — kbCéCCED) ~0

) (kCPCEE)eq = (kO CR)eq

 For rate coefficients follows

k(T crcro v.
K _ oy with Ko =S558 and [kem) =) (22)
ky(T) CZAOI;B

mmmm) Equilibrium constant determines ratio of forward and reverse rate

mmm) This is usually used to determine reverse from forward rate

37
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Chemical potential and the law of mass action Itv

e Equilibrium constants for three reactions

2500 2000 1500 < T[K] 1000
1—|—20 B T | T | T
ka
6
1+10 | 6 2H,+ 0O, = 2H,0 n
7 Op+Ny =2NO
8 CO+HyO= Hy+4CO»
1+00 | 8
1'10 | | 1 | 1
0,4 0,5 6 3
’ ’ 0.6 03 1000/7 !

[K-]
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Equilibrium Constants ItV

* Calculation of equilibrium constants K,(T) from the chemical
potentials
with:
— Enthalpies of formation

— Entropies of formation
— Specific heats

* Approximation
— Neglect temperature dependence of specific heats

39



Approximation for Equilibrium Constants

— > vipy
 Equilibrium constants: K, (T) = exp | —=L—
RT
Wlth ,LL? hz Myof Sref + 1 / dT + Cp dT
L] — y/oref c ; P
RT RT R RT P RT
it follows for constant ¢, ;
o Z Vihi m,ref n n n
— s 1Ty T . T c T
1=1 ref )
K,(T) =exp T exp (; VZSref/R> exp (; Vicp’i—RT ) exp (; 7% In Tref>
CO‘I:S'C i~ cgnst ~ expz:z InT)

* Approximation:

_A m ,re - -
K,(T) =exp < f) exp (Z Vﬂri’A) exp (Z v;mi g ln T)

7 1=1
A

=1
B

|

Ve

Tn

40




Approximation for Equilibrium Constants Itv

* With B, = exp (Z V@M,A)
i=1

n

np = E ViTi,B

1=1

n

Ah'm,ref = Z Vz'hz',m,ref

1=1

follows

_Ahm re
K, = B,T" exp ( ’ f>

RT

41



Properties for gases at T,ep=298,15K

Ity

M; P et Si,m,ref - -

[kg/kmol] [kJ/mol] [kJ/mol K] Al B
1 H 1,008 217,986 114,470 -1,2261 1,9977
2 HNO 31,016 99,579 220,438 -1,0110 4,3160
3 OH 17,008 39,463 183,367 3,3965 2,9596
4 HO, 33,008 20,920 227,358 -,1510 4,3160
5 H, 2,016 0,000 130,423 -2,4889 2,8856
6 H,O 18,016 -241,826 188,493 -1,6437 3,8228
7 H,0, 34,016 -136,105 233,178 -8,4782 5,7218
8 N 14,008 472,645 153,054 5,8661 1,9977
9 NO 30,008 90,290 210,442 5,3476 3,1569
10 NO, 46,008 33,095 239,785 -1,1988 4,7106
11 N, 28,016 0,000 191,300 3,6670 3,0582
12 N,O 44,016 82,048 219,777 -5,3523 4,9819
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Properties for gases at T,ep=298,15K

Ity

M; P e Si,m,ref

[kg/kmol] | [ki/mol] [kJ/mol K] A s,
13 O 16,000 249,194 160,728 6,85561 1,9977
14 o, 32,000 0,000 204,848 4,1730 3,2309
15 O, 48,000 142,674 238,216 -3,3620 5,0313
16 NH 15,016 331,372 180,949 3,0865 2,9596
17 NH, 16,024 168,615 188,522 -1,9835 3,8721
18 NH, 17,032 -46,191 192,137 -8,2828 4,8833
19 N,H, 30,032 212,965 218,362 -8,9795 5,4752
20 N,H; 31,040 153,971 228,513 -17,5062 6,9796
21 N,H, 32,048 95,186 236,651 -25,3185 8,3608
22 C 12,011 715,003 157,853 6,4461 1,9977
23 CH 13,019 594,128 182,723 2,4421 3,,0829
24 HCN 27,027 130,540 201,631 -5,3642 4,6367
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Properties for gases at T,ep=298,15K

