downloaded from:
https://www3.nd.edu/~powers/ame.60636/notes.pdf

LECTURE NOTES ON
FUNDAMENTALS OF COMBUSTION

Joseph M. Powers

Department of Aerospace and Mechanical Engineering
University of Notre Dame
Notre Dame, Indiana 46556-5637
USA

updated
30 March 2014, 2:12pm


jamesfd
Text Box
downloaded from:
https://www3.nd.edu/~powers/ame.60636/notes.pdf



CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

Contents

[Prefaced 11
1 Introduction to kinetics 13

[L1 Isothermal, isochoric kineticd . . . . . . . . . . . 15
11 O-— s dissociation . . . . . .. 16
[L1.1.1  Pair of irreversible reactiond . . . . . . . . . ... ... ... 16

[L1.1.1.1  Mathematical model . . . . . ... ......... 16

[L1.1.1.2  Example calculation . . . . . . . . . . .. ... .. 22

1.1.1.123 Dvnamical svstem forml . . . . . . . .. . .. 26
[1.1.1.1.3__ Effect of ‘remperature] ................. 30
[1.1.1.2  Single reversible reaction . . . . . . . . .. 31

L1121 Mathematical model . . . . . . ... ... ..... 31
11211 Kineticd . . .. .. ... 31
[1.1.1.2.1.2  Thermodynamicd . . . . . . . . . o oo . .. 34

[1.1.1.2.2  Example calculation . . . . . . . . . o .. 35

[1.1.2  Zel'dovich mechanism of NO production . . . . . . . . .. ... ... 38

[1.1.2.1.3  Example calculation . . . . . . .« oo 43

[1.L1.2.2  Stiffness, time scales. and numerics . . . . . . . . . ... .. 49

[1.1.2.2.1  Effect of temperaturd . . . . . . . . . o 51

[1.1.2.2.2  Effect of initial pressurd . . . . . . . . . . . .. .. 52

[L1.2.2.3  Stiffness and numericd . . . . . .. ... ... 54

[.2  Adiabatic, isochoric kineticd . . . . . . .. .. 56
[1.2.1  Thermal explosion theorsl . . . . . . o v i 56




4 CONTENTS

- — inetics . . . . ..o 68

2 Gas mixtures 73
|2 1 Some general issue;] ................................ 73

:3 8.2 (Gibbs free enerqvl ............................. 117
[3.8.3  Other propertied . . ... 118

3.8.4 Relation between mixture and partial molar propertiesl ........ 120
3.9 Frozen sound speed . . . ..o 121

3.11 Equilibrium in a two-comy systeml ... Lo 127
[3.11.1 Phase equilibriuml . . . . . .« o oo 127
|3 1o - T -

[3.11.2.1 Isothermal, isochoric systeml . . . . . . . .. ... ... ... 129

3.11.2.2 Tsothermal, isobaric svstem . . ..o 134

3.11.3 Equilibrium conditiod . . . . ... ... ... 137

‘4_2 1 General development] . . . . . . . . 141

4.2.2  Fuel-air mixtured . . . . . . . .. 148

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

CONTENTS 5

14.3.2  Enthalpy and internal energy of combustion . . . . . ... ... ... 153
14.3.3  Adiabatic flame temperature in isochoric stoichiometric systemd . . . 154
|_4.3,3,| Undiluted, cold mjxi:nrd .................... 154

|_4,3,3,2 Dilute, cold mjxl:]]rgl ...................... 155

14.3.3.3  Dilute, preheated mixturd . . . . . ... ... ... ... .. 156

14.3.3.4 _ Dilute, preheated mixture with minor specied . . . . . . . . 158

44 Chemical equilibriund . . . . . . ... 159
4.5 Chemical kinetics of a single isothermal reaction . . . . . . . . .. ... ... 164
|_4,5,| [sochoric s;zsremsl ............................. 165
|_4,5.2 [sobaric s;zsremsl .............................. 172
4.6 Some conservation and evolution equationd . . . . . . .. .. ... ... ... 178
l4.6.1 _Total mass conservation: isochoric reaction . . . . . . . . . . . .. .. 178
14.6.2 Element mass conservation: isochoric reaction . . . . . . . . .. ... 179
Mwwmmmmwﬁ ........... 180
l4.6.4 _Energy conservation: adiabatic, isobaric reaction . . . . . . . . . . .. 182
14.6.5 Non-adiabatic isochoric combustionl . . . . . . . . .. ... ... ... 185
14.6.6_ Entropy evolution: Clausius-Dubem relation . . . . . . . . . .. ... 185
4.7 Simple one-step Kineticd . . . .. ... 189
5 Thermochemistry of multiple reactions 193
E_J_&mmar;uﬁ_mlﬂ.tmmammﬂmusmﬂ .................... 193
5.2 Equilibrium conditiond . . . . . . ... 200
5.2.1 Minimization of G via Lagrange multiplierd . . . . . ... ... ... 200
|5,2.2 Equilibration of al maci:jgns] ....................... 206
5.2.3  Zel'dovich’s uniqueness proof . . . . ... ... 208
[5.2.3.1 Isothermal, isochoric casd . . . . ... ... .. ... .. .. 208

|5,2,3,2 [sothermal, isobaric Qasgl .................... 215

15.2.3.3  Adiabatic, isochoric casd . . . . . ... ... ... 218

15.2.3.4  Adiabatic, isobaric casd . . . . . ... ... 223

5.3 _Concise reaction rate law formulationd . . . . . . . . . ... ... ... ... 223
5.3.1 Reaction dominant: .J > (N =LY . . . ... .. ... ... ...... 224
|5,3.2 Species dominant: J < (N — Z‘)I ..................... 224

|5,4 [rreversibility pernngQﬂ ............................. 225
|5,4,| Onsager recjpmcjt;zl ............................ 225
5.4.2  General anal;zsjsl .............................. 233
15.4.3 Zel’dovich mechanism exampld . . . . . .. ... ... 237
5.44 Extended Zel’dovich mechanism exampld . . . . . .. .. .. .. ... 241

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

6 CONTENTS

6.1.23  Enered . . . . . . 251
6124 Secondlaw . ... . .. ... 9252
6.1.25 Specied . . . ... 253

I8.1  Simple planar model . . . . . . .. 269
R11 Model equationd . . .. . ... ... 270
I8.1.2  Simple planar derivation . . . . . . . .. 271

18.2.3 TIntegral forml . . . . . . . 276
8.2.4 TInfinite Damkohler limitl . . . . . . .. ... ... ... ... ... 277
8.3 Steady Solutiond . . . . . . . o 277
I8.3.1 _High activation energy asvmpto‘rics] ................... 277
I8.3.2  Method of weighted residuald . . . . . . . . ... 283

18.3.21  One-term collocation solution . . . . . . . . . . ... . ... 283

18.3.3 _Steady solution with depletioﬂ ...................... 288

8.4 Unsteady Solutiond . . . .« o oo o 291
8.4.1 Linear stabilitl . . . . . ... ... 291
8411 Formulatiol . . . . .. .. ... ... ... 291

I8.4.1.2  Separation of variabled . . . . . . .. .. ... 293

I8.4.1.3  Numerical eigenvalue solution . . . . . . . . . . . ... ... 295

I8.4.1.3.1  Low temperature transientd . . . . . . . . . .. .. 296

8.4.1.3.2  Intermediate temperature transientd . . . . . . . . 297

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

CONTENTS 7

18.4.1.3.3  High temperature transients . . . ... ... ... 297

I8.42  Full transient solutionl . . . . . . .o 297

9.1.1.3 _Formulation using en’rha.lpv| .................. 303

9.1.1.4 Low Mach number limitl . . . . . . . . . . .. ... 303

9.1.3.1 Species equa’riod ........................ 306
0.1.3.2  Enereyv equationl . . . . . . oo 306
9.1.3.3  Shvab-Zel'dovich forml . . . . . .. ... .. ... ... ... 307

0.1.4  Equilibrium conditiond . . . . . . . . ... ... 309
9.2 Steady burner-stabilized flamed . . . . . . . ... 311
021 Formulatiod . . . .. ... ... 312
0.2.2  Solution procedurd . . . . . . ... 315
0.2.21  Model linear system . . . . . . oo 315
9.2.2.2  System of first order equationsl ................ 317
0223 Equilibriumd . . . . ... 317
9.2.2.4  Linear analysis near equilibrivm . . . . . . . . . . ... ... 318
9.2.2.5 Laminar flame structurd . . . . . . ... 319
92251 Twe=020. .. ... .. . ... ... 319

92252 Tie=0076. ... ... . .. . .. ... .. ... 323

023 Detailed Hy-Op-Ny kineticd . . . . . . . o oo v oo 326
M&mplejﬂ&naim&_maﬂm;adm.oﬂ 329

[10.1 Reactive Euler equationd . . . . . . . . . . . ... 329

Ve fOIT .« . . s e e 332
[10.1.5 Non-conservative form . . . . . . . o o 333
L0151 Masd . . . o o o 333

M_Lm@am_mgm@mﬂ ........................ 334

10.1.5.3 F]nerig ............................. 334
onl . .. 335

CC BY-NC-ND.| 30 March 2014, J. M. Powers.



http://creativecommons.org/licenses/by-nc-nd/3.0/

8 CONTENTS

[10.1.8 Rankine-Hugoniot jump conditiond . . . . . . . ... ... ... ... 343
[101.9 Galilean transformatiod . . . . . .. .. ... ... 345
[10.1.91 Direct approach. . . . . . . . .o 346

[10.1.9.2 Differential geometry approacH ................ 347

[10.1.9.3 Transformed equations . . . . . . . . o oo 350

[10.2 One-dimensional, steady solutiond . . . . . . . . o . o 350
[10.2.1 Steady shock jumpd . . . . . . . . 351
[10.2.2 Ordinary differential equations of motion . . . ... 351

[10.2.3 Rankine-Hugoniot ana.lysisi ........................ 355
[10.2.3.1 Rayleighlind . . . . ... ... ... ... . ... ..... 355
[10.2.3.2 Hugoniot curvd . . . . o o v oo 356

[10.2.4 Shock solutiond . . . . . .. ... 362

[10.2.5 Equilibrium solutions . . . . . . o o oo 364
[10.2.5.1 Chapman-Jouguet solutiond . . . . . . . . . . . ... ... 364
[10.2.5.2 Weak and strone solutions . . . . . . . . oo 365
[10.2.5.3 Summary of solution propertiesl ................ 367

[10.2.6 ZND solutions: One-step irreversible kineticd . . . . . . . . . . . . .. 368
[10.2.6.1 CJZND structured . . . . . . . . ... 370
[10.2.6.2 Strong ZND structured . . . . . . . . oo 374
110.2.6.3 Weak ZND structured . . . . . .. ... ........... 377
[10.2.6.4 Piston problem . . . . . . . ... 377

[10.2.7 Detonation structure: Two-step irreversible kineticd . . . . . . . . . . 378
[10.2.7.1 Strong structures . . . . . . oo 385

102711 D>D. . ... ... 385
02712 D=D. .. ... .. ... 387
[10.2.7.2 Weak, eicenvalue structured . . . . . . . .o 389

[10.2.7.3 Piston probleml . . . . . . . . . ... 391

[11 Blast waved 397

111 Coverning equationd . . . . . . o o oo 398
[11.2 Similaritv transformation . . . . . . . . . oo 399
[11.2.1 Independent variabled . . . . . . . . . . . ... 399

[11.2.2 Dependent variabled . . . . .. ... ... ... ... .. 399

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

CONTENTS 9

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

10 CONTENTS

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

Preface

These are lecture notes for AME 60636, Fundamentals of Combustion, a course taught since
1994 in the Department of Aerospace and Mechanical Engineering of the University of Notre
Dame. Most of the students in this course are graduate students; the course is also suitable
for interested undergraduates. The objective of the course is to provide background in
theoretical combustion science. Most of the material in the notes is covered in one semester;
some extra material is also included.

The goal of the notes is to provide a solid mathematical foundation in the physical chem-
istry, thermodynamics, and fluid mechanics of combustion. The notes attempt to fill gaps in
the existing literature in providing enhanced discussion of detailed kinetics models which are
in common use for real physical systems. In addition, some model problems for paradigm
systems are addressed for pedagogical purposes. Many of the unique aspects of these notes,
which focus on some fundamental issues involving the thermodynamics of reactive gases with
detailed finite rate kinetics, have arisen due to the author’s involvement in a research project
supported by the US National Science Foundation, under Grant No. CBET-0650843. Any
opinions, findings, and conclusions or recommendations expressed in this material are those
of the author and do not necessarily reflect the views of the National Science Foundation.
The author is grateful for this public support. Thanks are also extended to my former
student Dr. Ashraf al-Khateeb, who generated the steady laminar flame plots for detailed
hydrogen-air combustion. General thanks are due to students in the course over the years
whose interest has motivated me to find ways to improve the material.

The notes, along with information on the course itself, can be found on the world wide
web at http://www.nd.edu/~powers/ame.60636. At this stage, anyone is free to make
copies for their own use. I would be happy to hear from you about errors or suggestions for
improvement.

Joseph M. Powers
powers@nd. edu
http://www.nd.edu/~powers

Notre Dame, Indiana; USA
© ® (& 30 March 2014

The content of this book is licensed under |Creative Commons Attribution-Noncommercial-No Derivative Works 3.0.
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Chapter 1

Introduction to kinetics

Poca favilla gran fiamma secondall (A great flame follows a little spark.).

Dante Alighieri (1265-1321), Paradiso, Canto I, 1. 34.

Let us consider the reaction of N molecular chemical species composed of L elements via
J chemical reactions. Let us assume the gas is an ideal mixture of ideal gases that satisfies
Dalton’sﬁ law of partial pressures. The reaction will be considered to be driven by molecular
collisions. We will not model individual collisions, but instead attempt to capture their
collective effect.

An example of a model of such a reaction is listed in Table [[L.T. There we find a N =9
species, J = 37 step irreversible reaction mechanism for an L = 3 hydrogen-oxygen-argon
mixture from Maas and Warnatzﬁ with corrected fy, from Maas and Popel] The model has
also been utilized by Fedkiw, et alfl The symbol M represents an arbitrary third body and
is an inert participant in the reaction. We need not worry yet about fy,, which is known as
a collision efficiency factor. The one-sided arrows indicate that each individual reaction is
considered to be irreversible. Note that for nearly each reaction, a separate reverse reaction is
listed; thus, pairs of irreversible reactions can in some sense be considered to model reversible
reactions. In this model a set of elementary reactions are hypothesized. For the j* reaction
we have the collision frequency factor a;, the temperature-dependency exponent [3;, and the
activation energy Ej. These will be explained in short order.

IThis verse from La Divina Commedia was selected in a spirit of optimism that the poet’s better known
entreaty from that opus’s more topical Inferno: Lasciate ogne speranza, voi ch’entrate. (All hope abandon,
ye who enter in.), Canto III, 1. 1, will prove to be irrelevant.

2John Dalton, 1766-1844, English chemist.

3Maas, U., and Warnatz, J., 1988, “Ignition Processes in Hydrogen-Oxygen Mixtures,” Combustion and
Flame, 74(1): 53-69.

4Maas, U., and Pope, S. B., 1992, “Simplifying Chemical Kinetics: Intrinsic Low-Dimensional Manifolds
in Composition Space,” Combustion and Flame, 83(3-4): 239-264.

9Fedkiw, R. P., Merriman, B., and Osher, S., 1997, “High Accuracy Numerical Methods for Thermally
Perfect Gas Flows with Chemistry,” Journal of Computational Physics, 132(2): 175-190.
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14 CHAPTER 1. INTRODUCTION TO KINETICS

3\ (1A~ S v _

j | Reaction a; <(m0le/cmi)i.;<§ )> Bi | & o)

110;+H—-0H+O0 2.00 x 10 0.00 70.30

2|0H+0 — 0+ H 1.46 x 1013 0.00 2.08

3| H,+0 —-0OH+H 5.06 x 10% 2.67 26.30

41 OH+H — Hy,+ 0O 2.24 x 10* 2.67 18.40

5|H,+0OH — H,O+ H 1.00 x 10% 1.60 13.80

6| HO+H — Hy,+OH 4.45 x 10% 1.60 77.13

7| OH+OH — H,O+ O 1.50 x 10° 1.14 0.42

8| H,O+0O —- OH+OH 1.51 x 1019 1.14 71.64

9V H+H+M— Hy+M 1.80 x 10'8 —1.00 0.00
10 Ho+ M —-H+H+M 6.99 x 1018 —1.00 436.08
11| H+OH+M — HO+ M 2.20 x 10% —2.00 0.00
12| HbO+M - H+OH+ M 3.80 x 10% —2.00 499.41
131O0+0+M —=0O:+M 2.90 x 1017 —1.00 0.00
141 0,+M —-0+0+M 6.81 x 1018 —1.00 496.41
B | H+O:+M — HOy+ M 2.30 x 1018 —0.80 0.00
16 | HOo+ M — H+ Oy + M 3.26 x 1018 —0.80 195.88
17| HOo+ H —- OH+OH 1.50 x 104 0.00 4.20
18| OH+0OH — HO,+ H 1.33 x 10" 0.00 168.30
19 | HOy+ H — Hy + Oy 2.50 x 1013 0.00 2.90
20 | Hy+ Oy — HOy+ H 6.84 x 1013 0.00 |  243.10
21| HOy;+ H — H,O+ 0O 3.00 x 103 0.00 7.20
22| HbO+0O - HO, + H 2.67 x 1013 0.00 242.52
23| HO;+ O — OH + Oy 1.80 x 10*3 0.00 —1.70
24 |OH+ 0y =+ HOy+ O 2.18 x 1013 0.00 230.61
25 | HOy + OH — H50 + Oy 6.00 x 103 0.00 0.00
26 | HLO+ 0Oy — HOy + OH 7.31 x 10™ 0.00 303.53
27 H02 -+ H02 — H202 + 02 2.50 x 1011 0.00 —5.20
28| OH+OH+ M — HyOy + M 3.25 x 10% —2.00 0.00
29 | HbOs+ M — OH+OH+ M 2.10 x 10%* —2.00 206.80
30 | H Oy + H — Hy+ HO, 1.70 x 10'? 0.00 15.70
31 | Hy+ HOy — H,Os + H 1.15 x 102 0.00 80.88
32 | H,O,+ H — H,O +OH 1.00 x 10" 0.00 15.00
33 | H,O +0OH — Hy,Oy + H 2.67 x 1012 0.00 307.51
34 | HyO,+ 0O — OH + HO, 2.80 x 1013 0.00 26.80
35| OH + HOy — Hy05+ O 8.40 x 1012 0.00 84.09
36 | HyOs + OH — Hy0O + HO, 5.40 x 1012 0.00 4.20
37 | H,O + HOy — HyO5 + OH 1.63 x 10" 0.00 132.71

Table 1.1:  Third body collision efficiencies with M are fy, = 1.00, fo, = 0.35, and
ngO = 6.5.
CC BY-NC-ND. 30 March 2014, J. M. Powers.
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3\ (1-vhr ;20 Vi _
j | Reaction a; <(m0l6/cmi)<s. K:jm )> B & i)
1| H+0y=0H+O0OH 1.70 x 103 0.00 47780
2|OH+Hy= H,O+H 1.17 x 10° 1.30 3626
3|H+0O,=0H+ O 5.13 x 106 —0.82 16507
41 0O+Hy,=0OH+H 1.80 x 10 1.00 8826
51 H+0Os+ M= HOy+ M 2.10 x 10'8 —1.00 0
6 H+02+02 \:H02+02 6.70 x 1019 —1.42 0
7 H+02+N2 — H02+N2 6.70 x 1019 —1.42 0
8| OH+ HOy = H0 + O, 5.00 x 10%3 0.00 1000
91 H+ HOy=0OH+ OH 2.50 x 104 0.00 1900
10 O+ HO; = 0,4+ OH 4.80 x 103 0.00 1000
11 | OH+OH = O + H50 6.00 x 108 1.30 0
12| Hyb+ M =H+H+M 2.23 x 102 0.50 92600
B[O+ M=0+0+M 1.85 x 10! 0.50 95560
4| H+OH+M = H,O+M 7.50 x 10?3 —2.60 0
15| H+HOy = Hy+ Oy 2.50 x 10'3 0.00 700
16 H02 + H02 - H202 + 02 2.00 x 10*2 0.00 0
17| Hb O+ M = OH+OH+ M 1.30 x 10'7 0.00 45500
18 | Ho Oy + H = HOy + Hy 1.60 x 102 0.00 3800
19 | H,Oy + OH = H>0O 4+ HO, 1.00 x 10'3 0.00 1800

Table 1.2: Nine species, nineteen step reversible reaction mechanism for a hydro-
gen/oxygen /nitrogen mixture. Third body collision efficiencies with M are f5(H,0) = 21,
fs(H2) = 3.3, f12(H20) = 6, f12(H) = 2, f12(Ha) = 3, f14(H20) = 20.

Other common forms exist. Often reactions systems are described as being composed
of reversible reactions. Such reactions are usually notated by two sided arrows. One such
system is reported by Powers and Paolucel] and is listed here in Table Both overall
models are complicated.

1.1 Isothermal, isochoric kinetics

For simplicity, we will first focus attention on cases in which the temperature 7" and volume
V' are both constant. Such assumptions are known as isothermal and isochoric, respectively.
A good fundamental treatment of elementary reactions of this type is given by Vincenti and
Kruger in their detailed monograph

SPowers, J. M., and Paolucci, S., 2005, “Accurate Spatial Resolution Estimates for Reactive Supersonic
Flow with Detailed Chemistry,” ATAA Journal, 43(5): 1088-1099.
"Vincenti, W. G., and Kruger, C. H., 1965, Introduction to Physical Gas Dynamics, Wiley, New York.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.
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16 CHAPTER 1. INTRODUCTION TO KINETICS

1.1.1 O — O, dissociation

One of the simplest physical examples is provided by the dissociation of O, into its atomic
component O.

1.1.1.1 Pair of irreversible reactions

To get started, let us focus for now only on reactions j = 13 and j7 = 14 from Table [[LT] in

the limiting case in which temperature 7" and volume V' are constant.

1.1.1.1.1 Mathematical model The reactions describe oxygen dissociation and recom-
bination in a pair of irreversible reactions:

13:0+0+M — O+ M, (1.1)
14:0,+M — O+0+ M, (1.2)
with

le\ * K _ kJ
a1z = 2.90 x 107 (m:) —, Piz=-1.00, &Ei3=0 ; (1.3)

cm S mole

le\ ' K _ kJ
a1y = 6.81 x 10'8 (mf) 2 Bu=—1.00, &y =496.41 . (1.4)

cm s mole

The irreversibility is indicated by the one-sided arrow. Though they participate in the overall
hydrogen oxidation problem, these two reactions are in fact self-contained as well. So, let
us just consider that we have only oxygen in our box with N = 2 species, O and O, J = 2
reactions (those being 13 and 14), and L = 1 element, that being O. We will take i = 1 to
correspond to O and i = 2 to correspond to Os.

The units of a; are unusual. For reaction j = 13, we have the forward stoichiometric
coefficient for species O, i = 1, as vj; = v} 13 = 2, and for species Oy, i = 2, as vj; = v 13 = 0.
And since an inert third body participates in reaction 13, we have v}, ,3 = 1. So, for reaction
j =13, we find the exponent for the (mole/cm?) portion of the units for a4 to be

N
L=ty = > Vg =1=vhs— (Vg +vhys) =1—1—(2+0) = -2 (1.5)
i=1

Similarly for reaction j = 14, we have the forward stoichiometric coefficient for species O,
i=1,as v; = vy, =0, and for species Oy, i = 2, as vj; = vy, = 1. And since an inert
third body participates in reaction 13, we have v}, ,, = 1. So, for reaction j = 14, we find
the exponent for the (mole/ecm?) portion of the units for a4 to be

N
L=ty = Vg=1=vhy— Wy +vhy,) =1-1—(0+1)=—1 (1.6)
i=1

CC BY-NC-ND.| 30 March 2014, J. M. Powers.
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1.1. ISOTHERMAL, ISOCHORIC KINETICS 17

Recall that in the cgs system, common in thermochemistry, that 1 erg = 1 dyne cm =
1077 J = 1071° kJ. Recall also that the cgs unit of force is the dyne and that 1 dyne =
1 gcm/s?* =107° N. So, for cgs we have

o o k 1 10
Eu=0-9 g, —agea (109N g5 g2 CI (1.7)
mole mole kJ mole

The standard model for chemical reaction, which will be generalized and discussed in
more detail in Chapters @ and [, induces the following two ordinary differential equations
for the evolution of O and Oy, molar concentrations:

dc%o = —2aT™ exp <%) PoPoPar +2 a1 T exp (%5;4> Po,Pu,  (1.8)
) —ka3(7) i ) } —k1a(T) ] _
~- =
dfi? = apT™ exp (%) PoPoPy — a1aT7 exp (%) PoyPu - (1.9)
) :krgr(T) ’ :k;:(T) ’
e a o i

Here, we use the notation p; as the molar concentration of species 7. Also, a common usage
for molar concentration is given by square brackets, e.g. pp, = [Oz]. The symbol R is the
universal gas constant, for which

7
B —s31441 (10 Jerg

) = 8.31441 x 1076;79 (1.10)

mole K mole K~

We also use the common notation of a temperature-dependent portion of the reaction rate
for reaction j, k;(T), where

g.
kij(T) = a;T% exp | == | . 1.11
1) =0 e (£ (L)
Note that j = 1,...,J. The reaction rates for reactions 13 and 14 are defined as
r13 = kispoPoPu (1.12)
T4 = k1Po,Pur (1.13)

We will give details of how to generalize this form later in Chapters @ and Bl The system
Eq. (L8HL9) can be written simply as

ds
% = —2ri3+ 21, (1.14)
dp

d?2 = T13 —T14. (115)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

18 CHAPTER 1. INTRODUCTION TO KINETICS

Even more simply, in vector form, Eqs. (LT4{LTH) can be written as
— =v-r. (1.16)
Here, we have taken

(1.17)
v = (‘12 _21) (1.18)

r = (;i) (1.19)

In general, we will have p be a column vector of dimension N x 1, v will be a rectangular
matrix of dimension N x J of rank R, and r will be a column vector of length J x 1. So,

Eqs. (LI4HLIH) take the form

wla) = (0 5) () 12

Note here that the rank R of v is R = L = 1, since detv = 0, and v has at least one
non-zero element. Let us also define a stoichiometric matrix ¢ of dimension L x N. The
component of ¢, ¢;; represents the number of element [ in species 7. Generally ¢ will be full
rank, which will vary, since we can have L < N, L = N, or L > N. Here, we have L < N
and ¢ is of dimension 1 x 2:

<
I
N
I
g3
N—

p=(1 2). (1.21)
Element conservation is guaranteed by insisting that v be constructed such that
¢ -v=0. (1.22)

So, we can say that each of the column vectors of v lies in the right null space of ¢. For our
example, we see that Eq. (L22]) holds:

¢-v=_1 2)-(‘12 _21):(0 0). (1.23)
Let us take as initial conditions

Po(t = 0) = Do, Po,(t = 0) = Do, (1.24)

Now, M represents an arbitrary third body, so here
Par = Do, + Po- (1.25)
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Thus, the ordinary differential equations of the reaction dynamics, Eqs. (L8 [9), reduce to

dp —&13
d—to = —2ay3T" exp < =T ) PoPo (pO2 + pO)
—E1
+2a1, T exp ( ) Po, (,002 + '00) (1.26)
RT
dp. —E13\_ _ . =
d?Q a7 exp < =T PoPo (1002 + pO)

—ay T exp ( f1a ) Do, (Po, + Po) - (1.27)
RT
Equations ([L26HL.27) with Eqs. (I.24)) represent two non-linear ordinary differential equa-
tions with initial conditions in two unknowns p, and pp,. We seek the behavior of these two
species concentrations as a function of time.

Systems of non-linear equations are generally difficult to integrate analytically and gen-
erally require numerical solution. Before embarking on a numerical solution, we simplify as
much as we can. Note that

dpo | ,9Po

1O 4 9702 1.2
a Ta 0 (1.28)
d
o (Po +2P0,) = 0. (1.29)

We can integrate and apply the initial conditions (L.24]) to get
Po + 2P0, = Do + 2502 = constant. (1.30)

The fact that this algebraic constraint exists for all time is a consequence of the conservation
of mass of each O element. It can also be thought of as the conservation of number of
O atoms. Such notions always hold for chemical reactions. They do not hold for nuclear
reactions.

Standard linear algebra provides a robust way to find the constraint of Eq. (L30). We
can use elementary row operations to cast Eq. (L20) into a row-echelon form. Here, our
goal is to get a linear combination which on the right side has an upper triangular form. To
achieve this add twice the second equation with the first to form a new equation to replace
the second equation. This gives

d ﬁo -2 2 713
- — . 1.31
dt (ﬁo+2502) ( 0 0) (7"14 (1.31)

Obviously the second equation is one we obtained earlier, d/dt(py, + 2pp,) = 0, and this
induces our algebraic constraint. We also note Eq. (LL31]) can be recast as

1 0 d ﬁO -2 2 T13
— = . 1.32
<1 2) dt <ﬁ02> ( 0 0) (7"14 32
————— T
| Pt
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This is of the matrix form

—1 dp

L -P-dt—U-r. (1.33)
Here, L and L~! are N x N lower triangular matrices of full rank N, and thus invertible.
The matrix U is upper triangular of dimension N x J and with the same rank as v, R > L.
The matrix P is a permutation matrix of dimension N x N. It is never singular and thus
always invertable. It is used to effect possible row exchanges to achieve the desired form;
often row exchanges are not necessary, in which case P = I, the N x N identity matrix.
Equation (L33)) can be manipulated to form the original equation via

dp _
L_plLur (1.34)

What we have done is the standard linear algebra decomposition of v = P~!. L. U.
We can also decompose the algebraic constraint, Eq. (L30), in a non-obvious way that
is more readily useful for larger systems. We can write

— = ]- — =

Defining now £, = pp — ﬁo, we can say

Po ) = EO + _11 (&o). (1.36)
(o) = (o) () &
=p =ﬁ =D :E

This gives the dependent variables in terms of a smaller number of transformed dependent
variables in a way which satisfies the linear constraints. In vector form, Eq. (L3€) becomes

p=p+D-E (1.37)
Here, D is a full rank matrix which spans the same column space as does v. Note that v

may or may not be full rank. Since D spans the same column space as does v, we must also
have in general

$-D=0. (1.38)

We see here this is true:

(2. (—I;) — (0). (1.39)
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exp(- ;/(RT))

1,

E,/R T
Figure 1.1: Plot of exp(—&;/R/T) versus T); transition occurs at T ~ &, /R.

We also note that the term exp(—&;/RT) is a modulating factor to the dynamics. Let
us see how this behaves for high and low temperatures. First, for low temperature, we have

| z,
Clplg%)exp (ﬁ) = 0. (1.40)
At high temperature, we have
| Z,
Th_r)r;OeXp (ﬁ) =1 (1.41)

And lastly, at intermediate temperature, we have

_F. z.
exp (ﬁ%) ~ O(1), when T =0 <§j) : (1.42)
A sketch of this modulating factor is given in Figure [[LTl Note
e for small T, the modulation is extreme, and the reaction rate is very small,
o for T ~ &;/R, the reaction rate is extremely sensitive to temperature, and

e for T' — oo, the modulation is unity, and the reaction rate is limited only by molecular
collision frequency.

Now, P and pp, represent molar concentrations which have standard units of mole/cm?.
So, the reaction rates
dp, dp,
4Po and Po,
dt dt
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have units of mole/cm?/s.
Note that the argument of the exponential to be dimensionless. That is

dimensionless. (1.43)

[E} _ erg mole K 1
RT

~ mole erg K

Here, the brackets denote the units of a quantity, and not molar concentration. Let us use
a more informal method than that presented on p. to arrive at units for the collision
frequency factor of reaction 13, a;3. We know the units of the rate (mole/cm?3/s). Reaction
13 involves three molar species. Since 13 = —1, it also has an extra temperature dependency.
The exponential of a unitless number is unitless, so we need not worry about that. For units
to match, we must have

mole mole mole mole
— ) = K=t 1.44
<cm3 s) la13] < cem? ) < cem? ) < cem? ) (1.44)

So, the units of a3 are

[ars] = <m0le)_2 K (1.45)

cm3 S

For a4 we find a different set of units! Following the same procedure, we get

mole mole mole _
<cm3 s) = lo] <cm3 ) <cm3 ) K (1.46)

[a14] = <m016> R K (1.47)

cm3 S

So, the units of a4 are

This discrepancy in the units of a; the molecular collision frequency factor is a burden of tra-
ditional chemical kinetics, and causes many difficulties when classical non-dimensionalization
is performed. With much effort, a cleaner theory could be formulated; however, this would
require significant work to re-cast the now-standard a; values for literally thousands of re-
actions which are well established in the literature.

1.1.1.1.2 Example calculation Let us consider an example problem. Let us take 7" =
5000 K, and initial conditions 7, = 0.001 mole/cm?® and Dy, = 0.001 mole/cm?®. The
initial temperature is very hot, and is near the temperature of the surface of the sun. This
is also realizable in laboratory conditions, but uncommon in most combustion engineering
environments.

We can solve these in a variety of ways. I chose here to solve both Eqs. (L26HL2T) without
the reduction provided by Eq. (L30). However, we can check after numerical solution to see
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if Eq. (L30) is actually satisfied. Substituting numerical values for all the constants to get

-£ mole\ > K
B 13 o 7 -1
—2a,3T"" exp ( =7 ) = -2 (2.9 x 10 ( p— ) ?) (5000 K)~ " exp(0),
le\ 1
= —1.16 x 10" (mf) = (1.48)
cm S
—£ le\ " K _
241, exp <_—14) — 2(6.81x10" <@> =) (5000 K)~!
RT cm? s
( —4.96 x 102 29 )
X exp or y
8.31441 x 107 _9_(5000 K)
le\ "1
= 177548 x 10 (mof) - (1.49)
cm S
-£ mole\ %1
B13 13 _ 13 -
a13T7* exp ( o7 ) 5.80 x 10 <—cm3 ) o (1.50)
—Eu mole\ ' 1
—ay, TP — = —8.8774 x 10° - 1.51
a14 exp ( BT ) X ( o3 ) S ( )

Then, the differential equation system, Eqs. (L8ILY), becomes

hu
% — (116 x 10")5% (Po + Po,) + (1.77548 x 10")p,, (o + Po,),  (1.52)
u
02 = (5.80 X 1055 (5o + Po,) — (88774 x 10050, (Po + 7o), (1:53)
B mole

mole

70,(0) = 0.001 (1.55)

cm3

These non-linear ordinary differential equations are in a standard form for a wide variety
of numerical software tools. Numerical solution techniques of such equations are not the
topic of these notes, and it will be assumed the reader has access to such tools.

1.1.1.1.2.1 Species concentration versus time A solution was obtained numeri-
cally, and a plot of p,(t) and pp, (t) is given in Figure[L2l Note that significant reaction does
not commence until t ~ 1071 s. This can be shown to be very close to the time between
molecular collisions. For 107? s < t < 107® s, there is a vigorous reaction. For ¢t > 107" s,
the reaction appears to be equilibrated. The calculation gives the equilibrium values 7y and

Doy a8
lim 7 = pg = 0.0004424 mole (1.56)

. (1.57)

lim 7, = 7, = 0.00127
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PosPo, (mole/cm3)

0.00150
0,

0.00100

0.00070 -

0.00050 -
o]

| | | | | t(S)
107" 10710 107° 1078 1077 10°°

Figure 1.2: Molar concentrations versus time for oxygen dissociation problem.

Here, the superscript eq denotes an equilibrium value. Note that at this high temperature,
O, is preferred over O, but there are definitely O molecules present at equilibrium.

We can check how well the numerical solution satisfied the algebraic constraint of element
conservation by plotting the dimensionless residual error r

- Po +2p0, — %o - 2%02
Po + 2po,

, (1.58)

as a function of time. If the constraint is exactly satisfied, we will have » = 0. Any non-zero
r will be related to the numerical method we have chosen. It may contain roundoff error
and have a sporadic nature. A plot of r(t) is given in Figure Clearly, the error is small
and has the character of a roundoff error in that it is small and discontinuous. In fact it is
possible to drive r to be smaller by controlling the error tolerance in the numerical method.

1.1.1.1.2.2 Pressure versus time We can use the ideal gas law to calculate the
pressure. Recall that the ideal gas law for molecular species i is

PV = n;RT. (1.59)

Here, P; is the partial pressure of molecular species ¢, and n; is the number of moles of
molecular species i. Note that we also have

Nj—

P;= —RT. 1.60

. (1.60)

Note that by our definition of molecular species concentration that
n;

L 1.61
Pi= (1.61)
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r

1.5%x107'°

1.0x 1070 | m
7.0x107"7 F
5.0x 1077 -

NN

10710 107° 1078 1077 107°

3.0x107"

Figure 1.3: Dimensionless residual numerical error r in satisfying the element conservation
constraint in the oxygen dissociation example.

So, we also have the ideal gas law as
P, =p,RT. (1.62)

Now, in the Dalton mixture model, all species share the same 7" and V. So, the mixture
temperature and volume are the same for each species V; = V., T; = T'. But the mixture
pressure is taken to be the sum of the partial pressures:

N
P=>"P. (1.63)
i=1

Substituting from Eq. (L62) into Eq. (LG3), we get

N N
P=> "p,RT =RT> 7. (1.64)
i=1 i=1
For our example, we only have two species, so
P =RT(po + Po,)- (1.65)
The pressure at the initial state ¢ = 0 is
P(t=0) = RT(po+ Po,); (1.66)
erg mole mole
= (8.31441 x 107 ) 5000 K) { 0.001 0.001 1.67
< Y nole K ( ) ( om? cm? ) » (1.67)
— 8.31441 x 108 dy—?, (1.68)
cm
= 8.31441 x 10? bar. (1.69)
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P (dyne/cm?)
8.4x10°% ¢

8.2x10° |
8.x10°%
7.8x10% ¢
7.6x 108

7.4%x10%

7.2x 108

| | | | | t (S)
107" 1071° 107° 1078 1077 1076

Figure 1.4: Pressure versus time for oxygen dissociation example.

This pressure is over 800 atmospheres. It is actually a little too high for good experimental
correlation with the underlying data, but we will neglect that for this exercise.

At the equilibrium state we have more Oy and less O. And we have a different number
of molecules, so we expect the pressure to be different. At equilibrium, the pressure is

P(t —o00) = lim RT(po + po,), (1.70)
- (8.31441 x 107ﬂ) (5000 &) (00004424 ™% |0 o127 ™ |
mole K cm? cm?
(1.71)
d
= 715 x 108 222 (1.72)
cm
= 7.15 x 10* bar. (1.73)

The pressure has dropped because much of the O has recombined to form O,. Thus, there
are fewer molecules at equilibrium. The temperature and volume have remained the same.
A plot of P(t) is given in Figure [[4l

1.1.1.1.2.3 Dynamical system form Now, Eqs. (LE2{L53) are of the standard

form for an autonomous dynamical system:

dy _

=~ £(y). (1.74)
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Here, y is the vector of state variables (py, pp,)”. And f is an algebraic function of the state
variables. For the isothermal system, the algebraic function is in fact a polynomial.

Equilibrium

The dynamical system is in equilibrium when
f(y)=0. (1.75)

This non-linear set of algebraic equations can be difficult to solve for large systems. We will
later see in Sec. that for common chemical kinetics systems, such as the one we are
dealing with, there is a guarantee of a unique equilibrium for which all state variables are
physical. There are certainly other equilibria for which at least one of the state variables is
non-physical. Such equilibria can be mathematically complicated.

Solving Eq. ([IL7H) for our oxygen dissociation problem gives us from Eq. ([L8HLI)

_213 —eq—eq—e _514 —eq —e
—2ay3 exp ( AT ) poqpoq/)J\ZTﬁlS + 2a14 exp ( BT Poqz/)z\ZTB14 = 0, (1.76)
B13 —E13 —€q—€eq—eq Bia —E —€q —€q
apsT" exp | = Do Po Py — a1aT™ exp | = Po,Pr = 0. (1.77)

RT RT

We notice that 53} cancels. This so-called third body will in fact never affect the equilib-
rium state. It will however influence the dynamics. Removing p}} and slightly rearranging

Eqs. (LZEHLTD) gives

_213 —eq—e _514 —e
a3 exp ( =T ) Papy = auT™exp < =T POy (1.78)
a3 TP exp __513 popy = ap TP exp __814 Doy (1.79)
RT RT 2

These are the same equations! So, we really have two unknowns for the equilibrium state pgy
and pg, but seemingly only one equation. Note that rearranging either Eq. (LT8) or (I79)
gives the result

—eq—eq a4 TP exp (‘E 14)

fofo _ K7 — k(1. (1.80)
-
PO, a1317513 exp <§—T13>

That is, for the net reaction (excluding the inert third body), Oy — O+0O, at equilibrium the
product of the concentrations of the products divided by the product of the concentrations
of the reactants is a function of temperature 7. And for constant 7', this is the so-called
equilibrium constant. This is a famous result from basic chemistry. It is actually not complete
yet, as we have not taken advantage of a connection with thermodynamics. But for now, it
will suffice. A more complete discussion will be given in Sec. [£.4
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We still have a problem: Eq. (LT8), or equivalently, Eq. (L80), is still one equation for
two unknowns. We resolve this be recalling we have not yet taken advantage of our algebraic
constraint of element conservation, Eq. (L30). Let us use this to eliminate g, in favor of

—€4q.
Po:

—eq 1

Po, = 5 (ﬁo - ﬁS’) + Po,- (1.81)

So, with Eq. (L&), Eq. (L18) reduces to

—E13\ _eqe —Eu\ (1~ _. =~
alsTﬁl?) exp ( RT ) poqpoq = CL14T514 exp (ﬁ 5 (pO — poq) + Po, | - (182)

J

:5‘32

Equation (L82) is one algebraic equation in one unknown. Its solution gives the equilibrium
value pg. It is a quadratic equation for 7. Of its two roots, one will be physical. We
note that the equilibrium state will be a function of the initial conditions. Mathematically
this is because our system is really best posed as a system of differential-algebraic equations.
Systems which are purely differential equations will have equilibria which are independent
of their initial conditions. Most of the literature of mathematical physics focuses on such
systems of those. One of the foundational complications of chemical dynamics is the equi-
libria is a function of the initial conditions, and this renders many common mathematical
notions from traditional dynamic system theory to be invalid. Fortunately, after one ac-
counts for the linear constraints of element conservation, one can return to classical notions
from traditional dynamic systems theory.

Consider the dynamics of Eq. (L26]) for the evolution of p,. Equilibrating the right
hand side of this equation gives Eq. (IL76). Eliminating p,, and then py, in Eq. (L70) then
substituting in numerical parameters gives the cubic algebraic equation

33948.3 — (1.78439 x 10')(pp)* — (5.8 x 10"*)(pp)? = f(5p) = 0. (1.83)

This equation is cubic because we did not remove the effect of p,,;. This will not affect
the equilibrium, but will affect the dynamics. We can get an idea of where the roots are
by plotting f(p,) as seen in Figure [ Zero crossings of f(p,) in Figure represent

equilibria of the system, p¢), f(pg) = 0. The cubic equation has three roots

l
g = —0.003 %, non-physical, (1.84)
l
P = —0.000518944 2 non-physical, (1.85)
cmy
l
P = 0000442414 22 physical. (1.86)
cm

Note the physical root found by our algebraic analysis is identical to that which was identified
by our numerical integration of the ordinary differential equations of reaction kinetics.
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f(Po) (mole/cm3/s)
300000
200000

100000 -

0004  -0803  -0002 -0.00 0.001 Po (mole/cm3)

~100000 -

~200000 -

Figure 1.5: Equilibria for oxygen dissociation example.

Stability of equilibria

We can get a simple estimate of the stability of the equilibria by considering the slope of
f near f = 0. Our dynamic system is of the form

dpo

— = f(pp)- 1.87

o = fPo) (1.87)
e Near the first non-physical root at pgy = —0.003 mole/cm?, a positive perturbation

from equilibrium induces f < 0, which induces dpy,/dt < 0, so p, returns to its
equilibrium. Similarly, a negative perturbation from equilibrium induces dp,,/dt > 0,
so the system returns to equilibrium. This non-physical equilibrium point is stable.
Note stability does not imply physicality!

e Perform the same exercise for the non-physical root at pgy = —0.000518944 mole/cm?.
We find this root is unstable.

e Perform the same exercise for the physical root at pgy = 0.000442414 mole/cm?. We

find this root is stable.

In general if f crosses zero with a positive slope, the equilibrium is unstable. Otherwise, it
is stable.
Consider a formal TaleIﬁ series expansion of Eq. (L&) in the neighborhood of an equi-
librium point 7
d
dt

Fo—7) = fE) | (o) (1.88)
—

I O 15o=p5'

We find df /dp,, by differentiating Eq. (L83) to get

d
% = —(3.56877 x 10"")p, — (1.74 x 10')p5,. (1.89)
O

8Brook Taylor, 1685-1731, English mathematician.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://en.wikipedia.org/wiki/Brook_Taylor
http://creativecommons.org/licenses/by-nc-nd/3.0/

30 CHAPTER 1. INTRODUCTION TO KINETICS

We evaluate df /dp, near the physical equilibrium point at p, = 0.0004442414 mole/cm? to

get
df 11 14 2
ﬁ = —(3.56877 x 107)(0.0004442414) — (1.74 x 10%)(0.0004442414)*,
o

1
= —1.91945 x 10® " (1.90)

Thus, the Taylor series expansion of Eq. (L26]) in the neighborhood of the physical
equilibrium gives the local kinetics to be driven by

d
o7 (Po — 0.000442414) = —(1.91945 x 10%) (5, — 0.0004442414) + . . .. (1.91)
So, in the neighborhood of the physical equilibrium we have

Po = 0.0004442414 + Aexp (—1.91945 x 10%) . (1.92)

Here, A is an arbitrary constant of integration. The local time constant which governs the
times scales of local evolution is 7 where

1
- 5920983 x 107 s. 1.93
7= 1.01045 x 108 8 8 (1.93)

This nano-second time scale is very fast. It can be shown to be correlated with the mean
time between collisions of molecules.

1.1.1.1.3 Effect of temperature Let us perform four case studies to see the effect of
T on the system’s equilibria and its dynamics near equilibrium.

e 7= 3000 K. Here, we have significantly reduced the temperature, but it is still higher
than typically found in ordinary combustion engineering environments. Here, we find

e . mole
Py = 89371 x107° 5 (1.94)
T = 1.92059 x 107" s. (1.95)

The equilibrium concentration of O dropped by two orders of magnitude relative to
T = 5000 K, and the time scale of the dynamics near equilibrium slowed by two orders
of magnitude.

e T'=1000 K. Here, we reduce the temperature more. This temperature is common in
combustion engineering environments. We find

14 mole
g (1.96)

T = 282331 x 10" s. (1.97)

o = 2.0356 x 10~

The O concentration at equilibrium is greatly diminished to the point of being difficult
to detect by standard measurement techniques. And the time scale of combustion has
significantly slowed.
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e T'=300 K. This is obviously near room temperature. We find

mole

Py = 114199 x 107" —,
cm
T = 1.50977 x 10* s. (1.99)

The O concentration is effectively zero at room temperature, and the relaxation time
is effectively infinite. As the oldest star in our galaxy has an age of 4.4 x 10'7 s
(~ 13.75 x 10° yearsﬁ), we see that at this temperature, our mathematical model
cannot be experimentally validated, so it loses its meaning. At such a low temperature,
the theory becomes qualitatively correct, but not quantitatively predictive.

e 7' = 10000 K. Such high temperature could be achieved in an atmospheric re-entry

environment.
le
59— 974807 x 10~° 1€ 1.100
pO X Cmg? ( )
T = 1.69119 x 107" s. (1.101)

At this high temperature, O become preferred over Oy, and the time scales of reaction
become extremely small, under a nanosecond.

1.1.1.2 Single reversible reaction

The two irreversible reactions studied in the previous section are of a class that is common
in combustion modelling. However, the model suffers a defect in that its link to classical
equilibrium thermodynamics is missing. A better way to model essentially the same physics
and guarantee consistency with classical equilibrium thermodynamics is to model the process
as a single reversible reaction, with a suitably modified reaction rate term.

1.1.1.2.1 Mathematical model

1.1.1.2.1.1 Kinetics For the reversible O — O, reaction, let us only consider reaction
13 from Table for which

13: 034+ M =0+0 + M. (1.102)

For this system, we have N = 2 molecular species in L = 1 element reacting in J = 1
reaction. Here

mole cal

-1
a3 = 1.85 x 10" ( ) (K)~%5, B3 =05, &3 = 95560 (1.103)

ems mole

9NASA, http://map.gsfc.nasa.gov/universe/uni_age.html, retrieved 2 January 2012.
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Units of cal are common in chemistry, but we need to convert to erg, which is achieved via

7
£y = (95560 <L) (22800 (107€r9) _y hoora w102 L (1104)
mole cal J mole

For this reversible reaction, we slightly modify the kinetics equations to

dﬁo _313 _ _ 1 -
O — 9P — S 1.105
dt ?13 exp( BT ; PosP M Kc’lgl)opopM ) ( )
ks (T) )
=3
dpo, —&13 1
= — T3 — DD — —— Do PP | - 1.106
o ais exp BT PosP M Kors PoPoPm ( )
—keys (T)

(. J/
~~

=ri3

Here, we have used equivalent definitions for k13(7") and 713, so that Eqs. (LI05HLI06) can
be written compactly as

d5
5to — 2, (1.107)
do
2?2 —T13. (1108)
In matrix form, we can simplify to
d ( po 2
— = . 1.1
dt <ﬁ02 ) < -1 ) <T13> ( 09)
v

Here, the N x J=2 x 1 matrix v is

v — (_21) (1.110)

Performing row operations, Eq. (L.I09) reduces to

% (ﬁo fo2ﬁ02) - (g) (r1s). (1.111)
(i/?_)/jt (;;) :@(TB)- (1.112)
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So, here the N x N = 2 x 2 matrix L~! is

L= G g) . (1.113)

The N x N = 2 x 2 permutation matrix P is the identity matrix. And the N x J =2 x 1
upper triangular matrix U is
IJ::(g). (1.114)

Note that v = L - U or equivalently L=! - v = U:

() (3)-6) s

N— —
=L-1 = =U

Once again the stoichiometric matrix ¢ is
o=(1 2). (1.116)

And we see that ¢ - v = 0 is satisfied:

(12y<i):my (1.117)

As for the irreversible reactions, the reversible reaction rates are constructed to conserve
O atoms. We have

d
7 (Po +2p0,) = 0. (1.118)

Thus, by integrating Eq. (LTI8)) and applying the initial conditions, we once again find
Po + 2po, = Do + 2%02 = constant. (1.119)
As before, we can say
— = 1 _
(Zo) = (L) +() & (1.120)
pOz pOz 2 v
p p b
This gives the dependent variables in terms of a smaller number of transformed dependent
variables in a way which satisfies the linear constraints. In vector form, Eq. (LT120) becomes

p=p+D-E (1.121)

Once again, ¢ - D = 0.
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1.1.1.2.1.2 Thermodynamics Equations (LTOSHLT0G) are supplemented by an ex-
pression for the thermodynamics-based equilibrium constant K. ;3 which is:

P —AG?
K3 = =2 —_13 ) 1.122
BT RT eXp( RT ) (1.122)

Here, P, = 1.01326 x 10° dyne/cm? = 1 atm is the reference pressure. The net change of
Gibbd' free energy at the reference pressure for reaction 13, AGY,, is defined as

AGTs = 295 — G0, (1.123)
This is the special case of the more general vector form
AGT =g . v, (1.124)

Here, AG® is a J x 1 vector with the net change of Gibbs free energy for each reaction, and

g is a N x 1 vector of the Gibbs free energy of each species. Both are evaluated at the
reference pressure. For reaction 13, we have
o —o0 —0 2
AGY; = (90 90, E 1) (1.125)
—— —
gOT T

We further recall that the Gibbs free energy for species ¢ at the reference pressure is
defined in terms of the enthalpy and entropy as

9 =h; = Ts,. (1.126)
It is common to find A, and 39 in thermodynamic tables tabulated as functions of 7.
We further note that both Eqs. (ILI03) and (I.I06) are in equilibrium when
—eq —eé ]' —eq—eq—e
PosPat = T PoPOPar- (1.127)
13
We rearrange Eq. (LI27) to find the familiar

7 _ Ilproducts
0713 - —eq - .
Do, [{[reactants]

(1.128)

If K.13 > 1, the products are preferred. If K3 < 1, the reactants are preferred.

Now, K.13 is a function of T only, so it is known. But Eq. (I.I28) once again is one
equation in two unknowns. We can use the element conservation constraint, Eq. (L119) to
reduce to one equation and one unknown, valid at equilibrium:

—eq—eq
T & o o — (1.129)
Po, + 5(Po —76)

10Josiah Willard Gibbs|, 1839-1903, American mechanical engineer and the pre-eminent American scientist
of the 19th century.
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Using the element constraint, Eq. (LI19), we can recast the dynamics of our system by
modifying Eq. (LI05) into one equation in one unknown:

dp, —&
o _ 2a,5T°1 exp < — 13)

dt RT
= 1 = _ - 1 = _ _ 1 _ - ]- = _ _
x | (Po, + 5(/}0 — o)) (Po, + 5(/}0 —Po) + Po) ~ I, PoPo (Po, + §(Po —Po) + 7o)
oo o s

(1.130)

1.1.1.2.2 Example calculation Let us consider the same example as the previous sec-
tion with 7" = 5000 K. We need numbers for all of the parameters of Eq. (LI30). For O,
we find at 7" = 5000 K that

B = 3.48382 x 102 er? , (1.131)
molte
B erg
o = 2204 10° . 1.132
5 0458 x 107 (1.132)
So
70 = (3.48382 x 10" ﬂ) — (5000 K (2.20458 100 9 )
9o ( ” mole ( ) 8 mole K/’
— 753908 x 1012 L (1.133)
mole
For O,, we find at T'= 5000 K that
g, = 180749 x 10" 7:;?6, (1.134)
5, = 3.05406 x 10° ms;g = (1.135)
So
70 = (1.80749 x 102 ﬂ) — (5000 K (3.05406 10° erig)
90, ( x mole ( ) % mole K/’
— 134628 x 1018 L (1.136)
mole
Thus, by Eq. (LI23]), we have
AGS, = 2(—7.53908 x 10'2) — (—1.34628 x 10'3) = —1.61536 x 10'2 %. (1.137)
molte

Thus, by Eq. (LI22) we get for our system

1.01326 x 106 re

cm?

(8.31441 x 107 —54) (5000 K)

Kc,13
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Por PO, (mole/cm3)
0.00150

0.00100

0.00070

0.00050

0.00030 -

| | | | t (S)
107" 107° 1077 1073 0.001

Figure 1.6: Plot of py(t) and pp, (t) for oxygen dissociation with reversible reaction.

—1.61536 x 10'2 <L
xexp | — e , (1.138)
(8.31441 x 107 —=9-) (5000 K)
= 1187 x 107 mozf. (1.139)
cm

Substitution of all numerical parameters into Eq. (LI30) and expansion yields the fol-
lowing

-
% = 3890.47 — (2.23342 x 10')72 — (7.3003 x 10272 = f(7,),  (1.140)
5o(0) = 0.001. (1.141)

A plot of the time-dependent behavior of 5, and pp, from solution of Eqs. (LI40, [LT4T]) is
given in Figure[L.6l The behavior is similar to the predictions given by the pair of irreversible
reactions in Fig. [Tl Here, direct calculation of the equilibrium from time integration reveals

mole
e = (). 2 . 1.142
P = 0.000393328 = (1.142)
Using Eq. (ILIT9) we find this corresponds to
e mole
poq2 =0.00130334 o (1.143)
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f(po) (mole/cm3/s)
400005
300005
200005
100005

~0004  -0003 -0.002  —0.001 i 0.001 Po (mole/cm?)
~10000 -

~20000 -

Figure 1.7: Plot of f(p,) versus 7, for oxygen dissociation with reversible reaction.

We note the system begins to undergo significant reaction for ¢t ~ 1079 s and is equilibrated
when t ~ 1077 s.
The equilibrium is verified by solving the algebraic equation suggested by Eq. (LI40):

(o) = 3899.47 — (2.23342 x 10'°)pZ — (7.3003 x 10')5%, = 0. (1.144)
This yields three roots:

l
P = —0003 22 non-physical, (1.145)

cm

l
o = —0.000452678 7::136, non-physical, (1.146)
l
79 = 0.000393328 % physical, (1.147)
C

(1.148)

consistent with the plot given in Figure [L7
Linearizing Eq. (IL.I4I) in the neighborhood of the physical equilibrium yields the equa-
tion
d
o (Po — 0.000393328) = —(2.09575 x 107) (5, — 0.000393328) + . .. (1.149)

This has solution
Po = 0.000393328 + A exp (—2.09575 x 107t) . (1.150)

Again, A is an arbitrary constant. Obviously the equilibrium is stable. Moreover, the time
constant of relaxation to equilibrium is

1

=— =477 1078 s. 1.151
T 509575 x 107 L1610 s (1.151)
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This is consistent with the time scale to equilibrium which comes from integrating the full
equation.

1.1.2 Zel’dovich mechanism of NO production

Let us consider next a more complicated reaction system: that of NO production known
as the Zel’dovic mechanism. This is an important model for the production of a major
pollutant from combustion processes. It is most important for high temperature applications.
Related calculations and analysis of this system are given by Al-Khateeb, et all

1.1.2.1 Mathematical model

The model has several versions. One is

1: N+NO = N +0, (1.152)
2: N+0, = NO+O. (1.153)

Similar to our model for Oy dissociation, Ny and O, are preferred at low temperature. As
the temperature rises, N and O begin to appear. It is possible when they are mixed for NO
to appear as a product.

1.1.2.1.1 Standard model form Here, we have the reaction of N = 5 molecular species
with

PNoO
PN
o, |- (1.154)
Po
Po,

A~
I

Note that “N” here serves two purposes: one to denote the number of species, the other
to denote elemental nitrogen. The context should allow the reader to distinguish the two.
We have L = 2 elements, with N, (I = 1) and O, (I = 2). The stoichiometric matrix ¢ of

dimension L x N =2 x 5 1is
1 1 2 0 0O
¢ = <1 00 1 2) . (1.155)

The first row of ¢ is for the N atom; the second row is for the O atom.

"Yakov Borisovich Zel'dovich, 1915-1987, prolific Soviet physicist and father of thermonuclear weapons.

1ZAl-Khateeb, A. N.| Powers, J. M., Paolucci, S., Sommese, A. J., Diller, J. A., Hauenstein, J. D., and
Mengers, J. D., 2009, “One-Dimensional Slow Invariant Manifolds for Spatially Homogeneous Reactive Sys-
tems,” Journal of Chemical Physics, 131(2): 024118.
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We have J = 2 reactions. The reaction vector of length J = 2 is

Ta,l — — —
ay T exp <—T) <PNPNO - ﬁpszo>

J

) Bo Ta,2 — 1 — —
asT"? exp (—T) (prOg - mpNoPo)
ko
ki (PwPro — 2PwPo)
_ o fer o (1.157)
ke (pr02 - mpNoﬂo)
Here, we have
1,
ki = aT™ exp (— Tl) , (1.158)
1,
ky = ayT™exp (— fz) . (1.159)
In matrix form, the model can be written as
PNO -1 1
D -1 -1
d PN
ol | =1 0 (:1) . (1.160)
_ 2
Po 1 1
Po, 0 —1
=V

Here, the matrix v has dimension N x.J = 5x2. The model is of our general form, Eq. (IIG):

a _

ik (1.161)

Note that our stoichiometric constraint on element conservation for each reaction, Eq. (L22),
¢ - v = 0 holds here:

-1 1
-1 —1
1120 0 00
qb-u—(l 001 2) 1 0 _<o o)‘ (1.162)
11
0 -1

We get 4 zeros because there are 2 reactions each with 2 element constraints.
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1.1.2.1.2 Reduced form Here, we describe non-traditional, but useful, reductions by
using standard techniques from linear algebra to bring the model equations into a reduced
form in which all of the linear constraints have been explicitly removed.

Let us perform a series of row operations to find all of the linear dependencies. Our aim
is to convert the matrix v into an upper triangular form. The lower left corner of v already
has a zero, so there is no need to worry about it. Let us add the first and fourth equations
to eliminate the 1 in the 4,1 slot. This gives

PNO -1 1
D -1 -1
d PN r
5 D, =11 o0 (é) : (1.163)
Pno T Po 0 2
Po, 0 -1
Next, add the first and third equations to get
PNO -1 1
PN -1~ ,
Pnot+pPn, | = 0 1 (7}). (1.164)
Pno T Po 0 2 ’
Po, 0 —1

Now, multiply the first equation by —1 and add it to the second to get

PNO -1 1
d | =Pno T PN 0 -2 r
PvotpPn, | =1 0 1 <r2). (1.165)
Pno T Po 0 2
Po, 0 -1

Next multiply the fifth equation by —2 and add it to the second to get

PNO -1 1
d —Pno T PN 0 -2 r
% p_NO+,0_N2 = 0 1 (7’2) . (1166)
Pno T Po 0 2
—Pno T Pn — 2Po, 0 0

Next add the second and fourth equations to get

PNO -1 1
d —PNo T PN 0 -2 .
7 Pno + P, =1 0 1 (7“2) . (1.167)
PN Tt Po 0 0
—Pno T Py — 2Po, 0 0
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Next multiply the third equation by 2 and add it to the second to get

PNO -1 1
—PNno T PN 0 -2 ,
- | o +Px + 2, 0 0 (7}) (1.168)
_ —_ 2
PN+ Po 0 0
—Pno + Pn — 2Po, 0 0
Rewritten, this becomes
1 000 0 PNoO -1 1
-1 1 0 0 0 d N 0 =2 .
L 120 0 f—|py [=[0 0 (Tl). (1.169)
0 101 0 7o 0 0 2
-1 1 0 0 =2 7o, 0 0
= ~ o SN———
=L-! =U

A way to think of this type of row echelon form is that it defines two free variables, those
associated with the non-zero pivots of U: pyp and py. The remaining three variables py;,, po
and pp,, are bound variables which can be expressed in terms of the free variables. Note that
our set of free and bound variables is not unique; had we formed other linear combinations,
we could have arrived at a different set which would be as useful as ours.

The last three of the ordinary differential equations of Eq. (ILI6Y9) are homogeneous and
can be integrated to form

Pno TPy + 20N, = Ch, (1.170)
Py +Po = (o (1.171)
—Pno +Pn — 2P0, = Cs. (1.172)

The constants C4, (5 and C3 are determined from the initial conditions on all five state
variables. In matrix form, we can say

PNO
1 120 0 D c,
0 101 0 o | =[] (1.173)
1100 -2/ 7 Cs

Po,

Considering the free variables, py, and py, to be known, we move them to the right side to
get

20 0 PN, Ci —Pno — Py
01 0[5 |=| c-pv | (1.174)
0 0 =2 Po, Cs+Pno — Py
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Solving for the bound variables, we find

PN, %Cl - %ﬁNo - %ﬁN
7o | = Cy — Dy . (1.175)
P0, _%CS - %ﬁNo + %ﬁN
We can rewrite this as

_ 1 1 1

PN, 3G 3 2\ /7

7o | = (172 + 01 —11 < gvo) : (1.176)

Po, —30C3 -5 3

We can get a more elegant form by defining Exo = pyo and x = py. Thus, we can say our
state variables have the form

PNoO 0 10

Px 0 0 1 ¢

v, | =1 3G |+ | -5 —3 (gvo) (1.177)
o Cs 0 -1

Po, —305 3 3

By translating via &vo = Eyp + %No and Ey = €y + %N and choosing the constants Cy, Cy,
and C5 appropriately, we can arrive at

PNO
PN
PN
Po
Po,

p

=D
2%
+
I o =
N |—
|
I

_% (%VO) : (1.178)

SN
S O
=
D=
D=

I
m{

b

This takes the form of Eq. (L37):
p=p+D-E (1.179)

Here, the matrix D is of dimension N x R = 5 x 2. It spans the same column space as
does the N x J matrix v which is of rank R. Here, in fact R = J = 2, so D has the same
dimension as v. In general it will not. If c; and cy are the column vectors of D, we see that

—cC; — Cy forms the first column vector of v and ¢; — ¢o forms the second column vector of
v. Note that ¢ - D = 0:

1 0
0 1
112 0 0 0 0
¢.D:<1 00 1 2) -1 1 :(0 0). (1.180)
0 -1
-1 1
2 2

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

1.1. ISOTHERMAL, ISOCHORIC KINETICS 43

Equations (LITOHLITZ) can also be linearly combined in a way which has strong phys-
ical relevance. We rewrite the system as three equations in which the first is identical to
Eq. (LI70); the second is the difference of Eqs. (LITI) and (ILI72); and the third is half of

Eq. (LIT0) minus half of Eq. (II72) plus Eq. (LI7I):

Pno TPy + 20N, = Ch, (1.181)
Po +Pno + 200, = Co—Cs, (1.182)
_ _ _ _ _ 1
pPno + PN+ PNy, T P0 t PO, = 5(01 — C3) + Co. (1.183)

Equation (LI8T]) insists that the number of nitrogen elements be constant; Eq. (LIS2)
demands the number of oxygen elements be constant; and Eq. (LI83]) requires the number
of moles of molecular species be constant. For general reactions, including the earlier studied
oxygen dissociation problem, the number of moles of molecular species will not be constant.
Here, because each reaction considered has two molecules reacting to form two molecules,
we are guaranteed the number of moles will be constant. Hence, we get an additional
linear constraint beyond the two for element conservation. Note that since our reaction is
isothermal, isochoric and mole-preserving, it will also be isobaric.

1.1.2.1.3 Example calculation Let us consider an isothermal reaction at
T = 6000 K. (1.184)

The high temperature is useful in generating results which are easily visualized. It insures
that there will be significant concentrations of all molecular species. Let us also take as an
initial condition

)
)

¢ mole

(1.185)

I
hsy

PNO = PN = o = Po, = 1 x 107

N cm?

For this temperature and concentrations, the pressure, which will remain constant through

the reaction, is P = 2.4942 x 105 dyne/cm?. This is a little greater than atmospheric.
Kinetic data for this reaction are adopted from Baulch, et alld The data for reaction 1

is

~1

1

ap = 2.107 x 103 (m{f) . Bi=0, T,=0K. (1.186)
cm S

For reaction 2, we have

B2 = 1.01, T, = 3120 K. (1.187)

g [ mole -1 1
as = 5.8394 x 10

cm3 K101 87

13Baulch, et al., 2005, “Evaluated Kinetic Data for Combustion Modeling: Supplement IL” Journal of
Physical and Chemical Reference Data, 34(3): 757-1397.
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Here, the so-called activation temperature 7; ; for reaction j is really the activation energy
scaled by the universal gas constant:

g.
T,;, === 1.188
;=2 (1.188)

Substituting numbers, we obtain for the reaction rates

-0 mole\ 11
ki = (2.107 x 10'3)(6000)° — ) =2.107 x 10" - 1.189
L= 07 1090000 exp (o) = 207108 (A0 L (Liso)

Fy = (5.8394 x 109)(6000)"" exp | 120} _ 997931 x 100 7Ol B
2w P\ 6000 ) —~ em® ) s

(1.190)

We will also need thermodynamic data. The data here will be taken from the [Chemkin
database[ Thermodynamic data for common materials is also found in most thermody-
namic texts. For our system at 6000 K, we find

T%o = —L.58757 x 10 7:;?6, (1.191)
7% = —7.04286 x 10" 7:;?@’ (1.192)
7%, = —1.55206 x 10'3 ;2?6, (1.193)
7% = —9.77148 x 10" %, (1.194)
95, = —1.65653 x 10" ;2?6. (1.195)
We use Eq. (LI24) to find AGY for each reaction:
AGT = gl v, (1.196)
11
1 -1
(AGY AGE) = (9%o 9% T% 90 90,) 1 (1] : (1.197)
0 -1
Thus, for each reaction, we find AGY:
AGY = g, +96— 95 — Inos (1.198)

= —1.55206 x 10" — 9.77148 x 10'? 4 7.04286 x 102 + 1.58757 x 103,

MR, J. Kee, et al., 2000, “The Chemkin Thermodynamic Data Base,” part of the Chemkin Collection Re-
lease 3.6, Reaction Design, San Diego, CA.
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(1.199)
= 237351 x 102 2L (1.200)

mole
AG; = Gho T390 — In — G0 (1.201)

= —1.58757 x 10" — 9.77148 x 10" + 7.04286 x 10'* 4 1.65653 x 10'?,

(1.202)
= 203807 x 10'2 L (1.203)

mole

At 6000 K, we find the equilibrium constants for the J = 2 reactions are
—AGS
K., = —— 1 1.204
o= e () (1201
2.37351 x 102
_ 1.205
P ((8.314 X 107)(6000)) (1.205)
— 116.52, (1.206)
~AGS
K. = ——2), 1.207
2 = o (22) (1207
2.03897 x 102

_ 1.208
P ((8.314 > 107)(6000)) : (1.208)
= 59.5861. (1.209)

Again, omitting details, we find the two differential equations governing the evolution of
the free variables are

.
’Zgo = 0.72331 + 2.2181 x 1075y + 1.1452 x 10372
—9.4353 x 10°5y0 — 3.1960 x 105y Do, (1.210)
.
% = 0.72331 — 2.3266 x 1075, — 1.1271 x 10372,
+5.8187 x 10°7y50 — 9.9994 x 10550, (1.211)
_ B _g mole
Pno(0) = 1x107° —, (1.212)
_ B _g mole
n(0) = 1x107° —= (1.213)

Solving numerically, we obtain the solution shown in Fig.[L8 The numerics show a relaxation
to final concentrations of

}H?ﬁNO = 7.336 x 10~ o (1.214)
o _g mole
tliglo Py = 3.708 x 10 - (1.215)
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PNO. PN (Mole/cm3)
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Figure 1.8:  NO and N concentrations versus time for 7' = 6000 K, P = 2.4942 x
108 dyne/em? Zel’dovich mechanism.

Equations (L2ITHL.2TT]) are of the form

Do~ fyopyor 7). (1.216)
PN~ upnor ) (1217)
At equilibrium, we must have
fno(PnoPn) = 0, (1.218)
fn(Pno.Py) = 0. (1.219)

We find three finite roots to this problem:

l
1 ¢ (PyosPy) = (—1.605 x 1076, -3.060 x 10~*) 2o non-physical, (1.220)
cm
L _g _g, mole .
2 (Pyo,Pn) = (—5.173 x 107°, —2.048 x 107°) = non-physical, (1.221)
cm
L 7 _g, mole .
3 (Pyo,Pn) = (7.336 x 1077,3.708 x 107°) -y physical. (1.222)
c

Obviously, because of negative concentrations, roots 1 and 2 are non-physical. Root 3
however is physical;, moreover, it agrees with the equilibrium we found by direct numerical
integration of the full non-linear equations.
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We can use local linear analysis in the neighborhood of each equilibria to rigorously
ascertain the stability of each root. Taylor series expansion of Eqs. (L2IEHL2T7) in the
neighborhood of an equilibrium point yields

d — —eq afNO — —eq afNO — —eq
— — = + — — + —— — + ...,
dt (Pno — Pno) fJiO‘e Tno 6(PNO Pno) Tpn e(PN PN)
(1.223)
d — —eq 8fN — —eq 8fN _ —eq
— — = + == — + = — + ... 1.224
dt (P PN) fN|e Ino e(pNO pNO) Tpn e(pN PN) ( )

Evaluation of Eqs. ([L223H[.224]) near the physical root, root 3, yields the system

d <pNo — 7.336 x 10—7) _ <—2.129 x 105 —4.155 x 105) <pNo — 7.336 x 10—7)

dt \ py — 3.708 x 10~8 2.111 x 10° —3.144 x 107 Py — 3.708 x 10~8
:J:v% .
(1.225)
This is of the form
d of
—(p—p= —| - (p—p)=J- (p—p). 1.226
dt(pp)aﬁe(pp) (p—P) ( )

It is the eigenvalues of the J acobian'd matrix J that give the time scales of evolution of the
concentrations as well as determine the stability of the local equilibrium point. Recall that
we can usually decompose square matrices via the diagonalization

J=S-A-ShL (1.227)

Here, S is the matrix whose columns are composed of the right eigenvectors of J, and A is
the diagonal matrix whose diagonal is populated by the eigenvalues of J. For some matrices
(typically not those encountered after our removal of linear dependencies), diagonalization
is not possible, and one must resort to the so-called near-diagonal Jordan form. This will
not be relevant to our discussion, but could be easily handled if necessary. We also recall the
eigenvector matrix and eigenvalue matrix are defined by the standard eigenvalue problem

J-S=S-A. (1.228)

We also recall that the components A\ of A are found by solving the characteristic polynomial
which arises from the equation

det (J — AI) = 0, (1.229)

Bafter [Carl Gustayv Jacob Jacobi, 1804-1851, German mathematician.
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where I is the identity matrix. Defining z such that
S-z=p—p“, (1.230)

and using the decomposition Eq. (L227), Eq. (L226]) can be rewritten to form

d
E(S-z) = S8-A-S'.(S-2), (1.231)
Vv ~——
J ﬁ_ﬁeq
S~% = S-A-z (1.232)
S‘1-8~% = S 1'.S-A-z (1.233)
dz
—~ = Az 1.234
o z (1.234)

Eq. (L234) is in diagonal form.This has solution for each component of z of

21 = Cl exp()\lt), (1235)
Z9 = 02 eXp()\gt), (1236)
(1.237)

Here, our matrix J, see Eq. ([.221]), has two real, negative eigenvalues in the neighborhood
of the physical root 3:

A = —3.143 x 107

(1.238)

Ay = —2.132x 10° (1.239)

Wl ® |

Thus, we can conclude that the physical equilibrium is linearly stable. The local time
constants near equilibrium are given by the reciprocal of the magnitude of the eigenvalues.
These are

o= 1/|\] =3.181x107% s, (1.240)
Ty = 1/|\o| =4.691 x 1077 s. (1.241)

Evolution on these two time scales is predicted in Fig.[L8 This in fact a multiscale problem.
One of the major difficulties in the numerical simulation of combustion problems comes in
the effort to capture the effects at all relevant scales. The problem is made more difficult as
the breadth of the scales expands. In this problem, the breadth of scales is not particularly
challenging. Near equilibrium the ratio of the slowest to the fastest time scale, the stiffness
ratio k, is

7o 4.691 x 1077 s

_ — 14.75. 1.242
T T 3R x 10-° s (1.242)
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Many combustion problems can have stiffness ratios over 10°. This is more prevalent at
lower temperatures.

We can do a similar linearization near the initial state, find the local eigenvalues, and
the local time scales. At the initial state here, we find those local time scales are

T o= 2403 x107% s, (1.243)
T o= 2123 x107% s. (1.244)

So, initially the stiffness, x = (2.403 x 107% 5)/(2.123 x 107® 5) = 1.13 is much less, but the
time scale itself is small. It is seen from Fig. that this initial time scale of 1078 s well
predicts where significant evolution of species concentrations commences. Fort < 1078 s, the
model predicts essentially no activity. This can be correlated with the mean time between
molecular collisions-the theory on which estimates of the collision frequency factors a; are
obtained.

We briefly consider the non-physical roots, 1 and 2. A similar eigenvalue analysis of root
1 reveals that the eigenvalues of its local Jacobian matrix are

1
A= —1.193x 107 =, (1.245)
S

1
Ay = 5.434 x10° - (1.246)
S

Thus, root 1 is a saddle and is unstable.
For root 2, we find

A= 4.397 x 107 +47.997 x 10° =, (1.247)

Ay = 4.397 x 107 —47.997 x 10° ~. (1.248)

Wl ®w |

The eigenvalues are complex with a positive real part. This indicates the root is an unstable
spiral source.

A detailed phase portrait is shown in Fig. [[.L9 Here, we see all three finite roots. Their
local character of sink, saddle, or spiral source is clearly displayed. We see that trajectories
are attracted to a curve labeled SIM for “Slow Invariant Manifold.” A part of the SIM is
constructed by the trajectory which originates at root 1 and travels to root 3. The other
part is constructed by connecting an equilibrium point at infinity into root 3. Details are
omitted here and are given in a related problem by Al-Khateeb, et allg

1.1.2.2 Stiffness, time scales, and numerics

One of the key challenges in computational chemistry is accurately predicting species concen-
tration evolution with time. The problem is made difficult because of the common presence

16Al-Khateeb, A. N.| Powers, J. M., Paolucci, S., Sommese, A. J., Diller, J. A., Hauenstein, J. D., and
Mengers, J. D., 2009, “One-Dimensional Slow Invariant Manifolds for Spatially Homogeneous Reactive Sys-
tems,” Journal of Chemical Physics, 131(2): 024118.
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Figure 1.9: NO and N phase portraits for T = 6000 K, P = 2.4942 x 10° dyne/cm?
Zel’dovich mechanism.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

1.1. ISOTHERMAL, ISOCHORIC KINETICS o1
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1076
NO
1078 ¢
10—10 [
10—12 | -
N
_11 \_9 \_7 | | | | t(s)
10 10 10 107> 0.001 0.1 10

Figure 1.10: pyo and py versus time for Zel’dovich mechanism at 7" = 1500 K, P =
6.23550 x 10° dyne/cm?.

of physical phenomena which evolve on a widely disparate set of time scales. Systems which
evolve on a wide range of scales are known as stiff, recognizing a motivating example in
mass-spring-damper systems with stiff springs. Here, we will examine the effect of tempera-
ture and pressure on time scales and stiffness. We shall also look simplistically how different
numerical approximation methods respond to stiffness.

