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Preface

We have written this text for engineers in mechanical, chemical, aeronautical,
energy, and environmental engineering who wish to understand combustion
science and apply it to engineering problems. Whereas the basic concepts in
any discipline are relatively invariant, the problems keep changing. In several
instances we have included physical explanations along with the mathematical
relations and equations so that the principles can be applied to solve problems
ranging from simple candle burning to real-world combustion and pollution
problems.

The authors have a rich experience teaching combustion fundamentals and
engineering for more than two decades. We were instructed, trained, and mentored
by eminent professors, for which we are grateful. We modeled this book on our
previous effort, Advanced Thermodynamics Engineering, by including ample
examples as self-instruction tools. We acknowledge the debt that we owe to
our students who asked the questions that clarified each chapter as we wrote
it. The text uses a down-to-earth and, perhaps, unconventional approach in
teaching advanced concepts in combustion. However, the mathematics of com-
bustion cannot be avoided, because concerns about emissions of pollutants
require information on the detailed differential structure of a flame. Mathematics,
in particular, is kept to a minimum in the first seven chapters. A background
on molecular concepts is given, followed by engineering details. As engineers,
we have stressed applications throughout the text. There are at least 100 figures
and 150 engineering examples in 18 chapters. Many of the examples and exercise
problems are solved using Microsoft Excel spreadsheets. Attempts have been
made to use a common nomenclature for all chapters; further dimensionless
numbers relevant to combustion are summarized.

Chapter 1 contains an outline of the corpuscular aspects of thermodynamics.
An overview of microscopic thermodynamics illustrates the physical principles
governing the macroscopic behavior of substances. Fundamental concepts related
to matter, energy, entropy, and property in a mixture are discussed along with
presentation of the first law of thermodynamics (energy conservation), the
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entropy balance equation (which dictates the direction of reaction), and defini-
tions of Gibbs and Helmhotz functions.

Chapter 2 discusses the stoichiometry, thermochemistry, and the first law for
closed and open systems in mass and molar forms. It includes several problems
related to gas analyses, which can be used to understand experiments for
determining the A:F ratio, concentration of pollutants, and oxygen-based normal-
ization. It also explains the role of reactive mixtures in determining complete
combustion, flame temperatures, and entropy generation in reactive systems. In
Chapter 3, criteria for the direction that chemical reactions proceed in are devel-
oped. This is followed by a description of equilibrium in single-phase and mul-
tiphase systems and a discussion of the Gibbs minimization method.

Chapter 4 introduces the background related to properties of solid, liquid, and
gaseous fuels. It discusses the Wobbe number, proximate and ultimate analyses,
biomass fuels, gas yield in digestion processes, and solid and liquid fuel particle
size distribution along with presentation of empirical equations for determining
heating values. Chapter 5 presents the chemical kinetics for homogeneous and
heterogeneous reactions and the pyrolysis of solid fuels, and a discussion on
second law when multistep and global kinetics are used.

Chapter 6 briefly discusses mass transfer processes and transport properties
relevant to combustion. Chapter 7 deals with applications of the global form of
energy and mass conservation equations for simple ignition problems, combustion
of gaseous fuels in closed systems (e.g., automobile engines), plug flow reactors,
and perfectly stirred reactors; the resistance concept is introduced for the com-
bustion of solid and liquid fuels. Chapter 1 to Chapter 7 may be used as introductory
material for a senior elective course in combustion along with parts of Chapter 9,
Chapter 10, and finally Chapter 17, dealing with pollutant formation and destruction.

Chapter 8 to Chapter 16 and Chapter 18 involve a more detailed mathe-
matical treatment of a wider range of combustion problems. Chapter 8 pre-
sents the conservation relations in differential form for mass, momentum,
energy, and species, and the simplified Shvab-Zeldovich formulation for single
and two component fuels. Chapter 9 to Chapter 12 deal mostly with diffusion
flames (nonpremixed). Chapter 9 applies the conservation equations to a
simple spherically symmetric problem of carbon combustion, including mul-
tiple heterogeneous reactions. Here, the single- and double-film models are
discussed. Chapter 10 deals with liquid droplet combustion including evap-
oration and combustion of multicomponent drops. Chapter 11 presents the
solutions for the combustion within boundary layers for forced, free, and
stagnation flows. Many of the derivations for transformations and similarity
conditions are left as exercise problems. Integral and “nonconventional
integral” techniques suitable for senior courses are presented. Chapter 12
extends the solutions obtained in Chapter 11 to the combustion of gaseous
fuels involving 2-D and circular laminar jets. The classical literature of Burke
and Schumann is also presented. The results from Chapter 11 and Chapter 12
could be presented to seniors without details of derivations.

Chapter 13 introduces ignition and extinction during gaseous and solid
fuel combustion. Chapter 14 describes limiting flame propagation speeds at
subsonic (deflagrations) and minimum supersonic velocities (detonations) of
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premixed fuels, whereas Chapter 15 discusses the concept of a kinetically
limited laminar burning velocity and flammability limits for combustible mix-
tures. Chapter 16 deals with interactive array and cluster combustion, whereas
Chapter 17 describes pollutant formation and control methods and describes
various methods of reporting emissions. Chapter 18 discusses turbulent
combustion and various computational approaches.

Exercise problems and a list of formulae are placed at the end of the text.
This is followed by more than 45 tables and charts containing thermodynamic
and combustion properties and other useful information. Because of interest in
Hg pollution, a small section has been added in Chapter 17, along with an
equilibrium chart for Hg compounds. Spreadsheet-based software containing many
programs covering many chapters and unit conversion software can be down-
loaded from the Web at the site http://www.crcpress.com/e_products/downloads
by following the links for this book.

The combustion field is vast and all topics cannot be covered in a single
book. Readers who discover errors, conceptual conflicts, or have any com-
ments are encouraged to e-mail these to the authors (kannamalai@tamu.edu
and ikpuri@vt.edu). The assistance of Charlotte Sims in typing a part of the
manuscript is gratefully acknowledged. We wish to acknowledge helpful
suggestions and critical comments from several students and faculty. IKP
wishes to thank numerous graduate students in his research group who have
helped considerably to advance his understanding of combustion.

We wish to acknowledge helpful suggestions and critical comments from
several students and faculty and many of our colleagues who educated the
authors by sharing their research work. Years of fruitful research collaboration
with Prof. John M. Sweeten of Texas A&M on biomass is greatly appreciated
by KA. We wish to acknowledge helpful inputs, suggestions, project reports,
and critical comments from several students in our combustion classes. We
specially thank P. Soyuz, S. Senthil, V. Subramanian, and many other graduate
students for reading appropriate chapters; Dr. Tillman of ITT for Chapter 12;
our colleagues Prof. Caton of Texas A&M and Prof. Lucht (currently at Purdue
University); and the following reviewers: Prof. Blasiak (Royal Institute of Tech-
nology, Sweden); Prof. S. Gollahalli (University of Oklahoma), whose classroom
combustion lectures motivated KA to select combustion as his field of research;
Prof. Hernandez (Guanajuato, Mexico); Prof. X. Li (Waterloo, Ohio); Profs.
Nagarajan and Ramaprabhu of Anna University, Chennai, India; Prof. M. Sibulkin
of Brown University, who mentored Annamalai in experimental combustion
research; and Prof. Krishnan (Indian Institute of Technology, Chennai, India, and
Kyungpook National University, Korea); Margaret Wooldridge of the University
of Michigan, Ann Arbor, and Mich Wittneben of TAMU Computer Services.
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Relations/Accounting
Equations

The following relations/accounting equations are useful

in the engineering analysis of combustion systems:

dB
Accumulation rate of an extensive property B: — - = {rate of B entering a
volume (B, - rate of B leaving a volume (B, + rate of B generated or

consumed in a volume}, (B,

dm/e, cv
dt

cv

) dm ) .
Mass conservation: —— =1i; — M,
dt
dN ... ~ . :
Molar balance: —* =N,,—N,,+w,
dt ’ '

dE. . ; . .
First law of energy conservation: 7‘“: Q-W+mep;—m,e;,,
where e, =h+ ke + pe, h=E_, =U + KE + PE,
ow =—v dP, ow =Pdv

rev, open rev, closed —

dE ., . . . R
Molar form of energy equation: d“ = Q.- W+ Z Nyi €nr
ki

t
- E N/c.e e/e,T,e
k, e

where

=nmy; — mla,e + wla,m

) > 0 for generation, < 0 for consumption

E=U+KE+PE, &,,,=6="h +ke+ pe,—h, = /5°fk +(/5°u, _];Ot,298)la

ke,=(/2)M,V?, pe=M,g”

XXXVil



XXxviii

Second law or entropy balance equation:

o _ Qo +m,s,—m,s, + 6, = e,
@ T 7,

b
+ E N/e,i Sle,T,i E - Nle,esle,T,e + 600

where 6 ., > 0 for all irreversible processes and is equal to zero for a reversible

process. dE —T S |
Availability balance: WZ 0

y=(;—Tys)=h+ke+pe-Ts, and E,=7TU+ KE + PE

T .
1_7«0] + mz Wi_me We_Wcu_Toa.cu ’

R

Third law: S— 0 as T— 0
Law of stoichiometry: eg., CO + 1/2 O2 — CO2

N4 N4 s

wCO _ Z’UOZ _

—1_—% a

Law of mass action and Arrbenius law:

, E
w” =k [COI[O2PIMY”, 0™ 20, k=AT"exp (— RT] , E: activation energy, M:

third body
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Dimensionless Numbers in Combustion, Heat, and Mass Transfer

Group Definition Interpretation
hL
Biot number X Ratio of the internal thermal
(Bi) s resistance of a solid to the
boundary layer thermal
resistance
h L
Mass transfer D‘“ Ratio of the internal species
Biot number ABS transfer resistance to the
(Bi,,), porous media boundary layer species
transfer resistance
_ 2
Bond number 8p = p L Ratio of gravitational and
(Bo) o surface tension forces
F ..
Cauchy number (Ca) 7pV2L2 The pressure coefficient
T
Coefficient of friction TQ/Z) Dimensionless surface shear
(@) p stress
W/’/L
Damkohler number —_— Ratio of chemical reaction rate
(Da) (I) pV to mass flow rate
Ov'vI”L
(1 q Ratio of chemical heat
pVe, T liberation rate to advection
q°, heating value
OWI’IL
(1) 9 5 Ratio of chemical reaction
p rate to diffusion
(IV) qov-v”/LZ
AT Ratio of chemical heat to
diffusive heat flow
I”R . .
V) —_ Ratio of chemical rate to
po elutriation rate, used in
fluidized bed combustion
\a o
Eckert number Kinetic energy of the flow
C p\’s o0 relative to the bounaar
(E) ¢ (T.-1.) lative to the boundary
layer enthalpy difference
AP
Euler number (Eu) V2 Pressure drop to dynamic
p pressure
Fourier number at Ratio of the diffusive
o) — conduction rate to the rate o
(Fo) I ducti h f

thermal energy storage



x|

Mass transfer
Fourier number
(Fo)

Froude number (Fr)
Friction factor
(f)

Graetz number (Gr)

Grashof number
(Grp)

Colburn j factor

G

Colburn j factor

Gim)

Jakob number

(Ja)

Karlovitz number (Ka)

Knudson number (Kn)

Lewis number
(Le = Sc/Pr)

Mach number (Ma)

Markstein number (Ma)

Nusselt number
(Nuy)

Peclet number
(Pe))

Prandtl number
(Pr)

Rayleigh number (Ra)

o

\Ys V32

\/g_d or od

Ap
(L/DXpu,*/2)

[Lj X PecletNo.
D

gB(T. - )¢

2
\%

StPr %

2
St 56/3

m

Ratio of the species diffusion
rate to the rate of species
storage; dimensionless time

Ratio of inertial force to
buoyancy forces

Dimensionless pressure drop
for internal flow

See Peclet number

Ratio of buoyancy to viscous
forces

Dimensionless heat transfer
coefficient

Dimensionless mass transfer
coefficient

Ratio of sensible to latent
energy absorbed during
liquid—vapor phase change

Reaction of flame stretch to rate
flame velocity

Ratio of mean free path to
characteristic dimension

Ratio of the thermal and mass
diffusivities

Ratio of velocity to sound
speed

L’, Markstein length; L5, effect
on S,

Ratio of convective to
diffusive rate of heat transfer

Ratio of convective velocity to
thermal diffusion velocity

Ratio of the momentum and
thermal diffusivities

Buoyancy diffusivity to
thermal diffusivity



Reynolds number
(Re))

Schmidt number
(S0)

Sherwood number
(Sh,)

Stanton number
(59)

Stanton number (St,,):

mass transfer

Stokes number (St)

Strouhal number (Str)

Weber number
(We)

<

U‘<

&

R
~

-

E

h  Nu,
pve, - Re, Sc

h Sh

m L

\% Re, Sc

t*velocity/d,
velocity
(ppds /181
(v/dp)
nd
u

[¢]

PV°L
(o2

Ratio of the inertial and
viscous forces

Ratio of the momentum and
mass diffusivities

Ratio of convective to diffusive
mass transfer rates

Ratio of convective heat transfer
to sensible energy of flow

medium

Ratio of convective mass
transfer to bulk species flow

Ratio of stopping distance, S to
characteristic dimension, d

Characteristic frequency

Ratio of inertia to surface
tension forces

xli






Nomenclature®

(Some of the symbols are used for more than one parameter; their interpretation may be
according to the context.)

Conversion

Symbol Description SI English Sl to English
A Helmholtz free k) Btu 0.9478

energy
A Area m? ft? 10.764
A, Preexponential

constant
A Preexponential

constant, mole
concentration

A Preexponential
constant, mass
concentration

Ay Preexponential
constant, mole
fraction based

Ay Preexponential
constant, mass
fraction based

* Lowercase (Ic) symbols denote values per unit mass, lc symbols with a bar (e.g., h) denote
values on mole basis, Ic symbols with a caret and tilde (respectively, h and h) denote
values on partial molal basis based on moles and mass, and symbols with a dot (e.g., Q)
denote rates.

xliii
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A:F Air to fuel ratio

a Radius m ft

a, Initial radius m ft

a Specific Helmholtz k) kg™ Btu lb,,™
free energy, mass

a Strain rate sec! sec”!

a Specific Helmholtz ~ kJ kmol™' Btu Ib-mol-!

free energy, mole

al, a2, etc. (see Chapter 11)

B Transfer number

B Generalized
variable (v, Y}, h,
etc.)

B1, b2, etc. (see Chapter 11)

C,= Constant used in
turbulence model

C = Constant used in
turbulence model;
also Chapter 11

C, = Constant used in
turbulence model;
also Chapter 11

C = Also see Chapter 11
for laminar
flow

G = Also see Chapter 11
for laminar
flow

Cy = Constant used in
combustion
model

Cp = Constant used in
combustion
model

C,= Also see Chapter 11
for laminar
flow

3.281
3.281

0.4299

0.4299



dref

Molal
concentration

Specific heat

Molal specific heat

Specific heat at
constant p

Diffusion
coefficient

Binary diffusion
coefficient

Damkohler
number

Diameter of
particle

Reference length

Energy, (U + KE +
PE)

Activation energy

Ignition energy

Total energy (H +
KE + PE)

Exponential
integrals

Specific energy

Methalpy = h + ke
+ pe

Force

Chemical force

Interface function
for B #

Interface function,
Chapters 8, 10, 11,
16

kmol/m3

k) kg™ K-
k)] kmol-TK-"

kJkmol-TK-!

m2sec!

m2sec!

k)/kmol

joules

Ib-mol/ft3
Btu/lb R

Btu Ib-
mol-'R-"

Btu Ib-
mol-"R-"

ft2 sec™!

ft2 sec!

ft

ft

Btu

Btu/Ib-mol-!

Btu

Btu b,
Btu Ib,,~"

xlv

0.2388

10.764

10.764

3.281

3.281

0.9478

0.4299

0.9478

0.4299

0.4299

224.81
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~!

HHV

HV

FC

Velocity in
similarity
coordinate

Mixture fraction
variable

Body force per unit
mass

Gibbs free energy

Group combustion
number,
Chapter 16

Specific Gibbs free
energy

Modified group
combustion,
Chapter 16 (mass
basis)

Gravitational
acceleration

Variance of mixture
fractions

Gravitational
constant

Gibbs free energy
(mole basis)

Partial molal Gibbs
function

Flame height
Enthalpy, extensive

Higher or gross
heating value

Heating value

Heating value of
fixed carbon

Heating value of
volatiles

Specific enthalpy
or enthalpy

k) kg

m sec2

k) kmol-!

kJ kmol-

k) kg™

ki/kg
ki/kg

ki/kg

k) kg™

Btu

Btu Ib,,~"

ft sec2

Btu Ib-mol-!

Btu Ib-mol-!

ft
Btu

Btu b

Btu/lb
Btu/lb

Btu/lb

Btu Ib,,™!

0.9478

0.4299

3.281

0.4299

0.4299

0.9478
0.4299

0.4299

0.4299

0.4299

0.4299



J/

o

Ji

KO

KE
ke

Enthalpy of
formation

Heat transfer
coefficient

Mass transfer
coefficient

Lower heating
value

Planck’s constant

Enthalpy of
reaction

Thermal enthalpy

(1. —T,) or

T = T

Joules” work
equivalent of heat

Total scalar flux per
unit width
2-D jet

Total scalar flux,
circular jet

Fluxes for species,
heat, etc.

Diffusive mass flux
of species k

Karlovitz number,
Chapter 15

Equilibrium
constant, 1 bar

Equilibrium
constant based on
concentrations

Kinetic energy

Specific kinetic
energy

Ratio of specific
heats, c,/c,

kJ kmol- Btu [b-mol-!
kW/(m?sec) Btu/(ft’sec)
kg/m?sec Ib,/(ft?sec)
ki/kg Btu/lb

ki/kg Btu/lb

ki/kg Btu/lb

(1 Btu = 778.14 ft Ib)

kg sec”!, kW Btu sec™
kg/m? sec b, ft2sec”!
kJ Btu

kl kg~ Btu Ib,,!

xlvii

0.4299

0.205

0.4299

0.4299

0.4299

0.9478

0.205

0.9478

0.4299
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LHV

Le

Specific reaction
rate constant

Concentration of
species k

Concentration of
species k

Boltzmann
constant

Latent heat or hy,

Lower heating
value

Lewis number

Intermolecular
spacing

Mean free path

Interdrop spacing

Molecular weight,
molal mass

Total momentum
flux per unit width,
2-D jet

Total momentum
flux, circular jet

Mass
Initial mass

Mass rate

Carbon loss rate
Volatile loss rate

Mass flow rate per
area

Heat flux

kmol/m3

kg/m?

ki/kg
ki/kg

kg kmol~

Nm-!

Ibmol/ft3

Ib/ft?

Btu/lb,,,
Btu/lb,,

ft

ft

Ib,, Ib-mo-!

Ibft

Ib,

Ib,,
Ib

m

Ib,/sec

Ib,/sec
Ib,/sec

Ib,/ft’sec

Btu/ftZsec

0.06243

0.06243

0.429

0.429

3.281

3.281

0.06852

0.2248

2.2046
2.2046

2.2046

2.2046

2.2046

0.205

317.1
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NOy

Nu,

avif!

Pk

ppm
PE

pe
Q
0
Qc

O

Q1, Q2, Q3, and Q4 heat liberated or absorbed in carbon reactions (1) to (IV)

q

Mass fraction of
species k

Number of moles

Mole flow rate

Avogadro number

Nitric oxide

Nusselt number

under zero mass Tr

Temperature
exponent in
Arrhenius law

Number density

Number of

molecules per unit

volume
Pressure
Pressure
Stress tensor
Partial pressure,
(X(P)
Parts per million
Potential energy

Specific potential
energy

Heat transfer

Heat transfer rate

Heat generation rate

Heat loss rate

Energy released per

kg mixture

kmol

kmol sec™!
molecules

kmol-!

kg/GJ

per m3

per m3

kN m~2
bar

kl/kg mix

Ib-mol

Ib mole
sec™!

molecules
Ib-mol-!

Ib/mmBtu

per ft

per ft3

kPa Ib; in—2

atm

Btu

Btu/lb

Btu

Btu/sec
Btu/sec

Btu/sec

Btu/lbmix

xlix

2.2046

2.2046

0.4536

2.326

0.0283

0.0283

0.1450

0.987

0.9478

0.4299

0.9478

0.9478

0.9478

0.9478

0.4299



dr

q loss

Rc
Re

x|

S, S,

Sc

Sh

SR

SOy

Heat flux rate per
unit area

Radiation heat loss
rate

Heat loss per unit
volume

Gas constant
Cloud radius

Reynolds number,
Vdp/u = Vdiv

Universal gas
constant

Radial distance
Entropy

Source term
Steric factor

Laminar burn
velocity, Chapter
14 and Chapter 15

Schmidt number

Sherwood number
(hmdp)/(pD)

Stoichiometric ratio
(1/¢)

Sulfur oxide

Specific entropy
(mass basis)

= Inverse of A:F

Specific entropy
(mole basis)

Temperature

Time

Internal energy

kW/m?

kw

kw

K kg K-

k) kmol-!

k) K

m sec™’

kg/GJ
K kg K-

Yoo/ Vo Ygi} or
Yoo/ tVos Yich

k] kmol=" K

°K

secC

Btu/ft?sec

Btu/sec

Btu/sec

Btu Ib-' R
Ft

Btu Ib-mol-!

ft
Btu R

ft sec™!

Ib/mm Btu

Btu Ib-' R

Btu Ib-mol-
R

°R

Sec

Btu

0.4299

0.9478

0.2388

3.281

0.2388

3.281

0.5266

3.281

2.326

0.2388

0.2388

(9/5)* T
in K

0.9478



S

Nl

VM

V*

<

Vi

Unit stress tensor

Specific internal
energy

Internal energy
(mole basis)

Volume
Volume
Volatile matter
Velocity

Ultimate-volatile
yield

Diffusion velocity
(mass) of k

Diffusion velocity
(mole) of
species k

Velocity in x
direction

Velocity in'y
direction

Radial velocity
(m/sec)

Mass-averaged
velocity

Mole-averaged or
bulk velocity

Absolute velocity of
species k

Laminar-burn
velocity

Specific volume
(mass basis)

Specific volume
(mole basis)

Work

Work per unit mass

k) kg™

k] kmol~!

m sec™!

m sec™!

m sec™!

m sec™!

m sec™!

m sec™!

m sec™’

m sec™!

m sec™!

m? kg™!

m?3 kmol-!

k) kg™

Btu Ib™' 0.4299
Btu Ib-mol- 0.4299
ft? 35.315
gallon 264.2

ft? 35.245
ft sec™! 3.281
ft sec™! 3.281
ft sec™! 3.281
ft sec 3.281
ft sec™ 3.281
ft sec™! 3.281
ft sec™ 3.281
ft sec™! 3.281
ft sec™! 3.281
ft sec™! 3.281
fts Ib,, ! 16.018
ft2 Ib-mol- 16.018
Btu 0.9478
Btu Ib~! 0.4299



w Specific humidity kg kg™ 1by, by,

W Reaction rate kg sec”! Ib sec
W Reaction rate of kg sec”! Ib sec 2.205
“ species k
\u‘/”\ Reaction rate per kgm= sec™ b 8 sec™! 0.0624
unit volume
\u'/”’ Reaction rate per kmolm= sec! Ib-mol ft3 0.0624
unit volume sec™!
X Coordinate m ft 3.281
X’ Incompressible coordinate, Chapter 11
Xy Mole fraction of
species k
Y, Mass fraction of
species k
Yaeh Ash fraction in solid
fuel
Yee Fuel fraction in
condensate phase
y Coordinate m ft 3.281
y’ Incompressible
coordinate,
Chapter 11
Z, Element mass
fraction
z Collision number
Z Elevation m ft 3.281
60) Differential of a
nonproperty, e.g.,
60, oW, etc.
d() Differential of
property, e.g., du,
dh, dU, etc.
D Change in value

AHg Enthalpy of reaction



V=i_—+ ;i i , Laplacian operator
dy 0z
Greek Symbols

o Nondimensional mass
flow = m/ m.

o Thermal . m?/s ft2/s
diffusivity, o, = —%
(m?%/sec) A

o kg element/kg species

Bis Brwy Shvab-Zeldovich (S2)
variable, B

X Generalized transport

property (v, a, D, etc.)

1) Boundary-layer thickness m ft
5 Unit vector
o' Stretched boundary-layer
thickness
o Flame thickness
0, Species boundary-layer m ft
thickness
S Velocity boundary-layer ~ m ft
thickness
Lo} Thermal boundary-layer ~ m ft
thickness
€ Emissivity, burned
fraction
€ Dissipation of kinetic
energy
g, Species k flux/average
mass flux
£, Turbulent diffusivity m?/s ft?/s
¥ Ratio of specific heats
cp/cv
n Similarity coordinate

n Correction factor

liii

10.764
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Chapter 1

Introduction and Review
of Thermodynamics

1.1 Introduction

The mention of fire evokes familiar images and sensations: the warmth of a
hearth fire, the holocaust of a forest fire, the flickering of a candle flame, the
flaming exhaust of a jet engine, etc. [Blackshear, 1961]. For historians, fire is
related to momentous events. First used by prehistoric humans about half a
million years ago, fire was responsible for the survival of many tribes through
periods of glaciation. Fire was the means by which humans emerged from the
Stone Age, through pyrometallurgy. Engines that use fire have been sources of
power and propulsion only in the past several centuries, and have succeeded in
liberating humankind from drudgery. Finally, it appears that fire will play a key
role in our first adventures away from this planet.

