2.43 ADVANCED THERMODYNAMICS

Spring Term 2024
LECTURE 18

Room 3-442
Friday, April 12, 11:00am - 1:00pm

Instructor: Gian Paolo Beretta
beretta@mit.edu
Room 3-351d
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Systems with chemical reactions

energy and entropy balances
notation and stoichiometry
properties of reaction
properties of formation
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Energy and entropy balances for closed and open

systems with chemical reactions

‘/;an7"'7niR7'°'7nTR
TR,pR“u‘R
Ur =) ;nir 4i(IR, PR, YR)

SR = ZiniR Si (TR7 PR, yR)

initial state “R”

Sirr
Z:Zluz-Ai = O
>
2\
Ql{;<_7 Tk W_>

‘/;’nlp,. e 177 =R 179 =
TP7pP7M’P
UP — ZiniP ui(TPapP7yP)

SP = ZiniP Si(TP7pP7yP)

nip = MR T V; €

final state “P”

Up —Un=,Q0 ~W™  Sp—Sp= sz’f S
MR, - - - s TRy - - - » TR steady state reactor NAPy - -+ s TGP, - -, TP
TR7pRnu'R Z:zlyiAi =0 TPapPal“l’P
HR — ZiniR hi(TRapR7yR) € Sirr HP — Zinip hi(TP7pP7yP)
Sr = >_;7ir 5i(Tk, PR, YR) nip = Nig + V4 € Sp = .7 5i(Te, pp, yp)
inlet bulk-flow state “R” 7\ outlet bulk-flow state “P”
le_) Tk W_>

0=Hg— Hp +3.,Q5 —
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Notation and stoichiometry:

proportionality relations, reaction coordinates

chemical symbols
Ay =H,, Ay =05, A3 = H50
stoichiometric coefficients
V1 =—2, vp=—1, v3=2
rewrite the mechanism as
Ay + 1A + 13453 =0

o > . viAi =0
chemical reaction mechanism proportionality relations
2Hy, + Oy = 2H,O or —2H,; — Oy + 2H,0 =0 Anq _ Ans _ Ans A
composition:  np,, N0o,, NH,0 2 vy V3
changes in composition:  Ang,, Ango,, Anp,o An; = v; Ae Vi
proportionality relations nip = MR + V; €
Ang, _ Ang, _ Any,o _ A where € = ep — €
—2 —1 2 n; = v;é Vi
€ = reaction coordinate Nip = Mg + Vs €
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Properties of reaction

The balance equations require these differences: Up — Ug, Sp — Sk, Hp — Hg, Sp — Sg. For example,
Up — Ur = )_;nip wi(Te, pp, yir) — >_;nir Ui(TR, Pr, ¥ir) = add and subtract w;;(1, po)
= Zinip [ui(TP,ppa yir) — i (7T, po)] _ZiniR [ui(TRapRa yir) — wii(T Po)] + Zl (nip — nir) wi (T, po)
. / - / w_/

~"

Au;niX|TP,pP+ Au?lix‘TR,pR+ \ e -~ 7
+uii(Te, pp) — wi(T', po) +uii (TR, pr) — wi(T', po) ey . viui(T,po) = e Au’(T)

Hp — Hg = 3 .7p hi(Te, pp, yip) — ;0 hi(Tw, pr, vir) = add and subtract hy;(T, p,)
= > p [hi(Te, e, yip) — hii(T, po)| —> imuir [hi(Tr, PR, Yir) — has(T, po)] + > (e — ur) hii (T, po)
. ~ . %’_/

AR |1 pp+ AR 1 pr + N Vi€ y
+h;i(Tp,pp) — hii(T, po) +hi(Tr, pr) — hii(T, po) €. hii (T, po) = é AR°(T)
So, we defined the properties of reaction
at 1" and standard pressure at STP: T, = 298.15 K using the Hess relation
P, = 1 atm: and p, = 1 atm: and the properties of
Au(T) = > .viuu(T, po) Au® =Y v ui(Ty, po) formation at STP:
As°(T) = > v su(T, po) As® =" 8ii(Ty, Do) Au® =" v Aug;
AhO<T) Z Vi ”(T pO) Ah® = ZZ‘Vz‘ zz( o;po) As® = Ziyi AS(f)|i
Ag°(T) = Zz’”@ 9i(T', po) Ag® = ZZ‘Vi 9ii (15, Po) = Zi’/i AhZ|;
Ag°(T) = Ah°(T) — T As°(T) Ag° = Ah° — T, As° Ag°® = .1 AgPls
Av(T) = > vivi(T, po) Av® =) v (T, po) Av® =3 v Avgl;
AR(T) = Au®(T) + po Av°(T) AR? = Au® + p, Av°
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Enthalpy of formation of H and H-H bond energy