1.1.2.2.1 Effect of temperature Let us see how the same Zel’dovich mechanism be-
haves at lower temperature, 7" = 1500 K; all other parameters, including the initial species
concentrations are the same as the previous high temperature example. The pressure how-
ever, lowers, and here is P = 6.23550 x 10° dyne/cm?, which is close to atmospheric pressure.
For this case, a plot of species concentrations versus time is given in Figure [LI0l

At T = 1500 K, we notice some dramatic differences relative to the earlier studied
T = 6000 K. First, we see the reaction commences in around the same time, t ~ 1078 s. For
t ~ 107° s, there is a temporary cessation of significant reaction. We notice a long plateau
in which species concentrations do not change over several decades of time. This is actually
a pseudo-equilibrium. Significant reaction recommences for ¢t ~ 0.1 s. Only around t ~ 1 s
does the system approach final equilibrium. We can perform an eigenvalue analysis both
at the initial state and at the equilibrium state to estimate the time scales of reaction. For
this dynamical system which is two ordinary differential equations in two unknowns, we will
always find two eigenvalues, and thus two time scales. Let us call them 7 and 7. Both
these scales will evolve with ¢.
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At the initial state, we find

o= 23Tx107%s, (1.249)
™ o= 425x 1077 s. (1.250)

The onset of significant reaction is consistent with the prediction given by 7, at the initial
state. Moreover, initially, the reaction is not very stiff; the stiffness ratio is Kk = 17.9.
At equilibrium, we find

l
limpyo = 46x107° % (1.251)
o _14 mole
Jim 7y = 42x 107 (1.252)
and
o= 7.86x1077" s, (1.253)
™ = 3.02x 107" s. (1.254)

The slowest time scale near equilibrium is an excellent indicator of how long the system
takes to relax to its final state. Note also that near equilibrium, the stiffness ratio is large,
Kk = Ty/T1 ~ 3.8 x 10°. Because it is large, the scales in this problem are widely disparate,
and accurate numerical solution becomes challenging.

In summary, we find the effect of lowering temperature while leaving initial concentrations
constant:

e lowers the pressure somewhat, slightly slowing the collision time, and slightly slowing
the fastest time scales, and

e slows the slowest time scales many orders of magnitude, stiffening the system signifi-
cantly, since collisions may not induce reaction with their lower collision speed.

1.1.2.2.2 Effect of initial pressure Let us maintain the initial temperature at 17" =
1500 K, but drop the initial concentration of each species to

= = = = = _8 mole
PNO = PN = PN, = Po, = Po = 107" — . (1.255)
With this decrease in number of moles, the pressure now is
d
P =6.23550 x 10° 2~ (1.256)
cm

This pressure is two orders of magnitude lower than atmospheric. We solve for the species
concentration profiles and show the results of numerical prediction in Figure[LTIl Relative to
the high pressure P = 6.2355 x 10° dyne/cm?, T = 1500 K case, we notice some similarities
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Figure 1.11:  pyo and py versus time for Zel’dovich mechanism at 7' = 1500 K, P =
6.2355 x 10% dyne/cm?.

and dramatic differences. The overall shape of the time-profiles of concentration variation
is similar. But, we see the reaction commences at a much later time, ¢ ~ 107% s. For
t ~ 107 s, there is a temporary cessation of significant reaction. We notice a long plateau
in which species concentrations do not change over several decades of time. This is again
actually a pseudo-equilibrium. Significant reaction recommences for t ~ 10 s. Only around
t ~ 100 s does the system approach final equilibrium. We can perform an eigenvalue analysis
both at the initial state and at the equilibrium state to estimate the time scales of reaction.
At the initial state, we find

o= 237Tx107°%s, (1.257)
™ = 4.25x107° s. (1.258)

The onset of significant reaction is consistent with the prediction given by 7, at the initial
state. Moreover, initially, the reaction is not very stiff; the stiffness ratio is x = 17.9.
Interestingly, by decreasing the initial pressure by a factor of 10%, we increased the initial
time scales by a complementary factor of 10%; moreover, we did not alter the stiffness.

At equilibrium, we find

L B _1; mole
tlgg Pno = 4.6 x10 p— (1.259)

o _16 mole
tll)rglo oy = 4.2x10 p— (1.260)
(1.261)
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and

o= 7.86x107° s, (1.262)
™ = 3.02x 10" s. (1.263)

By decreasing the initial pressure by a factor of 10%, we decreased the equilibrium concentra-
tions by a factor of 10? and increased the time scales by a factor of 102, leaving the stiffness
ratio unchanged.

In summary, we find the effect of lowering the initial concentrations significantly while
leaving temperature constant

e lowers the pressure significantly, proportionally slowing the collision time, as well as
the fastest and slowest time scales, and

e does not affect the stiffness of the system.

1.1.2.2.3 Stiffness and numerics The issue of how to simulate stiff systems of ordinary
differential equations, such as presented by our Zel’dovich mechanism, is challenging. Here,
a brief summary of some of the issues will be presented. The interested reader should consult
the numerical literature for a full discussion. See for example the excellent text of Tserles [

We have seen throughout this section that there are two time scales at work, and they are
often disparate. The species evolution is generally characterized by an initial fast transient,
followed by a long plateau, then a final relaxation to equilibrium. We noted from the phase
plane of Fig. that the final relaxation to equilibrium (shown along the green line labeled
“SIM”) is an attracting manifold for a wide variety of initial conditions. The relaxation onto
the SIM is fast, and the motion on the SIM to equilibrium is relatively slow.

Use of common numerical techniques can often mask or obscure the actual dynamics.
Numerical methods to solve systems of ordinary differential equations can be broadly cat-
egorized as explicit or implicit. We give a brief synopsis of each class of method. We cast
each as a method to solve a system of the form

dp
— =f(p). 1.264
7 _t(p) (1.261)
e FEzplicit: The simplest of these methods, the forward Euler method, discretizes Eq. (.264)
as follows:
pn—i—l - pn —
—— = =f 1.265
P t(p,) (1.265)
so that

Explicit methods are summarized as

17A. Tserles, 2008, A First Course in the Numerical Analysis of Differential Equations, Cambridge Uni-
versity Press, Cambridge, UK.
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easy to program, since Eq. (L2606) can be solved explicitly to predict the new
value p,_; in terms of the old values at step n.

— need to have At < Tyqges¢ in order to remain numerically stable,

— able to capture all physics and all time scales at great computational expense for
stiff problems,

— requiring much computational effort for little payoff in the SIM region of the phase
plane, and thus

— inefficient for some portions of stiff calculations.

o Implicit: The simplest of these methods, the backward Euler method, discretizes

Eq. (L264) as follows:

ﬁn - ﬁn —
P =Ph_t(p,..). (1.267)

so that

Implicit methods are summarized as

— more difficult to program since a non-linear set of algebraic equations, Eq. (L2685,
must be solved at every time step with no guarantee of solution,

— requiring potentially significant computational time to advance each time step,
— capable of using very large time steps and remaining numerically stable,
— suspect to missing physics that occur on small time scales 7 < At, and

— for many purposes, especially when fine transients are unimportant, better per-
formers than explicit methods,

— potentially dangerous when fine transients are necessary to capture high frequency
physical instabilities.

A wide variety of software tools exist to solve systems of ordinary differential equations.
Most of them use more sophisticated techniques than simple forward and backward Euler
methods. One of the most powerful techniques is the use of error control. Here, the user
specifies how far in time to advance and the error that is able to be tolerated. The algorithm,
which is complicated, selects then internal time steps, for either explicit or implicit methods,
to achieve a solution within the error tolerance at the specified output time. A well known
public domain algorithm with error control is provided by 1sode.f, which can be found in
the netlib repository

¥Hindmarsh, A. C., 1983, “ODEPACK, a  Systematized Collection of ODE Solvers,”  Scien-
tific  Computing, edited by R. S. Stepleman, et al., North-Holland, Amsterdam, pp. 55-64.
http://www.netlib.org/alliant/ode/prog/lsode.f.
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Explicit | Explicit | Implicit | Implicit

At (S> Ninternal Ateff (S> Ninternal Ateff (3)
102 109 1074 10° 102
10! 10° 1074 10° 10!
100 10? 1074 10° 10°
1071 10° 10~4 10° 1071
1072 102 1074 10° 1072
1073 10! 1074 10° 1073
1074 10° 1074 10° 1074
1075 10° 1075 10° 1075
1076 10° 106 10° 106

Table 1.3: Results from computing Zel’dovich NO production using implicit and explicit
methods with error control in dlsode.f.

Let us exercise the Zel’dovich mechanism under the conditions simulated in Fig. [[LT1]
T = 1500 K, P = 6.2355 x 10% dyne/cm?. Recall in this case the fastest time scale near
equilibrium is 77 = 7.86 x 107° s ~ 10™* s at the initial state, and the slowest time scale is
7 =3.02 x 10' s at the final state. Let us solve for these conditions using dlsode.f, which
uses internal time stepping for error control, in both an explicit and implicit mode. We
specify a variety of values of At and report typical values of number of internal time steps
selected by dlsode.f, and the corresponding effective time step At.;; used for the problem,
for both explicit and implicit methods, as reported in Table [I.3]

Obviously if output is requested using At > 10~* s, the early time dynamics near t ~
10~* s will be missed. For physically stable systems, codes such as d1sode.f will still provide
a correct solution at the later times. For physically unstable systems, such as might occur in
turbulent flames, it is not clear that one can use large time steps and expect to have fidelity
to the underlying equations. The reason is the physical instabilities may evolve on the same
time scale as the fine scales which are overlooked by large At.

1.2 Adiabatic, isochoric kinetics

It is more practical to allow for temperature variation within a combustor. The best model
for this is adiabatic kinetics. Here, we will restrict our attention to isochoric problems.

1.2.1 Thermal explosion theory

There is a simple description known as thermal explosion theory which provides a good
explanation for how initially slow exothermic reaction induces a sudden temperature rise
accompanied by a final relaxation to equilibrium.
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Let us consider a simple isomerization reaction in a closed volume
A= B. (1.269)

An isomerization reaction is one in which the molecular structure may rearrange, but the
elemental composition, and thus the molecular mass, of the molecule does not change. Let
us take A and B to both be calorically perfect ideal gases with identical molecular masses
My = Mp = M and identical specific heats, ¢,y = ¢, = ¢,; ¢pa = Cpp = Cp. We can
consider A and B to be isomers of an identical molecular species. So, we have N = 2 species
reacting in J = 1 reactions. The number of elements L here is irrelevant.

1.2.1.1 One-step reversible kinetics

Let us insist our reaction process be isochoric and adiabatic, and commence with only A
present. The reaction kinetics with § = 0 are

dpy -E\ (- 1_
. a exp (ﬁ) (PA EPB)v (1.270)
=k
dp AW 1_
d—tB = aexp (ﬁ) (pA - EPB)u (1.271)
=k

pa(0) = Da, (1.272)
pp(0) = 0. (1.273)

For our alternate compact linear algebra based form, we note that

—& 1
T = aexp (ﬁ) (ﬁA — fﬁB) s (1274)

a()=()e o

Forming the appropriate linear combinations by replacing the second equation with the sum

of the two equations yields
- = ) 1.276
2 ) =)o (1.276)

G a@)-(e o
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Integrating the second of Eq. (L270)) yields
d

S (Patps) =0, (1.278)
Pa+Pp = Das (1.279)
P = Pa—DPa (1.280)
Thus, Eq. (L270) reduces to
dp ~EN (- 1 /=~ _
d—tA = —aexp (ﬁ) <PA K (PA - PA)) : (1.281)
Scaling, Eq. (L281)) can be rewritten as
5 (8) oo () - w (-2)
d(at) \p, RT,T/T,) \py Ko Pa

1.2.1.2 First law of thermodynamics
Recall the first law of thermodynamics, and neglecting potential and kinetic energy changes:

dF . .

—=Q-W. 1.283
T (1.28)
Here, E is the total internal energy. Because we insist the problem is adiabatic Q = 0.
Because we insist the problem is isochoric, there is no work done, so W = 0. Thus, we have

dE

— =0. 1.284
Thus, we find

E=FE,. (1.285)

Recall the total internal energy for a mixture of two calorically perfect ideal gases is

= V(pa (ha—RT) +pp (hs — RT)), (1.290
=V (pA (EP(T —T,) + hy, 4 — FT) + 75 (EP(T —T,) +hy, 5 — ET)) ,(1.291

E = njey+ ngeg, (1286)
_ nas "B

- V(VeA+ VeB), (1.287)

= V (pa€a+ppes), (1.288)
_p _ P

_ v (m (hA _ _—A) 7 (hB _ _—B)) , (1.259)
Pa PB

)

)
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= V(o4 +70) @r(T = T,) = BT) + paRG, 4+ Pl ) (1.202)
= ((pA +7p)((ep — R)T —2pT,) + pahy, o + Pphy, B> (1.293)
= V((pa+76)((ep — BT = (0 = R+ R)T,) + pu05, 0 + Pl ) (1.204)
= V(o +Pa)(@T — @+ BVT.) + alig, a + Pl ) (1.295)
= V((pa+Ps)eu(T = T) +palRy, 0 — RT) + 9s(hy, 5 — BT)) . (1.296)
= V((pa+79p)co(T —T,) + 045, 4 + Ppes, 1) - (1.297)

Now, at the initial state we have T'=T,, so
E, =V (%AEOTO,A +%B€%O,B> : (1.298)
So, we can say our caloric equation of state is
E~E, = V((ps+7)eT = T) + (s~ 54k, a + (P — P)P,.5) - (1.299)
= V(Ga+70)0(T = L) + (54 — 5V 4 + (P — P5)E5,) - (1.300)
As an aside, on a molar basis, we scale Eq. (L300) to get
€—8 = (T —T,) + (ya — Yao)er, 4 + (YB — YBo)ET, B- (1.301)

And because we have assumed the molecular masses are the same, M4 = Mp, the mole
fractions are the mass fractions, and we can write on a mass basis

e—eo= (T =To) + (Ya—Yao)eq, 4+ (Yo — Yno)eh, - (1.302)
Returning to Eq. (L300), our energy conservation relation, Eq. (L285]), becomes
0 = V(Ga+7s)eolT = L) + (54— e a + (s — Ps)hm) - (1:303)
Now, we solve for T’

0 = (pa+Pp)eulT = L) + (s = Pa)e, 4+ (P = P6)e5, 5 (1.304)

0 = e (T—T,)+24" fAé;o,A + e log (1.305)

Pat P PatPp
T = T,  Pa=PaTha | Pp =D (1.306)

patpp G patpp G

Now, we impose our assumption that ﬁB = 0, giving also pp = ﬁ A — DA

— o0
T = T, +,0A Pac TOA Q—BE, (1.307)
PA Co pa v
er 4 — €7
= 7,4 PAZPaACA " TTon (1.308)
Da G
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In summary, realizing that EOTm A EOTm B = €1, 4 — €7, p we can write T" as a function of
Pa
N Ot 1 A A (1.309)
PaCv
We see then that if EOTm A > EOTm 5, that as 7, decreases from its initial value of 7, that T
will increase. We can scale Eq. (L309) to form

T 5 hey 4 — o
(—) —1+ ( - f—“‘) oA 1B ) (1.310)
TO pA C'UTO

We also note that our caloric state equation, Eq. (L301]) can, for ya, = 1, yg, = 0, be
rewritten as

€—8 = C(T—T,)+ (ya—1)e}, 4 +yser, 5, (1.311)
= 2T =T+ (L= ys) — V&, 4 + s, . (1.312)
= (T —T,) —ys(€r, 4 — €1, 5) (1.313)
Similarly, on a mass basis, we can say,
e—e, = c(T—T,) —Yg(er, 4 — €7 p) (1.314)
For this problem, we also have
—AG°
K, =ex — , 1.315
o (5 ) (1.315)
with
AGY = G4 —T% (1.316)
= hy—T5%— (hy —T59), (1.317)
= (hp —hy) = T(sh —52), (1.318)
= (hTo,B - hTo,A) - T(E%O,B - E%O,A)’ (1-319)
So
Ty 4=y 5 —T (39 4 — 59
K, = exp T,,A T,.B — (57,4 — 5%,.5) ’ (1.320)
RT
Eviro E;A_E; B_T(E%A_g% B)
_ v o o o o 1.321
eXp RT ( E1)7—‘0 ’ ( )
1 1 (hya—hyp T (5% 4—5%5)
= — o Do e ) 1.322

Here, we have used the definition of the ratio of specific heats, v = ¢p/¢, along with R =
Cp — Cp. So, we can solve Eq. (L28T)) by first using Eq. (L322) to eliminate K, and then

Eq. (L309) to eliminate 7T
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1.2.1.3 Dimensionless form

Let us try writing dimensionless variables so that our system can be written in a compact

dimensionless form. First, let us take dimensionless time 7 to be
T = at.

Let us take dimensionless species concentration to be z with

Let us take dimensionless heat release to be ¢ with
_ ETO,A - ETO,B
¢, T, ’
Let us take dimensionless activation energy to be © with
&
0=—=—.
RT,

And let us take the dimensionless entropy change to be o with

_ (37,4 — 37, 8)

Cy

So, our equations become

% — —exp(—%) <z—Kic(1—Z)>>
0 = 1+(1-2)q,

1 1
KC = exp<ﬁ§(q—90)>

It is more common to consider the products. Let us define for general problems
)\ — Pz _ _ PB
PatPp  Py+Dp

Thus, A is the mass fraction of product. For our problem, %B =0 so

—

)\:g_B:pA_pA

Pa Pa

(1.323)

(1.324)

(1.325)

(1.326)

(1.327)

(1.328)

(1.329)
(1.330)
(1.331)

(1.332)

(1.333)
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Thus,
A=1-—z (1.334)

We can think of A as a reaction progress variable as well. When A = 0, we have 7 = 0, and
the reaction has not begun. Thus, we get

% ~ exp (—%) ((1—>\)—Kic>\), (1.335)
6 = 14\ (1.336)
K. — exp (7——((1—90—)). (1.337)

1.2.1.4 Example calculation
Let us choose some values for the dimensionless parameters:
7
© =20, oc=0, g¢q=10, T=z (1.338)

With these choices, our kinetics equations, Eqs. (L335HI.337), reduce to

% = exp(lli%A) ((1—)\)—)\exp(1__i_21%>\)), A0)=0. (1.339)

The right side of Eq. (L339) is at equilibrium for values of A which drive it to zero.
Numerical root finding methods show this to occur at A ~ 0.920539. Near this root, Taylor
series expansion shows the dynamics are approximated by

d
(A = 0.920539) = ~0.17993(\ — 0.920539) + ... (1.340)

Thus, the local behavior near equilibrium is given by
A =0.920539 + C'exp (—0.17993 7). (1.341)

Here, C' is some arbitrary constant. Clearly the equilibrium is stable, with a time constant
of 1/0.17993 = 5.55773.

Numerical solution shows the full behavior of the dimensionless species concentration
A(7); see Figure [[T2 Clearly the product concentration A is small for some long period of
time. At a critical time near 7 = 2.7 x 10°, there is a so-called thermal explosion with a
rapid increase in \. Note that the estimate of the time constant near equilibrium is orders
of magnitude less than the explosion time, 5.55773 < 2.7 x 10%.  Thus, linear analysis
here is a poor tool to estimate an important physical quantity, the ignition time. Once the
ignition period is over, there is a rapid equilibration to the final state. The dimensionless
temperature plot is shown in Figure The temperature plot is similar in behavior to
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Figure 1.12: Dimensionless plot of reaction product concentration A\ versus time 7 for adia-
batic isochoric combustion with simple reversible kinetics.
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Figure 1.13: Dimensionless plot of temperature 6 versus time 7 for adiabatic, isochoric
combustion with simple reversible kinetics.
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the species concentration plot. At early time, the temperature is cool. At a critical time,
the thermal explosion time, the temperature rapidly rises. This rapid rise, coupled with the
exponential sensitivity of reaction rate to temperature, accelerates the formation of product.
This process continues until the reverse reaction is activated to the extent it prevents further
creation of product.

1.2.1.5 High activation energy asymptotics

Let us see if we can get an analytic prediction of the thermal explosion time, 7 ~ 2.7 x 10°.
Such a prediction would be valuable to see how long a slowing reacting material might take
to ignite. Our analysis is similar to that given by Buckmaster and Ludford in their Chapter
1149

For convenience let us restrict ourselves to o = 0. In this limit, Eqs. (L335HL.337) reduce

% - o <_1f)qk) ((1_A)_A6Xp((7—1)_((i+qk)))’ (1.342)

with A\(0) = 0. The key trouble in getting an analytic solution to Eq. (L342) is the presence
of A in the denominator of an exponential term. We need to find a way to move it to the
numerator. Asymptotic methods provide one such way.

Now, we recall for early time A < 1. Let us assume A takes the form

to

A=e\ +EN+EN3+ .. (1.343)

Here, we will assume 0 < € < 1 and that A\ (7) ~ O(1), Ao(7) ~ O(1), ..., and will define €
in terms of physical parameters shortly. Now, with this assumption we have

1 1

= : 1.344
14+gN  14+egh +eEgra+Eqrs+ ... ( )

Long division of the term on the right side yields the approximation

1
T 1 —eqh + (PN —qhy) + ..., (1.345)
= 1—eq) +O(E). (1.346)
So,

exp | — © ~exp (—O(1 — eqi + O(€%))) (1.347)

1+ g\ ’
~ exp(—0) exp (egO\ + O(€?)) . (1.348)

We have moved A from the denominator to the numerator of the most important exponential
term.

193, D. Buckmaster and G. S. S. Ludford, 1983, Lectures on Mathematical Combustion, SIAM, Philadelphia.
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Now, let us take the limit of high activation energy by defining € to be

1
—. 1.34
S (1.349)

€

Let us let the assume the remaining parameters, ¢ and v are both O(1) constants. When ©
is large, € will be small. With this definition, Eq. (IL348) becomes

exp (-1 qu) ~ exp (-%) exp (¢h + O(€%)) . (1.350)

With these assumptions and approximations, Eq. (L342]) can be written as

& (€A1 +...) = exp (—%) exp (¢h1 + O(€%))

dr
><((1-%—...)—(EA1+...)exp(w_l)(l:;dﬁm))).

(1.351)
Now, let us rescale time via
1 -1
Ty = — exp (—) T. (1.352)
€ €
With this transformation, the chain rule shows how derivatives transform:
d dr. d 1 d
_—— (1.353)

dr  drdr. eexp (1) dr.

€
With this transformation, Eq. (L351]) becomes

1 d
cexp (1) dr.

(M +..) = exp (-%) exp (gh + O(€?))

><((1—6>\1—...)—(€>\1+...)exp<(7_1)(1;Z€>\1+”.))).

(1.354)
This simplifies to
df'* (M +...) = exp(gh + O())
—q
X ((1—6)\1—...)—(6)\1+...)exp<(7_1)(1+q6)\1+”.))).
(1.355)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

66 CHAPTER 1. INTRODUCTION TO KINETICS

Retaining only O(1) terms in Eq. (IL355), we get

d\;
dr,

= exp(qA1). (1.356)

This is supplemented by the initial condition A;(0) = 0. Separating variables and solving,
we get

exp(—qA1)d\y = dr, (1.357)
—éexp(—q)\l) = 7.+ C. (1.358)

Applying the initial condition gives

= exp(—q(0) = C. (1.359)

1
. 1.360
. (1.360)

So

—lexp(—q)\l) = 7'*—1, (1.361)

q q
exp(—qA1) = —qm+1, (1.362)
exp(—qA1) = —q (7‘*—1), (1.363)

q

“oh = In (—q (T* - é)) | (1.364)
M= —é In (—q <T* - é)) | (1.365)

For ¢ = 10, a plot of A\;(7.) is shown in Fig. [[LT4l We note at a finite 7, that \; begins to
exhibit unbounded growth. In fact, it is obvious from Eq. (IL.350) that as

1
T = —,
q

that
)\1 — OQ.

That is, there exists a finite time for which A; violates the assumptions of our asymptotic

theory which assumes A\; = O(1). We associate this time with the ignition time, 7,;:

Twi = = 1.366
. (1.366)
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Figure 1.14: )\ versus 7, for ignition problem.

Let us return this to more primitive variables:

1 -1 1
— exp (—) o= -, (1.367)
€ € q
1
e =
n = %, (1.368)
exp ©
. = . 1.369
n = % (1.369)
For our system with ©® = 20 and ¢ = 10, we estimate the dimensionless ignition time as
exp 20 6
3 = ———— = 2.42583 x 10°. 1.370
7= (20)(10) 8 (1.370)

This is a surprisingly good estimate, given the complexity of the problem. Recall the nu-
merical solution showed ignition for 7 ~ 2.7 x 10°.
In terms of dimensional time, ignition time prediction becomes

exp ©
i = ; 1.371
ey (1.371)

- 1(R_T") Gl ) (_i) (1.372)
a g hTO,A - hTO,B RTO

Note the ignition is suppressed if the ignition time is lengthened, which happens when
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e the activation energy € is increased, since the exponential sensitivity is stronger than
the algebraic sensitivity,

e the energy of combustion (E;o, 4~ E;m ) is decreased because it takes longer to react
to drive the temperature to a critical value to induce ignition,

e the collision frequency factor a is decreased, which suppresses reaction.

1.2.2 Detailed Hy — Oy — N5 kinetics

Here is an example which uses multiple reactions for an adiabatic isothermal system is given.
Consider the full time-dependency of a problem similar to the thermal explosion problem
just considered. We choose a non-intuitive set of parameters for the problem. Our choices
will enable a direct comparison to a detonation of the same mixture via the same reaction
mechanism in a later chapter; see Sec. I0.2.8

A closed, fixed, adiabatic volume, V = 0.3061251 cm?, contains at t = 0 s a stoichiometric
hydrogen-air mixture of 2 x 107° mole of H,, 1 x 107° mole of O,, and 3.76 x 10~° mole of
Ny at P, = 2.83230 x 10° Pa and T, = 1542.7 K Thus, the initial molar concentrations
are

P, = 6.533 x 107° mole/cm?,

Po, = 3.267 x 107° mole/cm?,
P, = 1.228 x 107" mole/em®.

The initial mass fractions are calculated via Y; = M;p,/p. They are

Y, = 0.0285,
Yo, = 0.226,
Yy, = 0.745.

To avoid issues associated with numerical roundoff errors at very early time for species
with very small compositions, the minor species were initialized at a small non-zero value
near machine precision; each was assigned a value of 1071 mole. The minor species all have
p; = 1.803 x 1071 mole/cm?. They have correspondingly small initial mass fractions.

We seek the reaction dynamics as the system proceeds from its initial state to its final
state. We use the reversible detailed kinetics mechanism of Table This problem requires
a detailed numerical solution. Such a solution was performed by solving the appropriate
equations for a mixture of nine interacting species: Hy, H, O, Oy, OH, HyO, HO,, H50-,
and Ny. The dynamics of the reaction process are reflected in Figs.

20This temperature and pressure correspond to that of the same ambient mixture of Hs, Oy and Ny which
was shocked from 1.01325 x 10° Pa, 298 K, to a value associated with a freely propagating detonation.
Relevant comparisons of reaction dynamics will be made later in Sec. [[0.2.8
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Figure 1.15: Plot Of YH2 (t), YH(t), Yo(t), Y02 (t), YOH(t), YHQO(t), YH02 (t), YH202 (t), YN2 (t),
for adiabatic, isochoric combustion of a mixture of 2Hy + Oy + 3.76 Ny initially at T, =

1542.7 K, P, = 2.8323 x 10° Pa.

4000

3500

3000

2500

T (K)

15001

1000

500

2000

10

I
-10

t(s)

10

Figure 1.16: Plot of T'(¢), for adiabatic, isochoric combustion of a mixture of 2Hs+05+3.76 Ny
initially at T, = 1542.7 K, P, = 2.8323 x 106 Pa.
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Figure 1.17: Plot of P(t), for adiabatic, isochoric combustion of a mixture of 2Hs 4+ Oy +
3.76 N, initially at T, = 1542.7 K, P, = 2.8323 x 10° Pa.

At early time, t < 1077 s, the pressure, temperature, and major reactant species con-
centrations (Hy, O, N3) are nearly constant. However, the minor species, e.g. OH, HO,,
and the major product, H,O, are undergoing very rapid growth, albeit with math fractions
whose value remains small. In this period, the material is in what is known as the induction
period.

After a certain critical mass of minor species has accumulated, exothermic recombination
of these minor species to form the major product H,O induces the temperature to rise, which
accelerates further the reaction rates. This is manifested in a thermal explosion. A common
definition of the end of the induction period is the induction time, t = t;,4, the time when
dT/dt goes through a maximum. Here, one finds

ting = 6.6 x 1077 s. (1.373)

A close-up view of the species concentration profiles is given in Fig. [[L.I8
At the end of the induction zone, there is a final relaxation to equilibrium. The equilib-
rium mass fractions of each species are

Yy, = 1.85x 1072 ( )
Yy = 541 x107% ( )
You = 2.45x 1072, ( )
Yo = 3.88x 1073, (1.377)
Yy, = 3.75x107%, ( )
Yo = 2.04x 107", ( )
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Figure 1.18: Plot near thermal explosion time of Yy, (t), Yu(t), Yo(t), Yo,(t), You(t),

Y,0(t), Yuo,(t), Ymo0,(t), Yn,(t), for adiabatic, isochoric combustion of a mixture of
9H, + Oy + 3.76N, initially at at T, = 1542.7 K, P, = 2.8323 x 10° Pa.

Yo, = 6.84 x 1077 (1.380)
Yi,0, = 1.04x107° (1.381)
Yy, = 7.45x 107" (1.382)

We note that because our model takes Ny to be inert that its value remains unchanged.
Other than Ny, the final products are dominated by HoO. The equilibrium temperature is
3382.3 K and 5.53 x 10° Pa.
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Chapter 2

Gas mixtures

One is often faced with mixtures of simple compressible substances, and it the thermody-
namics of such mixtures upon which attention is now fixed. Here, a discussion of some of
the fundamentals of mixture theory will be given. In general, thermodynamics of mixtures
can be a challenging topic about which much remains to be learned. In particular, these
notes will focus on ideal mixtures of ideal gases, for which results are often consistent with
intuition. The chemical engineering literature contains a full discussion of the many nuances
associated with non-ideal mixtures of non-ideal materials. Relevant background for this
chapter is found in standard undergraduate texts/FFH Some of these notes on mixtures are
adaptations of material found in these texts, especially Borgnakke and Sonntag.

2.1 Some general issues

Consider a mixture of N components, each a pure substance, so that the total mass and
total number are

N
m:m1+m2+m3+...+mN:Zmi, mass (g), (2.1)
i=1
N
n=n;+ns+ns+...+ny= Zni, number (mole). (2.2)
i=1

!Borgnakke, C., and Sonntag, R. E., 2009, Fundamentals of Thermodynamics, Seventh Edition, John
Wiley, New York.

2Sandler, S. I., 1998, Chemical and Engineering Thermodynamics, Third Edition, John Wiley, New York.

3Smith, J. M., Van Ness, H. C., and Abbott, M., 2004, Introduction to Chemical Engineering Thermody-
namics, Seventh Edition, McGraw-Hill, New York.

4Tester, J. W. and Modell, M., 1997, Thermodynamics and Its Applications, Third Edition, Prentice Hall,
Upper Saddle River, New Jersey.
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Recall 1 mole = 6.02214129 x 10?* molecules. The mass fraction of component i is defined
as Y;:
my . . .
Y, = —, mass fraction, dimensionless. (2.3)
m

The mole fraction of component ¢ is defined as v;:
n.
Y = —, mole fraction, dimensionless. (2.4)
n

Now, the molecular mass of species 7 is the mass of a mole of species 7. It units are typi-
cally g/mole. Molecular mass is sometimes called “molecular weight,” but this is formally
incorrect, as it is a mass measure, not a force measure. Mathematically, the definition of M;
corresponds to
M; = %, molecular mass (
7

) . (2.5)

mole
One gets mass fraction in terms of mole fraction as

my;

Y, = —, 2.6
& (26)
n;M;
_ 2.7
=3 (27)
= ¥ , (2.8)
Zj:lmj
S— , (2.9)
Zj:anMJ
= —n 2.10)
N 9 (
% j=1”ij
= " 2.11)
N TL]‘MJ" (
Zj:l n
M,
= S (2.12)
Zj:lijj

Similarly, one finds mole fraction in terms of mass fraction by the following:

n;
Y n (2.13)
V2
= A 2.14)
N m;? (
S
= —_mm 2.15)
N m; (
24521 Wy
Y;
M.
= ———. 2.16)
N, (
Ej:lﬁj
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The mixture itself has a mean molecular mass:

M = —, 2.17
& (217)
N
_ i ™ (2.18)
n
N
- Z —, (2.19)
i=1
N
= Y M (2.20)
i=1
I
Ezxample 2.1
Air is often modelled as a mixture in the following molar ratios:
Oz + 3.76Ns. (2.21)

Find the mole fractions, the mass fractions, and the mean molecular mass of the mixture.

Take Os to be species 1 and Ny to be species 2. Consider the number of moles of O3 to be
n1 = 1 mole,

and Ny to be
ny = 3.76 mole.

The molecular mass of O is My = 32 g/mole. The molecular mass of Ny is Ms = 28 g/mole. The
total number of moles is

n =1 mole + 3.76 mole = 4.76 mole.
So, the mole fractions are
1 mole
©4.76 mole
~ 3.76 mole
©4.76 mole

n =0.2101.

s = 0.7899.

Note that
N
> yi=1 (2.22)
i=1

That is to say, y1 + y2 = 0.2101 4+ 0.7899 = 1. Now, for the masses, one has

m1 = ni My = (1 mole) (32 L) =324,
mole

Mg = naMs = (3.76 mole) (28 L) = 105.28 g,
mole

So, one has
m=mi +mg =32 g+ 105.28 g = 137.28 g.

The mass fractions then are
v, mi 32 ¢
= _

= ——— =0.2331
m 13728 g 0.2331,
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mo 105.28 ¢
Yo=—= = 0.7669.
2T m T 13728y
Note that
N
Y vi=1 (2.23)
i=1
That is, Y1 + Yo = 0.2331 + 0.7669 = 1. Now, for the mixture molecular mass, one has
m 137.28 ¢ g
M=—=——"=2884 .
n  4.76 mole 58 mole
Check against another formula.
N
M ="y = yi My + y2 My = (0.2101) (32 L) +(0.7899) (28 L) —o884 .
~ mole mole mole

Now, postulates for mixtures are not as well established as those for pure substances.
The literature has much controversial discussion of the subject. A strong advocate of the
axiomatic approach, (C. A. Truesdell, proposed the following “metaphysical principles” for
mixtures, which are worth considering%

1. All properties of the mixture must be mathematical consequences of properties of the
constituents.

2. So as to describe the motion of a constituent, we may in imagination isolate it from the
rest of the mixture, provided we allow properly for the actions of the other constituents
upon it.

3. The motion of the mixture is governed by the same equations as is a single body.

Most important for the present discussion is the first principle. When coupled with fluid
mechanics, the second two take on additional importance. The approach of mixture theory
is to divide and conquer. One typically treats each of the constituents as a single material
and then devises appropriate average or mixture properties from those of the constituents.
The best example of this is air, which is not a single material, but is often treated as such.

2.2 Ideal and non-ideal mixtures
A general extensive property, such as energy E, for an N-species mixture will be such that

E:E(T,P,nl,ng,...,nN). (224)

5C. A. Truesdell, 1984, Rational Thermodynamics, Springer-Verlag, New York.
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A partial molar property is a generalization of an intensive property, and is defined such that
it is the partial derivative of an extensive property with respect to number of moles, with T
and P held constant. For internal energy, the partial molar internal energy is

p. = aE
@ = 371,

(2.25)

T7P7nj 77/;&]

Pressure and temperature are held constant because those are convenient variables to control
in an experiment. One also has the partial molar volume
_ oV

V; =
! 8n2

(2.26)

Tvpvnj 7Z;é]

It shall be soon seen that there are other natural ways to think of the volume per mole.
Now, in general one would expect to find

Ei = EZ(T, P,?’Ll,’ng,...,n]v), (227)
Vi = VZ'<T,P,7L1,TL2,...,HN). (228)
This is the case for what is known as a non-ideal mizture. An ideal mizture is defined as a

mixture for which the partial molar properties €; and ¥; are not functions of the composition;
that is to say

e, =¢e(T,P), if ideal mixture, (2.29)
vi =vi(T, P), if ideal mixture. (2.30

An ideal mixture also has the property that h; = h;(T, P), while for a non-ideal mixture
hi = hi(T, P,ny,...,ny). Though not obvious, it will turn out that some properties of an
ideal mixture will depend on composition. For example, the entropy of a constituent of an
ideal mixture will be such that

52' ZEi(T,P,nl,ng,...,nN). (231)

2.3 Ideal mixtures of ideal gases

The most straightforward mixture to consider is an ideal mixture of ideal gases. Even here,
there are assumptions necessary that remain difficult to verify absolutely.

2.3.1 Dalton model

The most common model for a mixture of ideal gases is the Daltorfl model. Key assumptions
define this model:

9John Dalton, 1766-1844, English physicist.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://en.wikipedia.org/wiki/John_Dalton
http://creativecommons.org/licenses/by-nc-nd/3.0/

78 CHAPTER 2. GAS MIXTURES

e Each constituent shares a common temperature.
e Fach constituent occupies the entire volume.

e Each constituent possesses a partial pressure which sums to form the total pressure of
the mixture.

These features characterize a Dalton model for any gas, ideal or non-ideal. One also takes
for convenience

e Fach constituent behaves as an ideal gas.

e The mixture behaves as a single ideal gas.

It is more convenient to deal on a molar basis for such a theory. For the Dalton model,
additional useful quantities, the species mass concentration p;, the mixture mass concentra-
tion p, the species molar concentration p,, and the mixture molar concentration p, can be
defined. As will be seen, these definitions for concentrations are useful; however, they are not
in common usage. Following Borgnakke and Sonntag, the bar notation, ~, will be reserved for
properties which are mole-based rather than mass-based. As mentioned earlier, the notion
of a partial molal property is discussed extensively in the chemical engineering literature
and has implications beyond those considered here. For the Dalton model, in which each
component occupies the same volume, one has

Vi=V. (2.32)
The mixture mass concentration, also called the density is simply
m g )
= —, — . 2.33
P=v (cm3 (2:33)
The mixture molar concentration is

5= % (mole) . (2.34)

em3

For species i, the equivalents are

_ M 9
e (L) o

n; mole
L . 2.36
=g () (2.36)

One can find a convenient relation between species molar concentration and species mole
fraction by the following operations, beginning with Eq. (Z:30]):

n; n

b, = —— 2.37
Pi Vn’ ( )
n; n
= —— 2.
nV’ 3)
= vip- (2.39)
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A similar relation exists between species molar concentration and species mass fraction via

_ anMZ

P = VEM’

=m,;
~ =

VmMZ-’

A
= p ™ Miu
Y;
/)Mi-
The specific volumes, mass and molar, are similar. One takes

\% Vv
Vo= —, U= —,
m n
V _ V
v, = —), Vi = —.
m; 1

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

Note that this definition of molar specific volume is not the partial molar volume defined in

the chemical engineering literature, which takes the form v; = OV/0ni|r ppn, i;-

For the partial pressure of species i, one can say for the Dalton model

For species i, one has

PV = n;RT,
P, = )
V
N N =
n; RT
Pz - : )
——
=P
=5 N
RT
__
So, for the mixture, one has B
PV =nRT.

One could also say

n — _
P = —RT =pRT.
VR R

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)
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Here, n is the total number of moles in the system. Additionally R is the universal gas
constant with value

J
R =8.3144621 ———. 2.53
mole K ( )

Sometimes this is expressed in terms of k;, the Boltzmant] constant and N A, Avogadro’sﬁ
number:

R = kNy, (2.54)
Ni = 602214129 x 10% M (2.55)
mote
J
ky = 1.3806488 x 102 (2.56)

K molecule

With the Boltzmann constant and Avogadro’s number, the ideal gas law, Eq. (Z51]), can be
rewritten as

PV = nNakT, (2.57)

where nAy4 is the number of molecules.

|
Ezxample 2.2
Compare the molar specific volume defined here with the partial molar volume from the chemical
engineering literature.

The partial molar volume ¥;, is given by

oV

v = . (2.58)
on; T, Py itj
For the ideal gas, one has
N
PV = RTY m, (2.59)
k=1
RT Y
v o= Ml (2.60)
P
— N m
oV o RT Zk:l g_n’: (2 61)
on; T, Py itj P 7
RT S0, Ok
= &=l 2.62
o O (2.62)
=0 =0 =1 =0
N =~ =~
RT (511- + 02 .4 by ..+ 5Ni)
= : (2.63)

P

"Ludwig Boltzmann, 1844-1906, Austrian physicist.
8Lorenzo Romano Amedeo Carlo Bernadette Avogadro di Quaregna e di Cerreto, 1776-1856, Italian sci-
entist.
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v, = %, (264)
- (2.65)
D k=1 Tk
14
= (2.66)

Here, the so-called Kroneckerf] delta function has been employed, which is much the same as the identity
matrix:

Ski = 0, ki, (2.67)
S = 1, k=i (2.68)

Contrast this with the earlier adopted definition of molar specific volume

Ty = o (2.69)
So, why is there a difference? The molar specific volume is a simple definition. One takes the
instantaneous volume V', which is shared by all species in the Dalton model, and scales it by the
instantaneous number of moles of species i, and acquires a natural definition of molar specific volume
consistent with the notion of a mass specific volume. On the other hand, the partial molar volume
specifies how the volume changes if the number of moles of species i changes, while holding T and P
and all other species mole numbers constant. One can imagine adding a mole of species i, which would
necessitate a change in V' in order to guarantee the P remain fixed.

2.3.1.1 Binary mixtures

Consider now a binary mizture of two components A and B. This is easily extended to a
general mixture of N components. First, the total number of moles is the sum of the parts:

n=mnas+ng.
Now, write the ideal gas law for each component:

PAVA == HAETA,

PBVB = HBFTB.

(2.70)

But by the assumptions of the Dalton model, Vo =Vg =V, and Ty =T =T, so

PAV = HAFT,
PBV = ’/LBET
One also has
PV =nRT.

9Leopold Kronecker, 1823-1891, German mathematician.
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Solving for n, ns and ng, one finds

P
RT
P,V
_ BV 2.77
na =7 (2.77)
PgV
= = 2.78
e RT (278)

Now, n = n4 + np, so one has

AN i 14 (2.79)
RT RT RT

P = P+ Pg (2.80)

That is the total pressure is the sum of the partial pressures. This is a mixture rule for
pressure
One can also scale each constituent ideal gas law by the mixture ideal gas law to get

PAV ’N,AET

— - 2.81
PV nRT ( )
Py na
-4 24 2.82
L] (282)
PA = yAP. (284)
Likewise

Now, one also desires rational mixture rules for energy, enthalpy, and entropy. Invoke Trues-
dell’s principles on a mass basis for internal energy. Then, the total internal energy E (with
units J) for the binary mixture must be

E=me = maes+ mgpeg, (2.86)

m m
m (Yaea + Ypeg), (2.88)
e = YAeA + YBeB. (289)

For the enthalpy, one has

H=mh = mahas+ mphpg, (2.90)
— m(%h’A_‘_@hB)’ (2.91)

m m
m(YAhA +YBhB) s (292)
h = Yiha+ Yphg. (2.93)
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It is easy to extend this to a mole fraction basis rather than a mass fraction basis. One can
also obtain a gas constant for the mixture on a mass basis. For the mixture, one has

PV = nRT =mRT, (2.94)
PV _
= (nA + nB)R (2.96)
ma mpg
= | —4+-— 2.
(MA+MB)R, (2.97)
R R
= (mAMA +mp MB) (298)
= (maRa+mpRp), (2.99)
R = (™R, + @RB) , (2.100)
m m
R = (YaRs+YgRp). (2.101)
For the entropy, one has
S=ms= = mASA+mBsB, (2102)
_ (Mg, T
- m( sy sB> (2.103)
= m (YASA + YBSB) 5 (2104)
s = YASA + YBSB. (2105)

Note that s, is evaluated at T" and P4, while sp is evaluated at T" and Pg. For a calorically
perfect ideal gas, one has

T Py
= 59 In{—= | —Rusl 2.106
SA STO,A+CPA n(TO) An(PO)’ ( )
_STA
P
= ST, A+0pAln< ) Raln (yA ) (2.107)
Likewise
P
s = Sp B+CPBln< ) —Rpln (yB ) (2.108)
=%,5
Here, the “0” denotes some reference state. As a superscript, it typically means that the

property is evaluated at a reference pressure. For example, s , denotes the portion of the
entropy of component A that is evaluated at the reference pressure P, and is allowed to vary
with temperature T'. Note also that s4 = s4(T, P,ya) and sp = sg(T, P,yg), so the entropy
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of a single constituent depends on the composition of the mixture and not just on 7" and P.
This contrasts with energy and enthalpy for which ey = es(T), ep = ep(T), ha = ha(T),
hp = hp(T) if the mixture is composed of ideal gases. Occasionally, one finds h% and h%
used as a notation. This denotes that the enthalpy is evaluated at the reference pressure.
However, if the gas is ideal, the enthalpy is not a function of pressure and h4 = h%, hg = h%.

If one is employing a calorically imperfect ideal gas model, then one finds for species @
that

P
si =5, — Riln (y} ) ., i=AB. (2.109)

2.3.1.2 Entropy of mixing

|
Ezxample 2.3
Initially calorically perfect ideal gases A and B are segregated within the same large volume by

a thin frictionless, thermally conducting diaphragm. Thus, both are at the same initial pressure and
temperature, P; and T7. The total volume is thermally insulated and fixed, so there are no global heat
or work exchanges with the environment. The diaphragm is removed, and A and B are allowed to mix.
Assume A has mass m 4 and B has mass mp. The gases are allowed to have distinct molecular masses,
M4 and Mp. Find the final temperature Ts, pressure P», and the change in entropy.

The ideal gas law holds that at the initial state

mARATl mBRBTl
Viyp=—— Vg = ———. 2.110
Al Pl 9 B1 Pl ( )
At the final state one has
Ty
Vo=Vao=Vpy =Vy1 + Vg1 = (mARA—I—mBRB)Fl. (2.111)
Mass conservation gives
My =M = m4 +mpg. (2.112)
One also has the first law
Es—FE, = Q-W, (2.113)
Ey,—E, = 0, (2.114)
Ey = Ey, (2.115)
mo€s = Mmaeal +mpepi, (2.116)
(ma+mp)es = maear + mpepi, (2.117)
0 = mA(eAl —62)+mB(€Bl —62), (2118)
0 = mAch(Tl —TQ) —I—chvB(Tl —TQ), (2119)
vA T wB 1
T, — mACyall +mpcypll (2.120)
macya +MpBcyB
= Ti. (2.121)
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The final pressure by Dalton’s law then is
Py = Pas+ Ppo, (2.122)
maRATo  mpRpTh
= 2.123
TR T (2.123)
mARATl mBRBTl
= 2.124
i A (2.124)
(mARA + mBRB) T
= 2.125
V2 ) ( )
_ (mARA—i—mBRB)Tl (2 126)
(mARA—i-mBRB)%’ '
= P (2.127)
So, the initial and final temperatures and pressures are identical.
Now, the entropy change of gas A is
T P
SA2 —SA1 = cpaln (ﬁ) — Rjln <£) , (2.128)
Tax Pay
Ty Yyaz P2
= In{—= | —-Ral 2.129
crat (Tl) A <yA1P1) ’ ( )
Ty yasPy
= In{ =] —-Raln | —— 2.130
A (Tl) A (ymPl) ’ ( )
———
=0
yaz Py
= —Rul 2.131
an (57 ): (2430
= —Ralnyao. (2.132)
Likewise
SB2 —SB1 = —RBlnyBQ. (2133)
So, the change in entropy of the mixture is
AS ma(saz —sa1) + mp(sp2 — SB1) (2.134)
= —maRalnyss — mpRpInyps, (2.135)
R R
= —(naMy) <—> Inyas — (npMp) (—) Inypa, (2.136)
N—_—— MA S—— MB
=ma N—— =mp N—_——
=Ra =Rp
= —R(nalnyas+nplnygs), (2.137)
— na np
= —R In{ —— In{ ——— 2.138
nAn(nA+nB>+an<nA+nB> ( )
<0 <0
> 0. (2.139)
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For an N-component mixture, mixed in the same fashion such that P and T" are constant,
this extends to

N
AS = —Fan In yy, (2.140)
k=1
Y on
- -RY = .
Z - nlnyg, (2.141)
k=1
A
- _R —k
= —Rn)_ —Iny, (2.142)
k=1
m N
k=1
N
= —Rlenyz’“, (2.144)
k=1
= —BRm(Iny{" +Inyy +... +Iny}Y), (2.145)
= —Rmn(y{"vy ... y%"), (2.146)

= —Rmln <H y,‘j’“) ) (2.147)
k=1
= —In (Hﬁ;k) (2.148)

Note that there is a fundamental dependency of the mixing entropy on the mole fractions.
Since 0 <y, < 1, the product is guaranteed to be between 0 and 1. The natural logarithm
of such a number is negative, and thus the entropy change for the mixture is guaranteed
positive semi-definite. Note also that for the entropy of mixing, Truesdell’s third principle
is not enforced.

Now, if one mole of pure N, is mixed with one mole of pure O, one certainly expects
the resulting homogeneous mixture to have a higher entropy than the two pure components.
But what if one mole of pure N, is mixed with another mole of pure Ny. Then, we would
expect no increase in entropy. However, if we had the unusual ability to distinguish N,
molecules whose origin was from each respective original chamber, then indeed there would
be an entropy of mixing. Increases in entropy thus do correspond to increases in disorder.

>
[VA)
| B

2.3.1.3 Mixtures of constant mass fraction

If the mass fractions, and thus the mole fractions, remain constant during a process, the
equations simplify. This is often the case for common non-reacting mixtures. Air at moderate
values of temperature and pressure behaves this way. In this case, all of Truesdell’s principles
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can be enforced. For a calorically perfect ideal gas, one would have

€y — €1 = YACUA(TQ — Tl) + YBCUB(TQ — Tl), (2149)
= CU(TQ — Tl) (2150)
where
Cy = YACUA + YBCvB~ (2151)
Similarly for enthalpy
hg — hl = YACPA(T2 — Tl) + YBCPB(TZ — Tl), (2152)
= CP(T2 - Tl) (2153)
where
Cp = YACPA + YBCPB- (2154)
For the entropy
Sy — 81 = Ya(saz —5a1) + Ys(sp2 — sB1), (2.155)

= v(erain () = ratn (22) ) 30 (o () - o (22) )
T yaPy T yply

= YA CPAIII T RAIH P2 +YB CPBIII —2 RBIH —2 2156)
T1 P1 T1 P1

. T2 P2

= CPln(Tl) Rln(ﬁl).

The mixture behaves as a pure substance when the appropriate mixture properties are de-
fined. One can also take

(
(2.157)

c
v ==L, (2.158)

Cy
Note that some intuitive definitions do not hold: with v4 = cpa/coa, 78 = cpp/cvB, ¥ #

Yavya + Ypys.

2.3.2 Summary of properties for the Dalton mixture model

2.3.2.1 Mass basis

Listed here is a summary of mixture properties for an N-component mixture of ideal gases
on a mass basis:

N
i=1
N
po=> p (2.160)
i=1
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Cy

Cp

>

CHEC

S

=R
- N N ~ =
R yi M R;
- Yvm =y
i=1 i=1
y; M;
j=1
N———=NM

cp — R, if ideal gas

N
E }/;CPia
i=1

N
cp _ > iz Yicpi

N )
Co Zizl Yicy

N
E )/;siv
i=1

y; M;

1;
h?, if ideal gas,
b
€ + — :ei—i—PZ-vi:ei—l—RiT,
) N .

Pi
if ideal gas

T
h., +/ cpi(T) dT,

-

if ideal gas
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~

Tep(T) - P,
S, = S%O,i —|—/ CP;S ) dT—RZ In (#), (2179)
:;igm

J

if ideal gas

o yiP o P
s; = sp;— Riln ( P, ) = s, — Riln (Fo)’ (2.180)
if ide‘gl gas if id;l gas
R, T

if ideal gas

N
— Y, RT
P = oRT = oRT = 2.182
if id(;;l gas
N T
ho= > Vb, +/ cp(T) dT, (2.183)
i=1 To
if id(;:l gas
P
h = e+—=e+Pv= e+ RT, (2.184)
p W—/
if ideal gas
N T ~ N
CP(T) ~ P )
= S Vs + ") 4T —Rln(~— ) —RI Z
s = Y, | a4, ) -~ A I
if id;;l gas
(2.185)

These relations are not obvious. A few are derived in examples here.

I
Example 2.
Derive the expression h = e+ P/p.

Start from the equation for the constituent h;, multiply by mass fractions, sum over all species,
and use properties of mixtures:

P;
hi = e+ —, (2.186)
Pi
P

pi

N N
S Vih = Yo Vieo+ 3oV
j i=1 i=1 ¢

(2.188)
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N N N R.T
S Yihi o= Y Yie+ Y v (2.189)
i= i= i= pi
1 1 1
=h =e
N
h = e+TY YR, (2.190)
1=1
=R
= e+ RT, (2.191)
P
= e+—. (2.192)
p

[
Example 2.5

Find the expression for mixture entropy of the ideal gas.

.o
cpi(T) - P;
i = S5, 2 dT — Ryln | = ), 2.193
o= g [ 2 2(7) (2.199)
.
(1) - P;
Yis; = Yisﬁ}mi—l-Yi/ CPE ) 4~ viRin <F>’ (2.194)
N A
CPz T) P
s=Y Yis; = ZYST 1+ZY/T dr — ZYR In (E) (2.195)
i=1 o i=1
Yicp; P;
- ZYST ; / Z i) g ZYR In (F)’ (2.196)
T, 1=1
. Tep(T) - P,
= 53+ 7 dT—ZYZ—Riln 5 ) (2.197)
° i=1 °

All except the last term are natural extensions of the property for a single material. Consider now the
last term involving pressure ratios.

N N
P; P; P P
—;YiRiln<E) = —<;YiRiln(Fo)+RlnE—RlnFo>, (2.198)
Y R (P P P
= —R Y, In | — In— —In— |, 2.199
(rin(®)nr-nz) .
N —_
M, P; P P
= -R ZnLln<—>+m——m— : (2.200)
&SN YR/M; \Do P, P,
a Y; /M; P, P P
= R|Y |- 1n(4>+1n——1n— , (2.201)
= ZJ LY /M; P P, P,

=Yi
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N
P; P P
= —-R (Z; y; In (E) +1In B In E) : (2.202)
N .
P\ P P
= - In( — —In— +In— 2.2
R<;n< O> nPO—i—nPO), (2.203)
P\ P, P
= - 1 — In— +1In— 2.204
R<n<i1:ll<o> )—i—np—i—nPO), (2.204)
N )
P, P\ P
- -R <1n <? ];[1 (E) ) +1In E) , (2.205)
N
_ o 1 \Yi P
= —R <1n <PZ§V1@“ Pozjvzlyi 11;[1 (Pi) ) +1In —O> , (2.206)
- -R (m <1:[1 (F) ) +1In E) : (2.207)
= -R (m <H (yf) ) +ln£> : (2.208)
i=1 °
N P
= _ 1 Yi In— | . 2.2
R<n<i1:[1yl>+npo> (2.209)
So, the mixture entropy becomes
Tep(T) - N P
s = sﬁ}o—i—/ CP(A )dT—R In Hy;l —i—ln? , (2.210)
To i=1 °
T ~ N
= s7 —|—/ CP{T) dTl — Rlng —Rln <H y;) . (2.211)
Io ° i=1
classical entropy of a single body non—Truesdellian

The extra entropy is not found in the theory for a single material, and in fact is not in the form suggested
by Truesdell’s postulates. While it is in fact possible to redefine the constituent entropy definition in
such a fashion that the mixture entropy in fact takes on the classical form of a single material via the

definition s; = 59, ; + I:Z cpi(T) /T dT'— R;In (P;/ P,

)+ R; Iny;, this has the disadvantage of predicting

no entropy change after mixing two pure substances. Such a theory would suggest that this obviously

irreversible process is in fact reversible.

2.3.2.2 Molar basis

On a molar basis, one has equivalent relations to those found on a mass basis.

N
M?

<I=s

N
p =) m=
1=1

(2.212)
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1 Vo1
v o= TII—_::UM, (2213)
Zi:l Ty " P
N
e = ) y@i=eM, (2.214)
i=1
N
ho= Y yhi=hM, (2.215)
i=1
N
Co = ) yitw =M, (2.216)
i=1
T = ¢p—R, (2.217)
N
ep = Y yipi=cpM (2.218)
i=1
_ N _
y = £= Zﬁliyfp (2.219)
Co Zizl YiCui
N
5 o= ) ysi=sM, (2.220)
i=1
- = P
Pi = YiP =g (2.221)
V v 1
T, = — == =M, (2.222)
n; Yi P
oV V
v, = =— =70=vM, (2.223)
nilpr,
if ideal gas
P, = yP, (2.224)
— . RT
= pRT = —, (2.225)
—_—
if ideal gas
— . RT
P, = p,RT' = —, (2.226)
N
if ideal gas
_ P _ N —
h = e+ —=¢e+Pv=¢e+ RT =hlM, (2.227)
p H/—/
if ideal gas
hi = E;, if ideal gas, (2.228)
_ P, —
Pi if ideal
if ideal gas
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if ide‘gl gas
TEPZ'(T) ~ — sz
5 = 57,+ / = dT'—RIn ( 2 ) (2.231)
:gg",i
if ide‘gl gas
_ P
s, = E%’Z- — RIn (yp ) = SiMiu (2232)
if id;l gas
‘ o -Tn(5)-
5 = ;57 2 dT'— Rln RlIn D =
zy G [ Hy
if id(;;l gas
(2.233)

2.3.3 Amagat model

The Amagat@ model is an entirely different paradigm than the Dalton model. It is not used

as often. In the Amagat model,

e all components share a common temperature 7,

e all components share a common pressure P,

e cach component has a different volume.

Consider, for example, a binary mixture of calorically perfect ideal gases, A and B. For

the mixture, one has B
PV =nRT,
with
n=mnas+ng.

For the components one has

PVA = nAET,
PVB = RBRT

Then, n = ny + np reduces to

PV PVy PVy

ET_ET+ET'

10Emile Hilaire Amagat, 1841-1925, French physicist.

(2.234)

(2.235)

(2.236)
(2.237)

(2.238)
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Thus
V = Vai+Vpg, (2.239)
Va Vs
1 = —+ = i
v + v (2.240)
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Chapter 3

Mathematical foundations of
thermodynamics

Every mathematician knows it is impossible to understand an elementary course
in thermodynamics.

Vladimir Igorevich Arnol’d (1937-2010), “Contact Geometry: The Geometrical
Method of Gibbs” Thermodynamics,” in Proceedings of the Gibbs Symposium,
D. Caldi and G. Mostow, eds., American Mathematical Society, 1990, p. 163.

This chapter focuses on mathematical formalism which can be applied to thermody-
namics. Understanding of calculus of many variables at an undergraduate level is sufficient
mathematical background for this chapter. Some details can be found in standard sources[7H

3.1 Exact differentials and state functions

In thermodynamics, one is faced with many systems of the form of the well-known Gibbs
equation:
de = Tds — Pdv. (3.1)

This is known to be an exact differential with the consequence that internal energy e is a
function of the state of the system and not the details of any process which led to the state.

As a counter-example, the work,
ow = Pdwv, (3.2)

can be shown to be an inexact differential. Thus, the work depends upon the path of the
process.

LAbbott, M. M., and Van Ness, H. C., 1972, Thermodynamics, Schaum’s Outline Series in Engineering,
McGraw-Hill, New York. See Chapter 3.

2Borgnakke, C., and Sonntag, R. E, 2009, Fundamentals of Thermodynamics, Seventh Edition, John
Wiley, New York. See Chapters 13 and 15.

3Vincenti, W. G., and Kruger, C. H., 1965, Introduction to Physical Gas Dynamics, John Wiley, New
York. See Chapter 3.
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[
Ezxample 3.1

Show the work is not a state function.

If work were a state function, one might expect it to have the form
w = w(P,v), provisional assumption, to be tested. (3.3)

In such a case, one would have the corresponding differential form

_ 9 gy 98 ap (3.4)

dw = ——
T T

Now, since dw = Pdv + 0dP, one deduces that

vl _ p (3.5)
ov |p
ow
— = 0 3.6
oP|, (3:6)
Integrating Eq. (8], one finds
w = Pv+ f(P), (3.7)
where f(P) is some function of P to be determined. Differentiating Eq. B7) with respect to P, one
gets
ow| df (P)
8_P . =V F (38)
Now, use Eq. 30]) to eliminate dw/0P|, in Eq. B8) so as to obtain
df (P)
0 = _— 3.9
vt =5 (3.9)
af(P)  _

Equation (BI0) cannot be: a function of P only cannot be a function of v. So, w cannot be a state
property:
w # w(P,v). (3.11)

Consider now the more general form

N
¢1dl’1 + ¢2dl’2 + ...+ ¢Nde = Z wldl’l (312)
=1

Here, ¢; and z;, ¢ = 1...., N, may be thermodynamic variables. This form is known in
mathematics as a Pfa]ﬂ differential form. As formulated, one takes at this stage

4Johann Friedrich Pfaff, 1765-1825, German mathematician.
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e 1;: independent thermodynamic variables,
e );: thermodynamic variables which are functions of z;

Now, if the differential in Eq. (312), when set to a differential dy, can be integrated to form
the function

y:y(xlaan"'>zN)a (313)

the differential is said to be exact. In such a case, one has

N
dy = pidry + goday + .+ Yydry = Y tyda. (3.14)

i=1

Now, if the algebraic definition of Eq. (813)) holds, what amounts to the definition of the
partial derivative gives the parallel result that

0 0 0
dy = il dxy + Al dxy + ...+ i dxy. (3.15)
825‘1 i j#1 8252 zj,j#2 8LUN zj, AN
Now, combining Eqgs. (314) and ([B.I5) to eliminate dy, one gets
0 0 0
wldl’l—i—’gbgdl’g—i—...—l—w]vdl']v: a—y dl’l—i—a—y dl’2++a—y dl’N.
1 x;,j#1 L2 x;,J#2 TN x;,J#N
(3.16)
Rearranging, one gets
0 0 0
0:<a—y —w1>dl’1—|—<a—y —w2>d$2++<8—y —wN>dLL’N.
T la; 541 T2 la;.572 Ny, j#N
(3.17)
The variables x;, i« = 1,..., N, are independent. Thus, their differentials, dz;, i =
1,..., N, are all independent in Eq. (BI7), and in general non-zero. For equality, one must
require that each of the coefficients be zero, so
dy oy oy
wlza— ) ¢2:a— DRI ¢N:a— (318)
L1 xj,j7#1 L2 x;,j#2 TN x;,J#N

When dy is exact, one says that each of the v; and z; are conjugate to each other.
From here on out, for notational ease, the j # 1,7 # 2,...,j # N will be ignored in
the notation for the partial derivatives. It becomes especially confusing for higher order
derivatives, and is fairly obvious for all derivatives.
If y and all its derivatives are continuous and differentiable, then one has for all i =
1,...,Nand k=1,..., N that
0%y 0%y

0x,0x; - 0x,; 0z (3.19)
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Now, from Eq. (8I8), one has
9y

B 8:@

9y

Yk = o

(0 (3.20)

Zj Zj

Taking the partial of the first of Eq. (820) with respect to x; and the second with respect
to xp, one gets

O, Dy Iy >’y

8—zl B &El(‘?xk’ 8—:::;@ B aa:k&):l

Since by Eq. (B19]) the order of the mixed second partials does not matter, one deduces from

Eq. (321)) that

(3.21)

Zj Zj

O

&zl - 8—:::;@

This is a necessary and sufficient condition for the exact-ness of Eq. (B12)). It is a gen-
eralization of what can be found in most introductory calculus texts for functions of two
variables.

For the Gibbs equation, (8.]), de = —Pdv + T'ds, one has

(3.22)

Ty Ty

y—e T —U, Tos—S, Y —>—P Py —T. (3.23)
and one expects the natural, or canonical form of
e=e(v,s). (3.24)

Here, —P is conjugate to v, and T is conjugate to s. Application of the general form of
Eq. 322) to the Gibbs equation (B1) gives then

or| __op
ol Os

s

(3.25)

Equation ([3.27]) is known as a Mazwell relation. Moreover, specialization of Eq. [3:20) to
the Gibbs equation ([B.]) gives

_ Oe
v

_ Oe

_p _ Y
0s

T (3.26)

If the general differential dy = Zf\il Widx; is exact, one also can show
e The path integral yg —ys = ff Zf\il Y;dx; is independent of the path of the integral.

e The integral around a closed contour is zero:

fa=¢ j::widx,. 0. (3.27)

9James Clerk Maxwell, 1831-1879, Scottish physicist and mathematician.
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e The function y can only be determined to within an additive constant. That is, there
is no absolute value of y; physical significance is only ascribed to differences in y.
In fact, other means, extraneous to this analysis, can be used to provide absolute
specification of key thermodynamic variables. This will be important especially for
flows with reaction.

[
Example 3.2

Show the heat transfer ¢ is not a state function. Assume all processes are fully reversible. The first
law gives

de = 6q—dw, (3.28)

0g = de+dw, (3.29)

= de+ Pdv. (3.30)

Take now the non-canonical, although acceptable, form e = e(7',v). Then, one gets

Oe Oe
de = E» Tdv + T vdT. (3.31)
So
Oe Oe
= —| d — | dT'+ Pd .32
dq 8UTU+6TU + Pdv, (3.32)
de de
= — P|d —| dT. .
<8UT+ > v—i—aTU (3.33)
=M =N
= Mdv+N dT. (3.34)
Now, by Eq. (3:22)), for g to be exact, one must have
oM ON
— = — 3.35
ar |, o |p’ ( )
(3.36)
This reduces to o2 op 52
e e
aTd0 ﬁ‘v = oot (3:37)

This can only be true if 0P/0T|, = 0. But this is not the case; consider an ideal gas for which
OP/JT|, =0 = R/v. So, dq is not exact.

[
Example 3.3

Show conditions for ds to be exact in the Gibbs equation.

de = Tds— Pdv, (3.38)
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de P
1 [/ de de P
= == d — | dT —d A
T(@vTU+6TU >+T”’ (3.40)
1 Oe P 1 Oe
= - — —|d — —| dT. 41
<T8UT+T) T ar|, (3.41)
———
=M =N
Again, invoking Eq. ([3:22]), one gets then
0 1 Oe P 0 1 Oe
(=2 1) = 4 (=& 42
6TU<T 6UT+T> 6UT<T 6TU>’ (3.42)
M N
1 02 1 1 0P P 1 6?
1 0% 1 8 +_8_ - _ﬁ, (3.43)
ToTov T2 dv|, T oT|, T° T 00T
1 Oe 1 oP P
—E%T‘FT(?—TU—E = 0. (3.44)

This is the condition for an exact ds. Experiment can show if it is true. For example, for an ideal gas,
one finds from experiment that e = e(T) and Pv = RT, so one gets

1R 1 RT
—_Z_ = = 3.45
Tv T2 v ’ ( )

0 = o (3.46)

0+

So, ds is exact for an ideal gas. In fact, the relation is verified for so many gases, ideal and non-ideal,
that one simply asserts that ds is exact, rendering s to be path-independent and a state variable.

3.2 Two independent variables
Consider a general implicit function linking three variables, x, y, z:

flx,y,2)=0. (3.47)

In (z,y, z) space, this will represent a surface. If the function can be inverted, it will be
possible to write the explicit forms

r=2x(y,2), y=vyl(z,z), z = z(z,y). (3.48)
Differentiating the first two of the Eqs. [3.48) gives

or or
de = —| d —| d 4
x 8yzy—irazyz, (3.49)
Oy dy
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Now, use Eq. (350) to eliminate dy in Eq. (3.49):
ox oy oy ox
dr = — d —=| d .
x 7. (8:6 x+ 5. z) e y (3.51)
ox| Oy Ox| 0Oy Ox
1— —| = der = — d 3.52
( ay . axz)x <8y282 +8z)z (3:52)
oxr| Oy ox 8y
Odr +0dz = (—| =—| —1])d .
x + 0dz (8y28:€2 ) x+<8y 8z (3.53)
~0 zo
Since = and y are independent, so are dxr and dy, and the coefficients on each in Eq. (3.53)
must be zero. Therefore, from the coefficient on dz in Eq. (3.53)
or| 0Oy
2 -1 =0 54
dy|, Ox|, ’ (3.54)
ox| 0Oy
— == = 1 3.55
dy|, Oz |, ’ (3:55)
Ox 1
—| = 5 (3.56)
ay z 8_?; z
and also from the coefficient on dz in Eq. ([B.53))
ox| Oy ox
o 9 bl R .
dy|, 0z|, 0z], ’ (3.57)
ox ox| Oy
— = - =| = 3.5
0z y Oy |, 0z (3.58)
dx| dy| 0z
— = —1. 3.59
0z 8:6 . O0yl, (3:59)
If one now divides Eq. (3.49) by a fourth differential, dw, one gets
dx ox dy ox dz
dw 9y, 0z, (3.60)
Demanding that z be held constant in Eq. (3.60) gives
ox or| 0Oy
el - = =2 .61
ow|, dy|, ow|,’ (3.61)
oz
S0 Ox
ow |z
duz | (3.62)
8_5) z ay Z
Ox | Ow Ox
— = = — 3.63
ow|, Oy |, oy |, (363)
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If = z(y, w), one then gets

Ox Ox
dv = —| d —| duw. 3.64
T o), YT dwl|, (3.64)
Divide now by dy while holding z constant so
Ox Ox Ox | Ow
= = = — — . 3.65
0y |, ayw+8wy8yz (3:65)

These general operations can be applied to a wide variety of thermodynamic operations.

[
Ezxample 3.4

Apply Eq. B.63) to a standard (P,v,T') system and let
Ox oT
—| = = 3.66
dy|, Ov|, ( )
So, T =z, v=y, and s = z. Let now e = w. So, Eq. (.63 becomes
oT oT oT'| Oe
% . % . % , % . . (3.67)
Now, by definition
de
= 7| (3.68)
% oT 1
e ) = (3.69)
Now, by Eq. 320]), one has de/0v|s = — P, so one gets
oT oT P
ory _ofp _ £ 3.70
ov |, ov|, ¢ ( )
For an ideal gas, e = e(T). Inverting, one gets T' = T'(e), and so 9T /v|. = 0, thus
oT P
— =—— 3.71
ov |, Co ( )
For an isentropic process in a calorically perfect ideal gas, one gets
dT P RT
- = __=__ 3.72
dv Co v’ ( )
dr R dv
= - _=Z 3.73
T Cy U ( )
dv
- -1% (3.74)
T Vo
In— = —1)In — 3.75
nr = G-hm (375)
T Vo \ 71
— = [(— . 3.76
T, ( v ) ( )
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3.3 Legendre transformations

The Gibbs equation ([BIl), de = —Pdv + Tds, is the fundamental equation of classical
thermodynamics. It is a canonical form which suggests the most natural set of variables in
which to express internal energy e are s and v:

e =e(v,s). (3.77)

However, v and s may not be convenient for a particular problem. There may be other com-
binations of variables whose canonical form gives a more useful set of independent variables
for a particular problem. An example is the enthalpy:

h =e+ Pu. (3.78)
Differentiating the enthalpy gives
dh = de + Pdv + vdP. (3.79)
Use now Eq. (8.79) to eliminate de in the Gibbs equation, Eq. (8.1), to give

dh — Pdo —vdP = —Pdv+ Tds, (3.80)

=de

dh = Tds+ vdP. (3.81)
So, the canonical variables for h are s and P. One then expects
h = h(s, P). (3.82)

This exercise can be systematized with the Legendreﬁ transformationﬂ which defines a set
of second order polynomial combinations of variables. Consider again the exact differential
Eq. (B14):

dy = wldxl + ¢2d£(72 + ...+ deSL’N. (383)

For N independent variables z; and N conjugate variables 1);, by definition there are 2 — 1
Legendre transformed variables:

T = T, T2, T3, ..., TN) =Y — V124, (3.84)
Ty = To(X1,Y2,T3,...,ZN) =Y — Yoo, (3.85)
N = TN($1,$2,I37---7¢N) =y — YNTN, (3-86)

9Adrien-Marie Legendre, 1752-1833, French mathematician.

"Two differentiable functions f and g are said to be Legendre transformations of each other if their first
derivatives are inverse functions of each other: Df = (Dg)~!. With some effort, not shown here, one can
prove that the Legendre transformations of this section satisfy this general condition.
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T2 = 7’1,2(%7 o, T3, ... 7$N) =y — U121 — Vo9, (3-87)
T3 = Ti3(V1, 02,03, ,2N) =Y — Y11 — P33, (3.88)
(3.89)
N
TN = TNt U, y) =y — Y i (3.90)
i=1

Each 7 is a new dependent variable. Fach 7 has the property that when it is known as a

fun

ction of its N canonical variables, the remaining N variables from the original expression

(the x; and the conjugate ;) can be recovered by differentiation of T. In general this is not
true for arbitrary transformations.

[
Example 3.5

Let y = y(z1,z2,z3). This has the associated differential form
dy = rdzy + Padry + Ysdes. (3.91)

Choose now a Legendre transformed variable 7 = z (11, x2, x3):

ey b, (3.92)
Then 5 5 5
dz = gz di + 7= dxo + 7= dxs. (3.93)
8¢1 T1,T2 O V1,73 D3 P1,T2
Now, differentiating Eq. (8:92)), one also gets
dz = dy — ’t/Jld,Tl — ,Tld’t/Jl. (394)
Elimination of dy in Eq. (3:94) by using Eq. (391)) gives
dz = 2/11 d$1 + 1/12 d$2 + ’lﬂg dLL'3 —2/11 d,Tl — I d’t/]l, (395)
= —T1 dl/)l + 1/)2 d.IQ + 1/)3 dxg. (396)
Thus, from Eq. (3.93), one gets
0z 0z 0z
T == s Y= o Y3 = — (3.97)
8"/11 T2,T3 Oz P1,T3 O3 P1,T2

So, the original expression had three independent variables, x1, z2, x3, and three conjugate variables
1, 2, 3. Definition of the Legendre function z with canonical variables v, x2, and x3 allowed
determination of the remaining variables z1, 12, and 3 in terms of the canonical variables.

For the Gibbs equation, (8l), de = —Pdv + T'ds, one has y = e, two canonical variables,

r1 = v and x9 = s, and two conjugates, ¥y = —P and ¢y = T. Thus, N = 2, and one can

cC
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expect 22 — 1 = 3 Legendre transformations. They are

nn=y—tY1r1 =h=h(P,s) = e+ Pv, enthalpy, (3.98)
Ty =y —oxy =a=a(v,T) = e—Ts, Helmholtz free energy, (3.99)

Tio =Yy — Y12y —oxy =g =g(P,T) = e+ Pv—Ts, Gibbs free energy.
(3.100)

It has already been shown for the enthalpy that dh = T'ds + vdP, so that the canonical
variables are s and P. One then also has

o oh

dh = —| d —| dP 3.101
as|, " " ap| (3-101)
from which one deduces that
oh oh
T == = — . .102
Js|p’ YT P . (3.102)

From Eq. (BI02), a second Maxwell relation can be deduced by differentiation of the first
with respect to P and the second with respect to s:

oT _821

|~ & (3.103)

P
The relations for Helmholt4] and Gibbs free energies each supply additional useful relations
including two new Maxwell relations. First, consider the Helmholtz free energy
a = e—"1Ts,
da = de—"Tds— sdT,
= (—=Pdv+Tds)—Tds — sdT,
= —Pdv— sdT.