Fire (or combustion) also helps create technologies for industrial use. Com-
bustion is the most common method of energy conversion currently used. The
major portion of power is generated from coal- and natural-gas-burning power
plants that produce steam, which in turn drives electric generators. These are
known as external combustion (EC) systems. Internal combustion (IC) engines
or systems are so interwoven with the global economy that should a shortage of
fossil fuels suddenly occur, crises and chaos would inevitably follow. In IC engines
chemical energy is converted into thermal energy and then directly to mechanical
energy, unlike coal-fired plants. Metallurgical and chemical processes involving
“fire” are global businesses. To the conservationist, it is obvious that this activity
cannot continue indefinitely. There is enough oil and coal on earth to carry us
forward another 20 to 200 years depending on what data one accepts, but clearly
there is a finite supply that cannot be replenished. For many environmentalists
combustion is an anathema, because it is the cause of global warming (through
CO, emission), smog (NO, and O; generation), and acid rain (through SO,). The

—
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U.S. consumes about 100 PkJ per year, whereas world energy usage is 300 PkJ
(Table A.1A of Appendix A for units). The U.S. emits 5.5 Gt of CO, per year,
whereas the world CO, emissions is about 21 Gt per year. The amount of atmo-
spheric CO, is expected to triple before 2100, and it is widely recognized that
global warming is now an engineering problem.

For the engineer who is enough of a historian to appreciate the past and enough
of an economist, conservationist, and environmentalist to be interested in the future,
a technical description of combustion involves many disciplines and presents many
interesting challenges. A typical combustion problem will call upon a student or
practicing engineer to display a grasp of thermodynamics, fluid mechanics, transport
processes, chemical kinetics, as well as a proficiency in mathematics. Combustion
is a very active field of technology and an excellent proving ground for advanced
engineers to employ the tools that they have acquired.

The primary energy sources in North America in 1975 included fossil fuels
such as coal (22%), oil (40%), natural gas (32%), hydroelectric energy (4%), and
conventional and breeder nuclear reactors (8%). Clearly, the major energy
source is fossil fuels. In 1993 alone, almost 1 Gt of coal was mined in the U.S.
The projected consumption of fossil fuels in 2010 can be approximately divided
as shown in Table 1.1.

The applications of combustion include home heating, cooking with gas
stoves, welding, transportation, forest fires, electric power, material, and agricul-
tural processing. The chemical energy of fossil fuels is converted into thermal
energy using combustors, and this energy is then used to generate steam and run
steam turbines as in steam-based power plants (EC systems). Alternatively, the
hot gases can be directly used to run a gas turbine as in gas turbine plants or to
deliver work through a piston—cylinder assembly as in automobiles (IC systems).
In coal-fired utilities, coal is transported to silos by conveyors, and then ground
and fed to burners (Figure 1.1a). The heat from combustion is used to produce
steam at a temperature of 815 K and pressure of 170 bar and hence electrical power
using steam turbines running at about 3000 rpm. The exhaust steam is then con-
densed to water and pumped at a pressure of 170 bar back to the boiler. The

Table 1.1 Projected 2010 Energy Consumption

Total Biomass Biomass Total Biomass Biomass
Energy Energy % Energy Energy %
Consumption  Consumption Total Consumption  Consumption Total
Industrial 37.5 2.8 8.0 41.0 3.4 8.7
Electric 45.1 0.2 0.5 51.0 0.2 0.4
generation
Subtotal power 82.6 3.0 8.5 92.0 3.6 9.1
Transportation 35.5 0.3 0.7 41.7 0.3 0.7

Note: Energy in Pkl/yr; (1 Pk] =10k} = 1 quad).
Source: DOE/EIA, Annual Energy Outlook, 2002.
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Figure 1.1(@) A low-NOx coal-fired boiler burner [Adapted from http://www.
lanl.gov/projects/cctc/factsheets/clbrn/cellburnerdemo.html, McDermott
Technology, Inc.]; (b) schematic of gas turbine combustor, average velocity
of 25-40 m/sec (aircraft), 15-25 m/sec (industrial gas turbine); (c) a typical
industrial combustion system: load could be water tubes in boiler, HC tubes
in a refinery, metal melting in furnaces, brick in kilns, etc. (Adapted from
Baukal.)

products of combustion consist of bottom ash (larger particles) and fly ash (smaller
particles), which are then collected for disposal.

In the case of the gas turbine, the combustor is fired with either natural gas
or atomized liquid fuels with swirling air (about 45° swirl angle for imparting
tangential motion to air) in order to vaporize the fuel; ignition is started with a
spark plug, and the flame is stabilized with a rich mixture near the injector
(called the primary zone); and secondary air and a large amount of diluted air
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are used to limit the temperature to about 1300 K at the exit, reduce the
temperature gradient, and minimize hot spots prior to entry into the turbine
(Figure 1.1b). In other industrial applications, the combustion process is used
to melt metals (Figure 1.1¢), or make bricks in kilns.

Combustion in practical systems as shown in Figure 1.1 is very complex. It
can involve:

1. Two-phase flows (liquid and air as in the gas turbine of Figure 1.1b, or coal
and air as in the boiler of Figure 1.1a)

2. Turbulence and variable densities within phases

3. Conduction, convection, and radiation heat transfer to heat exchangers as
in boilers and gas turbine liners

4. Interactions between liquid and solid particles in dense flows for problems
related to items 1 to 3

5. High pressures

6. The thermochemistry of fuel and reactants that can involve problems with
multiple components

7. Complex chemical kinetic mechanisms

8. Property changes of multiple components with temperature

These complexities of combustion must be understood to reduce air pollu-
tion, smog, fire and explosion hazards, and to conserve energy.

There are power plants using combined steam and gas turbine cycles with
an efficiency of 60% for generating power. In contrast to 250-MW turbines
weighing about 300 t, microturbines weighing only about 45 kg that produce
25 kW electric power and heat are being developed. Combustion in such
microsystems requires a fundamental understanding of complex processes gov-
erning the rate phenomena.

1.2 Combustion Terminology

A brief overview of terminology used in combustion engineering is presented
in the following text:

Combustion: Tt generally involves the oxidation of a fuel (i.e., a chemical reac-
tion of a fuel with oxygen). This is accompanied by release of chemical energy
that usually produces a large temperature increase. For instance, from the
methane-burning reaction

CH, + 20, = CO, + 2H,0,

it is possible to release as high as 55,000 kJ per kg of fuel that is burned. Recently
the knowledge of combustion science has been expanded to include “fluid
dynamics combined with exothermic reactions and everything it implies” [Oran,
2004], which seems to include even nuclear reactions occurring on earth and
in the universe.

Continuum: A fluid is said to be a continuum if the dimensions of the region
of interest are large compared to the mean free path of the molecules contained
within the region.
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Density is given by:

Am

=limit AV —0 for
P f AV

The limit AV — 0 should be interpreted as AV — multiple mean free paths.
Radiation: Energy from the sun reaches the earth via electromagnetic waves (or via
photons of energy h,*v, where h, is Planck’s constant and v, the frequency of light;
Table A.1A of Appendix A). The electromagnetic spectrum extends from micro-
waves to amplitude-modulated (AM) and frequency-modulated (FM) waves. When
the wave is in the visible wavelength region, we can see the wave as light. The
wave is reflected from black surfaces (about 3%), and 97% is absorbed. The
absorbed energy results in heating the surfaces. For silvery surfaces, the reflection
could be as high as 90%, whereas absorbed energy is only 10%. At steady state, the
emitted radiation is equal to the absorbed amount. In a perfect black body, no
energy is reflected, and hence one will not see the object (as a result, it appears
black). For example, when humans emit radiation at a low temperature (310 K),
the waves are in the nonvisible or infrared region and we cannot see them, partic-
ularly at night. During the day time we can see them because they reflect the light
of the sun’s radiation. However, electrical coils at 1000 K emit light in the visible
wavelength region, and we see the coil colored red (the wavelength lies in the red
portion). For a tungsten lamp at 3000 K, one sees white light because the wave-
lengths span the entire visible range, similar to the sun. When combustion occurs,
there is significant radiation from hot gases that lies within the visible wavelength
range, and thus one can observe the flames.

Ignition: Initiation of combustion, e.g., igniting the candle with a lighter.
Flame: The appearance of light, i.e., radiation in the visible wavelength region
because of rise in thermal energy associated with the combustion phenomenon.
There are two kinds of flames: (1) premixed flame and (2) diffusion flame.
Diffusion: Just as heat is transferred (i.e., thermal energy transfer) because of tem-
perature gradient, species such as fuel vapor or O, are transferred or diffused because
of concentration gradient, e.g., fuel evaporation from wicks, droplets, etc., (chapters
6,7, 10, 11).

Flame Colors:

Deep Violet: A deep violet color of flame indicate radiation from CH species
produced during reaction (Chapter 5).

Blue: Typically in excess air combustion due to radiation from excited H
radicals in high T zone.

Blue-Green: Occurs when air is slightly less than stoichiometric due to
radiation from C, radicals.

Visible radiation: OH radicals.

Yellow: At richer mixtures soot is produced, radiation from soot is yellow.
Indicating continuum radiation, with maximum intensity in “infra red” region.
Diffusion flame (Figure 1.2a): A nonpremixed flame is a flame due to combus-
tion of initially unmixed fuel and air, e.g., candle flame. The candle melts,
permeates through the cotton wick, vaporizes, diffuses into the ambience, meets
O,, and then forms the flame. More rigorously, a nonpremixed flame may be
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Figure 1.2 Schematic illustrations of: (a) diffusion flame, (b) premixed flame,
and (c) partially premixed flame. (Adapted from Baukal, C.E., Gershtein, V.Y.,
and Li, X., Eds., Industrial Combustion, CRC Press, Boca Raton, FL, 2000.)

defined as any flame resulting from the diffusion of fuel and oxidizer to the
flame zone (where they are mixed and burnt) from zones that contain only
oxygen or fuel. In biological systems (e.g., humans), fuel (food) and air enter
separately, are processed separately, food via the digestion system and air via
lungs, then mixed in the bloodstream as glucose (fuel) and O, (carried by
hemoglobin), and burned in cells (which are similar to microcombustors dis-
tributed throughout the body) but at a slower rate (without any flame!).
Premixed flame (Figure 1.2b): Flame due to combustion of an already premixed
fuel and oxidizer is called a premixed flame, (e.g., oxyacetylene [C,H,] torch, pre-
mixed gasoline vapor and air in IC engines, and gas-fired furnaces and stoves).
Partially premixed (Figure 1.2¢): Here, fuel and a small amount of air are
premixed (e.g., domestic gas burners).

Laminar flame: This is a flame in which viscous forces are dominant compared
to inertial forces, e.g., a smooth flame at low velocity.

Turbulent flame: This is a flame in which inertial forces are dominant compared
to viscous forces, e.g., a wrinkled flame at high velocity.

Stationary flame: Here, the flame does not move, e.g., candle flame, flame from
a gas stove, etc.

Propagating flame: This kind of a flame propagates into a premixed combus-
tible mixture, e.g., igniting premixed gasoline vapor and air in an automobile
engine. Flames travel from the spark plug toward the rest of the mixture
(Figure 1.3).

Flame velocity: The rate of flame propagation into an unburned combustible
mixture is expressed in m/sec. Under laminar conditions it is of the order of 0.4
m/sec.

Deflagration: Here, flame propagation speed is less than the speed of sound,
which is about 700 m/sec in an IC engine.
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Figure 1.3 Schematic illustration of flame propagation in a gasoline engine
after sparking.

Detonation: The flame propagation speed is greater than the speed of sound.
Chemical kinetics: A subject concerned with rates of reactions and factors on which
the rates depend. For example, how fast is the fuel consumed per second per unit
volume (kg/m? sec) in an automobile engine? For example, one can mount a candle
on a balance, ignite it, and weigh the candle as a function of time. The mass vs.
time curve yields the overall reaction rate of the candle fuel.

Heterogeneous combustion: These are combustion reactions that involve two
phases, e.g., charcoal combustion in a grill in which the fuel is solid carbon
and the oxidant is in the gas phase.

Homogeneous combustion: These are combustion reactions that involve same
phases within the system of interest.

Extinction: Tt is the disappearance of the flame (i.e., the phenomenon of
apparent cessation of chemical action), e.g., blowing out a candle flame.
Flammability: The ignitability of the mixture. For example, take an oxyacetylene
torch, and let the mixture have a large amount of oxygen, but very little acetylene.
The mixture will not ignite. On gradually increasing the amount of acetylene, the
mixture ignites at a particular point. Such a mixture is said to flammable.

Bunsen burner: [http://www.wikipedia.org/wiki/Bunsen_burner]. The Bunsen
burner, named after Robert Wilhelm Bunsen, its inventor, is a device used in
many combustion experiments to study premixed and diffusion flames and
flame propagation velocity. Typically, natural gas or any selected pure hydro-
carbon (HC) gas (such as propane or butane) is used as fuel. The burner has
a weighted base and a tube rising vertically from it, through which fuel is
supplied. Just at the inlet to the tube, a metal collar is turned to gradually open
or close holes made on the side of the tube. If all holes are open, the flame is
almost premixed and is blue, and if all the holes are closed, the burner produces
a diffusion flame colored yellow.

1.3 Matter and Its Properties

Sections 1.3 to 1.6 review some basic principles of thermodynamics as applied
to combustion.
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1.3.1 Matter

The amount of matter contained within a system is specified either by a molec-
ular number count or by the total mass. An alternative to using the number
count is a mole unit. Matter consisting of 6.023 x 10?* molecules (or Avogadro
number of molecules) of a species is called 1 kmol of that substance. The total
mass of those molecules (i.e., the mass of 1 kmol of the matter) equals the
molecular mass of the species in kilograms. Likewise, 1 lIb-mole of a species
contains its molecular mass in pounds. For instance, 18.02 kg of water corre-
sponds to 1 kmol, 18.02 g of water contains 1 g-mol, and 18.02 b mass of water
has 1 Ib-mol of the substance. Unless otherwise stated, throughout the text the
term mole refers to the unit kmol.

1.3.2 Mixture

A system that consists of more than one component (or species) is called a
mixture. Consider a mixture of 18 X 102° molecules of H, and 18 x 10?° molecules
of He (Figure 1.4), i.e., the total number of molecules is 36 x 10%°. Then the
hydrogen fraction

XHZ = (18 x 10% molecules of H,)/(36 x 10% total molecules) = 0.5.

Instead of using molecules, we can employ moles, as 1 kmol = 6 x 10%° mole-
cules. In this case the number of kmoles of hydrogen

Ny, = (18 x 10%/6 x 10%) = 3 kmol.
Similarly Ny. = 3 kmol, i.e., the hydrogen mole fraction

Xy, =Ny, /(N +N, )=035.

The composition determination based on the molecule number fraction or
on the mole fraction is sometimes referred to as molar analysis.

@ O /He

Figure 1.4 Illustration of mole and mass fractions.
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In this hydrogen-helium system, the mass of hydrogen (m,; J)is 3 kmol x 2
kg kmol® and that of helium is 3 kmol x 4 kg kmol'. The hydrogen mass fraction

Yu

= my, [y, +m,)=3x2/3X2+3%4)=0333.

Likewise, Yy, = 0.67.
If N,. denotes the number of moles of the k-th species in a mixture, the mole
fraction of that species X, is given by the relation

X, = N/N, (1.D

where N =X N, is the total number of moles contained in the mixture. A mixture
can also be described in terms of the species mass fractions Y, as

Y, = m,/m, (1.2)

where m, denotes the mass of species k and m the total mass. Note that m, =
N M,, with the symbol M, representing the molecular weight of any species k.
Therefore, the mass of a mixture

m=) N, M,

The molecular weight of species k, M,, can be calculated using atomic
weights. See Table A.1B for a partial listing of atomic weights.

The molecular weight of a mixture M is defined as the average mass con-
tained in a kmol of the mixture, i.e.,

M = m/N = <2NkMk> N =YX M,, (1.3)

It should be apparent from Equation 1.1 and Equation 1.2 that

z X, =1, and that Z Y, =1
k k

Air is an example of a mixture containing molecular nitrogen, and oxygen,
and argon.

Example 1

Assume that a vessel contains 3.12 kmol of N,, 0.84 kmol of O,, and 0.04 kmol
of Ar. Determine the constituent mole fractions, the mixture molecular weight,
and the species mass fractions.
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Solution
Total number of moles N = 3.12 + 0.84 + 0.04 = 4.0 kmol

Xy, = Ny /N=312/4=078.

Similarly, X , =021 and X, = 0.01.

N

The mixture molecular weight can be calculated using Equation 1.3, i.e.,

M =0.78 X 28 + 0.21 X 32 + 0.01 X 39.95 = 28.975 kg per kmol of mixture.

The total mass m = 3.12 x 28.02 + 0.84 X 32 + 0.04 X 39.95 = 115.9 kg, and
the mass fractions are:

Yy, = my /m =312 x 2802/115.9 = 0.754.

N,
Similarly, Yoz =0.232 and Y, = 0.0138.

Remark

A mixture of N,, O,, and Ar in the molal proportion of 78:21:1 (mol or volume
percent) is representative of the composition of air. Many times Ar is combined
with N, and air composition is reported as 79% N, and 21% O,.

1.3.3 Property

A property is a characteristic of a system in equilibrium. Properties can be
classified as follows:

B Primitive properties are those that appeal to human senses, e.g., T, P, V, and m.

B Derived properties are derived from primitive properties; e.g., force
derived from Newton’s law, enthalpy H, entropy S, and internal energy U.

B [ntensive properties are independent of the extent or size of a system, e.g.,
P (kN m?), v (m? kg!), specific enthalpy h (k] kgh), and T (K.

B Fxtensive properties depend upon system extent or size, e.g., m (kg), V (im?),
total enthalpy H (kJ), and total internal energy U (kJ). The extensive prop-
erties are additive.

An extensive property can be converted into an intensive property provided
it is distributed uniformly throughout the system, by determining its value per
unit mass, unit mole, or unit volume. For example, the specific volume v = V/m
(in units of m3kg™) or V/N (in terms of m*kmol™). The density p = m/V is the
inverse of the mass-based specific volume. We will use lowercase symbols to
denote specific properties (e.g., v,U, u, and #, etc.) and the bars denote mole-
based specific properties. The exceptions to the lowercase rule are temperature
T and pressure P. Furthermore, we will represent the differential of a property
as d (property), e.g., dT, dP, dV, dv, dH, dh, dU, and du and those variables
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crossing the boundary as & (variables); e.g., 8Q, dW, where Q and W are heat
and work crossing the boundary.

1.3.4 State

The condition of a system is its state, which is normally identified and described
by the observable primitive properties of the system. Generally, a set of prop-
erties, such as T, V, P, N;, N,, etc., representing system characteristics define the
state of a given system.

Mechanical equilibrium prevails if there are no changes in pressure. Thermal
equilibrium exists if the system temperature is unchanged. Phase equilibrium
occurs if, at a given temperature and pressure, there is no change in the mass
distribution of the phases of a substance, i.e., if the physical composition of the
system is unaltered. For instance, if a vessel containing liquid water is placed
in a room with both the liquid water and room air being at the same temperature,
and if the liquid water level in the vessel is unchanged, then the water vapor
in the room and liquid water in the vessel are in phase equilibrium.

Chemical equilibrium exists if the chemical composition of a system does not
change. For example, if a mixture of H,, O,, and H,O of arbitrary composition is
enclosed in a vessel at a prescribed temperature and pressure, and there is no
subsequent change in chemical composition, the system is in chemical equilib-
rium. The term thermodynamic state refers only to equilibrium states.

1.3.5 Equation of State

Having described systems, and the type and state of matter contained within
them in terms of properties, we now explore whether all of the properties
describing a state are independent or related.

A thermodynamic state is characterized by macroscopic properties called state
variables denoted by x,, X,, ..., X,, and F. Examples of state variables include T,
P, V, U, H, etc. It has been experimentally determined that, in general, at least
one state variable, say F, is not independent of x;, x,, ..., X,, so that

F=F &, X5, ..., X). 1.4

Equation 1.4 is referred to as a state postulate or state equation. The number
of independent variables, x;, x,, ..., X, (in this case there are n variables), is
governed by the laws of thermodynamics. For example, if x, =T, x, =V, x; = N,
and F = P, then

P=P (T, V, N).

For an ideal gas, the functional form of this relationship is given by the ideal
gas law, i.e.,

P=NR T/V, (1.5)
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where R is known as the universal gas constant, the value of which is 8.314 kJ
kmol™ K-1. The universal gas constant can also be deduced from Boltzmann’s
constant, which is the universal constant for one molecule of matter (defined
as ky = R/N,,, = 1.38 x 10% kJ molecule! K!; see Table A.1A). Defining the
molar specific volume, v= V/N, we can rewrite Equation 1.5 as

P=RT/0. (1.6)

Equation 1.6 (stated by J. Charles and J. Gay Lussac in 1802) can be called
an intensive equation of state, as all the variables contained in it are intensive.
The ideal gas equation of state may be also expressed in terms of mass units
after rewriting Equation 1.5 in the form

P = (m/M)RT/V = mRT/V, 1.7
where R=R/M. Similarly,
P = RT/v. (1.8)

Equation 1.8 demonstrates that P = P (T, v) for an ideal gas and is known
once T and v are specified.

For a nonequilibrium system, state equations for the entire system are mean-
ingless. However, the system can be divided into smaller subsystems A and B,
with each assumed to be in a state of internal equilibrium. State equations are
applicable to subsystems that are in local equilibrium.

1.3.6 Standard Temperature and Pressure

Using Equation 1.6, it can be verified that the volume of 1 kmol of an ideal gas
at standard (scientific) ambient temperature and pressure (SATP), given by the
conditions T = 25°C (77°F) and P = 1.013 bar (1 atm), is 24.5 m3 kmol™ (392 {3
Ibmol™). This volume is known as a “standard” cubic meter (SCM) or a standard
cubic foot (SCF).

Interestingly, there is no general agreement among engineers and chemists
regarding standard temperature and pressure (STP). Engineers often define STP
(called US standard or International Standard Atmosphere, ISA) at 15.6°C (60°F)
and 101.3 kPa (1 atm). For ideal gases, 1 kmol of any fuel at STP, 15.6°C (288.6K)
and 101.3 kPa, occupies a volume of 23.68 m? (RT/P, where R = 8314 atm m?
K. Chemists use STP at 0°C, 1 atm (chemist standard atmosphere, CSA) with
STP volume of 22.4 m3/kmol. See Table A.1A in Appendix A for the values of
volume at various STP conditions. Thus, mole ratio for gaseous species is the
same as the corresponding ratio on a volume basis. This equality is very useful
for gas-fired burners, because if the volume flow of gases in cubic meters is
known, then the mole-based flows can be readily determined. Using STP volume,
one can determine the density of any species k at STP as M/(STP volume) where
M is the molecular weight of species k.
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Specific gravity (Sg) is the relative density of a given gas to air at the same
T and P; thus,

Sg = p/p, ={PM/R TY/{PM, /R T} = M/M,

Thus, for methane, Sg = 16.05/28.97 = 0.55. For Sg of liquids, see Section 4.3.9.1.

1.3.7 Partial Pressure

The equation of state for a mixture of ideal gases can be generalized if the
number of moles in Equation 1.5 is replaced by

N = N+N,+Nj+.= YN, (1.9
so that Equation 1.5 transforms into

P=N,RT/V+N,RT/V + ... (1.10)

The first term on the right-hand side of Equation 1.10 is to be interpreted as
the partial pressure (p,) for an ideal gas mixture. This is the pressure that would
have been exerted by component 1 if it alone had occupied the entire volume.
Therefore,

p, =N, R T/P = XNRT/V = X,P. (1.11)

Assuming air at a standard pressure of 101 kPa to consist of 21 mole percent
of molecular oxygen, the pressure exerted by O, molecules alone Do, 15 0.21
x 101 = 21.21 kPa. The partial pressures are extremely important in combustion
calculations because we deal with gas mixtures.

1.3.8 Phase Equilibrium

When liquid fuels are analyzed for combustion, a knowledge of phase equilibrium
is required in order to predict the rate of evaporation or combustion. Here, a brief
overview of phase equilibrium is presented. Consider a small quantity of liquid
contained in a piston—cylinder assembly with a weight at the top, so that P is
constant during the process of heating. If T of the fluid is less than T, at given
P the state is called subcooled or compressed liquid. 1f a small bubble is formed
at T = Ty,ying (Or more appropriately called T5* at a given P), the liquid is said to
be a saturated liquid (state F; Figure 1.5a), and the specific volume of the liquid
at this saturated state is denoted by v;. As more heat is added, the liquid and vapor
phases coexist at state W (in the two-phase or wet region, v > vp). The ratio of
the mass of vapor (mg) to total mass m is termed quality (x = rng/rn). As more
heat is added, the liquid completely converts to vapor at state G and is called
the saturated vapor state or the dew point (state G; Figure 1.5a2), and the
specific volume of the vapor at this saturated state is denoted by v,. The heat
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Figure 1.5 (a) T-v-P and (b) P-T diagrams of a pure substance.

required to vaporize from saturated liquid to saturated vapor is called heat of
vaporization or latent beat (L). Upon further heat addition at the specified pres-
sure, the system temperature becomes larger than the saturation temperature, and
the vapor enters state S, which is known as the superbeated vapor state. The curve
AFWGS in Figure 1.5a describes an isobaric process on the T-v diagram. Experi-
ments could be repeated at different pressures P and variation of T, with P can

be obtained, or vice versa. Often, the following empirical fit, known as Cox—Antoine
relation can be obtained:

B

InP*=A4+ .
T+C

When C = 0, the relation is known as the Clausius—Clapeyron relation
(see Chapter 10).

Curve DFC is called saturated liquid, and CGE is called saturated curve
(Figure 1.5a). The two curves intersect at the critical point C that corresponds
to a distinct critical temperature and pressure, T. and P.. The latent heat is L =
0 at the critical point. Table A.2A of Appendix A contains critical data for many
substances. Substances at P > P_ and T > T, are generally referred to as fluids
that exist in a supercritical state. Both liquid and vapor are contained in the fwo-
phase dome where P <P, T < T, and v; <v <v,.

On plotting the pressure with respect to the saturation temperature T,,, along
the saturated curve, the phase diagram of Figure 1.5b is obtained. In this figure,
the vaporization curve is represented by JC, JQ is the melting curve for most
solids but JQ’ is the melting curve for ice, and JR represents the sublimation
curve. The intersection J of the curves JC and JQ at which all three phases
coexist is called the triple point. For water, this point is characterized by P =
0.0061 bar (0.006 atm) and T = 273.16 K (491.7°R), whereas for carbon, the
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analogous conditions are T = 3800 K and P = 1 bar. Knowledge of liquid—vapor
equilibrium is essential in understanding liquid fuel combustion as well as con-
densation of H,0 when product gases are cooled.