Ity

M; P et Si,m,ref - _

[kg/kmol] | [kJ/mol] [kJ/mol K] Al B
25 | HCNO 43,027 -116,733 238,048 -10,1563 6,0671
26 | HCO 29,019 -12,133 224,421 -,2313 4,2667
27 | CH, 14,027 385,220 180,882 -5,6013 4,2667
28 | CH,0 30,027 -115,896 218,496 -8,5350 5,4012
29 | CH, 15,035 145,686 193,899 -10,7155 5,3026
30 | CH,0OH 31,035 -58,576 227,426 -15,3630 6,6590
31 |CH, 16,043 -74,873 185,987 -17,6257 6,1658
32 | CH;0H 32,043 -200,581 240,212 -18,7088 7,3989
33 | CO 28,011 -110,529 197,343 4,0573 3,1075
34 | CO, 44,011 -393,522 213,317 -5,2380 4,8586
35 |CN 26,019 456,056 202,334 4,6673 3,1075
36 | C, 24,022 832,616 198,978 1,9146 3,5268
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Properties for gases at T,ep=298,15K

Ity

M; P et Si,m,ref _ _

[kg/kmol] [kJ/mol] [kJ/mol K] Al B
37 |CH 25,030 476,976 207,238 -4,6242 4,6367
38 | C,H, 26,038 226,731 200,849 -15,3457 6,1658
39 | CH, 27,046 279,910 227,861 -17,0316 6,9056
40 | CH;CO 43,046 -25,104 259,165 -24,2225 8,5334
41 | CH, 28,054 52,283 219.,468 -26,1999 8,1141
42 | CH;COH | 44,054 -165,979 264.061 -30,7962 9,6679
43 | CHq 29,062 110,299 228,183 -32,6833 9,2980
44 | C,H, 30,070 -84,667 228,781 -40,4718 10,4571
45 | C3Hg 44,097 -103,847 269,529 -63,8077 14,7978
46 | C4H, 50,060 465,679 250,437 -34,0792 10,0379
47 | C4H; 51,068 455,847 273,424 -36,6848 10,8271
48 | C,Hg 56,108 16,903 295,298 -72,9970 16,7215
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Properties for gases at T,ep=298,15K

Ity

M; P et Si,m,ref _ _

[kg/kmol] | [kJ/mol] [kJ/mol K] Al B
49 | C4Hy, 58,124 -134,516 304,850 -86,8641 19,0399
50 [ CHy, 70,135 -35,941 325,281 -96,9383 20,9882
51 | CHy, 72,151 -160,247 332,858 -110,2702 23,3312
52 | CHy, 84,152 -59,622 350,087 -123,2381 25,5016
53 | CHy, 86,178 -185,560 380,497 -137,3228 28,2638
54 | C,Hy, 98,189 -72,132 389,217 -147,4583 29,6956
55 [ C,Hy, 100,205 -197,652 404,773 -162,6188 32,6045
56 | CgHy, 112,216 -135,821 418,705 -173,7077 34,5776
57 | CgHyg 114,232 -223,676 430,826 -191,8158 37,6111
58 | C,H,0O 44,054 -51,003 243,044 -34,3705
59 | HNO, 63,016 -134,306 266,425 -19,5553
60 | He 4,003 0,000 125,800
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*Example 1: Equilibrium Calculation of the NO-air system Itv

* Calculation of the equilibrium concentration [ppm] of NO in air
— Temperatures up to 1500 K

—p=p,=1atm
— Global reaction: No 4+ Os = 2NO
Tlia Tig
N, 3,6670 3,0582
o, 4,1730 3,2309
NO 5,3476 3,1569
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*Example 1: Equilibrium Calculation of the NO-air system Itv

T Tig
No + Op = 2NO
N, 3,6670 3,0582
0, 4,1730 3,2309
K, = B,T"™ exp — Ao et
p p RT
NO 5,3476 3,1569

B, = exp (Z 1/1;71‘?;,14) =exp(2-5,3476 — 3,6670 — 4,1730) = exp (2,8552) = 17,38

=1

np =Y vimp=2-3,1569 — 3,0582 — 3,2309 = 0, 0247
i=1
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*Example 1: Equilibrium Calculation of the NO-air system Itv

> Vihim,., 1
R - 8,3147

(2-90,29 — 0 —0) = 21719K

21719
Kp(T) = 17,38 (T/K)P0247 exp (— )

T/K
« Lawof massaction: K, =]] (u)

¢ Assumption: Xxo,=0,21, X, = 0,79 (air) unchanged

p?VO — pNQPOQKp(T) — p2XN2XO2KP(T)

1
O Ly

(T'/K)
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Result: Equilibrium Calculation of the NO-air system Itv

10860
p (L/K) (T/K)
T [K] XNo ppv
300 3,52-101¢ 3,52-1010
600 2,55-108 2,55-102
1000 3,57-107 35,7
1500 1,22 -103 1220
1 ppv=10%=X 10" parts per million (volume fraction)
M, 28
Yy, = —NO . — X; ~ X

M; ~ ' 28,8
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Result: Equilibrium Calculation of the NO-air system Itv

Mole fraction of NO in equilibrium:  xyo = 1,7 799124 exp(—10860/T)