H, =2H :
S
' NS e

Ahgly =
H-H bond 218 kJ /moly
energy = | YV ~ i
216 kJ /moly T'=1T,=29815K
432kJ /moly, v
Y Asfly =
I'=0K “49.4 J /mol, K S
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van der Waals forces vs covalent bonds

van der Waals forces have a significant impact on the physical properties of sub-
stances, such as boiling points, melting points, and solubility. But they are very
weak compared to ionic or covalent bonds.

¢ — 459 kJ/mol V(r)in ki/mol vs rin pm (10?m)
— 21/60 _ e —0.112 kJ/mol potential energy for an H-O
i ' bond in a water molecule
=0.74A = 74pm ro =965 —
200 — potential energy of van der
=3.29A =329 pm Waals forces between H20

100

molecules * 1000

150

=50 500
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Enthalpy of formation and bond energies
()7 (3)
= c | (fum)” 2 ()

V(r) in kJ/mol vs rin pm (1012 m)

VLJ(r)

400

300 —H-H

200

2*H-H + 0=0 <& 4*H-0

B S 100

0
Bond Lennard 10 20 30 40 50 60 70 80 |90 1001
parameters  Jones H-H O=0 H-O 0
Strength € ki/mol 432 494 459

Length r_min 10”m 74.1 120.8 95.8 200

-300

2*g(H-H) + €(0=0) - 4*¢(H-0) -478 -400

Enthalpy of formation of 2 moles of water -484 o

b s, 9 "y
Fmin = 2 /
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Properties of formation and Hess relation

Define a complete set of independent elemental constituents Aj:
Completeness: for every molecule A; there must be a reaction of formation from the AY’s:
zjaijA§ = A, or in our notation  — ZjaijAj + A, =0 or also A, = ZjaijA§
Independence: the A%’s cannot be transformed into one another:
zjﬁjAj =0 = pB;=0V)
Practical choice: {Aj} = the species with nuclei of only one type that are most stable at STP,
one for each atomic number ZJ‘.3 in the periodic table (isotopes are chemically equivalent).
Property of formation at STP of a generic chemical species A;:
Augl; = —Zj@z‘juj-j(To,po) + w4 (15, po)

We can safely select uS,(T5, p,) = 0: in fact, for any mechanism ) ;5 A; = 0 we can write:

Ziyi Az = Ziyi ZjaijA§ = Zj (Ziyiaij>/4? =0 = Ziyiaij =0 \V/j
o o e o e
Au® = Zz’y@' wii (To, po) = Ziyi [Auf i + Zjaijujj(TmPO)] = Zz’yi Augl; + Zj Zz’yiaij ujj(T07p0)

Therefore, we conventionally choose these references: and use the Hess relation
u$;(To, po) = 0 for the Aj’s and Au® =" .v; Augl;
wii(Ty, po) = Auf|; for all other species

Careful! Properties of formation at STP are listed for the fictitious ideal gas state by extra-

polating the ideal-gas correlations for ¢, ;;(71") from the T, p range where they hold, down to T, p,:
! N Y el Do
hii(Tmpo) = hii(Ta po) - / Cp,ii(T ) dT 5ii<T07po) = Sii<T7 po) — / T d7" — Rln—
T, To p
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Properties of formation and Hess relation

Hess relation Ah° =) v; Ah?|;

For the reaction CH; + 205 = CO5 + 2H50

For the reaction CgH;g + 12.505 = 8 CO5 + 9H,0

Mcy, = 16 kg/kmol
— 1(—74.9) — 2(0) + 1(—393.8) 4 2(—242) = —802.9 MJ/kmolcy, = —50.2 MJ /kgcn,

Mcgn,s = 114 kg/kmol

— 1(—224.3) — 12.5(0) + 8(—393.8) + 9(—242) = —5120 MJ /kmolcyp,, = —44.9 MJ /kge,m,,

Ahg Agf As? Ahg Agf As?
Substance Formula MJkmol MJ/kmol kJ/kmolK Substance Formula MJ/kmol MJ/kmol kJ/kmol K