1.4 Microscopic Overview of Thermodynamics

In order to understand the processes governing combustion, it is useful to under-
stand the microscopic behavior of molecules constituting the matter of those
systems. A brief overview of the subject is presented in the following subsections.

1.4.1 Matter

Atoms are of the order of 1 to 2 A (i.e., 1 x 107° 2 x 1071 m) in radius. Because
g and kg are too large to denote the mass of atom, we define atomic mass unit
(amu). One amu = (1/6.023 x 10%) g. If Z is the number of protons and N the
number of neutrons, then

A =7 + N = atomic mass number or total mass number.

For example, A for He = 4; it has 2 protons, 2 neutrons, and 2 electrons; He
is written as “,He, where 4 is the atomic mass number, and 2 is the number of
protons. H has no neutrons and is written as };H. Many atoms do not exist alone
and combine with other atoms forming a molecule. Oxygen is a homonuclear
molecular compound, whereas the water molecule, H,O, is a heteronuclear
molecule consisting of two atoms of H (separated by 105°) 1 A distant from one
atom of O (Figure 1.6). Water is an inorganic compound (i.e., it does not have
a C atom).

Electrons orbit at different energy levels (2n?, where n is the orbit number;
2[n=1],8[n=2], 18 [n = 3]D. Electrons get attracted to protons, and this is greatest

Figure 1.6 Schematic illustration of a water molecule.
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for electrons at closest orbits and least for those at farthest orbits (called valence
electrons). Electrons in the farthest orbit have high interatomic potential energy, and
they are more likely to get involved with chemical interactions because they are least
tightly held. An atom is in a stable state if its outermost orbit is filled, or has 8 electrons.
Such an atom is said to be chemically inert, such as He with 2 electrons. And Ne
with 10 (2 + 8) electrons. On the other hand, the H atom has 1 electron and hence
combines with another H to form H,. Strong attractive forces called chemical forces
hold the atoms together in a molecule (e.g., two H atoms bound together in H,),
and the corresponding potential energy is called a chemical bond (intramolecular
Jforces). Another example is, two atoms of H and one atom of O held together as a
molecule of H,O by a chemical bond (Figure 1.6). These bonds are created by pulling
electrons away from H atoms to O atoms, forming H* and O, which results in
chemical bonds. On the other hand, if a second H,O molecule is brought near the
first molecule, there exist intermolecular forces. Chemical forces (strengths within
molecules) are always much higher than the attractive forces between the molecules,
and this keeps the molecules separated from one another.

1.4.2 Intermolecular Forces and Potential Energy

Consider the N, molecule. Adjacent N, molecules are separated by an intermolec-
ular distance /. The variation of the intermolecular force F between molecules as
a function of ¢ is illustrated in Figure 1.7. In a piston—cylinder—weight assembly,
this distance can be varied by changing the volume by the addition or removal of
weights. The intermolecular force is negative when attractive, i.e., it attempts to
draw molecules closer together, whereas positive forces correspond to closer
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Figure 1.7 Calculated L) potential and force field for nitrogen molecules.
010 =1.1225, 0, /¢, = 1.2445.
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intermolecular spacing and are repulsive, i.e., they attempt to move the molecules
away from each other. The distances ¢, / Ling» o, and o that are illustrated in
Figure 1.7 will be described later. The Lennard—Jones (L)) (6-12 law) empirical
approach for like molecular pairs, such as the homonuclear molecular pair N,
— N,, furnishes the intermolecular potential energy (IPE) in the form

max,F

D () = 4e (Ly/ D = (Ly/ D)), (1.12)

where € represents the characteristic interaction energy between molecules, i.e.,
the minimum potential energy

(I)min =é&= 077 kB Tc» (113)

where ky denotes Boltzmann’s constant (= R/N,,, = 1.33 X 10 (kJ/molecule K)),
T, the critical temperature, and ¢, represents the distance at which the potential
is zero (cf. Figure 1.7) and is approximately equal to the characteristic or collision
diameter ¢ of a molecule at which the potential curve shown in Figure 1.7 is
almost vertical. Table A.3 of Appendix A tabulates ¢ and &/k; (in K) for many
substances. In order to determine 7, ,, Equation 1.12 can be differentiated with
respect to £ and set equal to zero. From this exercise,

Coine/lo = 216 = 11225, (1.14)
and the corresponding value of ®_, = & Hence,
D)/ D, = 4((Ly/ D12 = (Ly/0)). (1.15)

The interaction force between the molecules is given by the relation F(£)
= dd/d/¢, so that

F(O)/®,, = (4/0,)(12(L,/ 0O — 6(£,/0)7). (1.16)

The maximum attractive force occurs at £, /¢, = 1.2445, and the corre-
sponding force |F. .| = 2.3964 |®,..| .

Assuming /,, to equal o, for molecular nitrogen, o=/, = 3.681 A and &/k; =91.5
K (Table A.3 of Appendix A). Using the value of k; = 1.38 X 10% J molecule™ K-!, @
and F can be determined for given values of ¢,/¢. Results are presented for
molecular nitrogen in Figure 1.7. Note that the molecular diameter is o (also called
the collisional diameter), which is the closest distance at which another molecule
can approach it.

If the molecules are spaced relatively far apart, the attractive force is negli-
gible. Ideal gases fall into this regime. As the molecules are brought closer
together, although the attractive forces increase, the momentum of the moving
molecules is high enough to keep them apart. As the intermolecular distance
is further decreased, the attractive forces become so strong that the matter
changes phase from gas to liquid. Upon decreasing this distance further, the
forces experienced by the molecules become smaller (Figure 1.7). Any further

min
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compression results in strong repulsive forces, and the matter is now a solid
in which the molecules are well positioned.

1.4.3 Molecular Motion

At low pressures and high temperatures, the intermolecular spacing in gases
is usually large, and the molecules move incessantly over a wide range of
velocities. The molecules also vibrate, rotate (Figure 1.8), and constantly collide
with each other, particularly in gases and liquids.

1.4.3.1 Collision Number and Mean Free Path

Molecules contained in matter travel a distance /., before colliding with

mean

another molecule. Collision number between molecular A and B per unit volume
is given as

— 2 2
Zcoll,AB =N, Ny NAvog TL-O-AB ‘/avg,AB (117)
and average molecular velocity and molecular diameter are given as

Viwaan = 8k T/(mup)? and  0,5= (0, + 0p)/2 (1.18a)

(m,m,) M
/'LAB: ) m
(m, + my) N

(1.18b)

Avog

where n is the number of kmol/m?3.
Reverting to similar molecules, the average distance traveled by a molecule
during this time is called its mean free path /¢ where

mean?’

Cpean = 1/QV2 0’09, n” = nNy,, (1.19

(@) (b) (C)

Figure 1.8 lllustration of the energy modes associated with a diatomic molecule.
(a) translational energy (TE), (b) rotational energy (RE), (c) vibrational energy (VE).
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Figure 1.9 Maxwellian distribution of the absolute velocity in helium, which
is a perfect gas (Helium with m = 6.65 x 10-2g).

Typically, the number of collisions is of the order of 10¥m=> sec™!. The
mean free path is not the same as the average distance between adjacent
molecules, because molecules’ paths may not be collinear.

1.4.3.2 Molecular Velocity Distribution

All of the molecules do not travel at the average velocity. The typical velocity
distributions (also called the Maxwellian distributions) of Helium molecules
at different temperatures are illustrated in Figure 1.9. The typical velocity
distributions can be determined from the expression

(1/N)(AN’,/dV) = (42 [m/Qky TPV expl(1/2mV¥/(ky D] (1.20)

where N, represents the number of molecules moving with a velocity in the
range V and V+ dV, N is the total number of molecules, and m, the molecular
mass (M/Ny,,,), with M denoting the molecular weight.

Equation 1.20 can be rewritten in terms of the energy ¢ = mV?/2 and
integrated to obtain the fraction of molecules possessing energy in the range

E to o, ie.,
N’ /N = 2 V2((E/(R THV?exp(—(E/(R T) + (1 — erf(E/R T)*%), (1.2D
where E =M V?2/2, M denotes the molecular weight (or the mass of 1 kmoD),

and R = ky N, is the universal gas constant. Because E/RT is typically
large, the value of the last term on the right-hand side of Equation 1.21



20 Combustion Science and Engineering

is negligibly small. Hence, the fraction of molecules with a velocity in the range
V to e (or E < Energy < o) may be expressed as

N!./N = 2 VHE/(RT)"?exp {—(E/(RD}. (1.22)

Equation 1.22 indicates that the fraction of molecules associated with an
energy of value E and greater is proportional to exp {—(E/(RT)). Note that E
generally includes all forms of energies of molecules. Chemical reactions
between reactant molecules occur when the energy E exceeds the minimum
activation value that is required to overcome the molecular bond energies,
thereby allowing the atoms to be rearranged in the form of products. The lower
is E, the higher is the fraction of molecules having an energy of E and higher.

1.4.3.3 Average, RMS, and Most Probable Molecular Speeds

In order to determine the average and RMS speeds, etc., from Equation 1.20,
the following integrals are useful:

Ix expl-ax” *( 2 4f 27 \ﬁ’zf’

for n=0,1,2,3 4, 5etc.

The average molecular speed V,,, is

= [8/BM)]"? Vs = (8 kyT/(mm))V2 = (8R T/AMzmD™,  (1.23)
The expression for the most probable speed (where dN,/dV is a maximum) is
Vs = (2/3)V2 V= 2k, T/m)V2 = 2R T/M™, (1.24)

The rms speed Vs can be expressed as
Vs = Gk T/m)2 = (3R T/ M)'?, (1.25)

where Vg =V +V;+V? is based on the three velocity components. The aver-

age translational energy (TE) is given by

1 2_1 2 2 z_é
SV = m(VERVIHVE )=k (1.26)

RMS B

From Equation 1.24 note that average transnational energy per molecule is
3k, T/2 where k, =R/N, ., whereas for 1 kmol, the average TE = (1/2) M V5.
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It is customary to assume that |V, | = [V, | = |V,], i.e,, each degree of freedom
contributes energy equivalent to (1/2)k;T to the molecule. At standard con-
ditions Vs = 1,918, 515, and 481 m sec’!, respectively, for H,, N,, and O,,
and is typically of the same magnitude as the speed of sound in those gases.
For an ideal gas, the speed of sound c=(k R T/M)"*, where 1 <k < 5/3. For
gaseous N, and H,, respectively, at standard conditions V,,, = 475 and 1770
m sec’; m = 4.7 X 10720 kg and 0.34 x 1020 kg; 6 = 3.74 A and 2.73 A; /...
= 650 A and 1230 A. At 27°C the average TE per molecule is (3/2) * 8314 *
300 (J/kmol)/6.023 x 10% = 6.2 x 10e7?' J per molecule; TE per kmol = 1/2
MV = (3/2) * 8314 * 300 (J/kmol) = 3734 and 260 J/kmol, respectively.

RMS™

1.4.4 Temperature

One can define temperature only when there is equilibrium between the
various internal degrees of freedom. For example, if one increases the “tem-
perature” instantaneously, say, from 300 K to 3000 K, the molecular speed
increases. According to Newton’s law, the increase requires a finite time called
relaxation time, whose timescale is of the order of 107* sec. Similarly, the
molecule may increase its rotational speed and vibrational frequency with
corresponding relaxation timescales that are of the order of 10® sec and 10~ sec.
Therefore, unless the timescale for temperature change is much higher than
0.1 msec, one may not assume internal molecular equilibration. For example,
in deterioration waves (Chapter 14), “temperature” rises very rapidly and
internal equilibration may not exist.

1.4.5 Knudsen Number

State equations and many heat and mass transfer relations (e.g., Fourier Law,
PV =NRT) are valid only when the surface on which a molecule impinges
has a dimension much larger than the mean free path /. Consider a small
particle of the order of, say, 0.01 um surrounded by N, gas. We wish to
determine the pressure exerted on this small particle. Let the mean free path
of the N, molecule be 0.1 um. It is, therefore, possible that molecules located 0.1
um apart may not collide at all on the surface of the particle. For such cases
the pressure cannot be calculated through state equations like Equation 1.5.
The Knudsen number is defined as

Kn=/¢__ /d (1.27)

mean )

where d denotes the particle diameter. This number is useful in defining
continuum properties such as pressure, thermal conductivity, etc. If Kn << |,
the continuum approximation is valid. Particularly, when carbon or liquid
droplets burn or evaporate, the size of the particle becomes extremely small
and continuum approximation may not be valid. Kn is also useful in dealing
with combustion analyses of nanotubes.
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Figure 1.10 Illustration of species transfer. Oxygen molecules are denoted
by O, and CO, molecules by X.

1.4.6 Chemical Potential and Diffusion

The chemical potential drives mass (or species) transfer in a manner similar to the
thermal potential that drives heat transfer O from higher to lower temperatures.

Consider a vessel divided into two sections C and D separated by a permeable
membrane (as shown in Figure 1.10) that initially contain oxygen throughout,
and in which charcoal is spread over the floor of section D. Because the charcoal
burns, sections C and D consist of two components: oxygen and CO,. Figure
1.10 shows the variation of mole fractions of O, and CO,. Further, consider a
specific time at which the mole fraction of O, in section C (say, Xo, = 80%) is
larger compared to that in section D (say, Xo, = 3090).

Because molecules move randomly, for every 1000 molecules that migrate
from C into D through the section Y=Y, 1000 molecules will move from D
into C. Consequently, 800 molecules of O, will move into D, whereas only
300 molecules of this species will migrate to C from D, so that there is net
transfer of 500 molecules of O, from section C to D. Simultaneously, there is
a net transfer of 500 molecules of CO, across the Y=Y plane from section D
into C. The oxygen transfer enables continued combustion of the charcoal.
This mass transfer (or species transfer) due to random molecular motion is
called diffusion (also see Chapter 6).

The chemical potential u, alternatively known as Gibbs function (g) for ideal
gases, is related to the species concentrations (hence, their mole fractions). Mac-
roscopically speaking, a higher species mole fraction of O, in section C implies a
higher chemical potential for that species, thereby inducing oxygen transfer from
C to D. If the charcoal is extinguished, CO, production (therefore, O, consumption)
ceases, and eventually a state of species equilibrium is reached. At this state the
chemical potential of each species or its concentration is uniform in the system.

1.4.7  Entropy (S)
1.4.7.1 Overview

Molecules undergo random motion. The energy of random motion is indicated
by the temperature (e.g., T «< mV? where V denotes the molecular velocity; a
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«s ”

random velocity distribution is provided by Maxwell’s law), whereas “ipe
depends on the volume V of the system. In addition to “te,” molecules contain
energy in the form of “ve” and “re” at various rotational speeds.

Entropy is a measure of the number of random states in which molecules
store energy, just as there are several ways to store physical items in a cabinet
(depending on the number of items and the shelves in the cabinet). Assuming
all of these states to be equally probable, the entropy S is defined as a quantity
proportional to the logarithm of the total number of microstates Q ., in which
energy is stored, i.e., from statistical thermodynamics, S = &k, In Q,, (known
as Boltzmann’s law).

1.4.7.2  Entropy S=5 (U, V)

Thus, for a given gas within a room, the probable macroscopic state is one
having various velocity magnitudes, different directions, different positions,
etc. If U is increased at the same volume, there are more possible energy
states and hence more entropy. S increases with U. Further, in smaller volumes,
they collide more frequently per unit time, and the distribution becomes more
uniform, hence, entropy is lesser for the same U. Thus, at a given U, § is also
S(V); if both U and V vary, then S = S(U, V).

1.5 Conservation of Mass and Energy and the First
Law of Thermodynamics

Section 1.2 to Section 1.4 presented basic concepts on macroscopic and
microscopic thermodynamics and the physical meanings of pressure P, tem-
perature T, and entropy S. In this section, conservation equations of energy
(called the first law in mathematical form) and mass are presented for both
closed and open systems.

1.5.1 Closed System
1.5.1.1 Mass Conservation

For closed systems the mass conservation equation is simply that the total mass

m = constant, (1.28)

1.5.1.2 Energy Conservation

An informal statement regarding energy conservation is as follows: “Although
energy assumes various forms, the total quantity of energy is constant, with
the consequence that when energy disappears in one form, it appears simul-
taneously in other forms.”
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1.5.1.2.1 Elemental Process

For a closed system undergoing an infinitesimal process, during which the
only allowed interactions with its environment are those involving heat and
work, the first law can be expressed quantitatively as follows

0Q — 0W = dE(KJ or Btu) (1.29)

where 6Q denotes the elemental (heat) energy transfer across the system bound-
aries because of temperature differences, 0 W the elemental (work) energy in
transit across the boundaries in all forms, such as Pdv, shaft work, electrical
equivalent of work (e.g., the piston weight lifted because of the expansion of the
system, Figure 1.11), and dE the energy change in the system. The term E = U
+ KE + PE, where U is the non-nuclear internal energy U (= transitional energy
(TE) + vibrational energy (VE) + rotational energy (RE) + IPE + chemical or
bond energy, etc.) that resides in matter, the kinetic energy (KE) and the
potential energy (PE). Note that Q and W are transitory forms of energy, and
their differentials are written in the inexact forms 6Q and 0 W, whereas
differentials of resident energy E are written as exact differentials. Dividing
Equation 1.29 by m,

0q— ow =de, kJ/kg or Btu/lb (1.30)

where q denotes the heat transfer per unit mass Q/m, w the analogous work
transfer W/m, and, likewise, e = E/m.

A positive sign is assigned for heat transfer into a system, while the work
done by the system is assigned a positive sign (W > 0), and work done on the
system is assigned a negative sign (so that W < 0).

Equation 1.30 may be rewritten for a static system in the form

6Q — W = dU. (1.3D

1.5.1.2.2 Energy

At a microscopic level, the internal energy U is due to the molecular energy,
which is the sum of the (1) molecular translational, vibrational, and rotational
energies (also called the thermal portion of the energy), (2) the molecular
bond energy (also called the chemical energy), and (3) the intermolecular
potential energy, IPE. At a specified temperature, the energy depends upon
the nature of the substance, and, hence, is known as an intrinsic form of
energy. Note that in chemical reactions, the atomic structure changes (even
though atoms are conserved) producing new species, and hence bond or
chemical energies are different for different species. For nonreacting systems
the bond or chemical energy can be ignored.
The first law is

0Q — 0W = dU + d(PE) + d(KE), (1.32)

where PE and KE denote the potential and kinetic energies, which are called
extrinsic forms of energy.
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1.5.1.2.3 Integrated Form
Integrating Equation 1.29 between any two thermodynamic states (1) and (2)
we have

Q. — W, =E, — E, = AE kJ or Btu. (1.33)

The heat and work transfers are energy forms in transit and, hence, do not
belong to the matter within the system, the implication being that neither Q nor
W is a property of matter.

1.5.1.2.4 Cyclic Form

Because for a cycle the initial and final states are identical (Figure 1.12),
¢5Q:¢5W: 0 or Qcycle = Qin - Qout :chcle' (134)

Example 2

Using the first law for a closed system, obtain an expression for the escape
velocity of mass m if it has to overcome the earth’s gravitational field with
% Compute the speed in m/sec.

[Pl

g” given by

2
r

Solution
Q,-W,=E —E,Q=0,W=0; E,=E; KE, + PE, + U, = KE, + PE, + Uy;
U, = U;; KE, + PE, = KE, + PE,.
If 1 is a location on the earth’s surface (say, Cape Canaveral, Florida) and 2
is at a location where the earth’s gravity is almost zero, then

KE,+ PE, = 0 + (<C m my/r) with 7 — oo = KE, + PE, = 1/2 m V} + (<C m my/r;)

Then 1/2 m V> = (C m my/rp), V; = (2 C my/r)"2 or 2 C py, (4/3) 7 r})?
Average density of earth, p; = 5,500 kg/m?, C = 6.67 x 10° Nm? kg, 1y, radius
of earth = 6,378,137 m, V, = (2 X 6.67 x 107! x 5.97 x 10%/6,378,137)"/? =
11,200 m/sec = 25,000 mi per h.

1.5.1.2.5 Rate Form

Equation 1.33 can be used to express the change in state over a short time
period 6t (i.e., 6Q = Qdt and dW = W 1) to obtain the first law in rate form,
namely,

O-W =dE/dt. (1.35)



26 Combustion Science and Engineering

|

/ System | |

' ¢ ' !
| |

Figure 1.11 Illustration of the first law for a single process.

The rate of work W is the energy flux crossing the boundary in the form
of work through distance dz as illustrated in Figure 1.11. The heat flux Q is
a consequence of a temperature differential, and does not itself move the
boundary but alters molecular velocity that manifests itself in the form of
temperature. Equation 1.35 is useful for the analysis of compression, combus-
tion, and expansion in automobile engines.

The laws of thermodynamics are constitutive equation independent, while
calculations of Q and W may require constitutive relations. For example,
Fourier heat conduction relation Q = —AVT, a constitutive equation is
employed for heat transfer.

1.5.1.2.6  First Law in Enthalpy Form

The enthalpy can replace the internal energy in Equation (1.31). The enthalpy
of any substance is defined as

H=U+PV,h=u+ Pv. (1.36a,b)
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Figure 1.12 lllustration of the first law for a cyclic process.
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For ideal gases PV = mRT and, hence, H = U + mRT.
For a quasi-equilibrium process 6W = PdV + 0 W_,,....
If 6W, ., = 0, Equation (1.31) becomes

other

6Q + VdP = dH. (1.37)
For a quasi-equilibrium process at constant pressure,
0Q, = dH. (1.38)

Note that the first law is valid whether a process is reversible or not. However,
once the equality 6 W = P dV is accepted, a quasi-equilibrium process is also
assumed.

1.5.1.2.7 Internal Energy and Enthalpy

The internal energy is the aggregate energy contained in the various molecular
energy modes (translational, rotational, vibrational, and bond energy), which
depend upon both the temperature and the intermolecular potential energy,
the latter being a function of intermolecular spacing or volume. Therefore,
u = u(T, v) or u = u(T, P), because the specific volume is a function of pressure.

Enthalpy, h, is a sum of internal energy and additional Pv energy which
has the potential to cause a flow or perform flow work.

h =u + RT, ideal gas (1.39)

Once h(T) is known, u can be derived. Denoting the enthalpy of an ideal
gas by h(D),

u = h(T) — Pv = h(T) — RT = u(T), ideal gas. (1.40)

1.5.1.2.8 Specific Heats at Constant Pressure and Volume

The specific heat at constant volume c, is defined as,
¢, = (Qu/dT), = 6q,/dT,. (1.4
For an ideal gas, u = u(T) only and hence,

du

¢, =——, du=cdT. (1.42)
v dT v

If the matter contained in a piston—cylinder—weight assembly that ensures
isobaric processes is likewise heated, the constant-pressure specific heat ¢,
is defined as

¢, = @h/dT), = (8q/dT), (1.43)
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For an ideal gas, h = u(T) + RT = h(T) only and hence,
¢, = dhdl, dh=c dT (1.449)

For any substance, the values of the properties c, and ¢, can be experi-
mentally measured.

The ratio of the two specific heats k = ¢,/c, is an important thermodynamic
parameter. Typically, the value of k is 1.6 for monatomic gases (such as Ar,
He, and Ne), 1.4 for diatomic gases (such as CO, H,, N,, and O,), and 1.3
for triatomic gases (CO,, SO,, and H,0).

For ideal gases, the subscript “v” could be interpreted as differentiation of
u with respect to T, whereas the subscript “p” may be interpreted as differ-
entiation of h with respect to T. Because dh — du = (Cp —¢)dT and h=u+

RT, then d(h —w) = RT) = (¢, — ¢ dT
CPO(T) =¢,.(D + R (1.45)

For solids and liquids c,=c, = c. Table A.4A and Table A.4B, as well as
Table A.5, in Appendix A present density and specific heats at specified
temperature for solid, liquids, and gases, whereas Table A.6A and Table A.6B
of Appendix A present relations for ¢, ,(T) for liquids, solids, and many gaseous
fuels. The internal energy and enthalpy of an ideal gas can be calculated by
integrating Equation 1.44, i.e.,

T T
h = j cpo(T) dr, and u = J. ¢, (DT,
7—;‘(?/' .

Tny

where h.; = u,; = 0. Once either the enthalpy or internal energy is known,
the other property can be calculated from the ideal gas relation u = h — RT.
For instance, if ¢,,(T) is specified, one can generate h and u tables for ideal
gases. Table A9 and Table A.11 make use of known ¢,, (T) relations in
evaluating h and u values of various ideal gases with the exception of car-
bon(s) (Table A.10). The term b, — b,y is called thermal enthalpy and is equal
to [’ ¢, dt in Table A.10 to Table A.30 of Appendix A with T,.rselected at

298 ~po

298K. Thermal enthalpy will be discussed further in Chapter 2.

1.5.2 Open Systems

In open systems (also known as a control volume (c.v.) system, based on
the presumption that the volume is rigid), mass crosses the system boundary.
In addition to heat and work interactions with the environment, interactions
also occur through an exchange of constituent species between the system
enclosure and its environment. Consequently, the mass contained within
the system may change. Examples of open systems include combustors,
turbines, etc., which have a rigid boundary, thereby implying a fixed c.v.
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(as in Figure 1.13), or automobile engine cylinders in which the c.v. deforms
during the various strokes.

An open-system energy conservation equation is equivalent to that for a
closed system if the energy content of an appropriate fixed mass in the open
system is temporally characterized using the Lagrangian method of analysis.
However, the problem becomes complicated if the matter contains multiple
components. It is customary to employ an Eulerian approach that fixes the
c.v., and analyzes the mass entering and leaving it. We now present the
Eulerian mass and energy conservation equations, and illustrate their use by
analyzing various flow problems. At the end of the chapter, we will also
develop simplified differential forms of these equations that are useful in
problems involving chemically reacting flows.