So, the canonical variables for a are v and 7. The conjugate variables are —P and —s. Thus

da oa
da = —| d —| dT. 3.108
“ T " e (3.108)
So, one gets
oa oa
_p- g = — 3.109
v, T or), (3109)
and the consequent Maxwell relation
oP 0s
—| == . 3.110
or|, ov|p ( )

8Hermann von Helmholtz, 1821-1894, German physician and physicist.
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For the Gibbs free energy

g = e+ Pu-Ts,
=h
= h—"Ts,
dg = dh—"Tds— sdT,
= (T'ds+vdP)—Tds — sdT,
N—_—— ——

—dh
= wdP — sdT.

(3.111)

(3.112)
(3.113)
(3.114)

(3.115)

So, for Gibbs free energy, the canonical variables are P and T" while the conjugate variables

are v and —s. One then has g = g(P,T), which gives

99 dg
dg= —=| dP+ —=| dT.
9= 5p|,. " T ar|,
So, one finds
—) )
- oP|,] 0T |,
The resulting Maxwell function is then
| _ o
or|,  oP|,

[
Ezxample 3.6

Canonical Form

If

R/cp
h(s, P) = cpT, (—) exp (i> + (ho — cpTy),

PO cp

(3.116)

(3.117)

(3.118)

(3.119)

and cp, T,, R, P,, and h, are all constants, derive both thermal and caloric state equations P(v,T)

and e(v, T).

Now, for this material

oh o (P R/CPe s
a_ = o\ 5 X b
0s P Po P cp
Oh|  _ RT, (PNMTT (s
ap|, P, \ P, P \er
Now, since

o _ g

ds | p ’

oh B

op|, — "
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one has
p f/er s
T = T, = — 1, 3.124
() = (5) 24
RT, { P\ ®/er—! P
vo= P, (E) exp (;) (3.125)
Dividing one by the other gives
T P
- = = 3.126
~ = 5 (3.126)
Pv = RT, (3.127)

which is the thermal equation of state for an ideal gas. Substituting from Eq. (8124) into the canonical
equation for h, Eq. 3119, one also finds for the caloric equation of state

h = ¢pT+ (ho —cpTy), (3.128)
h = cp(T —T,)+ he. (3.129)
which is useful in itself, and shows we actually have a calorically perfect gas. Substituting in for 7" and
T,
Pv Py,
h= — — ho. 3.130
cp ( A R ) + ( )
Using h = e + Pv we get
Pv Py,
e+ Pv=cp <§_ 7 > + e, + P,v, (3.131)
S0
e = (%3 - ) Pu— (%P - 1) Pyvo + tto, (3.132)
e = (%3 - 1) (Pv — Pyug) + €0, (3.133)
e = (%’ - 1) (RT — RT,) + eo, (3.134)
e = (cp—R)(T—-T5)+eo, (3.135)
e = (cp—(cp—c))(T—Tp)+ eo, (3.136)
e = ¢ (T—T,) +e,. (3.137)

So, one canonical equation gives us all the information one needs.

a single experiment to get the canonical form.

3.4 Heat capacity

Recall that

cp

Oftentimes, it is difficult to do

Oe

77 (3.138)
oh

— . 1
77|, (3.139)
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Then, perform operations on the Gibbs equation, Eq. (B1):

de
%
oT

v

Cy

Likewise,

dh
oh
T

P

cp

One finds further useful relations by operating on the Gibbs equation, Eq. (31):

= Tds — Pdv,
ds
oT
0s

:Ta—T

Y
v

v

= Tds+ vdP,
Js

- 7=
oT
Js

T 22
oT

)
P

P

de = Tds— Pdv,

I
ov | p ov |y
oP
= T—| —P.
or|,
So, one can then say
e = e(T,v),
Oe de
— B T —_
de OTvd +0v Tdv,
oP
= T T —| — P .
c,dT + ( T, )dv
For an ideal gas, one has
Oe oP R RT
— = T—| - P=T|— | ——
o | or|, (v)
= 0.

()

Y

(3.140)
(3.141)

(3.142)

(3.143)
(3.144)

(3.145)

(3.146)
(3.147)

(3.148)

(3.149)
(3.150)

(3.151)

(3.152)

(3.153)

Consequently, e is not a function of v for an ideal gas, so e = ¢(7T') alone. Since h = e + Pv

for an ideal gas reduces to h = e+ RT

h=e(T) + RT = h(T).
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Now, return to general equations of state. With s = s(T,v) or s = s(T, P), one gets

Js ds
ds = —| dT'+ —| d 1
s o7 . + 0, v, (3.155)
0s 0s
ds = —| dI'+ —| dP. 3.156
° = ar|, " T ap), (3-156)
Now, using Eqs. (BI03BII8B.T42AB.T45]) one gets
Cy oP
— VT + =—— 1
ds Td + o7 Udv, (3.157)
. Cp ov
ds = T dT 7|, dP. (3.158)
Subtracting one from the other, one finds
Cy — Cp oPr ov
= T+ — — P 1
0 T dT + o7 Udv+ 5T Pd : (3.159)
oP v
—c,)dl = T —| dv+T —| dP. 1
(cp— ) oT |, v+ 7|, (3.160)

Now, divide both sides by d1" and hold either P or v constant. In either case, one gets

oP| Ov
cp—c =1 —| =—| . 3.161
P ar, ar|, (3.161)
I
Example 3.7
For an ideal gas find cp — ¢,. For the ideal gas, Pv = RT, one has
or R ov R
= == — == 162
or|, v’ or|, P (3.162)
So
RR
Cp —Cy = TEF, (3163)
R2
= T— 3.164
= (3.164)
= R. (3.165)
This holds even if the ideal gas is calorically imperfect. That is
cp(T) —co(T) = R. (3.166)
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For the ratio of specific heats for a general material, one can use Eqs. (3142) and (3.145))
to get

57| p
=2 o Zorle (3.167)
cw  TE&|,
Then apply Eq. (B350]) to get
os| OT
Then apply Eq. (8.58) to get
ds| OP oT'| ov
v = (op, orl,) (5l ai,) 100
ov| 0s oP| OT
_ (Ov] Os or\ or 1
(el o1, (5, ) @1
ov| OP
= 95|, 30|, (3.171)

The first term can be obtained from P — v — T data. The second term is related to the
isentropic sound speed of the material, which is also a measurable quantity.

I
Ezxample 3.8
For a calorically perfect ideal gas with gas constant R and specific heat at constant volume ¢,, find

expressions for the thermodynamic variable s and thermodynamic potentials e, h, a, and g, as functions
of T and P.

First, get the entropy:

de = Tds— Pdv, (3.172)
Tds = de+ Pdv, (3.173)
Tds = ¢u,dT + Pdv, (3.174)

ar P

ds = c¢,— T + = T dv, (3.175)
= o= dT Rd—v (3.176)
/ds = /cvdT /R (3.177)
S§—S) = Cy In F + Rln 1)_0 (3178)

5— S0 T R, RT/P
—— = In— —1 3.179
cy "t MR By (3.179)

R/c,
T T P,
= In(= In 1

(7)o (57) (3450
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T 1+R/cy PO R/c,
= In (Fo) +In (?> , (3.181)
7\ Her—ev)/eo P, (ep—cv)/co
= In( = In{— 182
n(TO) +n(P) , (3.182)
T\ P\t
= In( = In(— 1
n(TO) —I—n<P) , (3.183)
T\ P\t
s = Sy+cyln (E) + ¢, In (FO) ) (3.184)
Now, for the calorically perfect ideal gas, one has
e=¢eo+cy(T —T,). (3.185)
For the enthalpy, one gets
h = e+ Po, (3.186)
= e+ RT, (3.187)
= eo+c(T—-1T,) + RT, (3.188)
= e, +¢(T—-T,) +RT+ RT, — RT,, (3.189)
eo+ RT, +co(T —T,) + R(T — T), (3.190)
—_——
=h,
= hot(cv+ R)(T-T,), (3.191)
_
= ho+cp(T —1T,). (3.192)
For the Helmholtz free energy, one gets
a = e—"Ts, (3.193)
T\ P\t
= e+c,(T—-Ty)—T|so+c,In|{ =] +c,In -0 ) (3.194)
To P
For the Gibbs free energy, one gets
g = h-—Ts, (3.195)
T\’ P\
= hot+c,(T—T,)—T|so+coln| =] +c,In -0 ) (3.196)
To P

3.5 Van der Waals gas

A van der Waald] gas is a common model for a non-ideal gas. It can capture some of the
behavior of a gas as it approaches the vapor dome. Its form is

RT a
v—>b 02’

9Johannes Diderik van der Waals, 1837-1923, Dutch thermodynamicist.

P(T,v) = (3.197)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://en.wikipedia.org/wiki/Johannes_Diderik_van_der_Waals
http://creativecommons.org/licenses/by-nc-nd/3.0/

112 CHAPTER 3. MATHEMATICAL FOUNDATIONS OF THERMODYNAMICS

where b accounts for the finite volume of the molecules, and a accounts for intermolecular
forces.

[
Example 3.9

Find a general expression for e(T, v) if
RT a
P(T,v) = - —. 1
(To)="0 -8 (3198)
Proceed as before. First, we have
Oe Oe
de = —| dT+ —| d 1
e= o7 . + a0l v, (3.199)
recalling from Eqs. (B138) and (BI48)) that
de de oP
R ) R el I 3 3.200
or|, ~ ¢ vl aT ’ (8.200)
Now, for the van der Waals gas, we have
oP R
Tl = T (3.201)
OP RT
Ta—Tv—P = — P (3.202)
RT RT a a
_ _ _ay_ o 2
v—"> (v—b v2> v? (3:203)
So, we have
de a
— = — 3.204
ov | v2’ ( )
e(T,v) = =2+ f(T). (3.205)
v

Here, f(T) is some as-of-yet arbitrary function of T'. To evaluate f(T), take the derivative with respect
to T holding v constant:

Oe

Oc| _ df _
oT

=g (3.206)

Since f is a function of T at most, here ¢, can be a function of T at most, so we allow ¢, = ¢,(T).
Integrating, we find f(7T) as

f(T)=C+ / ' co(T)dT, (3.207)

o

where C' is an integration constant. Thus, e is

e(T,v) = C + /T co(T)dT — % (3.208)

o
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Taking C' = e, + a/v,, we get

e(T,v) = eo—I—/TcU(T)dT—i—a (i —~ l) .

We also find

T 11
hze—l—Pv:eo—i—/ cU(T)dT—l—a(———
v

h(T,v) = eo+/TcU(T)dT+a (i _ l) i

To

3.6 Redlich-Kwong gas

The RedliChE-Kwong equation of statd] is

RT a

P = — )
v—>b v(v+b)T/?

(3.209)

(3.210)

(3.211)

(3.212)

It is modestly more accurate than the van der Waals equation in predicting material behavior.

|
Example 3.10

For the case in which b = 0, find an expression for e(7,v) consistent with the Redlich-Kwong state

equation.
Here, the equation of state is now

RT a
T e
Proceeding as before, we have
Oe oP
— = T —| —P
o |y oT |, ’

- 3a
T op2r1/2
Integrating, we find
3a
e(T,v) == —W + f(T)

100tto Redlich, 1896-1978, Austrian chemical engineer.

a

T R a RT
o Toerez) T\ Ty T e

).

(3.213)

(3.214)

(3.215)

(3.216)

(3.217)

"Redlich, O., and Kwong, J. N. S, 1949, “On the Thermodynamics of Solutions. V. An Equation of

State. Fugacities of Gaseous Solutions,” Chemical Reviews, 44(1): 233-244.
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Here, f(T) is a yet-to-be-specified function of temperature only. Now, the specific heat is found by the
temperature derivative of e:

Oe 3a df
CU(T,’U) = 8_T . = 4’UT—3/2 + ﬁ (3218)
Obviously, for this material, ¢, is a function of both 7" and v.
Let us define ¢,,(T) via
df
—— = Cpol(T). 21
= ) (3:219)
Integrating, then one gets
T A A
f(rnH=c —i—/ Coo(T) dT'. (3.220)

o

Let us take C' = eo+3a/2/vo/Tol/2. Thus, we arrive at the following expressions for ¢, (T, v) and e(T, v):

3a
C»U(T, ’U) = CUO(T) + W, (3221)
T
-~ 3a 1 1
G(T, ’U) = e, + /TO CUO(T) dT + 7 <m - ’UT'—1/2> . (3222)

3.7 Mixtures with variable composition

Consider now mixtures of NV species. The focus here will be on extensive properties and
molar properties. Assume that each species has n; moles, and the total number of moles is
n = ZlNzl n;. Now, one might expect the extensive energy to be a function of the entropy,
the volume, and the number of moles of each species:

E = E(V,S,n). (3.223)

The extensive version of the Gibbs law in which all of the n; are held constant is

dE = —PdV 4 TdS. (3.224)

Thus OF OF
— =P — =T. 3.225
oV S ’ oS Vs ( )

In general, since F = F(S,V,n;), one should expect, for systems in which the n; are allowed
to change that
~ OF

as
Vini * 12:1: 371,

oE
dv + 39

OF
E=—
E=5v

dn,. (3.226)
S,Vin;

S,n;g

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

3.7. MIXTURES WITH VARIABLE COMPOSITION 115

Defining the new thermodynamic property, the chemical potential ;, as

__OE

; = , (3.227)
8ni S,Vin;
one has the important Gibbs equation for multicomponent systems:
N
dE = —PdV +TdS + > fidn;. (3.228)

i=1

Obviously, by its definition, fz; is on a per mole basis, so it is given the appropriate overline
notation. In Eq. (3228), the independent variables and their conjugates are

o = V. = —P, (3.229)
2 = 8, ay=T, (3.230)
T3 = mni, s =iy, (3.231)
Ty = N, Wy = Ty, (3.232)
TNy2 = N, Yny2 = Ty (3.233)

Equation (B:228) has 2V —1 Legendre functions. Three are in wide usage: the extensive
analog to those earlier found. They are

H = E+PV, (3.234)
A = E-TS, (3.235)
G = E+PV-TS. (3.236)

A set of non-traditional, but perfectly acceptable additional Legendre functions would be
formed from E — 7i;ny. Another set would be formed from E + PV — fiyny. There are
many more, but one in particular is sometimes noted in the literature: the so-called grand
potential, ). The grand potential is defined as

N
Q=E-TS-> fn. (3.237)
=1

Differentiating each defined Legendre function, Eqs. (3:234H3.237), and combining with
Eq. 3228)), one finds

N
dH = TdS+VdP+ fidn;, (3.238)

i=1

N
dA = —8dT —PdV +» fidn;, (3.239)

1=1
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N
dG = —SdT +VdP + Y fdn;, (3.240)

i=1
N

dQ = —PdV —SdT = ndf,. (3.241)
=1

Thus, canonical variables for H are H = H(S, P,n;). One finds a similar set of relations as
before from each of the differential forms:

oF OH
T = —— = 3.242
85 Vin; 85 Pn; ’ ( )
OF 0A of)
p - _ 2= — _ - .24
ov S ov Ton; ov T,E-’ (3:243)
OH 0G
— 7 - .244
v oP S oP T,m, (8 )
0A oG o002
g = 2= - _ = = = 3.245
oT Vi oT P oT Vvﬁi’ ( )
n, = — 852 , (3.246)
o VTR,
E H A
In; S,Vin; on; S, P, In; TV, In; T,Pn,;

Each of these induces a corresponding Maxwell relation, obtained by cross differentiation.
These are

or oP
oV, = o5, (3.248)
aT ov
o5, = sl (3.249)
oP oS
o7 - = o . (3.250)
oV S
o N = —5p - (3.251)
of; S
§ = — .252
(9T P, 8nz Vﬂj’ (3 5 )
of; oV
i = 3.253
8P Ty 8n2 Von, ' ( )
/) — I, : (3.254)
M |7 o, O | p o,
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S oP
@ il B (3.255)
NV |, o |y
on; 0
" Tk . (3.256)
Iy, VT, j#k o VT, 7
3.8 Partial molar properties
3.8.1 Homogeneous functions
In mathematics, a homogeneous function f(xi,...,xx) of order m is one such that
f()\l’l,...,)\l’N) = )\mf(l’l,...,l']v). (3257)
If m = 1, one has
fAzy, ..., en) = Af(x,. .., xN). (3.258)

Thermodynamic variables are examples of homogeneous functions.

3.8.2 Gibbs free energy

Consider an extensive property, such as the Gibbs free energy . One has the canonical

form

G:G(T,P,nl,ng,...,n]v).

(3.259)

One would like to show that if each of the mole numbers n; is increased by a common factor,
say A, with 7" and P constant, that GG increases by the same factor \:

)\G(T, P, ny,ng, ... ,nN) = G(T, P, )\nl, )\712, ceey )\nN) (3260)
Differentiate both sides of Eq. (8.260]) with respect to A, while holding P, T', and n; constant,
to get
G(T,P,nl,ng,. . .,TLN) =
oG d(Any) oG d(Ansy) oG d(Any)
——+ .+ 3.261
IR} AR S To v | NS SR Tovyes ) N S
oG oG oG
= o+ —— Mo+ .ot = ny,  (3.262
o0 |, pr OO, pr OOnN) | pr (3.262)
This must hold for all A, including A = 1, so one requires
oG oG oG
G(T, P o = — — ot —
( , 17, Ny, N2, 7nN) anl T ni + an2 P na + a’rLN o P ny,
(3.263)
N
i=1 T n;,PT
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Recall now from p. [[7 the definition partial molar property, the derivative of an extensive
variable with respect to species n; holding n;, i # j, T, and P constant. Because the result
has units which are per unit mole, an overline superscript is utilized. The partial molar
Gibbs free energy of species i, g, is then

oG
g, =2 (3.265)
on; n;,P,T
so that Eq. (B:264)) becomes
N
G=> gm. (3.266)

i=1
Using the definition of chemical potential, Eq. (8:247), one also notes then that

N
G(T, P, No, Mg, ... ,nN) = Zﬁlnl (3267)
i=1

The temperature and pressure dependence of G must lie entirely within 7, (7, P, n;), which
one notes is also allowed to be a function of n; as well. Consequently, one also sees that the
Gibbs free energy per unit mole of species 7 is the chemical potential of that species:

7, = T (3.268)
Using Eq. (3:260) to eliminate G in Eq. ([3.230]), one recovers an equation for the energy:
N
E=-PV+TS+> i (3.269)
i=1
3.8.3 Other properties

A similar result also holds for any other extensive property such as V', E, H, A, or S. One
can also show that
N

vV = ;m g:; ar (3.270)
o én gfi . (3.271)
H o= én gnHi " (3.272)
A = én gi . (3.273)
S = gnl SZ njvaT. (3.274)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

3.8. PARTIAL MOLAR PROPERTIES

119

Note that these expressions do not formally involve partial molar properties since P and T’

are not constant.

Take now the appropriate partial molar derivatives of G' for an ideal mixture of ideal

gases to get some useful relations:

G
oG
8ni

T,P,’flj

Now, from the definition of an ideal mixture h; = h;(T, P), so one has

Here, the Kronecker delta function oy,

H-TS, (3.275)
H
0 _p 93 : (3.276)
In; T,Pn; In; T,Pn;
N
= Y mhy(T, P), (3.277)
k=1
0 [~ -
= <;nkhk(T,P)), (3.278)
al 0nk
= Y (T, P), (3.279)
8ni
k=1~
=0k
N
= Y 6uhi(T.P), (3.280)
k=1
= hy(T,P). (3.281)

has been again used. Now, for an ideal gas one further

has h; = hy(T). The analysis is more complicated for the entropy, in which

— P
S = i (gh —Rln (Fk)) : (3.282)
k=1 °
N
_ P
= Y (g;k —Rln (y; )) : (3.283)
k=1 °
N
- an <§?pk — Rln (E) — RlIn ( ;;k )) , (3.284)
k=1 o Zq—l nq
N P N n
k=1 Py k=1 Zq=1 g
03 O [, . (P
Mi |1, p, - O ;nk <8T’k - (Fo))
7 (in ln( i )) (3.286)
- k ) .
il p, \ 5 Zfzv=1 g
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N
0nk o — P
S~~~

k=1

=0ik
0 N n
-R ny, In i )) , (3.287)
O |, p (kz:; (Zé\il Mg

— P — 0 al N,
= (37, — Rln (—)) - R ( ny In <7)> .(3.288)
( 8 b, on; T,Pn; ; ZZIV:1 g

Evaluation of the final term on the right side requires closer examination, and in fact, after
tedious but straightforward analysis, yields a simple result which can easily be verified by

direct calculation:
N n 7,
(anln< - )) = 111( L ) (3.289)
T,Pn; k=1 Zq:l nq Zq:l nq

So, the partial molar entropy is in fact

0
an,-

a8 — P — :

~ .- R (-) —Fln | — , (3.290)
ani T,Pn; PO Zqzl Ng

P _
= 57, — RIn (F) — Rlny,, (3.291)
_ P,
= 35, Rln (F) : (3.292)
- 3. (3.293)

Thus, one can in fact claim for the ideal mixture of ideal gases that

g; = hi — T3, (3.294)

3.8.4 Relation between mixture and partial molar properties

A simple analysis shows how the partial molar property for an individual species is related
to the partial molar property for the mixture. Consider, for example, the Gibbs free energy.
The mixture-averaged Gibbs free energy per unit mole is

G

T=—. 3.295
9= ( )

Now, take a partial molar derivative and analyze to get

95 1 8G

, (3.296)

8ni T,Pn,; n 8n2 T,Pn; n 87%
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N

1

_ LG G 9 > ), (3.297)
n on; T.Pm; on; T.Pn; \ b—1

_ Lo _ Gy om (3.208)
n onilrp,. n? £~ On; T7P7nj’
109G e

_ 1 = SN (3.299)
n ong|p P n? ;
1 0G G

- - - (3.300)
n on; TPn; T
1 _

= 5. -2 (3.301)
n n

Multiplying by n and rearranging, one gets
P

Gi=g+n -2 (3.302)

A similar result holds for other properties.

3.9 Frozen sound speed

Let us develop a relation for what is known as the “frozen sound speed,” denoted as c. This
quantity is a thermodynamic property defined by the relationship

2_ O
= o

Later in Sec. [[0.1.7] we shall see that this quantity describes the speed of acoustic waves, but
at this point let us simply treat it as a problem in thermodynamics. The quantity is called
“frozen” because the derivative is performed with all of the species mole numbers frozen at
a constant value. Note that since v = 1/p,

. (3.303)

S,

oP dv OP 1 oP 0P
¢ ap s dp Ov s p? Ov s v ov s ( )
So, we can say
0P
2 _ PR
(pc)” = 7., (3.305)

Now, we know that the caloric equation of state for a mixture of ideal gases takes the

form, from Eq. ([2.162):

e = Z Yies(T). (3.306)
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Employing the ideal gas law, we could say instead

e = i)@-ei (p%) . (3.307)

i=1
In terms of number of moles, n;, we could say

N

e=Y" Mns . (p%) . (3.308)

=1 \ﬁr-/
=Y;

We can in fact generalize, and simply consider caloric equations of state of the form
e=ce(P, p,n;), (3.309)
or in terms of the specific volume v = 1/p,
e=-e(Pv,n). (3.310)

These last two forms can be useful when temperature is unavailable, as can be the case for
some materials.
Now, reconsider the Gibbs equation for a multicomponent system, Eq. (3228]):

N
dE = —PdV +TdS + > fidn;. (3.311)

i=1

Let us scale Eq. (3.311)) by a fixed mass m, recalling that e = E/m, v = V/m, and s = S/m,
so as to obtain

N _
Ky
de = —Pdv + Td —dn,. 312
e v+Tds + ; —dn (3.312)
Considering Eq. ([B:312) with dv = 0 and dn; = 0, and scaling by dP, we can say
Oe Js
op o —T op o , (3.313)
Considering Eq. (3:312) with dn; = 0, and dP = 0 and scaling by dv, we can say
ol _ _pir® (3.314)
| p,,. | p,,.
Applying now Eq. (3.59), we find
OP s ov
— — — = —1. 3.315
v 5,14 op v,n; Js Pmn; ( )
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So, we get
o

= (3.316)
01} 5,1 opP V,M;

Substituting Eq. (3:310) into Eq. (8308]) we find

o)

v | Pn;

(pe)? = G, (3.317)
OP lv,n;

Substituting Eqs. B3I33.314) into Eq. (B311) we get

1(p+ 2 )

T ( ov P,TLZ'
. , (3.318)
T 0P lumn;

P+

(pc)?

o

v Pvni

— (3.319)
oP v,y

So, the sound speed c is

P+

5]

v Pvni
= . (3.320)
OP lvn;

Eq. (B320) is useful because we can identify the frozen sound speed from data for e, P, and
v alone. If

Oe

— > —P, and de
ov P

- 321
e W>0, (3.321)

we will have a real sound speed. Other combinations are possible as well, but not observed
in nature.

[
Ezxample 5.11

For an ideal mixture of calorically perfect ideal gases, find the frozen sound speed.
For a calorically perfect ideal gas, we have

e = e(T)=¢eo+ci(T—T,), (3.322)
Pv
e e (BT, 3.323
eo+c (R ) ( )
and

N
E }/ieia
i=1

(3.324)
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Y om
— Zﬁez, (3.325)
i=1
N
zMi
_ Z M. (3.326)
-1
N
nZMZ Pv
_ otcoil——-T,)). 3.327
5 (e (7)) 53
Thus, we get the two relevant partial derivatives
de M, P P Pe,
a.. = Vi — Y; vl — T 3.328
00| p. ;mcR R;C R (3.328)
N N
86 nlMl v v VCy
op|, . ;mCR R;C R (3.329)
Now, substitute Eqs. (3328 B:329)) into Eq. (B.320) to get
P+ Pcy
c = UCUR ’ (3.330)
R
P 4 Pucy,
R
RT + Bl
= TR, (3.332)
R
1+
= (|RT—%, (3.333)
R
R+ ¢y
— . JrRrES (3.334)
Co
= \/3va (3.335)
— CP
= RTC—, (3.336)
= YRT. (3.337)

3.10 Irreversibility in a closed multicomponent system
Consider a thermodynamic system closed to mass exchanges with its surroundings coming

into equilibrium. Allow the system to be exchanging work and heat with its surroundings.
Assume the temperature difference between the system and its surroundings is so small that
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both can be considered to be at temperature T'. If Q) is introduced into the system, then
the surroundings suffer a loss of entropy:

@

dSsuT’r - T

(3.338)
The system’s entropy S can change via this heat transfer, as well as via other internal
irreversible processes, such as internal chemical reaction. The second law of thermodynamics
requires that the entropy change of the universe be positive semi-definite:

dS + dSgum > 0. (3.339)

Eliminating dSj,,,, one requires for the system that

)
is > 9 (3.340)
T
Consider temporarily the assumption that the work and heat transfer are both reversible.
Thus, the irreversibilities must be associated with internal chemical reaction. Now, the first

law for the entire system gives

dE = 6Q — W, (3.341)
= Q- PdV, (3.342)
5Q = dE+ PdvV. (3.343)

Note because the system is closed, there can be no species entering or exiting, and so there
is no change dF attributable to dn;. While within the system the dn; may not be 0, the net
contribution to the change in total internal energy is zero. A non-zero dn; within the system
simply re-partitions a fixed amount of total energy from one species to another. Substituting

Eq. 3343)) into Eq. (B340) to eliminate 6@, one gets

iS > ~(dE+ PdV), (3.344)
T e—_——
—5Q
TdS — dE — PAV > 0, (3.345)
dE — TdS + PdV < (3.346)

Eq. (8:340) involves properties only and need not require assumptions of reversibility for
processes in its derivation. In special cases, it reduces to simpler forms.
For processes which are isentropic and isochoric, the second law expression, Eq. (8340,
reduces to
dE|gy < 0. (3.347)

For processes which are isoenergetic and isochoric, the second law expression, Eq. (8.346),
reduces to

dS| gy > 0. (3.348)
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Now, using Eq. (3228) to eliminate dS in Eq. (8348), one can express the second law as

1 P 1<
—dE + =dV — =Y 7i.dn; > 0, 3.349
—ds E\V
1 N
— > Tidni > 0. (3.350)
=1

irreversibility

The irreversibility associated with the internal chemical reaction must be the left side of
Eq. (3350).

Now, while most standard texts focusing on equilibrium thermodynamics go to great
lengths to avoid the introduction of time, it really belongs in a discussion describing the
approach to equilibrium. One can divide Eq. ([B.350) by a positive time increment dt to get

N

dnl
——Z Ayt > 0. (3.351)

Since T > 0, one can multiply Eq. (8351 by =7 to get

N dn

m,— < 0. 3.352
This will hold if a model for dn;/dt is employed which guarantees that the left side of
Eq. (B352) is negative semi-definite. One will expect then for dn;/dt to be related to the
chemical potentials fz,.

Elimination of dF in Eq. (3.340) in favor of dH from dH = dFE + PdV + VdP gives

dH — PdV — VAP —TdS + PdV < 0, (3.353)
—dE
dH —VdP —TdS < 0. (3.354)

Thus, one finds for isobaric, isentropic equilibration that
dH|ps < 0. (3.355)
For the Helmholtz and Gibbs free energies, one analogously finds

dAlpy,
G|y p

0, (3.356)

<
< 0. (3.357)
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The expression of the second law in terms of dG is especially useful as it may be easy in an
experiment to control so that P and T are constant. This is especially true in an isobaric
phase change, in which the temperature is guaranteed to be constant as well.

Now, one has Eq. (3:260):
N
G =) ng, (3.358)
i=1
N
= > i, (3.359)
i=1

One also has from Eq. 240): dG = —SdT + VdP + Y.~ | fi;dn;, holding T and P constant
that

N
dGlyp = dn;. (3.360)

i=1

Here, the dn; are associated entirely with internal chemical reactions. Substituting Eq. (8:360)
into Eq. (8357), one gets the important version of the second law which holds that

N
dGlyp = Fdn; < 0. (3.361)
=1

In terms of time rates of change, one can divide Eq. (8.361]) by a positive time increment

dt > 0 to get
N

oG
ot

dn;
=Nz <, (3.362)
T,P i=1 dt

3.11 Equilibrium in a two-component system

A major task of non-equilibrium thermodynamics is to find a functional form for dn;/dt
which guarantees satisfaction of the second law, Eq. (83362) and gives predictions which
agree with experiment. This will be discussed in more detail in the following chapter on
thermochemistry. At this point, some simple examples will be given in which a naive but
useful functional form for dn;/dt is posed which leads at least to predictions of the correct
equilibrium values. A much better model which gives the correct dynamics in the time
domain of the system as it approaches equilibrium will be presented in the following Chapter 4]
on thermochemistry.

3.11.1 Phase equilibrium

Here, consider two examples describing systems in phase equilibrium.
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I
Example 3.12
Consider an equilibrium two-phase mixture of liquid and vapor H2O at T'= 100 C, x = 0.5. Use
the steam tables to check if equilibrium properties are satisfied.

In a two-phase gas liquid mixture one can expect the following reaction:
H20() = H2O(y). (3.363)

That is, one mole of liquid, in the forward phase change, evaporates to form one mole of gas. In the
reverse phase change, one mole of gas condenses to form one mole of liquid.

Because T is fixed at 100°C and the material is a two phase mixture, the pressure is also fixed at a
constant. Here, there are two phases at saturation; g for gas and [ for liquid. Equation (33G1]) reduces
to

Aydng + i dng < 0. (3.364)

Now, for the pure H>O if a loss of moles from one phase must be compensated by the addition to
another. So, one must have

dn; +dng = 0. (3.365)
Hence
dng = —dny. (3.366)
So, Eq. (3364), using Eq. (3360 becomes
mdng —figdn; <0, (3.367)
dni (i, —m,) < 0. (3.368)

At this stage of the analysis, most texts, grounded in equilibrium thermodynamics, assert that 1z, = 71,,
ignoring the fact that they could be different but dn; could be zero. That approach will not be taken
here. Instead divide Eq. ([B.3G8) by a positive time increment, d¢ > 0 to write the second law as

dnl _ _
— W=, < 0. (3.369)
One convenient, albeit naive, way to guarantee second law satisfaction is to let
dm _ _ . ..
- = —k(11, — y), Kk >0, convenient, but naive model (3.370)

Here, k is some positive semi-definite scalar rate constant which dictates the time scale of approach to
equilibrium. Note that Eq. (B370) is just a hypothesized model. It has no experimental verification;
one can imagine that other more complex models exist which both agree with experiment and satisfy
the second law. For the purposes of the present argument, however, Eq. (B.370) will suffice. With this
assumption, the second law reduces to

_K’(ﬁl - ﬁg)2 < 07 K2 Oa (3371)

which is always true.
Eq. (3370) has two important consequences:

e Differences in chemical potential drive changes in the number of moles.

e The number of moles of liquid, n;, increases when the chemical potential of the liquid is less than that
of the gas, 77, < i, That is to say, when the liquid has a lower chemical potential than the gas, the
gas is driven towards the phase with the lower potential. Because such a phase change is isobaric and
isothermal, the Gibbs free energy is the appropriate variable to consider, and one takes @ =g. When
this is so, the Gibbs free energy of the mixture, G = nj; + ngp, is being driven to a lower value. So,
when dG = 0, the system has a minimum G.
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e The system is in equilibrium when the chemical potentials of liquid and gas are equal: 7, = 7,,.

The chemical potentials, and hence the molar specific Gibbs free energies must be the same for
each constituent of the binary mixture at the phase equilibrium. That is

9, =9, (3.372)

Now, since both the liquid and gas have the same molecular mass, one also has the mass specific Gibbs
free energies equal at phase equilibrium:

91 = gg- (3.373)

This can be verified from the steam tables, using the definition g = h — T's. From standard thermody-
namic tables

ke ke ke
= - Ts; =419.02 == — (100 + 273.15) K) ( 1.3068 —— ) = —68.6 — 374
a 1= Tsi = 419.02 7 ((100 + 273.15) )( 3068 kgK> 6.6 7 (3.374)
keJ keJ keJ
= hy—Ts, = 2676.05 — — ((100 + 273.15) K) ( 7.3548 —=— | = —68.4 —. .
9 s = Ty = 2676.05 ((100 + 273.15) )(7358k9K> 634 ¢ (3.375)

The two values are essentially the same; the difference is likely due to table inaccuracies.

3.11.2 Chemical equilibrium: introduction

Here, consider two examples which identify the equilibrium state of a chemically reactive
system.

3.11.2.1 Isothermal, isochoric system

The simplest system to consider is isothermal and isochoric. The isochoric assumption
implies there is no work in coming to equilibrium.

|
Example 3.13

At high temperatures, collisions between diatomic nitrogen molecules induce the production of
monatomic nitrogen molecules. The chemical reaction can be described by the model

No+ Ny = 2N + Ns. (3.376)

Here, one of the Ny molecules behaves as an inert third body. An Ny molecule has to collide with
something, to induce the reaction. Some authors leave out the third body and write instead Ny = 2N,
but this does not reflect the true physics as well. The inert third body is especially important when
the time scales of reaction are considered. It plays no role in equilibrium chemistry.

Consider 1 kmole of Ny and 0 kmole of N at a pressure of 100 kPa and a temperature of 6000 K.
Find the equilibrium concentrations of N and Ns if the equilibration process is isothermal and isochoric.
Also perform a first and second law analysis with the aid of the ideal gas tables.
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The ideal gas law can give the volume.

ny, RT
b Ni/ | (3.377)

nN2FT
o 3.378
P | )

1 kmole) (8.314 —EL ) (6000 K
_ ( mo e) ( kmole K) ( )7 (3379)
100 kPa

= 498.84 m3. (3.380)

Initially, the mixture is all Ny, so its partial pressure is the total pressure, and the initial partial pressure
of N is 0.

Now, every time an N2 molecule reacts and thus undergoes a negative change, 2 N molecules are
created and thus undergo a positive change, so

1
—an2 = §dTLN (3381)

This can be parameterized by a reaction progress variable (, also called the degree of reaction, defined
such that

¢ = —dnn,, (3.382)
¢ = =dny. (3.383)

As an aside, one can integrate this, taking ( = 0 at the initial state to get

C = NN, |t:0 — NNy, (3384)
1
¢ = 3nw (3.385)
Thus,
nN, = NN,limg — ¢ (3.386)
ny = 2C. (3.387)

One can also eliminate ¢ to get ny in terms of ny,:
ny :2(7’LN2|t:0—’rLN2). (3388)

Now, for the reaction, one must have, for second law satisfaction, that

fn,dny, +Hydny <0, (3.389)
iy, (—dC) + iy (2dC) < 0O, (3.390)
(—Fin, +2AN)d¢ < (3.391)

d
(—ﬁN2+2ﬁN)d—f <0 (3.392)

In order to satisfy the second law, one can usefully, but naively, hypothesize that the non-equilibrium
reaction kinetics are given by

a _

i —k(~Tin, + 20N ), k>0, convenient, but naive model (3.393)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

3.11. EQUILIBRIUM IN A TWO-COMPONENT SYSTEM 131

Note there are other ways to guarantee second law satisfaction. In fact, a more complicated model is
well known to fit data well, and will be studied later in Chapter @ For the present purposes, this naive
model will suffice. With this assumption, the second law reduces to

—k(—Tin, + 20y)° <0, k>0, (3.394)

which is always true. Obviously, the reaction ceases when d({/dt = 0, which holds only when

QﬁN - ﬁN2. (3.395)

Away from equilibrium, for the reaction to go forward, one must expect d¢/dt > 0, and then one
must have

—fin, 20y <0, (3.396)

Ay < Ty, (3.397)

The chemical potentials are the molar specific Gibbs free energies; thus, for the reaction to go forward,
one must have
29n < T (3.398)

Substituting using the definitions of Gibbs free energy, one gets

2(hy —=T3y) < hy,—T Sn,, (3.399)
_ _ P — P
2 (hN T (g%yN —Rln <%)>) < hy,—T <§°T_,N2 —Rln <yNT>> , (3.400)
7 —o T —o o) yNP o) YN. P
2(in — T 5 x) — (s~ T 5x,) < —2RTTn ( = ) LRI ( . > . (3401)
_ _ — P\ = P
—2(hy =T 3% x) + (hn, =T 57n,) > 2RTIn (yg ) —RTIn (yNT> : (3.402)
2 2
T —o T —o 5] yNP PO
—2(hy =T hn, —T > RT1 3.403
(i =T S0) + (i = T3 > T (U520, (3409
_ _ — y% P
—2(hy =T 57 5) 4 (hn, =T 57y,) > RTIn (y—N—) (3.404)
N2 o

At the initial state, one has yny = 0, so the right hand side approaches —oo, and the inequality holds.
At equilibrium, one has equality.

_ _ — 2 P
—2(hy =T 57 5) + (hn, =T 57 y,) = RTIn <yyjfv\f2 E) : (3.405)

Taking numerical values from Borgnakke and Sonntag’s Table A.9:

keJ keJ
p— 5 S —_
2 (5.9727 X 10° " — (6000 K) (216.926 T K)) +

kJ kJ
2.05848 x 10° ——— — K) (292984 —_
( 05848 x 10 o (6000 )< 92.98 ho K>)

kJ y3 P
= (8314 ——— K)ln | =& —
<8 ’ kmole K) (6000 X) In <yN2 Po> 7
2 p
287635 = In (yN —) , (3.406)
e e I
=lnKp
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y% P
0.0563399 = N (3.407)
SN—— YNy P,
EKP
( 2
nN —
- nN+nN2) RT
= 7( g ) (TLN + TLNQ)—POV, (3408)
NN+NN,
Yy =
ny RT
= 3.409
R (3.409)
(2 (nNz |t—0 - nNz))2 RT
= = 3.410
NNy POV’ ( )
2 (1 kmole — ®(8.314
_ (2 (1 kmole —nn,))” (8.3 )(6000)'(3'411)
NN, (100)(498.84)
This is a quadratic equation for ny,. It has two roots
ny, = 0.888154 kmole physical; ny, = 1.12593 kmole, non-physical (3.412)

The second root generates more No than at the start, and also yields non-physically negative ny =
—0.25186 kmole. So, at equilibrium the physical root is

ny =2(1—ny,) = 2(1 — 0.888154) = 0.223693 kmole. (3.413)

The diatomic species is preferred.

Note in the preceding analysis, the term Kp was introduced. This is the so-called equilibrium
“constant” which is really a function of temperature. It will be described in more detail later in
Sec. [£4] but one notes that it is commonly tabulated for some reactions. Its tabular value can be
derived from the more fundamental quantities shown in this example. Borgnakke and Sonntag’s Table
A.11 gives for this reaction at 6000 K the value of In Kp = —2.876. Note that Kp is fundamentally
defined in terms of thermodynamic properties for a system which may or may not be at chemical
equilibrium. Only at chemical equilibrium, can it can further be related to mole fraction and pressure
ratios.

The pressure at equilibrium is

(TLN2 + nN)RT

P, = — (3.414)
~ (0.888154 kmole + 0.223693 kmole) (8.314 el ) (6000 K) (3.415)
o 498.84 ’ '
= 111.185 kPa. (3.416)

The pressure has increased because there are more molecules with the volume and temperature being
equal.
The molar concentrations p; at equilibrium, are

0.223693 kmol kmol l
Py = e = 4484107 TR — 4484 < 1077 2L, (3.417)
84 m m cm
_ ~ 0.888154 kmole _3 kmole _g mole
oN, = 108813 1.78044 x 10 i 1.78044 x 10 o (3.418)

Now, consider the heat transfer. One knows for the isochoric process that ) = E5 — F4. The initial
energy is given by

FE = NN, EN,, (3419)
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= nn,(hn, — RT), (3.420)
kJ kJ

= (1 kmole) ( 2.05848 x 10° ——— — (8.314 ———— ) (6000 K 3.421

(1 kmole) ( ~ kmole ( kmole K) ( )) ’ ( )

= 1.555964 x 10° k.J. (3.422)

The energy at the final state is

Ey = npn,en, +nyen, (3.423)
nn,(hn, — RT) +ny(hny — RT), (3.424)
= (0.888154 kmole) (2.05848 «10° K <8.314 L) (6000 K)) (3.425)
kmole kmole K
+(0.223693 kmole) (5.9727 <108 T (8.314 L) (6000 K)) . (3.426)
kmole kmole K
= 2.60966 x 10° k.J. (3.427)
So
Q = Ey,—F, (3.428)
= 2.60966 x 10° kJ — 1.555964 x 10° k.J, (3.429)
1.05002 x 10° k.J. (3.430)

Heat needed to be added to keep the system at the constant temperature. This is because the nitrogen
dissociation process is endothermic.

One can check for second law satisfaction in two ways. Fundamentally, one can demand that
Eq. @340), dS > 6Q/T, be satisfied for the process, giving

2
)
Sy =51 > / TQ (3.431)
1
For this isothermal process, this reduces to
So— 51 > %, (3.432)
(nN2§N2 +TLN§N)|2
- (nNngz + nNEN)|1 > %7 (3433)
— P — P
(nN2 (3T7N2 — Rln (yj}/; )) +ny (§T,N — Rln (yN )))
o [o) 2
yn, P _ 1. (ynP Q
_ (nN2 (STN2 Rln( P20 )) +nn (STyN—R1D< 2 )>) 1 > ek (3.434)
ny, | 3 Rln Pr, +ny (3% v — Rln [ X
2 T,N2 P, T,N P, )
n Pn =0 5} Py Q
_ (nN2 (ST,NQ_RIH( P02>)+nN (ST’N_R1n<PO)>) . Z ?, (3435)
- ny, BT _ — nNﬁT
(e (v = (5557 ) o (s =70 (5 ) )
_ = ny, RT — nyRT Q
— [ nn, (STN2 —Rln( PZV )) + nn (STN Rln( 2 )) z (3.436)
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Now, at the initial state ny = 0 kmole, and RT/P,/V has a constant value of

R 8.314 —=—) (6000 K
RT ( kmole K) ( ) -1 1 , (3437)
P,V (100 kPa)(498.84 m3) kmole
so Eq. (3430) reduces to
—o0 ) Ny —o0 )
(nN2 (STW? Fln (1 kmole)) TN (ST’N Fin (1 kmole))) ‘2
o = Q
_ _ > X
(”N2 (ST-M [t (1 kmole))) ’1 =
(3.438)
((0.888143) (292.984 — 8.3141n (0.88143)) + (0.223714) (216.926 — 8.3141n (0.223714)))|,
105002
kJ kJ
19.4181 7 > 17. 5004 (3.439)

Indeed, the second law is satisfied. Moreover, the irreversibility of the chemical reaction is 19.4181 —
17.5004 = +1.91772 kJ/K.

For the isochoric, isothermal process, it is also appropriate to use Eq. (3.356), dA[;; <0, to check
for second law satisfaction. This turns out to give an identical result. Since by Eq. 3235), A =U-TS,
AQ - Al = (E2 — TQSQ) - (E1 - TlSl). Since the process is isothermal, AQ — A1 = E2 — El - T(SQ — Sl)
For AQ — A1 S O, one must demand EQ - El — T(SQ - Sl) S O, or EQ - E1 S T(SQ — Sl), or
So— Sy > (E2— FE4)/T. Since Q = Ey — E; for this isochoric process, one then recovers Sy — S1 > Q/T.

3.11.2.2 TIsothermal, isobaric system

Allowing for isobaric rather than isochoric equilibration introduces small variation in the
analysis.

[
Ezrample 5.1}
Consider the same reaction
Ny + Ny = 2N + Ns. (3.440)

for an isobaric and isothermal process. That is, consider 1 kmole of Ny and 0 kmole of N at a pressure
of 100 kPa and a temperature of 6000 K. Using the ideal gas tables, find the equilibrium concentrations
of N and Ny if the equilibration process is isothermal and isobaric.

The initial volume is the same as from the previous example:

Vi = 498.84 m3. (3.441)

Note the volume will change in this isobaric process. Initially, the mixture is all N3, so its partial
pressure is the total pressure, and the initial partial pressure of N is 0.
A few other key results are identical to the previous example:

nn =2(nn,li—g — nn,) (3.442)
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and

Substituting using the definitions of Gibbs free energy, one gets

2(hy —TSn) < hy, —T Sn, (3.444)
_ — P _ — P
2 (hN -7 (g?w ~Rhn (%))) < Ty, —T (5%,N2 ~Rln (yNT» , (3.445)
7 =0 T —o o) yNP 5] ysz
2(hy =T 55 y) — (v, =T 57.5,) < —2RTIn 5 ) F AT (==, (3.446)
2 7 —0 7 —0 5] yNP D) yNQP
—2(hy =T 57 n) + (hv, =T 57n,) > 2RTIn 5 )~ BT (=~ ), (3.447)
2 p2
7 -0 7 —o -, y P PO
—2(hn =T 35 n5) + (v, =T 53.,) > RTIn ( JZVDOQ PyN2) : (3.448)
In this case P, = P, so one gets
2
—2(hy =T 3% y5)+ (hn, =T 57y,) > RTIn <§—N) : (3.449)
No

At the initial state, one has yx = 0, so the right hand side approaches —oo, and the inequality holds.
At equilibrium, one has equality.

2
9 (iy - T Fx) + (i~ T59,) = BTl (§_N) | (3.450)
No

Taking numerical values from Borgnakke and Sonntag’s Table A.9:

kJ kJ
—2(5.9727 x 10° —— — (6000 K) { 216.926 ——
( 8 kmole ( ) ( kg K)) *

kJ kJ
2.05848 x 10° ——— — K)(292.984 —~_
< 05848 x 10 e (6000 )(9 98 ho K))

kJ T
314 —2 K)1 N
(8 3 e K> (6000 K)In (yN) ,

2
—2.87635 = 1n<yN>, (3.451)
N—— YN,
EIHKP
yQ
00563399 — N (3.452)
h\,_/ yN2
EKP
2
()
= ATV (3.453)
nN2
(nN+nN2)
n2
= — N (3.454)

nn, (NN +nn,)’
2
_ (2(nN2|t:0_nN2)) 7 (3455)
N, (2 (nNz |t:0 - nNz) + nN2)
(2(1 kmole — ny,))?

nn, (2 (1 kmole — ny,) +nn,)

(3.456)
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This is a quadratic equation for ny,. It has two roots
ny, = 0.882147 kmole physical; ny, = 1.11785 kmole, non-physical (3.457)

The second root generates more No than at the start, and also yields non-physically negative ny =
—0.235706 kmole. So, at equilibrium the physical root is

ny =2(1—ny,) = 2(1 — 0.882147) = 0.235706 kmole. (3.458)

Again, the diatomic species is preferred. As the temperature is raised, one could show that the
monatomic species would come to dominate.
The volume at equilibrium is

(nN2 + TLN)RT

Vo= e, (3.459)
~ (0.882147 kmole + 0.235706 kmole) (8.314 2/ (6000 K) 3.460)
B 100 kPa ’ (3
= 557.630 m>. (3.461)

The volume has increased because there are more molecules with the pressure and temperature being
equal.
The molar concentrations p, at equilibrium, are

0.235706 kmol kmol I
N = W{ﬁ;e —4.227 % 1074 T0E — 4997 x 1077 2L, (3.462)
. ™m m cm
_ ~0.882147 kmole _3 kmole _g mole
PN, = ey = 158106 1070 T — 158196 x 1070 S (3.463)

The molar concentrations are a little smaller than for the isochoric case, mainly because the volume is
larger at equilibrium.

Now, consider the heat transfer. One knows for the isobaric process that ) = Hy — H;. The initial
enthalpy is given by

_ k
Hy = nn,hn, = (1 kmole) (2.05848 x 10° W‘;e) =2.05848 x 10° k.J. (3.464)

The enthalpy at the final state is

Hy = 7’LNZEN2 + TLNEN, (3465)
kJ kJ
= (0.882147 kmole) [ 2.05848 x 10° 4 (0.235706 kmole) | 5.9727 x 10° (3.466)
kmole kmole
= 3.22368 x 10° k.J. (3.467)
So,
Q = Hy — Hy = 3.22389 x 10° kJ — 2.05848 x 10° k.J = 1.16520 x 10° k.J. (3.468)

Heat needed to be added to keep the system at the constant temperature. This is because the nitrogen
dissociation process is endothermic. Relative to the isochoric process, more heat had to be added to
maintain the temperature. This to counter the cooling effect of the expansion.

Lastly, it is a straightforward exercise to show that the second law is satisfied for this process.
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3.11.3 Equilibrium condition

The results of both of the previous examples, in which a functional form of a progress
variable’s time variation, d(/dt, was postulated in order to satisfy the second law, gave a
condition for equilibrium. This can be generalized so as to require at equilibrium that

N
> iy =0. (3.469)
=1

Here, v; represents the net number of moles of species i generated in the forward reaction.
This will be discussed in detail in the following Sec.[E4l So, in the phase equilibrium example,

Eq. (3.469) becomes

i (=1) +7,(1) = 0. (3.470)
In the nitrogen chemistry example, Eq. (3:469) becomes
s (—1) + Ty (2) = 0. (3.471)

The negation of the term on the left side of Eq (3.469) is sometimes defined as the
chemical affinity, a:

a

N
- hwi (3.472)
=1
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Chapter 4

Thermochemistry of a single reaction

These four bodies are fire, air, water, earth. Fire occupies the highest place among
them all...

Aristotle (384 BC-322 BC), Meteorology, Book 1, § 2.

This chapter will further develop notions associated with the thermodynamics of chemical
reactions. The focus will be on chemical reaction of N species composed of L elements
reacting in J = 1 reaction. Several sources can be consulted as references P

4.1 Molecular mass

The molecular mass of a molecule is a straightforward notion from chemistry. One simply
sums the product of the number of atoms and each atom’s atomic mass to form the molecular
mass. If one defines L as the number of elements present in species 7, ¢;; as the number of
moles of atomic element [ in species 7, and M as the atomic mass of element [, the molecular
mass M; of species ¢

L
M; = ZMlcbli- (4.1)
=1

In vector form, one would say
M =MT.¢p, or M=¢" - M. (4.2)

!Borgnakke, C., and Sonntag, R. E., 2009, Fundamentals of Thermodynamics, Seventh Edition, John
Wiley, New York. See Chapters 14 and 15.

2Abbott, M. M., and Van Ness, H. C., 1972, Thermodynamics, Schaum’s Outline Series in Engineering,
McGraw-Hill, New York. See Chapter 7.

3Kondepudi, D., and Prigogine, 1., 1998, Modern Thermodynamics: From Heat Engines to Dissipative
Structures, John Wiley, New York. See Chapters 4, 5, 7, and 9.

4Turns, S. R., 2011, An Introduction to Combustion, Third Edition, McGraw-Hill, Boston. See Chapter
2.

5Kuo, K. K., 2005, Principles of Combustion, Second Edition, John Wiley, New York. See Chapters 1, 2.
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Here, M is the vector of length N containing the molecular masses, M is the vector of length
L containing the elemental masses, and ¢ is the matrix of dimension L x N containing the
number of moles of each element in each species. Generally, ¢ is full rank. If N > L, ¢ has
rank L. If N < L, ¢ has rank N. In any problem involving an actual chemical reaction, one
will find N > L, and in most cases N > L. In isolated problems not involving a reaction,
one may have N < L. In any case, M lies in the column space of ¢, which is the row space

of ¢.

I
Example 4.1

Find the molecular mass of HyO.

Here, one has two elements H and O, so L = 2, and one species, so N = 1; thus, in this isolated
problem, N < L. Take i = 1 for species HoO. Take | = 1 for element H. Take [ = 2 for element O.
From the periodic table, one gets My = 1 g/mole for H, Ms = 16 g/mole for O. For element 1, there
are 2 atoms, so ¢11 = 2. For element 2, there is 1 atom so ¢2; = 1. So, the molecular mass of species

1, HyO is
M o= (M Mg)-(ii), (4.3)
= Mo + Maga, (4.4)
- (1 ﬁ) (2) + (16 ﬁ) (1), (4.5)
= 18 mile. (4.6)
lExample 4.2

Find the molecular masses of the two species CsHyg and C'Os.

Here, the vector matrix notation is exercised. In a certain sense this is overkill, but it is useful to
be able to understand a general notation.

One has N = 2 species, and takes ¢ = 1 for CsH1g and 7 = 2 for COs. One also has L = 3 elements
and takes [ =1 for C, [ = 2 for H, and | = 3 for O. Now, for each element, one has M; = 12 g/mole,
My =1 g/mole, M3 =16 g/mole. The molecular masses are then given by

b1 P12
(My M) = (My Mz Ms)-| dpa1 22 |, (4.7)
31 P32
8 1
— (12 1 16)-[18 0], (4.8)
0 2
— (114 44). (4.9)

That is, for CgHig, one has molecular mass M; = 114 g/mole. For COs, one has molecular mass
My = 44 g/mole.
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4.2 Stoichiometry

4.2.1 General development

Stoichiometry represents a mass balance on each element in a chemical reaction. For example,
in the simple global reaction
2H2 -+ 02 = QHQO, (410)

one has 4 H atoms in both the reactant and product sides and 2 O atoms in both the reactant
and product sides. In this section stoichiometry will be systematized.
Consider now a general reaction with N species. This reaction can be represented by

N N
S v =Y v (4.11)
=1 =1

Here, y; is the " chemical species, v/ is the forward stoichiometric coefficient of the it
reaction, and v/ is the reverse stoichiometric coefficient of the i reaction. Both v/ and v/
are to be interpreted as pure dimensionless numbers.

In Equation (@I0), one has N = 3 species. One might take x; = Haj, x2 = O, and
x3 = H>0. The reaction is written in more general form as

@x1+ Mxa+O)xs = (0)x1+ (0)x2 + (2)xs, (4.12)
(2)Hy + (1)O5 + (0)H,O = (0)Hs + (0)O5 + (2) H5O. (4.13)
Here, one has
v, = 2 v =0, (4.14)
vy = 1, vy =0, (4.15)
vy = 0, vy = 2. (4.16)

It is common and useful to define another pure dimensionless number, the net stoichio-
metric coefficients for species 1, v;. Here, v; represents the net production of number if the
reaction goes forward. It is given by

v =V — . (4.17)

For the reaction 2Hs + Oy = 2H50, one has

v o= v —1h=0-2=-2 (4.18)
v = vy —vh=0—1=—1, (4.19)
v = vy — vy =2-0=2. (4.20)

With these definitions, it is possible to summarize a chemical reaction as
N
> vixi = 0. (4.21)
i=1
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In vector notation, one would say
vl x =0. (4.22)

For the reaction of this section, one might write the non-traditional form

It remains to enforce a stoichiometric balance. This is achieved if, for each element, | =
1,..., L, one has the following equality:

N
Z¢liyi =0, l=1,..., L. (4.24)
i=1

That is to say, for each element, the sum of the product of the net species production and
the number of elements in the species must be zero. In vector notation, this becomes

¢-v=0. (4.25)

One may recall from linear algebra that this demands that v lie in the right null space of ¢.

[
Example 4.3
Show stoichiometric balance is achieved for —2Hs — O3 + 2H>0 = 0.

Here again, the number of elements L = 2, and one can take [ = 1 for H and [ = 2 for O. Also
the number of species N = 3, and one takes i = 1 for Hs, i = 2 for O3, and i = 3 for H>O. Then, for
element 1, H, in species 1, Ho, one has

¢11 =2,H in Hs. (4.26)
Similarly, one gets
¢12 = 0, H in Oy, (4.27)
13 = 2,  Hin H0, (4.28)
¢ = 0,  OinHy, (4.29)
P22 = 2, O in Oy, (4.30)
¢35 = 1,  Oin H0. (4.31)

In matrix form then, Zﬁl o1iv; = 0 gives

(202 () (%), am

3

This is two equations in three unknowns. Thus, it is formally underconstrained. Certainly the trivial
solution v1 = vy = v3 = 0 will satisfy, but one seeks non-trivial solutions. Assume v3 has a known value
v3 = £. Then, the system reduces to

(5 2) ()= () @
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The inversion here is easy, and one finds 1y = =&, vy = —%f . Or in vector form,
V1 —5
w| = (-l (4.34)
2 £
= ¢l -1, ¢eRr! (4.35)
1

Again, this amounts to saying the solution vector (1, v, 3)T lies in the right null space of the coefficient
matrix ¢y;.
Here, ¢ is any real scalar. If one takes £ = 2, one gets

V1 —2
120 = -1 5 (436)
V3 2
This simply corresponds to
—2Hy — O3+ 2H50 = 0. (4.37)
If one takes £ = —4, one still achieves stoichiometric balance, with
%1 4
120 = 2 5 (438)
V3 —4
which corresponds to the equally valid
4Hs 4+ 209 — 4H,0 = 0. (4.39)

In summary, the stoichiometric coefficients are non-unique but partially constrained by mass conserva-
tion. Which set is chosen is to some extent arbitrary, and often based on traditional conventions from
chemistry. But others are equally valid.

There is a small issue with units here, which will be seen to be difficult to reconcile.
In practice, it will have little to no importance. In the previous example, one might be
tempted to ascribe units of moles to v;. Later, it will be seen that in classical reaction
kinetics, v; is best interpreted as a pure dimensionless number, consistent with the definition
of this section. So, in the context of the previous example, one would then take & to be
dimensionless as well, which is perfectly acceptable for the example. In later problems, it
will be more useful to give £ the units of moles. Note that multiplication of £ by any scalar,
e.g. mole/(6.02 x 10%), still yields an acceptable result.

[
Ezxample 4.4

Balance an equation for hypothesized ethane combustion

VngHG + VéOg = VéICOQ + VZH20. (4.40)
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One could also say in terms of the net stoichiometric coeflicients

11CoHg 4+ 1909 + 13C0O9 + vy H20O = 0.

(4.41)

Here, one takes x1 = CoHg, x2 = O2, x3 CO2, x4 = H20O. So, there are N = 4 species. There are also

L=3¢clements: | =1:C,l=2:H,[=3:

O. One then has

b = 2, C in CoHg, (4.42)
$12 = 0, C in Oq, (4.43)
013 = 1, Cin CO4, (4.44)
p1a = 0, Cin H»0, (4.45)
$p21 = 6, H in CyHg, (4.46)
$22 = 0, H in Oy, (4.47)
¢o3 = 0, H in COo, (4.48)
oy = 2, H in H,0, (4.49)
$31 = 0, O in CyHg, (4.50)
P32 = 2, O in O, (4.51)
¢33 = 2, O in CO», (4.52)
¢ = 1,  Oin H0, (4.53)
(4.54)
So, the stoichiometry equation, Zﬁl ¢1iv; = 0, is given by
2 01 0\ (" 0
6 0 0 2 Zz =10 (4.55)
0 2 2 1 ” 0

Here, there are three equations in four unknowns, so the system is underconstrained. There are many
ways to address this problem. Here, choose the robust way of casting the system into row echelon form.
This is easily achieved by Gaussian elimination. Row echelon form seeks to have zeros in the lower left
part of the matrix. The lower left corner has a zero already, so that is useful. Now, multiply the top
equation by 3 and subtract the result from the second to get

1
-3
2

o O N
N OO

Next switch the last two equations to get

2 0 1
0 2 2
00 =3

Now, divide the first by 2, the second by 2 and the

S O =
o= O
— =N
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2 V“‘ =10 (4.56)
1 3 0
vy
0 Zl 0
1 V“‘ =10 (4.57)
2 3 0
vy
third by —3 to get unity in the diagonal:
0 Zl 0
1 2
1 =(o0 4.58
2 V3 0 ( )
3
vy
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So-called bound variables have non-zero coefficients on the diagonal, so one can take the bound variables
to be v1, Vo, and v3. The remaining variables are free variables. Here, one takes the free variable to be
vy. So, set vg = £, and rewrite the system as

1 % 1% O
0 1 1 ve | =1 -3¢ . (4.59)
0 1) \vs 2
Solving, one finds
o\ ()
val _ | =68 | ¢ 5 R! 4.60
ve | T 2 =& 20|, §eR. (4.60)
3 3 3
|20 f 1
Again one finds a non-unique solution in the right null space of ¢. If one chooses £ = 6, then one gets
%1 -2
1%9] o —7
P I (4.61)
V4 6
which corresponds to the stoichiometrically balanced reaction
205Hg + 705 = 4CO5 + 6 H50. (4.62)

In this example, ¢ is dimensionless.

|
Ezample 4.5
Consider stoichiometric balance for a propane oxidation reaction which may produce carbon monox-
ide and hydroxyl in addition to carbon dioxide and water.

The hypothesized reaction takes the form
V1 C3Hg + 1502 = v§COs + v/ CO + Vi H,O + v{ OH. (4.63)
In terms of net stoichiometric coefficients, this becomes
11C3Hg + 1505 + v3C09 + v4,CO + v5s HyO + vgOH = 0. (4.64)

There are N = 6 species and L = 3 elements. One then has

¢11 = 3, C in C3Hs, (4.65)
$12 = 0, C in Oq, (4.66)
o135 = 1, C in CO4, (4.67)
éa = 1,  CinCO, (4.68)
$15 = 0, C in H>0, (4.69)
¢ = 0, C in OH, (4.70)
¢o1 = 8, H in Cs3Hg, (4.71)
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o2 =
P23
P24
P25
P26 =
P31
P32
$33
P31 =
b35
P36 =

The equation ¢ - v = 0, then becomes

Il
== NN O =N OO O

O 0o W
N OO
DO =
— O
=N O
e )

Multiplying the first equation by —8/3 and adding it to the second gives

S O w

N OO
-
wloo
|~
wloo
N O

Trading the second and third rows gives

30 1 1 0
02 2 1 1

8 _ 8
00 —& -8 2

= O

— = O

1 1
R B
o114 1 1

3 _3
001 1 -3 2

H in Oo,
H in COa,
H in CO,
H in H>0,
H in OH,
O in C3Hsg,
O in Os,
O in COs,
O in CO,
O in H50O,
O in OH.

131
V2
V3
Vy
Vs
Vg

o O O

o O O

(4.83)

(4.84)

(4.85)

(4.86)

Take bound variables to be 1y, 1o, and v3 and free variables to be vy, v5, and vg. So, set vy = &,

Vs = 52, and Vg = 53, and get

10 3 2
01 1 v | =
0 0 1 V3
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Solving, one finds

141 %(—252 - 53)
Vo = %(451 — 1082 —7&3) | - (4.88)
v3 5(=8&1 + 682 + 3&3)

For all the coefficients, one then has

vy $(—26 — &) 0 -2 -1
vy 1%(451 —10&5 — 763) 4 -10 -7
V3 _ 5(—=86 +686&+3&) | _ & | -8 &2 6 &l 3
” = 8 13 =3 8 + 3 0 + 3 0 . (4.89)
Us & 0 8 0
Vg &3 0 0 8

Here, one finds three independent vectors in the right null space. To simplify the notation, take
§1=&1/8, & =&2/8, and & = £3/8. Then,

” 0 2 -1
va 1 ~10 -7

Zz = & 88 +& g + &3 g (4.90)
vs 0 8 0

v 0 0 8

The most general reaction that can achieve a stoichiometric balance is given by

(=265 — €3)C3 Hy + (4&1 — 10€3 — T€3)Og + (—8E1 + 62+ 363)COo + 861 CO+8Ey HoO+86 OH = 0. (4.91)
Rearranging, one gets

(262 + &3)C Hs + (—4&1 + 1062 + 7€3) 02 = (—8&1 + 66 + 363)CO2 + 881 CO + 88 Hy0 + 883 OH. (4.92)

This will be balanced for all 51, 52, and ég. The values that are actually achieved in practice depend
on the thermodynamics of the problem. Stoichiometry only provides some limitations.
A slightly more familiar form is found by taking &2 = 1/2 and rearranging, giving

(14 &) CsHg + (5 — 4&; + T€3) Oy = (3 — 86 + 3€3) COy + 4 Hy0 + 85, CO + 8¢5 OH. (4.93)

One notes that often the production of CO and OH will be small. If there is no production of CO or
OH, & = & = 0 and one recovers the familiar balance of

C3Hg +5 02 =3 COQ +4 HQO (494)

One also notes that stoichiometry alone admits unusual solutions. For instance, if él =100 52 =1/2,
and &3 = 1, one has

2 C3Hg + 794 COy = 388 Oz +4 H,0 + 800 CO + 8 OH. (4.95)

This reaction is certainly admitted by stoichiometry but is not observed in nature. To determine
precisely which of the infinitely many possible final states are realized requires a consideration of the
equilibrium condition vazl vif; = 0.

Looked at in another way, we can think of three independent classes of reactions admitted by the
stoichiometry, one for each of the linearly independent null space vectors. Taking first él =1/4, ég =0,
53 = 0, one gets, after rearrangement

2C0 + 02 = 2002, (496)
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as one class of reaction admitted by stoichiometry. Taking next él =0, 52 =1/2, 53 =0, one gets
C3Hg + 509 = 3C0O5 + 4H50, (497)

as the second class admitted by stoichiometry. The third class is given by taking él =0, 52 =0, 53 =1,
and is
C3Hg + 705 = 3C 05 + 80OH. (4.98)

In this example, both & and é are dimensionless.

In general, one can expect to find the stoichiometric coefficients for N species composed
of L elements to be of the following form:

N—-L
vi=Y» Dy,  i=1,...,N. (4.99)
k=1

Here, Dj; is a dimensionless component of a full rank matrix of dimension N x (N — L)
and rank N — L, and & is a dimensionless component of a vector of parameters of length
N — L. The matrix whose components are D;;, are constructed by populating its columns
with vectors which lie in the right null space of ¢;;. Note that multiplication of &, by any
constant gives another set of ;, and mass conservation for each element is still satisfied.

4.2.2 Fuel-air mixtures

In combustion with air, one often models air as a simple mixture of diatomic oxygen and
inert diatomic nitrogen in the

air: Vi (Og + 3.76N). (4.100)

The air-fuel ratio, A and its reciprocal, the fuel-air ratio, F, can be defined on a mass
and mole basis.

M Nai
Amass - o 9 Amole — o . (4.101)
M fuel N fuel
Via the molecular masses, one has
o Mair o nairMair o Mair
Amass - - - Amole—- (4102)
M fuel nfueleuel Mfuel

If there is not enough air to burn all the fuel, the mixture is said to be rich. If there is
excess air, the mixture is said to be lean. If there is just enough, the mixture is said to be
stoichtometric. The equivalence ratio, @, is defined as the actual fuel-air ratio scaled by the
stoichiometric fuel-air ratio:

fac ua stoichiometric
i) tual_ Astoichiometric (4.103)

F. stoichiometric Aactual
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The ratio @ is the same whether F’s are taken on a mass or mole basis, because the ratio of
molecular masses cancel.

|
Ezample 4.6
Calculate the stoichiometry of the combustion of methane with air with an equivalence ratio of
® = 0.5. If the pressure is 0.1 M Pa, find the dew point of the products.

First calculate the coefficients for stoichiometric combustion:

Vi CHy + V(O3 + 3.76N3) = 1§ COz + v HyO + v Ns. (4.104)
Or
V10H4 + I/QOQ + VchQ + I/4H20 + (V5 + 3.76V2)N2 =0. (4105)

Here, one has N = 5 species and L = 4 elements. Adopting a slightly more intuitive procedure for
variety, one writes a conservation equation for each element to get

V1 + U3 O, C, (4106)
41 +2v4 = 0, H, (4107)
29 +2v3+1v4 = 0, 0, (4108)
3.76v2 + s 0, N. (4109)
In matrix form this becomes

1 0 100 Z ! 0

4 0 0 2 0 2 0
0 9 2 1 0 vy | = 0 (4.110)

0 376 0 0 1 va 0

Vs

Now, one might expect to have one free variable, since one has five unknowns in four equations.
While casting the equation in row echelon form is guaranteed to yield a proper solution, one can often
use intuition to get a solution more rapidly. One certainly expects that C'H4 will need to be present
for the reaction to take place. One might also expect to find an answer if there is one mole of CH4. So

take 1 = —1. Realize that one could also get a physically valid answer by assuming 11 to be equal to
any scalar. With v; = —1, one gets
0 1 00 vy 1
0 0 20 vs | |4
2 210 vy | |0 (4.111)
376 0 0 1 Us 0

One easily finds the unique inverse does exist, and that the solution is

129 -2

Vs - 1

=12 | (4.112)
Us 7.52

If there had been more than one free variable, the 4 x 4 matrix would have been singular, and no unique
inverse would have existed.
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In any case, the reaction under stoichiometric conditions is

—CHy — 205 + COy + 2H0 + (7.52 + (3.76)(=2))N2 = 0, (4.113)
CHy +2(024+3.76Ny) = COy+2H0+ 752Ny, (4.114)

For the stoichiometric reaction, the fuel-air ratio on a mole basis is

1
]:s oichiometric — = ma =y — 0.1050. 4.115
foichiomet 2+ 2(3.76) (4.115)
Now, ® = 0.5, so
]:actual = (I)]:stoichiometricu (4116)
—  (0.5)(0.1050), (4.117)
0.0525. (4.118)

By inspection, one can write the actual reaction equation as

CH, + 4(02 + 376]\]2) = CO9 + 2H50 + 204 + 15.04N>. (4.119)
Check:
F - 0.0525 (4.120)
actual =y a6y ‘
For the dew point of the products, one needs the partial pressure of H>O. The mole fraction of
HQO is 9
YH,0 = = 0.0499 (4.121)

14+2+2+15.04
So, the partial pressure of H5O is

Pr,0 = ym,0P = 0.0499(100 kPa) = 4.99 kPa. (4.122)

From the steam tables, the saturation temperature at this pressure is Tsqt = Tiew point = 32.88°C. If
the products cool to this temperature in an exhaust device, the water could condense in the apparatus.

4.3 First law analysis of reacting systems

One can easily use the first law to learn much about chemically reacting systems.

4.3.1 Enthalpy of formation

The enthalpy of formation is the enthalpy that is required to form a molecule from combining
its constituents at P = 0.1 M Pa and T' = 298 K. Consider the reaction (taken here to be
irreversible)

C + 0y — COs. (4.123)
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In order to maintain the process at constant temperature, it is found that heat transfer to
the volume is necessary. For the steady constant pressure process, one has

Ey— By = 1Q2 —1Wy, (4.124)

2
= 102 — / Pav, (4.125)

1
= 1Q2 — P(Va — V1), (4.126)
Q2 = Ey—E +P(Va—W1), (4.127)
— H2 — Hl, (4128)
1@2 - Hproducts - Hreactantsu (4129)
products reactants

In this reaction, one measures that 1o = —393522 k.J for the reaction of 1 kmole of C

and Oy. That is, the reaction liberates such energy to the environment. So, measuring the
heat transfer can give a measure of the enthalpy difference between reactants and products.
Assign a value of enthalpy zero to elements in their standard state at the reference state.
Thus, C' and Oy both have enthalpies of 0 kJ/kmole at T = 298 K, P = 0.1 M Pa. This
enthalpy is designated, for species i,

hy; =Ty, ;. (4.131)

and is called the enthalpy of formation. So, the energy balance for the products and reactants,
here both at the standard state, becomes

Q2 = nco,h}co, —nchy e —nohy o, (4.132)
—393522 kJ = (1 kmole)h} o, — (1 kmole) (0 ke ) — (1 kmole) (0 wJ )
it kmole kmole
(4.133)

Thus, the enthalpy of formation of C'O is Ejf,coz = —393522 k.J/kmole, since the reaction
involved creation of 1 kmole of COs.

Often values of enthalpy are tabulated in the forms of enthalpy differences Ah;. These
are defined such that

B o= o+ (=05, (4.134)
———
=Ah;
= 7+ ARy (4.135)

Lastly, one notes for an ideal gas that the enthalpy is a function of temperature only,
and so does not depend on the reference pressure; hence

hi=h,,  Ah;=Ah;,  ifideal gas. (4.136)
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|
Example 4.7

(Borgnakke and Sonntag, p. 575). Consider the following irreversible reaction in a steady state,
steady flow process confined to the standard state of P = 0.1 M Pa, T = 298 K:

CH4+ 205 — COsy + 2H20(£). (4.137)
The first law holds that
products reactants

All components are at their reference states. Borgnakke and Sonntag’s Table A.10 gives properties,
and one finds

Qecv = nco,hco, + nmohm,o — newhon, —no,ho,, (4.139)
kJ kJ
kJ kJ
—(1 kmole) <—74873 W) — (2 kmole) (O kmole) , (4.140)
= —890309 £J. (4.141)

A more detailed analysis is required in the likely case in which the system is not at the
reference state.

|
Example 4.8
(adopted from Moran and Shapircﬁ) A mixture of 1 kmole of gaseous methane and 2 kmole of
oxygen initially at 298 K and 101.325 k£Pa burns completely in a closed, rigid, container. Heat transfer
occurs until the final temperature is 900 K. Find the heat transfer and the final pressure.

The combustion is stoichiometric. Assume that no small concentration species are generated. The
global reaction is given by
CHy + 209 — CO9 + 2H50. (4.142)

The first law analysis for the closed system is slightly different:
Ey — By =1Q2 — 1Wha. (4.143)
Since the process is isochoric, {Ws = 0. So

1Q2 = E>—Ej, (4.144)

= MNCO0,€C0, + NH,0€H,0 — NCH,ECH; — NO5€0,, (4.145)

SMoran, M. J., and Shapiro, H. N., 2003, Fundamentals of Engineering Thermodynamics, Fifth Edition,
John Wiley, New York. p. 619.
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= Nco, (Ecoz — ETQ) + anO(EHgO — RTQ) — NCOH, (ECH4 — ETl) — NO, (Eoz — ETl), (4.146)

= hco, +2hm,0 — hom, — 2ho, — 3R(Ty — T1), (4.147)
= (h¢o,.s + Ahco,) +2(RG,0 5 + Ahm,o0) — (hew, s + Ahen,) — 2(ho,. ; + Aho,)

—3R(Ty — TY), (4.148)
= (—393522 + 28030) + 2(—241826 + 21937) — (—74873 + 0) — 2(0 + 0)

—3(8.314)(900 — 298), (4.149)
= 745412 kJ. (4.150)

For the pressures, one has

PVi = (ncm, +no,) R, (4.151)
RT
v, = (now tno)RTy (4.152)
Py
(1 kmole + 2 kmole) (8.314 k;j—JK) (298 K)
- 101.325 kPa ’ (4.153)
= 73.36 m>. (4.154)
Now, V5 = Vi, so
RT.
p, = nco.tmimo)RTy (4.155)
V
(1 kmole + 2 kmole) (8.314 k;f—]K) (900 K)
= 4.1
73.36 m? ! (4.156)
—  306.0 kPa. (4.157)

The pressure increased in the reaction. This is entirely attributable to the temperature rise, as the
number of moles remained constant here.

4.3.2 Enthalpy and internal energy of combustion

The enthalpy of combustion is the difference between the enthalpy of products and reactants
when complete combustion occurs at a given pressure and temperature. It is also known
as the heating value or the heat of reaction. The internal energy of combustion is related
and is the difference between the internal energy of products and reactants when complete
combustion occurs at a given volume and temperature.