Acetic acid C,H,0, -3365 -2863 -1684 Hydrogen H, 0 0 0
Acetone CH;COCH; -217.7 -153.2 -216.5 Hydrogen (atomic) H 2180 203.3 494
Acetylene CH, 226.9 209.3 58.8 Hydrogen chloride HCI -924 -95.3 10.0
Ammonia NH;, —45.7 -16.2 -99.1 Hydroxyl OH 395 343 174
Argon Ar 0 0 0 Isooctane CsH)g -2243 13.7 -798.6
Benzene Ce¢Hg 83.0 129.7 -156.9 Methane CH, -749 -50.9 -80.6
Carbon C 0 0 0 Methanol CH;0H -201.3  -1626  -129.8
Carbon dioxide CO, -393.8 -394.6 29 Methylene chloride CH,Cl, -95.5 -68.9 -89.0
Carbon monoxide CO -1106 -1374 89.7 Naphthalene CoHs 151.1 223.7  -2438
Chlorine ClL, 0 0 0 Nitric oxide NO 90.4 86.8 124

Chloroform CHCl, -101.3 -68.6 -100.8 Nitrogen N, 0 0 0
Ethane C,H¢ -84.7 =330 -173.7 Nitrogen (atomic) N 472.8 455.6 57.6
Ethanol C,H;0H -2350 -1684 2233 Nitrogen dioxide NO, 339 520 —60.8
Ethylene C,H, 523 68.2 -53.1 Nitrous oxide N,O 81.6 103.7 -74.1
Fluorine F, 0 0 0 n-Octane CsHy -208.6 164 -754.6

Freon 12 CCl,F, —481.5 4425 -1306 Oxygen 0, 0 0 0
Freon 13 CCIF, —-6950 6544 -136.2 Oxygen (atomic) O 249.2 231.8 58.3
Freon 21 CHCLF -2989  -2684 -102.5 Ozone 0, 142.8 162.9 -67.5
Freon 22 CHCIF, -502.0 4709 -104.3 Propane C;Hy -103.9 =235 -269.8
Propylene CH,CHCH; 204 628 -1420
Water H,0 -2420  -2288 -44 .4

Adapted from Table 29.4 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005
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Systems with chemical reactions

what determines the direction
of spontanueos reaction
and
how temperature affects it

Exergy

Maximum work obtainable
Minimum work required
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When is an isothermobaric reaction product- or reactant-favored?

T, po steady state reactor T, p,

—_— S viAi =0 L o

HR, SR € Sirr Hp, SP

nip = TR + V; € \Q<— —
y L ¢

0= Hg(T) - HP(T) +QF

O — SR(T) - SP( ) + — +Slrr
e

ToSu: = —¢ [AR°(T) — T As®(T)] > 0

this must be negative
for the reaction to be
product-favored

Assume:

e steady-state

e heat interaction at 7p maintains
inlet and outlet temperatures at T’

e in and out streams are either pure
component or ideal GD mixtures

e neglect mixing terms in the entropies

Hp(T) — Hr(T) = ¢ AR°(T)
Sp(T) — Sr(T) = ¢ As°(T)
Sire AR(T) — Tg As°(T)

Ré RT,

Ah°(T) As°(T) é

< 0 (exothermic) >0 | > O at any temperature)
0 (endothermic) <0 at any temperature)
0 (exothermic) <0 if —As°(T) < —AR(T)/Ty)
0 (endothermic) | >0 if As®(T) < Ah°(T)/Tg)
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When is an isothermobaric reaction product- or reactant-favored?

A :
T, p, steady state reactor T, po o Ss?;::cliey-state
- 5 Z;ZluiAi =0 > e heat interaction at 7p maintains
: : . : - : inlet and outlet temperatures at 1T’
€ Sirr H 2
Hg, Swr . ' . Hp, Sp e in and out streams are either pure
N;p = TR + V; € \ Q<— o o component or ideal GD mixtures
L e neglect mixing terms in the entropies
0 = Hp(T) — Hp(T) + Q° Hp(T) — Hp(T) = ¢ AR(T)
. . . <_ . -
= S(T) — $p(T) + = + Sim Sp(T) = Sp(T) = ¢As*(T)
: _ _ Sier A °(T)
ToSi = —€ [AR(T) — T As®(T)] = —¢ Ag°(T) > 0 ne BT
Ag°(T) must be negative d S.. d Ag°(T)  AR(T)
for the reaction to be dT R¢  _dT RT _ RT2

product-favored

Ah°(T) Ag°(T) é
< 0 (exothermic) <0 |> O (but can go negative for lower T')
> 0 (endothermic) <0 0 (but can go negative for higher T')
< 0 (exothermic) > 0 0 (but can go positive for higher T)
> 0 (endothermic) >0 | < O (but can go positive for lower 7T')
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When is an isothermal reaction product- or reactant-favored?