1.5.2.7 Mass
1.5.2.1.1 Integrated Form

The mass conservation for a c.v. system (i.e., volume of system is fixed) with
multiple inlets and exits is given as,

dm,/de = ) i, =, (1.46)

If the rigid boundary around a turbine is demarcated, the properties within
the c.v. vary spatially from inlet to exit. Unlike closed systems, property
gradients inherently exist as shown in Figure 1.13 because P, > P, > P, and
T, > Ty > T¢. Therefore, the mass within the c.v. can only be determined by
considering a small elemental volume dV, and integrating therefrom over the
entire turbine volume. Because the velocity distribution also varies spatially,
the inlet and exit mass flow rates can be represented as

m:—j pV-dA . (1.47)
Ai

The negative sign in Equation 1.47 is due to the velocity vector of the
entering mass that points toward the elemental area dA, whereas the area
vector always points outward normal to the c.v. According to our previously
stated convention, the mass entering the turbine must carry a positive sign.
This is satisfied by providing a negative sign to the equation. Therefore,
Equation (1.46) becomes

d/dt(L pdV) = —95 pV -dA. (1.48)

The cyclic integration implies that the mass is tracked both in and out
throughout the c.v. of the system.
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P =10 bar
T =1000 K

P =1bar
T =600 K

Figure 1.13 Nonuniform property within a control volume.

1.5.2.1.2 Differential Form

Applying the Gauss divergence theorem to the right-hand side of Equation 1.48,
—ggpﬁ.dh—(ﬁv,;ﬁdv. (1.49)

(The x-wise component of the right-hand side is {d(pv,)/dy) dy(dxdz)}). 1f the

control volume is time independent, i.e., it has rigid boundaries, Equation 1.48
may be written in the form

J (dp/or + sz?)dv =0. (1.50)
Because the c.v. is arbitrarily defined, the mass conservation becomes,

op/ot +V - pi =0. (1.51a)

For multicomponents we replace pv by 5p, v, and hence

Ip/ok+V- Y peve =0 (1.51b)

where v, absolute velocity of species k. (More details in Chapter 6.)

1.5.2.2 First Law of Thermodynamics or Energy
Conservation Equation

1.5.2.2.1 Integrated Form

For an open system, we modify the first law of closed system (Equation 1.35),
accounting for energy with inlet and exit flows:

dE_/dt =Q_ —W_ +m, (h+ke+pe), —m, (h+ke+pe), (1.52)
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Compared to Equation 1.35, there are two modifications: (1) addition of
energy transport via mass entering and leaving, and (2) the energy per unit
mass of transport contains h (= u + Pv) rather than u because each unit mass
has to perform Pv (flow or pumping work) to push the a mass of volume v
in and out against the resisting pressures. Hence, flow work is added with u
in the enthalpy term. The sum h + ke + pe is called methalpy. (Note: ke (KJ/
kg) = V2/2000, pe (kl/kg) = g 7/1000 (SD; h, = h + ke = h + V2/2, called
stagnation enthalpy.) Equation 1.52 simplified to Equation 1.35 with
m, =0, m, =0.

The following example illustrates an application of the first law.

Example 3

Consider a spherical tank of radius 0.38 m (radius R). We wish to pack electric
bulbs each of radius 0.01 m (radius a). The power to each bulb is adjusted such
that the surface temperature of the tank is maintained at 37°C. The heat transfer
coefficient is about 4.63 W/m? K. Assume steady state. Determine (a) heat loss from
the tank ( QL =h, A (T—T)) for T, = 25°C, (b) number of bulbs you can pack
in the tank, (¢) amount of electrical power required for each bulb so that the
tank surface is always at 37°C, and (d) what are the answers to (a) through (c)
if the tank radius is reduced to 0.19 m but the surface temperature is still
maintained at 37°C and the bulb size is fixed?

Solution

(@ Q=h, AT - T))=4.63x4 wx0.38° x(37—25) 101 W.

(b) Because the volume of each bulb V = 4/3 X & X a3, the number of bulbs
R3/a3 = 54,872.

(c) Assuming steady state, dE_ /dt = O — W + m; ey —mer. =0, m =m,=0
and O — W = 0. Therefore, W = Q, and W/N = Q/N = 101/54,872 =
0.00184 W per bulb.

() Q/N=h, AT - T)/R*/a>) = h, 47 (T - T)a’/R = 0.0007/R.

Therefore, by reducing the radius R, the electrical work per bulb increases,
and the power per bulb doubles to 0.00368 W.

Remarks

(1 As an analogy, the cells in a human (cell dia ~ 10pum and cell wall thickness ~ 10 nm)
or animal body can be thought of as replacing the bulbs in the above example.
The electrical power can then be replaced by the slow metabolism or slow
combustion of fuel (glucose, fat, and proteins). As the size of a species
decreases (Figure 1.14a), there is a smaller number of cells (which decrease in
proportion to the length scale R?), and the surface area decreases more slowly
(proportional to R?). Thus, a larger amount of fuel metabolism is required in
each cell. We can now obtain scaling groups. The heat loss from an organ-
ismQ, =0/ A = h A(T, — T), where A denotes the organism body area.

Assuming the heat transfer rate hy; to be constant, we note that Q, o< mz/ ’
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Figure 1.14 (a) Metabolic rates and sizes of species, (b) metabolic rates of
different species. (Adapted from Scaling: Why Is Animal Size So Important.
K.S. Nielsen, Cambridge University Press, p 57, 1984. With permission.)
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(Euclidean geometrical scaling). Experiments yield thatQ,_ = 3.552 m 074
The metabolic rates of various species in relation to their body mass are
illustrated in Figure 1.14b.

(i) The metabolic rate during the human lifetime keeps varying, with the highest
metabolic rate being that for a baby and the lowest being that for a
relatively senior citizen.

(iii) The minimum metabolic rate required for maintaining bodily functions is of
the order of 1 W. The open-system energy balance under steady state
provides the relation Q_ =2, h, —mi h, =m(h, — h).

(iv) If the body temperature rises (e.g., during fever), then dE_, /dt # 0.

Energy accounting and conservation (single inlet and exit) with multiple
components as in chemical reactions) is rewritten as,

dE./dt = Q. — W, + my; (h+ke + pe); — my . (h + ke + pe).
2 2
(1.53)

where k refers to species k. In a combustor (e.g., boilers, in which fuel burns
over a large volume), the terms m,, and E., must be evaluated for the entire
combustor in which the properties are spatially nonuniform. Therefore, the
specific energy and specific volume vary within the c.v. (e.g., regions A, B,
C, etc., in Figure 1.13 are at different T and P)

Mep = J.de/ UV, Eow= J.(u +ke+pe)dV/ v. (1.54)

1.5.2.2.2 Integral Form

The methalpy or total enthalpy e; = h + ke + pe crossing the c.v. is
n, e, = —_[ P8, - dA, (1.55)
K

where 7, is the absolute velocity of each species k,7, -dA <0 for the incoming
flow, and 0, -dA >0 for the exiting flow. A negative sign is added to the value
for consistency with our sign convention for the mass inflow and outflow,

W, =I wrdv, (1.56)

cv

N4

where 0 denotes the work done per unit volume per unit time. The heat

cv

crossing the system boundaryQ  is given by

cv

Qu =~ Lq”“d?l, (1.57)

where §” is the energy flux solely due to temperature gradients (e.g., §” = —AVT).
The negative sign associated with Equation 1.57 is due to heat input being positive.
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Using the relationships of Equation 1.54 to Equation 1.57, the integral form
of the energy conservation equation for a rigid c.v. assumes the form,

vl [ )= i [uzae - Gpegai s

where the term d/dt(JpedV) in Equation 1.37 denotes the rate of change of
energy in the entire c.v.

1.5.2.2.3 Differential Form
Applying the Gauss divergence theorem to Equation 1.37 and converting the

surface integral into a volume integral, and simplifying the result,

I pe)/dt +V -(pe,i)=—V-Q" —ui”. (1.59)

cv

If the heat transfer in the c.v. occurs purely through conduction, and the
Fourier law is applied, no work is delivered, and the kinetic and potential
energies are negligible (namely, e, = h, and e = u), Equation 1.59 may be
expressed in the form

A pu)/dt +V -(pih) =V -(AVT). (1.60)

Using the relation u = h — P/p, Equation 1.60 may be written as

A ph)/dt +V -(pih) =P/t +V -(AVT). (1.61)

These differential forms of the energy conservation equation are commonly
employed in analyses involving heat transfer, combustion, and fluid mechanics.
For multicomponent systems, p h=2X p, h,, pvh=Z p,v, b,

oY o Yo + 93 b )= op /o +9-GVT) (1.62)

where A is for a mixture of fluids and v,, the velocity of species k, which is
different from the average velocity of flow v.

1.6 The Second Law of Thermodynamics

1.6.1 Introduction

The simplest statement of the second law is that the beat input for network
delivery in a cyclic process requires bheat to be rejected. It can also be stated
informally as: the efficiency of a bheat engine is less than unity.
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The efficiency 1 of a thermodynamic cycle is defined as the ratio of the
work output to the thermal input, i.e.,

n = sought/bought = W ,./Q,,. (1.63)

For a cyclical process, the first law states that

SB5Q =Q; Qo = Wige = SBW (1.64)

Using Equation 1.63 and Equation 1.64 the informal statement follows,
n= (1 - Qout/Qin) <L (165)

The first law conserves energy, and the second law prohibits the complete
conversion of heat into work during a cyclical process (e.g., automobiles).

1.6.2 Entropy and Second Law

Entropy is a measure of the number of states in which energy is stored. The
calculation of entropy requires knowledge of energy states of molecules. Now,
using classical thermodynamics, a mathematical definition will be given for
estimating the entropy in terms of macroscopic properties.

1.6.2.1 Mathematical Definition

If we take the first law of thermodynamics given by Equation 1.31, apply it
to a reversible process (6 W = PdV), divide by T, and integrate for a cyclic
process involving ideal gases (du = ¢, dT, Pv = RT), then $(6Q/7),, ., =0. 1t
can be shown that the same statement is valid for any substance used as a
medium in a reversible cyclic process. Because the cyclic integral for any
property is also zero, e.g., $du = $dbh =§dT =$dP =0, we can define (6Q/T),.,
in terms of the entropy, which is a property. The subscript “int” will be omitted
here onward for the sake of convenience. Therefore,

(0Q/1),., =dS, kJ/kg or Btu/R (1.66)

The absolute entropy can be expressed in units of kJ/K or Btu/°R. On a unit-
mass basis (6q/T),., ds (in units of {k]J/(Kg K)} or {Btu/(Ib°R)}). Similarly, on a
mole basis, (6q/T),,, ds (expressed in units of kJ/{kmol K} or Btu{lb-mole°R}).

1.6.2.2 Relation between dS, Q, and T during an Irreversible Process

For an infinitesimal irreversible process, the Clausis Inequality modified
Equation (1.60) as

ds > 8Q/T (1.67)
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and if temperature is not uniform within the system, the system boundary
temperature Ty, is used.

ds > 6Q/T,. (1.68)

Thus, the entropy change between two equilibrium states 1 and 2 exceeds
the entropy change induced by the heat transfer process or the transit entropy
alone because of irreversibility. The entropy transfer due to heat transfer across
a boundary 6Q/T is termed as the transit entropy (abbreviated as tentropy).
It is a not a property. The transit entropy, i.e., §Q/T, equals 0 only if Q = 0.

1.6.2.3 Entropy Balance Equation for a Closed System

1.6.2.3.1 Infinitesimal Form

For a closed system, the differential relation of Equation 1.68 may be rewritten
in balanced form by explicitly including the infinitesimal entropy generation
o0, ie.,

ds = §Q/T, + dc (1.69)

or

This relation is also known as the Gibbs equation. The entropy generation
00 is greater than zero for internally irreversible processes and is zero for internally
reversible processes.

Even if the boundary temperature is uniform and at the same temperature
as the system constituents, thereby indicating thermal reversibility, other irre-
versibilities, such as those due to chemical reactions (e.g., CO and air mixture
in a room), can contribute to ©.

1.6.2.3.2 Integrated Form

The integrated form of Equation 1.69 is

2
sz—sl=J‘1 5Q/T, +0 . (1.71)

If a process satisfies Equation 1.71 (e.g., S, > S, in an adiabalic process
with o, > 0), there is no assurance that the end state 2 is realized. As will
be seen later, for a process to occur, the condition éo = 0 must be satisfied
during each elemental part of the process. Therefore, Equation 1.69 is more
meaningful than Equation 1.71.

In order to evaluate 6o, dS and 6Q/T, must be evaluated during every
elemental step.
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1.6.2.3.3 Rate Form

The time derivative of Equation 1.69 returns the rate form of that relation, i.e.,

ds/dt = Q/T, +6. (1.72)

1.6.2.3.4 Entropy Evaluation

For any given state change (u,;, v;) to (u,, v,) of a reversible or irreversible
process, the first law yields 6q — 0w = du; for the same du, one can connect
a reversible path and hence get 6q,., — 0w,., = du. For this path the second
law yields 8q,., = Tds and dw,., = Pdv. Thus, using the first and second laws
along a reversible path for unit mass, T ds — Pdv = du, and solving for ds,

ds = du/T + Pdv/T. (1.73)

Once integrated, s, — s, will depend only on u,, u,, v,, and v,, but not on
the reversible path used in reaching state 2 from state 1. Thus, s is a property
and is independent of path. For a closed system of fixed mass, Equation (1.73)
states that

s=s(u, V). (1.74)
Because du = dh — d (Pv), Equation 1.73 assumes the form
ds = dh/T — vdP/T. 1.75)

It is apparent from Equation 1.75 that s = s(h, P).

1.6.2.3.4.1 Ideal Gases — Substituting for the enthalpy dh = ¢, (T) dT, Equa-
tion 1.75 may be written in the form

ds = c,, dT/T — R dP/P. (1.76)

Constant specific heats. Integrating Equation 1.77 from (T

ref>

P.p to (T,P)
S(T, P) = s(Typ, Prep) = Cp In(T/T,) = R In(P/Pp). .77

ref

Selecting P,, = 1 atm and letting s(T,;, 1) = 0, we have

ref

S(T, P) = ¢ In (T/T.p — R In (P(atm)/1(atm)). (1.78)

Selecting an arbitrary value for T

o, and applying Equation 1.78 at states 1
and 2,

s(T,, Py — s(Ty, P = ¢, In(T/T) = R In(P,/P. (1.79
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Properties for ¢, are tabulated in Table A.4A, Table A.4B, and Table A.5
of Appendix A. In isentropic processes (e.g., adiabatic reversible compression
of air within the cylinder of an automobile engine), s remains constant and
hence Equation 1.79 yields

P,/P, = (T,/TJ®& or P/T®&D = constant (1.80a)
where k = ¢,/c,. Using the ideal gas law Pv =RT, one can eliminate T and obtain
P,/P,={v,/v,J5 or P vk= constant (1.80b)

Variable specific heats. Consider an ideal gas that changes state from (T,.,P,.¢)
to (T, P). Integrating Equation 1.76 and setting s(T,, P,.) = 0, we have,

ref

AP = [ (e, 0/mar —rin e,

T

For ideal gases, the first term on the right is a function of temperature
alone. Let

T
s(T) =J-T (c o (D/DdT . (1.8D)
ref

With known data for the specific heat cpo(T) (Table A.6B of Appendix A),
Equation 1.81 can be readily integrated. In general, tables listing s%(T) assume
that T, = 0 K (Table A.9 to Table A.30 of Appendix A). Therefore,

S(T, P) = s° (T) — R In (P/1), (1.82)

where the pressure is expressed in units of atm or bar. If P = 1 atm (=1 bar),
s(T, 1) s°(T), which is the entropy of an ideal gas at a pressure of 1 bar
(= 1 atm) and a temperature 7. The second term on the right-hand side of
Equation 1.82 is a pressure correction because P is different from 1 bar.
Applying Equation 1.82 to states 1 and 2,

S(T,, P,) — s(T,, P) = 8" (T,) — s° (T,) — R In (P,/P)). (1.83)

In isentropic processes, Equation 1.83 yields (P,/P,) = exp [{s® (T,) — s° (TD}/
R] = exp {s° (T,)/Rl/exp(s® (TPI/R] = p(T/p,; (TP, where p, (T), which is
proportional to exp (s°%R), is called relative pressure. Using the ideal gas law,
one can eliminate P and obtain v,/v, = {v,, (T,)/v,, (TP}, where {v,/v,} =
{(po/ T/ (p,/TDY; v, is called the relative volume. Relative volumes are useful
for closed systems, whereas relative pressures are more useful in open systems;
however, they can be applied to any system. Table A.9 of Appendix A tabulates
the properties p, (T) and v, (T) for air.
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Figure 1.15 lllustration of the Gibbs-Dalton law.

1.6.2.3.4.2 Solids and Liquids — If solids and liquids are assumed to be
incompressible, then

ds = du/T + Pdv/T = ¢ dT/T + 0.
Integrating,
S, — s, = ¢ In (T,/T). (1.84)

For example, if 1 kg of coffee is cooling from 340 K (T)) to 330 K (T)),
s, — 5, = 4.184 In (330/340) = —0.125 kJ/kg.

1.6.2.3.5 Properties of a Mixture of Ideal Gases

Gibbs-Dalton law. The application of the Gibbs—Dalton law to characterize a
multicomponent gaseous mixture is illustrated in Figure 1.15, in which the
mixture contains two kinds of species (x, 0). Two components species (X, 0)
are hypothetically separated, and the component pressures p, and p, are
obtained. The component pressure p, is then determined as though component
k alone occupies the entire volume at the mixture temperature. Thereafter,
using the component pressures, the entropy is evaluated, i.e.,

S (T, P, N) = Y'S, (T, p, N = N,5,(T, pp, (1.85)

where p,, the component pressure, is the same as the conventional partial
pressure for ideal gases, i.e., p,= XP. However, for real gas mixtures p, # X.P.
Similarly for ideal gas mixture

H = ZNh(’D

G = H-TS

=Y N (D=T Y Nys (T, p,)
=2Nk§k(Tv p.)

where

gk (T7 pk) = Hk (T) _T§<T, pk)
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Example 4

An automobile engine contains a 0.1-kmol mixture consisting of 40% CO, and
60% N, at 10 bar and 1000 K (state 1). The mixture is heated to 11 bar and 1200
K (state 2) using a thermal energy reservoir (TER) maintained at 1300 K. The
work output from the assembly is 65.3 kJ. Evaluate the entropy change S, —
S, and ¢, for the following cases: (a) the boundary temperature T, equals that
of the gas mixture and (b) T, is fixed and equals 1300 K (TER temperature) during
heat up.

Solution
S =Y N, 5T, p), (A)
S, ={Ngo, Seo, (T,P, )+ N 5 (T, py by, B
S, ={Noy, oo, (T, P )+ N 5, (T, py )l ©

where N, =0.4 X 0.1 = 0.04 kmol, and Ny, = 0.6 X 0.1 = 0.06 kmol.

Now, 5.,,(T, p,.) :5802 (T) =R In(P, /1), where (D)

? Y CO2

(Peo, )y = 0.4 x 10=4bar, (pg,), = 0.4x11 = 4.4 bar

arld (pNZ )1 = 06 X 10 = 6bar7 (p[\rz )2 = 06 X 11 = 66bar

Therefore, at conditions 1 and 2, respectively,
Sc0,(1200K, 4.4 bar) = 5, (1200 K) — RIn(4.4 + 1) = 234.1 - 8.314
X In(4.4 + 1) = 221.8 kJ kmol™' K™!, and

Sco,(1000K, 4 bar) = 5%, (1000 K) — R In(4+1) = 216.6 kJ kmol ™" K.
Likewise,

5y, (1200K, 6.6 bar)
=203.6 K kmol 'K, and 5 (1000K, 6 bar)

=254.3 k] kmol™ K.
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Using Equation B and Equation C

S, = 0.04 X 216.6 + 0.06 X 254.3 = 23.92 k] K™, S, = 0.04 x 221.8 + 0.06 X
263.6 = 24.69 kJ K,

(@) S,—-§, = 24.69 — 23.92 = 0.77 k] K1,
S, =8 — le/Tb = Op,. ®

For this case ¢,,= 0 because there is no thermal gradient; Q,,/ T,=S,— S,
=0.77 kJ K.
(b) Applying the first law, Q,, = U, — U, + W,,. Therefore,

U, = 0.04 x 43871 + 0.06 x 26799 = 3362.8 kJ, U, = 0.04 X 34455 + 0.06 X
21815 = 2687.1 kJ,

and
Q. = 3362.8 — 2687.1 + 65.3 = 741 KJ. ()
Using Equation F in Equation E

o, = 0.77 — 741/1300 = 0.2 kJ K.

1.6.2.4 Entropy Balance Equation for an Open System

We will now formulate the entropy balance for an open system in an
Eulerian reference frame.

1.6.2.4.1 General Expression

Heat transfer can occur across the c.v. boundary. In general, the boundary
temperature at its inlet is different from the corresponding temperature at the
exit, and the heat transfer rate §Q may vary from the inlet to exit. For the
sake of analysis, we divide the boundary into sections such that at any section
j the boundary temperature is Ty,; and the heat transfer rate across the boundary
isQ,. The term /T, in Equation 1.72 is given as

O, = z‘fQj/y;”. (1.86)

The entropy balance equation for an open system is almost the same as
for a closed system except that entropy added and removed with mass flows
must be accounted for. Modifying Equation 1.72,

ds,, /dt=ris =, s, + D QT +6,, (1.87)
QT
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Equation 1.87 may be interpreted as follows: The rate of entropy accumulation
in the cv entropy inflow through advection entropy outflow + change in the
transit entropy through heat transfer + entropy generated due to irreversible
processes (e.g., entropy generation due to gradients within the system). All
chemical reactions are irreversible, and hence entropy is generated
(ie.,6,>0). This concept is extremely important in that the direction of
reaction i.e., whether CO + 1/2 0 — CO, or CO, —» CO + 1/2 O, is determined
by the condition that 6, >0. The applications of the entropy generation
concept range from predicting the life spans of biological species [Annamalai
and Puri, 2000] to estimating the damping coefficient of materials when
subjected to bending [Bishop and Kinra, 1995, 1996].

Equation 1.87 may be rewritten in the infinitesimal form (over a period “8t”)

bj

dS., =dm; s, — dm, s, +2 8Q,/T,;+do. (1.88)
J

For a closed system, Equation 1.88 reduces to Equation 1.69. If the process
is reversible, Equation 1.87 becomes

ds,,, /dt=ris, —ms,+ Y Q/T,, (1.89)
. | J
Under steady state 72, =m, =m and dividing by 2,

(1.90)

m?

s, =S, + q‘/Tb].+6m=0 or sg—sl,:g /T +0,
J

where ©, =6, /m is the entropy generated per unit mass. In the case of a
single inlet and exit but for a substance containing multiple components, the
relevant form of Equation 1.87 is

as,., /dt =y 5, - Z m, Z QI +6, (1.91)

wheres, denotes the entropy of the k-th component in the mixture. For ideal
gas mixtures s,(I',P, X,) = 70(7‘) — R In(PX,/1) if P is in bar. Equation 1.91
is extremely useful in evaluatmg entropy generation in reacting systems.

1.6.3 Entropy Balance in Integral and Differential Form
1.6.3.1 Integral Form

Following same procedure outlined for mass and energy conservation equa-
tions in differential form, Equation 1.87 may be expressed in integral form as

d /dt Jpst + (ﬁp{fs dA =— @(Q?”/T)-dﬁ + J G”dv . (1.92)

cv.
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1.6.3.2 Differential Form

The entropy balance equation can be written in a differential form to evaluate
the entropy generation in a c.v. Applying the Gauss divergence theorem to
Equation 1.92, we obtain

djdt (ps)+V - pVs ==V -(Q"/T) + 67", (1.93)

Employing the mass conservation equation, Equation 1.93 can be simplified
as

pds/dt + pV -Vs =—V. (é”/T) +0”

"’

(1.99)

Recall that the Fourier law is represented by the relation O” =—-AVT.

The heat flux vector has a positive direction with respect to x when heat flows
from a higher temperature to a lower temperature, applying the Fourier law to
Equation 1.94,

pos/ot + pV Vs = V-(AVT/T) + 6. (1.95)

1.6.4 Combined First and Second Laws

1.6.4.1 Fixed-Mass System

Using the first law, 6Q — W = dU, to determine 6Q and inserting in the
second law (Equation 1.69) for a fixed-mass system, one obtains

dU-T,dS + 6W =-T, 60 (1.96)
If T, =T, 6W =P dV
dU-TdS+PdV=-Tdo, 60>0 (1.97)
Defining H = U + PV the Equation 1.99 can be written in the following form
dH-TdS-VdP=-T o (1.98)
Using the definition of Helmholtz (A) and Gibbs (G) functions
A=U-TS (1.99)

G=H-TS (1.100)
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and differentiating Equation 1.99 and Equation 1.100 and using Equation 1.97
and Equation 1.98 in the result, one obtains the following

dA + S dT + PdV = -T 60 (1.10D)
da + s dT + Pdv = -T 60, (1.102)
dG + SdT - vdP = -T 6o (1.103)
dg + s dT — vdP =-T 60, (1.104)

where A denotes the Helmholtz function or free energy (A = U — TS, k]
and “a” denotes the specific Helmholtz function or free energy (a = u— Ts,
kJ/kg). The Helmholtz function “a” of a unit mass is a measure of the
potential of a system having internal energy u and entropy s to perform
optimum work in a closed system. G denotes the Gibbs function or Gibbs
free energy. On a unit-mass basis, g is also referred to as the chemical
potential of a single component and is commonly used during discussions
of chemical reactions. The Gibbs function g of a unit mass is a measure of
the potential of a system having enthalpy h and entropy s to perform
optimum work in a steady-state steady-flow reactor. It is seen that if irre-
versible chemical reactions occur within a closed system, then 8o > 0, and if
it occurs at constant T and P, then dG;, < 0 for a fixed mass undergoing
an irreversible process (e.g., chemical reactions). For multicomponent sys-
tems, H=ZXN h (T), S=2N,5 (T, p,), G=2EN,g (T, p,) . The differential of
G at fixed T and P must ratify

d {ZNKgK(T, P, )}TP <0, (1.105)

when chemical reactions occur irreversibly.

Example 5

(a) Determine the chemical potential of pure O, (g,, = l,,) at T = 2000 K and
P = 6 bar, and (b) O, present in a gaseous mixture at T = 2000 K and P = 6
bar, and X, = 0.3, assuming the mixture to behave as an ideal gas.