The term higher heating value refers to the energy of combustion when liquid water is in
the products. Lower heating value refers to the energy of combustion when water vapor is
in the product.
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4.3.3 Adiabatic flame temperature in isochoric stoichiometric sys-
tems

The adiabatic flame temperature refers to the temperature which is achieved when a fuel and
oxidizer are combined with no loss of work or heat energy. Thus, it must occur in a closed,
insulated, fixed volume. It is generally the highest temperature that one can expect to
achieve in a combustion process. It generally requires an iterative solution. Of all mixtures,
stoichiometric mixtures will yield the highest adiabatic flame temperatures because there is
no need to heat the excess fuel or oxidizer.

Here, four examples will be presented to illustrate the following points.

e The adiabatic flame temperature can be well over 5000 K for seemingly ordinary
mixtures.

e Dilution of the mixture with an inert diluent lowers the adiabatic flame temperature.
The same effect would happen in rich and lean mixtures.

e Preheating the mixture, such as one might find in the compression stroke of an engine,
increases the adiabatic flame temperature.

e Consideration of the presence of minor species lowers the adiabatic flame temperature.

4.3.3.1 Undiluted, cold mixture

[
Ezample 4.9
A closed, fixed, adiabatic volume contains a stoichiometric mixture of 2 kmole of Hy and 1 kmole
of Oy at 100 kPa and 298 K. Find the adiabatic flame temperature assuming the irreversible reaction

2Hs + Oy — 2H50. (4.158)
The volume is given by
RT
y = [ tno,) BT (4.159)
Py
2 kmole + 1 kmole) (8.314 —£L ) (298 K
— ( moie + mo e) ( kmole K) ( )’ (4160)
100 kPa
= 74.33 m>. (4.161)
The first law gives
Ey— B = 1Q2— 1Wa, (4.162)
FE,—FE; = 0, (4.163)
NH,O0€H0 — NMH,EHy — NO,E0, = 0, (4.164)
nHzo(tho — RTQ) — NH, (hH2 — RTl) — NO, (h02 — ETl) = 0, (4.165)
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2hi,0 — 2 hu, — ho, +R(—2T» +3T1) = 0, (4.166)
™ %
2hm,0 + (8.314) (—2) To + (3) (298)) = 0, (4.167)
hi,o — 8.314T, + 37164 = 0, (4.168)
R} o + Ao — 8.314T3 + 37164 = 0, (4.169)
—241826 + Ahp,0 — 8.314T, + 3716.4 = 0, (4.170)
—238110 4+ Ahp,0 — 8.314T, = 0. (4.171)

At this point, one begins an iteration process, guessing a value of T, and an associated Ahg,o. When
Ts is guessed at 5600 K, the left side becomes —6507.04. When T3 is guessed at 6000 K, the left side

becomes 14301.4. Interpolate then to arrive at

T, = 5725 K.

(4.172)

This is an extremely high temperature. At such temperatures, in fact, one can expect other species to
co-exist in the equilibrium state in large quantities. These may include H, OH, O, HO, and H>0>,

among others.
The final pressure is given by

n RT.
P2 = HZ‘O/ 27
_ (2 kmole) (8314 50 ) (5725 K)
74.33 m3 ’
= 1280.71 kPa.
The final concentration of H5O is
_ 2 kmole B _o kmole

(4.173)

(4.174)
(4.175)

(4.176)

4.3.3.2 Dilute, cold mixture

|
Example 4.10

Consider a variant on the previous example in which the mixture is diluted with an inert, taken
here to be Ns. A closed, fixed, adiabatic volume contains a stoichiometric mixture of 2 kmole of Ho,
1 kmole of Os, and 8 kmole of No at 100 kPa and 298 K. Find the adiabatic flame temperature and

the final pressure, assuming the irreversible reaction

2Hs + Oy + 8Ny — 2H50 + 8Ns.

The volume is given by

v o= (nH2 +no, + nN2)}_%T1

Py ’
_ (2 kmole+1 kmole + 8 kmole) (8.314 i) (298 K)
100 kPa ’
= 272533 m>.

(4.177)

(4.178)

(4.179)
(4.180)
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The first law gives

Ey — Ey
Ey — E;
NH,0CH,0 — NHy€H, — N0,€0, + NNy (ENyy — BNy )
nm,0(huo — RTz) — ng, (hy, — RT1) — no,(ho, — RT1) + nn, ((An,, — RT2) — (hn,, — RT}))
2hi,0 — 2 ha, — ho, +R(—10T5 + 1171) + 8( hn,, —hn,,)
~ =~ —~ =~

=0 =0 =Ahy, =0
2h,0 + (8.314) (—10T% + (11)(298)) + 8Ahns,,
2,0 — 83.14T + 27253.3 + 8Ahy,,
2R g0 + 20hp,0 — 83.14T, + 27253.3 + 8Ahy,,
2(—241826) + 2ARw,0 — 83.14T; + 27253.3 4+ 8ARn,,
—456399 + 2Ahp,0 — 83.14T + 8Ahn,,

1Q2 — 1Woa,
0,

3

o O O

o o o oo

At this point, one begins an iteration process, guessing a value of T and an associated Ahg,o. When
T5 is guessed at 2000 K, the left side becomes —28006.7. When 75 is guessed at 2200 K, the left side

becomes 33895.3. Interpolate then to arrive at

T> =2090.5 K.

(4.181)

The inert diluent significantly lowers the adiabatic flame temperature. This is because the Ny serves as
a heat sink for the energy of reaction. If the mixture were at non-stoichiometric conditions, the excess
species would also serve as a heat sink, and the adiabatic flame temperature would be lower than that

of the stoichiometric mixture.
The final pressure is given by

(nm,0 + nn,) RTy

P2 = % )
_ (2 kmole +8 kmole) (8.314 70 ) (20905 K)
272.533 m?3 ’
= 637.74 kPa.
The final concentrations of HoO and Ny are

_ B 2 kmole B _3 kmole

PH:0 = gy aagms (o4 x 10T o

_ B 8 kmole B _o kmole

PN: = gramgz s A0 T

(4.182)

(4.183)
(4.184)

(4.185)

(4.186)

4.3.3.3 Dilute, preheated mixture

I
Example 4.11

Consider a variant on the previous example in which the diluted mixture is preheated to 1000 K.
One can achieve this via an isentropic compression of the cold mixture, such as might occur in an engine.
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To simplify the analysis here, the temperature of the mixture will be increased, while the pressure will
be maintained. A closed, fixed, adiabatic volume contains a stoichiometric mixture of 2 kmole of Ho,
1 kmole of O3, and 8 kmole of Ny at 100 kPa and 1000 K. Find the adiabatic flame temperature and
the final pressure, assuming the irreversible reaction

2H2+02+8N2 —)2H20+8N2. (4187)

The volume is given by

(nH2 +no, + NN, )RTl

Vo= B : (4.188)

(2 kmole + 1 kmole + 8 kmole) (8.314 2L+ (1000 K) (4.189)
100 kPa ’ '

= 914.54 m>. (4.190)

The first law gives

Ey—E1 = 1Q2— Wy,
Ey—E = 0,
NH,0CH,0 — MH,CHy — N0,€0, + NN, (ENygy —ENyy) = 0,
nu,o(hmo — RT) — nu, (hu, — RT1) — no,(ho, — RTY) + nn, ((hn,, — RT2) — (hn,, — RT1)) = 0,
2hp,0 — 2hm, — ho, + R(—=10T% + 11T1) + 8(hn,, — hny,) = 0,
2(—241826 + Ahp,0) — 2(20663) — 22703 + (8.314) (—107% + (11)(1000)) + 8Ahy,, — 8(21463) 0,
2Ahp,0 — 83.14T, — 627931 + 8Ahy,, = O,

At this point, one begins an iteration process, guessing a value of T and an associated Ahg,o. When
T, is guessed at 2600 K, the left side becomes —11351. When T5 is guessed at 2800 K, the left side
becomes 52787. Interpolate then to arrive at

T, = 2635.4 K. (4.191)

The preheating raised the adiabatic flame temperature. Note that the preheating was by 1000 K —
298 K = 702 K. The new adiabatic flame temperature is only 2635.4 K —2090.5 K = 544.9 K greater.
The final pressure is given by

(nHQO + ny, )RTQ

P, = % , (4.192)
(2 kmole + 8 kmole) (8.314 L) (2635.4 K) 1103
N 914.54 m3 ’ (4.193)
= 239.58 kPa. (4.194)
The final concentrations of HoO and Ny are

_ 2 kmole _ 919 x 10-3 kmole (4.195)

PO = 91qsams ~ © m3 '

_ 8 kmole B _3 kmole
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4.3.3.4 Dilute, preheated mixture with minor species

[
Example 4.12

Consider a variant on the previous example. Here, allow for minor species to be present at equilib-
rium. A closed, fixed, adiabatic volume contains a stoichiometric mixture of 2 kmole of Hy, 1 kmole
of Os, and 8 kmole of Ny at 100 kPa and 1000 K. Find the adiabatic flame temperature and the final
pressure, assuming reversible reactions.

Here, the details of the analysis are omitted, but the result is given which is the consequence of a
calculation involving detailed reactions rates involving equations of the form to be studied in Sec. B}
One can also solve an optimization problem to minimize the Gibbs free energy of a wide variety of
products to get the same answer; for a general discussion, see Sec. [(.2.11 In this case, the equilibrium
temperature and pressure are found to be

T =2484.8 K, P =227.89 kPa. (4.197)

Equilibrium species concentrations are found to be

kmol

minor product Pu, = Ll3x107* mc;e, (4.198)
m
kmol

minor product Py = 19x107° m(;e, (4.199)
m
kmol

minor product Po = 57x107° m(;e, (4.200)
m
kmol

minor product Po, = 3.6x107° 7:;36, (4.201)
kmol

minor product Py = 5.9x 1077 < (4.202)
m
kmol

major product  py,o = 2.0x107% 0 (4.203)
m
kmol

trace product P, = L1x107% ZoC (4.204)
m
kmol

trace product  By,o, = 12x 1077 ==, (4.205)
kmol

trace product  py = L7x 1070 ZoC (4.206)
m
kmol

trace product  pyy = 3.7x 1071 7;036, (4.207)
kmol

trace product  pyy, = 1.5x 1071 de (4.208)
kmol

trace product  pyy, = 3.1x 1071 de (4.209)
kmol

trace product  pyyy = 1.0x 10710 ZoC (4.210)
m
kmol

minor product  pyo = 3.1x107° mze, (4.211)
m
kmol

trace product Py, = 5.3x 1070 o< (4.212)
m
kmol

trace product  Py,o = 2.6x 1079 o0, (4.213)
m
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_ _g kmole
trace product Punvo = 1.7x107° 3 (4.214)
. _ _3 kmole
major product Py, = 8.7x107° 5 (4.215)

Note that the concentrations of the major products went down when the minor species were considered.
The adiabatic flame temperature also went down by a significant amount: 2635 K —2484.8 K = 150.2 K.
Some thermal energy was necessary to break the bonds which induce the presence of minor species.

4.4 Chemical equilibrium

Often reactions are not simply unidirectional, as alluded to in the previous example. The
reverse reaction, especially at high temperature, can be important.
Consider the four species reaction

ViX1 + VaXe S ViXs + ViXa (4.216)
In terms of the net stoichiometric coefficients, this becomes
vix1 +vaxe +vsxs + vaxa = 0. (4.217)

One can define a variable (, the reaction progress. Take the dimension of ¢ to be mole.
When t = 0, one takes ( = 0. Now, as the reaction goes forward, one takes d¢ > 0. And a
forward reaction will decrease the number of moles of y; and y, while increasing the number
of moles of y3 and x4. This will occur in ratios dictated by the stoichiometric coefficients of
the problem:

dny = —uvydC, (4.218)
dny = —v4d(, (4.219)
dng = -+v5dc, (4.220)
dny = +vldC. (4.221)

Note that if n; is taken to have units of mole, v/, and v/ are taken as dimensionless, then ¢
must have units of mole. In terms of the net stoichiometric coefficients, one has

dny = 1dc, (4.222)
dny = wedC, (4.223)
dns = wvsdC, (4.224)
dny = wadC. (4.225)
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Again, for argument’s sake, assume that at ¢ = 0, one has

ni ‘f;o = MNio,
ng |t:0 = Ny,
ns |t:0 = MN3o,

n4‘t:0 = TN4o-
Then, after integrating, one finds

ny = 110+ Ny,
ng = 150+ no,
ny = U3¢+ na,,

ng = v4C+ Nyo.

One can also eliminate the parameter ( in a variety of fashions and parameterize the
reaction by one of the species mole numbers. Choosing, for example, n; as a parameter, one

gets
¢ = ny — nlo.

151

Eliminating ¢, one finds all other mole numbers in terms of n;:

ny —Nio
Ng = Vg——— + Nay,
51
ny —MNio
ng = Vz——— + N3,,
51
ny —Nio
ngy = Vp———— + Nayo-
51

Written another way, one has

ny—MNipe N2 —MN2o N3 — N30  Nyg — Nyo

41 Vo V3 Vy

For an N-species reaction, » ., v;x; = 0, one can generalize to say

dni = = Vidg,
n; = Vi( + N,
n; Mo
= C
Vi
Note that
dni
= V.
d¢
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(4.239)
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(4.241)
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Now, from the previous Chapter B one manifestation of the second law is Eq. (3361)):
N
dGlyp =Y Fdn; < 0. (4.243)
i=1

Now, one can eliminate dn; in Eq. ([{£243) by use of Eq. ([4.239) to get

N

dGlyp = Y Hud( <0, (4.244)
i=1
N

% — S mwm <o, (4.245)
T,P i=1

= —a<0o. (4.246)

Then, for the reaction to go forward, one must require that the affinity, defined earlier in

Eq. (B:472), be positive:
a>o0. (4.247)

One also knows from Chapter [3 that the irreversibility takes the form of Eq. (B:350):

1 _
~7 ;uidni > 0, (4.248)
;X
—Tdcgm > 0, (4.249)
N
1d¢
——— wy; > 0. 4.250
In terms of the chemical affinity, @ = — Zfil ;vi, Eq. (£250) can be written as
1d¢
S S, 4.251
Tdt " = (4.251)

Now, one straightforward, albeit naive, way to guarantee positive semi-definiteness of the
irreversibility and thus satisfaction of the second law is to construct the chemical kinetic rate
equation so that

d¢ al
i —k Zﬁil/i = ka, k>0, provisional, naive assumption (4.252)
i=1

This provisional assumption of convenience will be supplanted later in Sec. by a form
which agrees well with experiment. Here, k is a positive semi-definite scalar. In general, it is
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a function of temperature, k = k(T'), so that reactions proceed rapidly at high temperature
and slowly at low temperature. Then, certainly the reaction progress variable ¢ will cease
to change when the equilibrium condition

N
> i =0, (4.253)
=1

is met. This is equivalent to requiring
a=0. (4.254)

Now, while Eq. [@253) is the most compact form of the equilibrium condition, it is not
the most commonly used form. One can perform the following analysis to obtain the form in
most common usage. Start by employing Eq. (8268)) equating the chemical potential with
the Gibbs free energy per unit mole for each species #: [i; = g;. Then, employ the definition
of Gibbs free energy for an ideal gas, and carry out a set of operations:

N
> gwi = 0,  atequilibrium, (4.255)
=1

N

> (hi=Ts)y; = 0,  at equilibrium. (4.256)

i=1

For the ideal gas, one can substitute for h;(T) and 3;(T, P) and write the equilibrium con-
dition as

7° a T ZT 5] ZP
> hT,,,-+/ epi(T) dT T g%oﬁ/ cpil >dT—Rln<y ) vy = 0,
i=1 7 To ’ - T PO
%/_/ - ~ /
:AE;J :8%1
:E;;;ETJ :;;z

(4.257)

Now, writing the equilibrium condition in terms of the enthalpies and entropies referred to

the standard pressure, one gets
N
o0 — ZP
(i3, o (s, (%)) = o )
i=1 °

N N p
> (E;i ~Ts5,)vi = =Y RTyn (yp ) : (4.259)

(=] N — e’ i=1

—70 —77;0
=97,i=H1;
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N N yP 123
~N'g%v; = RTS In(Z , 4.2
;gmu R Z n ( Po) (4.260)

=AG°
AGO al yZP Vi

—— = 1 4.261
= aon (%) (4.261)

I (ﬁ (y;i’)W) | (4.262)
ZZlP

o N . Vi
exp <_A§GT) = H(y}) : (4.263)
\ , i=1 o
EKP
Kp = H(yip ) , (4.264)

P diimvi M o
Kp = (F) I1v" (4.265)

N V;
Kp = H(—) . at equilibrium. (4.266)

Here, Kp is what is known as the pressure-based equilibrium constant. It is dimensionless.
Despite its name, it is not a constant. It is defined in terms of thermodynamic properties,
and for the ideal gas is a function of T" only:

AG°
RT
Only at equilibrium does the property Kp also equal the product of the partial pressures
as in Eq. ([@266]). The subscript P for pressure comes about because it is also related to
the product of the ratio of the partial pressure to the reference pressure raised to the net

stoichiometric coefficients. Also, the net change in Gibbs free energy of the reaction at the
reference pressure, AG°, which is a function of T" only, has been defined as

Kp = exp (— ) , generally valid. (4.267)

N
AG° =Y gh i (4.268)
=1

The term AG° has units of kJ/kmole; it traditionally does not get an overbar. If AG® > 0,
one has 0 < Kp < 1, and reactants are favored over products. If AG° < 0, one gets Kp > 1,
and products are favored over reactants. One can also deduce that higher pressures P push
the equilibrium in such a fashion that fewer moles are present, all else being equal. One can
also define AG? in terms of the chemical affinity, referred to the reference pressure, as

AG® = —a°. (4.269)
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One can also define another convenient thermodynamic property, which for an ideal gas
is a function of 7" alone, the equilibrium constant K.

N
P, 2imvi AG©
K. = ( ) exp (— G ) : generally valid. (4.270)

RT RT
This property is dimensional, and thS units depend on the stoichiometry of the reaction.
The units of K, will be (mole/cm?3)2=i=1%.

The equilibrium condition, Eq. ([£2686]), is often written in terms of molar concentrations
and K.. This can be achieved by the operations, valid only at an equilibrium state:

N =y 1223
.
Kp = H(%) , (4.271)

i=1

5] Zz‘jil v; N
RT .
— < = ) 117" (4.272)
° i=1

P\Z= " (CAGe AN
<_ ) exp( = ) = Hpi . (4.273)

N
K, = Hp at equilibrium. (4.274)
i=1

One must be careful to distinguish between the general definition of K. as given in Eq. (£.270),
and the fact that at equilibrium it is driven to also have the value of product of molar species
concentrations, raised to the appropriate stoichiometric power, as given in Eq. (£274]).

4.5 Chemical kinetics of a single isothermal reaction

In the same fashion in ordinary mechanics that an understanding of statics enables an under-
standing of dynamics, an understanding of chemical equilibrium is necessary to understand
to more challenging topic of chemical kinetics. Chemical kinetics describes the time-evolution
of systems which may have an initial state far from equilibrium; it typically describes the
path of such systems to an equilibrium state. Here, gas phase kinetics of ideal gas mixtures
that obey Dalton’s law will be studied. Important topics such as catalysis and solid or liquid
reactions will not be considered.

Further, this section will be restricted to strictly isothermal systems. This simplifies the
analysis greatly. It is straightforward to extend the analysis of this system to non-isothermal
systems. One must then make further appeal to the energy equation to get an equation for
temperature evolution.

The general form for evolution of species is taken to be
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d (P _ wi
—(E) ==, 4.2
dt(ﬂ) p (4:275)

Multiplying both sides of Eq. (Z275) by molecular mass M; and using Eq. (2.43)) to exchange
p; for mass fraction Y; then gives the alternate form

dY; @M,

= . 4.2
0= (4.276)

4.5.1 Isochoric systems

Consider the evolution of species concentration in a system which is isothermal, isochoric
and spatially homogeneous. The system is undergoing a single chemical reaction involving
N species of the familiar form of Eq. (£.21]):

N
> vixi = 0. (4.277)
i=1

Because the density is constant for the isochoric system, Eq. ([Z275) reduces to

dp; .
ar

(4.278)

Then, experiment, as well as a more fundamental molecular collision theory, shows that the
evolution of species concentration i is given by

dp &\ ({r_ v 1
Pi _ v; aT? exp <_—) Dy " 1—— 117" |, isochoric system  (4.279)
dt R_T k=1 K k=1
E];(,T) forward reaction reverse reaction

'
=r

This relation actually holds for isochoric, non-isothermal systems as well, which will not be
considered in any detail here. Here, some new variables are defined as follows:

e a: a kinetic rate constant called the collision frequency factor. Its units will depend
on the actual reaction and could involve various combinations of length, time, and
temperature. It is constructed so that dp;/dt has units of mole/cm?/s; this requires
it to have units of (mole/cm3)—va=Xiw) /s /KB Here, v/, is a coefficient which is
present if an inert third body participates in the reaction.

e [3: a dimensionless parameter whose value is set by experiments, sometimes combined
with guiding theory, to account for weak temperature dependency of reaction rates.
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e &: the activation energy. It has units of cal /mole, though others are often used, and is
fit by both experiment and fundamental theory to account for the strong temperature
dependency of reaction.

Note that in Eq. (£279) that molar concentrations are raised to the v}, and v, powers. As
it does not make sense to raise a physical quantity to a power with units, one traditionally
interprets the values of v, v}, as well as v}, to be dimensionless pure numbers. They are also
interpreted in a standard fashion: the smallest integer values that actually correspond to the
underlying molecular collision which has been modelled. While stoichiometric balance can
be achieved by a variety of v, values, the kinetic rates are linked to one particular set which
is defined by the community.

Equation (£279) is written in such a way that the species concentration production rate
increases when

e The net number of moles generated in the reaction, measured by v; increases,

e The temperature increases; here, the sensitivity may be very high, as one observes in
nature,

e The species concentrations of species involved in the forward reaction increase; this
embodies the principle that the collision-based reaction rates are enhanced when there
are more molecules to collide,

e The species concentrations of species involved in the reverse reaction decrease.

Here, three intermediate variables which are in common usage have been defined. First one
takes the reaction rate to be

—E N , 1 N
r = aT’exp <_—> (H ﬁ,:k> 1——112" |, (4.280)
R e K.

=k(T) forward reaction reverse reaction
= N N
—5 V/ 1 V//
= aT”exp (_— 112" --=1I»" | (4.281)
R_T _ k=1 K. k=1
= N~ ——
=k(T), Arrhenius rate forward reaction  reverse reaction P

law of mass action

The reaction rate r has units of mole/cm?/s.
The temperature-dependency of the reaction rate is embodied in k(7') is defined by what
is known as an Arrheniud] rate law:
—£
k(T) = alPexp (= ). 4.282
(1) o(%5) (1.252)

“Svante Arrhenius, 1859-1927, Swedish physicist.
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This equation was advocated by van'’t Hoff in 1884; in 1889 Arrhenius gave a physical justi-

fication. The units of k(7") actually depend on the reaction. This is a weakness of the theory,

and precludes a clean non-dimensionalization. The units must be (mole/cm?)—"u —Xila ) /s.
In terms of reaction progress, one can also take

_ 1d¢
S Vdt’

r

(4.283)

The factor of 1/V is necessary because r has units of molar concentration per time and ¢
has units of mole. The over-riding importance of the temperature sensitivity is illustrated
as part of the next example. The remainder of the expression involving the products of the
species concentrations is the defining characteristic of systems which obey the law of mass
action. Though the history is complex, most attribute the law of mass action to Guldber
and Waage@ in 1864 Last, the overall molar production rate of species 7, often written as
w;, is defined as

As v; is considered to be dimensionless, the units of w; must be mole/cm?/s.

|
Example 4.13
Study the nitrogen dissociation problem considered in an earlier example which was confined to
equilibrium analysis, see Sec. [BI1.2.1] in which at ¢ = 0 s, 1 kmole of Ny exists at P = 100 kPa and
T = 6000 K. Take as before the reaction to be isothermal and isochoric. Consider again the elementary
nitrogen dissociation reaction

Ny + Ny = 2N + No, (4.285)
which has kinetic rate parameters of
3 1.6
a = T0x102t 2 (4.286)
mole s
8 = —1.6, (4.287)
_ [
g = 2249284 (4.288)
mole
In ST units, this becomes
3 K16 1m \* /1000 mole m? K6
= (rox10 £ —70x108 2 4.289
“ ( 8 mole s 100 cm kmole . kmole s’ ( )
— cal J kJ 1000 mole kJ
E = (2249284 — ) | 4.186 — = 941550 . 4.290
( mole> < cal) (1000 J) ( kmole ) kmole ( )

8Jacobus Henricus van’t Hoff, 1852-1922, Dutch chemist.

9Cato Maximilian Guldberg, 1836-1902, Norwegian mathematician and chemist.

10Peter Waage, 1833-1900, Norwegian chemist.

WP "Waage and C. M. Guldberg, 1864, “Studies Concerning Affinity, Forhandlinger: Videnskabs-Selskabet
i Christiania, 35. English translation: Journal of Chemical Education, 63(12): 1044-1047.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://en.wikipedia.org/wiki/Jacobus_Henricus_van_'t_Hoff
http://en.wikipedia.org/wiki/Cato_Maximilian_Guldberg
http://en.wikipedia.org/wiki/Peter_Waage
http://www.nd.edu/~powers/ame.50531/guldberg.waage.1864.pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/

168 CHAPTER 4. THERMOCHEMISTRY OF A SINGLE REACTION

At the initial state, the material is all Na, so Py, = P = 100 kPa. The ideal gas law then gives at

t=0
P|t:0 = PN2|t:O = pN2 +=0 FTv (4291)

_ Pl
Pralimo = R0 (4.202)

100 kP
= T : (4.293)
(8.314 22— (6000 K)
kmol
—  2.00465 x 1073 T0€ (4.294)
m

Thus, the volume, constant for all time in the isochoric process, is

1 kmol
v = Dm0 _ O — 49884 x 10° m?. (4.295)
PNy l—g  2:00465 x 10—3 kmele
Now, the stoichiometry of the reaction is such that
1
—an2 = §dTLN, (4296)
—(nN, — nN,li—g) = (N — N l—g), (4.297)
—_—— 2 —_——
=1 kmole =0
ny = 2(1 kmole —ny,), (4.298)
ny 1 kmole  np,
- = 2\—— 4.299
V ( Vv V)’ ( )
1 kmole
Pn = 2|7 agar o723 P 4.300
PN (4.9884 < 102 m? pN2> ’ (4.300)

kmol
- 9 (2.00465 x 1073 7:;2 c —pN2) . (4.301)

Now, the general equation for kinetics of a single reaction, Eq. ({2ZT9), reduces for No molar
concentration to

de B — Vo (= \UA 1 — v — v
e — o (50 ) )+ o) (12 ) ()" ) (4.302)
Realizing that vy, =2, vy =0, vy, = —1, and vy = 2, one gets
@) (- %5)
= —alPexp|=— )73, (1 - =X 4.303
dt p RT PN, Kc pN2 ( )
=k(T)
Examine the primary temperature dependency of the reaction
-£
KT) = aT’exp|=— ), 4.304
(1) »(57) (4.30)
3K1L6 941550 2L
= <7.0 x 108 L) T exp | ————Fmolc ) (4.305)
kmole s 8.314 =0T

(4.306)

7.0 x 10'8 —1.1325 x 10°
- T Tie T
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k(T) (m3/kmole/s)

104

104 1

10—12_

10—20,

1028,

1036 ‘ ‘ ‘ ‘ ‘ ‘
1000 1500 2000 3000 5000 7000 10000

T(K)

Figure 4.1: k(T') for Nitrogen dissociation example.

Figure 1] gives a plot of k(7") which shows its very strong dependency on temperature. For this
problem, T'= 6000 K, so

7.0 x 1018 —1.1325 x 10°
k(6000) = 4.307
( ) 600016 ( 6000 ) ’ ( )
3
= 40071.6 —° . (4.308)
mole s
Now, the equilibrium constant K. is needed. Recall
N
Po e Vi —AG°
RT RT
For this system, since Zfil v; = 1, this reduces to
PO _ 2—0 __ 70
K. = (_ ) exp (M) , (4.310)
RT RT
P, —(2(hy — TS ) — (R, — TS
_ <_ ) exp (2(hy T,N)_ (hn, 7.N.)) 7 (4.311)
RT RT
B 100 . —(2(597270 — (6000)216.926) — (205848 — (6000)292.984)) (4.312)
(8.314)(6000) P (8.314)(6000) Y
kmol
— 0.000112112 0. (4.313)
m
The differential equation for Ny evolution is then given by
dp 3 1 2 (2.00465 x 1073 kmole _ 5 1)
PN2 —(40071.6—m )p?v 1— — (2( —m? 7)) ,
dt kmole 2 0.000112112 =g DN,
=f(Pn,)
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f(P) (kmole/m¥s)
2

N
unstable
equilibrium
‘I L
0.0005 0.001 00015 4 0:002— 00025
6N (kmole/m3)
1 F 2
unst'a'blc'a stable,
equilibrium physical
21 equilibrium

Figure 4.2: Forcing function, f(py,), which drives changes of py, as a function of py, in
isothermal, isochoric problem.

(4.314)

The system is at equilibrium when f(py,) = 0. This is an algebraic function of 5y, only, and can be
plotted. Figure gives a plot of f(py,) and shows that it has three potential equilibrium points. It
is seen there are three roots. Solving for the equilibria requires solving

3 1 2 (2.00465 x 10~3 kmole) _ 5 )2
0 = —(40071.6m—)ﬁ§v2 1 — (2 07 ) = Pwa) )
kmole 0.000112112 Emgle N,
(4.316)
The three roots are
kmol kmol kmol
Py =0 o 0.00178121 0 0.00225611 o (4.317)
m m m
————r
unstable stable unstable

By inspection of the topology of Fig. EE2] the only stable root is 0.00178121 kmole/m?. This root
agrees with the equilibrium value found in an earlier example for the same problem conditions. Small
perturbations from this equilibrium induce the forcing function to supply dynamics which restore the
system to its original equilibrium state. Small perturbations from the unstable equilibria induce non-
restoring dynamics. For this root, one can then determine that the stable equilibrium value of py =
0.000446882 kmole/m?.

One can examine this stability more formally. Define an equilibrium concentration ﬁ;‘fz such that

175 =o0. (4318)
Now, perform a Taylor series of f(py,) about By, = py,:
— —_e df — —_e 1 d2f — —_e
F@n,) ~ FON,) + —— (P, =PN) + 57— vy =P+ (4.319)
e PNy, =, PN
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Now, the first term of the Taylor series is zero by construction. Next, neglect all higher order terms as
small so that the approximation becomes

_ df _ —e
FPny) ~ == (Pn, — Piny)- (4.320)
PNz 15y, =p%,
Thus, near equilibrium, one can write
™~ = - . 4.321
dt dﬁNz e (pN2 pN2) ( )

PNy =PnN,

Since the derivative of a constant is zero, one can also write the equation as

d _ e df _ e
— (PN, = PNy) ~ —— (Pn, = PN,)- (4.322)
dt dﬁNz 5. =54
PNy =PNy
This has a solution, valid near the equilibrium point, of
S df
(Pn, —PN,) = Cexp oo t], (4.323)
pN2 pNQZPN
_ e df
Pn, = Pu, +Cexp — t|. (4.324)
PN, PNy :ﬁ}i\%
(4.325)
Here, C is some constant whose value is not important for this discussion. If the slope of f is positive,
that is,
daf
. > 0, unstable, (4.326)
PN> PN :ﬁ?\é

the equilibrium will be unstable. That is, a perturbation will grow without bound as ¢ — oco. If the
slope is zero,
df

de2

=0, neutrally stable, (4.327)

—  _—eq
PNy =PN,

the solution is stable in that there is no unbounded growth, and moreover is known as neutrally stable.
If the slope is negative,

o

<0, asymptotically stable, 4.328

— _—eq
PNy =PNy

the solution is stable in that there is no unbounded growth, and moreover is known as asymptotically
stable.

A solution via numerical integration is found for Eq. (@314). The solution for py,, along with 7y
is plotted in Fig. Linearization of Eq. (£314)) about the equilibrium state gives rise to the locally
linearly valid

d ,_ _
T (,oN2 — 0.00178121) = —1209.39(py, — 0.00178121) + ... (4.329)
This has local asymptotically stable solution

Dy, = 0.00178121 + C exp (—1209.39¢). (4.330)
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Figure 4.3: Py, (t) and py(t) in isothermal, isochoric nitrogen dissociation problem.

Here, C' is some integration constant whose value is irrelevant for this analysis. The time scale of
relaxation 7 is the time when the argument of the exponential is —1, which is

1
7T 1209.39 51

One usually finds this time scale to have high sensitivity to temperature, with high temperatures giving
fast time constants and thus fast reactions.

The equilibrium values agree exactly with those found in the earlier example. Here, the kinetics
provide the details of how much time it takes to achieve equilibrium. This is one of the key questions
of non-equilibrium thermodynamics.

=827 x 107 s. (4.331)

4.5.2 Isobaric systems

The form of the previous section is the most important as it is easily extended to a compu-
tational grid with fixed volume elements in fluid flow problems. However, there is another
important spatially homogeneous problem in which the formulation needs slight modifica-
tion: isobaric reaction, with P equal to a constant. Again, in this section only isothermal
conditions will be considered.

In an isobaric problem, there can be volume change. Consider first the problem of isobaric
expansion of an inert mixture. In such a mixture, the total number of moles of each species
must be constant, so one gets

i 0, inert, isobaric mixture. (4.332)
Now, carry out the sequence of operations, realizing the total mass m is also constant:
1d
——(n;)) = 0, 4.333
— = () (133))
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%(%) Y (4.334)

%(%%) Y (4.335)

% %) Y (4.336)

%Zi_%% Y (4.337)

‘2’;@' - %Z—f. (4.338)

So, a global density decrease of the inert material due to volume increase of a fixed mass
system induces a concentration decrease of each species. Extended to a material with a

single reaction rate r, one could say either

i _ vir + Py dp or
dt Copdt’
d (7. 1
— (&) = —yr, generally valid,
dt \ p p
p

(4.339)
(4.340)

(4.341)

Equation (£.340) is consistent with Eq. (£.275]) and is actually valid for general systems with

variable density, temperature, and pressure.

However, in this section, it is required that pressure and temperature be constant. Now,

differentiate the isobaric, isothermal, ideal gas law to get the density derivative.

N 1dp N
0 =7r> vi+——7> 7,
dp _TZ£\L1VZ'
. N b

i=1 p

(4.342)

(4.343)

(4.344)

(4.345)

(4.346)

(4.347)
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N
- _%, (4.348)
Zi:lpi
N
- _7/)7“251”%, (4.349)
RT
RTr SN v
P T L= Tgml”, (4.350)
RTrSY
_P T%kﬂy’“_ (4.351)

Note that if there is no net number change in the reaction, Zivzl v, = 0, the isobaric,
isothermal reaction also guarantees there would be no density or volume change. It is
convenient to define the net number change in the elementary reaction as An:

N
An=) " (4.352)
k=1

Here, An is taken to be a dimensionless pure number. It is associated with the number
change in the elementary reaction and not the actual mole change in a physical system; it
is, however, proportional to the actual mole change.

Now, use Eq. (£35]) to eliminate the density derivative in Eq. (£339) to get

dp, _ _ BipRTr L v

- ) 4.353
dt " p P ( )
S N
_ 5 BT
= 2 ST (4.354)
reaction effect k=1
expansion effect
- i, yAn : 4.355
B RN uon (4.355)

reaction effect  expansion effect

There are two terms dictating the rate change of species molar concentration. The first, a
reaction effect, is precisely the same term that drove the isochoric reaction. The second is
due to the fact that the volume can change if the number of moles change, and this induces
an intrinsic change in concentration. Note that the term p,RT/P = y;, the mole fraction.

|
Example 4.1/
Study a variant of the nitrogen dissociation problem considered in an earlier example in which at
t =0 s, 1 kmole of Ny exists at P = 100 kPa and T = 6000 K. In this case, take the reaction to be
1sothermal and isobaric. Consider again the elementary nitrogen dissociation reaction

Ny + Ny = 2N + No, (4.356)
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which has kinetic rate parameters of

1021 cm3 Kl.ﬁ

a = T.0x , (4.357)
mole s
8 = -1.6, (4.358)
_ l
g = 2249284 (4.359)
mole
In ST units, this becomes
3 K16 1m \* /1000 mole m3 K16
= (70x102t " —70x108 2 4.360
“ ( * mole s 100 em kmole ~ kmole s’ ( )
— cal J kJ 1000 mole kJ
= 224928.4 4.186 — =041 . 4.361
€ ( 928 mole) ( 86 cal) (1000 J) ( kmole ) 941550 kmole (4.361)

At the initial state, the material is all Na, so Py, = P = 100 kPa. The ideal gas law then gives at

t=0
P = Py, = ﬁsz_%T, (4.362)
_ P
pN2 =0 = ﬁ’ (4363)
100 kP
= —— : (4.364)
(8.314 22— (6000 K)
kmol
— 2.00465 x 107% o<, (4.365)
m
Thus, the initial volume is
1 kmol
V], = Mial=o _ O — 49884 x 10? m?. (4.366)
Dili—o 2.00465 x 10—3 *ge
In this isobaric process, one always has P = 100 kPa. Now, in general
P = RT(py, + Pn); (4.367)
therefore one can write py in terms of py,:
P
D = — — D 5 4.368
PN BT PN, ( )
100 kPa
= — D 4.369
(8314 —EL_) (6000 K) '™ (4.369)
_. kmole _
= (2.00465 x107° — ) —Dn,- (4.370)

Then, the equations for kinetics of a single isobaric isothermal reaction, Eq. (£354]) in conjunction
with Eq. (@280), reduce for Na molar concentration to

dﬁ 2 _? — Vo (= \UA 1 — v — v p 2FT
e~ (aren (75 ) G o) (1= 20 o) ) ) <uN2—NT<uN2+uN>>.

=r

(4.371)
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Realizing that vy, =2, vy =0, vy, = —1, and vy = 2, one gets
dpy, -£ 1 73 Py, BT
= al® — )7 (11— =22 ) -1 -2 ). 4.372
7 al” exp BT PN, K. pN2 I2 ( )
—_———
—k(T)

The temperature dependency of the reaction is unchanged from the previous reaction:

-£
KT) = aT’exp|=— ), 4.373
(1) () (4.873)
3K16 941550 2L
= (70x108® 2 ) plbeyp [ 0% Tmole | (4.374)
kmole s 8.314 km’;ﬁT
7.0 x 1018 —1.1325 x 10°
= 716 X ( T ) . (4.375)
For this problem, T' = 6000 K, so
7.0 x 1018 —1.1325 x 10°
k(6000) = 4.376
(6000) 600016 P ( 6000 ) ’ (4.376)
3
m
= 40130.2 ————. 4.377
kmole s ( )
The equilibrium constant K. is also unchanged from the previous example. Recall
N
Po i Vi —AG°
RT RT
For this system, since vazl v; = An = 1, this reduces to
PO _ 2—0 _ 79
K, = <_ ) exp <M) , (4.379)
RT RT
Po _ 2—0 __ 70
- <_ )exp <M), (4.380)
RT RT
P, —(2(R% — Ts® — (RS, — Ts?
BNEANECTE L BN L) o)
RT RT
100 —(2(597270 — (6000)216.926) — (205848 — (6000)292.984
. o (22 (6000)216.926) — ( (0000)292.980) (/o
(8.314)(6000) (8.314)(6000)
kmol
— 0.000112112 “0C. (4.383)
m
The differential equation for Ny evolution is then given by
d7 3 1 2.00465 x 1073 kmele) _ 5 2
9PNy _ (40130.2 mn )pfv 1-— — ( —m? ) =)
dt kmol 2 0.000112112 *reee PN,
— k
(g Py (8.314 2L ) (6000 K)
100 kPa ’
(4.384)
= f(n,)- (1.385)
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2
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. physical
non-physical e
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Figure 4.4: Forcing function, f(py,), which drives changes of py, as a function of py, in
isothermal, isobaric problem.

The system is at equilibrium when f(py,) = 0. This is an algebraic function of 5y, only, and can be
plotted. Figure @4 gives a plot of f(py,) and shows that it has four potential equilibrium points. It is
seen there are four roots. Solving for the equilibria requires solving

8 1 2.00465 x 103 kmole) 5 )2
0 = (40130.2 m—) P, [ 1— — (( S ) = Pn,)
kmole 0.000112112 =z DN,
PN (8 314 71@ ; K) (6000 K)
- o0 : 4.386
. ( 100 kPa (4.386)
The four roots are
kmol kmol kmol k l
B, = —0.002005 € 0001583 T2 0.00254 2 (4.387)
m m m
————
stable,non—physical unstable stable,physical unstable

By inspection of the topology of Fig. B2 the only stable, physical root is 0.001583 kmole/m?>. Small
perturbations from this equilibrium induce the forcing function to supply dynamics which restore the
system to its original equilibrium state. Small perturbations from the unstable equilibria induce non-
restoring dynamics. For this root, one can then determine that the stable equilibrium value of py =
0.000421 kmole/m?.

A numerical solution via an explicit technique such as a Runge-Kutta integration is found for
Eq. (@38d). The solution for py,, along with py is plotted in Fig. Linearization of Eq. (E380])
about the equilibrium state gives rise to the locally linearly valid

d
7 (P, —0.001583) = ~967.073(py, — 0.001583) + ... (4.388)

This has local solution
P, = 0.001583 + C exp (—967.073t). (4.389)
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Figure 4.5: Py, (t) and py(t) in isobaric, isothermal nitrogen dissociation problem.

Again, C is an irrelevant integration constant. The time scale of relaxation 7 is the time when the
argument of the exponential is —1, which is

1

=———— =1.03x107" s. 4.
T= oot~ L03x 1070 (4.390)

Note that the time constant for the isobaric combustion is about a factor 1.25 greater than for isochoric
combustion under the otherwise identical conditions.

The equilibrium values agree exactly with those found in the earlier example. Again, the kinetics
provide the details of how much time it takes to achieve equilibrium.

4.6 Some conservation and evolution equations

Here, a few useful global conservation and evolution equations are presented for some key
properties. Only some cases are considered, and one could develop more relations for other
scenarios.

4.6.1 Total mass conservation: isochoric reaction

One can easily show that the isochoric reaction rate model, Eq. ({£279)), satisfies the principle
of mixture mass conservation. Begin with Eq. (£279]) in a compact form, using the definition
of the reaction rate r, Eq. [£281]), and perform the following operations:

dp;
dt

— (4.391)
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d (pY;
g < M,) Vit (4.392)
d
5 Yi) = vy, (4.393)
d L
at (pYi) = Vi;/\/lzcbu T, (4.394)
=M;
d L
at (pYi) = ;M@lﬂ/ﬂ“, (4.395)
N d N L
D_oq ) = D) Miswnr, (4.396)
=1 =1 [=1
N L N
yr p;m = ;;M@MW, (4.397)
=1
d L N
d—': = ry MY éun, (4.398)
=1 i=1
=0
dp
— = 0. 4,
7 0 (4.399)

Note the term S~ | ¢v; = 0 because of stoichiometry, Eq. (E24).

4.6.2 Element mass conservation: isochoric reaction

Through a similar series of operations, one can show that the mass of each element, [ =
1,..., L, in conserved in this reaction, which is chemical, not nuclear. Once again, begin
with Eq. (£281)) and perform a set of operations,

d
i

N
d
>a

1=1

ap,

dt

dp;
¢li E -

(buip;) =

(duip;) =

v;r,
leil/i’l", lzl,...,L,

TQS”VZ', l:]-y"'aLa

N

Z’T’Qﬁlﬂ/j, lzl,...,L,

i=1

(4.400)
(4.401)

(4.402)

(4.403)
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d N N
£<Z¢uﬁi> =y ¢uvi, l=1,....L (4.404)
i=1 =1

d N
£<Z¢uﬁ,~> -0, I=1,..L (4.405)
=1

The term Zf\il ouip; represents the number of moles of element [ per unit volume, by the
following analysis

N N .
B moles element [ moles species ©  moles element [
E uip; = E =

S = D°. (4.406)
— — moles species 1 volume volume

Here, the elemental mole density, p;°, for element [ has been defined. So, the element
concentration for each element remains constant in a constant volume reaction process:

dp,©
=0 I=1,...,L. 4.407
dt ) ) Y ( )
One can also multiply by the elemental mass, M, to get the elemental mass density, pj:
p; = Mip,°, l=1,..., L. (4.408)
Since M, is a constant, one can incorporate this definition into Eq. (£407) to get
dpf
=0 I=1,...,L. 4.409
dt ) ) Y ( )

The element mass density remains constant in the constant volume reaction. One could also
simply say since the elements’ density is constant, and the mixture is simply a sum of the
elements, that the mixture density is conserved as well.

4.6.3 Energy conservation: adiabatic, isochoric reaction

Consider a simple application of the first law of thermodynamics to reaction kinetics: that
of a closed, adiabatic, isochoric combustion process in a mixture of ideal gases. One may
be interested in the rate of temperature change. First, because the system is closed, there
can be no mass change, and because the system is isochoric, the total volume is a non-zero
constant; hence,

C;—TZ — 0, (4.410)
%(pv) Y (4.411)
V% — 0, (4.412)
% ) (4.413)
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For such a process, the first law of thermodynamics is

dE

—=Q-W. 4.414
o0 (1.414)
But there is no heat transfer or work in the adiabatic isochoric process, so one gets
dE
— =0 4.415
- (1.415)
Cmey = 0 (4.416)
o (me) =0, .
de dm
~—~
=0
de
— = 0. 4.418
pr (4.418)
Thus, for the mixture of ideal gases, e(T,7,,...,0y) = €. One can see how reaction rates

affect temperature changes by expanding the derivative in Eq. (4.418))

%(Zyﬁi) S (4.419)

N q
— (Yie:) = 0, 4.42
;M &) = 0 (4.420)
N
de; dY;
Vi—4+e—] = 0, 4.421
— ( a e dt) (4.421)
N
de; dI' dY;
R —— ; = 0, 4.422
; AT dt dt (4.422)
dar  dy;
Yichi—+e—| = 0, 4.42
;( Coi g te dt) 0 (4.423)
AT & Noay,
N ey = =Y e 4.424
= -
dT N4 /Mp
S W 4.425
“at ;6dt< P ) (4.425)
dT al dp
- = - M= 4.42
P ;62 i (4.426)
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N
ar
PCud— = - Z e; Miv;r,
¢ i=1
dT’ . r Zz]\il Vi€;
dt pCy

If one defines the net energy change of the reaction as

one then gets

N
AFE = Z Viéia
=1

ar _TAE
dt — pey

(4.427)

(4.428)

(4.429)

(4.430)

The rate of temperature change is dependent on the absolute energies, not the energy dif-
ferences. If the reaction is going forward, so » > 0, and that is a direction in which the net
molar energy change is negative, then the temperature will rise.

4.6.4 Energy conservation: adiabatic, isobaric reaction

Solving for the reaction dynamics in an adiabatic isobaric system requires some non-obvious
manipulations. First, the first law of thermodynamics says dE = §Q) —dW . Since the process
is adiabatic, one has 6Q) = 0, so dFE + PdV = 0. Since it is isobaric, one gets d(E+ PV) =0,
or dH = 0. So, the total enthalpy is constant. Then

CC BY-NC-ND.
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—H
dt
d
d_h
dt
d N
i ()
N
d
N }/;hz
; 7 (Yihi)
N
dh; dY;
Y. i
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N N
dT dy;

Y p;— hi— = 0, 4.438
; P +; dt (4.438)
AT & Noay,

- Yicp: il 4.4
b ; ,cP,+;h, o 0, (4.439)
dT -~ d (PM
=1
¢ £+ih-Mﬂ Py — g (4.441)
Pat T =" dt\p) T '

Now, use Eq [340) to eliminate the term in Eq. (EZ4I]) involving molar concentration
derivatives to get

aT S vyr
il [y 4.442
Cp dt ‘l‘;hz P Oa ( )
dr_ _ryl b (4.443)
dt pcp '

So, the temperature derivative is known as an algebraic function. If one defines the net
enthalpy change as

N
AH =" h;, (4.444)
=1

one gets that Eq. ([£.443)) transforms to
dar  rAH

B . 4.445
dt pep ( )

or
pcPO;—Z = —rAH. (4.446)

Equation (£.440]) is in a form which can easily be compared to a form to be derived later
when we add variable pressure and diffusion effects.
Now, differentiate the isobaric ideal gas law to get the density derivative.

P = ) pRT (4.447)
=1
N N
dT —_dp,
0 = 7, R— RT—: 4.448
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0 = Zpl + ZT <ul + —d—i) (4.449)

1dT dp _
0 = Tar Zp,%—rzyﬁ——— 4 ,0 (4.450)
dt val%

One takes dT'/dt from Eq. ([{.443) to get

r>N hiv; N — N
dp %% D1 Pi =T iy Vi
dt sV B '

i=1 p

(4.452)

Now, recall from Eqs. (2.212) and (2Z21I])) that p = p/M and ¢p = cpM, so p ¢p = pcp.
Then Equation (4.452]) can be reduced slightly:

N
va hiv; pZ N
=T == iV
dp =1 p

g — - , (4.453)

= ppitol  Siml (4.454)

A\ , (4.455)
= ; —1 4.4
oo (o 1) (4.456)

— rMi Vi (_ET - 1) : (4.457)

where M is the mean molecular mass. Note for exothermic reaction ZZN:1 vihi < 0, so
exothermic reaction induces a density decrease as the increased temperature at constant
pressure causes the volume to increase.

Then, using Eq. (£457) to eliminate the density derivative in Eq. (£339), and changing
the dummy index from 7 to k, one gets an explicit expression for concentration evolution:

dp, B ]
Pi — 4 %rM > <—’“T - 1) (4.458)
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— N -
_ ,,HL&MZW(&_l) | (4.459)

N J—
h
= r{y+ yzz Vg (_C—PkT - 1)) : (4.460)

Defining the change of enthalpy of the reaction as AH = ) évzl vihy, and the change of
: _ N
number of the reaction as An = )","_, v, one can also say

s, AH
ikl (Vz + i (EPT An)) : (4.461)

Exothermic reaction, AH < 0, and net number increases, An > 0, both tend to decrease the
molar concentrations of the species in the isobaric reaction.

Lastly, the evolution of the adiabatic, isobaric system, can be described by the simul-
taneous, coupled ordinary differential equations: Eqs. (4.443] 1452, L.460). These require
numerical solution in general. Note also that one could also employ a more fundamental
treatment as a differential algebraic system involving H = H,, P = P, = RT Zi\ilﬁi and

Eq. (£339).

4.6.5 Non-adiabatic isochoric combustion

Consider briefly combustion in a fixed finite volume in which there is simple convective heat
transfer with the surroundings. In general, the first law of thermodynamics is

dE . .

—=0Q-W. 4.462
=0 (1462)
Because the system is isochoric W = 0. And using standard relations from simple convective
heat transfer, one can say that

‘Z—f — —hA(T — To). (4.463)

Here, h is the convective heat transfer coefficient and A is the surface area associated with
the volume V', and T, is the temperature of the surrounding medium. One can, much as
before, write E in detail and get an equation for the evolution of T

4.6.6 Entropy evolution: Clausius-Duhem relation

Now, consider whether the kinetics law that has been posed actually satisfies the second law
of thermodynamics. Consider again Eq. (8350). There is an algebraic relation on the right
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side. If it can be shown that this algebraic relation is positive semi-definite, then the second
law is satisfied, and the algebraic relation is known as a Clausiu—Duhe relation.
Now, take Eq. (3:350) and perform some straightforward operations on it:

N
1
dS|py = —szdni >0, (4.464)
i=1
irreversibility
ds|  _ Vqeodul o (4.465)
dt |y, TNV '
N
1% dp,
= —— T— >0 4.466
T = /"LZ dt — ) ( )
v N _F N / 1 N
= 7 Zﬁi”i aT” exp <_—T> (H ﬁkyk> 11— — Hﬁk"k > 0,(4.467)
i=1 _ \k=1 € k=1
E/;(,T)

= —%me@)( ﬁﬁ) <1— K%Hm”k) >0, (4.468)
; (Z ﬁim) >0, (4.469)

Change the dummy index from k back to .

s 1 A 1 &
as _ Yo AN § P AT 4.4
i, = h( )(sz ) ( i L7 )04_0, (4.470)
- %ﬂa, (4.471)
& d¢
= a4 4,472
T dt (4472)

Consider now the affinity @ term in Eq. (£.469) and expand it so that it has a more useful
form:

a=-Y my = —Y G (4.473)

i=1 i=1

12Rudolf Julius Emanuel Clausius, 1822-1888, German physicist.
13Pierre Maurice Marie Duhem)| 1861-1916, French physicist.
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N P
= -y (y;i +RT'In (F)) Vi, (4.474)
i=1 o
N N PV
= - g%, —RTD In|= 44
ZZ::QT,ZI/ R ; n (Po) , (4.475)
=AG°
— A K (R
= RT|——-) In (-) : (4.476)
RT — 0
—— =1
=InKp

)) , (4.477)

1 b (P
A R <_) , 4478
(o5t 011 (7)) e
N v;
_ 1 P\
— —RTIn|— — 44
n KPE(PO) ), (4.479)
(fo)zﬁiluz N SRT\ Y
— _RTIn | BT Pi _
RTIn 7 1:[1< = ) : (4.480)
1 N
— —RTh —Hﬁﬁ'). (4.481)
¢ i=1

Equation (£48T]) is the common definition of affinity. Sometimes, it is written equivalently

as
K.

a@=RTln | ———r
(HZN 1 pzub

Another form can be found by employing the definition of K, from Eq. (£270) to get

) (4.482)

_ P\ T AGON
a = —RThn| (=2 - 7.V 4.483
“ ! <RT) eXp(RT)ZHlpZ ’ (4.483)
o z lljZ N
_ _TRr <AG —I—ln< ) p)) (4.484)
=1
(4.485)

) = ZH@”Z)
i=1

= —AG°—RTln <
RT
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To see clearly that the entropy production rate is positive semi-definite, substitute

Eq. (£48]) into Eq. ({£469) to get
ds 14 T Utrou) ([ = 1 17—
- = k(T 0. j [— 0. —RTIn| — 0.7 >
Sl P () (- £ 1) (T (110 ) =0

(4.486)
N LN LN
= —RVK(T 7.7 1—— 2% |In|l—1]|2"]| >o0. 4.4
RV k( ><i:1pz>< chm)n(mgpz)_o (4.487)
Define forward and reverse reaction coefficients, R’, and R”, respectively, as

N
R = k() [[7" (4.488)

i

Il
—_

k(T)
Kc

1"

o, (4.489)

=

R// =

1

(2

Both R’ and R” have units of mole/cm?/s. Tt is easy to see that
r=R —-TR" (4.490)

Note that since k(T) > 0, K. > 0, and p, > 0, that both R' > 0 and R” > 0. Since
v; = v — v}, one finds that

N N
1 R R
- e S Lt V= —, 44 1
Kc i . ]{7( ) sz R ( 9 )
i=1 i=1
Then, Eq. ([A.487) reduces to
dS o R// R//
— = —RVR'(1- = |In(=]>0 4.492
dt |5y ( R’) n(R’)_ ’ (4.492)
_ R’

Obviously, if the forward rate is greater than the reverse rate R' — R” > 0, In(R'/R") > 0,
and the entropy production is positive. If the forward rate is less than the reverse rate,
R —R" <0, In(R'/R") < 0, and the entropy production is still positive. The production
rate is zero when R’ = R".

Note that the affinity @ can be written as

_ R/
a=RI'ln{—|. 4.494
a=R n<R”) (4.494)

And so when the forward reaction rate exceeds the reverse, the affinity is positive. It is zero
at equilibrium, when the forward reaction rate equals the reverse.
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4.7 Simple one-step kinetics

A common model in theoretical combustion is that of so-called simple one-step kinetics. Such
a model, in which the molecular mass does not change, is quantitatively appropriate only
for isomerization reactions. However, as a pedagogical tool as well as a qualitative model for
real chemistry, it can be valuable.
Consider the reversible reaction
A= B. (4.495)

where chemical species A and B have identical molecular masses M4 = Mg = M. Consider
further the case in which at the initial state, n, moles of A only are present. Also take the
reaction to be isochoric and isothermal. These assumptions can easily be relaxed for more
general cases. Specializing then Eq. (Z240) for this case, one has