* Equilibrium values for

T=2000K and T=400K ~ TIK]
20?0 15|00 10|00 5?0 4(|)0
differ b Al .
Y . Xno, 10 _
10 orders of magnitude [ppm] Cooling due to expansion 1
. . 2 i .
* High temperatures during 10 anq:xeha;ulgtszsztg]m
combustion lead to high LB Catalytic E
NO-concentration L Comb reduction d
) . F ombustion 3
 NOisretained to a large 102
extent if gas is cooled down 10_45_ ]
rapidly
10-6E | | | | | 3
0,5 1,0 1,5 2,0 2,5
1000/T
[K-1]
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*Example 2: Equilibrium Calculation of the H,-air system Itv

Using the law of mass action one obtains for the reaction 2H,+0,=2H,0

the relation between partial pressures

2 — 2
PH,PO, — pHQOKpl "PO;

where K,1 = 0.0835 T—1:3565 exp(58171/T)

was approximated using

Ql ref
— Tyl ) —
Ky = By T™ exp( o ) 1=1,2,....r
and the values for
k k
BplzeXD(ZVilﬂiA), npl = Zyilﬂ'z'B: [=1,2,...,m

from the Janaf-Table
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*Example 2: Equilibrium Calculation of the H,-air system

Ity

* Introducing the definition
r, =
the partial pressures
p; =pX;, =12 ...k
are written with as
Di M

i =p— =pX; =p-Yi=pML,;
p pp p pMz' p

where the mean molecular weight is

M = (FNQ + 1o, + 'm0 + FHQ)_I
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*Example 2: Equilibrium Calculation of the H,-air system

Ity

e The element mass fractions of the unburnt mixture are

In=Yr1Z, Zo=Yo,2(1-2), ZN=Yny2(1-2).

* These are equal to those in the equilibrium gas where

2

M—H =2y, p + 2500
Zo

M—o =20, + 'm0

while Z, remains unchanged
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*Example 2: Equilibrium Calculation of the H,-air system Itv

* These equations lead to the following nonlinear equation for I'y, ¢,

oMy’ ‘M,

f(FHzO,b) — (FHQO,b - - FHQO:b)

FHQO b ( ZH

20
K + 29 4oy, — Tyo0) =0
pl

Mg Mo
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*Example 2: Equilibrium Calculation of the H,-air system Itv

Equation has one root between I'y_, , = 0 and the maximum values
Dhop = Zy/2M,; and T’ , = Zo/M,

which correspond to complete combustion for lean and rich conditions in the
limit K1 — oc

The solution, which is a function of the temperature, may be found by
successively bracketing the solution within this range

The temperature is then calculated by employing a Newton iteration on

huzhb

k T
leading to fr(T) = hu— Y Y phref — [ Cp,dT.
=1 Tref
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*Example 2: Equilibrium Calculation of the H,-air system

Ity

The iteration converges readily following

fr(T")
Cp, (T)

T=T+

» where iis the iteration index

The solution is plotted here for a hydrogen-air flame as a function of the

mixture fraction for T, = 300 K
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Result: Equilibrium Calculation of the H,-air system

Ity

Equilibrium mass fractions of H,, O, and H,0

for p =1 bar and p = 10 bar and different temperatures

2H,+0,=2H,0

T p YH, Yo, Yh,0
[K] | [bar]
2000 | 1 0.0006 | 0.0049 | 0.9945
3000 1 0.0172 | 0.1364 | 0.8464
4000 1 0.0653 | 0.5180 | 0.41067
2000 | 10 0.0002 | 0.0022 | 0.9974
3000 | 10 0.0084 | 0.0664 | 0.9252
4000 | 10 0.0394 | 0.3127 | 0.6478

TT 2 Yool
pT 2 Yy
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Summary

Ity

Part |I: Fundamentals and Laminar Flames

Introduction

Fundamentals and mass
balances of combustion systems
Thermodynamics, flame
temperature, and equilibrium
Governing equations

Laminar premixed flames:
Kinematics and burning velocity
Laminar premixed flames:
Flame structure

Laminar diffusion flames

FlameMaster flame calculator
59

Thermodynamic quantities

Flame temperature at complete
conversion

Chemical equilibrium



Conclusion: Pressure and temperature dependency of t
the equilibrium constant I V

 Temperature dependence

_Ahm re
K, = B,T" exp ( ’ f)

RT

— Exothermic reactions:  4h,, <0 = dK/dT<0
— Equilibrium is shifted towards educts with increasing temperature

mn N\ Yik
* Pressure dependence I1 (%) = Kpr(1)
i=1 \~0

— Less dissociation at higher pressure
— Le Chatelier’s Principle

Equilibrium tries to counteract the imposed changes in temperature and pressure!
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