Solution

@ pu = §° (h — Ts), where for ideal gasess = 5% — R In(P/Pref). Using
Table A.26 of Appendix A,

o = MU, = 67881 kJ kmol™! — 2000 K x (268.655 kJ kmol™! K — 8.314 kJ
kmol™ K1'x In(6 bar +1 bar) = —439,636 k] kmol.
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(b) For an ideal gas mixture, according to the Gibbs-Dalton law,

5,(T, p) = 5. (D — In(p/Pred) = (268.655 kJ kmol! K-' — 8.314 kJ kmol! K™
X In ((6 bar x 0.3) + 1 bar) = 272.747 kJ kmol K.

Because g, (T,p,) =, =(h, —Tsy), Ho, = —477,613 kJ (kmol O, in the mixture)™.

Remarks

The chemical potential of O, decreases as its concentration is reduced from
100% (pure gas) to 30%.

You will see later that chemical potential plays a major role in determining
the direction of chemical reactions (Chapter 2 and Chapter 3) and of mass
transfer (Chapter 6), just as temperature determines the direction of heat
transfer.

1.7 Summary

An introduction to combustion and a brief review of other thermodynamic
concepts have been presented in Chapter 1. Species, mass, and energy
conservation equations were briefly summarized and were be used to solve
simple combustion problems. We were apply these thermodynamic concepts
in Chapter 2 and Chapter 3 to learn about directions of reactions.






Chapter 2

Stoichiometry
and Thermochemistry
of Reacting Systems

2.1 Introduction

Chemical reactions result in a rearrangement of atoms among molecules. Examples
of chemical reactions include charcoal burning in barbecue grills, photosynthesis,
metabolism, combustion, petroleum refining, and plastics manufacture. Combus-
tion occurs because of rapid exothermic oxidation reactions. In this chapter, we
will answer questions on topics such as how much air is required to burn a given
quantity of fuel either on volume basis or mass basis, what the equivalence or
stoichiometric ratio is, why a cloud of vapor might appear near a chimney stack,
and the maximum temperature of an oxyacetylene welding torch, of the flame
in a barbecue grill, or of gasoline burning in an automobile engine. Energy cannot
be extracted from a system that is constrained unless the thermodynamic constraint
is removed. Fossil fuels such as coal, oil, and natural gas are stored below the
earth’s surface and are in thermal, mechanical, and chemical equilibrium. If the
fuels are allowed physical contact with air, i.e., if the chemical constraint is
removed, it is possible to release chemical energy. Thus, reactions at finite rate
are always irreversible, and entropy is generated.

2.2 Overall Reactions
2.2.1 Stoichiometric Equation with O,

A stoichiometric or a theoretical reaction results in the complete combustion of fuel
and without leaving any oxygen in products as illustrated below. Consider the
reaction

CH, + a0, — bCO, + cH,O 2.1

47
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involving 1 kmol of fuel and “a” kmol of oxygen. The species on the left-
hand side of Equation 2.1 are usually called reactants (which react and are
consumed during the overall chemical reaction), and those on the right-
hand side are termed products (which are produced as a result of the
chemical reaction). In the case of a steady-flow reactor, the input and output
streams contain the following quantities in kilomoles of the elements (C, H,
and O).

Input = Output
C 1 = b
H 4 = 2c
@] 2a = 2b+c

We deduce from the carbon atom balance that b = 1, from the H atom
balance that ¢ = 2, and from the O atom balance that a = (2b + ¢)/2. The
coefficients a, b, and c are called stoichiometric coefficients. Consequently,
Equation 2.1 can be written in the form of the stoichiometric reaction

CH, + 20, — CO, + 2H,0 (2.2)
More generally, chemical reactions can be expressed in the form
v S+ V.8, 4+ . 20”8+ 0S8, +0"S 7S+ ... (23

where v/, v,/, etc., represent the stoichiometric coefficients of the reactant
species and v,”, v,”, etc., are the corresponding coefficients for the product

species. The symbols S,, S,, ..., denote the species symbols. In the context
of Equation 2.3, for Equation 2.2, v,"=1, S, = CH,, v, =2, S, = O,, v,” =v,”
=0,v"=1,8=CO, v/ =2 8=H0,and vy = v/ =v=v/ =... =0.

The oxygen source could be liquid (e.g., hydrogen peroxide), solid (e.g.,
ammonium perchlorate used in booster rockets), or gaseous (pure O, or air).

Example 1

(a) Determine the stoichiometric oxygen coefficient for the combustion of 1 kmol
of CO, and (b) also express it in mass units.

Solution
(a) In the equation

CO +a 0, > b CO,, (A)

the terms a and b are called stoichiometric coefficients, which are determined
using mass or atom conservation. For instance, for C atoms

b=1,
and, similarly, for O atoms

l+ax2=bx2 ie,a=1/2.
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Therefore,
CO + (1/2) O, — CO,. (B)

(b) Rewriting Equation B
28.01 kg of CO + 16 kg of oxygen — 44.01 kg of CO,
1kg of CO + 0.57 kg of oxygen — 1.571 kg of CO, ©
where v, = 0.57 kg of stoichiometric oxygen per kg of CO.

Remarks
() The number of product moles leaving the reactor does not equal the
number of moles of reactants entering the reactor (1 + 0.5 = 1.5). There
is a net reduction in the number of moles within the reactor for this case.
(i) However, on a mass basis, the mass of the products leaving (44 kg per

kmol of CO consumed) is the same as that of the reactants (28 + 16 = 44
kg per kmol of CO consumed), because

28 kg of CO + 16 kg of O, — 44 kg of CO,.

Mass is conserved, whereas moles are not.
Similarly, for methane,

CH, + 2 O, - CO, + 2 H,0.

In this special case, the molar flow leaving the reactor is the same as the
molar flow entering it.

2.2.2 Stoichiometric Equation with Air

When air is used to supply the oxidizer O,, each kilomole of O, is associated
with 3.76 kmol of molecular nitrogen and Equation 2.2 can be rewritten in the
form

CH, + 2 (O, + 3.76 N)) = CO, + 2 H,O + 752 N,, (2.4)

where N, is unused during the combustion of methane in air. The stoichio-
metric air-to-fuel (A:F) ratio on a mole basis is

(AF)gmole = (2 + 2 % 3.76) + 1 = 9.52 kmol of air to 1 kmol of fuel. (2.5a)

(Note: Air is an abbreviated term to indicate a mixture of O, and N, with
the restriction that the N,/O, ratio is 3.76; thus, 9.52 mol of air implies that it
is a mixture of 2 mol of O, and 7.52 mol of N,). Alternately,

(F:A)g mole = 1/9.52 = 0.105 kmol of stoichiometric fuel is supplied. (2.5b)

On a mass basis, Equation 2.5a could be converted into

(A:F) =2 x32+2x376x28 +(1x16)

st,mass

17.16 kg of air kg™ of fuel. (2.6)



50 Combustion Science and Engineering

More accurately, air is a mixture containing 78% N,, 1% Ar, and 21% O,.
If the argon is included, Equation (2.4) is written as,

CH, + 2 (O, + 3.71 N, + 0.05 Ar) = CO, + 2 H,0
+ (742 N, + 0.1 Ap). 2.7

In this case, (A:F) = 9.52, but on a mass basis it changes to

st, mole

(A:F) =(2 X 32+ 742 %28+ 0.1 x 40) + 1617.24 = 17.24. (2.8)

st, mass

Generally, the contribution of Ar is lumped with N,. For above example, in
the case of methane, lumping 0.05Ar with 3.71 N,, we get the same equation or
Equation (2.4).

Therefore, (A:F), = 9.52 kmol of air per kmol of CH,, or (A:F), = 17.16 kg
of air per kg of fuel CH,. The stoichiometric A:F ratio in terms of the free-
stream oxygen mass fraction can also be determined. Assume that 1 kg of
fuel burns with v, kg of stoichiometric oxygen to produce (1 + Vv,) kg of
CO, and H,O. If the free-stream oxygen mass fraction is Y, (expressed in
kg of O, per kg of air in the free stream), the stoichiometric amount of air
in kg per kg of fuel is

(AF)y =V, /Y, .. = s 2.9

where s is the stoichiometric fuel per kg of air. (See Table A.2A for v, values
of many fuels.) As the inert mass per kg air is 1 — Y, _, then

2'00’

(inert mass:F) = (A:F)y (1 = Y,.) = (1/s) (1 = Y, ) (2.10)
The mass of products, including inerts, is
1+ (AF), = + s)/s. (21D

Example 2

(a) Determine the stoichiometric air-to-fuel ratio for CH, on kilomole and mass
basis assuming that air consists of 21% O, and 79% N, (mole basis).

(b) Repeat (a) if air consists of 21% O,, 78% N,, and 1% Ar.

(¢) Using the s values, verify the stoichiometric (A:F) mass obtained in part (b)
if the oxygen mass fraction in air is 0.232.

Solution

(a) The reaction is

CH, + 2 (O, + 3.76 N,) = CO, + 2 H,O + 7.52 N,.
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If air is used as the oxygen source.
(AP, =2+ 7.52)/1

= 9.52 kmol of air per kmol™ of CHj.
We can also express A:F on a mass basis, i.e.,
(A:F), = (2 X 32 + 7.52 x 28)/(1 x 16) = 17.2 kg of air per kg of CH,.

(b) If Ar is included,
CH, + 2 (O, + 78/21 N, + 1/21 Ar) — CO, + 2 H,0
+ 2 X (78/21) N, + 2 x (1/21) Ar.

Again,
(AF)g =2 +2x(78/2D +2 x (1/2D

= 9.52 kmol of air per kmol of CH,.

The molecular weight of air including Ar is
0.21 x 32 + 0.78 x 28.02 + 0.01 X 39.95 = 28.97 kg per kmol.
On a mass basis,

(AF), = 9.54 x 28.97/16.05 = 17.24 kg

(©) s = 0.232/4 = 0.058, (A:F), = 00158 = 17.24 kg air per kg of fuel.

Because a 1 kg mass of fuel burns with 17.24 kg of air, the mass of products
(including CO,, H,0O, and N,) is 18.24 kg, by mass conservation.

Remarks

Typically, Ar is lumped with N,. In order to get the same molecular weight
of air (28.97) for the N, and O, mixture, the molecular weight of N, must be
adjusted to M = {28.02*78 + 39.95*1)/79 = 28.17 for better accuracy.

N2, equiv

2.2.3 Reaction with Excess Air (Lean Combustion)

Fuel and air are often introduced separately (i.e., without premixing) into a
combustor, e.g., in a boiler. Owing to the large flow rates and short residence
times, there is no assurance that each molecule of fuel is surrounded by the
appropriate number of oxygen molecules required for stoichiometric combus-
tion. Therefore, it is customary to supply excess air in order to facilitate better
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mixing and thereby ensuring complete combustion. The excess oxygen remains
unused and appears in the products. For example, if one uses 3 kmol of O, for CH,,

CH, + 3 (O, + 376 Np) — CO, + 2 I,O + O, + 11.28 N,.  (2.12)

In this case, the air-to-fuel ratios are
(AF), e = (3% 376+ 3) +1=14.28, and (A:F)
= (3 X 3.760 X 28 + 3 X 32) + 16 = 25.74.

mass

The excess-air percentage (mole percentage basis, which is equally valid
for mass percentage basis) is

(AF) — (AF)) x 100 + (AF), = (3 — 2) x 100 + 2 = 50%.

2.2.4 Reaction with Excess Fuel (Rich Combustion)
or Deficient Air

Incomplete combustion occurs when the air supplied is less than the stoichi-
ometric amount required or when there is poor mixing of fuel and air. For
this condition, the products of incomplete oxidation may contain a mixture
of CO, CO,, H,, H,O, and unburned fuel.

For example, if all of the C atoms in CH, are transformed into CO and H
atoms into H,O, then

CH, + 1.5 (O, + 3.76 N,) — CO + 2 H,0 + 5.64 N,. (2.13)

In this case, the minimum value of A:F (so that no carbon is released) is
7.14 kmol per kmol of fuel. Often, CO poisoning occurs when domestic gas
burners are used in a tightly sealed house with a partially blocked air supply
(so that combustion occurs with a deficient amount of air and CO is produced).

2.2.5 Equivalence Ratio ¢ and Stoichiometric Ratio (SR)
The equivalence ratio
¢ = (F:A)/(F:A), = (A:F),/(A:F) = (O:F),/(O,:F). (2.14a2)

Here (F:A) denotes the fuel-to-air ratio, which is the inverse of (A:F). As
an example, if ¢ = 0.5 for methane air combustion, this implies that only 50%
of stoichiometric fuel is supplied for given air flow or twice the stoichiometric
air is supplied for given fuel flow. As (F:A) for an infinitely lean mixture tends
to 0, ¢ — 0. Likewise, as (F:A) for an infinitely rich mixture tends to, ¢ — oo.
For a fuel-rich mixture, ¢ > 1, and for a lean mixture, ¢ < 1.

Another term used to represent the fuel-air mixture composition is the
stoichiometric ratio (SR), which is the inverse of the equivalence ratio, i.e.,

SR = (actual air supplied)/(stoichiometric air demand of fuel)

= 1/¢. (2.15)
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excess air % = excess O,% = 100* {A:F — (A:F)J/(A:F),
= 100* (1 — ¢)/¢ = 100[SR — 1]. (2.16a)

The parameter “y’ is defined as
Y= (F:A/F:A + (F:A)J = (F:O)/AF:0,) + (F:0,)} (2.16b)

For very lean mixtures [as (F:A) — 0], ¥ = 0. The stoichiometric value of
yis 0.5, and for an infinitely rich mixture, y = 1. Thus, ¥ is bounded.
In general, for the combustion of a fuel C.H,, N, O, S,

CcH, N, O.Ss + {(c + h/4 + s — 0/2)SRI(O, + 3.76 N,) — cCO,
+ (h/2) H,O + s SO, + (¢ + h/4 + s — 0/2) {(SR) — 1} O,
+ [3.76 (¢ + h/4 + s — 0/2)SR} + n/2] N,, SR > 1 2.17)
CH, N, OSs+ (c+h/4+s—0/2)SR(O,+376N,) — {2 ¢
—o—-(c+h/4—0/2+s)*SR*2 + h/2 +2s)CO + {o +
(c+h/4—-0/24+s)*SR*2—-h/2-2s-clCO, + (h/2) H,O

+580,+ (c+h/4—0/2+s)* SR* 3.76* N2, SR< 1.
(2.18)

If all the ¢ goes to CO, then the number of moles of CO,, N, = 0 and,
hence, {SR},,, = {c + h/2 + 2 s — o}/{(c + h/4 — 0/2 + )*2}.
For ethanol with SR = 0.9,

C,H, OH + 3%0.9 (02 + 3.76N,) — 0.6 CO + 1.4 CO, + 3H,0 + 10.152 N,.

Example 3

Consider the metabolism of glucose in the human body. As we breathe in
air, we transfer oxygen from our lungs into our bloodstream. This oxygen is
transported to the cells of our tissues, where it oxidizes glucose.

(a) Write down the stoichiometric reaction for the consumption of glucose(s)
C¢H,,04 by pure oxygen and by air.

(b) Determine the amount of air required if 400% excess air is involved.

(¢) Express (A:F) in terms of the percentage of theoretical air and the equiv-
alence ratio.

(d) Write the associated reaction equation.

(e) If the breathing rate in humans =360 1(STP) h™!, how much glucose is
consumed per minute?
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Solution

(a) The stoichiometric or theoretical reaction equation for this case is
CH,,0; + a O, - b CO, + ¢ H,O A)

Applying an atom balance,

Carbon C: 6 = b, ¢3))
Hydrogen H: 12 =2 ¢, ie. ¢ =0, ©

and
Oxygen O: 6 + 2a=2b + ¢, ie,a=0. (D)

Therefore, the stoichiometric relation assumes the form
C¢H,,04 + 6 O, = 6 CO, + 6 H,0. (E)

The corresponding stoichiometric or theoretical reaction equation in the
case of air is

C¢H,,04 + 6 (O, + 3.76 N) = 6 CO, + 6 H,O + 22.56 N,. (®
(b) (A:F), = 28.56, 400% excess air = (supplied air — stoichiometric air) X
100/(stoichiometric air) = (A:F)y, o = 142.8 kmol of air per kmol of
glucose. (©))
(¢) Therefore, air as a percentage of theoretical air equals

(A:F/(A:F)) x 100 = 142.8 + 28.56 = 500%. (H)
¢ = ((A:F),/(A:F) = 2856 + 1428 = 0.2 or SR =5.0. @D

(d) The actual reaction equation five times the theoretical air is

CiHpO6 + 5 X 6(0, + 3.76 N,) — 6CO, + 6 H,O + (30 — 6) O, + 112.8 N,.

Q)

(e) The air consumption is specified as 360 1 h=! or using SATP volume
0.0147 kmol h7!. Therefore, the glucose consumption per hour is

o = 0.0147 + 142.8 = 0.0001029 kmol h. X

The glucose consumption per hour in terms of mass is

m, = 00.0001029 kmol h™' x 180.2 kg kmol™!

=18.6 g h™ or 0.31 g min™. )
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Remarks

(D) Typically, fats (e.g., palmitic acid) are burned after glucose falls below a
certain level in the bloodstream, which occurs after 20 to 25 min of vigorous
exercise. If fat is represented by C,;sH;,COOH, then one can obtain the
fat-burn rate for a given breathing rate. The stoichiometric reaction for fat
is represented by the relation

C,sH,,COOH + 230, — 16CO, + 16H,0. (M)

(i) The molar ratio of CO, to O, is referred to as the respiratory quotient (RQ)
in the medical literature. For glucose, RQ = 1; for fat RQ = 16/23 = 0.7.
Because older people have problems excreting CO, from the bloodstream,
fats are preferable to glucose owing to their lower RQ values.

(iii) Human body is mostly water; the chemical formula for the 70 kg body is
appoximately given as C 4,Hg 931N 12502 65550.00437P0.0052C%0 025 Nag o044 Clo 00268
[Emsley J, 1998].

2.3 Gas Analyses

The in situ measurements (e.g., CO,, NO, CO, etc.) involve direct measure-
ments of flue gas, usually on a wet basis. Sometimes, the sample line must
be heated (for example, if there is unburned diesel in the diesel engine
exhaust), or it may be diluted with inert gas to minimize to condensation
for wet-basis measurements. In other cases, the sample is withdrawn from
flue gas through a line and dried to prevent condensation in the sampling
line in order to prevent interference with other measurements. Hence, con-
centrations are typically measured on a dry basis. The composition of gases
is reported either on wet basis (H,O included in products) or on dry basis
(H,O excluded in products) and the percentage is given either on a volu-
metric or mass basis.

2.3.1 Dew Point Temperature of Product Streams

Although it is generally reasonable to believe that water is present as vapor
at elevated combustion temperatures, there is no assurance that it always
exists in a gaseous phase in the products. Condensation can occur if the
product temperature is lower than the dew point temperature Ty, (Figure 2.1).
For example, combustion products in a boiler are cooled because of heat
transfer to the water in the boiler tubes and, consequently, the temperature
of the products decreases. The partial pressure of water vapor in the products

szo = XHzO P = {NHzo/N} P (219)
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Py,0 = 17 kPa

56°C

Figure 2.1 Schematic illustration of the determination of the dew point.

where Ny;,o is the number of moles of gaseous H,O in products, N is the total
number of product moles, and P is the pressure. For stoichiometric combustion
of CH, in air

CH, + 2 (O, + 3.76 N,) - CO, + 2 H,O + 7.52 N,

Pryo = 12/(1 + 2+ 752} P =019 P

If P = 100 kPa, then py,, = 19 kPa and the corresponding T = Ty, = 56°C
(Table A.7 of Appendix A or use ¢, p**(bars) = A — B/T where A = 13.09, B =
5209K, Tin K, 273 < T < 373K); i.e., if the product temperature is lowered below
56°C, condensation occurs and the gas-phase mole fraction of H,O starts
decreasing. It is possible to have both liquid water (say, on the walls of a
chimney or as fog from the exhaust duct from an automobile) and water vapor
in the product stream. It is also possible to cool the gases to a low enough
temperature to condense almost the entire amount of water vapor.

The percentage of CO, in the products equals {100/(1 + 2 + 7.52)} = 9.51%
and that of H,O is 19.01%. This is an example of a wet analysis, as the
products also include water vapor. If the combustion products are analyzed
with water removed as a constituent (by cooling to a temperature much
below the dew point), the analysis is called a dry gas analysis. The CO,
percentage on a dry basis is 100/(1 + 7.52) = 11.74%. Note that the volume
percentages of the constituents of an ideal gas mixture are identical to their
molar percentages.

Example 4

(a) Determine the wet and dry gas composition if CH, is fired with 50% excess
air.

(b) Calculate the molecular weight of wet and dry products.

(¢) Determine the mass fraction of CO, on a dry basis.

Solution
(@) CH, + 2* 1.5 (O, + 376 N,) - CO, + 2 H,O + O, + 11.28 N,
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Mole fraction of CO,, i.e,, X, = 1/(1 + 2 + 1 + 11.28) = 0.06545.

Similarly, X,, ;= 0.1309, X, = 0.065445, and x,, = 0.74.

The dry ga52 composition is determined by condensing H,O from the
products. Based on dry analysis,

XCO7 =1/(1 + 1 + 11.28) = 0.075 moles of CO, for each kilomole of dry
mixture, similarly, X,, = 0.075 and Xy, = 0.85.

(b) Molecular weight of gases:

M = 0.065 X 44.01 + 0.131 x 18.02 + 0.065 X 32 + 0.74 x 28.02 = 28.04 kg
kmol™ of wet mixture

Molecular weight of dry gases: M = 0.075 X 44.01 + 0.075 X 32 + 0.85 X
28.02 = 29.52 kg kmol™ of dry mixture

(¢) Mass fraction of CO,, Yo, = 0.075 X 44.01/29.52 = 0.112.

Remarks

(i) Because each kilomole of gas at a specified value of T and P occupies
the same volume, the mole fractions of gases equal their volume fractions.
(i) If all molecular weights are equal, then Y, = X,.
(i) Inversely if the measured dry or wet gas compositions are known, one
can determine (A:F) as illustrated in the following example.

Example 5

Consider the combustion of natural gas (which is assumed to be almost CH,).
Determine (A:F) if the products contain 3% O, (on a dry basis) and the
composition on both a wet and dry basis.

Solution
The reaction equation is
CH, +a (O, + 376 N = CO, + 2H,0 + b N, + d O,. A
From the O atom balance,
2a=2+2+2d, or a=2+d. (B)

The exhaust contains 3% O, on a dry basis, i.e.,
d/(1 +3.76 a + d) = 0.03. ©
Using Equation B and Equation C and solving
d = 0.2982, (D)

a = 2.2982. ®
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Also, from an N atom balance
b = 3.76 a. ®
Therefore,
(A:F) = 2.2982 x 476 + 1 = 10.9, and (G)
Equation A assumes the form
CH, + 2.3 (O, + 3.76 N)) — CO, + 2 H,O + 8.6 N, + 0.3 O,. (H)

The composition is as follows:
CO,% in exhaust (wet) = 100 X (1 + (1 + 2 + 3.76 X 2.2982 + 0.2982)) = 8.4,
CO,% in exhaust (dry) = 100 x (1 + (1 + 3.76 X 2.2982 + 0.2982)) = 10.1,
N,% in exhaust (wet) = 72.4%, N, in exhaust (dry) = 86.9.

Remarks

Using Equation H, the mole fraction of H,O on wet basis has a value equal
to 2+ (1+2+8.6+0.3)=0.17. Consequently, if it exists as vapor, the partial
pressure of H,O is 0.17 bar if P = 1 bar. At this pressure T = Ty, = 56°C,
where Ty, denotes the dew point temperature. Inversely, if Ty, is known, the
water percentage and (A:F) can be determined (cf. Figure 2.1).

2.3.2 Generalized Dry Gas Analysis for Air with Ar
2.3.2.1 Excess Air % from Measured CO,% and O,%

Fuel + air supplied - CO,, H,0, O,, N,, Ar

The % excess O,= 100* Ng,»/{Ng x = No_p!
where N,  moles of O, are supplied with reactants and N, , moles of O, leave
with products. Dividing denominator and numerator by Ny, of products,

% excess O, = 100* {Ng ,p/Ny pl/{Noy g = Nop)/Npyy pl
Noting that N, = Ny, (O,/Ny; = Ny, 5(O,/N,)y
% excess O, = 100" Xp,y/{[Xy, (O/Nyyl = X }
= 100* O,2%/{[(N2)(O,/N,)l — O%) (2.20)

where N,% (dry) = 100 — CO,% — O,%; typically, (O,/N,;= 0.27
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Thus, knowing CO,%, O,%, one can get N,% and, hence, excess air % is
calculated from Equation 2.20 if the fuel is pure HC and hence get A:F or ¢.
If the actual air-to-fuel ratio is known from measurements, then the theoretical
A:F ratio can be determined from the gas analyses. Here,

Xxz = Nyzp/Npyyp = suppliedNy/Ny,, p = (air supplied” Xy ,)/Nyyp
where Xy, ,:N, mole fraction in ambient is

Naryo/Nagr = X/ Xl (2.21)

Example 6

Consider the combustion of natural gas. Determine (A:F) if the products contain
3% O, (on a dry basis) and the CO, % is 10.1.

Solution

With CO,% = 10.1 %, O,% = 3.0%, then N,% = 100 — 10.1 — 3 = 806.9, excess
air % = 100* 3/(86.9/3.76 — 3) = 14.92% and the equivalence ratio is 1/(1 +
0.149) = 0.87. Note that CO,% and O,% depend on the type of fuel fired. SR
=1/¢ = 1.152.

Dry moles of products per kilomole of dry air = 0.79/0.87 = 0.91

2.3.2.2 Generalized Analysis for Fuel CH,O,N, S,

CH,O.N, S, + a(O, + BN, + F H,0(g) + G Ar) = CO, + (h/2 + aF)
H,O +{a — (1 +s+ h/4 - 0/2)} O, + (aB + n/2)N, + aG Ar (2.22)

where the ratios B, F, and G in air are defined as (in molar or volumetric
amounts of N,, O,, H,O, and Ar) and all fuel N goes to N, (see Problem 2.43).