na = va (+ Nao, (4.496)
——1 —
ngp = VB C—l— npeo - (4497)
~~~ ~—~~
=1 =0
Thus
na = —C+ no, (4.498)

Now, n, is constant throughout the reaction. Scale by this and define the dimensionless
reaction progress as A = (/n, to get
na
To

= —A+1, (4.500)

=ya
np
No

~—~

=YB

= A (4.501)

In terms of the mole fractions then, one has

ya = 1=A (4.502)
ys = A\ (4.503)

The reaction kinetics for each species reduce to

dpy — Mo

o= A0 =3=7, (4.504)
dp _

d—tB = r,  pg(0)=0. (4.505)
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Addition of Eqgs. (Z504) and (Z3503) gives

d _  _

5 Patps) = 0, (4.506)
Pat P = Po (4.507)
Pay Bs (4.508)
N
NGIANG
=yaA =YB

In terms of the mole fractions y;, one then has

Yya+ys =1 (4.509)
The reaction rate r is then
r:kmO—i@) (4.510)
Kcpa

_ L 5./5
::m%C—K%%) (4.511)
) w512
::k@a—m<1—%ﬁéj). (4.513)

Now, r = (1/V)d(/dt = (1/V)d(n,\)/dt = (n,/V)d(N)/dt = p,d\/dt. So, the reaction
dynamics can be described by a single ordinary differential equation in a single unknown:

_dA _ I A
Pogy = kpo(1 = A) (1 - Km) ’ (4.514)
dA I A
AR TETE ) [ —— .
pn k(1 —\) ( 1o )\) (4.515)
Equation (511 is in equilibrium when
1 1
A= ~1l—-—+4... 4.516
1+ % K. " ( )

As K, — oo, the equilibrium value of A — 1. In this limit, the reaction is irreversible. That
is, the species B is preferred over A. Equation ([L5I5) has exact solution

Al_%ingiFi>Q. (4.517)
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For k > 0, K. > 0, the equilibrium is stable. The time constant of relaxation 7 is
1

E(1+ )
For the isothermal, isochoric system, one should consider the second law in terms of the

Helmholtz free energy. Combine then Eq. [3.350), dA|;, < 0, with Eq. (3.239), dA =
—SdT' — PdV + Zf\il 11;dn; and taking time derivatives, one finds

(4.518)

T =

N
dA|py = (—SdT — PdV + Zﬁidni) < 0, (4.519)
=1 .V
dA N dn,;
— =Y — < 0 4.520
dt |1y ;“ T (4.520)
1dA  V <~_ dp,

_ @i S 4521
T dt T &M (4.521)

1=

This is exactly the same form as Eq. (£487), which can be directly substituted into Eq. (£521)
to give

1 dA - T v 5.7
ke —RVk(T)(ZHlﬁﬂ) (1——1_[ ) < H )

(4.522)
dA _ al . N
&l RVTk(T)(il )(1——1‘[& >1n<?1:[ )
(4.523)
For the assumptions of this section, Eq. (£523)) reduces to
dA — 1 A 1 A
— = RTkp V(1 — l—-———|In|{——| < 4.524
dt |1y RTkp, VA M( Kcl—)\) n(Kcl—)\)_O’ (4.524)
— 1 A 1A
_ _ AN — 2 ) <o. .
o (-2 (2 Y <0 o

Since the present analysis is nothing more than a special case of the previous section,
Eq. (520) certainly holds. One questions however the behavior in the irreversible limit,
1/K. — 0. Evaluating this limit, one finds

dA

— 1
— kn, _ S - —1-Nhl-N+...| <o
i . knoRT | (1 —\)In (Kc> +H(1=XA)InA—(1—X)In( )+ <0

>0
——00

(4.526)
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192 CHAPTER 4. THERMOCHEMISTRY OF A SINGLE REACTION

Now, performing the distinguished limit as A\ — 1; that is the reaction goes to completion,
one notes that all terms are driven to zero for small 1/K,.. Recall that 1—\ goes to zero faster
than In(1 — \) goes to —oo. Note that the entropy inequality is ill-defined for a formally
irreversible reaction with 1/K, = 0.
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Chapter 5

Thermochemistry of multiple
reactions

This chapter will extend notions associated with the thermodynamics of a single chemical
reactions to systems in which many reactions occur simultaneously. Some background is in
some standard sources[TH

5.1 Summary of multiple reaction extensions

Consider now the reaction of N species, composed of L elements, in J reactions. This section
will focus on the most common case in which J > (N — L), which is usually the case in large
chemical kinetic systems in use in engineering models. While much of the analysis will only
require J > 0, certain results will depend on J > (N — L). It is not difficult to study the
complementary case where 0 < J < (N — L).

The molecular mass of species i is still given by Eq. ([@.1):

L
M; =Y Mgy,  i=1,...,N (5.1)
=1

However, each reaction has a stoichiometric coefficient. The j** reaction can be summarized
in the following ways:

N N

i=1 i=1

N

vy = 0 =L 53)
i=1

Turns, S. R., 2011, An Introduction to Combustion, Third Edition, McGraw-Hill, Boston. Chapters 4-6.

2Kuo, K. K., 2005, Principles of Combustion, Second Edition, John Wiley, New York. Chapters 1 and 2.

3Kondepudi, D., and Prigogine, 1., 1998, Modern Thermodynamics: From Heat Engines to Dissipative
Structures, John Wiley, New York. Chapters 16 and 19.
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Stoichiometry for the ;% reaction and I** element is given by the extension of Eq. (E24):

N
> Guvi;=0, I=1...L j=1,....J (5.4)
i=1

The net change in Gibbs free energy and equilibrium constants of the j™* reaction are defined

by extensions of Eqs. (£268)), ([L267), [E270):

N
AGS =D Ghwy,  G=1....J (5.5)

=1

~AGY ,
Kpj =exp = ) j=1,...,J, (5.6)
N
P, \ =t ~AG?

K. =[=2 — ), =1,...,J. 5.7
J <RT) exp< i ) J (5.7)

The equilibrium of the j* reaction is given by the extension of Eq. (E253):

N
> hvy =0, j=1,...J (5.8)
=1

or the extension of Eq. ({.250):

N
> gy = 0, j=1...J (5.9)
i=1

The multi-reaction extension of Eq. (3.472]) for affinity is

N
a]:_zﬁll/l]7 jzl’...,J- (5'10)
=1

The multi-reaction extension of the affinity definition of Eq. (£494) is

/

a; = RTIn (&) =1 J (5.11)
j R~ ) 7 RN & .
J

In terms of the chemical affinity of each reaction, the equilibrium condition is simply the

extension of Eq. (E254):
a,=0, j=1,...J (5.12)

At equilibrium, then the equilibrium constraints can be shown to reduce to the extension

of Eq. ([E256):

N P\ ‘
Kp; = ] 5 - i=L. (5.13)

i=1
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5.1. SUMMARY OF MULTIPLE REACTION EXTENSIONS 195

or the extension of Eq. ([E2T4):

K; = [Ia"™, i=1...J (5.14)

For isochoric reaction, the evolution of species concentration 7 due to the combined effect
of J reactions is given by the extension of Eq. (£.279)):

Ed}i

i < N (P Py
“Pi _ o a:T% exp [ —2 5, ki 1— 7.7 |, i =1,...,N. (5.15
g = 2T e <RT) (Up’“ i, 17 Z 519
=1 - _ \k=1 k=1
=k;(T) forward reaction reverse reaction

(.

=1y =(1/V)d¢; /dt

The extension to isobaric reactions, not given here, is straightforward, and follows the same
analysis as for a single reaction. Again, three intermediate variables which are in common
usage have been defined. First, one takes the reaction rate of the j™* reaction to be the

extension of Eq. (4280):

7
r; = a;T% exp <_ ])

N , 1 N
_ij _I/k]‘ s
(Hpk ) 1—K_Hpk . j=1,...,J, (5.16)

N g RT " \k=1 &I =1
=k;(T) forward reaction reverse reaction
or the extension of Eq. (L.281):

= N N

_g vl ]_ N

_ B J — ki — Tkj s
r; = ajTJexp<RT Hpk —K_Hpk , j=1,...,J, (5.17)

- _ k=1 I k=1

=k;(T), Arrhenius rate N forward reaction reverse reaction

Vv
law of mass action

1 dg;
— 5.18
Vo dt ( )

Here, (; is the reaction progress variable for the j reaction.
Each reaction has a temperature-dependent rate function k;(7"), which is and extension

of Eq. (£282):
_z

k(T)=aT%exp | =2 ), =1,...,.J 5.19
) =arhen(TE). (5.19)
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196 CHAPTER 5. THERMOCHEMISTRY OF MULTIPLE REACTIONS

The evolution rate of each species is given by w;, defined now as an extension of Eq. (£284]):
now as

W=y vy, i=1...N. (5.20)

So, we can summarize the isochoric Eq. (5.13) as

dp; .
a (5:21)

It will be useful to cast this in terms of mass fraction. Using the definition Eq. (Z43),
Eq. (521)) can be rewritten as
d ([ pY; )
- = w;. 5.22
dt (M) “ (522)

Because M; is a constant, Eq. (5.22)) can be recast as

d

The multi-reaction extension of Eq. (£.239) for mole change in terms of progress variables
is

J
dn; =Y vyd, i=1,...,N. (5.24)
7j=1
One also has Eq. ([£.243):
N
G|y p = Zﬁidni, (5.25)
_ zu,zumdck, (5.26)
=1
oG oG
— = : v 5.27
G|, ;“ Z oG (5.27)

=1 j=1

N
i=1
= —@, j=1,...,J (5.30)
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For a set of adiabatic, isochoric reactions, one can show the extension of Eq. (£430) is

J
dT > o riAE;
_— = ——j_l J ]’ (531)
dt PCy

where the energy change for a reaction AE; is defined as the extension of Eq. (£429):
N
AE]‘ :ZEZ‘I/Z‘]', j = 1,...,J. (532)
i=1

Similarly for a set of adiabatic, isobaric reactions, one can show the extension of Eq. (1.445])
to be

J
dT - AH;
_ _Zj_l J J’ (5.33)
dt pCp

where the enthalpy change for a reaction AH; is defined as the extension of Eq. (£444]):
N
AHJ’ :Zhiyija j = 1,...,J. (534)
i=1

Moreover, the density and species concentration derivatives for an adiabatic, isobaric set can
be shown to be the extensions of Eqs. (£.457) and (4.461):

- = Mzrjzuij (CPT —1), (5.35)

7=1 =1
dp; . AH;
dr ; ’ <V” o <EPT - Anj)) ’ )
where
N
Anj = Z Vi (537)
k=1

In a similar fashion to that shown for a single reaction, one can further sum over all
reactions and prove that mixture mass is conserved, element mass and number are conserved.

[
Ezxample 5.1

Show that element mass and number are conserved for the multi-reaction formulation.
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Start with Eq. (510]) and expand as follows:

dp;
dt

dp
¢lz pz

(¢uip;)

d — e
o (Mip,©)

dp,®
dt

J
E Vij"’jy
j=1
J
¢li§ VijTy,
Jj=1

PLiVijTy,

M%

<.
Il
—

J
E ¢lezjr]7

Jj=1

RNgB

Mk‘
.MZ

¢liVijTj7
1

<.
Il
—

K2

J N
E 7’;2 ¢ziVij7

]:1 1=

—

—
0, I=1
0, =1,
0, =1,

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)
(5.45)

(5.46)

It is also straightforward to show that the mixture density is conserved for the multi-reaction, multi-

component mixture:

— =0.

(5.47)

The proof of the Clausius-Duhem relationship for the second law is an extension of the
single reaction result. Start with Eq. (£.464]) and operate much as for a single reaction model.

N
1
dSlpy = —m5 D Tdn; >0,
1=1

irreversibility

N

dn; 1
N __Z Figr v =Y

= __Z:U“zdpl > O

ds
dt

BV
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v J
= —? Zﬁizyijrj >0, (551)
=1  j=1
v Jj
= —? ZZﬂiywrj >0, (5.52)
i=1 j=1
v ' N
= -7 erZﬁiyi] >0, (5.53)
=1 =1
V jJ N ” 1 A
= =2 K][P" (1— I ,Hﬁ?’”) > i >0, (5.54)
=1 =1 G =1 i=1
VJJ N_,/., 1 N_,,., 1 N_,,.v
S0 GRS C [CRIE 1 C) R
(5.55)
_ N v 1 & -
= —RV) k][n” <1— Hﬁ?”) ln< H‘Z”) >0,
j=1 =1 Kej i Keji
(5.56)

Note that Eq. (5.53)) can also be written in terms of the affinities (see Eq. (5.10)) and reaction
progress variables (see Eq. (B.18))) as

as

1 _ d¢
o = =Y @2 >0 (5.57)

N
R, = k[]5". (5.58)
i=1
Lo
R Kﬂ _ 117" (5.59)
&) =1
then it is easy to show that
rj =R, —Rj, (5.60)
and we get the equivalent of Eq. (£493):
ds §5) d / " R;
= — —RN)In|=%]>0. 61
i, Rv;(nj RY) In R >0 (5.61)

Since k;(T") > 0, R >0, and V > 0, and each term in the summation combines to be positive
semi-definite, one sees that the Clausius-Duhem inequality is guaranteed to be satisfied for
multi-component reactions.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

200 CHAPTER 5. THERMOCHEMISTRY OF MULTIPLE REACTIONS

Now, let us cast this analysis with some of the language and notation similar to that of
Prigogine’ﬂ monographﬁ We will use a “P” to denote equations found in Prigogine’s text.
First, note that Eq. (5.53]) can also be written in terms of the affinities (see Eq. (5.10)) as

ds a
D T (), (5.62)
dt |y T
We can take Prigogine’s so-called “generalized force” to be x with
a
= —. 5.63
x=2 (563)
We can then take the so-called “generalized flux” j to be
j="Vr. (5.64)
Therefore, Eq. (5.62) can be recast as
d
s\ _ i’ -x. (5.65)
dt |y

Equations (L.G3H5.65) can be compared with Eqs. (P4.2). Note, we know that at equilibrium
both j = 0 and x = 0 from earlier analysis: When all @; are zero, x = 0, and by Eq. (5.11]),
we must have R, = R/, and thus since by Eq. (2.60), r; = R — R}, r; = 0. When all r; are
zero, j = 0. Moreover, Eq. (5.20) shows all w; are zero; thus, Eq. (5.2]) is in equilibrium.
This proof did not rely on any linearization near equilibrium.

5.2 Equilibrium conditions

For multicomponent mixtures undergoing multiple reactions, determining the equilibrium
condition is more difficult. There are two primary approaches, both of which are essentially
equivalent. The most straightforward method requires formal minimization of the Gibbs free
energy of the mixture. It can be shown that this actually finds the equilibrium associated
with all possible reactions.

5.2.1 Minimization of G via Lagrange multipliers

Recall Eq. B357), dG|rp < 0. Recall also Eq. (3359), G = S, gini. Since 71; = ; =
9G /Oni|prn;, one also has G = SN . From BEq. B360), dGlrp = SN, f;dn;. Now,
one must also demand for a system coming to equilibrium that the element numbers are
conserved. This can be achieved by requiring

N
Zqﬁli(nio—ni) :O, l = ].,...,L. (566)
i=1

4Mlya Prigogine, 1917-2003, Russian-Belgian chemist.
5Prigogine, 1., 1967, Introduction to Thermodynamics of Irreversible Processes, Interscience, New York.
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Here, recall ny, is the initial number of moles of species 7 in the mixture, and ¢;; is the
number of moles of element [ in species i.

One can now use the method of constrained optimization given by the method of Lagrange
multipliers to extremize G subject to the constraints of element conservation. The extremum
will be a minimum; this will not be proved, but it will be demonstrated. Define a set of L
Lagrangeﬁ multipliers \;. Next define an augmented Gibbs free energy function G*, which is
simply G plus the product of the Lagrange multipliers and the constraints:

L N
G =G+ N bulnio— ). (5.67)
=1 =1

Now, when the constraints are satisfied, one has G* = G, so assuming the constraints can be
satisfied, extremizing G is equivalent to extremizing G*. To extremize G*, take its differential
with respect to n;, with P, T" and n; constant and set it to zero for each species:

L
SN Ngu=0. i=1,...,N. (5.68)
1

Tvpvnj =

oG*
8ni

e

T.pn,  ONi

=;

With the definition of the partial molar property 7i;, one then gets

L
=Y Ngp=0, i=1..N (5.69)
1=1
Next, for an ideal gas, one can expand the chemical potential so as to get
P L
5+ RTIn [ =) =) Aoy =0 =1,...,N 5.70
/J’T,z + n (Po) ; l¢l ) ? ) AR ( )
=7,
n; P 1 L
79, + RT In <N7> —|-> Nou=0, i=1..N (5.71)
’ o) Fo —
k=1 =1
=P

Recalling that 21]::1 ng = n, in summary then, one has N + L equations

L
= i P .
ﬁ%,i_'_RTln (%F) —Z)\z@i = 0, i=1,...,N, (5.72)
° =1
N
> ou(nio—mn) = 0, I=1,.. L (5.73)
i=1

9Joseph-Louis Lagrange, 1736-1813, Italian-French mathematician.
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202 CHAPTER 5. THERMOCHEMISTRY OF MULTIPLE REACTIONS

in N 4+ L unknowns: n;,i=1,...,N, \,,l=1,...,L.

[
Example 5.2

Consider a previous example problem, p.[I34] in which
No+ Ny = 2N + Ns. (5.74)

Take the reaction to be isothermal and isobaric with T'= 6000 K and P = 100 kPa. Initially one has
1 kmole of Ny and 0 kmole of N. Use the extremization of Gibbs free energy to find the equilibrium
composition.

First, find the chemical potentials at the reference pressure of each of the possible constituents.
wr: =97 = E? =137 = EgQS,i + AE? = T37. (5.75)

For each species, one then finds

kJ
15 0 + 205848 — (6000)(292.984) = —1552056 ———— 5.76
/J’Ng + ( )( ) kmole ? ( )

kJ
% 472680 + 124590 — (6000)(216.926) = —704286 ——— (5.77)

kmole’
RT'1
. (nPO )

to get the full chemical potential. Now, P = P, = 100 kPa for this problem, so one only must consider
RT = 8.314(6000) = 49884 k.J/kmole. So, the chemical potentials are

To each of these one must add

_ nn.
= —1552056 + 49884 1In [ ———2— |, 5.78
HN n (nN n nN2) (5.78)
m 704286 + 49884 1 < N ) (5.79)
f — n _— . .
HN nn + nn,

Then, one adds on the Lagrange multiplier and then considers element conservation to get the
following coupled set of nonlinear algebraic equations:

—1552056 + 49884 In (L) — 2y = 0, (5.80)
nN + N,
ny
— 704286 + 49884 In <7) ) (5.81)
nN + NN,
nyN +2ny, = 2. (5.82)

These non-linear equations are solved numerically to get

ny, = 0.88214 kmole, (5.83)
ny = 0.2357 kmole, (5.84)
kJ
= —781934 ——. .
Av 781931 (5.85)

These agree with results found in the earlier example problem of p. [134]
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[
Ezxample 5.3

Consider a mixture of 2 kmole of Hy and 1 kmole of Oy at T = 3000 K and P = 100 kPa.
Assuming an isobaric and isothermal equilibration process with the products consisting of Hs, Oa,
H>O, OH, H, and O, find the equilibrium concentrations. Consider the same mixture at T = 298 K
and T"'= 1000 K.

The first task is to find the chemical potentials of each species at the reference pressure and
T = 3000 K. Here, one can use the standard tables along with the general equation

o, =9; = E? =137 = EgQS,i + AE? = T37.

For each species, one then finds

kJ
0 + 88724 — 3000(202.989) = —520242 ———,
kmole
kJ
= 0+ 98013 — 3000(284.466) = —755385 ———,
kmole
kJ
= —241826 4 126548 — 3000(286.504) = —974790 ———,
kmole
kJ
= 38987 + 89585 — 3000(256.825) = —641903 ————,
kmole
kJ
= 217999 + 56161 — 3000(162.707) = —213961 ———,
kmole
kJ
= 249170 + 56574 — 3000(209.705) = —323371 ——.
kmole

To each of these one must add

T1
RT In (nPo)

(5.86)

(5.87)
(5.88)
(5.89)
(5.90)
(5.91)

(5.92)

to get the full chemical potential. Now, P = F, =100 kPa for this problem, so one must only consider
RT = 8.314(3000) = 24942 k.J/kmole. So, the chemical potentials are

P,
o,
Br,0

Pom

—520243 4 24942 1n

—755385 4 24942 1n

—974790 + 24942 1n

—641903 + 24942 1n

—213961 4 24942 1n

—323371 4 24942 1n

(

(
(
(
(
(

TLH2

ng, +no, + N0 + non +ng + no

Nno,

ng, +no, + N0 + non +ng + no

anO

nH, +No, + ng,o +noyg +ng +no

noH

nH, +No, + ng,o +noyg +ng +no

npg

ng, +no, + N0 + non +ng + no

no

ng, +no, + N0 + non +ng + no

)
)
)
)
)

).

(5.93)
(5.94)
(5.95)
(5.96)
(5.97)

(5.98)
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Then, one adds on the Lagrange multipliers and then considers element conservation to get the following
coupled set of nonlinear equations:

—520243 + 24942 In ( [ ) — 2y = 0, (5.99)
N, +No, +nNH,0 +nog +ng +no
—755385 + 24942 In ( 10 ) —2 = 0, (5.100)
NH, + N0, ¥ NH,0 +NOoH +NH +No
—974790 + 24942 In < 11120 > —2m—Xo = 0, (5.101)
npg, +no, + Nu,0 +Now +nu +no
—641903 + 24942 In ( fton ) “dx—Xdo = 0,  (5.102)
ng, +no, + NH,0 + Nor +ng +no
—213961 + 24942 1n( [ ) —Ag = 0, (5.103)
NH, +No, +NH,0 + Nog +nHg +no
—323371 + 249421In ( 1o ) —Xo = 0, (5.104)
NHg, +No, +nH,0 +nog +ng +no
2ng, + 2np,0 +nog +ng = 4, (5.105)
2no, + ng,0 +nog +no = 2. (5106)

These non-linear algebraic equations can be solved numerically via a Newton-Raphson technique.
The equations are sensitive to the initial guess, and one can use ones intuition to help guide the
selection. For example, one might expect to have ng,o somewhere near 2 kmole. Application of the
Newton-Raphson iteration yields

ng, = 3.19x 107" kmole, (5.107)
no, = 1.10x10"" kmole, (5.108)
nmo = 1.50x10° kmole, (5.109)
nog = 2.20x107" kmole, (5.110)
ng = 1.36x 107" kmole, (5.111)
no = 5.74x 1072 kmole, (5.112)
kJ
Ag = —2.85x10° 5.113
a * kmole ( )
kJ
Ao = —4.16x10° 5.114
© * kmole ( )

At this relatively high value of temperature, all species considered have a relatively major presence.
That is, there are no truly minor species.

Unless a good guess is provided, it may be difficult to find a solution for this set of non-linear equa-
tions. Straightforward algebra allows the equations to be recast in a form which sometimes converges
more rapidly:

2
NH, 520243 )\H
- bt e 5.115
N + M0, + N0 + NoH + 1E + 110 b ( 24942 ) \“P\ 22022 ) ) - (5.115)
2
no, 755385 Ao
_ o 5.116
nu, +no, +nmo +now +nmg + no x ( 24942 P\ 31912 ’ ( )
2
50 974790 Ao A
- o A 5.117
i, + 0y + M0 + Nom + nE + 1o P ( 21912 ) P\ 21013 ) \ P\ 2a92 ) ) + 117
fon = ex 041903 ex o ex A (5.118)
ni, + 1o, + nmo +non +nm +no P\ 24942 ) P\ 24942 ) P\ 24042 ) '
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G(&)-G(0) (k)

40

-0.01 -0005 0.005 0.01
& (kmole)

Figure 5.1: Gibbs free energy variation as mixture composition is varied maintaining element
conservation for mixture of Hy, Oy, H,O, OH, H, and O at T' = 3000 K, P = 100 kPa.

nH = ex 213961 ex —/\H (5.119)
nH, +no, + nmo +nomg +ng +no P 21042 P 24942 ) - '
no 323371 Ao
- , 5.120
N + 10, + N0 + NoH + 1E + 110 b ( 24942 ) P (24942 (5.120)
2nmg, + 2ng,0 +Nog + N = 4, (5121)
2no, + ng,0 +nog +no = 2. (5122)

Then, solve these considering n;, exp (Ao /24942), and exp (Ar/24942) as unknowns. The same result
is recovered, but a broader range of initial guesses converge to the correct solution.

One can verify that this choice extremizes G by direct computation; moreover, this will show
that the extremum is actually a minimum. In so doing, one must exercise care to see that element
conservation is retained. As an example, perturb the equilibrium solution for ng, and ng such that

ng, = 3.19x107'+¢, (5.123)
ng = 136x107"'—2¢ (5.124)

Leave all other species mole numbers the same. In this way, when & = 0, one has the original equilibrium
solution. For £ # 0, the solution moves off the equilibrium value in such a way that elements are
conserved. Then, one has G = sz\il mini = G(&).

The difference G(§) — G(0) is plotted in Fig. 5l When & = 0, there is no deviation from the value
predicted by the Newton-Raphson iteration. Clearly when £ = 0, G(§) — G(0), takes on a minimum
value, and so then does G(&). So, the procedure works.

At the lower temperature, T = 298 K, application of the same procedure yields very different
results:

ng, = 4.88x 10727 kmole, (5.125)
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no, = 2.44x107% kmole, (5.126)

nmo = 2.00x10° kmole, (5.127)

non = 2.22x107%° kmole, (5.128)

ng = 229 x107* kmole, (5.129)

no = 1.67x 107" kmole, (5.130)
kJ

Ay = —9.54 x10% 5.131

" x kmole’ ( )
kJ

Ao = —1.07x10° : 5.132

© x kmole ( )

At the intermediate temperature, T = 1000 K, application of the same procedure shows the minor
species become slightly more prominent:

ng, = 4.99x 1077 kmole, (5.133)
no, = 2.44x1077 kmole, (5.134)
nmo = 2.00x10° kmole, (5.135)
nog = 2.09x 1078 kmole, (5.136)
ng = 2.26 x 1072 kmole, (5.137)
no = 1.10x 107 kmole, (5.138)
kJ
Ag = —1.36x10° 5.139
H * kmole’ ( )
kJ
Ao = —L77x10° : 5.140
© . kmole ( )

5.2.2 Equilibration of all reactions

In another equivalent method, if one commences with a multi-reaction model, one can require
each reaction to be in equilibrium. This leads to a set of algebraic equations for r; = 0, which
from Eq. (BI7) leads to

N oy N
P, \ ==Y —AG? .
K., === ex —1 ) = s =1,...,J. 5.141

7 (RT) P ( RT ) P Pr J ( )

With some effort it can be shown that not all of the J equations are linearly independent.
Moreover, they do not possess a unique solution. However, for closed systems, only one of
the solutions is physical, as will be shown in the following section. The others typically
involve non-physical, negative concentrations.

Nevertheless, Eqs. (5I40]) are entirely consistent with the predictions of the N + L equa-
tions which arise from extremization of Gibbs free energy while enforcing element number
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constraints. This can be shown by beginning with Eq. (&71]), rewritten in terms of molar
concentrations, and performing the following sequence of operations:

L
I+ BT | = | =Y N
S ”(zﬁzlnk/vpj "

=1

_ L
_ 5, P
+RTIn | —— —) > N
<Zk—1 Pk Py =1
L
s p
ﬁ%,z + RT In (%F) - Z )\l¢lz

N N _
) RT

Z Vijﬁ%,i + Z I/inT In (ﬁZ?) _
i=1 i=1 o

———
=AG?

RT\ <«
AGS + RT Z vij In (pz iz ) DN duvy

=0

Y RT
AGT + RTZI/Z] In (pZ 2 )

0, i=1,...,N,(5142)
0, i=1,...,N,(5143)
0, i=1,...,N,(5144)
0, i=1,...,N,(5145)
0, i=1,...,N,

j=1,...,, (5.146)
0, j=1,...,J, (5147
0, j=1,...,J, (5.148)
0, j=1,...,J. (5.149)

Here, the stoichiometry for each reaction has been employed to remove the Lagrange multi-

pliers. Continue to find

N SN Vij
RT\ ™ AGO
Zln(ﬁi—) - j=1,...,J,
i=1 Py RT’
N = v,
RT\ ™ AG?
o (5o () ) = o (22). s
(z:l Po T
N -, vij
M) = e a6 j=1
i=1 R RT 7
<ET)Z£\L1VU1]_\i[ Vi < AG ) . 1
2 — X — — goee .
PO 221 pl e p RT ]
CC BY-NC-ND.

(5.150)
L, (5.151)
L (5.152)
J, (5.153)
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N SN i o

PO i=1"1] AG
Hpi”ij = (_ ) exp (—_ ]), j=1,...,J,(5.154)
i=1

RT RT )
>y
N
[I77 = Ky, G=1.....J (5.155)
i=1

Thus, extremization of Gibbs free energy is consistent with equilibrating each of the J
reactions.

5.2.3 Zel’dovich’s uniqueness proof

Here, a proof is given for the global uniqueness of the equilibrium point in the physically
accessible region of composition space following a procedure given in a little known paper
by the great Russian physicist Zel'dovich[l The proof follows the basic outline of Zel’dovich,
but the notation will be consistent with the present development. Some simplifications were
available to Zel’dovich but not employed by him. For further background see Powers and
Paoluccif]

5.2.3.1 Isothermal, isochoric case

Consider a mixture of ideal gases in a closed fixed volume V' at fixed temperature 7. For
such a system, the canonical equilibration relation is given by Eq. (3356), dA|;,, < 0. So,
A must be always decreasing until it reaches a minimum. Consider then A. First, combining

Eqgs. (3238) and ([3.236)), one finds
A=-PV+G. (5.156)

Now, from Eq. (8:359) one can eliminate G to get
N
A=—PV+> ng, (5.157)
i=1
From the ideal gas law, PV = nRT, and again with n = Zf\il n;, one gets

N
A = —nRT+) n, (5.158)

=1
N N P
= - S nRT+S m (e, +RTIn (=) ), 5.159
Yoot Yo (0 (7)) (5159

"Zel'dovich, Ya. B., 1938, “A Proof of the Uniqueness of the Solution of the Equations for the Law of
Mass Action,” Zhurnal Fizicheskoi Khimii, 11: 685-687.

8Powers, J. M., and Paolucci, S., 2008, “Uniqueness of Chemical Equilibria in Ideal Mixtures of Ideal
Gases,” American Journal of Physics, 76(9): 848-855.
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N —o
- Fry n; P
= RTZnZ- (RT_Hln(nP))’ (5.160)

o

o~ (T RT
= RTY m ==~ 1+ (nip ) ). (5.161)
i=1 °

For convenience, define, for this isothermal isochoric problem n°, the total number of moles
at the reference pressure, which for this isothermal isochoric problem, is a constant:

PV
n’ = ——. (5.162)
RT
So
_ & o "
A=TRTS n _—’Z—1+ln<—2)). 5.163
> (% . (5.163)
Now, recall that the atomic element conservation, Eq. (5.66), demands that
N
> ulng—ni) =0, 1=1,...,L (5.164)
i=1

As defined earlier, ¢;; is the number of atoms of element [ in species i; note that ¢; > 0.
It is described by a L x N non-square matrix, typically of full rank, L. Defining the initial
number of moles of element [, g, = Zf\il ¢1in40, one can rewrite Eq. (5.164) as

N
Séuni=e, 1=1,...L (5.165)
=1

Equation (5.I69) is generally under-constrained, and one can find solutions of the form

ni Nio Dy, Dio Dy no1r
ng N20 Dy, Dya Dy not

S| = St : &+ : ot ...+ . En—r.  (5.166)
ny NNo Dy Dy o Dy n-1L

Here, D, represents a dimensionless component of a matrix of dimension N x (N —L). Here,
in contrast to earlier analysis, &; is interpreted as having the dimensions of mole. Each of
the N — L column vectors of the matrix whose components are D;; has length N and lies in
the right null space of the matrix whose components are ¢;;. That is,

N
> @Dy =0, k=1, N-L I=1..L (5.167)
i=1

There is an exception to this rule when the left null space of v;; is of higher dimension than
the right null space of ¢;;. In such a case, there are quantities conserved in addition to the
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elements as a consequence of the form of the reaction law. The most common exception
occurs when each of the reactions also conserves the number of molecules. In such a case,
there will be N — L — 1 free variables, rather than N — L. One can robustly form D;; from
the set of independent column space vectors of v;;. These vectors are included in the right
. N

null space of ¢; since Y ., g1 = 0.

One can have Dy, € (—00,00). Each of these is a function of ¢;;. In matrix form, one
can say

ny Mo Dy Dy ... Din-g &1
71.2 _ n.20 n Pm ?22 ah D, {V—L 5:2 (5.168)
ny "'No Dni Dn2 ... Dy oL EN-L
In index form, this becomes
N-L
ni=ni+ » Db, i=1... N (5.169)
k=1

It is also easy to show that the N — L column space vectors in D;; are linear combinations
of N — L column space vectors that span the column space of the rank-deficient N x J
components of v;;. The N values of n; are uniquely determined once N — L values of &
are specified. That is, a set of independent &, kK = 1,..., N — L, is sufficient to describe
the system. This insures the initial element concentrations are always maintained. One
can also develop a J-reaction generalization of the single reaction Eq. (499). Let =y,
k=1,....N—L,j=1,...,J, be the extension of . Then, the appropriate generalization

of Eq. (£99) is

N-L
vij = Y DuZij. (5.170)
k=1
In Gibbs notation, one would say

v=D-E. (5.171)

One can find the matrix E by the following operations
D-E = v, (5.172)
D"-D-2 = D7 .p, (5.173)
= - (D"-D) -D”-v. (5.174)

This calculation has only marginal utility.
Returning to the primary exercise, note that one can form the partial derivative of

Eq. (5.169):

on. NZ_:LD 06k =1,...,N; p=1,....N—L (5.175)
= ik s t=1....,.N; p=1,..., — 4 .
(%p & k=1 (%p &5
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N—L

= Y Dubpp, i=1,...,N;p=1..N-1L, (5.176)
k=1

- Dy, i=1,...,N;p=1,_... N—1L (5.177)

Here, 0y, is the Kronecker delta function.

Next, return to consideration of Eq. (B.I6T]). It is sought to minimize A while holding

T and V constant. The only available variables are n;, i = 1,...
independent, but they are known in terms of the independent ¢,,

,IN. These are not fully
p=1,...,N—L. So, one

can find an extremum of A by differentiating it with respect to each of the &, and setting

each derivative to zero:

0A 8nz <ﬁ%z ) 371, n; 0 n;
oa — BT AU ) In(—)+n—IMm(—)|=0,
el = T (el () e e G g ()
p=1,...,N—L, (5178
— 8n2 ﬂ%z ) 87% n; N 871,(] 0 n;
; <8§p g (RT ¢, 3 " <n0> " ; ¢, On, (nO)
p=1,...,N—L, (5179
N 7 N 1
) T
= RTZ (sz (RT ) + sz In (n ) +n,; Zqu;(Siq> = O,
i=1 q=1 !
p=1,...,N—L,  (5.180)
N —o
- Hr n;
= RTZ (sz (EZ—' - 1) "‘sz In (E) +D2p) = O,
i=1
p=1,...,N—L, (5.181)
N
::ETXﬁ%<M”+m(%)>=, p=1,...,N—L. (5.182)
i=1

Following Zel’dovich, one then rearranges Eq. (5.I82]) to define the equations for equilibrium:

N n
;Dipln (n_:))
n; Dip
> (55)
N n; Dip
I1(%)

N-L 1 Dip
((nio + Z Dik§k> —O>
k=1 n

N
lnH

i=1

ZPIU’T i

_ Z ’
ZPIU’T %

_Z ’
_Z zp:UTz

ZPIU’T i

_§: ,

CC BY-NC-ND.

p=1,...,N—L, (5.183)
p=1,...,N—L, (5.184)
p=1,...,N—L, (5.185)
p=1,...,N— L. (5.186)
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Equation (5.I86) forms N — L equations in the N — L unknown values of ¢, and can be solved
by Newton iteration. Note that as of yet, no proof exists that this is a unique solution. Nor
is it certain whether or not A is maximized or minimized at such a solution point.

One also notices that the method of Zel'dovich is consistent with a more rudimentary
form. Rearrange Eq. (5.I82) to get

0A

% _ ﬁ:pm@;ﬁETm(%)):o, p=1,...,N—L, (5.187)

;:)) : (5.188)

N
= 2Dy (ﬁ%i +RTIn (”
’ n

1=1

= E Dip (ﬂ%,i ‘l‘ RT ln (FZ)) 5 (5189)
i=1 °

&, TV

N
= Y 7Dy (5.190)
i=1
Now, Eq. (5I90) is easily found via another method. Recall Eq. (8:239), and then operate
on it in an isochoric, isothermal limit, taking derivative with respect to &,, p=1,..., N — L:
N
dA = —8dT — PdV + Jidn;, (5.191)
i=1
N
dAlpy = > Tdn;, (5.192)
0A N o,
g = S (5.193)
agp fj,T,V Zz:; agp
N
= > 7Dy (5.194)
i=1

One can determine whether such a solution, if it exists, is a maxima or minima nl]a,
examining the second derivative, given by differentiating Eq. (5I82)). We find the Hessia
H, to be

92 A
T RTZDZP% ( ) (5.195)

_ 0 0
= RT;D@ (a_gj Inn; — 8—£Jlnn ) (5.196)

Yafter [Ludwig Otto Hesse, 1811-1874, German mathematician.
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- RTZDZP L on, (5.197)
L OE;
_ BT il 1
R ;771 (5.198)

Here, j = 1,..., N — L. Scaling each of the rows of D;, by a constant does not affect the
rank. So, we can say that the N x (N — L) matrix whose entries are D;,/,/n; has rank
N — L, and consequently the Hessian H, of dimension (N — L) x (N — L), has full rank
N — L, and is symmetric. It is easy to show by means of singular value decomposition, or
other methods, that the eigenvalues of a full rank symmetric square matrix are all real and
non-zero.

Now, consider whether 92 A/9¢;0¢, is positive definite. By definition, it is positive definite
if for an arbitrary vector z; of length N — L with non-zero norm that the term Y7y, defined
below, be always positive:

L N—-L

N—
82
Ty = Z Z BE0E, 0. (5.199)
j:

Substitute Eq. (5.198) into Eq. (5.199) to find

N—-LN—-L

DZ D;;
Trv = > ZRTZ ad PN (5.200)
j=1 p=1
1 N—L N—-L
= RT .
L =33 DDy, (5.:201)
i=1 7j=1 p=1
N 1 N—-L
= RT - o . .
Z - Z Dijz > Dipop, (5.202)
i=1 7j=1 p=1
N 1 N—-L N—-L
= RT _ s . . .
Zn ZDUZJ> (Z Dlpzp> (5.203)
i=1 j=1 p=1
Define now
N—-L
yi=» Dyz, i=1,... N (5.204)
j=1
This yields
N y2
T = RTY =2, 5.205
v > (5.205)
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Now, to restrict the domain to physically accessible space, one is only concerned with n; > 0,
T > 0, so for arbitrary y;, one finds Y7y > 0, so one concludes that the second mixed partial
of A is positive definite globally.

We next consider the behavior of A near a generic point in the physical space € where
A= A. If we let d€ represent £ — £ we can represent the Helmholtz free energy by the
Taylor series

A(g):A+d£T-VA+%d£T-H-d§+..., (5.206)

where VA and H are evaluated at é Now, if é = £ where eq denotes an equilibrium
point, VA =0, A = A%, and

A(€) — A% = %d&T "H-d¢+. ... (5.207)

Because H is positive definite in the entire physical domain, any isolated critical point will
be a minimum. Note that if more than one isolated minimum point of A were to exist in
the domain interior, a maximum would also have to exist in the interior, but maxima are
not allowed by the global positive definite nature of H. Subsequently, any extremum which
exists away from the boundary of the physical region must be a minimum, and the minimum
is global.

Global positive definiteness of H alone does not rule out the possibility of non-isolated
multiple equilibria, as seen by the following analysis. Because it is symmetric, H can be
orthogonally decomposed into H = QT - A - Q, where Q is an orthogonal matrix whose
columns are the normalized eigenvectors of H. Note that Q7 = Q~!. Also A is a diagonal
matrix with real eigenvalues on its diagonal. We can effect a volume-preserving rotation of
axes by taking the transformation dw = Q - d€; thus, dé = Q' - dw. Hence,

A— A = %(QT-dw)T-H-QT-dw - %dwT-Q-QT-A-Q-QT-dw - %dwT-A-dw. (5.208)

The application of these transformations gives in the neighborhood of equilibrium the quadratic

form
N L

A— A== Z)\ (dw,)?. (5.209)

For A to be a unique minimum, A, > 0. If one or more of the A\, = 0, then the minimum
could be realized on a line or higher dimensional plane, depending on how many zeros are
present. The full rank of H guarantees that A, > 0. For our problem the unique global
minimum which exists in the interior will exist at a unique point.

Lastly, one must check the boundary of the physical region to see if it can form an
extremum. Near a physical boundary given by n, = 0, one finds that A behaves as

N _
nljr_r}OA ~ FT;m (%j; —14+1n (%)) — finite. (5.210)
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The behavior of A itself is finite because lim,, _,on,Inn, = 0, and the remaining terms in
the summation are non-zero and finite.

The analysis of the behavior of the derivative of A on a boundary of n, = 0 is more
complex. We require that n, > 0 for all IV species. The hyperplanes given by n, = 0 define
a closed physical boundary in reduced composition space. We require that changes in n,
which originate from the surface n, = 0 be positive. For such curves we thus require that
near n, = 0, perturbations d¢; be such that

N—-L
dng =Y Dypdfy > 0. (5.211)
k=1

We next examine changes in A in the vicinity of boundaries given by n, = 0. We will restrict
our attention to changes which give rise to dn, > 0. We employ Eq. (5.I87) and find that

i (72 + BT (7)) Z Dypdéy. (5.212)

TVi&j#p i=1

N—-L

dA = Z dé, 229

On the boundary given by n, = 0, the dominant term in the sum is for ¢ = ¢, and so on this
boundary

Jim dA = RTln( ) Z D€, — —0c. (5.213)
%,_/
>0

The term identified by the brace is positive because of Eq. (5.211]). Because R and T > 0,
we see that as n, moves away from zero into the physical region, changes in A are large and
negative. So, the physical boundary can be a local maximum, but never a local minimum
in A. Hence, the only admissible equilibrium is the unique minimum of A found from
Eq. (BI80); this equilibrium is found at a unique point in reduced composition space.

5.2.3.2 Isothermal, isobaric case

Next, consider the related case in which 7" and P are constant. For such a system, the
canonical equilibration relation is given by Eq. ([8.357) holds that dG/|; , < 0. So, G must
be decreasing until it reaches a minimum. So, consider G, which from Eq. (8:359) is

N
G = Z nifi;, (5.214)

—_—
; <ﬂ%i +RT'n (F)) , (5.215)
P

_ N:
N T T1 ! 21
<uTﬂ+R (np)) (5.216)
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_ RTZ ( </~LTZ

Next, differentiate with respect to each of the independent variables §, forp =1, ...,

oG on; (A1, ( P
— = RT + In
0%, Z <a£p ( P

'

2 ()
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$U|“U §U|“U

§U|“U

)+1+ln<%
)+1—|—ln<%

)Hn(%) )

(5.217)

N — L:

)& (gt oo

5 on; (T P
- RT;(% (RT“H(

7))

(5.219)

(5.220)

(5.221)

(5.222)

(5.223)

(5.224)

(5.225)

(5.226)
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(5.228)

al - n; P

= Y Dy <ﬁ;i + RT'In ( - )) , (5.227)
— npb,
N

= ;sz <ﬁ%z + RT'In (Zi)) )
N

= > @Dy p=1,....N-L (5.229)
i=1

Note this simple result is entirely consistent with a result that could have been deduced by
commencing with the alternative Eq. 3.361), dG|; p = Zfil 1;dn;. Had this simplification
been taken, one could readily deduce that

N

oG on;
= = h—, p=1,...N—1L, 5.230
9p ¢, ; 73 (5:230)
N
= Y #Dy  p=1,..N-L (5.231)
=1

Now, to equilibrate, one sets the derivatives to zero to get

N
_ P
Zpip@%ﬁRTln(ZP)) =0, p=1,....,N—L, (5232

i=1 °

al n; P Dip N ﬁ%
{2 = =2 D= 2
; ! (nPo) ; Sl (5.233)
N D, N _0
2\ Hr i
! nP, = — 2 Dwpr 234
Dip
| ﬂ (m‘o + fo:‘f 'Dzkfk> P i ; 9.
! = - ip——77
i=1 (fozl (nqo+szgf Do ) P, 2" RT

p=1,...,N — L. (5.235)

These N — L non-linear algebraic equations can be solved for the N — L unknown values of £,
via an iterative technique. One can extend the earlier analysis to show that the equilibrium
is unique in the physically accessible region of composition space.

We can repeat our previous analysis to show that this equilibrium is unique in the phys-
ically accessible region of composition space. By differentiating Eq. (5.231)) it is seen that

%G X0
SEoe = RT;Dipa—gjln(E» (5.236)
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(0 ;)
- RT ;Dipa—fjlnni—ZDipa—fjlnn>, (5.237)
N
= RT ;Dipn—ia—gj—z%n%) (5.238)
N

— RT ;Dipn—ia—gj - Z a& <Z:: nq>) : (5.239)
al 1 0n,
(£oi2)).
N N N
~ (2P Ly zpipa,j> | (5241

Next consider the sum

NZLN-L g2 N-LN-L (N 5 | N N
Tre = %% = RT —— = DDy | 2125 (5.242
TP ;;agjagp” ;p; ; . ";q; vDaj | 252 (5:242)

We use Eq. ([B204) and following a long series of calculations, reduce Eq. (5242), to the

positive definite form
-~ N N 2
RT ( n; n; )
Trp=-—> > (/Zyi—/~y) >0 5.243
" [ — i n;" ( )

It is easily verified by direct expansion that Eqs. (5.242) and (5.243)) are equivalent.

On the boundary n; = 0, and as for the isothermal-isochoric case, it can be shown that
dG — —oo for changes with dn; > 0. Thus, the boundary has no local minimum, and we
can conclude that GG is minimized in the interior and the minimum is unique.

5.2.3.3 Adiabatic, isochoric case

One can extend Zel'dovich’s proof to other sets of conditions. For example, consider a case
which is isochoric and isoenergetic. This corresponds to a chemical reaction in an fixed
volume which is thermally insulated. In this case, one operates on Eq. (B:357):

N
df = —P d_xo/ +TdS+Z;ﬁidni, (5.244)
N
0 = TdS+ > fidn, (5.245)

1=1

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

5.2. EQUILIBRIUM CONDITIONS 219

N
1
s = —= > Tidni, (5.246)
i=1
1 N N—L
= -7 ;g ]; D d&y, (5.247)
1 N N-L
= _TZ 1, D d, (5.248)
i=1 k=1
oS 1L O,
oo 2 D2 5.249
5, 0 ; ; il e (5.249)
N N-L
1 _
i=1 k=1
1 N
_ —f;ﬂﬂ% (5.251)
N
1 = P
N
1 —0 — HZP
= —T ; (MTJ' -+ RT ln (npo)) DZju (5253)
1 n,RTT,
= -7 ; <um + RTIn ( VT, ) Di;, (5.254)
1 — T — n;RT,
= —? ; </~LT,i + RT In (TO + RT In ( PV )) Dij7 (5-255)
_ _i P +Rln r +Rln niRT, D, (5.256)
=T T, PV v
=i (T)
N _
— n; RT,
- _ (T 1 Lm0 D, 2
;(m - n( md )) (5.257)
928 N/ 0y,(T) OT Eani)
- - 4 D;i. 5.258
0¢,0E; ; ( or  9&  m; &) 7 ( )
N
B op(T) 0T R
_ Z( e k) Dy (5.250)
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Now, consider d7" for the adiabatic system.

N
E=E, = ) ng(T), (5.260)
| e,
dE=0 = |n T T dT +Egdng | (5.261)
q=1
N
0 = ) (ngCudl +2ydny). (5.262)
q=1
N _
_, €qdn
T = —%, (5.263)
Zq 1nqCUf1
= —QZ €q Z Dypd§y, (5.264)
q=1
| NoN-L
IR Z €qDgpdEp, (5.265)
V=1 p=1
T | NoN-L o5,
26, ne Z €Dapm7 (5.266)
Ok ne, =~ = o0&,
| NoN-L
- e Z €4DgpOpis (5.267)
Yg=1 p=1
1 i_ D (5.268)
= = €qqk- .
ne, &
Now, return to Eq. (5.259), using Eq. (5.268) to expand:
928 o;(T
- Di;, 2
08108 ; ( or  ne, Zeq ak ) J (5.269)
i (T
- Z aT ne, Zeq quZJ Z DZkD2]> (5270)
i=1 n;
N N N
1 0y (T) = - DD
= >N —r €D Dij — RY — L) (5.271)

i=1 g=1 i=1
Now, consider the temperature derivative of ¢;(T"), where ¢;(T) is defined in Eq. (5.250)):

Bri (T
—— ’ | , .
P T +Rn(To) (5.272)
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dy; A, 1dpg; R
= st 2
a7 T Tdr T (5.273)
Now
i, = hpy—T5%, (5.274)
T T — ~
—o (T) .
= T+ / epi(T)dT —T <§%,,z + / i T( )dT), (5.275)
_%p g :%“,i
dpg, /T epi(T) -
- = Cpi—S7,;— ——=dT" — Cp;, 5.276
dT’ P 7o, T, T P ( )
- .
—o CPZ'(T) ~
= _Toz’_/o 7 dT’, (5.277)
= —57: (5.278)
Note that Eq. is a special case of the Gibbs equation given by Eq. With this,
one finds that Eq. reduces to
di; Br; St; R
= 0 — = 2
dT T T (5.279)
1 _
= —m5 (A7 + 157, — RT), (5.280)
1 _
= —5 (97, + 757, — RT), (5.281)
|
= —oa | hri = T, +T57,; — BT |, (5.282)
—0
=97,
1 /=0
= T2 (hm - RT) : (5.283)
1 _
= —= (e + Pv; — RT), (5.284)
1 _
= 7 (e + RT — RT), (5.285)
1
= —ﬁéi (5.286)
So, substituting Eq. (5:280) into Eq. (G271), one gets
0?8 1 L& X D,D;;
= - €Dy Dij — = 2
0&r0E; nec,T? Z Z CiCa™ak i RZ n; (5.287)
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Next, as before, consider the sum

N N
1 __
a aé"] Kz = — nEvTQ : Z Z 6iququijZij

- DDy
-R Z — L 2, (5.288)

N
RO Daz Dz (5.289)

N
— 1
L

1 j= q=
N /NI -L
—EZ — ( Dzk2k> ( Dijzj> y (5291)
i1 v\ bk j=1
AR
) — RZ—Z (Z D,kzk> (5.292)

1 N 2 N y
=~ (Zéy) —RZ;. (5.293)

Since ¢, > 0, T > 0, R > 0, n; > 0, and the other terms are perfect squares, it is obvious
that the second partial derivative of S < 0; consequently, critical points of S represent a
maximum. Again near the boundary of the physical region, S ~ —n; Inn,, so lim,, ,0.5 — 0.
From Eq. (5.268]), there is no formal restriction on the slope at the boundary. However, if a
critical point is to exist in the physical domain in which the second derivative is guaranteed
negative, the slope at the boundary must be positive everywhere. This combines to guarantee
that if a critical point exists in the physically accessible region of composition space, it is
unique.
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5.2.3.4 Adiabatic, isobaric case

A similar proof holds for the adiabatic-isobaric case. Here, the appropriate Legendre trans-
formation is H = E' + PV, where H is the enthalpy. We omit the details, which are similar
to those of previous sections, and find a term which must be negative semi-definite, Y gp:

THP = 'Zij (5294)

1 N 2 BN N — - 5
= - By | — — P (T
- ot () IR Y (e ) e

Because ¢p > 0 and n;, > 0, the term involving h;y; is a perfect square, and the term
multiplying R is positive definite for the same reasons as discussed before. Hence, Typ < 0,
and the Hessian matrix is negative definite.

5.3 Concise reaction rate law formulations

One can employ notions developed in the Zel’dovich uniqueness proof to obtain a more effi-
cient representation of the reaction rate law for multiple reactions. There are two important
cases: 1) J > (N — L); this is most common for large chemical kinetic systems, and 2)
J < (N — L); this is common for simple chemistry models.

The species production rate is given by Eq. (515]), which reduces to

dp, 1< d¢ _
dtzvzuijd—;, i=1,...,N. (5.296)

=1

Now, differentiating Eq. (5.169), one obtains
N—L
dn; =Y Dyd&,  i=1,...,N. (5.297)
k=1

Comparing then Eq. (5297) to Eq. (5:24]), one sees that

J N-L
S vyd¢ =Y Dudéy,  i=1,...,N, (5.298)

Jj=1 k=1

1 J 1 N—L
- > vydG; = v > Dpdé,  i=1,...,N, (5.299)

J=1 k=1
(5.300)
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5.3.1 Reaction dominant: J > (N — L)

Consider first the most common case in which J > (N — L). One can say the species
production rate is given

N—-L

ds, 1 de, <
i § : k _2 : ~_
dt = le dt = < ViiTy, 1= 1, ceey N. (5301)

One would like to invert and solve directly for d¢;/dt. However, Dy is non-square and has
no inverse. But since ZZN:1 &1 Dy = 0, and ZZN:1 ¢uvi; = 0, L of the equations N equations
in Eq. (B.301) are redundant.

At this point, it is more convenient to go to a Gibbs vector notation, where there is an
obvious correspondence between the bold vectors and the indicial counterparts:

dp 1 __ d¢
S=yD- = v (5.302)
d
DT~D~—5 = VD' .v.r, (5.303)
dt
d
d_f — V(D'-D)"' DT v 1. (5.304)

Because of the L linear dependencies, there is no loss of information in this matrix projection.
This system of N — L equations is the smallest number of differential equations that can be
solved for a general system in which J > (N — L).

Lastly, one recovers the original system when forming

-% = VvD-(D"-D)'-D"w-r. (5.305)
_p

D

Here, the N x N projection matrix P is symmetric, has norm of unity, has rank of N — L,
has N — L eigenvalues of value unity, and L eigenvalues of value zero. And, while application
of a general projection matrix to v - r filters some of the information in v - r, because the
N x (N — L) matrix D spans the same column space as the N x J matrix v, no information
is lost in Eq. (5303]) relative to the original Eq. (5.302). Mathematically, one can say

P-v=v. (5.306)

5.3.2 Species dominant: J < (N — L)

Next consider the case in which J < (N —L). This often arises in models of simple chemistry,
for example one- or two-step kinetics.
The fundamental reaction dynamics are most concisely governed by the J equations

which form
1d¢
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However, r is a function of the concentrations; one must therefore recover p as a function
of reaction progress ¢. In vector form, Eq. (5.296) is written as
dp 1 d¢
- = —U - —.
eV dt
Take as an initial condition that the reaction progress is zero at t = 0 and that there are an
appropriate set of initial conditions on the species concentrations p:

(5.308)

¢ =0  t=0, (5.309)
p = p, t=0. (5.310)

Then, since v is a constant, Eq. (B308) is easily integrated. After applying the initial
conditions, Eq. (5.31I0), one gets

1
p=p,+—=v- (. 5.311
P=P,t V6 (5.311)

Last, if J = (N — L), either approach yields the same number of equations, and is equally
concise.

5.4 Irreversibility production

This section will consider the production of entropy due to irreversible chemical reactions. It
is closely related to the Clausius-Duhem inequality discussed on p.[I98 We will first consider
the production of irreversibility in the context of what is known as Onsagei reciprocity. This
notion relies on a linearization of the reaction rate laws in the neighborhood of equilibrium.
Note that because the Clausius-Duhem relation, Eq. (B.61]) is already known to hold for
the full non-linear regime, that we find only that Onsager’s analysis simply reinforces this
notion in a simpler context. We then go on to give a more general analysis, and finish with
an illustration based on 1) the Zel’dovich mechanism for the example problem of Sec. [LT.2]
and 2) an extended Zel’dovich mechanism including Ny and O, dissociation. The original
Zel’dovich mechanism induces a strictly diagonal Onsager matrix, and thus does not fully
capture the essence of the analysis; the extended Zel’dovich mechanism induces a full Onsager
matrix.

5.4.1 Omnsager reciprocity

There is a powerful result from physical chemistry which speaks to how systems behave near
equilibrium. The principle was developed by Onsager in the early twentieth century, and is
known as the reciprocity principle. Where it holds, one can guarantee that on their approach
to equilibrium, systems will approach the equilibrium in a non-oscillatory manner. It will
be illustrated here.

10T ars Onsager), 1903-1976, Norwegian-American physicist.
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Note that Eq. (5.I8) can be written as

1 dg;

oy = RU-R) =l (5.312)

RY
= R’( ——J>, j=1,...,J (5.313)

Note further that the definition of affinity, Eq. (51I1]), gives

—a. R
e _—] = —], :]_,,J 5314
XPp ( RT) R J (5.314)
Therefore, one can say
1 de / —Q; ;
v R ( exp (RT : J U | (5.315)

Now, as each reaction comes to equilibrium, one finds that @; — 0, so a Taylor series
expansion of r; yields

1d¢; , a .
Vd_tjzrj ~ Rj<1—<1—_—]+.-->>, j=1,....J (5.316)

~ R,=L j=1,...,J. (5.317)

Note that R’ > 0, while @; can be positive or negative. Note also there is no summation on
j. Take now the matrix R’ to be the diagonal matrix with R; populating its diagonal:

R, 0 ... 0
, 0 Ry, ... O
R' = : _— : (5.318)
0o 0 0 R,
Adopt the vector notation
1
RT

Now, the entropy production is given for multi-component systems by Eq. (5.571):

as

1%
o = > @ >0. (5.320)

E\V j=1

Cast this entropy inequality into Gibbs notation:

as

T —a' -r>0. (5.321)

BV
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Now, consider the definition of affinity, Eq. (EI0), in Gibbs notation:
a=-v'-p. (5.322)

Now, vT is of dimension J x N with rank typically N — L. Because v7 is typically not of
full rank, one finds only N — L of the components of @ to be linearly independent. When
one recalls that 7 maps vectors [ into the column space of T, one recognizes that @& can
be represented as

a=C-a (5.323)

Here, Cis a J x (N — L)-dimensional matrix of full rank, N — L, whose N — L columns are
populated by the linearly independent vectors which form the column space of v*, and a
is a column vector of dimension (N — L) x 1. If J > N — L, one can explicitly solve for «,
starting by operating on both sides of Eq. (5.323) by C:

cl.a = Cc'.C-«a, (5.324)

c’.c.a = C" @, (5.325)

a = (CT-¢)'.C"-g, (5.326)

- —(cT-0)" T, (5.327)

a=C.a = -C-(C"-C) .C"V . (5.328)
=B

Here, in the recomposition of @, one can employ the J x J symmetric projection matrix B,
which has N — L eigenvalues of unity and J — (N — L) eigenvalues of zero. The matrix B
has rank N — L, and is thus not full rank.

Substitute Eqgs. (5319 B323) into Eq. (E.321) to get

—T

=X =
— ~=
G~ Yieca Lr.Cazo (5.329)
|y — T RT
~T - -~
_ Vi) orr.oc [ > 0. (5.330)
R T =L I

Since each of the entries of the diagonal R’ are guaranteed positive semi-definite in the
physical region of composition space, the entropy production rate near equilibrium is also
positive semi-definite. The constant square matrix L, of dimension (N — L) x (N — L), is
given by

L=C’" R .C. (5.331)

The matrix L has rank N — L and is thus full rank. Because R/’ is diagonal with positive semi-
definite elements, L is symmetric positive semi-definite. Thus, its eigenvalues are guaranteed
to be positive and real. Note that off-diagonal elements of L can be negative, but that
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the matrix itself remains positive semi-definite. Onsager reciprocity simply demands that
near equilibrium, the linearized version of the combination of the thermodynamic “forces”
(here the affinity @) and “fluxes” (here the reaction rate r) be positive semi-definite. Upon
linearization, one should always be able to find a positive semi-definite matrix associated
with the dynamics of the approach to equilibrium. Here, that matrix is L, and by choices
made in its construction, it has the desired properties.

One can also formulate an alternative version of Onsager reciprocity using the projection
matrix B, which from Eq. (5.328), is

-1

B=C.(c"-Cc) -C". (5.332)

With a series of straightforward substitutions, it can be shown that the entropy production
rate given by Eq. (5.330) reduces to

vV (&’ ooy @
E,v—ﬁ(T)'B .E.B.(?)Zo, (5.333)

ds
dt

Here, an alternative symmetric positive semi-definite matrix L, of dimension J x J and rank
N — L, has been defined as
L=B" R -B. (5.334)

One can also express the entropy generation directly in terms of the chemical potential
rather than the affinity by defining the J x N matrix S as

S = B-7, (5.335)
c-(ct-c)yt-c-v. (5.336)

The matrix S has rank N — L and thus is not full rank. With a series of straightforward
substitutions, it can be shown that the entropy production rate given by Eq. (£.333)) reduces

VIBE™ o o n
=—(Z=).8T-R-S- (=] >0 .
. R(T) 720 (5.337)

ds
dt

Here, an alternative symmetric positive semi-definite matrix £, of dimension N x N and
rank N — L, has been defined as

£L=S"-R'-S. (5.338)
I
Ezxample 5.4
Find the matrices associated with Onsager reciprocity for the reaction mechanism given by
Hy+ 0y = ZOH, (5339)
Hy, +0OH = H+ H>0, (5.340)
H+0, = 0+O0H, (5.341)
Hy+0 = H+OH, (5.342)
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H+H = H,, (5.343)
20H = O+ Hy0, (5.344)
Hy, = H+H, (5.345)

0, = 0+0, (5.346)
H+OH = HO. (5.347)

Here, there are N = 6 species (H, Ha, O, O2, OH, H50), composed of L = 2 elements (H, O), reacting
in J =9 reactions. Here, J > N — L, so the analysis of this section can be performed.

Take species i =1 as H,i =2 as Ho,...,i = N =6 as HyO. Take element [ = 1 as H and element
[ =L =2 as O. The full rank stoichiometric matrix ¢, of dimension 2 x 6 = L x N and rank 2 = L, is

120012
¢_(0 01 2 1 1)' (5.348)

The rank-deficient matrix of stoichiometric coefficients v, of dimension 6 x9 = N x.J andrank4 = N—L
is

0 1 -1 1 -2 0 2 0o -1
-1 -1 0 -1 1 0O -1 0 0
0 0 1 -1 0 1 0 2 0
Y11 0 -1 0 0o 0o 0 -1 o0 (5.349)
2 -1 1 1 0 -2 0 0 -1
0 1 0 0 0 1 0 0 1
Check for stoichiometric balance:
0 1 -1 1 -2 0 2 0o -1
-1 -1 0 -1 1 0O -1 0 0
1 2 0 0 1 2 0 0 1 -1 0 1 0 2 0
¢v = <o 01 2 1 1>' 10 10 0 0 0 -1 0| 30
2 -1 1 1 0 -2 0 0 -1
0 1 0 0 0 1 0 0 1
000 0O O0OO0OO0OTUO0TFVO
o <O 0000 O0O0OTUO O>' (5.351)

So, the number and mass of every element is conserved in every reaction; every vector in the column
space of v is in the right null space of ¢.
The detailed version of the reaction kinetics law is given by

.
d—;’ - vor, (5.352)
1
0 1 -1 1 -2 0 2 0 -1 :2
-1 -1 0 -1 1 0 -1 0 0 Tf”
o 0 1 -1 0 1 0 2 0 4
= ]l-1 0 =10 0 0 0 -1 0 :5 ’ (5.353)
2 -1 1 1 0 -2 0 0 -1 rﬁ
o 1 0 0 0 1 0 0 1 7
rs
T9
TQ—T3+T4—2T5—|—2T7—T9
—T1—T2—T4+T5 =177
- ra = T4t T+ 21y . (5.354)

—r1 — T3 —7Tg
2r1 —ro+r34+1r4 — 216 — 719
T2 4176 +T9
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The full rank matrix D, of dimension 6 x 4 = N x (N — L) and rank 4 = N — L, is composed of
vectors in the right null space of ¢. It is non-unique, as linear combinations of right null space vectors
suffice. It is equivalently composed by casting the N — L linearly independent vectors of the column
space of v in its columns. Recall that some of the columns of v are linearly dependent. In the present
example, the first NV — L = 4 column vectors of v happen to be linearly dependent, and thus will not
suffice. Other sets are not; the last N — L = 4 column vectors of v happen to be linearly independent
and thus suffice for the present purposes. Take then

0 2 0 -1

D= . (5.355)

0o 2 0 -1
0 -1 0 0
12001 2 1 0 2 0 0000
¢>D_(001211)- 0 0 -1 0 _(0000)' (5:356)
2 0 0 -1
1 0 0 1

Since ¢ -v =0 and ¢ - D = 0, one concludes that the column spaces of both v and D are one and the
same.
The non-unique concise version of the reaction kinetics law is given by

dg

7 - v(p'-D)"t-DT v, (5.357)
0 2 0 —1\\ !
0 0 1 0 -2 1 0 -1 0 0 0o 0 1 0 -2 1
v 2 1.0 0 0 0 1 0 2 0 2 -1 0 0 0 0
- 0 0 2 -1 0 0 0 0 -1 0 0 0 2 -1 0 0
1 0 0 0 -1 1/|==2 0o o -1 1 0 0 0 -1 1
1 0 0 1
1
0 1 -1 1 -2 0 2 0 -1 "2
1 -1 0 -1 1 0 -1 0 0 :3
o 0 1 -1 0 1 0 2 0 4
1 0 -1 0 0 0 0 -1 0 "5 (5.358)
2 -1 1 1 0 -2 0 0 -1 "6
o 1 0 0 0 1 0 0 1 "
T8
T9
—2r1 —r3—r4+r¢
=y mtretrasrs (5.359)

T1—|—T3+7’8
2ri 4+ ro+1r3+ 14 + 79

The rank-deficient projection matrix P, of dimension 6 x 6 = N x N and rank 4 = N — L, is

P - D-(D”-D) ' -D7, (5.360)
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54 -4 3 6 -4 -1l
St 8% B S O
g 8 8 M 4
= | & B S 8 2 % (5.361)
T e W A
6 61 61 61 61 61
The projection matrix P has 4 = N — L eigenvalues of unity and 2 = L eigenvalues of zero.
The affinity vector @, of dimension 9 x 1 = J x 1, is given by
a = '@, (5.362)
0 1 -1 1 -2 0 2 0 -I\" /&
-1 -1 0 -1 1 0 -1 0 0 Ty
B 0o 0 1 -1 0 1 0 2 0 Tis
-~ " |-1 0 -1. 0 0 0 0 -1 0 m | (5.363)
2 -1 1 1 0O -2 0 0 -1 s
o 1 0o o0 O 1 0 0 1 T
o -1 0 -1 2 0
1 -1 0 0 -1 1 _
-1 0 1 -1 1 0 h
1 -1 -1 0 1 of |
= —|-=2 1 0o o o0 o0 Hs | (5.364)
0 10 -2 1 Ha
2 -1 0 0 0 o \/
0 0 2 -1 0 0 He
-1 0 0 0 -1 1
Fo + Ty — 215
—Hy Tt gt s — Hg
Hy — g+ Hy — 5
—H1 t+ Ho + i3 — [
= 20, — Ty . (5.365)
—H3 + 2[i5 — Tg
—2fiy + g
—2fi3 + iy
My + Hs — He

The full rank matrix C, of dimension 9 x 4 = J x (N — L) and rank 4 = N — L, is composed of
the set of N — L = 4 linearly independent column space vectors of v7; thus, they also comprise the
N — L = 4 linearly independent row space vectors of v. It does not matter which four are chosen, so
long as they are linearly independent. In this case, the first four column vectors of v suffice:

0 -1 0 -1
1 -1 0 0
-1 0 1 -1
1 -1 -1 0
c =|-=21 0 o]. (5.366)
0 0 1 0
2 -1 0 0
0o 0 2 -1
-1 0 0 0

When J > N — L, not all of the components of @ are linearly independent. In this case, one can

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

232 CHAPTER 5. THERMOCHEMISTRY OF MULTIPLE REACTIONS

form the reduced affinity vector, @, of dimension 4 x 1 = (N — L) x 1 via

a = (c"-ot-cw, (5.367)
0 -1 0 —1\\ !
1 -1 0 0
o 1 -1 1 =20 2 0 -1 _11_01_11_01
I e e B B SV IO
J T S S R B (A NV R I
1 0 -1 0 0 0 0 -1 0 5 1 o0 o
0o 0 2 -1
1 0 0 0
Ho + iy — 2[5
—Hy T+ gt s — Hg
0 1 -1 1 -2 0 2 0 -1 o = fis + Ha — Ps
1 -1 0 -1 1 0 =1 0 0 THyLt By R
o 0 1 -1 0 1 0 2 0| RSN ’ (5.368)
1 0 -1 0 0 0 0 -1 0 s + 25 — Tl
=271y + g
=23 + [iy
wy + s — Hg
—Hy — f5 + [g
_ —fiy — 2[i5 + 2[ig
o\ mstomoms | (5.369)
—fiy + 475 — 2[ig

The rank-deficient projection matrix B, of dimension 9 x 9 = J x J and rank 4 = N — L, is found to be

B = C-(cT.o)t.cT, (5.370)
57 9 31 26 -1 -7z 1 6 8
K S S ¢ B R A G B
LS - T S SRS R VR S

— = —15 —12 — =33 —10

7o T R S TR T (>3
e G R RS R T - B A
o0 W 2 M W% 8 2
¥ oo# ¥ % W 8 % o i

el
|
el
H;‘
el
bb‘
el
~

94 94 94 94 94

The projection matrix B has a set of 9 = J eigenvalues, 4 = N — L of which are unity, and 5 = J—(N—L)

of which are zero. One can recover @ by the operation@=C-a=-B v’ - .

The square full rank Onsager matrix L, of dimension 4 x4 = (N — L) x (N—L) and rank 4 = N—L,
is given by

L = C'.R-C, (5.372)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

5.4. IRREVERSIBILITY PRODUCTION 233

Ry 0 0 0O O O 0 0 O
0O R, 0 0O 0O O 0 0 O
!

01—11—2020—100R30,00000

1 1 0 21 1 0 -1 0 o0 OOOR4O/OOOO

o 0 1 -1 0 1 0 2 0 OOOOR5O,OOO

-1 0 -1 0 0 0 0 -1 0 0 0 0 0 0 Rg 00 0

o 0 0 0 0 0 R, 0 O

0o 0 0 0 0 0 0 Ry O

o 0 0 0O 0 0 0 ©0 5
0o -1 0 -1
1 -1 0 0
-1 0 1 -1
1 -1 -1 0
-2 1 0 o0 [,
0o 0 1 0
2 -1 0 0
0o 0 2 -1
-1 0 0 0

(5.373)
RhH+Ry+ Ry + 4R, +4R, + Ry —RhH — Ry —2RE — 2R, Ry —R) R
—Ry — R, —2RE — 2R, Ry +RH+ Ry +RE+RE R R
N Ry —R) R R+ Ry +Ry+4Rs —Rb — 2Rj
RY R} —RYy —2R§ RY + Ry + R
(5.374)

Obviously L is symmetric, and thus has all real eigenvalues. It is also positive semi-definite. With a
similar effort, one can obtain the alternate rank-deficient square Onsager matrices L and £. Recall that
L, L, and £ each have rank N — L, while L has the smallest dimension, (N — L) x (N — L), and so
forms the most efficient Onsager matrix.

5.4.2 General analysis

This section will be restricted to isothermal, isochoric reaction. It is known that Gibbs free
energy and irreversibility production rates reach respective minima at equilibrium.

Consider the gradient of the irreversibility production rate in the space of species progress
variables . First, recall Eq. (231]) for the gradient of Gibbs free energy with respect to
the independent species progress variables, 0G /90§, = Zi\;lﬁﬂ)m. Now, beginning from
Eq. (4.464), define the differential irreversibility dZ as

N
1 _
dT = — ; Ti;dn,;. (5.375)
In terms of an irreversibility production rate, one has
N
dT . 1 dn;
— =1T=—= I —. )
dt T ;“ "t (5.376)
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Take now the time derivative of Eq. (EI69) to get

N-L
dn; d
@ = 2Py

Substitute from Eq. (B377) into Eq. (E370) to get

. 1 .
T = _T, Nizpikﬁa

(5.377)

(5.378)

(5.379)

(5.380)

Now, Eq. (£.304) gives an explicit algebraic formula for d§;/dt. Define then the constitutive

function wy:

. d _
wi(&1,-- - 8N-1) = % =vVOT"-D)'-DT-v-r.
So, the irreversibility production rate is
N-L
1 . 0G
T=—— Wp—=——-
T = "0
The gradient of this field is given by
0T _ 1N~ (060G, o &G
06, T =\ 0608 0508 )
The Hessian of this field is given by
T 0wy 0G &uk PG dwy, G PG
— Z + + Wy,
06,06, 9606, a& 08y 0§08, 0§ 08,08 0&,08,08},
Now, at equilibrium, &, = £, we have wi = 0 as well as G /0&, = 0. Thus
7 = 0,
=81
oz
il - 0
a Y
Skl
0°L 1 ZL Oby DG by DG
9608, - — \ 9% 3&3&3 0& 98,08k s .
kE—=Sk k—Sk
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It can be shown for arbitrary matrices that the first term in the right hand side of Eq. (5:387)
is the transpose of the second; moreover, for arbitrary matrices, the two terms are in general
asymmetric. But, their sum is a symmetric matrix, as must be since the Hessian of 7 must
be symmetric. But for arbitrary matrices, we find no guarantee that the Hessian of 7 is
positive semi-definite, as the eigenvalues can take any sign. However, it can be verified by
direct expansion for actual physical systems that the two terms in the Hessian evaluated
at equilibrium are identical. This must be attributable to extra hidden symmetries in the
system. Moreover, for actual physical systems, the eigenvalues of the Hessian of Z are positive
semi-definite. So, one can say

G
| 0608
=&

PL
98108,

(5.388)

Ek=¢f =t

Where does the hidden symmetry arise? The answer lies in the fact that the wy, and G
are not independent. Using notions from Onsager reciprocity, let us see why the Hessian of
7 is indeed positive semi-definite. Consider, for instance, Eq. (5330), which is valid in the
neighborhood of equilibrium:

AT ~
. Vi« [e% . e
T = - (T) L (?> valid only near equilibrium. (5.389)

Recall that by construction L is positive semi-definite. Now, near equilibrium, @ has a
Taylor series expansion

(€ —&l.,) * (5.390)

Now, recall that at equilibrium that @ = 0. Let us also define the Jacobian of & as J,.
Thus, Eq. (5.389) can be rewritten as

. 1% T
7T = FTQ (Ja . (€ - £‘eq)) -L- (Ja . (é’ _ £‘eq)) ; (5391)
= T (€ €A L T (6 €l (5.392)
By inspection, then we see that the Hessian of T is
2V
Hy=—_J, L-Ja. 5.393
IR (5.393)

Moreover, L has the same eigenvalues as the similar matrix JZ - L - J,,, so H; is positive
semi-definite.
Returning to the less refined formulation, in Gibbs notation, we can write Eq. (B.388) as
2

H; = —=Hg - J, (5.394)
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where J is the Jacobian matrix of w;. Consider the eigenvectors and eigenvalues of the various
matrices here. The eigenvalues of J give the time scales of reaction in the neighborhood of
equilibrium. They are guaranteed real and negative. The eigenvectors of J give the directions
of fast and slow modes. Near equilibrium, the dynamics will relax to the slow mode, and the
motion towards equilibrium will be along the eigenvector associated with the slowest time
scale. Now, in the unlikely circumstance that Hg were the identity matrix, one would have
the eigenvalues of H; equal to the product of —2/7" and the eigenvalues of Hg. So, they
would be positive, as expected. Moreover, the eigenvectors of H; would be identical to those
of J, so in this unusual case, the slow dynamics could be inferred from examining the slowest
descent down contours of I. Essentially the same conclusion would be reached if Hg had a
diagonalization with equal eigenvalues on its diagonal. This would correspond to reactions
proceeding at the same rate near equilibrium. However, in the usual case, the eigenvalues
of Hg are non-uniform. Thus, the action of Hg on J is to stretch it non-uniformly in such
a fashion that H; does not share the same eigenvalues or eigenvectors. Thus, it cannot be
used to directly infer the dynamics.

Now, consider the behavior of Z in the neighborhood of an equilibrium point. In the
neighborhood of a general point &, = &, Z has a Taylor series expansion

N—-L -

. oL
I 4> —
Ek=Ek —1 8£k

N—-LN-L

A (fk - €k> + % (& - éz) 822£ip

Er=Ck I=1 p=1

(o-6)

=&k
' (5.395)
Near equilibrium, the first two terms of this Taylor series are zero, and Z has the behavior

1 = T
T2 Z:I Z:I a&asp

Substituting from Eq. (.388)), we find near equilibrium that

S

(&—&)+... (5.396)
ex=¢;

N—LN—-LN-L

1 a&uk 0*G

0608,
=€

(&—&)+-.. (5.397)
Er=¢},

=1 p=1 k=1 857”

Lastly, let us study whether Tisa Lyapunov function. We can show that >0, & # &
and 7 = 0, & = &,- Now, to determine whether or not the Lyapunov function exists, we
must study dZ/dt:

ar 0T de,
dt Z o¢, dt’ (5.398)
N-L d
S S_I@”’ (5.399)
p=1 3
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N—-L N—-L 2
. 1 aCUk 0G 2 (92G 2
- <—T E (0—@8—& + ka)) Wy, (5400)

p=1 k=1
N-LN-L [ 5*
1 ow, 0G . . 0*G .
- _ - o+ Wy ——— 5.401
== <8§p agkwp wpagpangk> ( )

At the equilibrium state, w, = 0, so obviously df/dt = 0, at equilibrium. Away from
equilibrium, we know from our uniqueness analysis that the term 9°G/J¢,0¢ is positive
semi-definite; so this term contributes to rendering dZ /dt < 0. But the other term does not
transparently contribute.

Let us examine the gradient of dZ/dt. It is

; N—-LN-L 2% ° 2 ° °
id_I _ _lzz 0“wy, 0_G&p+0wk 0°G &p+0wk0_G8wp
&, dt T o~ =\ 96n08p IE 0&p 08,08k 0&p 08 O&m
ow, PG . . PG . . PG Oy
—=r 7 S — — R 402
06, 96,06, T ag,06,06, " " oe, 06, 96,0 (5.402)

At equilibrium, all terms in the gradient of dT /dt are zero, so it is a critical point.

Let us next study the Hessian of dZ/dt to ascertain the nature of this critical point.
Because there are so many terms, let us only write those terms which will be non-zero at
equilibrium. In this limit, the Hessian is

0 dI
08 0&m dt

1 NiNi Oy PG by | iy PG 0,
eq T p=1 k=1 agp IEm0&, 0&;, agp 08,081 O&m

0, O*°G 9by b, O0°G a&)k>

D8, DE,06, 06, 08, 06,06, D (5.403)

With some effort, it may be possible to show the total sum is negative semi-definite. This
would guarantee that dZ /dt < 0 away from equilibrium. If so, then it is true that 7is a
Lyapunov function in the neighborhood of equilibrium. Far from equilibrium, it is not clear
whether or not a Lyapunov function exists.

5.4.3 Zel’dovich mechanism example

Let us now consider a numerical example, building on the analysis of Sec. [LT.2} many nu-
merical details have already been presented and will not be repeated here. For the conditions
simulated in Sec. [LI.2, we plot dS/dt|gy/V = Z/V as a function of time as predicted by
the full theory of Eq. (5.62]), repeated here in slightly modified form

= (7)
== =1".(2), (5.404)
vV T
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107°

10—11

10717

(1/V)dS/dt (erg/K/s/cm3)

107° 1078 1077 1078 107° 1074 t (S)

Figure 5.2: Irreversibility production rate versus time for the Zel’dovich mechanism problem
of Sec. [L1.2

in Fig. 5.2 Clearly, Z /V is always positive and approaches zero as the system approaches
equilibrium. Note that we have made no appeal to notions of Onsager nor have we confined
ourselves to the neighborhood of equilibrium. The function 7 /V' is non-linear, positive, and
decreases to zero by its construction, which is consistent with the Clausius-Duhem results
shown earlier on p.

Now, let us consider the system of Sec. in the language of Onsager reciprocity. We

see from Eq. (LI60) that

-1 -111 0
T _
v _<1 o _1). (5.405)

Here, it is easily shown that v7 is of full rank, R = 2, and thus has two linearly independent
column vectors. Following the discussion of Eq. (5:323]), let us simply choose the first two
column vectors of v7 to form the matrix C:

C= (_11 j) : (5.406)

Then, by Eq. (£332), we find the projection matrix B to be

B = C-(CT.-C)".C7, (5.407)

S(DEL)E)E L) e
- ((1) (1)) (5.400)
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Remarkably, we recover the identity matrix: B = I. For more general reaction mechanisms
which have vT of less than full rank, this will not be true.
So, from Eq. (B.334)), we find one of the Onsager matrices to reduce to

T / T / / Rll 0
L=B" -R"-B=I' -R-I=R'= , - (5.410)
0 R;
Since each R;, j =1,...,J, is positive semi-definite, the matrix R’ is positive semi-definite.
We can then cast the entropy production of Eq. (5:333) as
_T R
sl Ve (e (5.411)
dt | gy R\ T T
’ MT_/ ——
~J =X
Comparing Eqgs. (5.417]) and (5.65]), we see in the Onsager limit that
vV (&’ 1%
T T
~=|— ) L==x""L. 5.412
s (5) =7 (5.412)
Transposing both sides, we can also say
% [e% %
.N:LT' p— ::LT'X. 5413
™R (T) I (5:413)
We also can recast in the standard form
L (5.414)
dt | gy R

For the conditions simulated in Sec. [L1.2, we plot Z /V as a function of time for both the
full non-linear model as well as the prediction in the Onsager limit of Eq. (5.411)) in Fig. 5.3l
Clearly at early time the two theories predict different values, but the Onsager limit become
a better approximation as equilibrium is approached.

Numerically, direct substitution of values at equilibrium shows that

0573127 0
L= < 0 0.549134) ' (5.415)

The units of the entries of L are mole/cm?/s.

Now at equilibrium, Eq. (B12) tells us the affinity of each reaction must be zero; thus,
at equilibrium, we must have x = 0. This then induces the fluxes j = 0 at equilibrium.
Near equilibrium, it is possible to perform Prigogine’s extremization exercise surrounding
Eq. (P6.8). Recognizing that for our problem Lj; = Ly; = 0, which may not hold for more
general problems, we slightly extend our analysis to consider the more general case. For such
a case, we have near equilibrium that

jl V L{l I_,{2 ) (flfl )
: = = . . 5.416
(]2 ) R ( L3 L3, L2 ( )
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1010
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Figure 5.3: TIrreversibility production rate versus time for the Zel’dovich mechanism problem

of Sec. for the full non-linear model and the Onsager limit.

Thus,
, \%
o= = (Lflpll"l + Lflpgfz) )
, \%
J2 = = (Léﬁxl + ngfz) )

The irreversibility production becomes
.V

Let us extremize Z. We then require at a critical point

oz v
o = L+ (L)) =0
oz |4
e = (bt o+ 2thm) =0

Now by its method of construction, L must be symmetric; thus, LT, =

state at an extreme point that

oz 2V .
8—;51 = f (L{lxl -+ L{QQEQ) = 2]1 = 0,
oz 2V .
0—1'2 = f (Lgll'l + ngl'g) = 2]2 = 0
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Thus, j; = j» = 0 at an extremum of Z, consistent with Eq. (P6.6).

Away from equilibrium, there is no simple way to formulate 7 explicitly in terms of
affinity. One can however easily formulate Z globally in terms of reduced species variables &,
as in Eq. (5:382)). While the formulation is straightforward, its mathematical form is lengthy,
and will not be repeated here. Following the analysis after Eq. (2.382), one can form the
gradient and Hessian of 7, and note that at chemical equilibrium that 7 =0and VZ = 0.
Moreover, from Eq. (£393), we see that the Hessian of 7T is positive definite, so that in fact
7 is a minimum at equilibrium.

For our Zel’dovich example problem, the Hessian matrix evaluated at chemical equilib-

rium is from Eq. (5.388):
L
980,

(5.425)

B ( 6.81073 x 102 —1.06440 x 1021)

—1.06440 x 10%*  1.46438 x 10%*
§k=¢;,

The units of each of the entries of the Hessian are erg/K/s/mole?. The eigenvalues of the
Hessian are 1.464 x 10? and 6.733 x 10%°, as expected positive definite.

5.4.4 Extended Zel’dovich mechanism example

The example of the previous section induced a diagonal Onsager matrix because the matrix
v was full rank. Let us extend the kinetics mechanism so as to induce a v which is less
than full rank, and thus induce a full Onsager matrix. To do so, we can add Ny and O,
dissociation mechanisms to our kinetics laws. We take our extended Zel’dovich reaction
mechanism to be

N+NO = N,+O, ( )
N+0Oy, = NO+O, ( )
No+ Ny = 2N + Ny, (5.428)
O+ 0y = 20+ O,. ( )

For this system we have N = 5 species composed of L. = 2 elements reacting in J = 4
reactions. We take the reaction constants for the first two reactions from Sec. [LT.2 the N,
and O, dissociation kinetic rates are those given earlier on p. [I67, and in Sec. LTT.2.1.T]
respectively.

Applying the extended Zel’dovich model for the same conditions simulated in Sec. [.1.2]
we plot pyo, py and pp, as a function of time in Fig. 5.4l We note that the results for NO
and NN are similar to those for the ordinary Zel’dovich mechanism, see Fig.[[.8] at early time.
But at late time there is an additional equilibration with more complicated dynamics, with
the relative concentrations of NO and N switching places in importance.

We summarize some of the key vectors and matrices involved in the analysis. We adopt
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Figure 5.4: NO, N, and O, concentrations versus time for 7" = 6000 K, extended Zel’dovich
mechanism.

Eq. (LI54) for our vector of N =5 concentrations:

PNO
PN
p=| o~ |- (5.430)
Po
Po,

We have L = 2 elements, with N, (I = 1) and O, (I = 2). We adopt Eq. (LI55) for the
stoichiometric matrix ¢, of dimension L x N =2 x 5,

1 1.2 0 0
¢=<1 00 1 2). (5.431)

The first row of ¢ is for the N atom; the second row is for the O atom. For the J = 4
reactions, we take
(8]
r=|"1, (5.432)
T3
T4

where the rates are given by the standard law of mass action kinetics, not shown in detail

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

5.4. IRREVERSIBILITY PRODUCTION 243

here. The matrix v, of dimension N x J =5 x 4 is new for this problem and is

-1 1 0 0
-1 -1 2 0
v = 1 0O -1 0 . (5.433)

11 0 2
0 -1 0 -1

The matrix v has rank R = N — L = 3. It is not full rank in this case, in contrast to the