Recall g;; = p;; and hy; = <aa<ﬁl—l/;;))
p 14

d Ag°(T) d > v (T, po) 5

d(1/T) RT d(1/T) RT

12

_ Mii(Tapo) "
= 2t <1/T> RT .
ha(T,ps) _ AR(T) 9

LT R TR ,

Sirr _ AgO(T) 6
In(10)R  In(10)RT -

product-favored 4 -

For T = To,

L]

reactant-favored ¥ -

-3

- |
Adapted from Figure 30.1 of Gyftopoulos, Beretta,
Thermodynamics. Foundations and applications, Dover,
2005

— YT

N
——ay

X d

N./ / '}‘ / Q*""/_Basedun lanaf tables, ™ |
/ J / o y, /4,2% NH,, NO, el:.l:‘m (Y\

/ / U 0; ’P,QQW/!, - Ef;;? - o P/ \‘(‘:\(\'Q\%

o@% 7 oo -

> Q\%(Y | /I/

\‘ﬂ\\ |Clo: * ;H,O"‘Co" iH,

= |
HCHO -0 + H,

5000 : | 1000 200 800 700 600

Temperature (K)
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When is an adiabatic reaction product- or reactant-favored?

Assume:
T, p, steady state reactor | T,q4,p, o steady-state
T . . o o
—_ 5 > i ViA; =0 > e adiabatic, no heat interactions
: : . - : : e in and out streams are either pure
€ S; . .
Hg, Sr T Hp, Sp component or ideal GD mixtures
nip = MR + V; € e neglect mixing terms in the entropies

0= HR<T) — Hp(Tad) = solve for T4
0= SR(T) - SP(Tad> + Sirr
T Sie = —¢ Ag°(T) — Exp(Taq) > 0

For é > 0, Ag°(T) must be negative enough
that —¢ Ag°(T) is greater than the exergy*
needed to heat/cool the products

from enviromental T to T,q Hp(T) — Hr(T) = € ARY(T)
(

Sp(T) — Sr(T) = ¢ As°(T)
EXP<Ta ) = Hp(Tad) - Hp(T) — T [Sp(Tad> - SP(T)]
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Exergy / Maximum work obtainable / Minimum work required

T, po
S
HR7SR

steady state reactor T, po
ZzzlyiAi =0 —l
€ Sirr HP) SP

nip = MR + V; € \ \Q<— T,

W—>

0= Hp(T) — Hp(T) + Q7 = W~

Y

0= SR(T) - SP(T> + — + Sirr

W= =

W =

i85

\ >4

—¢ [AR(T) — T As°(T)] =TS

this must be negative T

Equivalently,
€ [AhO(T) — TQ ASO(T>] ‘|‘TQSirr

\ 7

if this is positive we
€ > 0 requires W< >0 o

Assume:

e steady-state, with a work interaction
e heat interaction at Ty maintains
inlet and outlet temperatures at T'

e in and out streams are either pure
component or ideal GD mixtures

e neglect mixing terms in the entropies

E.
3
|

Hp(T) = ¢ AL°(T)
Sp(T) — Sr(T) = € As°(T)

for ¢ >0 and W= >0 max = —€[AR(T) — T As*(T)]

— ¢ [ARO(T) — Ty As°(T)]
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Systems with chemical reactions

Oxidation of hydrocarbons
Heating values of fuels
Exergy of a fuel
Adiabatic flame temperature
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Oxidation of hydrocarbons

Overall basic reaction mechanism, assuming full oxidation

CiH, + <k + g) Og = £ECOy + gHgo

If oxygen is taken from dry air with mole fraction yo, = 0.2095, 1 mol of O,
requires 4.77 mol of air. From this, the stoichiometric air-fuel ratio is defined

as
nair E mair g 2896
— 4. - — 4. -
(nfuel)s K (k i 4) <mfuel>s K (k i 4) Mfuel

Moreover, in order to increase the probability of having the oxidation of all the
molecules, an excess of air is usually used i.e. Mg = (Nair)s + (Tair)excess, SO that
the equivalence ratio is defined

nair/ T fuel . mair/ M fyel

A\ = = > 1
(nair/nfuel)s (mair/mfuel)s
For most hydrocarbons (except Hy)
ARY — Ag°
—2.4% < I < 12.4%