B = Ny/No,, F=Ny,o/No, and G =N,/Ny, ie, (2.23)
B+ G+ 1={(Ny, + Ng, + NAl.)/NOZ} = 1/X o, (2.24)

where X, _ is the oxygen mole fraction in ambient on a dry basis.
>

The air supplied

(A:F)g, = a/X ={(-h/4 + 0/2 + n/2) XOZ

0Oya

+ A+ h/4 +s - o/DV(Xp,a—-X,) (2.25)
The total dry moles of products could be derived as

Npay = fa/X - h/4 +0/2 + n/2 = (AF)y, — h/4 +0/2 +n/2 (2.20)

0273}
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On a wet basis,

(A:F),,, = (dry air moles + water moles) per fuel mole
= (A:F)g,y + b, (2.27)
where
b= M/M, ), (2.28)

where w denotes the specific humidity in kg of vapor per kg dry air and M,,
the molecular weight of dry air. The expression for w in terms of the relative
humidity RH is
w = 0.622 p,/p, = 0.622 X RH X p (Tpy)/
(P — RH X P3* (Tpy)). (2.29)

The amount of CO, can be derived using X, = 1/N, 4,

Xeo,= A = Xg /X0, )Ah/4 + 0/2+ n/2)

+ (1/ X5 )1 + h/4 +5 — 0/2)} (2.30)

o2

Because X, ..« occurs when X, = 0 (i.e., stoichiometric conditions for
-2 2
given fuel),

X, = 1/{(-h/4 + o/2 + n/2) + (1/on,a)(1 + h/4 — o/2)} (23D

CO,,max

and

{XCOZ/X =01 - on/ on,a) = (on,a - on)/ on,a (2.32a)

CO,,max

If X, Is set at on’ﬁd then Xeo, ™ Xeo, ad and hence

/ 1= (XO Std/XO, a)
X X = a 2 2.32b
CO, std CO, 1— (XO /Xo a) ( 3 )

In the case of CHy, X mx = 1/10.52 when Xo,.= 0.21. If the amount of

CO, is measured, we can determine the values of Xo, from Equation 2.30, that
of (A:F),, from Equation 2.25, and (A:F),, from Equation 2.27.

dry wet
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2.3.3 Emissions of NO, and Other Pollutants

Gas analyses are used in reporting NO in products as ppm (parts per million or
molecules per million molecules for gases = X, * 10°, where Xy is the mole
fraction of pollutant species). As X, = Ny/N,, where N, is the number of product
moles affected by the amount of excess air used, X, will vary depending on the
excess O,%, even though N, may remain unaffected and the emission on mass
basis (= N, M) may remain the same. Thus, the emission in ppm is corrected
to standard O,% in the exhaust. For example, if k = NO, and X, is measured
at X,, then following Equation 2.32b the NO at standard condition is given by

XNO,std/XNO = Noppm,std/NO in ppm

= (X()Z?a - onastd)/( onm - on)7 (233)

where X, is the ambient O, mole fraction (typically, 0.21 for dry air). More
details, examples, and other methods of emission reporting are given in Chapter 17.

2.4 Global Conservation Equations For Reacting Systems

2.4.1 Mass Conservation and Mole Balance Equations

Reacting systems consume fuel and oxygen species and produce CO, and
H,O, and convert chemical energy into thermal energy. The energy and mass
conversions can be analyzed using mass and energy conservation equations.

2.4.1.1 Closed System

The overall mass conservation equation for a closed system is
dm/dt =0 or m = constant (2.349)

(For systems involving nuclear reactions in a closed system, dm,,/dt = —dm, .,/
dt, where dm,,.,/dt is the mass destruction rate; e.g., the universe.) Chemical
reactions involve consumption of species such as fuel and oxygen and the
production of species such as CO,, H,O, etc. If CO, O,, and CO, are placed in
a piston—cylinder assembly, the total mass is conserved but not the total moles.
If the generation rate of the k-th species 7., < 0 (e.g., CO is consumed as
reaction proceeds), then it is consumed, but if 72 .. > 0 (e.g., as CO, is
produced), this implies production. For a closed system

dmk/dt = mk,chem' (235)

Summing over all species k,

dek/dt - 2 Iy e = dm/dt = 0, (2.36)
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as there is no net production of mass. Dividing Equation 2.34 by M, on a
mole basis

de/dt = N k,chem» (237)

and summing over all species k,

dN/dt = Z dN,/dt = z Ny # 0. (2.38)

2.4.1.2 Open System
2.4.1.2.1 Integral Form

Recall that the overall mass conservation equation for an open system is
dm/dt =m, — m,, (2.39)
and for a specified species k
dmy/dt = m, — m +m o (2.40)

Summing over all species k for the single inlet and exit case

dm/dt = dek/dt = 2 "y, — 2 .
+ Z My o =110 — 111, (24D

since

E mk,chem = 0.

Dividing Equation 2.40 by m,, Equation 2.40 in molar form is,

dN/dt =N\, = Ny + Ny gen, (2.42)

where N reen denotes the molar production of species k by the chemical
reaction. For instance, consider the flow of 5 kmol sec! of CO, 3 kmol sec™!
of O,, and 4 kmol sec™ of CO, into a reactor. If all of the CO (fuel) is
completely burned, then 1\'7CO,e = 0. Assuming steady state, dN/dt = 0,
Equation 2.42 with k = CO assumes the form

dN/dt=0=5-0+ Nco,gen or Nco,gen = —5 kmol sec™.

The negative sign associated with NCO,gen implies consumption of CO.
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2.4.1.2.2 Differential Form

Because the fluid of interest is a mixture consisting of several components,
the mass flow rate for each component is determined from the mass conser-
vation equation for the individual species and then added for all species to
obtain the overall mass balance. If the velocity vector of species k is repre-
sented by V,, then because the velocity distribution can spatially vary, the
inlet and exit mass flow rates of species can be expressed as

ny,, = _J 4, pU,.dA, my,, = IA pu, - dA,
and, more generally, for inlet or exit,

m = —Cfpk U, ® dA (2.43)
A

where v, is the absolute velocity of species k with respect to a stationary
observer. It will be seen in Chapter 6 that different species travel with different
absolute velocities.

l,chem

ity o = J’m dav (2.44)
174

Therefore, using Equation 2.43 and Equation 2.44 in Equation 2.40

”

d/d(],,p,dV)=— 95 p,D, - dA + ], 1 dav . (2.45)

k,chem

For any c.v., Equation 2.45 still holds, and hence

P /ot+V - p, B, =i, . (2.46)

k,chem

2.4.2 Energy Conservation Equation in Molar Form
2.4.2.1 Open System

The energy conservation equation in mass and molar forms are (Figure 2.2):

dE . /dt=0., - W_ + 2 T, ey~ 2 ey, (2.47)
K K

(dE./dD = 0., —~ W, + 2 Nyy @y — 2 Ny, & (248)

K
ey, =h, +ke, +pe, k{g (2.49)
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Figure 2.2 lllustration of the first law for a chemically reacting system.

h, is the enthalpy of component k in its pure form at the same temperature
and pressure as the mixture.

e, , =h, +ker+ pe, , kJ/kmol (2.50)

2.4.2.2 Differential Form

For multicomponent systems, ph = Zp,h,, pu = p(h — P/p) = ph — P = X p.h,
—P; let E., = U. Using the following substitutions in Equation 2.47, neglecting
ke and pe, and using the Gauss divergence theorem, we have

dv_d

o= g - _ A A EX - _ T W —
dt dt;[pUdV’ Qc.v. J.Q s dA, Qc.u. AV s o 0

2\ pubyors V(Y b )= opiae+v-GV D), 2.51)

where A is calculated for the mixture. As Ek = h, M, n, = p/M, = kmol/m?,

o\ mb Jora V(X im b )= opsor+ V-9, (2.52)

2.4.2.3 Unit Fuel-Flow Basis

Dividing Equation 2.48 by the fuel flow (or assuming 1 kmol of fuel flow)
and ignoring the ke and pe,

(dE.,/dO/N,=q — @ + b, - b, (2.53)
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where

=3 (N/Nphp, =2V ki P i in units of kJ for the mixture per
kmol of fuel (2.54)

\/’k =(N o/ N F) in units of kmol of species k per kmol of fuel (2.55)
=2 (N K/ Nphy, = 2V e P, for the mixture exiting per kmol of fuel
=(N v N, kmol of species k per kmol of fuel

KJ/sec _ kJ
q Q (AR / NF’ w = W /NFJ kmolof fuel/sec — kmol of fuel (256)

Under steady-state conditions, dE/dt = 0. On a unit molar fuel-flow basis,

=g - w+h - b, (2.57)

2.5 Thermochemistry

2.5.1 Enthalpy of Formation

Elemental C(s) can be burned in O, at 25°C and 1 atm to form CO,. The
combustion reaction process is exothermic and results in temperature rise, but
the product temperature can be reduced to the same temperature of 25°C through
heat transfer. The enthalpy of formation or chemical enthalpy of CO,, /°. o,
this context equals the amount of heat added to or removed from the compound
at 25°C and 1 atm from its elemental constituents (which themselves exist in their
natural state at that temperature and pressure). The subscript f denotes formation,
and the superscript o denotes that the value corresponds to a pressure of 1 atm.

Another example involves the formation of NO from elemental nitrogen
and oxygen in their natural forms at STP (under STP, nitrogen exists as N,
and oxygen in the form of O,). In this case,

1/2 N, + 1/2 O, — NO + 90,297 kJ kmol-! of NO.

This chemical reaction requires a heat input of 90,297 kJ kmol™'. Using the
first law of thermodynamics on mole basis,

Q= b[NO_90297kam011_70—(1/2/; +1/2 o).

It is apparent that b, > (1/2 bN2 + 1/2 /902 ). If we arbitrarily set /9\1 = bo
0, then by, = b o= 90,297 kJ kmol™, which implies that the energy contained
in NO at 298 K and 1 atm is 90,297 kj more than the energy associated with
N, and O,. Conventionally, all elements in their natural form at STP (scientific)
are set at zero enthalpy. This energy can be interpreted as that which is
absorbed or released when the atoms form the compound. See Table A.10 to
Table A.30 and Table A.32 of Appendix A for a tabulation of enthalpy of
formation of various substances. Figure 2.3 illustrates the enthalpies of forma-
tion of several compounds from elements in natural form.
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O Oatom

247,800
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39,460
C(s)
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OMvO H,
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bSO b

 ——

393,520

_ co,

OO

Figure 2.3 Illustration of enthalpies of formation; all units are in 1 ] k mole-".

2.5.1.1 Enthalpy of Formation from Measurements

For the reactions

C(s) + (1/2) O, - CO — 110,530 kJ (Q,) at 298 K and 1 atm, (@.N)
C(s) + O, = CO, — 393,520 kJ (Q,) at 298 K and 1 atm, (B)

CO + 1/2 O, = CO, + Qy at 298 K and 1 atm, ©

where Q; denotes the heat rejected when CO is burned with 1/2 kmol of O,
at 298 K. - -

Equation 2.57 yields Q, = —110,530 kJ h; ., with the values b, = 0, by, = 0,
h rco = —110,530 kJ. This implies that the enthalpy of CO at 298 K is 110,530
kJ below the “energy” level of the stable elements producing the compound
(see Figure 2.3).

2.5.1.2 Bond Energy and Enthalpy of Formation

If calorimetric data is not available, h; can still be determined using the bond
energy, which is the energy required to break the bonds between the atoms
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in a molecule (see Section 2.7 for an example of such a procedure). Bond
energies are tabulated in Table A.31A and Table A.31B of Appendix A.

2.5.2 Thermal or Sensible Enthalpy

Once a product is formed from elements at 298 K and 1 atm, its temperature
can be raised to T by adding heat isobarically, and then raising the pressure
to P isothermally. Consequently, the enthalpy of that compound increases.
For any product species, the difference between the enthalpy at T and P and
that at 298 K and 1 atm of the same product is called sensible enthalpy. For
ideal gases, the sensible enthalpy is the same as the thermal enthalpy.

T

ht,T - ht,298 = J.ZQRC% dr, (2.58)

where ¢4 refers to the specific heat of the species at 1 atm. For an ideal
gas, the superscript © is redundant as ¢, is not a function of pressure. As
an example, NO, which is an ideal gas, requires 22,230 kJ kmol? of
energy to raise its temperature from 298 K to 1000 K (cf. Figure 2.4).

For an ideal gas, the superscript 0 can be omitted as ¢, and h are
independent of P. See Table A.10 to Table A.30 in Appendix A for a tabulation
of values of Ah,; = h  — h, 4 for several ideal gases.

2.5.3 Total Enthalpy

The total enthalpy of a species at any state (T, P) equals the value of its
chemical enthalpy at 298 K at 1 atm (when species are formed from elements)

ht,T - ht,298

=
a

PO
PO
—=@

Figure 2.4 Illustration of chemical and thermal enthalpies.
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plus the additional enthalpy (called sensible enthalpy) required to raise the
temperature of the same species from 298 K to T and pressure from 1 atm
to P. At P = 1.013 bar = (100 kPa)

A
B (DY =hb, + b e the = B, + J.EM dr. (2.59)
208
Example 7

Determine the total enthalpy of NO at 500 K and 200 kPa assuming ideal gas
behavior.

Solution

Consider two hypothetical reactors in series. The first reactor produces NO at
298 K and 1 atm (state 2) from the elements that enter at state 1 (298 K, 1 atm).
The second reactor heats the NO to 500 K and 1 atm (state 3) by adding heat
(i.e., the thermal portion of the enthalpy b/(500)= 57, =300 ¢4 nodD).

The total enthalpy (i.e., the enthalpy of NO at 500 K and 100 kPa) with
reference to the enthalpies of the elements constituting the compound at that
state are

hyo (500 K,1 atm) = b, (298 K, 101.3 kPa) + (b, 50 = 5, ,0)

= 90,297 + 6079 = 96,776 KJ.

As the gas is ideal,

b (500 K, 200 kPa) =5, (500 K, 101.3 kPa).

Now consider the pressure effect. The enthalpy of a species at an arbitrary
pressure P and temperature T equals its enthalpy at that temperature and
1-atm pressure, plus the additional enthalpy required to change the pressure
to P, i.e.,

b (T, P) = ho(T) + Ab,_,, where (2.60)

ho(T) = bf° + B -

1,29¢°

(2.6D

The term A ETJ_W in Equation 2.60, called enthalpy correction, to account
for real gas effect. For ideal gases, Ah;, ,, = 0. The correction term Ah,_,; is
obtained from enthalpy correction charts shown in Figure B.2 of Appendix B.
If internal energy is required, then # = b — pv=h — Z R T, where Z for
real fluids is obtained from Figure B.1 of Appendix B; Z = 1 for ideal gases.
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2.5.4 Enthalpy of Reaction and Combustion

The enthalpy of a reaction refers to the difference between the enthalpy of
products and reactants at a specified temperature and standard pressure of
1 atm for that reaction. The amount of heat added (AH; > 0) or removed
(AHy < 0) for any reaction when the reactants enter and the products leave
an isothermal system is called the enthalpy of reaction, i.e.,

AH(I)e,T = Hi;rod,T - Hﬁea/;,T . (262)

AH$% <0 for exothermic reactions and > 0 for endothermic reactions. If a
reaction involves either oxidation or combustion, then the enthalpy of reac-
tion AH ¢ is termed as the enthalpy of combustion A /7¢. For instance, consider
the oxidation of CO to CO, at 298 K and 1 atm, i.e.,

CO + 1/2 O, — CO,,

for which H
Therefore,

h o, =-393,520 kJ, and H,. =1 heo + 1/2 hy, =-110,530 kJ.

prod = Reac

AH%r=AH? = —282,990 KJ (kmol of CO)™,

i.e., when a kmol of CO is burned, 282,990 kJ of heat must be removed for
the products to leave at the same temperature as the reactants (298 K). Because
the values of the enthalpy of reaction are normally tabulated at a temperature
of 298 K, the subscript T = 298 K is omitted.

Example 8
Determine the enthalpy of reaction for CO at 500 K (Figure 2.5).

Solution

Using Figure 2.5, reactants enter at (1) at 500 K and products leave at (2) at
500 K. Assume that combustion proceeds according to

CO + (1/2) O, = CO,. (A)

N

(1) CO,

CO +1/20,
—

|
|
]
Q

Figure 2.5 Illustration of enthalpy of reaction, Q = Ah°R.
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By definition,

AH(T) = H = D o, (500 K) = (500 K) + (1/2) b, (500 K)

®

prod — Hreac

AH(T) = (-393520 + 8301} — {=110530 + 5943} + (1/2) {0 + 6097}
= —277600, kJ AH, = AH, = —277600 k] kmol™".

Remarks

(D) If calculations are repeated at 298 K, at AH%. = AHY% = —283005 kJ kmol=.
We find that AH%. = AH% does not change very much with T and is
assumed to be constant in most combustion problems.

(i) The specific enthalpies could be either on mole basis, /|, or mass basis,
h,, where b, =h /M,; for mass basis.

(iii) H,,q denotes the enthalpy of all species in products per kmol of fuel.

2.5.5 Heating Value (HV), Higher HV (HHV) or Gross HV (GHV),
and Lower HV (LHV)

2.5.5.1 Heating Values

The heating value of a fuel is the negative of enthalpy of combustion, i.e.,

HV = — A2 = Hyo — Hypog. (2.63)

When CH, is burnt, the products are H,O and CO,. Depending on the
state of H,O (i.e., liquid or gas) in products, the heating values (HVs) differ.
The lower heating value is based on the assumption that the water is in gas
form in the products, whereas the higher heating value is based on liquid-
phase water in the products. The lower heating value

Reac

LHV = H H (2.64)

Reac Prod,H,0(y)’
and

HHV = H (2.65)

Reac — HProd,HZO(U :

Generally, HV, AH%, and Ag2 are tabulated at 298 K and 1 atm. The
difference between HHV (or gross heating value) and LHV (or net heating
value) is illustrated in Figure 2.6.

For gaseous fuels, the heating values are typically stated on a volumetric
basis. If the HV is known on a mole basis, one can obtain HV’ based on a
volumetric basis using the relation HV’ = HV in kJ/24.5 m? or HV' = HV in
(Btu/Ib-mol)/392 ft? with STP of 25°C (77°F) and 1 atm. The heating values
are determined using “bomb” calorimeter. A small mass of solid or liquid fuel
is placed in a bomb calorimeter (Figure 2.6), then pumped with O, at about
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HReact

Hpyod, Hyo(g)

T LHV Hpyod, Hyoq)

298 K

Figure 2.6 Difference between LHV and HHV.

30 atm, burned, and heat is then transferred to the cooling water and container
and the temperature rise is measured. From the energy balance (Q, = AU =
AH - A(nR'T) = AH — An R T for constant T system), one can solve for change
in enthalpy and, hence, the heating value is determined. For developing HHV
relations, one can use closed-system energy conservation equations. Typically,
the calorimeter is standardized by combusting benzoic acid (C;H;COOH). For
gaseous fuels, a constant-pressure flow calorimeter is used in which gaseous
fuel flows through a wet gas test meter (or rotameter to measure the flow
rate), fuel is continuously burned and the heat is transferred to flowing water.
The temperature rise of water indicates the HV of the gaseous fuel. For
developing HHYV relations, the open-system energy conservation equations are
used. If HHV is known, then it is possible to determine the enthalpy of
formation of species using Equation (2.62).

Heating values of food (e.g., table sugar — C,,H,,0,,(s)), which are the
fuels used by humans, are reported in “food” Calories with 1 food Calorie =
1 kCal (e.g., table sugar: 3940 calories per kg = 3940 “conventional” kCal
per kg). Food carbohydrates typically release 4150 food calories per kg, which
is close to the value for sugar; food fats release 9450 and proteins, 5650. Our
digestion system absorbs 97% of carbohydrates, 95% of fats, and 92% of
proteins [Cengel and Boles, 2002]. Almost all absorbed carbohydrates and fats
are converted into CO, and H,O, etc., but only 77% of proteins are converted
into CO,, H,O, etc. Thus, the net heat produced is 0.97* 4.15 = 4000 food
calories from carbohydrates, 9000 from fats, and 4000 from proteins. Thus, if
0.227 kg of yogurt is consumed, from its composition, i.e., carbohydrates
(0.045 kg), fats (0.003 kg), proteins (0.009 kg), one can compute the calories
as 0.045* 4000 + 0.003* 9000 + 0.009* 4000 = 243 food calories or 243
conventional kCal [Oxtoby et al., 1998].
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Example 9

(@) Determine HV and HV’ for CO. Typically, they are reported at 298 K.

(b) Determine HHV and LHV for CH,.

(o) If manure is mixed with water in an anaerobic digester that releases
biogas with 60% CH, and 40% CO, (mole %), what is the HHV of the
mixture in KJ/m3?

Solution

(a) The heat of reaction of CO from Example 8 is —283005 kJ kmol™ at 298 K.
The HV per kg of CO is given as:

HV = 283005/28 = 10,100 kJ kg™

Because a kmol of any ideal gas occupies 24.5 m? at STP, the HV” of CO
is 283,000/24.5 or 11,550 kJ m?.
(b) Unlike CO oxidation, CH, oxidation produces both CO, and H,O.

CH, + 2 O, - CO, + 2 H,0, (A)

+ 21’ h? (B)

fH,0 — TfCH,

AH®, = H°, — H° :h?,coz
If H,O is in the liquid state,
HHV in kJ/kmol of fuel = {393520 + 2*285830 — 74850} = 890330 kJ/kmol
of fuel

HHV = 890330/24.5 = 36340 kJ m3(= 982 Btu/SCF). ©

The corresponding LHV is given as 32750 k] m™ (= 885 Btu/SCF).
(¢) The mole % is the same as the volume % for ideal gases. For 60% CH,
and 40% CO,, HHV = 0.60*36340 + 0.40*0 = 21492 kJ] m™ (= 589 Btu/SCF).

Remarks

In Equation C, we made use of the knowledge of b, to calculate the value
of HHV as 890,355 kJ/kmol or 890355/16.05 = 55475 kJ/kg (23850 Btu/Ib);
conversely, if HHV of CH, is given as 55,475 kJ/kg, we can determine the
enthalpy of formation of the fuel b .

2.5.6 Heating Value Based on Stoichiometric Oxygen

The heating value based on stoichiometric oxygen

HVo, = HV/vo, = (Hy — Hp)/vo, constant. (2.60)

For instance, the HHV of methane is 36,340 k] m= of fuel (or 982 Btu/SCF;
see Example 9), whereas that based on unit m= of stoichiometric air is 36.34/
9.52 = 3.82 MJ m™ of air (or 3.82/0.21 = 18.2 MJ] m™ of oxygen or 18.2 (MJ/m?)
* 245 (m%/kmol)/32 (kg/kmol) = 13.9 MJ/kg of O,). The corresponding value in
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Btu is 103 Btu ft based on stoichiometric air (and 490 Btu ft= based on oxygen).
The heating value of a low-Btu gas (which is typically a mixture of about 20%
CO, 12% H,, 6% CO,, and the remainder being N,) is 100 Btu ft? based on the
fuel. This value is about 10% of the heating value of methane, but the stoichi-
ometric (A:F), for a low-Btu gas is also about a tenth of that required for methane.
Therefore, the heating value per unit mass of stoichiometric oxygen for the low-
Btu fuel is 15 MJ m™ of oxygen, similar to that for methane.

The HHV per unit mass of O, burned is approximately the same for most
hydrocarbon fuels. For methane, the HV per unit O, is 13.9 MJ per kg of O,,
whereas for gasoline (CH, ), it is 13.6 MJ per kg of O, and for n-octane, 13.6 MJ
per kg of O,.

Example 10

(a) Determine the amount of carbon dioxide (which is a greenhouse gas)
emitted in kg per kWh if coal is used as a fuel. Assume that the chemical
formula for coal is CH,g O3, its gross heating value is 30,000 kJ kg™, and
the power plant efficiency is 30%.

(b) Compare your answer with the result for natural gas (CH,), which has a
gross heating value of 55,475 kJ kg™! and for the same plant efficiency.

Solution

(a) The chemical reaction governing the burning of coal is
CH,5 Oy5 + 1.05 O, = CO, + 0.4 H,O.

The amount of CO, produced per kg of coal consumed is
44.01/(12.01 + 0.8 x 1.01 + 16 x 0.3) = 2.498 kg

Note that 1 kWh = 1 kJ sec! x 3600 sec h™ x 1 h™' = 3,600 k]J.

Therefore, the gross heat value released by combustion per kWh = 3600 +
0.3 = 12,000 kJ.

Consequently, the amount of fuel burned per kWh = 12,000 + 30,000 =

0.4 kg, and the amount of CO, released = 2.498 X 0.4 = 0.999 kg per kWh
of power or 0.208 kg/MJ of electrical energy.
(b) In the case of methane, the CO, produced per kg of fuel consumed =
44.01 + 16.05 = 2.74, and the fuel consumed per kWh = 12,000 + 55,475 =
0.22 kg.

Therefore, the CO, produced = 0.22 x 2.74 = 0.60 kg kWh™" or 0.17 kg MJ™".

Remarks

(1) Global human activity releases 6 Gt of carbon every year in the form of
CO, from various sources. Roughly 1.5 Gt of this amount is sequestered
in the oceans, and an additional 1.5 Gt utilized by flora or vegetation
worldwide. The ocean and vegetation act as carbon sinks. The remainder
of the CO, remains in the atmosphere.
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As CO, is a greenhouse gas (i.e., it can absorb heat), the larger the
amount of CO, in the atmosphere, the higher the average global atmo-
spheric temperature. This is a simplification of an accepted process widely
known as global climate warming due to fossil fuels predicted by Swedish
scientist Svante Arrhenius in 1896. About 18,000 years ago, the amount
of CO, in the atmosphere was 180 to 200 ppm (on a volume or mole
basis). In the 1900s, it rose to 285 ppm in 1958, 358 in 1994, and is now
365 ppm, and climbing. An elevated atmospheric temperature can lead
to higher oceanic temperatures. Roger Revelle, an American geophysicist,
was the first person to make modern high-level predictions of global
warming (1965).