previous example. Our stoichiometric constraint on element conservation for each reaction,

Eq. (L22), ¢ - v = 0, holds here:

-1 1 0 0
-1 -1 2 0
1120 0 00 0 0
qb-u:( ) 1 0 -1 0 :( ) (5.434)
100 1 2 L1 o 9 000 0

With a similar analysis to that given in Sec. [L1.2] we find that

PNO /ﬁ:\NO L0 0 B
PN PN o 1 0 Eno
PN, PNy |+ -5 —3 0 v |- (5.435)
ﬁo /?O - 0 -2 502
ro.), o) N0 0 1)
p D D
This takes the form of Eq. (L31):
p=p+D-E (5.436)

Here, the matrix D is of dimension N x R =5 x 3. It spans the same column space as does
the N x J matrix v which is of rank R. Note that ¢ - D = 0:

1 0 0
0 1 0
(1t 1200\ | 5 _ (0 0 0
op=(1 50t o)t o |=(000)
-1 0 -2
0 0 1

Now let us move to the Onsager analysis. The matrix C is of dimension Jx (N—L) = 4x3
and has in its columns R = N — L = 3 linearly independent columns of 7. We easily see
that v7 is

1 -1 1 1 0

r |1 -1 0 1 -1

e I (5.438)
0 0 0 2 -1
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Now, among many choices, we can take the first, second, and fourth columns of v7 to form
C:

-1 -1 1
1 -1 1
c=|, 5 o (5.439)
0 0 2
Then, by Eq. (£332), we find the J x J = 4 x 4 projection matrix B to be
B - Cc (¢, (5.440)
3 1 _1 1
1 1 11
_1 3 _1 1
= | .1t 4 st (5.441)
1 1 1 1
1 1 1 3
1 1 1 1

The matrix B has rank N — L = 3 and is thus not full rank. It has eigenvalues of 1,1, 1,0.
The Onsager matrix L is given by

L = BT.R'-B,

(5.442)

IR, +RH+RL+R),  —3R,—3RL+RL+R), —3Ry+RH—3R,+R, 3R, —RL—R,+ 3R,

1T | 3R] —3RL+RL+R), R+ 9IRL+RLE+RY Ry —3RH—3R,+Ry —R)+3R,—R5+ 3R,

16 | 3Ry + R, —3R,+ R, R, —3R,—3R,+R, RI+RL+9IRE+R, —R)—RhH+3R,+3R,
3R, —RL— Ry +3Ry, —Ry+3R,—RL+3R, —R|—RL+3R,+3R, R|—RL+Rst+9IR,

One can estimate the behavior of Z with both the full non-linear model and its Onsager
approximation. As expected, the Onsager approximation works well near equilibrium. Mean-
ingful graphical display of the comparison of the two approximations is difficult due to nu-
merical precision issues. As expected, the Hessian matrix of 7 is symmetric and positive
definite at equilibrium with eigenvalues of 9.245 x 10?2, 1.50 x 10?2 and 4.025 x 10'7.

For variety, let us work with a different Onsager matrix. Let us first get the reduced

affinity by Eq. (5.320):

a = (c".c)'.c e, (5.444)
o -5 5 00\ (g
a = [ -1 -1 31 2, 5.445
Iy JAREL a3 o)
as 8 8 8’8 38 ay
S
. a a 3a: @
S B R (5.446)

The (N — L) x (N — L) = 3 x 3 Onsager matrix L is given by Eq. (5.331):
L = CT.R-C, (5.447)
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R, O 0 0 -1 -1 1
-1 1 0 0 !
B 0 R, 0 0 1 -1 1
- _11 _11(2)(2) 0 0 Ry, o) (o 2 of (5.448)
0 0 0 R, 0 0 2
Ry + R, Ry — R, —R1+ R,
R, —Ry R+ Ry+4R, —R} — R, : (5.449)
R + R, —R) — R, R+ RL+ 4R,
Then, we can write Eq. (5330) as
is v R+ R, Ry — R, —R} + R, a
o = ?(al s agz)- | RI—R, Ri+R,+4R; —R} — R, | @
EV —R1+ R, —R — R, R + RS54+ 4R Q3
(5.450)

In summary, we have spent considerable time exposing notions of production of irre-
versibility because it is associated with an ongoing debate on whether additional principles
beyond the traditional laws of thermodynamics reflect nature. One of the more common
contentions is given by Prigogine who notes

“We shall see that stationary states may be characterized by an extremum
principle which states that in the stationary state, the entropy production has
its minimum value compatible with some auxiliary conditions to be specified in
each case.”

Notions such as these have spurred much activity in a variety of disciplines, including com-
bustion, with the goal of using new principles to better codify observed behaviors. One must
note, however, that these notions have also attracted widespread skepticism. A thorough
review and discussion is given by Grandy who notes on p. 170,

“...these observations do not in themselves seem to support the notion of a
general extremum principle for dissipation rates in steady-state processes, either
linear or nonlinear, near or far from equilibrium.”

Grandy concludes on p. 172 that

“After all is said and done, the issue with which we began this discussion—
the role of additional principles in non equilibrium thermodynamics—does not
appear to be much closer to a definite resolution. In those cases where we are
able to apply a principle of minimum (or maximum) rate of energy dissipation,
it seems that we already have sufficient tools in the conservation laws and con-
stitutive equations. Although the conservation laws are exact, the constitutive

WPprigogine, 1., 1967, Introduction to Thermodynamics of Irreversible Processes, Interscience, New York,

p- 75.
12Grandy, W. T., 2008, Entropy and the Time Evolution of Macroscopic Systems, Oxford, Oxford.
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relations are of necessity approximated to some degree, so it may be that the
choice of which route to follow very much depends on the details of any specific
problem. Rather than focus on some general and improbable principle, it may be
more reasonable to search for general conditions or classes of problems for which
extremum rate principles might be both valid and productive.”

Consistent with Grandy, the analysis presented in these notes does not explicitly rely on
invocation of additional extremum principles beyond the ordinary laws of thermodynamics,
though one cannot ignore the possibility that such principles may be in play at a deeper level
in the construction of constitutive models. But at this stage, we are not prepared to accept
as proven that additional laws of nature based on extremizing entropy production rates have
been firmly established.
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Chapter 6

Reactive Navier-Stokes equations

Double, double toil and trouble;
Fire burn, and caldron bubble.
William Shakespeare (1564-1616), Macbeth, Act IV, § i, 11. 10-11.

Up to this point we have exclusively focused on systems which are spatially homogeneous.
We now turn to important systems for which the state variables are functions of both time
and space. Here, we will focus on a general model for a mixture of gases which are allowed to
react, advect, and diffuse. As such, we will present the compressible reactive Navierl]-Stoked
equations for an ideal mixture of N ideal gases. We will not give detailed derivations. We
are guided in part by the excellent derivations given by Arid] and Merk [

6.1 Evolution axioms

6.1.1 Conservative form

The conservation of mass, linear momenta, and energy, and the entropy inequality for the
mixture are expressed in conservative form as

dp B
% +V-(pu) = 0, (6.1

% (pu) +V-(puu+PI—71) = 0, (6.2)

%(p(e+%u-u))+v(pu(e+%u-u)+jq+(PI—T)-u) = 0, (6.3)

IClaude-Louis Navier, 1785-1836, French engineer.

2George Gabriel Stokes, 1819-1903, Anglo-Irish mathematician.

3R. Aris, 1962, Vectors, Tensors, and the Basic Equations of Fluid Mechanics, Dover, New York.

4H. J. Merk, 1959, “The Macroscopic Equations for Simultaneous Heat and Mass Transfer in Isotropic
Continuous and Closed Systems,” Applied Scientific Research, 8(1): 73-99.
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14

%(ps) +V- <,0$u + %) > 0. (6.4)

New variables here are the velocity vector u, the viscous shear tensor 7, and the diffusive
heat flux vector j9. Note that these equations are precisely the same one would use for a
single fluid. We have neglected body forces.

The evolution of molecular species is dictated by an evolution axiom, an extension of
Eq. (523) to account for reaction, and now additionally, advection and diffusion:

0

Here, the diffusive mass flux vector of species i is j7*. Note that together, Eqs. (6] and
N —1 of Eq. (65) form N equations for the evolution of the N species. We insist that the
species diffusive mass flux be constrained by

N
dir=o. (6.6)
=1

Recalling our earlier definitions of M; and w;, Egs. (5.1]) and (520)), respectively, Eq. (G.5)
can be rewritten as

9 . L J
5 (PY0) + V- (pYau+ ) = (Z Mzaﬁu) > vt (6.7)
=1 j=1

Let us sum Eq. ([67) over all species to get
N

S (pY)+ Y Ve (pYu+in) = Y (Z Ml%) > vyr, (68)

i=1 i=1 =1

SIS

o N N N N L J
ot pZYi +V- P“ZYWZJ?L = ZZZMI%VUQ, (6.9)
i=1 i=1 i1 , :

i=1 [=1 j=1
- - - J L N
= T M iVijs 6.10
j; J ; l;il:?]_j/ ( )
P () = 0 (6.11)
ot

This is the extension of the spatially homogeneous Eq. ([£399). So, the summation over all
species gives a redundancy with Eq. (61]).
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We can get a similar relation for the elements. Let us multiply Eq. (65) by our stoichio-
metric matrix ¢y to get

8 sm N
9 [ pouiY; pPo1Yi i _ &
e < v ) +V. ( ; u -+ CbliM = i ;:1 AR (6.13)

Now sum over all species to get

N J

N N
a0 [ pouY; poiY; J"
za( )iV (Bragr) = Ladwn
(6.14)
o[ Lo, YooY K -
s (PR ) PR Ted) = Soan
i= i= i= = i= -0
(6.15)
0 [ N~ ouYs DR
el ) L 1
0 <pz ) (p e adh) - o (6.16)
0 [ N~ ouYs D R [
A, : ZL - 07 l: ]-7' aLa
Mo, p; ) MY p; MZU+;¢1 i
(6.17)
0 ~ ¢12Y; al ¢12Y; al &
Il . = = l=1,...,L
& () v (s ey ad) < 0 i-1
(6.18)
Let us now define the element mass fraction ¥,°, [ =1,..., L, as
N
e OuY;
Y, :Ml; s (6.19)
Note that this can be expressed as
N . .
ve — mass element [ moles element | mass species © mole species 1 (6.20)
7 moles element [ <= moles species i _total mass  mass species i’
=M; :7;” =Y; :17Mi
_ mass element l. (6.21)

total mass

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

250 CHAPTER 6. REACTIVE NAVIER-STOKES EQUATIONS

Similarly, we take the diffusive element mass flux to be

N o
e Jz _
i :/\/ll;gbuﬁi, I=1,....L. (6.22)
Substitute Eqgs. (6I96.22) into Eq. ([€I8) to get
a e e e
OOV pYuti) = 0 (6.23)
We also insist that
L

> ji=o, (6.24)

so as to keep the total mass of each element constant. This is easily seen to be guaranteed.
Sum Eq. (622) over all elements to get

L L N om
e -]z
D= DMy ety (6.25)
=1 =1 i=1 ¢
N L Jm
= ZZMmﬁi, (6.26)
=1 [=1
N Jm L
= YT > M, (6.27)
=1 =1
=M;
N jm
= LM, 2
> M (6.28)
N
= > i (6.29)
i=1
= 0. (6.30)

In summary, we have L — 1 conservation equations for the elements, one global mass conser-
vation equation, and N — L species evolution equations, in general. These add to form N
equations for the overall species evolution.

6.1.2 Non-conservative form

It is often convenient to have an alternative non-conservative form of the governing equations.
Let us define the material derivative as

i:2+u~v. (6.31)
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6.1.2.1 Mass

Using the product rule to expand the mass equation, Eq. (61I), we get

@+V~(pu) = 0, (6.32)
ot

0

a—f+u-vp+pv-u — 0, (6.33)

~———

=dp/dt

b v = 0 (6.34)
at - '

6.1.2.2 Linear momentum

We again use the product rule to expand the linear momentum equation, Eq. (6.2)):

p%—?—l—u%jtuv-(pu)+pu-Vu+VP—V-‘r = 0, (6.35)
p(%—?ﬂLu-Vu)+u(%+V-(pu))+VP—V-T = 0, (6.36)
—du/di o =0 .
du
P +VP-V.r = 0. (6.37)

The key simplification was effected by using the mass equation Eq. (6.1]).

6.1.2.3 Energy

Now, use the product rule to expand the energy equation, Eq. (6.3]).

) 1 1 1 dp
P <e+§u-u)+pu-v<e+§u-u) —|—<e+§u-u) (E“‘V'(pu))

=0

AV 4V (Pu) =V (T-u) =0, (6.38)

p% <e+%u-u)+pu-v<e+%u'“) +V TV (Pu) =V (7ou) = 0. (6.39)

We have once again used the mass equation, Eq. (61]), to simplify. Let us expand more using
the product rule:

p(%Jru-ve) +pu- (%?Jru-v“)+V'jq+V'(Pu)—V'(""“):O’ (6.40)

=de/dt

-
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P%ﬂLU‘<p<g_l;+u.vu>+VP_V'T)+V'jq+PV'U—T:Vu:O, (6.41)
~ ;ro o
de .
pEjLV-,]q—I—PV'U—TiVUZO- (6.42)

We have used the linear momentum equation, Eq. ([6.37), to simplify.
From the mass equation, Eq. (6.34]), we have V-u = —(1/p)dp/dt, so the energy equation,
Eq. (642), can also be written as

de Pdp
o a8 _
P +V-j ol T7:Vu=0. (6.43)

This energy equation can be formulated in terms of enthalpy. Use the definition, Eq. (.78,
h = e+ P/p to get an expression for dh/dt:

dh = de— ;dp + %dP, (6.44)
dh de Pdp 1dP
R i Tl 4
i dt 2dt pdt (6:45)
de Pdp dh 1dP
ce 2w o 0 4
dt  p*dt dt  pdt’ (6.46)
d Pd dh  dP
de _Pdp_ dh_dP 047

P~ par = Pt ar
So, the energy equation, Eq. (6.43)), in terms of enthalpy is

dh dP
vy Y s ivu=0. 4
P +V-j 7 ~T:Vu 0 (6.48)

6.1.2.4 Second law

Let us expand Eq. (6.4) to write the second law in non-conservative form.

g()+V~su+f > 0 (6.49)
ot P° psutop) = % '
0s ap j?
-~ . i . ) > .
p(@t +u Vs) +S<at +V (pu)) +V (T) > 0, (6.50)
—ds/dt =0
ds j?
= A=) > .
p+V (T) > 0 (6.51)
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6.1.2.5 Species

Let us expand Eq. (6H) to write species evolution in non-conservative form.

0
—(pY) + V- (pYyu+ji") = Mw;, i=1,...,N—1,(6.52)

ot
Y; 0 . : :
p(@t +u-VYi)+Yi(8—5+V-(pu))—l—V-J;” = Muw;, i=1,...,N—1,(6.53)
—dY,/dt -0
dy; . : :

6.1.2.6 Elements

Let us expand Eq. (6.23) to write element conservation in non-conservative form.

9]
— (pY )+ V- (pYu+j) = 0, l=1,...,L, (6.55)

ot
aY* 0
p<8£ +u-VYf)+Yf<8—':+V~(pu))+V~jf = 0, l=1,...,L, (6.56)
—dye dt =0
dyye
pdtl +V-j§ =0, I=1,...,L (6.57)

6.2 Mixture rules

We adopt the following rules for the ideal mixture:

N

P =) P, (6.58)
z;l

1= >, (6.59)
z]:\fl _

p= =) g (6.60)
zZ:Vl i=1

e — Zyl.ei’ (6.61)
zZ:Vl

h o= Zyihi’ (6.62)
i=1
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N
s = Y Vs, (6.63)
i=1
N
e = Y Yy, (6.64)
i=1
N
cp = Y Yicp;, (6.65)
i=1
vV o=V (6.66)
T = T, (6.67)

6.3 Constitutive models

The evolution axioms do not form a complete set of equations. Let us supplement these by
a set of constitutive model equations appropriate for a mixture of calorically perfect ideal
gases that react according the to the law of mass action with an Arrhenius kinetic reaction
rate. We have seen many of these models before, and repeat them here for completeness.
For the thermal equation of state, we take the ideal gas law for the partial pressures:

= _ ppPYi o Pi
RTp, =R 7 R 7 R, Tp (6.68)

So, the mixture pressure is

N N oY,
P = RTY p,=RT .
2P

i=1

N
- Pi
=RT) . (6.69)
i=1 M;

For the ideal gas, the enthalpy and internal energy of each component is a function of T" at
most. We have for the enthalpy of a component

T
hi = hg,,+ / cps(T)dT. (6.70)
So, the mixture enthalpy is

N

T
h = Yi<h%mZ-+ / cpi(T)dT). (6.71)
To

i=1
We then use the definition of enthalpy to recover the internal energy of component ::

P
Pi
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So, the mixture internal energy is

N T
e = Zn<h;o,i—RiT+ / cpi(T)dT>, (6.73)

T
= > Yi(hf,,— R(T—T,) — RT, + / cPi(T)dT), (6.74)

T
i~ RT,+ / cvi(T)dT), (6.76)

> (

- i Yi (h%mi — R, + /j(cPi(T) - Rz’)dT) , (6.75)
(
(

T
€5, + / cvi(T)dT) : (6.77)

The mixture entropy is

N T ~ N

CP(T) ~ (R)
> viss i+/ —2dT — Y ViR (). 6.78
— To, T T — Po ( )

The viscous shear stress for an isotropic Newtonian fluid which satisfies Stokes” assump-

tion is
T
=20 <w -5(v u)I) . (6.79)

Here, [i is the mixture viscosity coefficient which is determined from a suitable mixture rule
averaging over each component.
The energy flux vector j¢ is written as

— kYT + ijh . RTZ (Vyl (1 - %) VPP) - (6.80)

Here, k is a suitably mixture averaged thermal conductivity. The parameter DI is the
so-called thermal diffusion coefficient. Recall y; is the mole fraction.
We consider a mass diffusion vector with multicomponent diffusion coefficient D

N

, M, DYy { Vi M.\ VP VT
Ji pz, M (yk < M)P) i T (6.81)
k=1, ki

We adopt, as before, the reaction rate of creation of species 7, Eq. (5.20):
J
W; = Z Vij'rj- (682)
j=1
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Here, r; is given by the law of mass action, Eq. (5.10):

N L, 1 N s
=k ]2 (1- 117" ) (6.83)
k=1 ¢

J =1

The term k; is given by the Arrhenius kinetics rule, Eq. (5.19):

_Z.
k; =a;T% 7). 6.84
j = aj eXp(RT) ( )

and the equilibrium constant K. ; for the ideal gas mixture is given by Eq. (&.7):

N

P Dim1 Vij AG°
K.j= (== -—=2. 6.85
7 (RZ) exp( R1 ) ( )

6.4 Temperature evolution

Because temperature T has an important role in many discussions of combustion, let us for-
mulate our energy conservation principle as a temperature evolution equation by employing
a variety of constitutive laws.

Let us begin with Eq. ([648) coupled with our constitutive rule for h, Eq. (6171):

N T

d A dpP
E Y (h?pw,- —I—/ cPi(T)dT) +V.j!'=———7:Vu = 0, (6.86)
=1 Q o L

Pt dt
—h,
d & dP
_ Y h.: 19— : = .
P - hi +V - g Vu 0, (6.87)

N
dh; dY; ., dP
Z(,OYZ‘—‘th,’—)—FV'Jq———TZVu = 0, (6.88)

N
drT dy; .. dP
Z (p}/;Cpi— + phl—) +V 'Jq —— —7:Vu = 0, (689)

- dt dt dt
N N
dTl dY; dP
- O . ot L —
P E Yicp; + E hi p o +V-j T Vu 0, (6.90)
1=1 i=1 N——
=M;w;—V-jm
=cp
N
dT dP
- (M-, — UL 19— . = . .
per—, + E hi (Mw; =V -§") +V - j i Vu 0 (6.91)
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Now, let us define the “thermal diffusion” flux j* as

RTZ . (vg/, + (1 - ﬁ) VPP) . (6.92)

Yi

With this, our total energy diffusion flux vector j9, Eq. (G.80), becomes

N
j1=—kVT+) §rhi+j" (6.93)

i=1

Now, substitute Eq. (6.93) into Eq. ([G31]) and rearrange to get

dT
per—y +Zh (Myw; =V -j")+ V- ( kVT—I—ZJ h+,]>

=1

dpP
=TT Vu,(6.94)

- dP
pep' 3 (Mo = bV - § 4 V- (7)) = V- (VT) = V-7 + S 4 72 Vu,(6.95)
=1

A dp
pCp——l—Z (hiMio; + §™ - Vh;)) = V - (kVT) =V - jT + — + 7 : Vu,(6.96)
=1

dt
T < dP
N + Y (hiMi; + cpif* - VT) = V - (kVT) = V - 7 + — T Vu(6.97)
=1

So, the equation for the evolution of a material fluid particle is

dr

PP ar

N
dP
== (hMii; + cpd" - VT) + V- (kVT) = V- §T + o+ T Vu o (6.98)
i=1

Let us impose some more details from the reaction law. First, we recall that h; = h;M;,
SO

dT

dpP
dtz—zhwz Zcmz VT +V-(kVT) =V j"+—+7:Vu.  (6.99)

per - dt

Impose now Eq. ([682) to expand w;

dp
cpi" - VT +V - (kVT) =V -j" + —r + 7 Vu,(6.100)

P
CPZJZ VT +V - (kVT) -V -j* +d—+7- Vu(6.101)

B CP dt
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Now, recall Eq. (5.34):
N
AH; = hivy. (6.102)
=1

With this, Eq. (6I01]) becomes, after small rearrangement,

N

dP
E_g cpij™ VT +V - (kVT) -V -j" +7:Vu. (6.103)
i=1

dT

J
pCPE = — ZT]AH] +
j=1

J

diffusion effects

By comparing Eq. (6.103) with Eq. (5.33)), it is easy to see the effects of variable pressure and
diffusion on how temperature evolves. Interestingly, mass, momentum, and energy diffusion
all influence temperature evolution. The non-diffusive terms are combinations of advection,
reaction, and spatially homogeneous effects.

6.5 Shvab-Zel’dovich formulation

Under some restrictive assumptions, we can simplify the energy equation considerably. Let
us assume

e the low Maclﬁ number limit is applicable, which can be shown to imply that pres-
sure changes and work work due to viscous dissipation are negligible at leading order,
dP/dt ~0, 7 : Vu~ 0,

e the incompressible limit applies, dp/dt = 0,

e thermal diffusion is negligible, DT ~ 0,

e all species have identical molecular masses, so that M; = M,

e the multicomponent diffusion coefficients of all species are equal, D;; = D,

e all species possess identical specific heats, ¢cp; = cp, which is itself a constant, and
e cnergy diffuses at the same rate as mass so that k/cp = pD.

With the low Mach number limit, the energy equation, Eq. (G.48]), reduces to

dh
P

SErnst Machl, 1838-1916, Austrian physicist.

+V-j=0. (6.104)
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With DI = 0, the diffusive energy flux vector, Eq. (6:80), reduces to
N
j1=—kVT + > jlha. (6.105)
i=1

Substituting Eq. (6.105) into Eq. (G.104]), we get

dh >
por V| kYT + > irhi | =0. (6.106)
i=1

With all component specific heats equal and constant, cp; = c¢p, Eq. (6.71]) for the mixture
enthalpy reduces to

N
ho= > Yi(hy,,+cp(T—T,)), (6.107)
=1

N
= cp(T=T,)+ > Yihi, ;. (6.108)

i=1
Similarly for a component, Eq. ([€10) reduces to
hi = hg, ;+cp(T = T,). (6.109)
With Egs. (6I086.109), Eq. (6I06) transforms to
AT d (&
pep— + P (;YhT> -V (kVT ZJZ (hg, ; +cp(T —T,) )

=1

(6.110)
ar d (& 3
per o (Zl Yih%o,i> — V. | kVT - ;J?"”h% i—cp(T=T0) ;J
=
(6.111)
ar  d (&
Per s +p£ (; Yih%o,z) -V (kVT ijnh% Z)

- (6.112)

pc;ajt <T+ ZNZIC#) -V (kVT— ;ji”h%mi) =0
. (6.113)
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With M = M;, we recover mass fractions to be identical to mole fractions, Y, = y;.
Using this along with our assumptions of negligible thermal diffusion, DI = 0 and equal
multicomponent diffusion coefficients, D;; = D, the mass diffusion flux vector, Eq. (6.81]),
reduces to

N
it = p ) DY, (6.114)
k=1,k+#i
N
= oD Y VY (6.115)
k=1,k+#i
N
= pDV > Y (6.116)
k=1,ki
N
= pDV | =Y+ ) Vi |, (6.117)
lc:_l1
= pDV (=Y, +1), (6.118)
= —)DVY,. (6.119)

Now, substitute Eq. (GI19) into Eq. (EI13) and use our equidiffusion rate assumption,
pD =k/cp, to get

d Zf\il }/ih%o,i l o
per (T+ S ) v kVT+,oD;vao,i =0, (6.120)
d (. YLYhg, k
T4+ ==="" ) _v.|kVT + — Yihe, . = 0 6.121
Per < * cp v VI cp ;V Tort ’ ( )
N N
N Yihg k 1 Vil ;
i (T—l— Zz—l T, ) _ \v& (V (T—l— @) = 0. (6.122)
dt Cp pPCp Cp

Now, iff

e there is a spatially uniform distribution of the quantity 7+ (1/cp) 21111 Yihg, ;att =0,
and

e there is no flux of 7'+ (1/cp) Zf\il Y;hg, ; at the boundary of the spatial domain for
all time,

then, Eq. (6.122)) can be satisfied for all time by the algebraic relation

N N

N Yihg . N Yi(0)Rg,

LT DL YO,
cp cp

T (6.123)
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where 7'(0) and Y;(0) are constants at the spatially uniform initial state. We can slightly
rearrange to write

N N
cp(T=T,)+ Y Yihg, , = cp(T(0)=T,)+ > Yi(0)h, . (6.124)
i=1 =1
—h(T,Y) —h(T(0),Y:(0))
MT,Y;) = WT(0),Yi(0)). (6.125)

This simply says the enthalpy function is a constant, which can be evaluated at the initial
state.
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Chapter 7

Linear combustion:
advection-reaction-diffusion

In order to acquire a better understanding of the fundaments of combustion, a model prob-
lem is employed here to illustrate the basic ideas. Consider the following linear advection-
diffusion-reaction problem:

0 0 0?
B (x,t) + u%w(aj,t) = D@w(aj,t) —ap(x,t), (7.1a)
¢(07 t) = ’Qbu, (71(3)
a—w(oo, t) — 0, (7.1d)

ox

where the independent variables are ¢t > 0 and = € (0,00). Here, 1(z,t) is a general scalar,
u > 0 is a constant advective wave speed, D > 0 is a constant diffusion coefficient, and a > 0
is the chemical consumption rate constant.

The spatially homogeneous version of Eqgs. (1)) is

dipp (t
) e, il = (7.22)
which has the solution
p(t) = exp (—at) P,,. (7.2b)
The time scale 7 over which 1, evolves is
1

This time scale serves as an upper bound for the required time step to capture the dynamics
in a numerical simulation. Since there is only one dependent variable in this problem, the
temporal spectrum contains only one time scale. Consequently, this formulation of the
system is not temporally stiff.
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A simple means to determine the relevant length scales, and consequently, an upper
bound for the required spatial grid resolution, is to obtain the steady structure s(x), which
is governed by the time-independent version of Eqs. ((.)):

dys(x) _d*y(x)
“ dx =P da?

dips
. 4
I —0 (7.4a)

T—00

- a¢s(x)> ¢s|x:0 = ’l/)ua

Assuming solutions of the form v, = C'e*®, we are led to a characteristic polynomial of

u\ = DN? — a, (7.4b)

U / 4a’D

Taking A, to denote the + root, for which A, > 0, and A_ to denote the minus root, for
which A_ < 0, the solution takes the form

which has roots

() = CreMT 4 Coe*, (7.4d)
where ' and C5 are constants. Thus, taking the spatial derivative, we get

dips

= Cid e 4 Oyl _er 7, (7.4e)

In the limit of large positive x, the boundary condition requires the derivative to vanish
giving

. dp
lim

r—o00 AT

=0= lim (CiAp ™" + Code ") (7.4f)

Because A\, > 0, we must insist that ¢, = 0 in order to satisfy the far field boundary
condition. Then, enforcing that ,(0) = 1, we find the solution of Eq. ([.4al) is

¢s($) = eXp ()\_LL’) ¢u; (74g)
where
u 4aD

Here, there is one length scale in the system, ¢ = 1/|A_|; this formulation of the system is
not spatially stiff. By examining Eq. (Z4%L) in the limit aD/u? > 1, one finds that

0~ \/g = V/Dr, (7.5)
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where 7 = 1/a is the time scale from spatially homogeneous reaction. So, this length scale
¢ reflects the inherent physics of coupled reaction-advection-diffusion. In the opposite limit
of aD/u? < 1, one finds A — 0, £ — oo, and 9,(x) — 1, a constant.

Now, for Eqs. (1)), it is possible to find a simple analytic expression for the contin-
uous spectrum of time scales 7 associated with a particular linearly independent mode of
wavenumber k. A linearly independent mode with wavenumber k has wavelength A = 27/ k.
Assume a solution of the form

b(z,t) = exp (zkx) w(t), (7.6)

where U(t) is the time-dependent amplitude of the chosen linearly independent mode. Sub-
stituting this into Eq. (1) gives

%ﬁt) = \U(1),  T(0) =T, (7.7)
where A K
)\:a<1+DTk2+ik7u). (7.8)
This has a solution of the form
U(t) = exp (—At) V,. (7.9)

We see that the continuous time scale spectrum for amplitude growth or decay is given by

1 1 .
= 0<keR. (7.10)

R (14 22

T

From Eq. (ZI0), it is clear that for Dk?/a < 1, i.e. for sufficiently small wavenumbers
or long wavelengths, the time scales of amplitude growth or decay will be dominated by
reaction:

1
lim7 = —. (7.11a)
k—0 a

However, for Dk? Ja > 1, i.e. for sufficiently large wavenumbers or small wavelengths, the
amplitude growth/decay time scales are dominated by diffusion:

_ 11 /A
kh_}IiloT o2 D <%> . (7.11b)

From Eq. (Z.I0), we see that a balance between reaction and diffusion exists for k=+/a /D.
In terms of wavelength, and recalling Eqs. (ZH), we see the balance at

A_L_ Py, (7.12)
2r k a
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where £ =1/ k is proportional to the wavelength.

The oscillatory behavior is of lesser importance. The continuous time scale spectrum for
oscillatory mode, 7o is given by

To = = (7.13)

As k — 0, 7o — co. While 7o — 0 as k — 00, it approaches at a rate ~ 1/12;, in contrast to
the more demanding time scale of diffusion which approaches zero at a faster rate ~ 1/ k2.
Thus, it is clear that advection does not play a role in determining the limiting values of the
time scale spectrum; reaction and diffusion are the major players. Lastly, it is easy to show
in the absence of diffusion, that the length scale where reaction effects balance advection
effects is found at

(= = uT, (7.14)
where 7 = 1/a is the time scale from spatially homogeneous chemistry.

As an illustration, we examine the behavior of the system quantitatively by choosing
arbitrary numerical values, loosely motivated by parameters of gas phase systems, of a =
108 1/s, D = 10" em?/s, u = 10> cm/s. For these values, we find the estimate from Eq. (T5)
for the length scale where reaction balances diffusion as ¢ = A/(27) = 3.16228 x 10~ ¢m.
A plot of 7 versus ¢ = A/(2r) from Eq. (I0) is given in Fig. [l For long wavelengths,
the time scales are determined by reaction; for fine wavelengths, the time scale’s falloff is
dictated by diffusion, and our simple formula for the critical ¢ = +/Dr, illustrated as a
dashed line, predicts the transition well. For large /%, it is seen that a one decade decrease
in ¢ induces a two decade decrease in 7, consistent with the prediction of Eq. (.I1D):
lim; ., (In7) ~ 2In(¢) —In (D). Lastly, over the same range of ¢, the oscillatory time scales
induced by advection are orders of magnitude less demanding, and are thus not included in
the plot.

The results of this simple analysis can be summarized as follows:

e Long wavelength spatial disturbances have early time dynamics which are dominated
by chemistry; each spatial point behaves as an isolated spatially homogeneous reactor.
Late time dynamics are dictated by diffusion.

e Short wavelength spatial disturbances have early time dynamics which are dominated
by diffusion; diffusion first smears the disturbance and then reaction acts over late
time scales, such that at late time the reaction is spatially homogeneous over the entire
spatial domain.

o [ntermediate wavelength spatial disturbances have time dynamics determined by fully
coupled combination diffusion and chemistry. The critical intermediate length scale
where this balance exists is given by £ = /Dr.
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l/a=7=10"%s

{ =Dr=32x10"*em E

—_
o

-5 -3 —1 1 3
10 10 10 10 10

¢=A/(27m) (cm)

Figure 7.1: Time scale spectrum versus wavelength for the simple reaction-advection-
diffusion model.

o A fully resolved computation of a combustion process with advection-reaction-diffusion
requires

At < T, (7.15)
Azx < VDr. (7.16)

Less restrictive choices will not capture time dynamics and spatial structures inherent
in the continuum model.

e Advection usually plays a secondary role in determining time dynamics.

We show analogous results for a detailed kinetics reaction-advection-diffusion combustion
system in Fig. The analysis necessary to generate these results is detailed and given by
Al-Khateeb, and Powers, et alll Fig. has an analog in Al-Khateeb and Powers, but was
analyzed in a slightly different fashion. This is inconsequential for our present discussion.

The results of Fig. were obtained for an N = 9-species, L = 3-element, J = 19-
reaction model of hydrogen-air kinetics augmented by both advection and multi-component
mass and energy diffusion. To obtain the figure, an equilibrium state was subjected to linear
perturbation, and the corresponding eigenvalues and eigenfunctions were determined. The
time scales are the reciprocals of the real parts of the eigenvalues.

UAl-Khateeb, A. N. and Powers, J. M., 2010, “Analysis of the Reaction-Advection-Diffusion Spectrum of
Laminar Premixed Flames,” 48th ATAA Aerospace Sciences Meeting, Orlando, Florida, ATAA-2010-0954.
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1 Tslowest = 1.85 x 10_4 S

gfinest =
8.4 x 107 em

1 Tfastest = 1.03 x 107% s

T fundamental ( 5)

E coarsest

1.1 x 107 em

1 I_2 1 I0 1 1
10 10 10
2L/ (cm)

Figure 7.2: Time scales associated with the fundamental modes for a nine-species, nineteen
step stoichiometric, p = 1 atm, T, = 800 K hydrogen—air reaction-advection-diffusion system
versus the length 2L /7.

For long length scales, the time scales are effectively identical to those obtained by analysis
of a spatially homogeneous system. Thus we see clearly N — L = 6 independent time scales.
The fastest i Tfasiest = 1.03 X 107% s and the slowest is Tgowest = 1.85 x 107 5. As the
length scale is decreased, one finds that diffusive effects first become important in describing
dynamics associated with the slowest reaction model. As the length scale continues to
decrease, diffusion becomes more and more important for each progressively faster reaction
mode, until the fastest reaction mode is reached. With the diffusion coefficient estimated
independently as D,,;, = 68.91 cm?/s, the coarsest and finest transition length scale, {eoarsest
and e are found to be

Ecoarsest = VvV Dmiszlowest =1.1x ]-0_1 cm, (717)
Crinest: = \/DumiaTrastest = 8.4 x 107% em. (7.18)
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Chapter 8

Simple solid combustion:
reaction-diffusion

Here, we will modify the simple thermal explosion theory of Sec. [L2.1] which balanced un-
steady evolution against reaction to include the effects of diffusion. Starting from a fully
unsteady formulation, we will focus on cases which are steady, resulting in a balance between
reaction and diffusion; however, we will briefly consider a balance between all three effects.
Such a theory is known after its founder as Frank-Kamenetskiil theory. In particular, we
will look for transitions from a low temperature reaction to a high temperature reaction,
mainly in the context of steady state solutions, i.e. solutions with no time dependence. We
draw upon the work of Buckmaster and Ludford for guidanceH

8.1 Simple planar model

Let us consider a slab of solid fuel/oxidizer mixture. The material is modelled to be of infinite
extent in the y and z directions and has length 2L in the x direction. The temperature at
each end, x = =L, is held fixed at T'=T,,.

The slab is initially unreacted. Exothermic conversion of solid material from reactants to
products will generate an elevated temperature within the slab 7' > T,, for x € (—L, L). If
the thermal energy generated diffuses rapidly enough, the temperature within the slab will
be T' ~ T,, and the reaction rate will be low. If the energy generated by local reaction diffuses
slowly, it will accumulate in the interior, accelerate the local reaction rate, and induce rapid
energy release and high temperature.

Let us assume

e The material is an immobile, incompressible solid with constant specific heat,

— Thus, p is constant,

David Albertovich Frank-Kamenetskii, 1910-1970, Soviet physicist.
2Buckmaster, J. D., and Ludford, G. S. S., 1983, Lectures on Mathematical Combustion, SIAM, Philadel-
phia. See Chapter 1.
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— Thus, cp = ¢, is a constant,

— Thus, there is no advective transport of mass, momentum, or energy: u = 0.
e The material has variation only with x and ¢,

e The reaction can be modelled as
A— B, (8.1)

where A and B have identical molecular masses.
e The reaction is irreversible,
e The reaction is exothermic,
e Initially only A is present,

e The thermal conductivity, k is constant.
Let us take, as we did in thermal explosion theory, Sec. [L.2.1]
Yi = 1= (8.2)
Yg = A\ (8.3)

We interpret A\ as a reaction progress variable which has A € [0,1]. For A = 0, the material
is all A; when \ = 1, the material is all B.

8.1.1 Model equations

Our simple model for reaction is

% = ac ERT(1 = )\), (8.4)
de q
or
a = ko, (8.6)
e = ¢, T —\g. (8.7)

Equation (84) is our reaction kinetics law. It is the equivalent of the earlier derived
Eq. (L281) in the irreversible limit, K. — co. Equation (8.3]) is our energy conservation ex-
pression. It amounts to Eq. (6.42)), with q playing the role of the heat flux j9. Equation (8.6])
is the constitutive law for heat flux; it is the equivalent of Eq. (6.80) when mass diffusion
is neglected and amounts to Fourier’sﬁ law. Equation (87]) is our caloric equation of state;
it is Eq. (L314) with ¢ = @3, 4 — €%, p and Yp = A. Equations ([84H81) are completed by
initial and boundary conditions, which are

T(—L,t)=T(L,t) =T,  T(x,00=T,  Az,0)=0. (8.8)

3Jean Baptiste Joseph Fourier, 1768-1830, French mathematician.
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8.1.2 Simple planar derivation

Let us perform a simple “control volume” derivation of the planar energy equation, Eq. (87]).
Consider a small volume of dimension A by Ax. At the left boundary x, we have heat flux
g, in which we notate as q,. At the right boundary, x + Az, we have heat flux out of q,; az-
Recall the units of heat flux are J/m?/s.

The first law of thermodynamics is

change in total energy = heat in — work out,. (8.9)
=0

There is no work for our system. But there is heat flux over system boundaries. In a
combination of symbols and words, we can say

total energy @ ¢ + At — total energy @ ¢ = energy flux in — energy flux out.  (8.10)

unsteady advection and diffusion
=0

Mathematically, we can say

E|t+At - E|t = - (Eflu:c out — Eflux zn) 5 (811)
pAAl’ (6|t+At - 6|t) = - (q:c—i-A:c - qx) \AzAtn (812)
kg J/kg Jm2)s (M s)
e —e _
Now, let Az — 0 and At — 0, and we get
Oe 09,
— = 8.14
ot ox (8.14)
Now, standard constitutive theory gives Fourier’s law to specify the heat flux:
or
= —k—. 8.15
q B (8.15)

So, Eq. (BIH) along with the thermal state equation, ([87) when substituted into Eq. (814
yield

p% (c,T —Aq) = k%, (8.16)

pcv%—:: - pqg—? = k%, (8.17)

pq,%—f — pqae ¥/FIT(1 = )\) = k%, (8.18)
ch%—I; = k% + pgae SR/ (1 = \). (8.19)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

272 CHAPTER 8. SIMPLE SOLID COMBUSTION: REACTION-DIFFUSION

So, our complete system is two equations in two unknowns with appropriate initial and
boundary conditions:

oT 0*T £/
i Pl —E/R/T (1 _
Peo g, k8x2 + pqae (1—=N), (8.20)
g—j ae E/FIT(1 = \), (8.21)
T(~Lt)=T(L,t) =T, T(z,0) = Tp,  A(x,0)=0. (8.22)

8.1.3 Ad hoc approximation

Let us consider an ad hoc approximation to a system much like Eqs. (R20H8.22), but which
has the advantage of being one equation and one unknown.

8.1.3.1 Planar formulation

If there were no diffusion, Eq. (81I4]) would yield de/0t = 0 and would lead us to conclude
that e(x,t) = e(x). And because we have nothing now to introduce a spatial inhomogeneity,
there is no reason to take e(z) to be anything other than a constant e,. That would lead us
to

e(x,t) = ey, (8.23)
SO
e, = T — \q. (8.24)
Now, at t =0, A=0, and T'=T,, so e, = ¢,T,; thus,

e, = ¢, T — A\, (8.25)
p— M (8.26)
q

We also get the final temperature at A = 1 to be

TA=1)=T,+ L. (8.27)
Cy
We shall adopt Eq. (820]) as our model for A in place of Eq. (821]). Had we admitted species
diffusion, we could more rigorously have arrived at a similar result, but it would be more
difficult to justify treating the material as a solid.
Let us use Eq. (820) to eliminate A in Eq. (820) so as to get a single equation for 7"

oT o*T - eo(T —T,)
= k—— —E/R/T (1 ZvAm 0 8.28
P ot oa> 1 q ’ (529

"
reaction source term

J/
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The first two terms in Eq. (828) are nothing more than the classical heat equation. The
non-classical term is an algebraic source term due to chemical reaction. Note when T' =T,
the reaction source term is pga exp(—E/R/T) > 0, so at the initial state there is a tendency
to increase the temperature. When A = 1, so 7" = T, + ¢/c,, the reaction source term is
zero, so there is no local heat release. This effectively accounts for reactant depletion.

Scaling the equation by pc, and employing the well known formula for thermal diffusivity
a=k/p/cp ~k/p/c, for the solid, we get

or T q —&/R/T
E = Oéw +a <g - (T — TO)> e s (829)
T(-L,t)=T(L,t) = T, T(z,0) =1T,. (8.30)

From here on, we shall consider Egs. (830) and cylindrical and spherical variants to be the
full problem. We shall consider solutions to it in various limits. We will not return here to
the original problem without the ad hoc assumption, but that would be a straightforward
exercise.

8.1.3.2 More general coordinate systems

We note that Eq. (830) can be extended to general coordinate systems via

or

S = aVT+a (i —(T - To)) e~E/RIT. (8.31)

Cy

Appropriate initial and boundary conditions for the particular coordinate system would be
necessary.

For one-dimensional solutions in planar, cylindrical, and spherical coordinates, one can
summarize the formulations as

or 1 0 m 0T q —-&/R)T
E = az—m% <l’ %) +a <C_v - (T — To)> e . (832)

Here, we have m = 0 for a planar coordinate system, m = 1 for cylindrical, and m = 2 for
spherical. For cylindrical and spherical systems, the Dirichlet boundary condition at x = —L
would be replaced with a boundedness condition on 7" at x = 0.

8.2 Non-dimensionalization

Let us non-dimensionalize Eqs. (831]). The scaling we will choose is not unique.
Let us define non-dimensional variables
(T —1T,)

T, = ——, Ty =

: % t, = at. (8.33)
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With these choices, Eqgs. (831]) transform to

qa O qg 1 _,0 o T,
¢, Ot CUOKL2 T Ozr, ' ¥ Ox,
q q E 1
L S —
o (Cv Co ) P ( RT,+ (Q/CU)T*)
oT., a 0 o7, £ 1
— m m 1— T* o
ot al?™ Oz, (1’* ax*) * ) exp

(8.34)

BT (1+ (;4) 1) (55

Now, both sides are dimensionless. Let us define the dimensionless parameters

Q
h
N

o

Here, ® is a so-called Damkohlef] number. If we recall a diffusion time scale Tq 1S

L2
Td = )
[0

(8.36)

(8.37)

and a first estimate (which will be shown to be crude) of the reaction time scale, 7, is

T, =

1
o

(8.38)

We see that the Damkohler number is the ratio of the thermal diffusion time to the reaction

time (ignoring activation energy effects!):

D L?/a 74  thermal diffusion time
- 1/a T '

We can think of © and @) as ratios as well with

reaction time

o activation energy

Q- exothermic heat release

ambient energy ’ ambient energy

The initial and boundary conditions scale to
T.(=1,t,) = T.(1,t,) =0, T.(x.,0) =0, if

m =0,
T.(1,t,) = 0, T.(0,t,) < oo,

T.(z,,0)=0, if m=12.

4Gerhard Damkohler, 1908-1944, German chemist.
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8.2.1 Diffusion time discussion

As an aside, let us consider in more depth the thermal diffusion time. Consider the dimen-
sional heat equation

oT 0T
— =0 8.43
ot "oz (8.43)
with a complex representation of a sinusoidal initial condition:
T(x,0) = Ae'*. (8.44)
Here, A is a temperature amplitude, & is the wave number, and 2 = —1. If one wants, one

can insist we only worry about the real part of the solution, but that will not be important
for this analysis. Note that since

Ae'tr = A cos(kx) + Aisin(kz),

we can think of the initial condition as a signal with wavelength A = 27/ k. Note when the
wave number k is large, the wavelength A is small, and vice versa.
Let us assume a separation of variables solution of the form

T(x,t) = B(t)e'*. (8.45)

Thus,
%_ftf _ %gkx, (8.46)

and
Z_Z = il%Be“;m, (8.47)
((;27]; —  _j:2Beike, (8.48)

So, our partial differential equation reduces to

m% _ _al?Beit, (8.49)
Y~ kB, BO)=A (8.50)
B(t) = Ae ", (8.51)

Note that as t — 0o, B — 0 with diffusion time constant

Td — ~.
ak?
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So, a large thermal diffusivity « causes modes to relax quickly. But high wave number 2
also induces modes to relax quickly. Note also that in terms of wavelength of the initial
disturbance,

Ly
Td — o 47'('2 A,
So, small wavelength disturbances induce fast relaxation.

Importantly, recall that an arbitrary signal will have a Fourier decomposition with an
infinite number of modes, each with a different wave number. The preceding analysis shows
that each mode will decay with its own diffusion time constant. Indeed some of the modes,
even at the initial state, may have negligibly small amplitude. But many will not, and we
cannot know a prior: which ones will be large or small.

Lastly, we note that in a finite domain, we will find a discrete spectrum of wave numbers;
in an infinite domain, we will find a continuous spectrum.

8.2.2 Final form

Let us now drop the * notation and understand that all variables are dimensionless. So, our
equations become

o _ Lm0 (T +(1—T)ex —©
o 2 o \" or P \1ror)

T(-1,t) = T(1,H=0, T(x,0)=0, if m=0,
T(1,t) = 0, T(0,t) < oo, T(z,0) =0, it  m=12

(8.52)

Note that the initial and boundary conditions are homogeneous. The only inhomogeneity

lives in the exothermic reaction source term, which is non-linear due to the exp(—1/7") term.

Also, it will prove to be the case that a symmetry boundary condition at z = 0 suffices,

though our original formulation is more rigorous. Such equivalent boundary conditions are
oT

T(LH)=0, Z-(0.)=0, T(0)=0, m=123 (8.53)
Xz

8.2.3 Integral form

As an aside, let us consider the evolution of total energy within the domain. To do so we
integrate a differential volume element through the entire volume. We recall dV ~ x™ dx,
for m =0, 1,2, (planar, cylindrical, spherical).

0T 1 .. .0 ( 0T - -0
x Edm = % %<x %)dx—l—z (1 T)eXp<1—|—QT)dx’

(8.54)

Loor Y19 (0T vt o)
/OSL’ ad:c = /058—:6(56 %)dij/ox (1—T)exp(1+QT)d:c,
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(8.55)
o [ 1 0T ! -0
— "Td = — — m(1-T dx .
at/ox x D or| +/Ox ( )exp<1+QT) T
thermal energy change boundary heat flux internal conversion
(8.56)

Note that the total thermal energy in our domain changes due to two reasons: 1) diffusive
energy flux at the isothermal boundary, 2) internal conversion of chemical energy to thermal
energy.

8.2.4 Infinite Damkohler limit

Note for ® — oo diffusion becomes unimportant in Eq. ([852]), and we recover a balance
between unsteady effects and reaction:

Cil_f = (1—T)exp (1 J:(;)?T) : T7(0) = 0. (8.57)

This is the problem we have already considered in thermal explosion theory, Sec. [L2.11 We
recall that thermal explosion theory predicts significant acceleration of reaction when

6@
L~ oo (8.58)

8.3 Steady solutions

Let us seek solutions to the planar (m = 0) version of Eqs. (852]) that are formally steady,
so that 0/0t = 0, and a balance between reaction and energy diffusion is attained. In that
limit, Eqs.(852]) reduce to the following two point boundary value problem:

= %% + (1 —T)exp (1 ;2T> ; (8.59)
0 = T(=1)=T(1). (8.60)

This problem is difficult to solve analytically because of the strong non-linearity in the
reaction source term.

8.3.1 High activation energy asymptotics

Motivated by our earlier success in getting approximate solutions to a similar problem in
spatially homogeneous thermal explosion theory, let us take a similar approach here.
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Let us seek low temperature solutions where the non-linearity may be weak. So, let us
define a small parameter € with 0 < e < 1. And now let us assume a power series expansion
of T of the form

T=eTy+ETy+ ... (8.61)

Here, we assume Ti(x) ~ O(1), Ty(x) ~ O(1), .... We will focus attention on getting an
approximate solution for 77 (z).
With the assumption of Eq. (861]), Eq. (859) expands to

A>Ty
€
dz?

+... = D1 —€el1 —...)exp(—O(1 — QT +...)). (8.62)

Ignoring higher order terms and simplifying we get

d*T,

eo% = —D(1 — €I}) exp(—0O) exp(eOQT7). (8.63)

Now, let us once again take the high activation energy limit and insist that € be defined such
that

€ (8.64)

1
QO
This gives us

2
d’Th = —g(l — €T) exp(—0) exp(T}). (8.65)
dz? €

We have gained an analytic advantage once again by moving the temperature into the nu-
merator of the argument of the exponential.
Now, let us neglect €17 as small relative to 1 and define a new parameter ¢ such that

D

€

J

exp(—0) = DO exp(—0O). (8.66)

Our governing equation system then reduces to

d*T, 7
proie —de'l] (8.67)
Ti(~1) = Ty(1)=0. (8.68)

It is still not clear how to solve this. It seems reasonable to assume that 7} should have
symmetry about x = 0. If so, we might also presume that the gradient of 77 is zero at x = 0:

dTy

— =0 8.69
L =, (3.69)

=0
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which induces 77(0) to take on an extreme value, say 71(0) = 77", where m could denote
maximum or minimum. Certainly 77" is unknown at this point.
Let us explore the appropriate phase space solution. To aid in this, we can define q as

We included the minus sign so that q has a physical interpretation of heat flux. With this
assumption, Eq. (8G7) can be written as two autonomous ordinary differential equations in
two unknowns:

dq T

deh = 71
= bt q0)=0, (8.71)
dTy
— = — T =T, .72

This is slightly unsatisfying because we do not know 77". But we presume it exists, and is
a constant. Let us see if the analysis can reveal it by pressing forward.

Let us scale Eq. (812)) by Eq. (8.71]) to get
dh _ _ g
dqg ~ 0el’

Til,_o = T7" (8.73)

Now, Eq. (B73) can be solved by separating variables. Doing so and solving we get

—5eldTy = qdq, (8.74)
2
el = %+C. (8.75)

Applying the initial condition, we get

—6e’" = C, (8.76)
2
% — ST — M), (8.77)
q = 26(eT" — eTh). (8.78)

The plus square root is taken here. This will correspond to x € [0,1]. The negative square
root will correspond to z € [—1,0].
We can now substitute Eq. (878)) into Eq. (B72) to get

% — 20 —em, (8.79)

Once again separate variables to get

dTy

20(eT" — M)

= —dux. (8.80)
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Computer algebra reveals this can be integrated to form

V2 tanh™! ( 1— 8;%)

el
eTlm/2\/S

Now, when x = 0, we have T} = T7". The inverse hyperbolic tangent has an argument of
zero there, and it evaluates to zero. Thus, we must have C' = 0, so

V2 tanh™! ( 1— %)
eTlm/z\/g

Ty - 5
tanh—1< 1—:T1m> = N /2\@:5. (8.83)

tanh™' /1 — 32 = sech ™',

=—z+C. (8.81)

z, (8.82)

Now, recall that

so Eq. (B:83]) becomes

1] my |0
sech™ (eT - ) = /2 3% (8.84)

_pm - 5
e 7T — sech <eT1 /2\/;x> : (8.85)
m m 5
e? = eM"/2sech (eTl /2\/;$) : (8.86)
_ T /2 [0
Ty = 2In|e't/%sech | et SR (8.87)

So, we have an exact solution for 77 (z). This is a nice achievement, but we are not sure it
satisfies the boundary condition at z = 1, nor do we know the value of 77". We must choose
T7" such that T7(1) = 0, which we have not yet enforced. So

0 = 2In (eTlm/zsech (eTl,np\/g)) . (8.88)

Only when the argument of a logarithm is unity does it map to zero. So, we must demand

that
T /2 2, |0
e’ /“sech | e'1 5] = 1, (8.89)

el /2 g = sech™" (e7"/2), (8.90)
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Figure 8.1: Plot of maximum temperature perturbation 77" versus reaction rate constant o
for steady reaction-diffusion in the high activation energy limit.

et /2 g = cosh™* (eTlm/z) : (8.91)
5 m m
5 = e T"/2 cosh™! (" /2) . (8.92)

Equation ([8.92) gives a direct relationship between ¢ and 77". Given 17", we get ¢ explicitly.
Thus, we can easily generate a plot; see Fig[8.Il The inverse cannot be achieved analytically,
but can be done numerically via iterative techniques. We notice a critical value of 9, 6. =
0.878458. When ¢ = 0. = 0.878458, we find 77" = 1.118684. For § < o, there are two
admissible values of 77". That is to say the solution is non-unique for 6 < é.. Moreover,
both solutions are physical. For § = ., there is a single solution. For § > J,., there are no
steady solutions.

Note also that since we have from Eq. (861 that 7' ~ €7} and from Eq. (864]) that
e =1/0/Q, we can say

Us

0Q

Presumably re-introduction of neglected processes would aid in determining which solu-
tion is realized in nature. We shall see that transient stability analysis aids in selecting the

correct solution when there are choices. We shall also see that re-introduction of reaction
depletion into the model induces additional physical solutions, including those for § > ..

™ (8.93)
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— b X
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Figure 8.2: Plot of Tj(x) for § = 0.4 showing the two admissible steady solutions.

For = 0.4 < 4. we get two solutions. Both are plotted in Fig[8.2l The high temperature
solution has 77" = 3.3079, and the low temperature solution has 77" = 0.24543. At this
point we are not sure if either solution is temporally stable to small perturbations. We shall
later prove that the low temperature solution is stable, and the higher temperature solution
is unstable. Certainly for 0 > ., there are no low temperature solutions. We will see that
upon re-introduction of missing physics, there are stable high temperature solutions. 7o
prevent high temperature solutions, we need § < 0.

Now, recall from Eq. (8.60]) that

§=9Q0e°. (8.94)
Now, to prevent the high temperature solution, we demand
§ =DQOe™® < 0.878458. (8.95)
Let us bring back our dimensional parameters to examine this criteria:
DQROe™® < 0.878458, (8.96)
L? £ —&
ZO 4 e (=2 ) < 0.878458. (8.97)
a_ 1, RT, RT,
NN~
2 Q@ e

Thus, the factors that tend to prevent thermal explosion are

e High thermal diffusivity; this removes the thermal energy rapidly,

Small length scales; the energy thus has less distance to diffuse,

Slow reaction rate kinetics,

High activation energy.
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8.3.2 Method of weighted residuals

The method of the previous section was challenging. Let us approach the problem of calculat-
ing the temperature distribution with a powerful alternate method: the method of weighted
residuals, using so-called Diradl delta functions as weighting functions. We will first briefly
review the Dirac delta function, then move on to solving the Frank-Kamenetskii problem
with the method of weighted residuals.

The Dirac dp-distribution (or generalized function, or simply function), is defined by

g it a € |a
/a F(@)op(x — a)dz — { ?(a) s %a:% (8.98)

From this it follows by considering the special case in which f(z) = 1 that
p(r—a) = 0ifz#a (8.99)
/ dp(r —a)dr = 1. (8.100)

— 0o
Let us first return to Eq. (8.67), rearranged as

d*T,

noo_
e 0, (8.101)
Ty (1) =Ti(1) = 0. (8.102)
We shall approximate T (x) by
N
Ti(z) = Tu(x) = Y _cifi(x). (8.103)
i=1

At this point, we do not know the so-called trial functions f;(x) nor the constants c;.

8.3.2.1 One-term collocation solution

Let us choose f;(z) to be linearly independent functions which satisfy the boundary condi-
tions. Moreover, let us consider the simplest of approximations for which N = 1. A simple
function which satisfies the boundary conditions is a polynomial. The polynomial needs to
be at least quadratic to be non-trivial. So, let us take

filz) =122 (8.104)
Note this gives fi(—1) = f1(1) = 0. So, our one-term approximate solution takes the form

Tu(z) = c1(1 — 2%). (8.105)

Paul Adrien Maurice Dirac, 1902-1984, English physicist.
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We still do not yet have a value for ¢;. Let us choose ¢; so as to minimize a residual error
of our approximation. The residual error of our approximation r(x) will be

2

r(r) = C;j;a + deTe (@), (8.106)
d2

= 5 (a(l=2%) +dexp(er(1—27)), (8.107)

= =2+ +dexp(ci(l - 2%)). (8.108)

If we could choose ¢; in such a way that r(z) was exactly 0 for x € [—1, 1], we would be done.
That will not happen. So, let us choose ¢; to drive a weighted domain-averaged residual to
zero. That is, let us demand that

/_1 Uy (x)r(x) de = 0. (8.109)

We have introduced here a weighting function ;(x). Many choices exist for the weighting
function. If we choose 91(z) = fi(x) our method is known as a Galerkifl method. Let
us choose instead another common weighting, ¥ (x) = dp(z). This method is known as a
collocation method. We have chosen a single collocation point at z = 0. With this choice,

Eq. (BI09) becomes

/_l 6p(z) (—2¢1 + dexp(ci (1 — 2°))) dx = 0. (8.110)

1

The evaluation of this integral is particularly simple due to the choice of the Dirac weighting.
We simply evaluate the integrand at the collocation point x = 0 and get

—2¢1 + +0 exp(cy) = 0. (8.111)
Thus,
0 =2cie” . (8.112)
Note here ¢ is a physical parameter with no relation the Dirac delta function dp. Note that
with our approximation 7, = ¢;(1 — %), that the maximum value of T, is T™ = ¢;. So, we
can say
§=2Tme 1", (8.113)

We can plot T} as a function of §; see Fig B3 Note the predictions of Fig. are
remarkably similar to those of Fig. 81l For example, when § = 0.4, numerical solution of

Eq. (BII3) yields two roots:
Tm = 0250171,  T™ = 2.54264. (8.114)

9Boris Gigoryevich Galerkin, 1871-1945, Russian-Soviet engineer.
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Figure 8.3: Plot of maximum temperature perturbation 7" versus reaction rate constant ¢
for steady reaction-diffusion using a one-term collocation method.

Thus, we get explicit approximations for the high and low temperature solutions for a one-
term collocation approximation:

T.(z) = 0.259171(1 — 2%), (8.115)
T.(z) = 2.54264(1 — 2?). (8.116)
Plots of the one-term collocation approximation T, (x) for high and low temperature solutions

are given in Fig
We can easily find ¢, for this approximation. Note that differentiating Eq. (8113]) gives

i - "
a2 (1—Tm). (8.117)

A critical point exists when do/dT)* = 0. We find this exists when 7" = 1. So, 0, =
2(1)e™ = 0.735769.

8.3.2.2 Two-term collocation solution

We can improve our accuracy by including more basis functions. Let us take N = 2. We
have a wide variety of acceptable choices for basis function that 1) satisfy the boundary
conditions, and 2) are linearly independent. Let us focus on polynomials. We can select the
first as before with fi(z) = 1 — 2% as the lowest order non-trivial polynomial that satisfies
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Figure 8.4: Plots of high and low temperature distributions 7, (z) using a one-term colloca-
tion method.

both boundary conditions. We could multiply this by an arbitrary constant, but that would
not be of any particular use. Leaving out details, if we selected the second basis function as
a cubic polynomial, we would find the coefficient on the cubic basis function to be ¢y = 0.
That is a consequence of the oddness of the cubic basis function and the evenness of the
solution we are simulating. So, it turns out the lowest order non-trivial basis function is a
quartic polynomial, taken to be of the form

fg(l’) =ap+a1x + &21’2 + a3x3 + a4x4. (8118)

We can insist that fo(—1) = 0 and f2(1) = 0. This gives

ag+ a1 +as +az3+ag = O, (8119)
ag—ay+ay —as+ay = 0. (8.120)

We solve these for ag and a; to get ag = —as — a4, a3 = —asz. So, our approximation is
fo(x) = (—ag — ay) — asz + agx® + azx® + agx’. (8.121)

Motivated by the fact that a cubic approximation did not contribute to the solution, let us
select az = 0 so to get

fo(w) = (—az — as) + ap® + aga’. (8.122)

Let us now make the choice that f_ll fi(z)fa(x) de = 0. This guarantees an orthogonal
basis, although these basis functions are not eigenfunctions of any relevant self-adjoint linear
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operator for this problem. Often orthogonality of basis functions can lead to a more efficient

capturing of the solution. This results in ay = —7ay/8. Thus,
1 2 T 4
folz) =as | —= + 2" — =a" ). (8.123)
8 8
Let us select as = —8 so that
folx) =1 — 822 + 72" = (1 — 2?)(1 — 72?). (8.124)
and
filz) = 1-a? (8.125)
f2(z) = (1—2?)(1—72%). (8.126)

So, now we seek approximate solutions 74(x) of the form
Ta(z) = c1(1 — 2%) + co(1 — 2?)(1 — 72?). (8.127)

This leads to a residual r(z) of

d*Ty Tls
r(z) = - +de (@) (8.128)
d? 2 2 2
= @(cl(l—x )+ c2(1 — 2%)(1 — 72%))
+8exp(cr(1 — 2?) + ea(1 — 22)(1 — 72%)), (8.129)
= —2¢; + 56007 — 2¢5(1 — T2?) — 14cy(1 — %)
+8exp(cr(1 — 2?) + ep(1 — 22)(1 — 72%)). (8.130)
Now, we drive two weighted residuals to zero:
1
U (z)r(z) de = 0, (8.131)
-1
1
/ Uo(x)r(z) de = 0. (8.132)
-1

Let us once again choose the weighting functions ;(z) to be Dirac delta functions so that we
have a two-term collocation method. Let us choose unevenly distributed collocation points
so as to generate independent equations taking x = 0 and z = 1/2. Symmetric choices would
lead to a linearly dependent set of equations. Other unevenly distributed choices would work
as well. So, we get

/1 dp(x)r(x) de = 0, (8.133)

1

/1 op(x —1/2)r(x) de = 0. (8.134)

1
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or
r(0) = 0, (8.135)
r(1/2) = 0. (8.136)
Expanding, these equations are
—2¢1 — 16co + dexp (c1 + ) = 0, (8.137)
—2¢1 + 5ey + dexp (ch — 1—9602) = 0. (8.138)

For § = 0.4, we find a high temperature solution via numerical methods:
c1 = 3.07054, cy = 0.683344, (8.139)
and a low temperature solution as well
c = 0.243622, co = 0.00149141. (8.140)
So, the high temperature distribution is
Ta(x) = 3.07054(1 — %) + 0.683344(1 — 2°)(1 — 72?). (8.141)

The peak temperature of the high temperature distribution is 77" = 3.75388. This is an
improvement over the one term approximation of 77" = 2.54264 and closer to the high
temperature solution found via exact methods of 77" = 3.3079.

The low temperature distribution is

Ta(z) = 0.243622(1 — 2%) + 0.00149141(1 — 2°)(1 — 72?). (8.142)

The peak temperature of the low temperature distribution is 77" = 0.245113. This in
an improvement over the one term approximation of 77" = 0.259171 and compares very
favorably to the low temperature solution found via exact methods of 77" = 0.24543.

Plots of the two-term collocation approximation T4(x) for high and low temperature
solutions are given in Fig While the low temperature solution is a very accurate repre-
sentation, the high temperature solution exhibits a small negative portion near the boundary.

8.3.3 Steady solution with depletion

Let us return to the version of steady state reaction with depletion without resorting to the
high activation energy limit, Eq.(8.60):

= %% +(1—T)exp (1 ;?ﬁ) : (8.143)
0 = T(=1)=T(1). (8.144)
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Figure 8.5: Plots of high and low temperature distributions 74 (x) using a two-term colloca-
tion method.

Rearrange to get

d°T -0
Tz = —D(1—-T)exp (1 n QT) ; (8.145)
B QO exp(—0O) s

Now, simply adapting our earlier definition of 6 = DO exp(—06), which we note does not
imply we have taken any high activation energy limits, we get

T exp(O) -0
o —6 00 (1—T)exp<1+QT), (8.147)

T(-1) = T(1)=0. (8.148)

Equations (8I47H8T48) can be solved by a numerical trial and error method where we
demand that dT'/dx(z = 0) = 0 and guess T(0). We keep guessing 7'(0) until we have
satisfied the boundary conditions.

When we do this with § = 0.4, © = 15, Q = 1 (s0o ® = §e°/Q/O© = 87173.8 and
e =1/0/Q = 1/15), we find three steady solutions. One is at low temperature with 7™ =
0.016. This is essentially equal that predicted by our high activation energy limit estimate
of T™ ~ €I = 0.24542/15 = 0.016. We find a second intermediate temperature solution
with T = 0.417. This is a little higher than that predicted in the high activation limit of
T™ ~ eTT = 3.3079/15 = 0.221. And we find a high temperature solution with 7 = 0.987.
There is no counterpart to this solution from the high activation energy limit analysis. Plots
of T'(x) for high, low, and intermediate temperature solutions are given in Fig R0l
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Figure 8.6: Plots of high, low, and intermediate temperature distributions 7'(x) for 6 = 0.4,
Q=1 0=15

We can use a one-term collocation approximation to estimate the relationship between o
and T™. Let us estimate that

T.(z) = c1(1 — 2%). (8.149)
With that choice, we get a residual of

©
1 -+ ClQ(

r(z) = —2¢ + % exp (@ — = xz)) (1 —ci(1—2?%)). (8.150)

We choose a one term collocation method with v (x) = dp(x). Then, setting f_ll Uy (x)r(z)de =
0 gives

r(0) = —2¢; + % exp (@ __© ) (1—¢1)=0. (8.151)

We solve for ¢ and get

. 201 Q@ e
0= p— eXp<1+le)' (8.152)

The maximum temperature of the approximation is given by 7" = ¢; and occurs at z = 0.
A plot of T} versus 0 is given in Fig For 0 < .4 ~ 0.2, one low temperature solution
exists. For 0. < 0 < 0.0 ~ 0.84, three solutions exist. For § > .o, one high temperature
solution exists.
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Figure 8.7: Plots of T)" versus 4, with () = 1, © = 15 from a one-term collocation approxi-
mate solution.

8.4 Unsteady solutions

Let us know study the effects of time-dependency on our combustion problem. Let us
consider the planar, m = 0, version of Eqs. (852):

2 —
or 18T+(1_T)exp< o )

ot D 022 1+ QT
T(-1,t) = T(1,t) =0, T(x,0) = 0. (8.153)

8.4.1 Linear stability

We will first consider small deviations from the steady solutions found earlier and see if those
deviations grow or decay with time. This will allow us to make a definitive statement about
the linear stability of those steady solutions.

8.4.1.1 Formulation

First, recall that we have independently determined three exact numerical steady solutions
to the time-independent version of Eq. (8I53]). Let us call any of these T,(z). Note that by
construction 7T, (z) satisfies the boundary conditions on 7.

Let us subject a steady solution to a small perturbation and consider that to be our
initial condition for an unsteady calculation. Take then

T(x,0) =T.(z) + €A(z), A(—1) = A(1) =0, (8.154)
A(x) = O(1), 0<e<x 1. (8.155)
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Here, A(x) is some function which satisfies the same boundary conditions as T'(x,t).
Now, let us assume that

T(x,t) =To(x) + €T (x,1). (8.156)
with
T'(x,0) = A(z). (8.157)
Here, T" is an O(1) quantity. We then substitute our Eq. (8156) into Eq. (8153) to get

9 , R
a(Te(ﬂf)ﬂLeT(%t)) = 5@(

, -0
+ (1 =T (x) — €T’ (z,t)) exp (1 G QeT’(x,t)) .

(8.158)

T.(z) + €T'(z,1))

From here on we will understand that T, is T,(x) and 7" is T'(xz,t). Now, consider the

exponential term:
-0 1
) , (8.159)
T/

L+ QT@ 1+ 1+nge

(
<1+QT6 (1 1+QQT T)) (8.160)
o
S

-0
P (1 +QT. + QeT’) -

2
=

2
-

o
- QTe) exp (%T’) . (8.161)

1+QT6) < %T’). (8.162)

So, our Eq. (BI5S) can be rewritten as

B , 1 o ,
E(TG‘I’ET) = 5@(T5+6T)
, -0 €0Q ,
+(1 =T, —€T")exp (71_‘_@7;) (1—|— 7(1+QT5)2T) ,
1 07

o) (i my e (14 0500) o)
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_ 682T’+182T6+ — (1-T)
T D02 Doz TP\1tor ¢

o) (o (- 50) o)

Now, we recognize the bracketed term as zero because T.(z) is constructed to satisfy the
steady state equation. We also recognize that 07T,(z)/0t = 0. So, our equation reduces to,
neglecting O(€?) terms, and canceling e

(8.163)

T’ 1 02T e (1-T)00\ .,
o Do TP (1 +QTe> <_1 N TENTAE ) o (8.164)
Equation (8I64) is a linear partial differential equation for T"(x,t). It is of the form
or  10°T ,
= 5 T BT (8.165)
with
—© (1—T.(x))OC
B(z) = _ —1 : 1
W= (15gnm) (1 T or (5100

8.4.1.2 Separation of variables

Let us use the standard technique of separation of variables to solve Eq. (BI6H). We first
assume that

T(2,t) = H(z)K(£). (8.167)
So, Eq. (8I63]) becomes
H(x)%t(t): _ %K(t)dggx)JrB(x)H(x)K(t), (8.168)
1 dK(t) 1 1 d*H(x) -
RO @ - DHE dm TB0=A (8.169)

Since the left side is a function of ¢ and the right side is a function of x, the only way the
two can be equal is if they are both the same constant. We will call that constant —\.
Now, Eq. (BI69) really contains two equations, the first of which is

dK (t
A + AK(t) = 0. (8.170)
dt
This has solution
K(t) = Cexp(—At), (8.171)

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

294 CHAPTER 8. SIMPLE SOLID COMBUSTION: REACTION-DIFFUSION

where C' is some arbitrary constant. Clearly if A > 0, this solution is stable, with time
constant of relaxation 7 = 1/\.
The second differential equation contained within Eq. (8169) is

LEMD | @@ = M) (8172)
(%dd_; +B(x)) H(z) = —\H(x). (8.173)

This is of the classical eigenvalue form for a linear operator £; that is L(H (z)) = —AH (x).
We also must have

H(—1)= H(1) =0, (8.174)

to satisfy the spatially homogeneous boundary conditions on 7"(x,t).

This eigenvalue problem is difficult to solve because of the complicated nature of B(x).
Let us see how the solution would proceed in the limiting case of B as a constant. We will
generalize later.

If B is a constant, we have

2

A (BNDH=0,  H(-1)=H(1)=0 (8.175)

The following mapping simplifies the problem somewhat:

1
y = :’3; . (8.176)

This takes our domain of x € [—1,1] to y € [0,1]. By the chain rule
dH _dHdy _1dH
de  dydx 2dy’

So

*H 1d2H
dr? 4 dy?’
So, our eigenvalue problem transforms to
d*H
aE +4D(B+ M\)H =0, H(0)=H(1)=0. (8.177)

This has solution

H(y) = Ci cos ((\/49(3 N )y) + Cysin ((\/49(3 A y) . (8.178)

At y = 0 we have then

H(0) =0 = Cy(1) + Co(0), (8.179)
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so C1 = 0. Thus,

H(y) = Cysin ((\/49(3 V) y) . (8.180)

At y = 1, we have the other boundary condition:

H(1) =0 = Cysin ((\/49(3 n A))) . (8.181)

Since Cy # 0 to avoid a trivial solution, we must require that

sin (( 1D(B + A))) — 0. (8.182)
For this to occur, the argument of the sin function must be an integer multiple of :
49 (B + \) = nm, n=1,223,... (8.183)
Thus,
n?m?
= — B. 184
A ) (8.184)

We need A > 0 for stability. For large n and ® > 0, we have stability. Depending on the
value of B, low n, which corresponds to low frequency modes, could be unstable.

8.4.1.3 Numerical eigenvalue solution

Let us return to the full problem where B = B(x). Let us solve the eigenvalue problem via
the method of finite differences. Let us take our domain x € [—1, 1] and discretize into N
points with

2 )
Note that when i = 1, ; = —1, and when ¢ = N, x; = 1. Let us define B(z;) = B; and
We can rewrite Eq. (RIT2) as
d*H
dxg‘”) L D(B(x) + NVH(z) =0,  H(—1)=H(1) =0. (8.186)

Now, let us apply an appropriate equation at each node. At ¢ = 1, we must satisfy the
boundary condition so

H, =0. (8.187)
At i = 2, we discretize Eq. (8I86]) with a second order central difference to obtain

Hy —2H5 + H;
Ax?

+D(By + A\)Hy =0, (8.188)
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We get a similar equation at a general interior node i:

H;y —2H; + H;y

B, +XH; =0. 1
A2 +9(B;+ ) 0 (8.189)
At the i = N — 1 node, we have
Hy_o—2HNn 1+ H
N2 NN (B 4 A Hy g = 0. (8.190)

Ax?
At the i = N node, we have the boundary condition

Hy =0. (8.191)
These represent a linear tri-diagonal system of equations of the form
(—52s + By) - 0 0 ... 0 H Hy
@Almz (_®A2x2 + B3) @Almz 0 T 0 H3 Hs
0 SAT =-A : (8.192)
0 0
-L A
This is of the classical linear algebraic eigenvalue form L - h = —Ah. All one need do is

discretize and find the eigenvalues of the matrix L. These will be good approximations to the
eigenvalues of the differential operator £. The eigenvectors of L will be good approximations
of the eigenfunctions of L. To get a better approximation, one need only reduce Az.

Note because the matrix L is symmetric, the eigenvalues are guaranteed real, and the
eigenvectors are guaranteed orthogonal. This is actually a consequence of the original prob-
lem being in Sturm-Liouville form, which is guaranteed to be self-adjoint with real eigenvalues
and orthogonal eigenfunctions.

8.4.1.3.1 Low temperature transients For our case of 6 = 0.4, @ =1, © = 15 (so
© = 87173.8), we can calculate the stability of the low temperature solution. Choosing
N = 101 points to discretize the domain, we find a set of eigenvalues. They are all positive,
so the solution is stable. The first few are

A = 0.0000232705,0.000108289, 0.000249682,0.000447414, . . .. (8.193)

The first few eigenvalues can be approximated by inert theory with B(x) = 0, see Eq. (8184):
2.2

A~ n4; = (0.0000283044, 0.000113218, 0.00025474, 0.00045287, . . .. (8.194)

The first eigenvalue is associated with the longest time scale 7 = 1/0.0000232705 =
42972.9 and a low frequency mode, whose shape is given by the associated eigenvector,
plotted in Fig. This represents the fundamental mode. Shown also in Fig. are the
first and second harmonic modes.
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Figure 8.8: Plots of fundamental, first, and second harmonic modes of eigenfunctions versus
x, with § =04, Q@ =1, © = 15, low temperature steady solution T, (x).

8.4.1.3.2 Intermediate temperature transients For the intermediate temperature
solution with 7" = 0.417, we find the first few eigenvalues to be

A = —0.0000383311, 0.0000668221, 0.000209943, . . . (8.195)

Except for the first, all the eigenvalues are positive. The first eigenvalue of A = —0.0000383311
is associated with an unstable fundamental mode. All the harmonic modes are stable. We
plot the first three modes in Fig.

Figure 8.9: Plot of fundamental, first, and second harmonic modes of eigenfunctions versus
x, with § = 0.4, @ = 1, © = 15, intermediate temperature steady solution 7, (z).

8.4.1.3.3 High temperature transients For the high temperature solution with 7™ =
0.987, we find the first few eigenvalues to be

A = 0.000146419, 0.00014954, 0.000517724, . . . (8.196)

All the eigenvalues are positive, so all modes are stable. We plot the first three modes in
Fig. B10.

8.4.2 Full transient solution

We can get a full transient solution to Eqgs. (8I53) with numerical methods. We omit details
of such numerical methods, which can be found in standard texts.
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-0.10L

Figure 8.10: Plot of fundamental, first, and second harmonic modes of eigenfunctions versus
x, with § = 0.4, @ = 1, © = 15, high temperature steady solution T, (x).
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Figure 8.11: Plot of T'(x, t) and plot of T'(0, t) along with the long time exact low temperature
centerline solution, 7,(0), with § = 0.4, Q =1, © = 15.

8.4.2.1 Low temperature solution

For our case of 6 = 0.4, Q =1, © = 15 (so ® = 87173.8), we show a plot of the full transient
solution in Fig. 8Tl Also seen in Fig. RI1lis that the centerline temperature 7°(0,t) relaxes
to the long time value predicted by the low temperature steady solution:

lim 7°(0, ) = 0.016. (8.197)

t—o00

8.4.2.2 High temperature solution

We next select a value of 6 = 1.2 > d.. This should induce transition to a high temperature
solution. We maintain © = 15, Q = 1. We get ® = §¢®/0/Q = 261521. The full transient
solution is shown in Fig. Also shown in Fig. is the centerline temperature 7°(0,¢).
We see it relaxes to the long time value predicted by the high temperature steady solution:

lim 7'(0, ) = 0.9999185. (8.198)

t—o00
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Figure 8.12: Plot of T'(z, t) and plot of T'(0, t) along with the long time exact low temperature
centerline solution, 7,(0), with 6 = 1.2, Q =1, © = 15.

It is clearly seen that there is a rapid acceleration of the reaction for ¢ ~ 10°. This compares
with the prediction of the induction time from the infinite Damkohler number, ® — oo,
thermal explosion theory of explosion to occur when

e@ 615

t— = = 2.17934 x 10°. 8.199

Qe ~ () (5199

The estimate under-predicts the value by a factor of five. This is likely due to 1) cooling

of the domain due to the low temperature boundaries at x = 41, and 2) effects of finite
activation energy.
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Chapter 9

Laminar flames:
reaction-advection-diffusion

There is no more open door by which you can enter into the study of natural
philosophy than by considering the physical phenomena of a candle.

Michael Faraday (1791-1867), The Chemical History of a Candle, Griffin and
Bohn, London, 1861.

Here, we will consider premixed one-dimensional steady laminar flames. Background
is available in many sources This topic is broad, but we will restrict attention to the
simplest cases. We will consider a simple reversible kinetics model

A= B, (9.1)

where A and B have identical molecular masses, M4 = Mp = M, and are both calorically
perfect ideal gases with the same specific heats, cp4 = cpp = cp. Because we are modelling
the system as premixed, we consider species A to be composed of molecules which have their
own fuel and oxidizer. This is not common in hydrocarbon kinetics, but is more so in the
realm of explosives. More common in gas phase kinetics are situations in which cold fuel and
cold oxidizer react together to form hot products. In such a situation, one can also consider
non-premixed flames in which streams of fuel first must mix with streams of oxidizer before
significant reaction can commence. Such flames will not be considered in this chapter.

We shall see that the introduction of advection introduces some unusual mathematical
difficulties in properly modelling cold unreacting flow. This will be overcome in a way
which is @esthetically unappealing, but nevertheless useful: we shall introduce an ignition
temperature T;, in our reaction kinetics law to suppress all reaction for 7' < T;,. This