AgY
and
40 MJ/kg < LHV = —AR? < 50 MJ /kg
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Properties of the reaction of oxidation of hydrocarbons

0 o o AR° - Ago
M AR Ag As —Ag°
kg M) MJ kJ

Fuel Formula m k_g k_g Eg_K- %

Hydrogen H, 2016 -1200 -1135 -22.0 +5.8
Carbon (graphite) C 12011 -328 -329 0.2 -0.2
Methane CH, 16.043 -50.0 —499 -03 +0.2
Acetylene C,H, 26038 —483 -471 =37 +2.4
Ethylene C;H, 28.054 -472 -469 -1.1 +0.7
Ethane C,H; 30.07 -475 -48.0 1.5 -1.0
Propylene C;H¢ 42.081 -458 -45.9 04 -0.3
Propane C;H;q 44.097 -464 —-47.1 23 -1.5
n-Butane CsHyo 58.12 —-458 -46.6 2.7 -1.7
n-Pentane CsH,, 72.15 —-454 -46.3 2.9 -19
Benzene CsHg 78.114 —-406 —408 0.5 -04
n-Hexane CeH,, 86.18 —-45.1 -46.1 3.1 -2.0
n-Heptane C;Hy6 100.21 —-450 -459 3.2 =21
n-Octane CgH s 114232 -448 458 33 -2.2
Isooctane CyHg 114.232 —-447 -458 3.7 -24
n-Nonane CoHp 128.26 —44.7 —45.7 34 =22
n-Decane CioH», 14229 -44.6 -45.7 3.5 -23
Carbon monoxide CO 28.01 -10.1 -92 =31 +10.1
Methanol CH;0H 32042 -21.1 =215 1.4 -1.9
Ethanol C,HsOH 46.069 -278 -284 2.) -2.2
Ethylene glycol (CH,OH), 62.07 -17.1 —-18.6 5.1 -8.1

Adapted from Figure 31.7 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005
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Heating values of fuels

M P hie (¢ (cp)y HHV LHV
kg kg kJ 4] kJ MJ MJ
Fuel Formula m m k—g fg_l( EEE E E (A/F )s
Practical fuels (Typical composition)
Gasoline Cr9Huas () 110 0.75 305 24 1.7 473 440 146
Light diesel Ci23Hyp (D 170 0.86 270 2.2 1.7 448 425 145
Heavy diesel CugHaas (D 200 0.89 230 1.9 1.7 438 414 144
Natural gas C,.H;9Ng, (g) 18 — — — 2 500 450 145
Hydrocarbons
Methane CH, (g) 16.04 — —_ - 2.2 555 500 17.23
Propane C;Hg (g) 44.10 — —_ - 1.6 504 464 15.67
Isooctane CeHys () 114.23 0692 308 2.1 1.6 478 443 15.13
Cetane C ¢Has (1) 226.44 0.773 358 1.6 473 440 1482
Benzene CgHg (1) 78.11 0879 433 1.7 1.1 419 40.2 1327
Toluene C,Hg (1) 92.14 0.867 412 1.7 1.1 425 406 1350
Alcohols
Methanol CH;0H (1) 32.04 0.792 1103 26 1.7 227 200 6.47
Ethanol C,H;OH(I) 46.07 0.785 840 25 1.9 29.7 269 9.00
Other fuels
Carbon C(s) 12.01 2 — — — 338 338 1151
Carbon monoxide CO(g) 28.01 —_ —_ — 1.1 10.1  10.1 2.467
Hydrogen H; (g) 2015 — —  — 14 1420 1200 343

Source: Data mainly from J. B. Heywood, Internal Combustion Engine Fundamentals, McGraw-Hill, New York, 1988.
* Values of kg, at 25°C for liquid fuels. Values of p and (e, ) at 25°C and 1 atm for liquid fuels. Values of (c][,)g at 25°C and saturation
pressure for liquid fuels, and at 1 atm and 25°C for gaseous fuels.