If the ocean temperature rises, the amount of dissolved gases in it decreases,
with detrimental consequences for many forms of marine life.

The CO, emitted when natural gas is used as a fuel is reduced owing to
the higher heating value of methane. The Boie equation is an empirical
relation that can be used to determine the HHV of many CHNO fuels,
including solid and liquid fuels. The relation is

HHV kJ kg™ = 35,160 X Y. + 116,225 X Y,; — 11,090 x Y,
+ 6,280 X Yy + 10,465 X Y

where Y, Yy, Yo, Yy, and Y denote the mass fractions of carbon, hydrogen,
oxygen, nitrogen, and sulfur in the fuel. Using this relation, the formula
for the mass of CO, emitted

CO, in kg per GJ of input = 10° + {9595 + 31717 (Y/Y) — 3026 (Yo/Y)
+ 1714 (Y/Yo) + 2856 (Yo/YOh
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Figure 2.7 Emission of CO, as a function of H/C and O/C atom ratios in
C-H-O fuels (g/M] = kg/GJ; multiply by 2.326 to get Ib/mmBTU).
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)

In terms of atom ratios, it can be shown that kg of CO, per GJ of heat input

= 10° + {9595 + 2667 (H/C) — 4032(0O/C) + 1999 (N/C) + 7623 (S/O)}.
In general, CO, emissions can be reduced by burning fuels with higher
H/C ratios. Therefore, the higher the H/C ratio and the lower the O/C
ratio, the lower the CO, emission to the atmosphere. Figure 2.7 illustrates
the CO, emission for different H/C and O/C ratios of C-H-O fuels.

Example 11

Dry-ash-free (DAF) cattle waste can be represented empirically as CH, ,q3
No.07450051650.00813- The higher heating value of dry waste with 53% ash (e.g.,
sand) is known to be 9,215 kJ kg™! of dry fuel. Determine (a) the molecular
weight of 1 kmol of DAF fuel, (b) the stoichiometric air required in kg per
kg of dry fuel, and (¢ the enthalpy of formation in kJ kmol for the DAF

fuel.

Solution

The heating value of dry waste with 53% ash is 9215 kJ kg™!. This contains
47% of pure DAF fuel. The HHV value of 100% DAF fuel is

HV,, = 9215/0.47 = 19606.38 kJ kg' of DAF fuel.

Using the chemical formula CH, ;55N 17450051650 00s13»

My = (1 X 12.01) + (1.253 x 1.01) + (0.0745 x 14.01)

+ (0.516 x 16) + (0.00813 x 32)
= 22.84 kg kmol™! of DAF fuel.

Using atom balance the stoichiometric reaction may be written as

CH, 155N, 074500 5165000815 + 1.063 (O, + 3.76 N,) — CO, + 0.6265H,0 (1)

+ 4.034N, + 0.00813 SO.,.

A:F on a mass basis is

AF ={1.063 x 32 + 1.003 x 3.76 x 28.01}/{1 x 22.812} = 6.40.

The stoichiometric air per kg of dry fuel (with ash)

6.40 x 0.47/1 = 3.0074 kg of air per kg dry fuel

HHV = 19606.38 kJ kg™ x 22.84 kg kmol™ = 447261 kJ kmol~!, where

447261 = hy,. — h9co, (298 K) = 0.6265 h, o (0 (298 K)

— 0.00813 hg, (298 K)

= DOy el — (=393546) — 0.6265 (~285,830) — 0.00813 (~296842),
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or

hp,. (298 K) = —122771 kJ kmol".

Example 12

A burner facility is operated with fuel 1, CH,; N,,0.,S,; which has a rated
thermal output of P, at an equivalence ratio of ¢. The fuel is then switched
to fuel 2, CH,, N,,0.,S,, with the flow rate of fuel adjusted so that the same
equivalence ratio is maintained. Typically, the HHV per stoichiometric airflow
is approximately constant.

(a) Show that the equivalence ratio is same the as long as the O, percentage
on a dry basis is kept the same for both the fuels

(b) Show that the airflow rate must be kept the same for the same rated
thermal output.

Solution

(a) Let v, be the stoichiometric O, oxygen-to-fuel mole ratio for fuel 1
and V ,,, the corresponding ratio for fuel 2. Then, O, percentage for fuel
CH,; N,,0.,S,; is given as

S

Xog1 = Vour (/) = DNV oy, (/@) = 1D + v, BT76/¢) + 1+ s, +n,/2)

Rewriting
Vo (/-1 Xo, 1 + Xozi Voo (3.76/¢)

+{1+s +n/2} Xy =V, (/) - D

where {(1/¢) — 1} = excess O, fraction = excess air fraction.
Simplifying and solving

(/¢ =1 = Xy, {1 = A+ 5,+10,/2)/ Vi, /11 = 476X, 4]
Typically v,;, =1 = 2, X, = 0.03 — 0.05, s; = 0.01, n; = 0.1;

(1/§) = 1/1 — 4.76X,, ]

Thus, as long as X, is the same in both cases, (1/¢) remains the same.
(b) Fuel is switched in boilers many times; but thermal output must be
maintained in order to produce the same electric power

*he,, =P

air,st. c,air t

Thermal output = m

cair Deat released per unit stoichiometric mass of air; P,, thermal (not
electric) power output

where h.

mair,sl. = P/hc,ain mair = PL/(¢hc,air)
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As h_,, for most fuels has the same value, then for the same throughput and
equivalence ratio, the air supplied must be maintained at the same rate when
switching fuels.

2.5.7 Applications of Thermochemistry
2.5.7.1 First Law Analysis of Reacting Systems

Example 13

Glucose, i.e., C;H,,O,, is oxidized in the human body in its cells. Air is
inhaled at 298 K, and a mixture of air and metabolism products (CO,, H,O,
O,, and N,) is exhaled at 310 K. Assume that glucose is supplied steadily
to the cells at 25°C and that 400% excess air is utilized during its consumption.
If the breathing rate of humans is 360 I/h, determine the amount of heat loss
from the human body given that ;... = =1.26 X 10° kJ kmol™ (Table A.32
of Appendix A), and the higher heating value of glucose is 15,628 kJ kg™'.

Solution

The reaction equation with 400% of excess air (or 5 X theoretical air) is
CH,,04 +5 % 6 (O, + 3.76 N)) > 6 CO, + 6 H,O + 24 O, + 112.8 N,.

We now conduct an energy balance, i.e.,

dEcw/dt = QC.V. - Wc,v, + Zk ; Nka - ZkeNka

Ignoring the breathing (PdV) and other forms of work and using appropriate
tables (Table A.10 to Table A.30 of Appendix A)

0=0., +1x(=1.26x 10 =6 x (=393520 + 443) —6 x (-241820)
+ (398) =24 x (0 + 348) —112.8 x (0 + 345).

Hence,

q,,= —2.5 x 10° kJ kmol™ of glucose.

M =6 x 12.01 + 12 x 1.01 + 6 x 16 = 180.2 kg kmol".

Therefore, q., = 13872 kJ per kg™ of glucose.

The air consumption is 360 1 h=! or 0.360 m? h='/(24.5 m3 kmol™) = 0.0147
kmol h™! so that the glucose consumption is 0.0147 + 142.8 = 0.0001031 kmol
h-', or (0.0001031 kmol x 180.2 kg kmol x 1000 g kg™! h™") + 60 min h™! =
0.31 g min™.

The heat loss rate

O., = My, q., =031 g min! x 13872 ] g! + 60 sec min™! = 72 W.
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Remarks

(i) We can interpret from this result that the hypothetical human body con-
sidered in this example has the same energy consumption as a 70-W light
bulb. However, during fever, there is increased metabolic activity to main-
tain the fever (higher temperature) [Annamalai and Morris, 1997].

(i) Our typical food consists of carbohydrates (HHV = 18,000 kJ dry kg™,
fatty acids (HHV = 40,000 kJ dry kg™, and proteins (HHV = 22,000 kJ dry
kg™, of which almost 96%, 98%, and 78% are metabolized, respectively.
In general, the larger the amount of moisture in food, the lower its heating
value. Fats have a lower moisture content and, therefore, have a larger
heating value, whereas the carbohydrates, having relatively more moisture,
have a smaller heating value.

(ii) If glucose is not transported to cells or is not metabolized, its concentration
will increase in the bloodstream, which is characteristic of the diabetic condition.

(iv) The body burns 0.7 k] min™ kg™ of energy during aerobic dancing, 0.8 kJ
min~' kg while running a mile in 9 min, 1.2 k] min~' kg for a 6-min
mile, and 0.3 kJ min! kg while walking.

2.5.7.2 Adiabatic Flame Temperature

Consider a flammable premixed mixture of methane and air jet that emerges
from a burner. The contour of the hottest location is often called the flame
(cf. Figure 2.8). The maximum possible flame temperature is called the
adiabatic flame temperature, which is attained in the absence of heat losses
and work transfer.

2.5.7.2.1 Analysis of Steady-State Steady-Flow Processes in Open
Systems

We will apply the energy balance equation in the context of steady state
(Figure 2.8), in the absence of work transfer, complete combustion and neglect

Flame c.v. boundary 7

Fuel and air

(b) Actual
/
Fuel and air / A
—_—p» |
c.v. boundary
(a) Ideal

Figure 2.8 Schematic diagram of a flame and its idealization.
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Figure 2.9 Illustration of adiabatic flame temperature.

the kinetic and potential energies so as to obtain the maximum possible flame
temperature

dE.,/dt = Oc = W, + ) Ney - Zk N, e

Dividing by the molar flow of fuel, for an adiabatic combustor, and for
steady state

0= Hprod - Hrcaca (267)

where H,oq = T (N/Np by and Hye,e = 5y (N/Np by This implies that the
total enthalpy of the products leaving the combustor equals that of the entering
reactants, which allows us to calculate the adiabatic flame temperature (Figure 2.9).

2.5.7.2.2 Analysis of Closed Systems

The energy balance for a closed system results in the relation
g - w=Uy=Ug= D o N/ Npily,
= Dk (NN (2.68)
where g , % in kJ/kmol of fuel
i, =h, - @0,
For ideal gases,

i, =h, - RT, ie.,

Example 14

Liquid octane burns in a reactor with 40% excess air. Determine the adiabatic
flame temperature in the case of (a) a steady-state steady-flow device (Figure 2.10a)
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Figure 2.10 Adiabatic flame temperature for liquid octane in (a) an open
system, and (b) a closed system.

with both the fuel and air entering at 298 K and 1 bar, and (b) a rigid closed
system (Figure 2.10b) with both the fuel and air being initially at 298 K and 1 bar.
Also determine the final pressure for case (b). Assume ideal gas behavior and that

poctane(l) = 703 kg m_S'

Solution

For a stoichiometric reaction,
CH (D) + 12,5 O, — 8CO, + 9H,0. A)

In this example, when 40% excess air is supplied,

supplied O, = 12.5 X 1.4 = 17.5 mol per mole of fuel, and
17.5 x (79 + 21) = 65.83 mol per mole of fuel.

supplied N,
Therefore, the reaction equation assumes the form

CeHy(0) + 175 O, + 65.83 N, — 8CO, + 9 H,O + 5 O, + 65.83 N,. (B)
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(a) The energy balance equation for a steady-state steady-flow device is

dEcv/dt = Qc.v, _WC.V. + Z{Nk};k}l - Z{Nklgk}e (C)

As the system is adiabatic, steady, and does not involve work,

0= (ZNklgk)i - (ZNklgk)e = Hreac - Hprod (D)

where H,, g = {8 * (=393520 + b ; — b ,,)CO, + 9 * (241845

+ bt,T - ];t,298)Hzo +5 (O + lgt,T - /;t,298) Oz

+65.83 % (0 + b — b )N, (E)
And H,,. = {1 * (-249950)¢,,, + 17.5 * 0 + 65.83 * 0}
= —249950 kJ (P

We use Equations E and F in D and solve T by iteration (see the following
table). B

Assume T = 2000 K; then select » from Table A.13, Table A.18, Table
A.23, and Table A.26 of Appendix A, for CO,, H,O, N,, and O, for the
assumed T and Table A.32 of Appendix A for "h% g5

(/‘;LT - ];t,ZQB)COZ

T atT hipo h hos Hp Hy = Hp
1900 85,392 67,725 52,541 55,402 —-296,000 —46,050
2000 91,420 72,805 56,130 59,169 52,720 302,670

Look at the data for 1900 and 2000 K. As H,.,. = H,,q= 0, then interpolating
T =1913 K = 1900 K.
(Note: hy, = hy # ¢,,(T,) T, = ¢,,(T) T
(b) The corresponding energy balance equation for a rigid closed system is
Q - W = Uprod - Ureac'
The work W = JPdV = 0, as dV = 0, and Q = 0 as we assume that the
system is adiabatic. Therefore,

U prod = ureuc

=U_.or U

prod reac

In this context,

Moctane(l) = boctzme(l) -P v = _249950 kJ -1 bar X 100 kN m™ bar_l
+ (703 m? kg™ x 114 kg kmol™ = —249950 kJ kmol™".
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For an ideal gas, P? =RT, i.e.,

, =ho e — 8314 x 298 = —2478 kJ kmol™".

03,208

u =h — 8.314 x 298 = -2478 kJ kmol.

Ny 208 N2 208K
Therefore,
Ugeac = (1 x (=249950) + 17.5 x (—=2478) + 65.83 x (—2478))

= —456406 kJ kmol.

At 2400 K,
Ueo, = ECO) —8.314 x 2400 = —393520 + (115, 798) —8.314 x 2400
= —297685 kJ kmol.
Hence,

Upiod = Upere = {8 X (=393520 + 115798) — 8.314 x 2400)}
+ 9 X (241820 + 93744) — 8.314 x 2400)
+ 5 x (0 + 74467) — 8.314 x 2400)
+ 65.83 x (0 + 70645) — 8.314 x 2400)) — (—=456406)
=~ 174000 kJ kmol™.
Assume that T = 2200 K,

U U.... =~ —389,000 kJ kmol".

reac

prod —

Interpolating, we obtain that the adiabatic flame temperature
T = 2340 K.
The increase in pressure is

P,/P, = N,RT,/(N,RT,)
= 87.83 x 2300 + (84.33 x 298) = 8.03 bar.

Remarks

(i) CO, and H,O are known to be radiant species in the products. Thus, if
10% of the heat value (HHV: 48275 kJ/kg or 5515900 kJ/kmol, LHV =
44790 kJ/kg or 5117700 kJ/kmol) is lost as radiation, then the total loss
is 511770 kJ, which is essentially because of CO, and H,O. The total thermal
energy carried by CO, and H,O is 8 * 85392+ 9 * 67725 = 1292660 k]J.
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Thus, 511770/12926600 = 39.6, i.e., 40% of the thermal energy of CO,
and H,O is lost at 40% excess air; thus, as CO, and H,O get cooled by
radiation, the O, and N, must supply the necessary thermal energy to
CO, and H,O.

(i) You can repeat these calculations for air that is preheated to 700 K. The
open-system adiabatic flame temperature is roughly 2200 K, which is about
300 K higher than that when air at 298 K is used (1913 K). If the preheat
required for the secondary air is supplied by the combustion products at
2200 K, then the combustion products’ temperature drops to 1913 K. In
other words, if one tracks the temperature in such a system, it will rise
gradually from 298 K to 2200 K (with an enthalpy above the conventional
value without preheating) during an adiabatic process and decrease to
1913 K once heat is removed for preheating the combustion air. Such a
scheme is called excess enthalpy combustion (EEC), which is useful for
fuels, particularly of low heating values, or combustion involving a large
amount of excess air in order to stabilize the flame. On the other hand,
if one wants to maintain a temperature of 1913 K without preheating, then
the oxygen concentration must be reduced as is done in high temperature
air combustion (HiTAC) systems [Tsuji et al.].

2.5.8 Second Law Analysis of Chemically Reacting Systems
2.5.8.1 Entropy

We will now introduce methodologies for determining the entropy, Gibbs function,
and other species properties, which are useful in the application of the second
law to combustion problems.

Because for an ideal gas,

ds = ¢, dT/T = R dP/P,

then for a pure component,

S (T,P) — s (T,.(,P?) = s0(T) — R In (P/P°), (2.76)
where
0 r
S, = J.Tn_)/ (c M/T)dT Q.77

It is usual to select the conditions T,; = 298 K, P® = 1 atm, and s, (T,, P°)

ref>
= 0 for an ideal gas.

2.5.8.2 Entropy Generated during Any Chemical Reaction

A chemical reaction is irreversible and hence 60 > 0; the second law yields ds
= 6q/Tb + 60 and under adiabatic conditions, ds (= 60) > 0. Why does this
happen? Combustion is usually a process of oxidation of fossil fuels to CO,
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<— Flame front

Figure 2.11 Entropy generation during flame propagation. (Adapted from
Daw, C.S., Proceedings of Central States Section of the Combustion Institute,
Austin, Texas, March 21-23, 2004.)

and H,O. Fuel and oxygen are called reactants in this case, whereas CO, and
H,O are called products. The chemical bonds (which are more organized forms
of energy) between the atoms in fuel are broken during combustion and energy
is converted into thermal energy, which is eventually stored as te, ve, and re
(random or disorganized energy) in a large number of quantum states, or random
energy states. Hence, the entropy of the products is higher than that of the
reactants. Figure 2.11 shows a schematic view of entropy generation between
burned products (random energy) and an unburned mixture of H, and O,
(better-organized energy). The entropy generation results in lower work capa-
bility of the fluid (Chapter 1). The work loss capability due to entropy generation
is given as T, ¢ [Annamalai and Puri, 2001, Bejan, 1988]. For example, the
exergy or loss of work capability in the gas turbine combustor could be as high
as 20% to 30% of heat value and forms the largest of all losses in a gas turbine
system [Nishida et al., 2003].

2.5.8.3 Entropy Balance Equation
2.5.8.3.1 Entropy Generated during an Adiabatic Reaction

Example 15

One kmol of CO, 0.5 kmol of O,, and 1.88 kmol of N, enter an adiabatic
reactor and produce CO, because of the exothermic reaction of the CO and
O,. (a) Determine the temperature and entropy of the products assuming that
CO reacts in varying amounts, i.e., 0.1, 0.2, ... ; 0.9, 1 kmol., (b) Obtain an
expression for S, — Sy in kJ/(kg mix k) if C,;, =Y, Cand M of mix are constant.

pmix
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Solution
(a) The overall reaction equation for each kmol of CO oxidized is

CO +1/20,+ 1.88 N, - CO, + 1.88 N, (A)

For a steady adiabatic process that involves no work, we have shown before
that

Hl’rod - HReac = ZNk ng - ZNkEk = 0. (B)
ke ki

For every kmol of CO consumed, a half kmol of oxygen is consumed and
a kmol of carbon dioxide is produced. For instance, in the case when 0.2 mol
of CO react:

CO +1/2 O, + 1.88 N, — 0.8 CO, 0.2 CO,, 0.4 O,, 1.88 N,

Hieoe = 1 X (=110530) + 0 + 0 X (=393520) + 1.88 x 0 = =110530 k]J, ©

Reac
and
Hpoq = 0.8 X (=110530 + (hy — hyg) + 0.4 X (0 + (hy — h,pe)
+ 0.200 x (=393520 + (h; — hyye) + 1.88 X (0 + (hy — hyg). (D)
Equating Equation C and Equation D, one can iteratively solve for T, which
in this case is 848 K. Figure 2.12 presents the variation of T and entropy

generated vs. the moles of CO that are burned. The corresponding entropy
balance equation for steady-state and adiabatic conditions assumes the form

0= Qc.v./Tb + ki NK§k - ke NK§k + 0, (B
c = k,e NKEk - k,iNKEk )
160 3000
/——-—-

140 o
/ /' 2500
120 7
/ / 3 2000
100 v v
80 / / 1500
60
/ / $ 1000

40 |

V 4 500
20

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of CO Burn t

Adiab Temp, K

0, kJ/(kmol K)

Figure 2.12 Variation of the adiabatic temperature and entropy generation
with the CO burned fraction.
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PenOting Srcac = (Zngk)h Sprod = (2 Nk§k)c7 and §k (T,P,Xk) = §k (Tvpk) =S
- R In (p/p®), we obtain
prod — grealc' (G)
As S, is specified (687 kJ/kmoD) and o > 0, S,,4 must increase with the
burned fraction. For instance, if 0.2 mol of CO react, the product stream
contains 0.8 mol of CO, 0.4 mol of oxygen, 0.2 mol of the dioxide, and 1.88 mol
of nitrogen, which is inert. In that case,

Peo = NooP/N = 0.8 x 1/(0.8 + 0.4 + 0.2 + 1.88) = 0.244 atm.

G =S

Similarly, p, =0.122, p., = 0.0.061, and Dy, = 0.573. Hence,

Sprod = 0.8 X 5 (T, p.,) + 0.40 X So, (T, poz) + 0.20 X §COZ(T, pcoz)
+1.88 X 5 (T, py ) = 0.8 X (55,(848 K) — 8.314 X In 0.57/1)
+ 0.4 X (50(848 K) — 8314 x In 0.122/1) + 0.2 X (s (848 K)

—8.314 x In 0.061/1) + 1.88 x (31\?2(848 K) -8.314 x In 0.573/1) = 779 kJ/K.

Figure 2.12 plots the variation in S, with respect to the CO burn fraction.
The S, reaches a maximum at CO burn fraction =0.87 with T=2377 K and S
= 837 k]/kmol of CO. Then 6,,,,= S, 1ux = Sreac =

() sp = sp = E Yie Sce = Zii Yie Ske

Con51der s =8 = B Yy {o In (T/Tp) — (R/M, & In Xy P/PY = ¢
In (T/Tep) — Zye (R X, /M) In {Xke P./P% where ¢, of mixture = XY, ¢,

o,, (kJ/(kg mix K)} ='s, — 8y = ¢ I ( T/T) — (R'M) In (P/P} — (R/M)
In {1, X, e/(IT; X, XD}

Entropy generated in adiabatic irreversible chemical reaction = entropy
change = change due to increased random energy + change due to pressure
change (which changes intermolecular spacing) + change due to irreversible
mixing of different components. Typically the mixing part is negligible. Thus
random energy contributes to major part of entropy increase.

prod

= 837 — 687 = 150 kJ/kmol CO.

2.5.8.3.2 Entropy Generated during Any Chemical Reaction

Example 16

The following species are introduced into a reactor at 3000 K and 101 kPa:
5 kmol sec™! of CO, 3 kmol sec™! of O,, and 4 kmol sec™! of CO,. One percent
of the inlet CO oxidizes to form CO,. Determine 6o for a fixed mass of the
reactants. Assume instantaneous mixing at entry and ideal gas behavior.

Solution

Consider a reactant mixture consisting of 5 kmol of CO, 3 kmol of O,, and
4 kmol of CO that has a total mass of 5 X 28 + 3 X 32 + 4 X 44 = 412 kg. We
will follow this mass as the reaction proceeds. The volume of their mass may
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change but P remains constant (Figure 2.13). Assume that CO is oxidized
according to the chemical reaction

CO + 1/2 O, = CO,.

As only 1% of the inlet or initial CO undergoes this reaction, then the
number of moles of CO will be

Neo = 5 — 0.01 X 5 = 4.95 kmol.
Hence, dN¢, = —0.05 kmol. Likewise, N, =4 + 0.05 = 4.05 kmol.

N, =3 -0.05x0.5 = 2975 kmol.
At constant pressure, the first law for a fixed mass system yields
0Q, = AH.
From Tables A.12, A.13, and A.26 at 3000 K

by = -110,530 + 93562 = —16979 k] kmol".

b o, = =393520 + 152891 = —240629 kJ kmol™, and

b, =0 + 98036 = 98036 k] kmol.

Note that at 3000 K,

A Hj, (3000 K) = —272370 kJ kmol™! of CO.

Enthalpy after reaction:

Hp,oq = 4.95 X (=16979) + 2.975 X (98030) + 4.05 X (=240,629) = —766936
kJ (or —1862 kJ kg of mixture).

The reactant enthalpy or enthalpy before reaction:

Hyo = 5 X (=16979) + 3.0 X (98036) + 4 X (—240,629) = —753303 kJ (or —1828
kJ kg™ of mixture).

Therefore,

0Qy = Hypoq — Hyeoe = —13033 kJ (or —33.1 kJ kg™ of mixture).

This is the amount of heat that has to be removed from 412 kg of mixture
so that the products can be maintained at 3000 K.
The entropies for ideal gases before reaction are:

Xeo = 5/(5 + 4 + 3) = 0417, X, =025, and X, = 0.3323, ie,

é CcO (TJP>XCO) = ECO (T,P) - E ln XCO
= 273,58 — 8.314 x In 0.417 = 280.85 kJ K~! kmol,

§OZ(T,P,XO?) = 284.4 — 8.314 X In 0.25 = 295.9 kJ K! kmol™!, and

S0 (TPX ) = 334.08 — 8314 In 0.33 = 343.3 kJ K™ kmol",
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The total reactants entropy is
Speae = 5.00 X 280.85 + 3 X 295.9 + 4 X 343.3 = 3665.1 k] K, i.e.,

After reaction,

Xeo = 0.413, X, = 0.248, and Xco, = 0.338, so that
8 co (T, P, X)) = 273.58 — 8.314 x In (0.413) = 280.93 kJ K kmol™,
So,= 284.4 — 8.4314 x In 0.248 = 296.0 kJ K™! kmol™!, and

Sco, = 334.08 — 8.314 x In 0.338 = 343.1 kJ K! kmol.

The product entropy or S after reaction

Sprod = 4.95 X 280.93 + 2.975 X 296 + 4.05 X 343.1 = 3660.8 kJ.

dS = Spoq — Speac = 3065.1 — 3660.8 = 4.3 kJ K- kmol™.
Therefore,
0o =dS — 6Q/T = 4.3 —(~13,633) + 3000 = 0.244 kJ K™!
or 0.0006 kJ kg™! of mixture
Remarks

(i) For an elemental reaction, 6o > 0.

(i) Because no entropy is generated owing to nonuniform temperature or
pressure gradients within the fixed mass, the finite positive value of do
arises on account of the irreversible chemical reaction.