will serve to render the cold boundary to be a true mathematical equilibrium point of the

'Buckmaster, J. D., and Ludford, G. S. S., 2008, Theory of Laminar Flames, Cambridge, Cambridge.
2Williams, F. A., 1985, Combustion Theory, Benjamin-Cummings, Menlo Park, California.
3Law, C. K., 2006, Combustion Physics, Cambridge, Cambridge.
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model; this is not a traditional chemical equilibrium, but it is an equilibrium in the formal
mathematical sense nonetheless.

9.1 Governing Equations

9.1.1 Evolution equations

We will first consider conservation and evolution equations which are independent of any
specific material.

9.1.1.1 Conservative form

dp 0 B
% 5 (pu) = 0, (9.2)
a 2 o
pr (pu) + B (pu*+P—7) = 0, (9.3)
9 . 9 15\ -
E(p(e%—ﬁu))jt%(pu(e%—ﬁu)jtj + (P T)u> = 0, (9.4)
9 9 , .
E(pYB) t57 (puYp +jg) = Mwp. (9-5)

9.1.1.2 Non-conservative form

Using standard reductions similar to those made to achieve Eqs. (6.34),(6.37),([6.42), (6.54),
the non-conservative form of the governing equations, Eqs. (Q.2HI.1) is

dp ap ou

o tum g = 0, (9.6)
ou ou OP Ot
Por TP e e - (5.7)

—+pu—+—+P——T— = 0, (9.8)
i i

= Muog. (9.9)

Equations ([0.6H9.9]) can be written more compactly using the material derivative, d/dt =
J/0t + ud/ox:

dp 8u

par = 0. (9.10)
du 8P or
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de 071 Ju du

pa‘i—%—l—P%—T% = 0, (9.12)
dvs o
pW + % = MWB. (913)

9.1.1.3 Formulation using enthalpy

It will be more useful to formulate the equations using enthalpy. Use the definition of
enthalpy Eq. B18), h = e+ Pv=e+ P/p, to get an expression for dh:

P 1
dh = de—Zydp+—dP (9.14)
dh de Pdp 1dP
S 1
d i A pdt (9.15)
de Pdp dh 1dP
e 1
dt  p*dt dt  pdt’ (9.16)
de Pdp dh  dP
T A L 1
Pae ~ oat — Pat (9.17)

Now, using the mass equation, Eq. (@.I0) to eliminate POu/0x in the energy equation,
Eq. (@12), the energy equation can be rewritten as

de 079 Pdp du
I I i 1
Pt + or pdt Tox 0 (9.18)

Next use Eq. ([@I7) to simplify Eq. (@I8):

dh 959 dP  Ou
pE—Fa—x—E—T% = 0. (919)

9.1.1.4 Low Mach number limit

In the limit of low Mach number, one can do a formal asymptotic expansion with the recip-
rocal of the Mach number squared as a perturbation parameter. All variables take the form
W =1, + M3 + ..., where 1) is a general variable, and M is the Mach number, not to be
confused with the molecular mass M. In this limit, the linear momentum equation can be
shown to reduce at leading order to 0F,/0x = 0, giving rise to P, = P,(t).

We shall ultimately be concerned only with time-independent flows where P = P,.
We adopt the constant pressure assumption now. Also in the low Mach number limit, it
can be shown that viscous work is negligible, so 70u/dz ~ 0. Our evolution equations,
Egs. (@I0),[@T19),[@13), then in the low Mach number, constant pressure limit are

O

o Tt = O (9:20)
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oh  Oh  9j

0Yp oY  0jg :
P + pu pe + e Muwpg. (9.22)

Note that we have effectively removed the momentum equation. It would re-appear in a
non-trivial way were we to formulate the equations at the next order.
Equations ([@.20H9.22)) take on the conservative form

0 0
0 0 ,
a(ﬂh) t o (puh +j%) = 0, (9.24)
B B . .

9.1.2 Constitutive models

Equations (@.2009.22)) are supplemented by simple constitutive models:

P, = pRT, (9.26)
h = ep(T—T,) — Yaa, (9.27)
0Yg
m o_ D 2
JB pD—— (9.28)
oT 0Yg
1 = —k=— 4 pDg—= 2
j 5y T PPig (9.29)
: 8o~£/(RT) P L (Y5
wp = al’e —(1-=Yp)|1—— H(T -1T,), (9.30)
M K, \1-Yp
—
—Pa =pp/Pa
K., = VD) (9.31)

Thus, we have nine equations for the nine unknowns, p, u, h, T', 7%, Y5, j§, ws, K..

Many of these are obvious. Some are not. First, we note the new factor H(T — T;,) in
our kinetics law, Eq. (0.30). Here, H is a Heaviside unit step function. For T' < T}, it takes
a value of zero. For T' > T, it takes a value of unity:

0, T <1,
ar-n,)={ ¢ 15 (9.32)

Next, let us see how to get Eq. (@28) from the more general Eq. (G.81]). We first take
the thermal diffusion coefficient to be zero, DZT = 0. We also note since My = Mg = M
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that y, = Yj; that is mole fractions are the same as mass fractions. So, Eq. (81 simplifies
considerably to

o )¢
Ji =P Z Dig——. (9.33)

Next we take D;, = D and write for each of the two diffusive mass fluxes that

0Yp
" = pD—— 9.34
JA P 8:17 ; ( )
Y4
w = pD—=—. 9.35
i PD—- (9.35)
Since Y, + Yp = 1, we have also
Y4
" = —pD—— .
= =D, (9:36)
0Yp
i = —pD—. 9.37

Note that j4' + jj = 0, as required by Eq. (6.6]).
Under the same assumptions, Eq. (6.80) reduces to

, or . 4
j7 = —k—+j4\ha+ j5hs, (9.38)
ox
= —k% + Ja (hA,To + CP(T — TO)) + B (hB,To + CP(T — TO)), (939)
or -m “m -m “m
= —ka— +jahar, +igher, + (G4 +i5) cp(T = T,), (9.40)
xr ——
=0
aT -m ‘m
= —ka— —Jphar, +Jjphsr,, (9.41)
x
oT
= —k— —j%(h —h 42
ax .]B ( A7TO B7T0)7 (9 )
=q
oT
4 — g _ m 4
j 5y B (9.43)
oT 0Yp
1 = —k— + pDg——. 44
j 5 T PPig (9.44)
Here, we have defined a heat release per unit mass, ¢, as
q=har, — hpr,. (9.45)

For the equilibrium constant K., we specialize Eq. ([L.270), recalling v4 +vp =1—1 =0 for
our simple reaction kinetics, and get

—AG°
K. = — , 9.46
o () (9.4
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~ e <M) | (9.47)

RT
= exp (g%R;Tg%) : (9.48)
— e (hﬁl — Ts% ]—%](ﬁ% — TSOB)) ’ (9.49)
= exp (h‘OL‘R_iTh%) exp (8% J_i’ 8?4) , (9.50)
= exp (%Th%%) exp (SOB’TO—J;STM’) : (9.51)

Here, because of constant specific heats for A and B, many terms have canceled. Let us take
now s% . = s4 5, and our definition of the heat release, Eq. (1.43)), to get

K, = exp (%) . (9.52)

9.1.3 Alternate forms

Further analysis of the evolution equations combined with the constitutive equations can
yield forms which give physical insight.

9.1.3.1 Species equation

If we combine our species evolution equation, Eq. ([@22) with the constitutive law, Eq. (@28,
we get

= Mug. (9.53)

B or \"Tar

8YB 8YB 0 aYB
"ot o Or  Ox < b )

Note that for flows with no advection (u = 0), constant density (p = constant), and no
reaction (wp = 0), this reduces to the classical “heat” equation from mathematical physics

8YB/0t = D(62YB/81’2)
9.1.3.2 Energy equation
Consider the energy equation, Eq. ([@.21), using Eqs. (@.270.29) to eliminate h and ;%

or 0Yp

0 0 0
PE &CP(T - 7;0) - YBQZ‘HOU% (cp(T — 7;0) - YBquL% (‘k% + PDQE) = 0,

-~

'

=349
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ot c Ox

P cp Jx \ cp Ox Jx cp
(9.55)
8T 8T k 82T q 8YB 8YB 8 8YB .
Por T T o e (Pwﬂ’“a—x T or (p%—x)) =9
— Mg
(9.56)

We notice that the terms involving Yp simplify via Eq. (@.53) to yield an equation for
temperature evolution

oT or k 0*°T ¢

P -y, = 0 9.57
P ot o oxr cp0r?2 cp wB ’ (9-57)
oT oT k 0*T q

el - = Mwg. .

ot i Yo pcp 0x? i pcp wB (9.58)
~
We note, see p. 273} that thermal diffusivity « is
k

a=—,. 9.59
P (9.59)

We note here that this definition, convenient and in the combustion literature, is slightly
non-traditional as it involves a variable property p. So, the reduced energy equation is

oT oT o*T q

— 4+u— = a——+—Muwg. 9.60

ot ox dx2 ' pep D (9.60)
Equation (@.60) is closely related to the more general Eq. (6103). Note that for exothermic
reaction, ¢ > 0 accompanied with production of product B, wg > 0, induces a temperature
rise of a material particle. The temperature change is modulated by energy diffusion. In the
inert zero advection limit, we recover the ordinary heat equation 9T /0t = a(0°T/0x?).

9.1.3.3 Shvab-Zel’dovich form

Let us now adopt the assumption that mass and energy diffuse at the same rate. This is
not difficult to believe as both are molecular collision phenomena in gas flames. Such an
assumption will allow us to write the energy equation in the Shvab-Zel’dovich form such
as studied in a more general sense in Sec. We note the dimensionless ratio of energy
diffusivity a to mass diffusivity D is known as the Lewid] number, Le:

Le=—. (9.61)

4Warren Kendall Lewis, 1882-1975, American chemical engineer.
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If we insist that mass and energy diffuse at the same rate, we have Le = 1, which gives
k
D=oa=—. (9.62)
pcp

With this assumption, the energy equation, Eq. (@.53]), takes the form

P ¢ 9 ¢\ O [(KIT kovpq\

(9.63)
0 q d q k 0 (0 q _

(9.64)
) q d q k 0 (0 q _

(9.65)

We rewrite in terms of the material derivative

d q k 02 q

—(T—-Yg— | =—=— |T—-Yp— |. 9.66

dt ( BCP) pcp Ox? Pep (9.66)
Equation (@.60) holds that for a material fluid particle, the quantity 7' — Ypq/cp changes
only in response to local spatial gradients. Now, if we consider an initial value problem in
which T and Ypg are initially spatially uniform and there are no gradients of either T or
Yp at © — +oo, then there will no tendency for any material particle to have its value of

T —Ypq/cp change. Let us assume that at ¢ = 0, we have T' = T, and no product, so Yz = 0.
Then, we can conclude that the following relation holds for all space and time:

T _ YBi =T,. (9.67)
cp
Solving for Yg, we get
T-1T,
yy = 2= To) (9.68)
q

For this chapter, we are mainly interested in steady waves. We can imagine that our steady
waves are the long time limit of a situation just described which was initially spatially
uniform. Compare Eq. ([@.68]) to our related ad hoc assumption for reactive solids, Eq. (820]).
They are essentially equivalent, especially when one recalls that A plays the same role as Yp
and for the reactive solid cp ~ ¢,.

We can use Eq. ([Q.68)) to eliminate Y5 in the species equation, Eq. ([O.53]) to get a single
equation for temperature evolution. First adopt the equal diffusion assumption, Eq. (0.62),

in Eq. (@O53):

oYy  OYs 0 [kaVe) ..

Cp ox
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Next use Eq. (@G8) to eliminate Yjp:

() (55) - (5 (20 - v

(9.70)
Simplifying, we get
orT or o?T
— — | —k=— = gMuwg. 9.71
/)CP<at +u8:)3) 072 qMwp (9.71)
Now, let us use Eq. (@30) to eliminate wp:
orT N or k82T
Per\or " or ) T “oa2
_ 1 Yp
Now, use Eq. ([@.52) to eliminate K. and Eq. (@.68) to eliminate Y5 so to get
orT N or k82T
cp| —+tu—) —k=—
Per\or " or ) T “oa
cp(T—Ty,)
. cp(T =T, - §
_ pqaTPeE/ED (1 =B (1o o/ (RT) oy | T Ty). (073)
q

Equation ([@.73) is remarkably similar to our earlier Eq. (828) for temperature evolution in
a heat conducting reactive solid. The differences are as follows:

e We use cp instead of ¢,

e We have included advection,

e We have accounted for finite [,

e We have accounted for reversible reaction.

e We have imposed and ignition temperature.

9.1.4 Equilibrium conditions

We can gain further insights by examining when Eq. (@.73) is in equilibrium. There is one
potential equilibria, the state of chemical equilibrium where K. = Yp/(1 — Yg) = Yg/Ya.
This occurs when
cp(T—T,)
1—e @B ____9____ (9.74)

1— cp(T—Ty,)
q
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Parameter Value Units
Fundamental Dimensional
T, 300 K
cp 1000 J/kg/K
R 287 J/kg/K
q 1.5 x 108 J/kg
E 1.722 x 10° J/kg
Q, 107° m?/s
a 10° 1/s
Up 1.4142 m/s
P, 10° Pa
T; 600 K
Secondary Dimensional
Po 1.1614 kg/m?
k 0.0116114 | J/m/s
Fundamental Dimensionless
y 1.4025
Q 5
© 2
Ky, 2
Tra 0.2

Table 9.1: Numerical values of parameters for simple laminar flame calculation.
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This is a transcendental equation for T'. Let us examine how the equilibrium 7' varies for
some sample parameters. For this and later calculations, we give a set of parameters in
Table 0.1l Let us consider how the equilibrium temperature varies as ¢ is varied from near
zero to its maximum value of Table The chemical equilibrium flame temperature and
product mass fraction are plotted as functions of ¢ in Figure Q.11 For ¢ = 0, the equilibrium

2000 10
08 |
1500 |
< Tw 06
g i >
> 1000
04 |
500 | oal
0 750 000 1500 000 0 750 000 1500 000
q (J/kg) q (J/kg)

Figure 9.1: Variation of chemical equilibrium temperature and product mass fraction with
heat release.

temperature is the ambient temperature. As ¢ increases, the equilibrium temperature in-
creases monotonically. When ¢ = 0, the equilibrium mass fraction is Yz = 0.5; that is, there
is no tendency for either products or reactants. As ¢ increases, the tendency for increased
product mass fraction increases, and Yz — 1.

There is also the state of complete reaction when Yz = 1, which corresponds to

1— CP(T — TO)
q

= 0, (9.75)

T = 1,+2L (9.76)
Cp

Numerically, at our maximum value of ¢ = 1.5 x 10° J/kg, we get complete reaction when
T = 1800 K. Note this state is not an equilibrium state unless K, — oco. As x — oo,
we expect a state of chemical equilibrium and a corresponding high temperature. At some
intermediate point, the temperature will have its value at ignition, T;,. We will ultimately
transform our domain so the ignition temperature is realized at = 0, which we can associate
with a burner surface. We say that the flame is thus anchored to the burner. Without such
a prescribed anchor, our equations are such that any translation in z will yield an invariant
solution, so the origin of x is arbitrary.

9.2 Steady burner-stabilized flames

Let us consider an important problem in laminar flame theory: that of a burner-stabilized
flame. We shall consider a doubly-infinite domain, x € (—o00,00). We will assume that as
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xr — —oo, we have a fresh unburned stream of reactant A, Y4 = 1, Yz = 0, with known
velocity u,, density p, and temperature T,. The values of p, and T, will be consistent with
a state equation so that the pressure has a value of P,.

9.2.1 Formulation

Let us consider our governing equations in the steady wave frame where there is no variation
with ¢: /0t = 0. This, coupled with our other reductions, yields the system

d
) =0, (9.77)
dT  d°T T-T,
pucp - — ko = pgaTPeE/(RT) <1 _ M)
T T q
cp(T—To)
—q/(RT
q

P, = pRT. (9.79)

Now, we have three equations for the three remaining unknowns, p, u, 7'
For a burner-stabilized flame, we assume at x+ — —oo that we know the velocity, u,, the
temperature, T,, and the density, p,. We can integrate the mass equation to get

PU = Polly. (9.80)

We then rewrite the remaining differential equation as

dr d*T P, cep(T —T,)
UCp— — ke = Z2gqTPle=€/(RT) (1 _ ZPAZ 7o)
PototP s dzx? R c q
cp(T—Ty,)
—q/(RT q
X (1 —e q/( )W> H(T - 7—‘7,g) (981)
q

Our boundary conditions for this second order differential equation are

dr

o 0, x— %oo. (9.82)
We will ultimately need to integrate this equation numerically, and this poses some difficulty
because the boundary conditions are applied at +00. We can overcome this in the following
way. Note that our equations are invariant under a translation in x. We will choose some
large value of x to commence numerical integration. We shall initially assume this is near
the chemical equilibrium point. We shall integrate backwards in x. We shall note the value
of x where T" = T,,. Beyond that point, the reaction rate is zero, and we can obtain an
exact solution for 7. We will then translate all our results so that the ignition temperature
is realized at x = 0.
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Let us scale temperature so that

T=T, (1 + 1 T*) . (9.83)
CPTO

Inverting, we see that

CP(T — TO)
P .

T, = (9.84)

We get a dimensionless ignition temperature T7o of

cp (Tig —1T,)

Tiq = (9.85)
q
Let us also define a dimensionless heat release () as
g
Q= T (9.86)
Thus
T
— =14+ QT,. (9.87)

1,

Note that T, = 1 corresponds to our complete reaction point where Yz = 1. Let us also
restrict ourselves, for convenience, to the case where 5 = 0. With these scalings, and with

o R“fT - (9.88)
our differential equations become
p"““CPT"Q% N kToQ% - %qaexp (1 +_8T*) <T0(11 :LCST*))
X (1 — exp (—1%59@) 1 T*T*> H(T, — T1¢)9-89)
CZ* — 0, z— Foo. (9.90)

Let us now scale both sides by p,u,cpT, to get

dT, k de ] P, ¢ a, -0 1-T,
_ il _ -
dr  pocpu, =~ dx? pORT cPT Uy P71 + QT, 1+ QT,

5@ T.
(1 — exp (—1 - QT*) — T*> H(T, — Tig). (9.91)
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Realizing that P, = p,RT,, the ambient thermal diffusivity, a, = k/(p,cp) and canceling @,

we get
dT, 1 d*T, a -0 1-T,
—Qp——— = —ex
dx U, dr? Uy P7 + QT. 14+ QT.

5Q \
x<1—ap<—£¥éﬂ>lfﬂ>Hﬂl—E@. (9.92)

Now, let us scale x by a characteristic length, L = wu,/a. This length scale is dictated by
a balance between reaction and advection. When the reaction is fast, a is large, and the
length scale is reduced. When the incoming velocity is fast, u, is large, and the length scale
is increased.

r ar
- =—. 9.93
I (9.93)

With this choice of length scale, Eq. ([@.92) becomes
dT. a d*T, o -0 1-"1T,
— Qp— = ex
dz, u? dz? PATT QT, 1+ QT,
1- - " | H(T. — Tye). 94
x( eXp( 1+QT*>1—T*> ( i) (9.94)

Now, similar to Eq. (836]), we take the Damkdhler number ® to be

Ty =

L2 2
=" _ Yo (9.95)
, aoy,

In contrast to Eq. (836]) the Damkdhler number here includes the effects of advection. With
this choice, Eq. (@.94]) becomes

ar, 1 d*T, . -0 1-T,
_ — e X
dr, 2 drz? PATY QT 1+ QT
5@ T,
_ __1 * _

Lastly, let us dispose with the % notation and understand that all variables are dimen-
sionless. Our differential equation and boundary conditions become

dir  1d°T e 1T
dr  Ddiz eXp<1+QT) (1+QT>
—-Q
X (1 —exp (_17+1QT> 1 TT> H(T - Tre), (9.97)

0. (9.98)

dT
dx

r—+o0
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Equation (@.97) is remarkably similar to our Frank-Kamenetskii problem embodied in
Eq. 859). The major differences are reflected in that Eq. (@97) accounts for

e advection,
e variable density,
e reversible reaction,

e doubly-infinite spatial domain.

9.2.2 Solution procedure

There are some unusual challenges in the numerical solution of the equations for laminar
flames. Formally we are solving a two-point boundary value problem on a doubly-infinite
domain. The literature is not always coherent on solutions methods or the interpretations
of results. At the heart of the issue is the cold boundary difficulty. We have patched
this problem via the use of an ignition temperature built into a Heaviside] function; see
Eq. ([@30). We shall see that this patch has advantages and disadvantages. Here, we will
not dwell on nuances, but will present a result which is mathematically sound and offer
interpretations. Our result will use standard techniques of non-linear analysis from dynamic
systems theory. We will pose the problem as a coupled system of first order non-linear
differential equations, find their equilibria, use local linear analysis to ascertain the stability
of the chemical equilibrium fixed point, and use numerical integration to calculate the non-
linear laminar flame structure.

9.2.2.1 Model linear system

Before commencing with the difficult Eq. (@97, let us consider a related linear model system,
given here:

dl d°T ar
3— — — =41 -T)H(T — T, — — 0. 9.99
dr  dx? ( JH( 16); dr |, (999
The forcing is removed when either T'=1 or T' < T}¢.
Defining q = —dT'/dz, we rewrite our model equation as a linear system of first order
equations:
dq
Foli 3+ 4(1 —=T)H(T — Tiq), q(oc0) =0, (9.100)
dr
—_— = — — =0. 9.101

J0liver Heaviside, 1850-1925, English engineer.
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The system has an equilibrium point at ¢ = 0 and 7" = 1. The system is also in equilibrium
when g = 0 and T' < Tjg, but we will not focus on this. Taking 7" = T — 1, the system near

the equilibrium point is
d 3 —4
w(m) =5 ) () (0.102)

The local Jacobian matrix has two eigenvalues A = 4 and A\ = —1. Thus, the equilibrium is
a saddle.

Considering the solution away from the equilibrium point, but still for 7" > T4, and
returning from 7" to T, the solution takes the form

q . 0 } —z Cl -+ 402 1 dx 401 — 402
<T>_<1>+56 <01+402 +5e O Gy ) (9.103)
We imagine as x — oo that T" approaches unity from below. We wish this equilibrium to be

achieved. Thus, we must suppress the unstable A = 4 mode; this is achieved by requiring
C = (5. This yields

(%):<2)+é6‘””<§&)=(?)+Cle—r<})_ (9.104)

We can force T'(x;¢) = Tig by taking C; = —(1 — Tjg)e”¢. The solution for x > x¢ is
T = 1—(1-Tg)e @6 (9.105)
q = —(1—Trg)e "), (9.106)
At the interface © = x;¢, we have T'(z;¢) = Tig and q(x;¢) = —(1 — Tiq).

For x < xjq, our system reduces to

dI  &°T dT
3-S5 =0, Tlwe) =T, o —0. (9.107)

Solutions in this region take the form

T = T’ 16+ C (1 — ey (9.108)
q = —3Tge* " wre) 4 303 ewie), (9.109)
All of them have the property that ¢ — 0 as * — —o0. One is faced with the question of how
to choose the constant C'. Let us choose it to match the energy flux predicted at © = x4.

At the interface © = x;q we get T'= T and q = =375 + 3C. Matching values of q at the
interface, we get

—(1 = Tyq) = —3T1¢ + 3C. (9.110)
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Solving for C', we get

= ‘LTIGT” (9.111)

So, we find for x < z;4 that
T = Tygeee) 4 (ZLTL?)”) (1= edlemmaly | (9.112)
q = —3T1ge %6 4 (4T — 1) A@=216), (9.113)

9.2.2.2 System of first order equations

Let us apply this technique to the full non-linear Eq. (@97). First, again define the non-
dimensional Fourier heat flux q as

drT
-
Note this is a mathematical convenience. It is not the full diffusive energy flux as it makes no
account for mass diffusion affects. However, it is physically intuitive. With this definition,

we can rewrite Eq. (O.I14) along with Eq. (O.97) as

q= (9.114)

dq -0 1-T
& = PatPew (1+QT) (1+QT)
5@ T
1— - H(T-T, 9.115
><< eXP( 1+QT>1—T> ( 1), (9.115)
ar
— = —q. A1
- g (9.116)
We have two boundary conditions for this problem:
q(%00) = 0. (9.117)

We are also going to fix our coordinate system so that T' = T;q at © = x;¢ = 0. We will
require continuity of 7" and dT'/dx at © = x;6 = 0.
Our non-linear system has the form

% (%) - (ﬁ&‘%) (9.118)

Our equilibrium condition is f(q,7) = 0, g(q,7") = 0. By inspection, equilibrium is found
when

9.2.2.3 Equilibrium

q = 0, (9.119)

5@ T
1 —exp (— L ) =0 o T<Tg. (9.120)
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We will focus most attention on the isolated equilibrium point which corresponds to tradi-
tional chemical equilibrium. We have considered the dimensional version of the same equilib-
rium condition for 7" in an earlier section. The solution is found via solving a transcendental
equation for T

9.2.2.4 Linear analysis near equilibrium

Linear analysis near the equilibrium point can be achieved by first examining the eigenvalues

of the Jacobian matrix J:
af  of af
o 9
J= (g ‘3_5) = (_1 8T0eq) : (9.121)
q orT

€q

This Jacobian has eigenvalues of

A:e(li Ao

> o7 ot ) . (9.122)

For © > /0f /0T, the eigenvalues are approximated well by

1 8f

Al ~ Ay~ — —| . 12
1 97 2 @ 8T y (9 3)
This gives rise to a stiffness ratio, valid in the limit of ® > /df/dT, of
2
Al PO (9.124)
Az |57

We adopt the parameters of Table With these, we find the dimensionless chemical
equilibrium temperature at

T = 0.953. (9.125)

This corresponds to a dimensional value of 1730.24 K. Our parameters induce a dimensional
length scale of u,/a = 1.4142 x 107° m. This is smaller than actual flames, which actually
have much larger values of ®. So as to de-stiffen the system, we have selected a smaller than
normal value for ®. For these values, we get a Jacobian matrix of

2 —0.287
J_(_1 0 ) (9.126)

We get eigenvalues near the equilibrium point of

A=2134, A= —0.134. (9.127)
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The equilibrium is a saddle point. Note the negative value of df /0T at equilibrium gives rise
to the saddle character of the equilibrium. The actual stiffness ratio is |2.134/(—0.134)| =
15.9. This is well predicted by our simple formula which gives |22/(—0.287)| = 13.9.

In principle, we could also analyze the set of equilibrium points along the cold boundary,
where q = 0 and T' < Tjg. Near such points, linearization techniques fail because of the
nature of the Heaviside function. We would have to perform a more robust analysis. As an
alternative, we shall simply visually examine the results of calculations and infer the stability
of this set of fixed points.

9.2.2.5 Laminar flame structure

9.2.2.5.1 Tjc = 0.2. Let us get a numerical solution by integrating backwards in space
from the equilibrium point. Here, we will use the parameters of Table 0.1 in particular
to contrast with a later calculation, the somewhat elevated ignition temperature of T;¢ =
0.2. We shall commence the solution near the isolated equilibrium point corresponding to
chemical equilibrium. We could be very careful and choose the initial condition to lie just off
the saddle along the eigenvector associated with the negative eigenvalue. It will work just
as well to choose a point on the correct side of the equilibrium. Let us approximate z — oo
by xp, require q(xp) = 0, T(xp) = T — ¢, where 0 < ¢ < 1. That is, we perturb the
temperature to be just less than its equilibrium value. We integrate from the large positive
r = xp back towards r = —oo. When we find T" = T}q, we record the value of . We
translate the plots so that the ignition point is reached at x = 0 and give results.
Predictions of T'(x) and q(x) are shown in in Figure We see the temperature has

T =T°%=0.953

Figure 9.2: Dimensionless temperature and heat flux as a function of position for a burner-
stabilized premixed laminar flame, T7¢ = 0.2.

T0) = 0.2 = Trg. As x — o0, the temperature approaches its equilibrium value. For
x < 0, the temperature continues to fall until it comes to a final value of T ~ 0.132. Note
that this value cannot be imposed by the boundary conditions, since we enforce no other
condition on 7" except to anchor it at the ignition temperature at x = 0. The heat flux q(z)
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is always negative. And it clearly relaxes to zero as x — +oo. This indicates that energy
released in combustion makes its way back into the fresh mixture, triggering combustion
of the fresh material. This is the essence of the laminar diffusion flame. Predictions of
p(x) ~1/(1+QT(x)) and u(z) ~ 1+ QT () are shown in in Figure We are somewhat

Figure 9.3: Dimensionless density p and fluid particle velocity u as functions of distance for
a burner-stabilized premixed laminar flame, T7¢ = 0.2.

troubled because p(x) nowhere takes on dimensionless value of unity, despite it being scaled
by p,. Had we anchored the flame at an ignition temperature very close to zero, we in fact
would have seen p approach unity at the anchor point of the flame. We chose an elevated
ignition temperature so as to display the actual idiosyncrasies of the model. Even for a flame
anchored, in dimensional variables, at T;, ~ T, we would find a significant decay of density
in the cold region of the flow for < z;,. Similar to p, we are somewhat troubled that the
dimensionless velocity does not take a value near unity. Once again, had we set T, ~ T,
we would have found the u at x = z;, would have taken a value very near unity. But it
also would modulate significantly in the cold region = < z;,. We also would have discovered
that had T;;, ~ T, that the temperature in the cold region would drop significantly below
T,, which is a curious result. Alternatively, we could iterate on the parameter 7;, until we
found a value for which lim, , .7 — 0. For such a value, we would also find v and p to
approach unity as xr — —oo.

We can better understand the flame structure by considering the (7', q) phase plane as
shown in Fig. 0.4l Here, green denotes equilibria. We see the isolated equilibrium point at
(T',q) = (0.953,0). And we see a continuous one-dimensional set of equilibria for {(7, q)|q =
0,7 € (—o0,Ti¢|}. Blue lines are trajectories in the phase space. The arrows have been
associated with movement in the —x direction. This is because this is the direction in which
it is easiest to construct the flame structure.

We know from dynamic systems theory that special trajectories, known as heteroclinic,
are those that connect one equilibrium point to another. These usually have special meaning.
The heteroclinic orbit shown here in the thick blue line is that of the actual flame structure. It
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Figure 9.4: (T',q) phase plane for a burner-stabilized premixed laminar flame, T7¢ = 0.2.

connects the saddle at (7, q) = (0.953,0) to a stable point on the one-dimensional continuum
of equilibria at (7,q) = (0.132,0). It originates on the eigenvector associated with the
negative eigenvalue at the equilibrium point. Moreover, it appears that the heteroclinic
trajectory is an attracting trajectory, as points that begin on nearby trajectories seem to be
drawn into the heteroclinic trajectory.

The orange dashed line represents our chosen ignition temperature, T7¢ = 0.2. Had
we selected a different ignition temperature, the heteroclinic trajectory originating from the
saddle would be the same for T' > T7o. However it would have turned at a different location
and relaxed to a different cold equilibrium on the one-dimensional continuum of equilibria.

Had we attempted to construct our solution by integrating forward in z, our task would
have been more difficult. We would likely have chosen the initial temperature to be just
greater than T74. But we would have to had guessed the initial value of q. And because of
the saddle nature of the equilibrium point, a guess on either side of the correct value would
cause the solution to diverge as x became large. It would be possible to construct a trial and
error procedure to hone the initial guess so that on one side of a critical value, the solution
diverged to oo, while on the other it diverged to —oo. Our procedure, however, has the clear
advantage, as no guessing is required.

As an aside, we note there is one additional heteroclinic orbit admitted mathematically;
however, its physical relevance is far from clear. It seems there is another attracting trajec-
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tory for T' > 0.953. This trajectory is associated with the same eigenvector as the physical
trajectory. Along this trajectory, T  increases beyond unity, at which point the mass fraction
becomes greater than unity, and is thus non-physical. Mathematically this trajectory contin-
ues until it reaches an equilibrium at (7', q) — (00, 0). These dynamics can be revealed using
the mapping of the Poincaré sphere; see Fig. Details can be found in some dynamic

I

q

-0.5

Figure 9.5: Projection of trajectories on Poincaré sphere onto the (7”,q’) phase plane for a
burner-stabilized premixed laminar flame, T75 = 0.2.

systems textsd Tn short the mapping from (7',q) — (7",q’) via
T

y L S— (9.128)
VI+T?+q* '
g = — 3 (9.129)

VI+T?+q2

is introduced. Often a third variable in the mapping is introduced Z = 1/4/1+ T2 + q2.
This induces T" + q'? + Z? = 1, the equation of a sphere, known as the Poincaré sphere.
As it is not clear that physical relevance can be found for this, we leave out most of the
mathematical details and briefly describe the results. This mapping takes points at infinity
in physical space onto the unit circle.

6Perko, L., 2001, Differential Equations and Dynamical Systems, Third Edition, Springer, New York.
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Equilibria are marked in green. Trajectories are in blue. While the plot is somewhat
incomplete, we notice in Fig. that the saddle is evident around (7”,q’) ~ (0.7,0). We
also see new equilibria on the unit circle, which corresponds to points at infinity in the
original space. One of these new equilibria is at (7”,q') = (1,0). It is a sink. The other
two, one in the second quadrant, the other in the fourth, are sources. The heteroclinic
trajectories which connect to the saddle from the sources in the second and fourth quadrants
form the boundaries for the basins of attraction. To the left of this boundary, trajectories
are attracted to the continuous set of equilibria. To the right, they are attracted to the point
(1,0).

9.2.2.5.2 T;g = 0.076. We can modulate the flame structure by altering the ignition
temperature. In particular, it is possible to iterate on the ignition temperature in such a
way that as ©+ — —oo, T' — 0, p — 1, and v — 1. Thus, the cold flow region takes on
its ambient value. This has some aesthetic appeal. It is however unsatisfying in that one
would like to think that an ignition temperature, if it truly existed, would be a physical
property of the system, and not just a parameter to adjust to meet some other criterion.
That duly noted, we present flame structures using all the parameters of Table except
we take T, = 414 K, so that T7¢ = 0.076.

Predictions of 7T'(x) and q(x) are shown in in Figure We see the temperature has

T =T°%=0.953

Figure 9.6: Dimensionless temperature and heat flux as a function of position for a burner-
stabilized premixed laminar flame, T7¢ = 0.076.

T(0) = 0.076 = T7¢. As z — oo, the temperature approaches its chemical equilibrium value.
For z < 0, the temperature continues to fall until it comes to a final value of T" ~ 0. Thus,
in dimensional terms, the temperature has arrived at T, in the cold region.

Predictions of p(z) ~ 1/(1 + QT'(x)) and u(x) are shown in in Figure We see that
this special value of T has allowed the dimensionless density to take on a value of unity as
r — —o0. In contrast to our earlier result, for this special value of T74, we have been able
to allow u = 1 as © — —oo. We can better understand the flame structure by considering
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Figure 9.7: Dimensionless density p and fluid particle velocity u as functions of distance for
a burner-stabilized premixed laminar flame, T7¢ = 0.076.

the (T,q) phase plane as shown in Fig. 0.8 Figure is essentially the same as Figure
except the ignition point has been moved.
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Figure 9.8: (T',q) phase plane for a burner-stabilized premixed laminar flame, T7¢ = 0.076.
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9.2.3 Detailed Hy-O5-N> kinetics

We give brief results for a premixed laminar flame in a mixture of calorically imperfect
ideal gases which obey mass action kinetics with Arrhenius reaction rates. Multi-component
diffusion is modelled as is thermal diffusion. We consider the kinetics model of Table[L.2l The
solution method is described in detail in a series of reports from Reaction Design, Tnc [

The methods employed in the solution here are slightly different. In short, a large, but
finite domain defined. Then, the ordinary differential equations describing the flame struc-
ture are discretized. This leads to a large system of non-linear algebraic equations. These
are solved by iterative methods, seeded with an appropriate initial guess. The temperature
is pinned at T, at one end of the domain, which is a slightly different boundary condition
than we employed previously. At an intermediate value of z, + = z;, the temperature is
pinned at 7' = T%. Full details are in the report.

For T, = 298 K, P, = 1.01325 x 10° Pa, and a stoichiometric unreacted mixture of
2Hy + Oy + 3.76 N,, along with a very small amount of minor species, we give plots of
Yi(z) in Fig. @9 There is, on a log-log scale, an incubation period spanning a few orders of

10°F ;

X (cm)

Figure 9.9: Mass fractions as a function of distance in a premixed laminar flame with detailed
H>-O5- Ny kinetics.

"Kee, R. J., et al., 2000, “Premix: A Fortran Program for Modeling Steady, Laminar, One Dimensional
Premixed Flames,” from the Chemkin Collection, Release 3.6, Reaction Design, San Diego, CA.

8Kee, R. J., et al., 2000, “Chemkin: A Software Package for the Analysis of Gas-Phase Chemical and
Plasma Kinetics,” from the Chemkin Collection, Release 3.6, Reaction Design, San Diego, CA.

9R. J. Kee, et al., 2000, “The Chemkin Thermodynamic Data Base,” part of the Chemkin Collection
Release 3.6, Reaction Design, San Diego, CA.

10Kee, R. J., Dixon-Lewis, G., Warnatz, J., Coltrin, M. E., and Miller, J. A., 1998, “A Fortran Computer
Code Package for the Evaluation of Gas-Phase Multicomponent Transport Properties,” Sandia National
Laboratory, Report SAND86-8246, Livermore, CA.
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magnitude of length. Just past x = 2 ¢m, a vigorous reaction commences, and all species

relax to a final equilibrium. Temperature, density, and fluid particle velocity as functions of
distance are shown in Fig. 0. 100
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Figure 9.10: Temperature, density, and fluid particle velocity as functions of distance in a
premixed laminar flame with detailed H,-Os-N5 kinetics.
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Chapter 10

Simple detonations:
reaction-advection

Plato says, my friend, that society cannot be saved until either the Professors
of Greek take to making gunpowder, or else the makers of gunpowder become
Professors of Greek.

Undershaft to Cusins in George Bernard Shaw’s, 1856-1950, Major Barbara, Act
I11, § iv.

Let us consider aspects of the foundations of detonation theory. Detonation is defined as a
shock-induced combustion process. Most major features of detonations are well modelled by
considering only the mechanisms of advection and reaction. Diffusion, which we will neglect
here, plays a more subtle role. Its inclusion is not critical to the main physics; however,
among other things it is potentially important in determining stability boundaries, as well
as in correctly capturing multi-dimensional instabilities. The definitive text is that of Fickett
and Davis[] The present chapter is strongly influenced by this monograph.

10.1 Reactive Euler equations

10.1.1 One-step irreversible kinetics

Let us focus here on one-dimensional planar solutions in which all diffusion processes are
neglected. This is known as a reactive Eulef model. We shall also here only be concerned
with simple one-step irreversible kinetics in which

A= B. (10.1)

'Fickett, W., and Davis, W. C., 1979, Detonation, U. California, Berkeley.
Leonhard Euler, 1707-1783, Swiss mathematician.

329


http://en.wikipedia.org/wiki/George_Bernard_Shaw
http://en.wikipedia.org/wiki/Leonhard_Euler

330 CHAPTER 10. SIMPLE DETONATIONS: REACTION-ADVECTION

We will adopt the assumption that A and B are materials with identical properties; thus,
MA:MB:M, Cpa = Cpp = Cp, (102)

but A is endowed with chemical energy which is released as it forms B. So here, we have
N = 2 species and J = 1 reaction. The number of elements will not be important for this
analysis. Extension to multi-step kinetics is straightforward, but involves a sufficient number
of details to obscure many of the key elements of the analysis. At this point, we will leave the
state equations relatively general, but we will soon extend them to simple ideal, calorically
perfect relations. Since we have only a single reaction, our reaction rate vector r;, is a scalar,
which we will call r. Our stoichiometric matrix v;; is of dimension 2 x 1 and is

vij = (_11) : (10.3)

Here, the first entry is associated with A, and the second with B. Thus, our species produc-
tion rate vector, from w; = Z}]:1 v;;Tj, reduces to

CUA o —1 o -
(QB)—(J(”—(T)' (109
Now, the right side of Eq. (6.5) takes the form

My, (10.5)

Let us focus on the products and see how this form expands.

MBCZ)B == MB’/’, (106)
= Mgkp,, (10.7)
= Makp,, (10.8)
— Mk (%) (10.9)
= pkYy, (10.10)
= pk(1—Yg). (10.11)

For a reaction which commences with all A, let us define the reaction progress variable \ as
A=Yp=1-—Y,. And let us define r for this problem, such that

r=k(1—Yp) =k(1—\). (10.12)

Expanding further, we could say

r = aT” exp (—%) (1—=X) =aT’exp (—%) (1—N), (10.13)
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but we will delay introduction of temperature 7. Here, we have defined & = £/M. Note
that the units of r for this problem will be 1/s, whereas the units for r must be mole/cm?/s,
and that

p

The use of two different forms of the reaction rate, » and r is unfortunate. One is nearly
universal in the physical chemistry literature, r; the other is nearly universal in the one-step
detonation chemistry community, r. It is important that the two be distinguished.

10.1.2 Sound speed and thermicity
Let us specialize the definition of frozen sound speed, Eq. ([8.320), for our one-step chemistry:

Oe
P+ %‘P,,\
Ode !

8P lu,\

(10.15)

This gives, using v = 1/p,

P+ &
PP = 878}” (10.16)
P VA
Let us, as is common in the detonation literature, define the thermicity o via the relation
de
pclo = — 22 = (10.17)
opP v,

We now specialize our general mathematical relation, Eq. (859), to get

oP Oe o\
el Il i (10.18)
Oe oA o\ . oPr e
so that one gets
Oe
oxlpy aP
Sk T 10.19)
Jde (
a_P ’U,)\ 8)\ v,e
Thus, using Eq. (I0.19), we can rewrite Eq. (I0.I7) as
oP
0 = —— 10.20
o = Gl (10.20)
1 oP
= — — . 10.21
7 pct OA |, 1021

For our one step reaction, we see that as the reaction moves forward, i.e. as \ increases, that
o is a measure of how much the pressure increases, since p > 0, ¢ > 0.
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Parameter Value Units
ol 1.4
M 20.91 kg/kmole
R 397.58 J/kg/K
P, 1.01325 x 10° Pa
T, 298 K
Do 0.85521 kg/m?
Vo 1.1693 m3 kg
q 1.89566 x 106 J/kg
& 8.29352 x 10° J/kg
a 5 x 10° 1/s
6] 0

Table 10.1: Numerical values of parameters which roughly model Hs-air detonation.

10.1.3 Parameters for Hs-air

Let us postulate some parameters which loosely match results of the detailed kinetics cal-
culation of Powers and Paolucci [ for for Hs-air detonations. Rough estimates which allow
one-step kinetics models with calorically perfect ideal gas assumptions to approximate the
results of detailed kinetics models with calorically imperfect ideal gas mixtures are given in

Table 1011

10.1.4 Conservative form

Let us first consider a three-dimensional conservative form of the governing equations in the

inviscid limit:

ot

(o

2

dp
a " V- (pu)

0 (pu) + V- (puu + PI)

ot
e—i—lu-u))—i-v-(p

SE)
ufet+-u-u+ —
2 p

0

ot

(pA) + V- (pud)

r

e(P,p, \),
r(P,p, \).

(10.22)
(10.23)

(10.24)

(10.25)

(10.26)
(10.27)

For mass conservation, Eq. (I0.22) is identical to the earlier Eq. (6.1I). For linear mo-
mentum conservation, Eq. (I0.23)) is Eq. (6.2) with the viscous stress, 7 = 0. For energy

3 [Powers, J. M., and Paolucci, S., 2005, “Accurate Spatial Resolution Estimates for Reactive Supersonic
Flow with Detailed Chemistry,” AIAA Journal, 43(5): 1088-1099.
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conservation, Eq. (I0.24)) is Eq. (€3] with viscous stress 7 = 0, and diffusive energy trans-
port j2 = 0. For species evolution, Eq. (I0.27) is Eq. (63) with diffusive mass flux j* = 0.
Equations (I0.22H{I0.27) form eight equations in the eight unknowns, p, u, P, e, A, r. Note
that u has three unknowns, and Eq. (I0.:23]) gives three equations. Note also that we assume
the functional forms of e and r are given.

The conservative form of the equations is the most useful and one of the more fundamental
forms. It is the form which arises from the even more fundamental integral form, which
admits discontinuities. We shall take advantage of this in later forming shock jump equations.
The disadvantage of the conservative form is that it is unwieldy and masks simpler causal
relations.

10.1.5 Non-conservative form

We can reveal some of the physics described by Eqs. (I0.22HI0.24)) by writing them in what

is known as a non-conservative form.

10.1.5.1 Mass

We can use the product rule to expand Eq. (I0.22)) as

% +u-Vp+pV-u=0. (10.28)
—_——

=dp/dt
We recall the well known material derivative, also known as the derivative following a material
particle, the total derivative, or the substantial derivative:
d 0
—=—+u-V.
dt Ot
Using the material derivative, we can rewrite the mass equation as

dp
= ‘u=0. 10.29
o TPV (10.29)

Often, Newton’s notation for derivatives, the dot, is used to denote the material derivative.
We can also recall the definition of the divergence operator, div, to be used in place of V-,
so that the mass equation can be written compactly as

p+p divu=0. (10.30)

The density of a material particle changes in response to the divergence of the velocity field,
which can be correlated with the rate of volume expansion of the material region.
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10.1.5.2 Linear momenta

We can use the product rule to expand the linear momenta equations, Eq. (I0.23)), as

paalt‘l + u% +u(V-(pu)) +pu-Vu+VP = 0, (10.31)

ou dp B
po T <8t+v (p )) +pu-Vu+ VP = 0, (10.32)

=0
Ju
<a+u Vu) YVP = 0, (10.33)
—du/dt i

pdt +VP = 0. (10.34)

Or in terms of our simplified notation with v = 1/p, we have
u+ v grad P =0. (10.35)

The fluid particle accelerates in response to a pressure gradient.

10.1.5.3 Energy
We can apply the product rule to the energy equation, Eq. (I0:24]) to get

0 1 1 dp 1
e <e+§u~u)+(e+§u~u)a+<e+§u-u)V~(pu)

+pu~V<e+%u~u)+V (Pu) =0, (10.36)
Py letgzu-u ¢c+gu-u
+pu -V (e + %u : u) +V-(Pu) =0, (10.37)
0 1 1
P etzu-u +pu-V etzu-u + V- (Pu) =0. (10.38)

This is simpler, but there is more that can be done by taking advantage of the linear momenta
equations. Let us continue working with the product rule once more along with some simple
rearrangements

Oe

0 (1 1
pat—i—pu Ve+pat( -u)—l—pu-V<§u-u)—|—V-(Pu) = 0, (10.39)
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p%—l—pu-Veiju-%—l:—l—pu-(u-V)u—l—u-VP—I—PV-u = 0, (10.40)
de Ju
paﬂtpu-Ve—l—u- pa+p(u-V)u+VP +PV-u = 0, (10.41)
Se—  —— s

'

=p de/dt -0

p HPVu = 00 (10.42)

Now, from Eq. (I0.29), we have V -u = —(1/p)dp/dt. Eliminating the divergence of the
velocity field from Eq. (I0.42), we get

de Pdp
————F =0 10.43
de Pdp
—— —=— = 0. 10.44
dt  p*dt 0 (10.44)

Recalling that p = 1/v, so dp/dt = —(1/v?)dv/dt = —p*dv/dt, our energy equation becomes

de dv
—+P— = 0. 10.45
a (10.45)
Or in terms of our dot notation, we get
é+ Po=0. (10.46)

The internal energy of a fluid particle changes in response to the work done by the
pressure force.

10.1.5.4 Reaction
Using the product rule on Eq. (I0.27) we get

A
P2 P L A AY - () = . (10.47)
ot ot
oA dp B
p (E +u- V)\) +A (E +V. (pu)) = pr, (10.48)
—dx/dt =0
d\
- = 10.4
i r, (10.49)
A= (10.50)

The mass fraction of a fluid particles product species changes according to the forward
reaction rate.
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10.1.5.5 Summary

In summary, our non-conservative equations are

p+pdivu
u+ v grad P
e+ Pv

10.1.6 One-dimensional form

Here, we consider the equations to be restricted to one-dimensional planar geometries.

10.1.6.1 Conservative form

In the one-dimensional planar limit, Eqs. (I0.22{I0.27) reduce to

10.1.6.2 Non-conservative form

(10.58)
(10.59)

(10.60)

(10.61)

(10.62)
(10.63)

The non-conservative Eqs. (IL.5IHIO.5T) reduce to the following in the one-dimensional planar

limit:

CC BY-NC-ND.
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e+ Po
A
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e = e(Pp,\), (10.68)
r = r(Pp,N), (10.69)
1
p= - (10.70)
Equations (I0.64HI0.70) can be expanded using the definition of the material derivative:
dp dp ou
du ou 0P
<% + u%) +P (% + u?—i) = 0, (10.73)
O O
<§+u%> = (10.74)
e = e(P,p, ), (10.75)
r = 1(Pp,\), (10.76)
1
p= - (10.77)

10.1.6.3 Reduction of energy equation

Let us use standard results from calculus of many variables to expand the caloric equation

of state, Eq. (I0.75):

Oe Oe Oe
de=—| dP+ —| d —| d\. 10.
e 5P » + 7 i, v+ N o (10.78)
Taking the time derivative gives
Oe Oe Oe .
b= — — D+ — A 10.79
‘T op v " v P,AU+ O |p, ( )

Note this is simply a time derivative of the caloric state equation; it says nothing about energy
conservation. Next let us use Eq. (I0.79) to eliminate é in the first law of thermodynamics,

Eq. (I0.66) to get
Oe . Oe Oe .
—| P4+ — )+ — APy = 0 10.80
8P v, " 8U P,)\U - a)\ P o ’ ( )
. P+ & Ge|
P <7af”}“) GRS G (10.81)
P v, ﬁ‘v,)\
~~ -~ S~——
=p2c? =—pc2o
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P+ p*0 — plok = 0, (10.82)
P = —p*c0+ ptol, (10.83)
P = p&(or—po). (10.84)
Now, since v = —(1/p?)p, we get
P = &p+ plor. (10.85)

Note that if either r = 0 or ¢ = 0, the pressure changes will be restricted to those from
classical isentropic thermo-acoustics: P = ¢2p. If or > 0, reaction induces positive pres-
sure changes. If or < 0, reaction induces negative pressure changes. Moreover, note that
Eq. (IO8E) is not restricted to calorically perfect ideal gases. It is valid for general state
equations.

10.1.7 Characteristic form

Let us obtain a standard form known as characteristic form for the one-dimensional unsteady
equations. We follow the procedure described by Whitham (1927—)H For this form let us use
Eq. (I0.84) and generalized forms for sound speed ¢ and thermicity o to recast our governing

equations, Eq. (I.7TIHIOTT) as
—tu—+p— = 0, (10.86)
T

oprP orP  , (0p op 9
il - _ s L I — 10.88
ot "o ¢ (aﬁ D peor, (10-88)
oA oA
‘4 A 10.89
ot +u8x - ( )
c? (P, p), (10.90)
r r(P, p, N, (10.91)
o a(P,p,\) (10.92)
Let us write the differential equations in matrix form:
1 00 0\ /2 u o p 0 0\ [2 0
0 1 0 0 g 0 u 1 0 9u 0
p —
-2 010 g—}; —u 0 u 0 g—? pcior |’ (10.93)
0 0 0 1 5 0 0 0 u 5 r
These take the general form
0wj 0wj .

4Whitham, G. B., 1974, Linear and Nonlinear Waves, Wiley, New York.
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Let us attempt to cast this the left hand side of this system in the form Ow;/0t + pow, /0.
Here, 1 is a scalar which has the units of velocity. To do so, we shall seek vectors ¢; such
that

a’LUj

by

For /; to have the desired properties, we will insist that

Using Eq. (10.96) to eliminate m; in Eq. (I0.97), we get

Equation (I0.99) has the trivial solution ¢; = 0. For a non-trivial solution, standard linear
algebra tells us that we must enforce the condition that the determinant of the coefficient
matrix be zero:

Specializing Eq. (I0I00) for Eq. (I0:93), we find
w—u —p 0 0
0 w—u = 0 B
— (i —u) 0 pu—u 0 =0. (10.101)
0 0 0 W—u

Let us employ standard co-factor expansion operations to reduce the determinant:

w—u —p 0
(1 — u) 0 p—u  —5 | =0, (10.102)
—Ap—u) 0 p—u
=) (=0 (=02 + (F2EZ2)) o (10.103)
(n—u?’((p—u?-c*) = 0. (10.104)

There are four roots to this equation; two are repeated:

o= u, (10.105)
o= u, (10.106)
w o= u-+c, (10.107)
o u—c (10.108)
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Let us find the eigenvector ¢; associated with the eigenvalues p = u £ ¢. So, Eq. (I0.99)
reduces to

(utc)—u —p 01 0
(6 6l b) —c%(uic)—u) (Uig)_u (ui—_cg—u 8
0 0 0 (utc)—u
Simplifying,
¢ —p 0 0
(6o 0y l3 £y) ;63 jgc ;E 8 = (00 0 0). (10.110)
0 0 0 =c
We thus find four equations, with linear dependencies:
+cly F Pty = 0, (10.111)
—ply £cly = 0, (10.112)
—%62 +cly = 0, (10.113)
+el, = 0. (10.114)
Now, ¢ # 0, so Eq. (I0.I14) insists that
ly = 0. (10.115)

We expect a linear dependency, which implies that we are free to set at least one of the
remaining ¢; to an arbitrary value. Let us see if we can get a solution with /3 = 1. With

that Eqgs. (ICITIHIO.IT3) reduce to

+eli ¥ = 0, (10.116)
—pfl + Cﬁg = O, (10117)
1
——ly+c = 0. (10.118)
P
Solving Eq. (I0.IT6]) gives
0 = c (10.119)

Then, Eq. (I0IIT) becomes —pc? + cly = 0. Solving gives
0y = +pe. (10.120)
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This is redundant with solving Eq. (I0II8), which also gives ¢5 = +pc. So, we have for
= u £ c that

li=(c* +pc 1 0). (10.121)

So, Eq. (I0.93)) becomes after multiplication by ¢; from Eq. (I0.I2T)):

1 00 0\ /% w o p 0 0\ /2
Jdu 0 1 9 u
(@ e 1 0)| % VOO g @ 2 10| D 5
— 0 1 0 X —cu 0 u 0 &
0 0 0 1 g 0 0 0 w oz
0
=(c 4pc 1 0) y
pciar
r
(10.122)
Carrying out the vector-matrix multiplication operations, we get
dp ap
3 5
(0 £pc 1 0)| Gb | +(0 £pclutc) utec 0)| b
% 0
ot oz
0
=(c* +pc 1 0) X
pcior
r
(10.123)
Simplifying,
P P
+pc (% + (u =+ 0)%) + (aa—t + (u £ c)g—x) = pcor. (10.124)
Now, let us confine our attention to lines in x — t space on which
C;—f =u+c. (10.125)
On such lines, Eq. (I0I24)) can be written as
Oou  dxdu oP dx 0P 9
:|:pC (E + Ea_l’) + (E + Eﬁ—([}) = pcor. (10126)
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Consider now a variable, say u, which is really u(x,t). From calculus of many variables, we
have

ou ou
= — — 10.12
du T dt + &de, (10.127)
du Ou  dxOu
- = =4z 10.12
i - o don (10.128)
If we insist dz/dt = u + ¢, let us call the derivative du/dt., so that Eq. (I0.126) becomes
du  dP
+pe— + — = pclor. 10.129
pcdti + dis pcor ( )

In the inert limit, after additional analysis, Eq. (I0.129) reduces to the form di/dt. = 0,
which shows that 1 is maintained as a constant on lines where dz/dt = u 4+ ¢. Thus,
one can say that a signal is propagated in x — t space at speed u + ¢. So, we see from
the characteristic analysis how the thermodynamic property ¢ has the added significance of
influencing the speed at which signals propagate.

Let us now find ¢; for 4 = u. For this root, we find

—p 0
1

(6 ly l5 04) = (0 0 0 0). (10.130)

o O O O
o O O
o O OO

0
0
It can be seen by inspection that two independent solutions ¢; satisfy Eq. (T0.I30):

6 = (0 0 1 0), (10.131)
6 = (0 0 0 1). (10.132)

These two eigenvectors induce the characteristic form which was already obvious from the
initial form of the energy and species equations:

oP o°P  , (0p ap\ 5
5 UG ¢ <8t +u8x> = pcior, (10.133)
(D) (D)

On lines where dx/dt = w, that is to say on material particle pathlines, these reduce to
P —¢%p=pctorand A =r.

Because we all of the eigenvalues i are real, and because we were able to find a set of
four linearly independent right eigenvectors ¢; so as to transform our four partial differential
equations into characteristic form, we can say that our system is strictly hyperbolic. Thus, it

e is well posed for initial value problems given that initial data is provided on a non-
characteristic curve, and
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e admits discontinuous solutions described by a set of Rankine-Hugoniot jump conditions
which arise from a more primitive form of the governing equations.

In summary we can write our equations in characteristic form as

;‘llt_]i n pcjt_li _ sor. on Z_f —u+e, (10.135)
jllt—li — pc;t—li = pclor, on Z—f =u-—c, (10.136)
% — 3% = pclor, on Z—f = u, (10.137)

% — ¢t om ‘é_gtf _— (10.138)

10.1.8 Rankine-Hugoniot jump conditions

As described by LeVequeﬁ the proper way to arrive at what are known as Rankineﬁ—Hugoniotﬁ
jump equations describing discontinuities is to use a more primitive form of the conservation
laws, expressed in terms of integrals of conservative form quantities balanced by fluxes and
source terms of those quantities. If q is a set of conservative form variables, and f(q) is
the flux of q (e.g. for mass conservation, p is a conserved variable and pu is the flux), and
s(q) is the internal source term, then the primitive form of the conservation form law can
be written as

4 [
it /.,

z2

q(z,t)dx = f(q(z1,t)) — £(q(za, 1)) + / s(q(x,t))dz. (10.139)

r1

Here, we have considered flow into and out of a one-dimensional box for x € [z, x5]. For
our reactive Euler equations we have

P 2pu 0
_ pu B pu” + P B 0
T ple+iu?) | fla) =1, (e +lu? 4 §> . osla)=| |- (10.140)
pA PUA pr

If we assume there is a discontinuity in the region x € [z, z5] propagating at speed U, we
can find the Cauchyﬁ principal value of the integral by splitting it into the form

d z1+Ut™ d o
G awnas [ g
— f(q(e1,1)) — Flalea 1) + / s(q(e,)de.  (10.141)

SLeVeque, R. J., 1992, Numerical Methods for Conservation Laws, Birkhiuser, Basel.
9William John Macquorn Rankine, 1820-1872, Scottish engineer.

"Pierre Henri Hugoniotl, 1851-1887, French mathematician.

8Augustin-Louis Cauchyl, 1789-1857, French mechanician.
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Here, x; + Ut~ lies just before the discontinuity and x; + Ut™ lies just past the discontinuity.
Using Leibniz’s rule, we get
dq = dq

14Ut~
q(:cl—l—Ut_,t)U—O—l—/ —d:c+0—q(:c1+Ut+,t)U+/ —dz (10.142)
ot erqutt Ot

x1

= f(q(z1,t)) — f(q(ze,t)) + /m2 s(q(x,t))dz.

1

Now, if we assume that xo—x; — 0 and that on either side of the discontinuity the volume of
integration is sufficiently small so that the time and space variation of q is negligibly small,
we get

q(z)U —a(z2)U = f(q(z1)) — f(q(z2)), (10.143)
Ula(e) —alz)) = fla(z)) —fla(zs)). (10.144)

Note that the contribution of the source term s is negligible as x5 — 1 — 0. Defining next
the notation for a jump as

[a(2)] = a(z2) — q(z1), (10.145)
the jump conditions are rewritten as
Ula(@)] = [f(a(x)]- (10.146)

If U =0, as is the case when we transform to the frame where the wave is at rest, we
simply recover

0 = f(a(z1)) — falz2)), (10.147)
fla(z1)) = fla(z2)), (10.148)
[f(a(z))] = o. (10.149)

That is, the fluxes on either side of the discontinuity are equal. We also get a more general
result for U # 0, which is the well-known

 flq(e) — fla()  [F(a@)]
V=" —a) ~ la@l (10-150)

The general Rankine-Hugoniot equation then for the one-dimensional reactive Euler equa-
tions across a non-stationary jump is given by

P2 — 1 Ptz — iy
U p2als — Py _ pauz + Py — pruy — Py
p2 (e2 + 2u3) — p1 (e1 + Sui) Palls (62 + Jud+ %) — pruy (el + fui+ %)
p2)\2 - Pl)\l p2u2)\2 — pgul)\l

(10.151)
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Note that if there is no discontinuity, Eq. (I0I39) reduces to our partial differential
equations which are the reactive Euler equations. We can rewrite Eq. (I0.139) as

<% /m q(:c,t)d:c) + (f(a(we, 1) — fa(z1,1))) = /mg s(q(x,t))dz, (10.152)

x1

Now, if we assume continuity of all fluxes and variables, we can use Taylor series expansion
and Leibniz’s rule to say

@ t)de | + ( { fla(en, ) + o (z2 — @)+ ) —fla(z,1) | = s(a(e, t))dz,
(L atene) « (et 0+ tea =+ ) ~rtamn) = [0

let 9 — 11

(f Gawiae) (o) = [ st
</xl Eq(i,t)d:ﬁ)—l— : %d:p — /:2S(q(x,t))dx.

(10.153)

Combining all terms under a single integral, we get

oq oOf B
/xl <6t o ) dz = 0. (10.154)

Now, this integral must be zero for an arbitrary x; and z9, so the integrand itself must be
zero, and we get our partial differential equation:

aq of B

s =, (10.155)
0 0
O alr1) + £l ) = salr. 1), (10.156)

which applies away from jumps.

10.1.9 Galilean transformation

We know that Newtonian] mechanics have been constructed so as to be invariant under
a so-called Galilear{!] transformation which takes one from a fixed laboratory frame to a
constant velocity frame with respect to the fixed frame. The Galilean transformation is such
that our original coordinate system in the laboratory frame, (z,t), transforms to a steady
travelling wave frame, (Z,1), via

=>

= z— Dt, (10.157)
— (10.158)

Yafter [saac Newton, 1643-1727, English polymath.
Oafter (Galileo Galilei, 1564-1642, Italian polymath.

>
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We now seek to see how our derivatives transform under this coordinate change. We shall
arrive at the same result via two methods: 1) a direct approach, and 2) a more formal
approach based on notions from differential geometry. The first is more straightforward; the
second gives greater cohesion with a more general theory of coordinate transformations.

10.1.9.1 Direct approach
For the direct approach, we first take differentials of Eqs. (ILI5AT0.I58) and get

0z oz
dt = —dx+ —dt =dx — Ddt 10.1
By 50 + T x : (10.159)
. ot ot
dt = —dr+ —dt=dt. 10.160
o™ o (10.160)
Scaling dz by dt gives us then
dz  dx
— =——-D. 10.161
dt  dt ( )

Taking as usual the particle velocity in the fixed frame to be u = dx/dt and defining the
particle velocity in the laboratory frame to be 4 = dz/dt, we see that

i=u—D. (10.162)

Now, a dependent variable ) has a representation in the original space of 1 (z,t), and in the
transformed space as ¢(z,t). And they must both map to the same value of 1) and the same
point. And there is a differential of v in both spaces which must be equal:

o oY o o
- — 10.1
dip = &r dr + o | dt % td T+ — 5 idt, (10.163)
= &AD (dx — Ddt) + 8¢ dt, (10.164)
a.flf i &
oY o oY
= dx - D dt. 10.1
o7 |: +<8ti 8:6) (10.165)
Now, consider Eq. (I0I65) for constant z, thus dx = 0, and divide by dt:
p
—| = — 10.1
ot|, ot|; &r (10.166)
More generally the partial with respect to t becomes
0 0 0
—| =—=| =D . 10.167
ot|, ot|; 0t |; ( )
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Now, consider Eq. (I0I65) for constant t, thus dt = 0, and divide by dz:
o o

—| = . 10.168
More generally,

0 0

— = = . 10.169

10.1.9.2 Differential geometry approach

For the differential geometry approach, we view the transformation in light of notions from
linear theory where such concepts as the Jacobian, metric tensor, co- and contravariant repre-
sentations are often used. These ideas are traditionally confined to spatial systems. Here, we
will adapt them in a non-traditional way to account for our spatio-temporal transformation.

First, we invert Eqs. (ICI5AMT0.I58) to form

r = @+ DI, (10.170)
t t (10.171)
Now, physically, z and ¢ have different units. For dimensional consistency between the two

independent variables, let us choose to consider the independent variables in the untrans-
formed and transformed coordinates to be (z, ¢, t), and (Z, ¢,t), respectively. It is thus trivial

to see that Eqs. (I0I70) I0ITI) can be rewritten as

., D,
Tz = x+c—o(cot), (10.172)

Cot = Cot. (10.173)

In matrix form, we could say
x 1 2 T
(2)=(24)(2) o178

Here, we have defined a vector containing our untransformed independent variables as

¢ = <§) - <C‘§t>. (10.175)

The superscripts are not exponents, but indices. The transformed independent variables are

~ Al 7
= (;) - (éf) . (10.176)
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These are linked by the linear transformation
£E=1J-¢ (10.177)

where the constant Jacobian matrix, J is

e (2] = .

- - OET é2 DE? él o 1 -

1=% el e |- (o 1). (10.178)
OEL é2 HE2 é

It is easily shown that the ratio of generalized areas between the two coordinate systems is
given by J = det J. Here, we have

J=detJ =1, (10.179)

so that generalized areas are preserved in the mapping. Moreover, it can be shown that
because J > 0, the transformation is orientation-preserving.

We also have, by differentiating Eqs. (I0.I75HI0.I7T]), the differentials

dx 2 dz
dg = (codt) , dg = (codf) , (10.180)
as well as the transformation rule X
de =7 - dE. (10.181)

The metric tensor G of the transformation is

o (1 0 (1 2\ _ 1 D
G=17J J_<g 1) (0 i)={o 1 02) (10.182)

A generalized distance in the untransformed space is deduced from the Pythagorean formula

dx

(ds)? = d¢" - d€ = (dx  c,dt) (codt

) = dx* + 2dt*. (10.183)

In the transformed space, Eq. (I0.I83)) becomes, after using Eqs. (ILISTT0.182),

(ds)? = <J~dé)T~<J~dé), (10.184)
— d€" . JT. 3 .dE (10.185)
G
- déT~G~\d,§;. (10.186)
dé; dg’

Using upstairs-downstairs index notation, we can define our covariant metric tensor as
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the contravariant dé/ as
I o di’ o Aj
dé = (Cod£> = dél, (10.188)
and the covariant déj as
X (1 D . . .
A" G = (di cdi) (D 1 fpz) _ (daﬂ—Ddt Dqj + (1 + D—) codt) — dE,.
“ “ (10.189)
For a general function 1, the chain rule tells us
2 o8 s o
€L é2 €L é2 €L é2 ot €2
o | o o2 o (10.190)
€2 él €2 él €2 él €2 ¢l
oe p 0
Equation (I0I90) can be expressed in terms of the space-time gradients V: and Ve
Vet = I Vey. (10.191)
Inverting Eq. [0I9T]), we get
Vew = (3T Vel (10.192)
Transposing then inverting J from Eq. (I0.I7Y), we get
(37) ' = (_12 ?) . (10.193)
For our particular independent variables, Eq. (I0.192)) becomes
o 1 0 9
oz leot 0z lcot
B(cot) - Co d(cot) &
In scalar form, Eq. (I0.194) becomes
o o
- = 10.195
8:6 Cot 8:2’ Coi’ ( )
% % | _Dov (10.196)
A(cot) |, ANeot) |, o 0T, 5 :
And because ¢, is a constant, Eqs. (I0.I9310.196) reduce to
o oY
2| = 10.197
ox ¢ oz 57 ( )
o o o
— —| —D . 10.198
ot |, ot |; 0z |; ( )

Equations (ICT97M0.I98)) are identical to those found using the direct method, Eqs. (IO I6IT0.I6G]).
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10.1.9.3 Transformed equations

Applying either approach, we can quickly write our non-conservative form, Eqs. (I0.64HI0.67)
in the transformed frame. First, let us consider how a material derivative transforms then

%Lﬂgxt _ (%i_paif)ﬂmmaif, (10.199)
_ (%ja a{; ¥ (10.200)
With this, we can then say
gg ﬁgg—}—p 82 = 0, (10.201)
g? + gz +% F_ (10.202)
%+a§; ( ) (10.203)
8 s o= (10.204)

Moreover, we can write these equations in conservative form. Leaving out the details, which
amounts to reversing our earlier steps which led to the non-conservative form, we get

%+a(ze (ptt) = 0, (10.205)
o, . 0,
a—f(pu)+a£ (pti>+P) = 0, (10.206)
a% (p (e + %uQ)) + aaj <pa e+ %fﬁ - g)) = 0, (10.207)
9o+ Ly = pr (10.208)
9 Y T ap pr '

10.2 Omne-dimensional, steady solutions

Let us consider a steadily propagating disturbance in a one dimensional flow field. In the
laboratory frame, the disturbance is observed to propagate with constant velocity D. Let us
analyze such a disturbance.
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10.2.1 Steady shock jumps
In the steady frame, our jump conditions, Eq. (I0.I51]) have U = 0 and reduce to
0 . paliy — ,01?}%
8 | potio (62 + f;;ifﬁpj — 2121 (ef:t a2 + ﬂ) (10-209)
0 272 7 po 271 py

p2liaAg — prisg Ay

The mass jump equation can be used to quickly simplify the energy and species jump equa-

tions to get a revised set

paliz = pils,
paiy+ Py = piiii + Py,
e b ‘e b
e+ =y +— = e +-u]+—
*Ta P2 Pt pr’

10.2.2 Ordinary differential equations of motion
10.2.2.1 Conservative form

Let us now assert that in the steady laboratory frame that no variable has dependence on
t,s0 /0t =0, and 0/0% = d/dz. With this assumption our partial differential equations of
motion, Eqs. (IL205HT0.208)), become ordinary differential equations:

d
= (pi)) = 0, (10.211)
d

P (pi*+P) = 0, (10.212)

d 1, P

U —U — = 10.21

di(pu(e—i-Qu +p)) 0, (10.213)
diA(p?l)\) = pr, (10.214)
e = e(Pp,N), (10.215)
r = r(Pp,N). (10.216)

We shall take the following conditions for the undisturbed fluid just before the shock at
r=0_:

p(z=0_) = po, (10.217)
Wi =0_) = —D, (10.218)
P(i=0_) = P, (10.219)
e(z=0_) = ey, (10.220)
A@=0_) = 0. (10.221)
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Note that in the laboratory frame, this corresponds to a material at rest since u = u+ D =
(=D)+ D =0.

10.2.2.2 Unreduced non-conservative form

We can gain insights into how the differential equations, Eqs. (I02TIHIO.2T4)) behave by
writing them in a non-conservative form. Let us in fact write them, taking advantage of
the reductions we used to acquire the characteristic form, Eqs. (I0.8GHI0.89) to write those
equations after transformation to the steady Galilean transformed frame as

du . dp

p%jLudu% = 0, (10.222)

agz %% ~ 0, (10.223)
ﬁfg—czﬁ% = pclor, (10.224)
a% = r (10.225)

Let us attempt next to get explicit representations for the first derivatives of each equation.
In matrix form, we can say our system is

@ p 00 d_g 0
0 a L1 o0 du 0
o = . 10.22
—20 0 u 0 §—§ pcor (10.226)
0 0 0 4 r

dz
We can use Cramer’ rule to invert the coefficient matrix to solve for the evolution of each
state variable. This first requires the determinant of the coefficient matrix A.

u p 0 0
0 a * o0
= p
A 20 % ol (10.227)
0 00 @
u p 0
=al 0 a ., (10.228)
a0 a

2 A~
_— (a(fﬂ) - pﬁ) , (10.229)
= a*(a® — ). (10.230)

As A appears in the denominator after application of Cramer’s rule, we see immediately that
when the waveframe velocity  becomes locally sonic (4 = c) that our system of differential
equations is potentially singular.

HGabriel Cramerl, 1704-1752, Swiss mathematician.
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Now, by Cramer’s rule, dp/dz is found via
0 p 00
0 U % 0
pctor 0 4 0
d r 0 0 u
2 - < “r (10.231)
T
0 p O
a0 a g
2 ~
pccor 0 4
= 10.232
(a2 —c?) (1022)
(=) (=)
= S (10.233)
2
pcor
s (10.234)
Similarly, solving for du/dz we get
U 0 0 0
0 0 50
—cu pclor U 0
du 0 r 0
dzf = X , (10.235)
By
U 0 0
al 0 0o
B —cu pclor U (10.236)
- ﬁ2(ﬁ2 _ 02) ’ )
uw?(—c%or)
= Ty (10.237)
o
= = (10.238)
For dP/dz, we get
u p 0 0
0 a 0 0
—cu 0 pclor 0
dP 0 0 r U
- ~ “1 (10.239)
By
u p 0
U 0 4 0
—cu 0 pclor
= 10.240
u?(u? — ?) ’ ( )
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W9 a9
upcori
= - 10.241
w?(u? — c?)’ ( )
)
upctor
Lastly, we have by inspection
d\ r
— 10.243
dz 1 ( )
We can employ the local Mach number in the steady wave frame,
M2E@E (10.244)
c2’ )
to write our system of ordinary differential equations as
d
G A (10.245)
dz (1 — M2)
du or
— _ 10.246
dpP pucr
- 10.247
7 T ( )
dA\ r
—_— = —. 10.248
dz U ( )

We note the when the flow is locally sonic, M = 1, that our equations are singular. Recall-
ing an analogy from compressible flow with area change, which is really an application of
I’Hopital’s rule, in order for the flow to be locally sonic, we must insist that simultaneously
the numerator must be zero; thus, we might demand that at a sonic point, or = 0. So,
an end state with r = 0 may in fact be a sonic point. For multi-step reactions, each with
their own thermicity and reaction progress, we require the generalization o -r = 0 at a local
sonic point. Here, o is the vector of thermicities and r is the vector of reaction rates. This
condition will be important later when we consider so-called eigenvalue detonations.

10.2.2.3 Reduced non-conservative form

Let us use the mass equation, Eq. (I0.2TT]) to simplify the reaction equation, Eq. (I0.214),
then integrate our differential equations for mass momentum and energy conservation, apply
the initial conditions, and thus reduce our system of four differential and two algebraic
equations to one differential and five algebraic equations:

pu = —poD, (10.249)
P+pt? = P,+ p,D? (10.250)
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1 P 1 P,
pﬁ <€ + 5&2 + ;) = —poD (60 + §D2 + _) 5 (10251)
d); = ir, (10.252)
dz U
e = e(Pp, M), (10.253)
r= r(Pp ). (10.254)

With some effort, we can unravel these equations to form one ordinary differential equation in
one unknown. But let us delay that analysis until after we have examined the consequences
of the algebraic constraints

10.2.3 Rankine-Hugoniot analysis

Let us first analyze our steady mass, momentum, and energy equations, Eqs. (I0.249HI0.25T)).
Our analysis here will be valid both within, (0 < A < 1) and at the end of the reaction zone
(A=1).

10.2.3.1 Rayleigh line

Let us get what is known as the Rayleig line by considering only the mass and linear

momentum equations, Eqs. (I0:249HI0.250). Let us first rewrite Eq. (I0.250) as
p2,&2 p2 D2

o

P+ =P, +—— (10.255)
p Po

Then, the mass equation, Eq. (I0.22) allows us to rewrite the momentum equation, Eq. (I0.255)
as

2D2 2D2
pyle” _p P (10.256)
Rearranging to solve for P, we find
90 (1 1
P=pP,—p2D? (- - ). (10.257)
P Po
In terms of v = 1/p, and a slight rearrangement, Eq. (I0.257) can be re-stated as
D2
P = P—— (-, (10.258)
P D* (v
— = 1- ——1]. 10.259
B Fovo <vo ) ( )

Note:
12John William Strutt, 3rd Baron Rayleigh|, 1842-1919, English physicist.
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P (Pa)

8.\1\06

6.x 100 |
4.x10° |

2.x10°

1/p (m? /kg)

Figure 10.1: Plot of Rayleigh line for parameters of Table [0.1] and D = 2800 m/s. Slope
~ 2 192
is —pzD< < 0.

This is a line in (P, 1/p) space, the Rayleigh line.
The slope of the Rayleigh line is strictly negative.

The magnitude of the slope of the Rayleigh line is proportional the square of the wave
speed; high wave speeds induce steep slopes.

The Rayleigh line passes through the ambient state (P,,1/p,).
Small volume leads to high pressure.

These conclusions are a consequence of mass and momentum conservation alone. No
consideration of energy has been made.

The Rayleigh line equation is valid at all stages of the reaction: the inert state, a
shocked stated, an intermediate reacted state, and a completely reacted state. It is
always the same line.

A plot of a Rayleigh line for D = 2800 m/s and the parameters of Table [[0.1] is shown

in Fig. [0.Jl Here, the point labeled “O” is the ambient state (1/p,, P,).

10.2.3.2 Hugoniot curve

Let us next focus on the energy equation, Eq. (I0.251]). We shall use the mass and momentum
equations (I0249T0250) to cast the energy equation in a form which is independent of both
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velocities and wave speeds. From Eq. (I0.249), we can easily see that Eq. (I0.251) first
reduces to

1 P 1 P,
e+ -tP+— = e, +=-D*4 -2 (10.260)
2 P 2 Po

Now, the mass equation ([0.249) also tells us that

i=-p, (10.261)
p
so Eq. (I0:260) can be recast as

1(p.\’ P 1 P,
6+§<p_) D2_|__ = eo—|——D2—|——, (10262)

P P 2 Po
1 o)\ P P,
e— eyt =D (p—) et~ (10.263)
2 p J
1 o o P PO
e—eo+—D2<(p p>§f’ +p))+——— = 0. (10.264)
2 p [
Now, the Rayleigh line, Eq. (I0.257) can be used to solve for D?,
P,—-P/1 1\' p-P .
D=2 (— - —) = < PP ) (10.265)
P \p  po p: \po—0p

Now, use Eq. (I0.263)) to eliminate D? in Eq. (I0.264):

1 PO_P fo) o fe} P o
b (B () () 2By e
2 Ps Po—p)) p P Po
_D?
1/P,—-P 0 P P,
e—eo+—< )(p +’0)+——— — 0, (10.267)
2 Po P P Po
1 1 1 P P,
6—60+—(P0—P)(—+_)+___ = 07 (10268)
2 P Po P Po
+1PO+1PO 1P 1P+P o 0, (10.269)
e—e,+ -—— —— = = = T — = — = 5 .
2p 2p 2p 2po p o po
1/, P, P P
e—eo—i-—(——— ———) = 0, (10.270)
2\ p Po P Po
1 1 1
6_60+_(P+P0)< ——) = 0. (10.271)
Po
Rearranging, we get
P+ P, 1 1
e—e, = I X <— - —) : (10.272)
~——— 2 P Po

. N——
change in energy -average pressure .
change in volume
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This is the Hugoniot equation for a general material. It applies for solid, liquid, or gas.
Note that

e This form of the Hugoniot does not depend on the state equation.
e The Hugoniot has no dependency on particle velocity or wave speed.

e The Hugoniot is valid for all e()\); that is it is valid for inert, partially reacted, and
totally reacted material. Different degrees of reaction A will induce shifts in the curve.

Now, let us specify an equation of state. For convenience and to more easily illustrate
the features of the Rankine-Hugoniot analysis, let us focus on the simplest physically-based
state equation, the calorically perfect ideal gas for our simple irreversible kinetics model.
With that we adopt the perfect caloric state equation studied earlier, Eq. (87):

e = ¢ T— ). (10.273)
We also adopt an ideal gas assumption
P = pRT. (10.274)

Solving for T, we get T'= P/p/R. Thus, ¢,T = (¢,/R)(P/p). Recalling that R = cp — ¢,
we then get ¢,T = (¢,/(cp — ¢,))(P/p). And recalling that for the calorically perfect ideal
gas

y="L (10.275)
Cy
we get
1 P
el ==, (10.276)
y—=1p
Thus, our caloric equation of state, Eq. (I0.273)), for our simple model becomes
1 P
e(Pp\) = ——— — \q. 10.277
PN -1 (10.277)