Adapted from Figure 31.1 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005
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Lower and higher heating values of fuels

In combustion, water is present both in reactants (moist air) and in products, this complicates the
stoichiometry. The highest possible mole fraction of water vapor in the gaseous mixture of products
of combustion is given by Raoult’s law (1 = HyO)

max

Yig D= pgit,ll(T) where yir = 1 (condensate is pure liquid water)

Let ¢ = y15/yiy be the relative humidity of the products of combustion in the gaseous phase.

Since p£§t711(25 °C) = 3.169kPa, at STP (7T, = 25°C and p, = latm), the maximum amount of

vapor is ypg"* = 3.169/101.325 = 0.0316, so that by splitting water vapor and condensate, i.e.,

NH,0 = NH,0,g T NH,0,f We get

N NHy 0 _ 0.0316[4.77(k + £) — £

NH,0 — NMH,0f | MHy0¢ 4} =0.123/+ 0.156 k
* e, 1 —0.0316 Sl

DO |

nc,H, nc,H, nc,H,

Miot,prod _ g AT ( - 4 ) so that when ¢/2 exceeds this amount, i.e., when

~N"~

NG, A ¢/k > 0.414, then part of the water condenses
¢ ¢ ‘
P00 = Y1z < 0.0316 minos _ 3 —00316[5 +4.77(k +5)] 0.469¢ — 0.156 k
Ntot,prod — TH,0,f / NCH, 1 —0.0316 . .

meaning that the Q: extracted is not only given by nc,m, Ah® but also by the condensation enthalpy

O hi,0.6(15)

Q: - H](Zz — HJOD - thHgHvactual where Hvactual = —Ah° +

ncH,
With less details, in the common practice one defines the lower and higher heating values

/
LHV = —Ah° and HHV = —Ah° + §hHQOyfg(TO)
For example, for methane, LHV, HV (a1, and HHV are, respectively, 50.1, 54.7, and 55.5 MJ /kg.
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Heating value and Exergy of a fuel / Adiabatic flame temperature

T,, po steady state reactor | Tp,p,
|G <k+ f) O
HR, SR € = anHg Sirr Hp, Sp

nlp:n@R—l—me \ \Q;_,T
W—>

Heating value setup: Tp = 1,, W =0, é = N, H,

: : : . NH,0 f
Qo_> — H]O% - H]OD — € Hvactual where Hvactual = —AR° + = 2 thO,fg(To)
CirH,

Exergy setup: Tp =T, W= = Wr;gx, Sy =0
Wo.=Hg— H%—T,(S% — Sp) = ¢ Excyn, where  Excgun, = —AR° + T, As® = —Ag°
Notice that condensation does not contribute because hu,o0 (1) — 15 S1,0.6(1o) = 0.

Adiabatic flame temperature setup: Tp = 1.4, QO_* — 0, W = 0, assume ideal GD mix of
ideal gases

Tad
: : ° ~ - : : : solve
0= H% — Hp(Tad) = HJO:{ — HJOD U H]OD — Hp(Tad) = eHvactual — np/ Zylp Cp,ii(T/) dT’ =4 for C‘Z:d
: : : : : : : Taa ST 4 T’ Ag®
Sier = Sp(Tad) — S?{ — Sp(Tad) — S;)g + S;): — S% =np Zz ylpjff) “( ) dT’ + € As® ~ —0.3¢ T"g
To o

Typical values of are in the range 26% to 30%

—€ Ag
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Adiabatic flame temperature calculations

where a = Z%P a; b= Zyz’P by c= Z%P ci d= Z%P d;

Taq 2
/ S e cpus(T") AT" = (Taa — To) + b (T34 ~ T + 2o (T2 ~ T3%) + 2 (Tf* ~ T3/

; 5 3 7
Taa /
 YiP Cpii T Tha 1/4 1/2 3/4
259w i) qqv _ o 1 Do 4 g s iy oo (TP T2 4 S (@ -
T T T, 3
Substance Formula a b c d
Carbon dioxide CO, -55.6 30.5 -1.96 0
Carbon monoxide CO 62.8 -226 46 -0.272
Oxygen 0, 10.3 54 -0.18 0
Nitrogen N, 72 -269 5.19 -0.298
Hydrogen H, 79.5 -26.3 423 -0.197
Water H,0 180 -854 15.6 -0.858

Adapted from Table 20.2 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005
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MR, - - - ThR, -

oy TR
T, Po
T e
(o] SO
R: PR
inlet bulk-flow state “R”

lambda
nitrogen?
(

H

M

CH4
N2
02
co2
H20
n_tot

N2
02
co2
H20
n_tot

intcp(T) dT
int cp(T)/T dT

CH4
int cp(T) dT
int cp(T)/T dT

N2
02
co2
H20
n_tot

intcp(T)dT
int cp(T)/T dT

1

1

1

4

16.043

nu

b §

0

=2

1

2

nu

0

7

1

2
prod
prod

nu

-1

nu

0

-2

1

2
react
react

Adiabatic flame temperature calculations

ngp = Mg +

steady state reactor

Z;':luiAi =10

€ S irr

—

To 298.15
Treactants 700
g 2666.064
16
nreact n prod Dh_f
1 0 -74.9
7.54 7.54 0
2 0 0
0 5 -393.8
0 2 -242
10.54 10.54
Coefficients from Table BS
n prod a b
7.54 72 -26.9
0 103 54
1 -55.6 305
2 180 -85.4
10.54
936150.58
815.247
Coefficients from Table B4 (c
nreact a b
1 193 5.21E-02 1.
18814.56
38.623
Coefficients from Table BS
nreact a b
7.54 72 -26.9
2 103 54
0 -55.6 305
0 180 -85.4
10.54
114436.03
241711

TP, -+, TPy« + +  Thrp
Tad; Po

Hp, 5p

outlet bulk-flow state “P”

Steady-state constant-
pressure burner

1500000
s Hdot vs Sdot React
s Hd ot vs Sdot Prod
| ]
1 Toreact
m Toprod
B Treact
m Tflame
500000 /
u I -.—..-' T T T T 1
al—
-500000 /
-
-1000000
=200 0 200 400 600 800

1000

E18-AdiabaticFlameTemperature(withEquilibrium).xIsx

© 2024 Gian Paolo Beretta

@MIT 2.43 Advanced Thermodynamics

S dot

-99.97376
-80.6
-30.55922
11.861578
49.939158
84.594441
116.47891
146.07025
173.72906
199.73412
247.61928
291.02464
330.82903
367.6533
401.9509
43406189
464.24662
492.70781
519.6054
545.06689
569.19469
592.07156
613.76455
634.32806
653.80616
672.23438
689.64115
706.04895
72147519
735.93301
749.43182
761.97787
773.57463
784.22317
793.92242
802.66947

H dot
-80498.806
-74900
-58713.829
-42826.538
-26659.489
-10210.971
6517.92924
23524.221
40803.5574
58350.5834
94222.519
131083.893
168870.958
207513.699
246936.449
287058.143
327792.39
369047.486
410726.297
452726.237
494939.151
537251.233
579542.945
621688.935
663557.961
705012.831
745910.336
786101.193
825429.998
863735.178
900848.947
936597.266
970799.814
1003269.95
1033814.68
1062234.65

Products

T

280
298.15
350
406
45
500
55
600
650
70
800
90
1000
1100
1200
1300
140
1500
160
1700
180
190

o o

o

S

S

S

=}

S o

S dot

-105.8162
-85.9
-34.66205
8.5517546
47.172405
82.184321
114.28069
143.96813
171.6283
197.55601
245.09868
287.9727
327.1147
363.1925
396.70019
4280144
457.42945
485.18011
511.45701
536.4173
560.19226
582.89283
604.61371
625.43653
645.43215
664.66262
683.18256
701.04039
718.27926
734.9378
751.05079
766.64961
781.76278
796.41624
810.63368
824.43683

H dot
-883555.49
-877800.00
-861227.84
-845044.39
-828647.42
-812030.18
-795190.57
-778129.45
-760849.62
-743355.11
-707741.89
-671333.47
-634176.57
-596318.14
-557804.00
-518678.18
-478982.63
-438757.19
-398039.58
-356865.49
-315268.70
-273281.19
-230933.27
-188253.68
-145269.70
-102007.29

-58491.14
-14744.78

29209.34

73349.80
117656.08
162108.58
206688.50
251377.81
296159.21
341016.07
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Adiabatic flame temperature and pressure in a closed bomb