In terms of v, Eq. (I027T1) is
1
e(P,v,\) = —1Pv - \q. (10.278)
f}/ —

As an aside, we note that for this equation of state, the sound speed can be deduced from

Eq. (I0.16) as

P+ & P+-LP .p
PP = bA Tyl (10.279)
P lu.a 71" v
P1 P
= V—— =yPv=7y—. (10.280)
v p p
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For the thermicity, we note that

v Vo Gy
oP Rq
gl 29 10.282
X, e (v —1)pg, ( )
1 9P 1 q v—1pq
= | = (v=—Dpg=(v—-1)2 =17 10.2
TS E |, e (v =Dpa=(r-1)3 P (10.283)

Now, at the initial state, we have A = 0, and so Eq. (I0.277) reduces to

1 P,
6o = ——=2 (10.284)

T=1p,
We now use our caloric state relations, Eqs. (I02770[10.284) to specialize our Hugoniot
relation, Eq. (I0.272)), to

1 P P, P+ P, (1 1
— | ——— ) —N¢=— (———). 10.285
v—1 (p po) 2 J ( )
Employing v = 1/p, we get a more compact form:
1 1
o (Pv— Pyw,) — \g = —§(P + P,) (v—1,). (10.286)

Let us next operate on Eq. (I0.28]) so as to see more clearly how the Hugoniot is represented
in the (P,v) = (P,1/p) plane.

1 1
—1(PU—POU0)+§(PU—|—POU—PU0—POU0) = Ag, (10.287)
fy_

1 1 1 1 1 1
P U=, | = B, o 5 5 = Ag, 10.2
(7_10—1—20 21}) (fy—lv 2v+2v) q (10.288)
P (v+1 P, (v+1
L ) - o—v) = A 10.2
2<7_1U U) 2<7_1U v) q (10.289)
2M\q + P, (f%vo—v)
P= (10.290)
(v_ﬂv_v>
-1 °
Note that as
v—1
v — Vo, P — oo. (10.291)
v+1

For v = 7/5, this gives v — v, /6 induces and infinite pressure. In fact an ideal gas cannot
be compressed beyond this limit, known as the strong shock limit. Note also that as
v—1
v — 00, —— P, <0. (10.292)
v+1
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So, very large volumes induce non-physical pressures.
Let us continue to operate to get a more compact form for the calorically perfect ideal
gas Hugoniot curve. Let us add a common term to both sides of Eq. (I0.290):

2M\g + P, (o —v)
—1 q o(_ o —1
pil-tp _ L + 17 P (10.293)
v+1 (mv_v> v+1
-1 °
—1 1 1
P+7—Po i v—1,] = 2\¢+ P, i Vg — U
v+1 v—1 v—1
v—1 v+ 1
P, “u, ), 10.294
TS (7—1U U) ( )
1
— g+ TP, - P
f}/_
—1
YRy — 1P, (10.295)
v+1
v+1 v—1
— g+ Py, -1 P, 10.296
7+ -1 v+1 ! ( )
4y
= 2)\(] ‘l— Tlpovo, (10297)
P -1 vy+1wo 2)\q 4~
— — =1 = —_ 10.298
<P0+7+1> <7_1Uo ) Povo+72_1’ ( )
P -1 —1 — 12\ 4
SR St (Pt et I 7, = (10.299)
P, ~v+1 v, v+1 v+ 1P, (v+1)2

Equation (I0.299) represents a hyperbola in the (P,v) = (P, 1/p) plane. As \ proceeds from
0 to 1, the Hugoniot moves. A plot of a series of Hugoniot curves for values of A =0,1/2,1
along with two Rayleigh lines for D = 2800 m /s and D = 1991.1 m/s is shown in Fig. [[0.2
The D = 1991.1 m/s Rayleigh line happens to be exactly tangent to the A = 1 Hugoniot
curve. We will see this has special significance.

Let us define, for convenience, the parameter /i? as

-1

)

=Ll 10.300
= ( )
With this definition, we note that
—1\? P 42y+1-92+2y-1 4
11—t = 1—(7 ) YRS I E S LT (10.301)
v+1 (v+1) (v+1)
With this definition, Eq. (I0.299), the Hugoniot, becomes
P v ) o A¢ ~d

— — = = 2 1— 4. 10.302
<a+u)(% u) Wp T ( )
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Figure 10.2: Plot of A = 0,1/2, 1 Hugoniot curves and two Rayleigh lines for D = 2800 m/s,
D =1991.1 m/s and parameters of Table [[0.11

Now, let us seek to intersect the Rayleigh line with the Hugoniot curve and find the points
of intersection. To do so, let us use the Rayleigh line, Eq. (I0.259), to eliminate pressure in

the Hugoniot, Eq. (I0.302)):

D? [ v g
1— — =1 P — =02 = 242 1— ot 10.303
( Pol <UO ) + i ) <UO [ ) o +1—/ ( )

We now structure Eq. (I0.303) so that it can be solved for v:

D? v D? v Aq
1402 — — — =02 = 22— +1 -t 10.304
( T Py, v, - Povo) (vo M) a Py, - s (10-304)

Now, let us regroup to form

2
v D? v D? D?
e o e 1 ~2 1 Y 1 ~2

Aq
_2A2 _1 ~4 —
o + 0,
(10.305)
2 2 2 2
v D v D D Ag
v _ v 14+ 42 a2 _op2 1 = o
() ()= @) (s () = (o) o = = o
(10.306)
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This quadratic equation has two roots:

<3) (1) (i)

D2
2 Povo

p2 \? “o\2 4 D2 D2\ n2 982 Mg

1+P0Uo (1+M) 4Pa'vo 1+ 1+Po'vo '[L 2M Pov,
+ E
Pyvo

(10.307)

For a given wave speed D, initial undisturbed conditions, P,, v,, and material properties,
i, q, Eq. (I0.307) gives the specific volume as a function of reaction progress A. Depending
on these parameters, we can mathematically expect two distinct real solutions, two repeated
solutions, or two complex solutions.

10.2.4 Shock solutions

We know from Eq. (I02I0) that A does not change through a shock. So, if A = 0 before
the shock, it has the same value after. So, we can get the shock state by enforcing the
Rankine-Hugoniot jump conditions with A = 0:

Yo s,
\/(1 ) () - a2 (1 (14 ) )
+ - (10.308)
2Po'Uo

With considerable effort, or alternatively, by direct calculation via computational algebra,
the two roots of Eq. (I0.308) can be shown to reduce to:

v

- =1 10.309
z -1 (10.309)
v ~9 Po'Uo ~2

— = —(1 . 10.310

The first is the ambient solution; the second is the shock solution. The shock solution can
also be expressed as
v y—1 2y P,

— = . 10.311
U 7+1+7+1D2 (10.311)

In the limit as P,v,/D? — 0, the so-called strong shock limit, we find

v -1
v, v+1

(10.312)
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The reciprocal gives the density ratio in the strong shock limit:
1
P ot (10.313)
Po v—1
With the solutions for v/v,, we can employ the Rayleigh line, Eq. (I1.259) to get the
pressure. Again, we find two solutions:

P
& = L (10.314)
P D? R R

5 = Pv(l_“2)_“2‘ (10.315)

The first is the inert solution, and the second is the shock solution. The shock solution is
rewritten as

P 2 D? v—1

— = — ) 10.316
P, Y +1Pw, ~+1 (10.316)
In the strong shock limit, P,v,/D? — 0, the shock state reduces to
P 2 D?
— = — ) 10.317
P, v+ 1 P,v, ( )
Note, this can also be rewritten as
P 2y D?
oy 2 10.318
P, v+ 1~vPw,’ ( )
2y D?
- —— . 10.319
v+1 2 ( )
Lastly, the particle velocity can be obtained via the mass equation, Eq. (I0.261]):
U Po
- = —— 10.320
;-2 (10.320)
v
= —— 10.321
(10:321)

v—1 2y Py,

- T D (10.322)
In the strong shock limit, P,v,/D? — 0, we get
U —1
% = —%. (10.323)
Note that in the laboratory frame, one gets
- D -1
= — - —h, (10.324)
—1
% S o1- h (10.325)
2
% St (10.326)
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10.2.5 Equilibrium solutions

Our remaining differential equation, Eq. (I0.252) is in equilibrium when r = 0, which for
one-step irreversible kinetics, Eq. (I0.12]), occurs when A = 1. So, for equilibrium end states,
we enforce A = 1 in Eq. (I0.307) and get

(E) (1))

Vo

2
\/(1 F ) () a2 (1 (14 ) - 2t
D2
Pyvo

+ (10.327)

This has only one free parameter, D. There are two solutions for v/v, at complete reaction.
They can be distinct and real, repeated and real, or complex, depending on the value of
D. We are most interested in D for which the solutions are real; these will be physically
realizable.

10.2.5.1 Chapman-Jouguet solutions

Let us first consider solutions for which the two roots of Eq. (I0.327)) are repeated. This
is known as a Chapma—Jougue (CJ) solution. For a CJ solution, the Rayleigh line is
tangent to the Hugoniot at A = 1 if the reaction is driven by one-step irreversible kinetics.

We can find values of D for which the solutions are CJ by requiring the discriminant
under the square root operator in Eq. (I0.3217) to be zero. We label such solutions with a
C'J subscript and say

D2 \? 2 D2 D2 q
14+ =292 ) (1402 —4=%2 (1 1+ =92 42 —9242 =0. 10.328
( i Povo) ( T ) P, Ut Pv, a a Pv, ( )

Equation (I0.328) is quartic in Doy and quadratic in DZ ;. Tt has solutions

py, 1H4pEpL — it 2\/%;12(1 + 2412 — ji4)

P = T (10.329)

The “+” root corresponds to a large value of D¢ ;. This is known as the detonation branch.
For the parameter values of Table [0l we find by substitution that Doy = 1991.1 m/s
for our Hs-air mixture. It corresponds to a pressure increase and a volume decrease. The
“-” root corresponds to a small value of Dg ;. It corresponds to a pressure decrease and
a volume increase. It is known as the deflagration branch. For our Hs-air mixture, we
find Doy = 83.306 m/s. Here, we are most concerned with the detonation branch. The

3David Leonard Chapman), 1869-1958, English chemist.
14 Jacques Charles Emile Jouguet, 1871-1943, French engineer.

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://en.wikipedia.org/wiki/David_Chapman_(scientist)
http://fr.wikipedia.org/wiki/Emile_Jouguet
http://creativecommons.org/licenses/by-nc-nd/3.0/

10.2. ONE-DIMENSIONAL, STEADY SOLUTIONS 365

deflagration branch may be of interest, but neglected mechanisms, such as diffusion, may
be of more importance for this branch. In fact laminar flames in hydrogen move much
slower than that predicted by the CJ deflagration speed. We also note that for ¢ — 0, that
D%, /(Pyw,) = (1+ %) /(1 — %) = ~. Thus, for ¢ — 0, we have DZ%; — vP,v,, and the wave
speed is the ambient sound speed.

Taylor series expansion of the detonation branch in the strong shock limit, Pyv,/D2; — 0
shows that

D%, — 2q(v*—1), (10.330)
i
———,, 10.331
vog — 7—1—1” ( 0.33 )
Poy — 20y - 1)1}1, (10.332)
N gl
- ———\/2q(7% - 1), 10.333
ucg S+l q(y ) ( )
29(v* - 1)
YL 10.334
ucyg 1 ( )

Importantly the Mach number in the wave frame at the CJ state is

~2

~ U
M2, = @Ctj’ (10.335)
~2
- TZ%CJ, (10.336)
o 2 2 _
q(v* —1)
= by -, (10.337)

2
’YU_Z('V - 1)Uom

2
(,Yl—l)z(Vz —1)

= bt (10.338)
Yy =15
L( _
T+ 1Dy —1)
= ('y+1)2( e ’ (10.339)
T y+1
= 1. (10.340)

In the strong shock limit, the local Mach number in the wave frame is sonic at the end of
the reaction zone. This can be shown to hold away from the strong shock limit as well.

10.2.5.2 Weak and strong solutions

For D < D¢ there are no real solutions on the detonation branch. For D > D¢, there are
two real solutions. These are known as the weak and strong solution. These solutions are
represent the intersection of the Rayleigh line with the complete reaction Hugoniot at two
points. The higher pressure solution is known as the strong solution. The lower pressure
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Figure 10.3: Plot of detonation wave speed D versus piston velocity wus; parameters from
Table [[0.1] loosely model Hs-air detonation.

solution is known as the weak solution. Equilibrium end state analysis cannot determine
which of the solutions, strong or weak, is preferred if D > D .

We can understand much about detonations, weak, strong, and CJ, by considering how
they behave as the final velocity in the laboratory frame is changed. We can think of the final
velocity in the laboratory frame as that of a piston which is pushing the detonation. While
we could analyze this on the basis of the theory we have already developed, the algebra is
complicated. Let us instead return to a more primitive form. Consider the Rankine-Hugoniot
jump equations, Eqs. (I0.249HI0.251]) with caloric state equation, Eq. (I0.277]) with the final
state, denoted by the subscript f, being A = 1 and the initial state being A = 0, Eq. (10.249)
being used to simplify Eq. (I0.251]), and the laboratory frame velocity u used in place of :

pslug —D) = —poD, (10.341)

P;+ pf(us — D)* = P,+ p,D?, (10.342)

ﬁ%—q%(uf—z))%r% = ﬁ%%DM%. (10.343)
T/ ie,o_/

Let us consider the unknowns to be P, ps, and D. Computer algebra solution of these three
equations yields two sets of solutions. The relevant physical branch has a solution for D of

2
vy+1 ~v—14¢ P, vy+1 ~v—14¢
D =uy Tt u%+ Wpoufc—i_( T T3 u}> . (10.344)

We give a plot of D as a function of the supporting piston velocity u in Figure [[0.3]
We notice on Fig. that there is a clear minimum D. This value of D is the CJ value of
D¢y =1991.1 m/s. It corresponds to a piston velocity of uy = 794.9 m/s.

A piston driving at uy = 794.9 m/s will just drive the wave at the C'J speed. At this
piston speed, all of the energy to drive the wave is supplied by the combustion process itself.
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As uy increases beyond 794.9 m/s, the wave speed D increases. For such piston velocities,
the piston itself is supplying energy to drive the wave. For uy < 794.9 m/s, our formula
predicts an increase in D, but that is not what is observed in experiment. Instead, a wave
propagating at D¢y is observed.

We last note that in the inert, ¢ = 0, small piston velocity, uy — 0, limit that Eq. (10.344])
reduces to D = \/~vP,/p,. That is, the wave speed is the ambient sound speed.

10.2.5.3 Summary of solution properties

Here is a summary of the properties of solutions for various values of D that can be obtained
by equilibrium end state analysis:

e D < D¢y: No Rayleigh line intersects a complete reaction Hugoniot on the detonation
branch. There is no real equilibrium detonation solution.

e D = D¢y There is a two repeated solutions at a single point, which we will call C', the
Chapman-Jouguet point. At C', the Rayleigh line is tangent to the complete reaction
Hugoniot. Some properties of this solution are

— Ucyg/coy = 1; the flow is sonic in the wave frame at complete reaction.

— This is the unique speed of propagation of a wave without piston support if the
reaction is one-step irreversible.

— At this wave speed, D = D¢y, all the energy from the reaction is just sufficient
to drive the wave forward.

— Because the end of the reaction zone is sonic, downstream acoustic disturbances
cannot overtake the reaction zone.

e D > D¢ y; Two solutions are admitted at the equilibrium end state, the strong solution
at point S, and the weak solution at point W.

— The strong solution S has

*

u/c < 1, subsonic.
piston support is required to drive the wave forward

*

*

some energy to drive the wave comes from the reaction, some comes from the
piston.

if the piston support is withdrawn, acoustic disturbances will overtake and
weaken the wave.

— The weak solution W has

*

% U/c > 1, supersonic
x often thought to be non-physical, at least for one-step irreversible kinetics
because of no initiation mechanism.

% exceptions exist.
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10.2.6 ZND solutions: One-step irreversible kinetics

We next consider the structure of the reaction zone. Structure was first considered contempo-
raneously and independently by Zel’dovich, von Neumann and D('jringﬁ Equation (I0.307)
gives v(A) for either the strong or weak branches of the solution. Knowing v(\) and thus
p(N), since v = 1/p, we can use the integrated mass equation, Eq. (I0.249) to write an
explicit equation for @(A). Our Rankine-Hugoniot analysis also give T'(A). These can be
employed in the reaction kinetics equation, Eq. (I0.252] [0.13) to form a single ordinary
differential equation for the evolution of A of the form

o AT exp (— sy ) (1= )
di a\) ’

A(0) = 0. (10.345)

We consider the initial unshocked state to be labeled O. We label the point after the shock
N for the Neumann point, named after von Neumann, one of the pioneers of detonation
theory. Recall A = 0 both at O and at N. But the state variables, e.g. P, p, 4, change from
O to N.

Before we actually solve the differential equations, we can learn much by considering
how P varies with A in the reaction zone by using Rankine-Hugoniot analysis. Consider the

Rankine-Hugoniot equations, Eqs. ([0249HI0.25T]) with caloric state equation, Eq. (I0277),
Eq. (I0:249) being used to simplify Eq. (I0.251)):

pu = —poD, (10.346)
P+ pi? = P,+ p,D? (10.347)
1 P 1 P 1 P, 1 P,
y—1p 2 p y—1p, 2 Po ( )
—_—— A_/—/

Computer algebra reveals the solution for P()\) to be

2 2 _
PO = —— | P, 4 p,D? 1j:\/<1— 7P°> _208= DM ) (4349

RS pD? D?

In Fig. (I0.4), we plot P versus A for three different values of D: D = 2800 m/s > D¢y,
D =1991.1 m/s = DCJ, D = 1800 TTl/S < D¢y.

We can also, via detailed algebraic analysis get an algebraic expression for M as a function
of \. We omit that here, but do get a plot for our system. In Fig. (I05), we plot M
versus A for three different values of D: D = 2800 m/s > D¢y, D = 1991.1 m/s = D¢y,
D = 1800 m/s < D¢y. The plot of M versus \ is log-log so that the sonic condition may be
clearly exhibited.

15John von Neumannl, 1903-1957, Hungarian-American genius.
16 'Werner Doring, 1911-2006, German physicist.
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Figure 10.4: P versus A from Rankine-Hugoniot analysis for one-step irreversible reaction
for D = 2800 m/s > Doy, D =1991.1 m/s = Doy, D = 1800 m/s < D¢y for Hs/air-based
parameters of Table [10.1]
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Figure 10.5: M versus A from Rankine-Hugoniot analysis for one-step irreversible reaction
for D = 2800 m/s > Doy, D =1991.1 m/s = Doy, D = 1800 m/s < D¢y for Hs/air-based
parameters of Table [10.1]
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For D = 2800 m/s > D¢y, there are two branches, the strong and the weak. The
strong branch commences at N where A\ = 0 and proceeds to decrease to A = 1 where the
equilibrium point S is encountered at a subsonic state. There other branch commences at
O and pressure increases until the supersonic W is reached at A = 1.

For D = 1991.1 m/s = D¢y, the behavior is similar, except that the branches commenc-
ing at NV and O both reach complete reaction at the same point C. The point C' can be shown
to be sonic with M = 1. We recall from our earlier discussion regarding Eqs. ([I24FHI0.24R)
that sonic points are admitted only if or = 0. For one-step irreversible reaction, r = 0 when
A =1, so a sonic condition is admissible.

For D = 1800 m/s < D¢y, the strong and weak branches merge at a point of incomplete
reaction. At the point of merger, near A = 0.8, the flow is locally sonic; however, this is not
a point of complete reaction, so there can be no real-valued detonation structure for this
value of D.

Finally, we write an alternate differential-algebraic equations which can be integrated for
the detonation structure:

pii = —p,D, (10.350)
P+ pi* = P,+p,D? (10.351)
1, P 1., P,
S+ T = e, 4+-D*y 0 10.352
e+2u+p e+2 +p0 (10.352)
1 P
e = ——— —\q, 10.353
y—1p ( )
P = pRT, (10.354)
d\ 1—A &
A — . 10.
7 T aexp < RT) (10.355)

We need the condition A(0) = 0. These form six equations for the six unknowns p, u, P, e,
T, and \.

10.2.6.1 CJ ZND structures

We now fix D = D¢y = 1991.1 m/s and integrate Eq. (I0345) from the shocked state N
to a complete reaction point, C', the Chapman-Jouguet detonation state. We could also
integrate from O to C, but this is not observed in nature. After obtaining A(Z), we can use
our Rankine-Hugoniot analysis results to plot all state variables as functions of z.

In Fig. (I06), we plot the density and pressure versus Z. The density first jumps discon-
tinuously from O to its shocked value at N. From there it slowly drops through the reaction
zone until it relaxes near £ ~ —0.01 m to its equilibrium value at complete reaction. Thus,
the reaction zone has a thickness of roughly 1 ¢m. Similar behavior is seen for the pressure.

The wave frame-based fluid particle velocity is shown in Fig. 0.7 Since the unshocked
fluid is at rest in the laboratory frame with u = 0 m/s, the fluid in the wave frame has
velocity & = 0 — 1991.1 m/s = —1991.1 m/s. It is shocked to a lower velocity and then
relaxes to its equilibrium value.
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Figure 10.6:  ZND structure of p(z) and P(Z) for D = D¢y = 1991.1 m/s for one-step
irreversible reaction for Hy/air-based parameters of Table [0.11
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Figure 10.7: ZND structure of wave frame-based fluid particle velocity 4(Z) and laboratory
frame-based particle velocity u(z) for D = Doy = 1991.1 m/s for one-step irreversible
reaction for Hs/air-based parameters of Table [[01]
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Figure 10.8: ZND structure of 7'(z) and wave frame-based Mach number M for D = D¢y =
1991.1 m/s for one-step irreversible reaction for Hj/air-based parameters of Table [0l

The structure of the velocity profiles is easier to understand in the laboratory frame, as
also shown in Fig. [[0.71 Here, we see the unshocked fluid velocity of u = 0 m/s. The fluid is
shocked to a high velocity, which then decreases to a value at the end of the reaction zone.
The final velocity can be associated with that of a supporting piston, uy = 794.9 m/s.

The temperature and wave frame-based Mach number are plotted in Fig. [0.8. It is
shocked from 298 K to a high value, then continues to mainly increase through the reaction
zone. Near the end of the reaction zone, there is a final decrease as it reaches its equilibrium
value. The Mach number calculated in the wave frame, |\7|, goes from an initial value of
M = 4.88887, which we call the CJ detonation Mach number, Mo, = 4.88887, to a post-
shock value of M = 0.41687. Note this result confirms a standard result from compressible
flow that a standing normal shock must bring a flow from a supersonic state to a subsonic
state. At equilibrium it relaxes to M = 1. This relaxation to a sonic state when A = 1 is
what defines the CJ state. We recall that this result is similar to that obtained in so-called
“Rayleigh flow” of one-dimensional gas dynamics. Rayleigh flow admits heat transfer to a
one-dimensional channel, and it is well known that the addition of heat always induces the
flow to move to a sonic (or “choked”) state. So, we can think of the CJ detonation wave as
a thermally choked flow.

The reaction progress variable A is plotted in Fig. [[0.9. Note that it undergoes no shock
jump and simply relaxes to its equilibrium value of A = 1 near £ = 0.01 m. Lastly, we
plot T'(—z) on a log-log scale in Fig. (I0.I0). The sign of & is reversed so as to avoid the
plotting of the logarithms of negative numbers. We notice on this scale that the temperature
is roughly that of the shock until —2 = 0.001 m, at which point a steep rise begins. We call
this length the induction length, ¢;,;. When we compare this figure to Fig. 2 of Powers and
Paolucci, 2005, we see a somewhat similar behavior. However the detailed kinetics model
shows l;,q ~ 0.0001 m. The overall reaction zone length /,,, is predicted well by the simple
model. Its value of /.., ~ 0.01 m is also predicted by the detailed model. Some of the
final values at the end state are different as well. This could be due to a variety of factors,
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Figure 10.9: ZND structure of A(z) for D = D¢y = 1991.1 m/s for one-step irreversible
reaction for Hs/air-based parameters of Table [[01]
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Figure 10.10:  ZND structure on a log-log scale of T'(z) for D = D¢y = 1991.1 m/s for
one-step irreversible reaction for H,/air-based parameters of Table 011
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parameter simple detailed

Cran 1072 m 1072 m

lind 1073 m 107~* m
D¢y 1991.1 m/s 1979.7 m/s
P, 2.80849 x 10% Pa | 2.8323 x 105 Pa
Poy 1.4553 x 10 Pa | 1.6483 x 105 Pa
T, 1664.4 K 1542.7 K
Tey 92570.86 K 2982.1 K

s 4.244 kg/m3 4.618 kg/m3
P 1.424 kg/m? 1.5882 kg/m?
M, 4.88887 4.8594

M, 0.41687 0.40779
Mc.y 1 0.93823

Table 10.2: Numerical values of parameters which roughly model CJ Hs-air detonation.

especially differences in the state equations. Comparisons between values predicted by the
detailed model of Powers and Paolucci, 2005, against those of the simple model here are
given in Table [10.2)

10.2.6.2 Strong ZND structures

We increase the detonation velocity D to D > D¢ ; and obtain strong detonation structures.
These have a path from O to N to the equilibrium point S. These detonations require piston
support to propagate, as the energy supplied by heat release alone is insufficient to maintain
their steady speed.

Similar to our plots of the CJ structures, we give plots of the strong, D = 2800 m/s
structures of p(#), P(2), a(&), u(z), T(2), M(2), M(#) in Figs. I0IINIOI4), respectively.
The behavior of the plots is qualitatively similar to that for CJ detonations. We see however
that the reaction zone has become significantly thinner, /.., ~ 0.0001 m. This is because
the higher temperatures associated with the stronger shock induce faster reactions, thus
thinning the reaction zone. Comparison with Fig. reveals that the shocked and final
values of pressure agree with those of the Rankine-Hugoniot jump analysis. We also note
the final value of M is subsonic. This allows information to propagate from the supporting
piston all the way to the shock front.
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Figure 10.11: ZND structure of p(z) and P(z) for strong D = 2800 m/s > D¢, for one-step
irreversible reaction for Hy/air-based parameters of Table [0.11
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Figure 10.12: ZND structure of wave frame-based fluid particle velocity @(z) and labora-
tory frame-based fluid particle velocity u(z) for strong D = 2800 m/s > D¢ for one-step
irreversible reaction for Hy/air-based parameters of Table [0.11
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Figure 10.13: ZND structure of T'(#) and M(&) for strong D = 2800 m/s > D¢ for one-step
irreversible reaction for Hy/air-based parameters of Table [0l
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Figure 10.14:  ZND structure of A(z) for strong D = 2800 m/s > D¢, for one-step irre-
versible reaction for Hy/air-based parameters of Table [[0.11
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Figure 10.15:  ZND structure of () for unshocked, weak D = 2800 m/s > D¢, for one-
step irreversible reaction for Hy/air-based parameters of Table [[0.1l The galactic distance
scales are far too large to be realistic representations of reality!

10.2.6.3 Weak ZND structures

For the simple one-step irreversible kinetics model, there is no path from O through the
shocked state NV to the weak solution W. There is a direct path from O to W; however, it
is physically unrealistic. For D = 2800 m/s, we plot A versus & in Fig. Numerical
solution was available only until A ~ 0.02. Numerical precision issues arose at this point.
Note, importantly, that £,4, ~ 10?* m is unrealistically large! Note the distance from Earth
to the Large Magellanic Cloud, a dwarf galaxy orbiting the Milky Way, is 10 m. Our
combustion model is not well calibrated to those distances, so it is entirely unreliable to
predict this class of weak detonation!

10.2.6.4 Piston problem

We can understand the physics of the one-step kinetics problem better in the context of
a piston problem, where the supporting piston connects to the final laboratory frame fluid
velocity u, = u(# — —o0). Let us consider pistons with high velocity and then lower them
and examine the changes of structure.

® wu, > u,cy. This high velocity piston will drive a strong shock into the fluid at a speed
D > D¢y. The solution will proceed from O to N to S and be subsonic throughout.
Therefore changes at the piston face will be able to be communicated all the way to
the shock front. The energy to drive the wave comes from a combination of energy
released during combustion and energy supplied by the piston support.

e u, = u,c; At a critical value of piston velocity, u, ¢, the solution will go from O to
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N to C, and where it is locally sonic.

o u, < u,cy For such flows, the detonation wave is self-supporting. There is no means to
communicate with the supporting piston. The detonation wave proceeds at D = D¢.
We note that D¢y is not a function of the specific kinetic mechanism. So, for a one-step
wrreversible kinetics model, the conclusion the D¢y is the unique speed of propagation of
an unsupported wave is verified. It should be noted that nearly any complication added
to the model, e.g. reversibility, multi-step kinetics, multi-dimensionality, diffusion, etc.,
will alter this conclusion.

10.2.7 Detonation structure: Two-step irreversible kinetics

Let us consider a small change to the one-step model of the previous sections. We will now
consider a two-step irreversible kinetics model. The first reaction will be exothermic and
the second endothermic. Both reactions will be driven to completion, and when they are
complete, the global heat release will be identical to that of the one-step reaction. All other
parameters will remain the same from the one-step model. This model is discussed in detail
by Fickett and Davis, and in a two-dimensional extension by Powers and Gonthier[']

We will see that this simple modification has profound effects on what is a preferred
detonation structure. In particular, we will see that for such a two-step model

e the CJ structure is no longer the preferred state of an unsupported detonation wave,

e the steady speed of the unsupported detonation wave is unique and greater than the
CJ speed,

e there is a path from the unshocked state O to the shocked state N through a sonic
incomplete reaction pathological point P to the weak equilibrium end state W,

e there is a strong analog to steady compressible one-dimensional inert flow with area
change, i.e. rocket nozzle flow.

Let us pose the two step irreversible kinetics model of

1: A - B, (10.356)
2: B — C. (10.357)

Let us insist that A, B, and C each have the same molecular mass, M4 = Mg = Mqc = M,
and the same constant specific heats, cp4 = cpg = cpc = cp. Let us also insist that both
reactions have the same kinetic parameters, & = & = &, a1 = ay = a, 1 = B = 0.
Therefore the reaction rates are such that

foy = ks = k. (10.358)

Powers, J. M., and Gonthier, K. A., 1992, “Reaction Zone Structure for Strong, Weak Overdriven, and
Weak Underdriven Oblique Detonations,” Physics of Fluids A, 4(9): 2082-2089.
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Let us assume at the initial state that we have all A and no B or C: 5,(0) = b4, p5(0) =0,
Pc(0) = 0. Since J = 2, we have a reaction vector r; of length 2:

- (7“1) . (10.359)

2

Our stoichiometric matrix v;; has dimension 3 x 2 since N = 3 and J = 2:

-1 0
0 1
For species production rates, from w; = Z}]:1 v;;r; we have
12 A -1 0 —r
g (PalP\ g fea) 1 !
Z\ sl = (s )= 1 -1 (2) == r-r|. (10361
Dol p P\ de P\o 1 P\

We recall here that d/dt denotes the material derivative following a fluid particle, d/dt =
/0t + 1u0/0z. For our steady waves, we will have d/dt = ud/dz. We next recall that
p;/p = Yi/M;, which for us is Y;/M, since the molecular masses are constant. So, we have

YA (,ZJA —1 0 —T1
d M M M
Y=~ e | ="{1 1 (“) == rm=r]|. (10.362)
Yo P\ we P \o 1 "2 p -
Elementary row operations gives us the row echelon form
Y4 -1 0
d M
Gl Yatvs =10 -1 (:1 ) . (10.363)
Yy + Y+ Ye P\o 0 2

We can integrate the homogeneous third equation and apply the initial condition to get
Ya+Yp+Ye=1 (10.364)
This can be thought of as an unusual matrix equation:

Y
(11 |vel]=0). (10.365)
Yo

We can perform an analogous exercise to finding the form p = p+ D - € and get
Ya 1 -1 0 \
Yg|l=(0]+[ 1 -1 (Al) . (10.366)
Yo 0 0 1 ?

=F
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The column vectors of F are linearly independent and lie in the right null space of the
coefficient matrix (1,1,1). The choices for F are not unique, but are convenient. We can
think of the independent variables A1, Ay as reaction progress variables. Thus, for reaction
1, we have A1, and for reaction 2, we have Ay. Both A;(0) = 0 and A\2(0) = 0. The mass
fraction of each species can be related to the reaction progress via

Vi o= 1-A, (10.367)
Y = A=, (10.368)
Yo = o (10.369)

When the reaction is complete, we have Ay — 1, Ay — 1, and Y, — 0, Yz — 0, Yo — 1.
Now, our reaction law is

Y -7 —kp —Y4
d M M A
E YB = — rT — T = — k‘ﬁA - kﬁB =k YA - YB . (10370)
YC P T2 P k‘ﬁB YB
Eliminating Y4, Yp and Y in favor of A\; and Ay, we get
d 1-— )\1 _(1 - )\1>
7 M= | =k XT=X)—=(A1—=X2) | . (10.371)
Ao Al — Ao
This reduces to
d A1 1-—X\
7 M—X | =kl 1=-2X\+X|. (10.372)
)\2 )\1 - )\2

The second of these equations is the difference of the first and the third, so it is redundant

and we need only consider
d [\ 11—\
— =k . 10.
dt()\g) ()\1_)\2) (10.373)

In the steady wave frame, this is written as

A\,
U = (1-— 10.374
i (1 — A1)k, (10.374)
dXy
7 = — ) 10.

Because the rates k; = ky = k have been taken to be identical, we can actually get \y(A1).
Dividing our two kinetic equations gives
dha A =X
d\i 1= X\

(10.376)
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Because A\1(0) = 0 and A2(0) = 0, we can say that A\y(A; = 0) = 0. We rearrange this
differential equation to get

d)\g 1 )\1
= Mo = . 10.
d>\1+1—)\12 = n (10.377)
This equation is first order and linear. It has an integrating factor of
d\ 1
exp (/ 1 _1)\1) =exp(—In(l—X\)) = T
Multiplying both sides by the integrating factor, we get
1 dh 1’ M
o2 Ay = . 10.378
1—>\1d>\1+<1—>\1) 2T 10 (10.378)
Using the product rule, we then get
d )\2 )\1
il - 10.379
dX\ (1—>\1) (1—Xp)? ( )
A2 At
= —————d\;. 10.
1= /(1—Al>2 1 0550

Taking v = A\; and dv = d\;/(1 — \;)? and integrating the right side by parts, we get

M /dAl (10.381)

11—\ 1-x 1=\
= 5 AlA +In(1 —\) +C, (10.382)
-1
)\2 = )\1 + (1 - )\1) hl(l - )\1) + C(l - )\1) (10383)

Now, since A\y(A\; = 0) =0, we get C' =0, so
Xo(Z) = AM(Z)+ (1= (2)) In(1 — Ay (2)). (10.384)
Leaving out details of the derivation, our state equation becomes
e(T, A\, \2) = (T —T,) — Mq1 — Aage. (10.385)
We find it convenient to define Q (A1, \2) as
Q(M1, X2) = Miq1 + Xaga. (10.386)
So, the equation of state can be written as

€(T, )\1, )\2) = CU(T — To) — Q()\l, )\2) (10387)
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Parameter Value Units
v 1.4
M 20.91 kg/kmole
R 397.58 J/kg/K
P, 1.01325 x 10° Pa
T, 298 K
Do 0.85521 kg/m?
Vo 1.1693 m3 kg
0 7.58265 x 10° J/kg
02 —5.68698 x 10° J/kg
E 8.29352 x 10° J/kg
a 5 x 10° 1/s
15} 0

Table 10.3: Numerical values of parameters for two-step irreversible kinetics.

The frozen sound speed remains

P
8::7Pv::7;u (10.388)
There are now two thermicities:

1 or Y Pq
= — — = 10.389
(o5 pCQ a)\l oo ol _1 P ) ( )

1 or Y PG
= — = 10.390
72 pct OXal,.n, Y- 1P ( )

Parameters for our two step model are identical to those of our one step model, except for
the heat releases. The parameters are listed in Table Note that at complete reaction
Q(1, X)) = Q(1,1) = q1 + ¢ = 1.89566 x 10° J/kg. Thus, the overall heat release at
complete reaction \; = Ay = 1 is identical to our earlier one-step kinetic model.

Let us do some new Rankine-Hugoniot analysis. We can write a set of mass, momentum,
energy, and state equations as

pu = —p,D, (10.391)
P+ pi? = P,+ p,D? (10.392)
1., P R
- — = e, + =D+ —, 10.
e—|—2u+p e+2 —i—po (10.393)
1 P
eE = — — )\1(]1 — )\2(]2, (10394)
y—=1p
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Figure 10.16: Pressure versus A; for two-step kinetics problem for three different values of
D: D =2800 m/s > D, D = 2616.5 m/s = D, D = 2500 m/s < D; parameters are from
Table

Let us consider D and A; to be unspecified but known parameters for this analysis. These
equations are five equations for the five unknowns, p, 4, P, e, and \s. They can be solved
for p(D, )\1), ﬁ(D, )\1), P(D, )\1), E(D, )\1), and )\2()\1)

The solution is lengthy, but the plot is revealing. For three different values of D, pressure
as a function of A\; is shown in in Fig. There are three important classes of D, each
shown in Fig. [0.16], depending on how D compares to a critical value we call D.

e D > D. There are two potentially paths here. The important physical branch starts
at point O, and is immediately shocked to state N, the Neumann point. From N the
pressure first decreases as A; increases. Near \; = 0.75, the pressure reaches a local
minimum, and then increases to the complete reaction point at S. This is a strong
solution. There is a second branch which commences at O and is unshocked. On this
branch the pressure increases to a maximum, then decreases to the end state at W.
While this branch is admissible mathematically, its length scales are unphysically long,
and this branch is discarded.

e D = D. Let us only consider branches which are shocked from O to N. The unshocked
branches are again non-physical. On this branch, the pressure decreases from N to
the pathological point P. At P, the flow is locally sonic, with M = 1. Here, the
pressure can take two distinct paths. The one chosen will depend on the velocity of
the supporting piston at the end state. On one path the pressure increases to its final
value at the strong point S. On the other the pressure decreases to its final value at
the weak point W.
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Figure 10.17: Mach number M versus \; for two- step kinetics problem for three different
values of D: D = 2800 m/s > D, D = 2616.5 m/s = D, D = 2500 m/s < D; parameters
are from Table [10.3

e D < D. For such values of D, there is no physical structure for the entire reaction
zone 0 < Ay < 1. This branch is discarded.

Mach number in the wave frame, M as a function of \; is shown in in Fig. [0I7 The
results here are similar to those in Fig. Note the ambient point O is always supersonic,
and the Neumann point N is always subsonic. For flows originating at N, if D > D, the flow
remains subsonic throughout until its termination at S. For D = D, the flow can undergo
a subsonic to supersonic transition at the pathological point P. The weak point W is a
supersonic end state.

The important Fig. bears remarkable similarity to curves of P(x) in compressible
inert flow in a converging-diverging nozzle. We recall that for such flows, a subsonic to
supersonic transition is only realized at an area minimum. This can be explained because the
equation for evolution of pressure for such flows takes the form dP/dx ~ (dA/dx)/(1— M?).
So, if the flow is locally sonic, it must encounter a critical point in area, dA/dx = 0 in order
to avoid infinite pressure gradients. This is what is realized in actual nozzles.

For us the analogous equation is the two-step version of Eq. ([0.247]), which can be shown
to be

dP  pu(oyr, + a2r2)

T (10.396)

Because the first reaction is exothermic, we have ¢; > 0, and because the second reaction
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is endothermic, we have oo < 0. With r; > 0, ro > 0, this gives rise to the possibility that
o111+ 09ry = 0 at a point where the reaction is incomplete. The point P is just such a point;
it is realized when D = D.

Finally, we write our differential-algebraic equations which are integrated for the deto-
nation structure:

pu = —p,D, (10.397)
P+ pi* = P,+ p,D? (10.398)
1., P 1 5, B
= — = D+ — 10.
e+2u+p eo+2 +p0, (10.399)
1 P
e = ——— — ANq1 — \aqo, (10.400)
y—1p
P = pRT, (10.401)
A\ 1-XN )
= —-— . 10.4
T T aexp ( RT) (10.403)

We need the condition A;(0) = 0. These form seven equations for the seven unknowns p,
u, P, e, T, A\, and \y. We also realize that the algebraic solutions are multi-valued and
must take special care to be on the proper branch. This becomes particularly important for
solutions which pass through P.

10.2.7.1 Strong structures

Here, we consider strong structures for two cases: D > D and D = D. All of these will
proceed from O to N through a pressure minimum, and finish at the strong point S.

10.2.7.1.1 D > D Structures for a strong detonation with D = 2800 m/s > D are given
in Figs. IO I8HI0.2Tl The structure of all of these can be compared directly to those of the
one-step kinetics model at the same D = 2800 m/s, Figs. [0.IIHI0.14 Note the shock values
are identical. The reaction zone thicknesses are similar as well at ¢,,, ~ 0.0001 m. The
structures themselves have some differences; most notably, the two-step model structures
display interior critical points before complete reaction.

We take special note of the pressure plot of Fig. 0.1, which can be compared with
Fig. TO.161 We see in both figures the shock from O to N, followed by a drop of pressure
to a minimum, followed by a final relaxation to an equilibrium value at S. Note that the
two curves have the opposite sense of direction as A\; commences at 0 and goes to 1, while z
commences at 0 and goes to —0.0002 m.

We can also compare the M (%) plot of Fig. with that of M()\,) of Fig. I0I7 In
both the supersonic O is shocked to a subsonic N. The Mach number rises slightly then falls
in the reaction zone to its equilibrium value at S. It never returns to a supersonic state.
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Figure 10.18: ZND structure of p(z) and P(#) for strong D = 2800 m/s > D for two-step
irreversible reaction with parameters of Table [[0.3l

u (m/s)
G (m/s)

B Z0.0001 0 %) 50007

—-500[ [
i 1500¢
~1000[- g
; 1000}

-1500} i

[ 500
-2000} i

i of [
-2500[ —

 — " -0.0001 0

Figure 10.19: ZND structure of (z) and u(Z) for strong D = 2800 m/s > D for two-step
irreversible reaction with parameters of Table [0.3l
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Figure 10.20: ZND structure of T(z) and M (&) for strong D = 2800 m/s > D for two-step
irreversible reaction with parameters of Table 0.3
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Figure 10.21:  ZND structure of A, (2) and A\y(&) for strong D = 2800 m/s > D for two-step
irreversible reaction with parameters of Table [[0.3l
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Figure 10.22: ZND structure of P(z) for strong D = 2616.5 m/s = D for two-step irre-
versible reaction with parameters of Table

10.2.7.1.2 D=D For D= D = 2616.5 m/s, we can find a strong structure with a path
from O to N to S. Pressure P and Mach number M are plotted in Figures [0.22HI0.23
Note that at an interior point in the structure, a cusp in the P and M profile is seen. At
this point, the flow is locally sonic with M=1.
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Figure 10.23:  ZND structure of M(z) for strong D = 2616.5 m/s = D for two-step
irreversible reaction with parameters of Table [[0.3l
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Figure 10.24: ZND structure of p(i) and P(Z) for weak D = 2616.5 m/s = D for two-step
irreversible reaction with parameters of Table 0.3l

10.2.7.2 Weak, eigenvalue structures

Let us now consider weak structures with D = D = 2616.5 m/s. Special care must be
taken in integrating the governing equations. In general one must integrate to very near the
pathological point P, then halt. While there are more sophisticated techniques involving
further coordinate transformations, one can record the values near P on its approach from
N. Then, one can perturb slightly all state variables so that the M is just greater than unity
and recommence the integration.

Figures of the structures which commence at O, are shocked to N, pass through sonic
point P, and finish at the supersonic W are shown in Figs. One may again com-
pare the pressure and Mach number plots of Figs. [10.24[10.26l with those of Figs. I0.16110.17
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Figure 10.25: ZND structure of @(&) and u(#) for weak D = 2616.5 m/s = D for two-step
irreversible reaction with parameters of Table [[0.3l
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Figure 10.26: ZND structure of T'(#) and M (#) for weak D = 2616.5 m/s = D for two-step
irreversible reaction with parameters of Table [0.3l
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Figure 10.27:  ZND structure of \; () and A\y(&) for weak D = 2616.5 m/s = D for two-step
irreversible reaction with parameters of Table [[0.3l
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10.2.7.3 Piston problem

We can understand the physics of the two-step kinetics problem better in the context of
a piston problem, where the supporting piston connects to the final laboratory frame fluid
velocity u, = u(# — —o0). Let us consider pistons with high velocity and then lower them
and examine the changes of structure.

® wu, > U,,. This high velocity piston will drive a strong shock into the fluid at a speed
D > D. The solution will proceed from O to N to S and be subsonic throughout.
Therefore changes at the piston face will be able to be communicated all the way to
the shock front. The energy to drive the wave comes from a combination of energy
released during combustion and energy supplied by the piston support.

® u, = U,s. At a critical value of piston velocity, ,s, the solution will go from O to N
to P to S, and be locally sonic. This is analogous to the “subsonic design” condition
for a converging-diverging nozzle.

® U, € [Uys, Upy|. Here, the flow can be complicated. Analogous to flow in a nozzle, there
can be standing shock waves in the supersonic portion of the flow which decelerate
the flow so as to match the piston velocity at the end of the reaction. Such flows will
proceed from O to N through P, and then are shocked back onto the subsonic branch
to terminate at S.

® U, = Uy, This state is analogous to the “supersonic design” condition of flow in a
converging-diverging nozzle. The fluid proceeds from O to N through P and terminates
at W. All of the energy to propagate the wave comes from the reaction.

® wu, < Uy,. For such flows, the detonation wave is self-supporting. There is no means
to communicate with the supporting piston. The detonation wave proceeds at D = D.
We note that D is a function of the specific kinetic mechanism. This non-classical result
contradicts the conclusion from CJ theory with simpler kinetics in which the wave speed
of an unsupported detonation is independent of the kinetics. Note for our problem that
D = 2616.5 m/s. This stands in contrast to the C'J velocity, independently computed
of Doy =1991.1 m/s for the same mixture.

10.2.8 Detonation structure: Detailed Hy — Oy — N5 kinetics

These same notions for detonation with simple kinetics and state equations can easily be
extended to more complex models. Let us consider a one-dimensional steady detonation in
a stoichiometric hydrogen-air mixture with the detailed kinetics model of Table [.L2. We
shall consider a case almost identical to that studied by Powers and Paoluccild The mixture
is thus taken to be 2H; + O3 + 3.76 N5. As we did in our modelling of the same mixture

8Powers, J. M., and Paolucci, S., 2005, “Accurate Spatial Resolution Estimates for Reactive Supersonic
Flow with Detailed Chemistry,” AIAA Journal, 43(5): 1088-1099.
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under spatially homogeneous isochoric, adiabatic conditions in Sec. [[2.2] we will take the
number of moles of each of the minor species to be a small number near machine precision.
This has the effect of removing some numerical roundoff errors in the very early stages of
reaction. Our model will be the steady one-dimensional reactive Euler equations, obtained
by considering the reactive Navier-Stokes equations in the limit as 7, ji*, j? all go to zero.

Our model then is 1) the integrated mass, momentum, and energy equations, Eqs. (T0.249
M0.251)) with an opposite sign on D to account for the left-running wave, 2) the one-
dimensional, steady, diffusion-free version of species evolution, Eq. (6.54]), 3) the calorically
imperfect ideal gas state equations of Egs. ([6.69), (6.77), and 4) the law of mass action with
Arrhenius kinetics of Egs. (6.82H6.85]). In order to cleanly plot the results on a logarithmic
scale, we will, in contrast to the previous right-running detonations, consider left-running
waves with detonation velocity D. The governing equations are as follows:

pu = p,D, (10.404)
P+ pi* = P,+ p,D? (10.405)

1 P 1 P,
pi (e + =4® + —) = p,D (eo +=D*+ —) : (10.406)

2 p 2 Po

dY; :
Yy,

P = pRTY M (10.408)

N T
e = Zn(e;mﬁ / cvi(T)dT), (10.409)

=1
J
W o= Y vyry, (10.410)
j=1
N , 1 N
o= k]In" <1— K Hﬁ) (10.411)
k=1 G k=1
ki = a;T%exp (1_3]) (10.412)
’ ’ RT )’
N
Po D sy Vij AGQ
K., = <_ ) exp (—_ J). (10.413)
’ RT RT

This differential-algebraic system must be solved numerically. One can use standard methods
to achieve this. Alternatively, and with significant effort, one can remove all of the algebraic
constraints. Part of this requires a numerical iteration to find certain roots. After this effort,
one can in principle write a set of N — L differential equations for evolution of the N — L
independent species.

Here, we chose D ~ D¢cy = 1979.70 m/s. Because this model is not a simple one-step
model, we cannot expect to find the equilibrium state to be exactly sonic. However, it is
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possible to slightly overdrive the wave and achieve a nearly sonic state at the equilibrium
state. Here, our final Mach number was M = 0.9382. Had we weakened the overdrive
further, we would have encountered an interior sonic point at a non-equilibrium point, thus
inducing a non-physical sonic singularity.

Numerical solution for species mass fraction is given in Fig. (I0.28). The figure is plot-

10° | 1

-5

10 " ¢

Figure 10.28: Detailed kinetics ZND structure of species mass fractions for near CJ detona-
tion, Doy ~ D =1979.70 m/s, in 2Hy + Oy + 3.76 Ny, P, = 1.01325 x 10° Pa, T, = 298 K,
T, = 1542.7 K,P, = 2.83280 x 10° Pa.

ted on a log-log scale because of the wide range of length scales and mass fraction scales
encountered. Note that the minor species begin to change at a very small length scale. At
a value of & ~ 2.6 x 107% m, a significant event occurs, known as a thermal explosion. This
length is known as the induction length, f;,q = 2.6 x 107%* m. We get a rough estimate
of the induction time by the formula t;,q ~ lina/ts = 7.9 x 1077 s. Here, i, is the post
shock velocity in the wave frame. Its value is @y = 330.54 m/s. All species contribute to the
reaction dynamics here. This is followed by a relaxation to chemical equilibrium, achieved
around 0.1 m.

The pressure profile is given in Fig. (I0.2.8). We artificially located the shock just away
from £ = 0, so as to ease the log-log plot. The pressure is shocked from its atmospheric value
to 2.83280 x 10° Pa (see Table[I0.2]). After the shock, the pressure holds nearly constant for
several decades of distance. Once the thermal explosion commences, the pressure relaxes to
its equilibrium value. This figure can be compared with its one-step equivalent of Fig. [0.11l

Similar behavior is seen in the temperature plot of Fig.[[0.30. The temperature is shocked
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Figure 10.29: Detailed kinetics ZND structure of pressure for near CJ detonation, Doy ~
D = 1979.70 m/s, in 2Hs + Oy + 3.76N,, P, = 1.01325 x 10° Pa, T, = 298 K, T, =
1542.7 KP, = 2.83280 x 10° Pa.

to Ty, = 1542.7 K, stays constant in the induction zone, and then increases to its equilibrium
value after the thermal explosion. This figure can be compared with its one-step equivalent
of Fig. [0.13

It is interesting to compare these results to those obtained earlier in Sec. [L2.2. There, an
isochoric, adiabatic combustion of precisely the same stoichiometric hydrogen-air mixture
with precisely the same kinetics was conducted. The adiabatic/isochoric mixture had an
initial temperature and pressure identical to the post-shock pressure and temperature here.
We compare the induction time of the spatially homogeneous problem, t;,q = 6.6 x 1077 s,
Eq. (L373)) to our estimate from the detonation found earlier, t;,q ~ ing/ts = 7.9 x 1077 s.
The two are remarkably similar!

We compare some other relevant values in Table [[0.4l Note that these mixtures are
identical at the onset of the calculation. The detonating mixture has reached the same initial
state after the shock. And a fluid particle advecting through the detonation reaction zone
with undergo a thermal explosion at nearly the same time a particle that was stationary
in the closed vessel will. After that the two fates are different. This is because there is
no kinetic energy in the spatially homogeneous problem. Thus, all the chemical energy
is transformed into thermal energy. This is reflected in the higher final temperature and
pressure of the spatially homogeneous problem relative to the detonating flow. Because the
final temperature is different, the two systems relax to a different chemical equilibrium, as
reflected in the different mass fractions. For example, note that the cooler detonating flow
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Parameter | Spatially Homogeneous Detonation

T, 1542.7 K 298 K

T — 1542.7 K

P, 2.83280 x 10° Pa 1.01325 x 10° Pa

P — 2.83280 x 10° Pa
tind 6.6 x 1077 s 7.9x 1077 s
Tl 3382.3 K 2982.1 K
ped 5.53 x 10° Pa 1.65 x 10° Pa
p°e 4.62 kg/m? 1.59 kg/m?
ucl 0m/s 1066 m/s
Yoo 1.85 x 1072 1.38 x 1072
Y 5.41 x 1074 2.71 x 1074
Y54 2.45 x 1072 1.48 x 1072
YS! 3.88 x 1073 1.78 x 1073
Y 3.75 x 1073 2.57 x 1073
Yalo 2.04 x 1071 2.22 x 107!
Ygo, 6.84 x 1075 2.23 x 107
Yo, 1.04 x 107° 3.08 x 1076
Yy 7.45 x 1071 7.45 x 1071

Table 10.4: Comparison of relevant predictions of a spatially homogeneous model with those
of a near C'J detonation in the same mixture.
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Figure 10.30: Detailed kinetics ZND structure of temperature for near CJ, Doy ~ D =
1979.70 m/s, detonation in 2Hs + Oy + 3.76Ny, P, = 1.01325 x 10° Pa, T, = 298 K,
T, = 1542.7 K, P, = 2.83280 x 10® Pa. Shock at & = 0 artificially translated to & = 107! m.

has a higher final mass fraction of H5O.
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Chapter 11

Blast waves

Here, we will study the Taylo—SedovH blast wave solution. We will follow most closely two
papers of Tayloit] from 1950. Taylor notes that the first of these was actually written in
1941, but was classified. Sedov’s complementar studyﬁ is also of interest. One may also
consult other articles by Taylor for background

Consider a point source of energy which at ¢ = 0 is released into a calorically perfect
ideal gas. The point source could be the combustion products of an intense reaction event.
We shall follow Taylor’s analysis and obtain what is known as self-similar solutions. Though
there are more general approaches which may in fact expose more details of how self-similar
solutions are obtained, we will confine ourselves to Taylor’s approach and use his notation.

The self-similar solution will be enabled by studying the Euler equations in what is known
as the strong shock limit for a spherical shock wave. Now, a shock wave will raise both the
internal and kinetic energy of the ambient fluid into which it is propagating. We would
like to consider a scenario in which the total energy, kinetic and internal, enclosed by the
strong spherical shock wave is a constant. The ambient fluid is initially at rest, and a point
source of energy exists at » = 0. For ¢t > 0, this point source of energy is distributed to the
mechanical and thermal energy of the surrounding fluid.

Geoffrey Ingram Taylor, 1886-1975, English physicist.

2Leonid Ivanovitch Sedov, 1907-1999, Soviet physicist.

JTaylor, G. 1., 1950, “The Formation of a Blast Wave by a Very Intense Explosion. I. Theoretical Discus-
sion,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences 201(1065):
159-174.

4Taylor, G. 1., 1950, “The Formation of a Blast Wave by a Very Intense Explosion. II. The Atomic
Explosion of 1945,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences, 201(1065): 175-186.

®Sedov, L. 1., 1946, “Rasprostraneniya Sil'nykh Vzryvnykh Voln,” Prikladnaya Matematika i Mekhanika
10: 241-250.

9Taylor, G. 1., 1950, “The Dynamics of the Combustion Products Behind Plane and Spherical Detonation
Fronts in Explosives,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences, 200(1061): 235-247.

"Taylor, G. 1., 1946, “The Air Wave Surrounding an Expanding Sphere,” Proceedings of the Royal Society
of London. Series A, Mathematical and Physical Sciences, 186(1006): 273-292.
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Let us follow now Taylor’s analysis from his 1950 Part I “Theoretical Discussion” paper.
We shall

e write the governing inert one-dimensional unsteady Euler equations in spherical coor-
dinates,

e reduce the partial differential equations in r and ¢ to ordinary differential equations in
an appropriate similarity variable,

e solve the ordinary differential equations numerically, and

e show our transformation guarantees constant total energy in the region r € [0, R(t)],
where R(t) is the locus of the moving shock wave.

We shall also refer to specific equations in Taylor’s first 1950 paper.

11.1 Governing equations

The non-conservative formulation of the governing equations is as follows:

%jLu%ij% = —2’%, (11.1)
%jLu%jL%a&—f = 0, (11.2)
<%+u%) —p—i <%+u%) = 0, (11.3)
o = ﬁg, (11.4)

P = pRT. (11.5)

For review, let us look at the energy equation in a little more detail. Recall the material
derivative is d/dt = 0/0t + ud/0r, so the energy equation, Eq. (IT.3]) can be rewritten as

TP, (11.6)

Let us now substitute the caloric energy equation, Eq. (IL4) into the energy equation,

Eq. (IT9):

1 d /(P Pdp
S (i A — 11.
7—1dt</)) p? dt . D
1 Pdp 1 1dP Pdp
- 7y - - P _ 9 11.8
y=1p*dt ~v—1pdt p>dt ’ (118)
Pdp 1dP Pdp
el Ty OV | Wl () 11.9
Fat a0 VaEw ’ (1L9)
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%%_7;% . (11.10)
%_75% _ (11.11)
%%_%i% _ (11.12)
%(;) _ (11.13)
IO

11.2 Similarity transformation

We shall next make some non-intuitive and non-obvious choices for a transformed coordinate
system and transformed dependent variables. These choices can be systematically studied
with the techniques of group theory, not discussed here.

11.2.1 Independent variables

Let us transform the independent variables (r,t) — (1, 7) with

n = RO’ (11.15)
t

T =

(11.16)

We will seek solutions such that the dependent variables are functions of 7, the distance
relative to the time-dependent shock, only. We will have little need for the transformed time
T since it is equivalent to the original time ¢.

11.2.2 Dependent variables

Let us also define new dependent variables as

= = y=R A, (11.17)
pﬁ = ¥(n), (11.18)
u = R732¢(n). (11.19)

These amount to definitions of a scaled pressure f;, a scaled density 1, and a scaled velocity
¢1, with the assumption that each is a function of n only. Here, P,, and p, are constant
ambient values of pressure and density, respectively.
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We also assume the shock velocity to be of the form

v e
dt

The constant A is to be determined.

11.2.3 Derivative transformations
By the chain rule we have

o0 o oo

ot ooy otor
Now, by Eq. (IT.15) we get
dn r dR

ot R2dt’
n dR

R(t) dt’

n —3/2
= ——AR
R ’

An
- R5/2

From Eq. (IT.16) we simply get
or
— = 1.
ot
Thus, the chain rule, Eq. (IT21]), can be written as

9__And 0
ot R2on  or

As we are insisting the /01 = 0, we get
o  An d

ot RS2dy
In the same way, we get

0 87}2 or 0

o~ oron  or or)
=0

_ 14

"~ Rdnp
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11.3 Transformed equations

Let us now apply our rules for derivative transformation, Eqs. (IL25IT.30), and our trans-
formed dependent variables, Eqs. (ILIZHITI9), to the governing equations.

11.3.1 Mass
First, we shall consider the mass equation, Eq. (ITI)). We get

An d _ 1d 1d 2 _

3572 a (o) + B 3%1 (po@b) + pow (R 26,) = —~ Pt R 3/2¢, . (11.31)
—p =u =p —P v =u = =u

=0/0t =0/or =8/dr

Realizing the R(t) = R(7) is not a function of 7, canceling the common factor of p,, and
eliminating » with Eq. (ITI0]), we can write

An dp ¢y dy Y dor 29

ot P R T T (11.32)
R (11.33)
—A d_w +qz51 ¢ + <% + gbl) = 0, mass. (11.34)

Equation (II34) is number 9 in Taylor’s paper, which we will call here Eq. T(9).

11.3.2 Linear momentum

Now, consider the linear momentum equation, Eq. (IT2), and apply the same transforma-
tions:

9, - . 0 - 1 9
5 (B o)+ R 3%15 (R3¢, + ok o (PR ’fi) = 0,(11.35)
=u =u —u -p
—l/p
d¢1 3 10
1%—‘“*"/2%—53—5/2 qb R—3/2¢1 (R—3/2¢1) PR (P,R*f1) = 0,(11.36)
_a:f/at
déy 3 0
R_3/2 < W) di;]l — §R_5/2 (AR_3/2) ¢1 + R_3/2¢10_ (R_3/2¢1)
10
oo (P,R°f1) = 0,(11.37)
Andp, 3 A 0 10
_?Zd%l_§ﬁ¢1+3—3/2¢1§(3‘3/2¢1) ooy BRTA) = 0,(1138)
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Apdé, 3 A e, L d 1 1d,
alntt Mt R il - — (P = 11.
R dn 2R4¢1 + R ¢1Rdn (R™%2¢1) + O R (P,R*f1) 0, (11.39)
Andgp, 3 A o1 d¢1 P, 1 dfl
e R — 0,(11.4
By s TR T ogway — 0
deby 3 dgbl P, di
And A1+ ¢1—— + o dn 0.(11.41)
Our final form is
doy d¢1 P, 1df; .
— —_—— | tum. 11.42
( o1+ dn) + ¢1 ,00 o dn 0, inear momentum ( )
Equation (IT.42) is T(7).

11.3.3 Energy

Let us now consider the energy equation. It is best to

begin with a form in which the

equation of state has already been imposed. So, we will start by expanding Eq. (IT.I1]) in
terms of partial derivatives:
%—er %—P— (gf gf) 0,  (11.43)
:dP/dt de/dt
0 (PR f1) + Ry 0 (PR‘3f)
ot ' tor Ve
P,R73 _
AR o)+ RS o)) = 0 (1)
0 _ _
at( 3f)+R 3/2¢ ( 31)
3 0 0
¢f1 <a—f +R—3/2¢1a—f) = 0, (11.45)
30 dR 0
R g;l 3R—4—f +R‘3/2¢1— (R fr)
3
wfl <8t + R3¢, w) = 0,  (11.46)
R—3 dfl — 3R~ (AR_3/2)f + R_3/2 R—3f
R5/2 d_'r] 1 gbl& ( 1)
3
wfl <8t +R—3/2¢18w) = 0. (1147)
Carrying on, we have
An df, 31 dfl
R11/2d_ B R11/2f1 +R720, R R d
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R73f An \ dy a0, LdY\

= << R5/2) d—+R ¢1Ed_n — 0, (11.48)

An dfy ¢1 dfy dyp
_Rn/zaT77 - R11/2f1 RY1/2 dp - ¢Rl1/2 +¢1 dn = 0, (11.49)
f1 — 3Af +¢1 ( —+¢ —w) = 0. (11.50)

dn 77 dn

Our final form is
d

A <3f1 + 77de> + J;l (—An+ ¢1) —:ﬁ - gbl fl = 0, energy. (11.51)

Equation (II5I)) is T(11), correcting for a typographical error replacing a r with .

11.4 Dimensionless equations

Let us now write our conservation principles in dimensionless form. We take the constant

ambient sound speed ¢, to be defined for the calorically perfect ideal gas as

B,
c=7—"
Po

C

Note, we have used our notation for sound speed here; Taylor uses a instead.
Let us also define

[ = (%)2f1,
6= 2

11.4.1 Mass
With these definitions, the mass equation, Eq. (IT.34]) becomes

—A@ﬂ%é%ﬂb( 420 A¢) =0,
dn dn

ot au (4 26) o

d% D = w<d¢+ ¢)
l% = ;_(z)_'_% mass.
Y dn n—¢’

Equation (IT358) is T(9a).

(11.52)

(11.53)

(11.54)

(11.55)
(11.56)

(11.57)

(11.58)
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11.4.2 Linear momentum

With the same definitions, the momentum equation, Eq. (I1.42) becomes

d¢ gb P, 1 A% df

2
( Ag+ A’ ) H G = 0 (11.59)
@) d_¢ 11df 0 11.60
( ¢+ O : (11.60)
¢ 1 df
— = —_— 0 11.61
Po-m-30+ =L — o (1161
Z—ﬁ(n — ) 7%3_{7 - ggﬁ, momentum. (11.62)
Equation (IT1.62)) is T(7a).
11.4.3 Energy
The energy equation, Eq. (IL5I) becomes
A2 Ardf A A2 df
A(Bgf—‘—n d_n)_‘_’y'(?D CO ( A +A¢)——A— d_n = 0, (1163)
a f dy df
30 4% (0 G~k = 0, (11.64)
3f+nﬁ —l—vad—qbf( n+¢)— df = 0, energy. (11.65)
Equation (I1.63) is T(11a).
11.5 Reduction to non-autonomous form
Let us eliminate div/dn and d¢/dn from Eq. (I1.63) with use of Eqs. (IT5SITT.G2).
d o d
3f+ndf+7f< (;)(—nﬂﬁ)—sﬁ% =0 (160)
w8 | 2
df R a
3f+ndn+7f( "n_¢ ")(n+¢)¢d = 0, (11.67)
d — 3¢ 2
3+ (-0 ( - —d)) =0 (1168)
1 ¢ 7
_ _ oY (Lﬁ 344020, _ ) _
3f(n—=o)+(n—9) a f ~odn ¢+ ; (n—9) 0, (11.69)
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(=07 =D)Ly (-0~ 30+ 220-0)) = 0. aur
((n—¢)2— g) 4 +f (3n—3¢+27¢—27¢+ sz) = 0, (11.71)
((77 —0)° - é) 4 + f <3n —¢ (3 + %v) + 27:)2) = 0. (11.72)
Rearranging, we get
2

((n —¢)* - %) Z—i =f (—?m + ¢ (3 + %y) — 277? ) : (11.73)
(11.74)

Equation (IT73) is T(14).

We can thus write an explicit non-autonomous ordinary differential equation for the
evolution of f in terms of the state variables f, 1, and ¢, as well as the independent variable

n.

a7 (—3n+ ¢ (3+37) — 275’2)
di (n—0)*~ '

Eq. (IT73) can be directly substituted into the momentum equation, Eq. (ILG2) to get

(11.75)

df 3

do w% 3
, 11.76
dn - ¢ ( )

Then, Eq. (ILT6) can be substituted into Eq. (IL58) to get

@_ ity 77
v (11.77)

Equations (IT75HIT.7T7) form a non-autonomous system of first order differential equa-
tions of the form

df

d_n = gl(f7¢7¢7n)7 (1178)
d
d_’?; = g2(f7¢7¢7n)7 (1179)
d
T = alfe), (11.80)

They can be integrated with standard numerical software. One must of course provide
conditions of all state variables at a particular point. We apply conditions not at n = 0, but

CC BY-NC-ND.| 30 March 2014, J. M. Powers.


http://creativecommons.org/licenses/by-nc-nd/3.0/

406

CHAPTER 11. BLAST WAVES

at n = 1, the locus of the shock front. Following Taylor, the conditions are taken from the
Rankine-Hugoniot equations applied in the limit of a strong shock. We take the subscript s
to denote the shock state at 7 = 1. For the density, one applies Eq. (I0.313) and finds

Ps

Po
Pos
Po

v+1
-1
v+1
y-1
v+ 1
y-1

(11.81)
(11.82)

(11.83)

For the pressure, one finds, by slight modification of Eq. (I0:319) (taking D? = (dR/dt)?),

that

dR?
dt
2
CO

A*R™3

For the velocity, using Eq. (I0.324]), one finds

Us
R
dt
R_3/2¢18
AR—3/2
R_3/2A¢8
AR—S/Z

¢s = ¢(n=1)

v+1PF;
2v P,

1
iR_:iflsa
2y
v+l
2y
v+1
2—f5>

~

A2
-3
R C_gfsa

2y
v+1

2

v+ 1
2
Y+ 1
2
y+1
2

y+1

(11.84)
(11.85)

(11.86)
(11.87)

(11.88)

(11.89)

(11.90)

(11.91)

(11.92)

Equations (IT.83] IT.8]IT.92)) form the appropriate set of initial conditions for the integra-

tion of Eqs. (II.7EHIL.TT).

11.6 Numerical solution

Solutions for f(n), ¢(n) and ¢ (n) are shown for v = 7/5 in Figs. ILIHIT3] respectively.
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08l

06

04F

02[

S S S S S RS S R
0.0 0.2 0.4 0.6 0.8 1.0 N

Figure 11.1: Scaled pressure f versus similarity variable n for v = 7/5 in Taylor-Sedov blast
wave.

08l
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Figure 11.2: Scaled velocity ¢ versus similarity variable n for v = 7/5 in Taylor-Sedov blast
wave.
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Figure 11.3: Scaled density 1 versus similarity variable n for v = 7/5 in Taylor-Sedov blast
wave.
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So, we now have a similarity solution for the scaled variables. We need to relate this to
physical dimensional quantities. Let us assign some initial conditions for ¢ = 0, » > 0; that
is, away from the point source. Take

u(r,0) =0, p(r,0) =p,, P(r,0)=PF, (11.93)

We also have from the ideal gas law

T(r,0)= b =1T,. (11.94)
poR

For the calorically perfect gas we further have

e(r,0) = 1, = (11.95)
Y=L Po

11.6.1 Calculation of total energy

Now, as the point source expands, it will generate a strong shock wave. Material which
has not been shocked is oblivious to the presence of the shock. Material which the shock
wave has reached has been influenced by it. It stands to reason from energy conservation
principles that we want the total energy, internal plus kinetic, to be constant in the shocked
domain, r € (0, R(t)], where R(t) is the shock front location.

Let us recall some spherical geometry so this energy conservation principle can be properly
formulated. Consider a thin differential spherical shell of thickness dr located somewhere in
the shocked region: r € (0, R(t)]. The volume of the thin shell is

_ 2
dv = Amr dr (11.96)

(surface area) (thickness)
The differential mass dm of this shell is

dm = pdV, (11.97)
= 4mr?pdr. (11.98)

Now, recall the mass-specific internal energy is e and the mass-specific kinetic energy is u?/2.
So, the total differential energy, internal plus kinetic, in the differential shell is

1
dE = (e + §u2) dm, (11.99)
1 2 2
= dmple+ qu )T dr. (11.100)
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Now, the total energy E within the shock is the integral through the entire sphere,
R(t) R(t) 1
E:/ﬁ dE = / szG+§M)ﬁm, (11.101)
0 0
R() 1 P 1
= J/ 4 p (———————~+-—u2) r2dr, (11.102)
0 y—=1p 2
Ar R(t) R(t)
= / Pridr + 27r/ pu’ridr . (11.103)
v—1Jo . Jo D
thermal energy kinetic energy
We introduce variables from our similarity transformations next:
A 1 1
E = / P,R3f| R*n* Rdn +2n / pot R73¢? R’n* Rdn, (11.104)
vy—1J H,_/\\gu\d/ 0 v\g_/\\g/\d/
r T P u r T
A ' 2 ' 2,2
= =5 | Pefodntom | pusintdn (11.105)
—1Jo 0
4 ' p,A? !
- T / — fnPdn + 27 / poth A2%ndn, (11.106)
y=1Jo < 0
= 47 A? —il—/vﬁm+&/WWﬁm (11.107)
ca(v—1) Jo 2 Jo 7 '
1 ! ot
:Lmﬁm<————/fﬁm+—/¢Wﬁm). (11.108)
Yy =1) Jo 2 Jo /

dependen‘; on vy only

The term inside the parentheses is dependent on v only. So, if we consider air with v = 7/5,
we can, using our knowledge of f(n), ¥(n), and ¢(n), which only depend on 7, to calculate
once and for all the value of the integrals. For v = 7/5, we obtain via numerical quadrature

1 1
E = 47A%, | ====-(0.185194) + =(0.1851
TA%p, <(7/5)(2/5)(0 85194) + 2(O 85 68)) ,
= 5.3192p,A%
Now, from Eq. (ITI7 OTT520T.53], ITIT10) with v = 7/5, we get
2
P = POR_g.fA_2?
CO
— Po -3 ﬁA2
R f’wFL :
1
= R_3f_p0A27
g
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1 FE

R fee— 11.114
f% 5.3192’ ( )
= 0.1343R°Ef, (11.115)
E r
P(r,t) = 0.1343 . 11.116
(1) wa! (7) (1L.116)
The peak pressure occurs at n = 1, where r = R, and where
27y 2(1.4)
=1)= = 1.167. 11.11
I ) vy+1 1441 o7 ( 7
So, at 7 = 1, where r = R, we have
_ E
P = (0.1343)(1.167)R°E = 01567@‘ (11.118)
The peak pressure decays at a rate proportional to 1/R? in the strong shock limit.
Now, from Eqs. (ITTIAITSAITITO) we get for u:
u = R73?A¢, (11.119)
E
R™%? 11.120
5.319p, ¢, ( )
E 1 r
t) = . 11.121
u(r,?) \/ 53190, o (R(t)) ( )

Let us now explicitly solve for the shock position R(t) and the shock velocity dR/dt. We

have from Eqs. (1120, IT.TI0) that
dR

— = AR*? 11.122
| E 1
_ 11.123
5.319p, R3/2(t)’ ( )
E
R¥*R = dt 11.124
5.319p, ( )
2 E
R = t+C. 11.125
5 5.319p, i ( )
Now, since R(0) =0, we get C' =0, so
2 E
ZRY? = 11.126
5 5.319p, ( )
2
t = 3R5/2\/5.319p0 E7V2, (11.127)
= 0.9225R*?pl2PE~12, (11.128)
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Equation (ITI28) is T(38). Solving for R, we get

1
52 — 4, 12p1/2 11.12
r 0.9225 1 ’ (11.129)
R(t) = 1.03279p, /S EYt2/5. (11.130)

Thus, we have a prediction for the shock location as a function of time ¢, as well as point
source energy E. If we know the position as a function of time, we can easily get the shock
velocity by direct differentiation:

d
d—f = 0.4131p, P EY5173/5. (11.131)

If we can make a measurement of the blast wave location R at a given known time ¢, and
we know the ambient density p,, we can estimate the point source energy F. Let us invert

Eq. (ITI30) to solve for E and get

Pl
E = Aoz (11.132)
o R
- O.85102pt2 . (11.133)

11.6.2 Comparison with experimental data

Now, Taylor’s Part II paper from 1950 gives data for the 19 July 1945 atomic explosion at
the Trinity site in New Mexico. We choose one point from the photographic record which
finds the shock from the blast to be located at R = 185 m when ¢t = 62 ms. Let us assume
the ambient air has a density of p, = 1.161 kg/m3. Then, we can estimate the energy of the

device by Eq. (ITI33) as

(1.161 £4) (185 m)°®
(0.062 )2 ’
= 55.7x 10" J. (11.135)

E = 0.85102 (11.134)

Now, 1 ton of the high explosive TNT is known to contain 4.25 x 10° J of chemical energy.
So, the estimated energy of the Trinity site device in terms of a TNT equivalent is

55.7 x 1012 J
TNTsouivatent = ——————— = 13.1 x 10° ton. 11.136
auivelent = 405 % 109 L . (11.136)

ton

In common parlance, the Trinity site device was a 13 kiloton bomb by this simple estimate.
Taylor provides some nuanced corrections to this estimate. Modern estimates are now around
20 Eiloton.
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11.7 Contrast with acoustic limit

We saw in Eq. (ILTIR) that in the expansion associated with a strong shock, the pressure
decays as 1/R3. Let us see how that compares with the decay of pressure in the limit of a
weak shock.

Let us first rewrite the governing equations. Here, we 1) rewrite Eq. (II1) in a conserva-
tive form, using the chain rule to absorb the source term inside the derivative, 2) repeat the
linear momentum equation, Eq. (IT2), and 3) re-cast the energy equation for a calorically
perfect ideal gas, FEq. (ILII) in terms of the full partial derivatives:

op 10 ,, B
E+T—2§(r pu) = 0, (11.137)

ou ou 18_P

GGt G = 0 (11.138)
) oP P (0p dp
e (E n u@) 0. (11.139)

Now, let us consider the acoustic limit, which corresponds to perturbations of a fluid at
rest. Taking 0 < e < 1, we recast the dependent variables p, P, and u as

P = pPotepr+..., (11.140)

= P+eP+..., (11.141)

U o= Uy FeupF.... (11.142)
N

=0

Here, p, and P, are taken to be constants. The ambient velocity u, = 0. Strictly speaking,
we should non-dimensionalize the equations before we introduce an asymptotic expansion.
However, so doing would not change the essence of the argument to be made.

We next introduce our expansions into the governing equations:

%(mﬂmH%%(Tz(poJrEpl)(Eul)) = 0, (11.143)
%(eul)jL(eul)%(eul)jLpoiEPI%(PO—l—&Pl) _ 0, (11.144)

o (Pt eP) + (ct) o1 (P + €P)
el (%mepl)+<eu1>§<po+epl>) — 0 (1)

Now, derivatives of constants are all zero, and so at leading order the constant state satisfies
the governing equations. At O(e), the equations reduce to

8p1 10 2 o
E + ﬁa(r poul) - 07 (11146)
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8U1 1 8P1

Ly = 11.14

o oor Y (11.147)
0P, P, 0p:
—_— —y———— = 0. 11.14
o p, ot 0 (11.148)

Now, adopt as before ¢2 = vP,/p,, so the energy equation, Eq. (ILI48)), becomes

oP, 28101
— =c—. 11.149
ot~ ot ( )
Now, substitute Eq. (ILI49) into the mass equation, Eq. (ITI44]), to get
1 192, 0y = o 11.1
2 ot + r2 or (o) 0 ( 50)
We take the time derivative of Eq. (ILI50) to get
19*°p, 0 (10 ,,
- L =Z (2, — 0 11.151
c2 ot? * ot (7’2 or (= ul)) ( )
- — 9 (2p, ) — o 11.152
2o 2o (T Po 5t (11.152)

We next use the momentum equation, Eq. (ITI4T), to eliminate du; /0t in Eq. (ITI52):

1?P 10 [, 1 0P,
C_g 8152 +7‘_25 (7“ Po <—EW)) = 0, (11153)

10°P, 10 [ ,0P,

C—% 8152 _7’_25 (T W) = 0, (11154)
1*P, 10 (,0P
C—% at2 = 7’_25 (T W) . (11155)

This second-order linear partial differential equation has a well-known solution of the

D’Alembert form:
1 1
P =-g (t—i) + =h (t+£). (11.156)
r Co T Co

Here, g and h are arbitrary functions which are chosen to match the initial conditions. Let
us check this solution for g; the procedure can easily be repeated for h.
If P, =(1/r)g(t —r/c,), then

8P1 1 / r
— = - t— — 11.157
i ( ) | (11.157)
82P1 1 1 r
= - t— — 11.1
= (-0, (11.158)
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and

on - _ 11, (t _ L) _ %g (t _ i) _ (11.159)

or CoT

With these results, let us substitute into Eq. (ITI55) to see if it is satisfied:
11, r 10 (, 11, r 1 r
Irowfp_ry 2 L9 SN I N R 11.160
cgrg ( co) r2 Or (r corg Co 29 Co ' ( )
10 (r, r r
L (L P po L 11.161
r2or (cog ( co) +g( co)) ' ( )
1 1 1
SRR Y L R U L PR N )
72 c? Co Co Co Co Co
1 /r r
- 5 (C_gg” (t - C_)) , (11.163)

11
= g <t—1). (11.164)

Indeed, our form of Py(r,t) satisfies the governing partial differential equation. Moreover,
we can see by inspection of Eq. (IT.I56]) that the pressure decays as does 1/7 in the limit of
acoustic disturbances. This is a much slower rate of decay than for the blast wave, which
goes as the inverse cube of radius.
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