Vinigr, ..., nR, - - - R Srr Vinip = nir + v €
¢ ‘
T, Do CngJr(kJr )02_kcoz+ —H,0 ] Tp, pp
5 Sk NE Up, Sp
initial state “R” W Qo 1o final state “P”
np RTj nrR1,
Volume balance (assuming GD mix of ideal gases): Vp = Pl =2
pbpr Po
€
Heating value setup: W~ =0, € = nc,n,, np = ng + Ve, e _ 14+v—
Po nRr
o om om o NH,0,f
Up — U = ~@; = ~cHVE,  where  HVE: = —Aus 4 B0y 7
CrHe

a Ta
Adiabatic flame temperature setup: Tp = T,q, @, =0, W~ =0, Pl Td (1 + Vi)
Po o nR

Tad
0 0 o o om solve
0 = Up(Tua) — Up = Up(Toa) — Up + Up — Up, = / 2 wwea(T) AT — BV = o
Slrr — SP( ads pad) SR — SP( ads pad) S})D + SIOD - SJO%
Tad 9. .. T,
Zz sz;fJ,n( ) dT/ . npRln Pad
T, Po
T 5.11rr
—€eAg°

o

Ag

(]

= np +eAs? ~ —(0.22 +0.26) €

Typical values of

are in the range 22% to 26%
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Adiabatic flame temperature

Closed fixed-volume
combustion chamber

e
U, S Up, Sp
initial state “R” final state “P”
ToSirr
Tb P ("nlaAgo )

Fuel Formula K atm %
Hydrogen H, 2870.8 8.33 17.2
Carbon C 26779 7.58 22.7
Methane CH, 26554 9.02 24.2
Acetylene C,H, 3009.7 10.00 19.2
Ethylene C,H, 2811.0 963 224
Ethane C,Hy 2691.1 9.42 249
Propylene C;Hy 2770.7 9.69 23.7
Propane CgHg 2698.7 9.56 253
n-Butane C;H,, 2702.7 9.64 25.6
n-Pentane CsH,, 2704.0 9.68 25.7
Benzene CiHy 2767.6 9.61 23.7
n-Hexane C¢H,, 27039 9.71 258
n-Heptane C;H,, 2707.6 9.75 25.9
n-Octane CgH,s 27069 9.76 26.0
Isooctane CgH,3 27026 9.74 26.2
n-Nonane CoH,, 2707.1 9.77 26.0
n-Decane C,gH,, 27072 9.78 26.1

TR,

Steady-state constant-
pressure burner

Adapted from Figures 31.8 and 31.9 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005

© 2024 Gian Paolo Beretta

R el
Hg, 85 ¢ S Hp, Sp
inlet bulk-flow state “R” Rap = fup + Vi € outlet bulk-flow state “P”
ToSirr
T Geae
K %
2448.5 209
2326.0 26.0
2266.0 28.3
2598.0 226
2416.6 26.2
2300.5 290
2378.5 27.6
2307.9 29.4
2311.8 296
2313.2 29.7
23826 27.5
2313.2 298
2316.7 209
2316.1 30.0
2312.1 30.2
2316.3 30.0
2316.4 30.1
Slide 18.26
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Summary on an energy vs entropy diagram

V.nig,.... Mk -« « s NyR Sirr V.ngp, ..., 0ip, ..., Nyep
{ 4% ZLH"I’ Ai=0 Tt D
Ue, 52 i Up, Sp
initial state “R” final state “P”

° =U—US—T,(S — 59)

Qo,off = — UPO{ — TO(S — Sﬁ)
U A
e — - ——
Ugr — Up Exg + Q%(T,)
= —e Au° T g
TO TOSirr
Ue | T
P Sp — Sp = —€As° .
Sp  Sp S
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Is a reversible combustion possible?

EXgreheat 5 )
Ex, = Exp For ng, =1 mol, np, = 1/2 mol and py = p, we find
3 1/2 1\—1/2 29911
} NH,0 (5 + ”HQO) = (5) exp ( — 6.866 + T, )
E 2
Exiuel 6 \\
| V,—/ ........
/ | 108,10 N
To ! 2 ‘\_‘ ....................
i 0 _—
| T
) -
1000 1500 2000 2500 3000 3500 4000 4500 5000
S T

b

Figures 3 and 4 from G.P. Beretta, A.M. Lezzi, A. Niro, and M. Silvestri, On the concept of a reversible flame, in Energy for the Transition
Age, FLOWERS '92, Edited by S.S. Stecco and M.J. Moran, Nova Science Pu. Inc., New York, Additional Proceedings, pp. 165-177 (1992).

The question was first raised and discussed in Keenan (1941) and Obert (1948,1973), and later also by Richter &
Knoche (1983), Dunbar & Lior (1994).
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