(ii) In such a system, there are no thermal or mechanical irreversibilities.
Generalizing,

ds - 6Q, /T = 6o, ie,
T éo=TdS - 0Q =T(ds) — (dh) =-d (H -Ts) =-dG,;, = T 60
= 3000 x 0.935 = (2806 kJ K-! kmol-! > 0), and
dG;p = - 00 < 0.

Here,

G=H-TS= Zéka _T szfk = sz(ék _ TS = szgk.

The Gibbs energy of a fixed mass at a specified temperature and pressure
decreases and the entropy generated increases as the chemical reaction proceeds
(see Figure 2.13). As G is a measure of availability, the availability decreases
during this irreversible process.
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Figure 2.13 Illlustration of entropy generation and decrease in G of a fixed
mass with reaction. The value of G keeps decreasing as a reaction proceeds.

In Chapter 3, we will see that the direction of reaction (i.e., from the
reactant CO to the product CO,) must be such that 66 > 0 or dG, < 0. If
this is not satisfied, then the assumed reaction is impossible.

2.5.8.4 Gibbs Function, and Gibbs Function of Formation

The Gibbs function for a pure component k is
g,=he—T5, (2.78)

For instance, the Gibbs function of H,0O at 298 K and 1 atm is

g=h—Ts =-285830 — 298 x 09.95 = 306675 kJ kmol™ of H,O.

Because combustion problems typically involve mixtures, the entropy of the
k-th component in a mixture must be first determined, e.g., following the relation

S(TPX) = 5 (T,P) —RIn (X)) = S%T) — RIn (p,/1), where p, = X, P.

The Gibbs function of the k-th mixture component g, can be obtained with

8r = /;k - TS, 2.79)

For ideal gases, b, =b,, and b =h °+ Ab .

Alternatively, the values of g,(298 K, 1 atm) for any compound can also
be determined by ascertaining the Gibbs function of formation g, ; under those
conditions. The value of g, ; is identical to the Gibbs energy of formation AG
for a reaction that forms the compound from its elements, which exist in a
natural form. For instance, in the case of water,

8rio = AGhimo = 8o (298 K1 atm) — g, (298 K, 1 atm)

-0.5 goz (298 K, 1 atm). (2.80)
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The value of g, (298 K, 1 atm) is assigned as zero for elements that
exist in their natural form. Knowing AG% 0, and with 8n, (298 K,1 atm) =
0, 8, (298 K,1 atm) = 0, 80 (298 K,1 atm) =80,/ —AGRHO Table A.32 of
Appendix A contains values of g (298 K, 1 atm) of many substances.
Unless otherwise stated, g values will be evaluated using Equation 2.78 for
pure components. Particularly at P = 1 atm, g° =/ (T) — TS are tabulated for
various ideal gases in Table A.10 to Table A.30 of Appendix A. The Gibbs
function during a reaction may increase or decrease depending on energy
input or output. For example, consider the process of photosynthesis.

6 CO, + 6 H,0 (ig) = CH,,0; (aq, called glucose, one form of sugar)
+ 6 O, (2.8D

where AS°= —-207 kJ/K per kmol of sugar, AG® > 0 and AG® = +2872 kJ per
kmol of glucose at 298.15 K. The right-hand side has high G, the left-hand
side has low G, and sunlight provides the energy (it is like heating water, in
which you increase G of water) and the reaction is not spontaneous. Once
we produce high-G glucose, then we can burn it or decompose it spontane-
ously resulting in decrease of G during reactions. For example, if the leaves
of trees were made of C;Hy instead of glucose, then C;Hg could be sponta-
neously burned without any outside intervention!

Example 17

(a) Determine the Gibbs energy for water at 25°C and 1 atm using g =h —-T7's
conditions, (b) determine the change in the Gibbs energy when H,O ({) is
formed from its elements, and (¢) determine the Gibbs energies of formation
for H,O (©).

Solution

(@) 8o = b mom = 1 Sy = —285,830 — 298 X 69.95

= -300,675 kJ kmol™. A

(b) For the chemical reaction

H, + 1/2 O, — H,00), B
AG = §H20(€> - 8u, — (/2 go,, ©

where
gy, =hy — TS, =0-298x 130.57 = -38,910 kJ kmol™, (D)
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and

Zo, =0 — 298 x 205.04 = 61,102 kJ kmol™. (BE)
Applying Equation A, Equation D, and Equation E in Equation C,
AG = -300,675 — (=38,910) -0.5 X (-61,102) = —237,214 kJ kmol™. (F)

(c) Therefore, the Gibbs function of a kmol of H,O (¢) is 237,214 kJ lower
than that of its elements (when they exist in a natural form at 25°C and 1 atm).
As in the case of the enthalpy of formation, the Gibbs function of all elements
in their natural states can be arbitrarily set to zero (e, g, = 0, 8q0, = 0).
Thereafter, the Gibbs energy of formation is A

g £, HO(0) = AG = —237214 kJ kmOlfl. (G)

Example 18

Consider Example 3. Calculate the amount of energy available as work in kJ/
day if diet (fuel) is only glucose and if metabolic efficiency defined as {work/
IAG I} = 0.38; other data same as in Example 3.

glucose

Solution

For example 3, the glucose burn rate per day = 18.6 g/hr X (24 hr/day) = 446
g/day

AGe y10= 6 8oy (310K, 1 atm) + 6 8,0, (310K, 1 atm) —{ Gy (310K 1 atm)
+ 6 g, 310K, 1latm)} = AG —2870 MJ/kmole of glucose

€298 —

Energy available as work/day = (0.446 kg/day) (kmole/180.2kg) (2,870,000
kj/kmole)(0.38) = 2.7 kJ/day or 30 W.

Remarks:
If fat and proteins are diet, the metabolic efficiencies are 0.32 and 0.10

2.6 Summary

Chemical reactions occur when species rearrange their atoms, and different
compounds with different bond energies are produced. Dry and wet gas analyses
were presented in this chapter, which are analytical tools to measure species
transformations. Examples are presented for determining (A:F) from dry gas
analyses. The enthalpy of formation or chemical enthalpy, thermal enthalpy,
and the total enthalpy are defined. Energy conservation (first law) and entropy
balance (second law) of reacting systems are introduced both in mass and molar
forms, and illustrative examples are provided. Finally, entropy generation and
decrease in G at a given T and P were illustrated for reacting systems.
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2.7 Appendix

2.7.1 Determination of h; from Bond Energies

If it is not feasible to obtain calorimetric data using a bomb calorimeter, h %,
can still be estimated using bond energy. Bond energy is the energy required
to break up a bond (e.g., the O-H bond) between atoms so that atoms are
released (O(g) atom and H(g) atom); the bonds can be single bond (e.g., O-
H), single-electron sharing, double bond (e.g., CO: C=0), and two-electron
sharing. They are tabulated in Table A.31 in Appendix A. The chemical bond
strength varies according to the atomic number. The chemical bond becomes
weaker as the atomic number increases. For diatomic gases, N, (atomic mass
= 14, chemical bond strength = 945 MJ per kmol) > O, (16; 498 M)) > F, (19;
158 MJ). Similarly, HF > HCl > HBr > HI, (note F:19, Cl:35.5, Br:79.9, 1:126.9).
One may classify chemical bonds as: a weak chemical bond, <200 MJ per kmol,
an average bond, around 500 MJ; and a strong bond, >800 M]J. A reaction occurs
by the breaking of a bond and its recombination. For example,

CH,(g) = CH; (g) + H (®)

CH, is a stable molecule; however, CHj; is a highly unstable reaction intermediary
as it does not have a stable electron structure [Oxtoby, et al., 1998; Chapter 10].
Here, one C-H bond (sharing one electron) is broken, and H is released as
gas. The energy required to initiate this reaction is 438 MJ per kmol of CH,
or per 6.023 * 10% molecules; if we break CH, into CH, and 2 H(g), then we
break two C-H bonds. Similarly, breaking H from CHCI,

CHCIy(g) — CCly (g) + H (g) + 380 MJ/kmol of CHCL.

However, this value is slightly different (but within a small percentage
error) compared to the first reaction. Sometimes, one may have double bonds
C=C bonds as in C,H, (sharing two electrons); the C atoms share two electrons
(two from an atom of C are shared with two electrons of another C atom)
rather than a single electron from each C atom. Hence, energy required to
break such a C=C bond (615 MJ/kmol) is higher than to break a C-C bond
(348 MJ per kmoD).

Example 19

Determine the enthalpy of reaction of CH, from its bond energies.

Solution

CH, + 20, — CO, + 2H,0 (A)

Figure 2.14 illustrates the procedure.
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Now use C(g) and 2 O(g) to
form CO, with two C=0O
bonds, h¢_g = 804 MJ;
Thus for CO, 2804 =

1608 MJ;

+
Form H,O using 2 H(g),

1 O(g) with 2 O-H
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A4x413 = 1652 Mj +1852 [ = 3460 MJ
he_yy = 1652 MJ
Net energy released
in forming 1 CO,
Take CH, and 2H,0 from 1

CHgand2 O, =

3460 — 2648 = 812 M]
per kmole of CH, or
50590 kJ/kg of CH,
(called lower heating
value)

Break 4 C—H bonds

Figure 2.14 Illustration of the computation of heat of reaction for CH, + 20,
— CO,(g) + 2H,0(g).

There are four C-H bonds in CH, with an energy of 4 C-H bonds X
413,000 kJ per C-H bond = 1,652,000 k] and one double bond O=0 (with a value
of 498,000 k)) in O, (see Table A.31 of Appendix A for bond energies). Because
we use 2 kmol of O,, this energy is twice the latter value, ie., 996,000 Kk]J.
Therefore, 1,652,000 + 996,000 = 2,648,000 kJ are required to break the six
bonds (four for methane and one each for the two oxygen molecules) and
produce C, H, and O, i.e.,

CH, — C (2) + 4 H(g) + 1,652,000 kJ kmol,
20, = 4 O(g) + 996,000 kJ kmol™, i.e.,

CH, + 2 O, > C(g) + 4 H(g) + 4 O(g) + 2,648,000 kJ kmol'. B)
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Figure 2.15 Energy levels of various species.

We supply 2,648,000 kJ to a mixture of CH, + 2 O, to produce C(g),
4 H(g), and 4 O(g). Then CH, and 2 O, are at an energy level 2,648,000 kJ
below the energy level of C(g) + 4 H(g) + 4 O(g). Similarly, to break CO,
(O=C=0), 2 x 804,000 (twice the energy of each O=C bond) = 1,608,000 kJ
is required to produce C(g) and 2 O(g). To break H,0O(g) into 2H(g) and
O(g), 2 x (2 x 463,000) or 1,852,000 kJ of energy is required. Therefore, the
energy level of 4 H(g) + 20(g) + 2 O(g) + 1 C(g) is higher by 3,308,000 kJ
as compared to that of a mixture containing CO, and 2 H,0, i.e,,

CO, + 2H,0 — C(g) + 4 H(g) + 4 O(g) + 3,460,000 kJ, or
C(g) + 4 H(g) + 4 O(g) — CO, + 2H,0(g) — 3,460,000 KJ. ©
Alternatively, CO,+ 2H,O are at an energy level of 3,308,000 kJ below the
energy level of C(g) + 4 H(g) + 4 O(g). While CH, and 20, are 2,648,000 kJ
below energy level of C(g) + 4 H(g) + 4 O(g). Thus 812,000 kJ of energy is

released. This is evident from the addition of Equation C and Equation B:

CH, + 20, — CO, + 2H,0 — 812,000 KJ. (D)
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Here, AH, = —812,000 kJ is the enthalpy of reaction based on differences
in the bond energies. Developing a formula, LHV ) = 2 # heg + 2 % 2 %
hoy —4 * hey — 2 % hoo = 2 % 804000 + 2 * 2 % 463000 — 4 * 413000 — 2
% 498000 = 812000 kJ/kmol or 812000/16.05 = 50590 kJ/kg of CH; which is
almost the same as 49990 kJ/kg from the h; method.

Example 20

Determine the enthalpy of formation of H,0O(g) from its bond energies (see
Figure 2.15).

Solution

H,O may be represented as H-O-H. It has two O-H bonds. The energy
required to break H,O into the elements 2H(g) + O(g) is equal to: 2 X 456,100
= 912,200 kJ kmol™ of H,O. This is represented as H,O(g) — 2H(g) + O(g) +
912,200 kJ kmol.

This is also the energy removed from 2H(g) and O(g) to form H,0O(g), i.e.,

2H(g) + O(g) — H,0(g) — 912,200 kJ kmol. A)

Likewise,
H,(g) — 2H(g) +435,900 kJ kmol™, and B)
1/2 0O2(g) — O(g) + 247,525 kJ kmol. ©

Using Hess’s law (adding Equation A through Equation C),
H, + 1/2 0,(g) = H,0 (g) — 228,775 kJ kmol'.
From Table A.32 of Appendix A, we note that the heat of formation of

H,0(g) is —241,820 kJ kmol~!. This discrepancy is due to a precise identification
of the minimum bond energy (which occurs at a specific interatomic distance).






Chapter 3

Reaction Direction
and Equilibrium

3.1 Introduction

Nature is inherently heterogeneous, and consequently, natural processes occur
in a direction that lead to homogeneity and equilibrium. This is essentially a
restatement of the second law of thermodynamics. In the previous chapter we
assumed that fuels react with oxygen to produce CO,, H,O, and other products.
We now ask the question whether these products, e.g., CO, and H,O, can react
among themselves to give back the fuel and molecular oxygen. If they cannot,
then we must answer the questions, “Why not? What governs the direction of
a chemical reaction? Why do reactions stop prior to completion, i.e., complete
consumption of the reactants? Can we predict the composition of the products
if reactions are not completed?” The direction of heat flow is determined by a
temperature gradient, or thermal potential, and that of fluid flow by a pressure
gradient, or mechanical potential. In this chapter we will characterize the
predominant parameters that govern the direction of a chemical reaction. We
will learn that the gradient of the Gibbs energy, or chemical potential, determines
the direction in which a chemical reaction proceeds. We will also discuss the
composition of reaction products under equilibrium conditions.

3.2 Reaction Direction and Chemical Equilibrium

3.2.1 Direction of Heat Transfer

Prior to discussing the direction of a chemical reaction, we will consider the
direction of heat transfer. Heat transfer occurs because of a thermal potential
(temperature, T), and heat flows from a higher to a lower temperature. Thermal
equilibrium is reached when the temperatures of the two systems (one that is

97
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Figure 3.1 lllustration of thermal equilibrium.

transferring and the other that is receiving heat) become equal (Figure 3.1,
Location D). Because of the irreversible heat transfer from a warmer to a
cooler system, 0 > 0. For example, we never observe warmer water cooling
down to 40°C and colder water heating to 60°C (location beyond D in Figure
3.1) even though the first law may be satisfied for such an event, because we
find that 60 < 0 in the region beyond the equilibrium point for such a
hypothetical event.

3.2.2 Direction of Reaction

The direction of heat transfer is governed by a thermal potential, T. For any
infinitesimal irreversible process, 6o > 0. Similarly, the direction of a chemical
reaction within a fixed mass under specified conditions is also irreversible and
occurs in a direction such that 66> 0. For instance, consider the combustion of
gaseous CO at low temperatures and high pressures, i.e.,

CO + 1/2 O, — CO,. (3.12)

At high temperatures and at relatively low pressures,
CO, > CO + 1/2 O, (3.1b)

Reaction 3.1a is called an oxidation or combustion reaction, and Reaction 3.1b is
termed a dissociation reaction. The direction in which a reaction proceeds depends
on the temperature and pressure. We will show that the chemical force potentials,
B, =8 + (1/2)g,, for the reactants (left-hand side of Reaction 3.1a) and F, = g,
for the products (nght -hand side of Reaction 3.1a), govern the direction of Chemlcal
reaction at specified values of T and P. If F; > F,,, Reaction 3.1a dominates, and 3.1b
dominates if Fy < F}, just as the thermal potential T governs the direction of heat transfer.

Consider a premixed gaseous mixture that contains 5 kmol of CO, 3 kmol
of O,, and 4 kmol of CO, placed in a piston—cylinder—weight (PCW) assembly
at specified constant temperature and pressure. It is possible that the oxidation
of CO within the cylinder releases heat, in which case heat must be transferred
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from the system to an ambient thermal reservoir in order to maintain T. Assume
that the observer keeps an experimental log, which is reproduced in Table 3.1.
An observer will notice that after some time the oxidation reaction (Reaction 3.1a)
ceases when chemical equilibrium is reached (at the specified temperature
and pressure).

In the context of Reaction 1a, if 0.002 kmol of CO (dN.,) are consumed,
then 1/2 X (0.002) = 0.001 kmol of O,(dN_¢ )are also consumed and 0.002
kmol of CO,(dN,, ) are produced. Asmgnmg a negative sign to the species
that are consumedZ and using the associated stoichiometric coefficients,

dN -0.002 dN dN,
w0 = = +0.002; % = 40.002; %
-1 -1 -1/2 +1

= +0.002,

yielding a constant 0.002. One can now define the extent of the progress of
reaction & by the relation

dE = dNy, /v, (3.2)

where dN co, denotes the increase in the number of moles of CO, as a result of
reaction and Voo, the stoichiometric coefficient of CO, in the reaction equation.
During times 0 < t < t,,

dé = (4.002 — 4.0)/1 = 0.002.
Generalizing, we obtain the relation

where v, assumes a negative sign for reactants and a positive sign for products.
The production of CO, ceases at a certain mixture composition when chemical
equilibrium is attained (time t; in Table 3.1).

Table 3.1 Experimental Log
Regarding the Oxidation of CO
at Specified Conditions

Time 0O, CoO,
(sec) CO (kmol) (kmol) (kmol)
0 5 3 4

ta 4.998 2.999 4.002
tg 4.5 2.75 4.5
tc 4.25 2.625 4.75
tp 3.75 2.375 5.25

te 3.75 2.375 5.25
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3.2.3 Mathematical Criteria for a Closed System
3.2.3.1 Specified Values of U, V, and m

For a closed or fixed-mass system (operating at specified values of U, V, and
m) undergoing an irreversible process (Chapter 1 and Chapter 2),

(dS - 8Q/T, = 80) > 0. (3.3)

We wish to determine irreversibility due to reaction alone and eliminate
other irreversibilities due to temperature and pressure gradients within the
system; hence we set T, = T. Thus, there is no internal thermal irreversibility.

(dS — 6Q/T = 80) > 0 for irreversible processes;
(dS — 6Q/T = d0) = “0” for a reversible processes. (3.42)

If Wy = 0, then with 6Q=0W +dU, T, =T, and 0W = P4V in Equation 3.3,
dU = TdS — PdV - T do. (3.4b)

Note that Equation 3.4b is valid for irreversible (8o > 0) or reversible
processes (60 = 0).
For an adiabatic reactor, at fixed, U, V, m

(dSyy = 60) 2 0. (3.40)

Thus, for adiabatic reactions within a rigid vessel, the entropy S reaches a
maximum.

3.2.3.2 Specified Values of S, V, and m
For a system operating at specified values of S, V, and m, Equation (3.4b) yields
(dUsy = =T 60) < 0. (3.5

For a reaction occurring at constant S and V, internal energy is minimized
at equilibrium.

3.2.3.3 Specified Values of S, P and m
As in the preceding section, we obtain
dH = dU + d(PV) = TdS + VdP — Téo. (3.6a)
For specified values of S, P, and m,
(dH, = T o) < 0. (3.6b)

For a reaction occurring at constant S and P, enthalpy is minimized.

3.2.3.4 Specified Values of H, P and m
From Equation 3.6a,
(dSy, = 60) = 0, (3.60)
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which is similar to Equation 3.4c. Note that for adiabatic reactions in a constant-
pressure closed system involving constant enthalpy, the entropy reaches a
maximum value at equilibrium.

3.2.3.5 Specified Values of T, V, and m
Similarly, with A = U — TS, dA = dU — d(TS)
dA = -SdT - PdV — T 6o, ie., (dA, = -T o) < 0. 3.7

If CO and O, are suddenly mixed at temperature T and charged in a rigid
vessel immersed in a bath maintained at temperature T, then the Helmholtz
function A keeps decreasing as the reaction gradually produces CO,, and
eventually A reaches a minimum when chemical equilibrium is attained.

3.2.3.6 Specified Values of T, P and m

Similarly, for any state change from G to G + dG, with G = H — TS, dG =
dH — d(TS)

dG = -SdT + VdP - T 6o, (3.82)
ie.
(dGyp = -T00) < 0. (3.8b)

If CO and O, are suddenly mixed at temperature T and charged in a PCW
assembly, then the Gibbs function G keeps decreasing as reaction gradually
produces CO,, and eventually G reaches a minimum when chemical equi-
librium is attained. Note that Equation 3.8a is valid for irreversible (6o > 0)
or reversible processes (00 = 0). However, if state change occurs reversibly
between the same two equilibrium states G and G + dG,

dG = -SdT + vdP.

In order to validate Equation 3.8b for an irreversible process of a fixed
mass, we must determine the value of G, which is a property of the substance
of interest, and then use Equation 3.8b for determining do. We must determine
the value of G for the reacting system as the reaction proceeds.

3.2.4 Evaluation of Properties during Irreversible Reactions

For a closed system, dU = TdS — PdV. However, if mass crosses the system
boundary and the system is no longer closed (e.g., pumping of air into a tire).
Chemical work is performed for the species crossing the boundary (= —Zu, dN)),
where 11 :gk(T, Pk):hk—Ték, chemical potential of species k. Hence, the
change in energy between two equilibrium states for an open system (U and
U + dU) is represented by the relation

dU = TdS—PdV+Z u AN, . (3.92)
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The change in entropy between two equilibrium states for an open system
(S and S + dS) is obtained from Equation 3.9a as

ds = dU/T + PAV/T — 2 1, dN/T. (3.9b)

Also, adding d(PV) to Equation (3.92)

dH = TdS + VdP + z 1, dN,, (3.90)
dA = —SdT — PdV + Z 1,dN,, (3.9d)
dG = —SdT + VdP + z w dN,. (3.9¢)

It is apparent from Equation 3.9a to Equation 3.9e that

—T@S/N, ), =—T(dS/IN,),,, = (QU/IN, )y,

H,P

=(9A/IN),, =(9G/IN),, =&, = U, (3.90
_TdSU,V,,m = _TdSH,,P,m = dUS,V,m = dHS,P,m = dAT,V,,m = ClCIT,P,,m

Note that Equation 3.9a to Equation 3.9¢ could be integrated between the
initial (1) and final (2) states irrespective of whether state change from (1) to
(2) is reached reversibly or irreversibly because U, S, H, A, and G are all
properties of the states.

3.2.4.1 Nonreacting Closed System

In a closed, nonreacting system in which no mass crosses the system boundary,
dN, = 0. Therefore, for a change in state along a reversible path,

dS=dU/T+PdV/T,
dU=TdS-PdV, dH=TdS+VdP, dA=-SdT-PdV, (3.10)
dG =-SdT + VdP.

It is apparent that for a closed, nonreacting system,

Z“k dN, = 0. (3.11)

3.2.4.2 Reacting Closed System

Assume that 5 kmol CO, 3 kmol of O,, and 4 kmol of CO, (with a total mass of
5X 28 4+ 3 X 32 + 4 X 44 = 412 kg) are introduced into two identical PCW
assemblies A and B. System A has provisions for exchange of mass and acts as
an open system. We will assume that system A contains anticatalysts or inhibitors
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that suppress any reaction, whereas system B can have chemical reactions that
result in the final presence of 4.998 kmol of CO, 2.999 kmol of O,, and 4.002
kmol of CO,. The species changes in system B are dN., = 0.002, dN,, = 0.001,
and dN, = 0.002 kmol, respectively. But the total mass is fixed. The Gibbs energy
change dG of system B is now determined by hypothetically injecting 0.002 kmol
of CO, into system A and withdrawing 0.002 kmol of CO and 0.001 kmol of O,
from it (so that total mass is still 412 kg) so as to simulate the final conditions in
system A same as B. The Gibbs energy after the injection and withdrawal processes,
G, = G + dG;,. System A is open even though its mass has been fixed. The
change dG; during this process is provided by Equation 3.9e at constant T and
P. Thus,

dG.,, =(=0.002), fe,+(=0.00D), Hy + (+0.002), Hey

(3.12)
= Z{ﬂdek}A

where {dN,}, are the number of moles crossing the boundaries. Because the
final states are identical in both systems A and B, (dNp, = (dNpy; thus, Gibbs
energy change dG,; during this process must equal to dG,,. Therefore,

dG’l‘,P;B = (Z‘uk d‘Nk )B = dG’I‘,P;A = (Z'uk de )A = —TSG,
ie., (zﬂk de) <o0. (3.13)
B

Omitting the subscript B, the sum of the changes in the Gibbs energy
associated with the three species CO, CO,, and O, are

G,y = (2 n de) = T80 = (g Ny + o, N, + g NG ) <0,
(3.142)

ie.,

dG,, = (2 i, de)= (—0.002)4t, +(=0.00D) pr, + (40.002) ey,
=-Téo <0

(3.14b)

where dG, is the change in Gibbs function of a chemically reacting system
of fixed mass. Thus, as reaction proceeds at fixed T and P, G decreases and
reaches minimum at chemical equilibrium. Now consider Equation 3.9g. For
all chemically reacting systems operating with different set of properties (U,
V), (H, P), (S, V), (S, P), (T, V), and (T, P), the term (X, dN, ) <0. For example,
at fixed U and V, involving irreversible process within an adiabatic rigid closed
systems (Equation 3.9g), —=TdS,, <0 or dS;, > 0. S increases to a maximum
at constant U, V, and m. For constant (T, V) process, A is minimized, whereas
at constant (T, P) processes, G is minimized. The inequality represented by
Equation 3.13 is a powerful tool for determining the reaction direction and
equilibrium condition for any process.
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3.2.4.3 Reacting Open System

If one follows a mixture of 5 kmol of CO, 3 kmol of O,, and 4 kmol of
CO, as it flows into a chemical reactor in Legrangian frame of reference and
then the same criteria that are listed in Equation 3.4 through Equation 3.8
can be used as the system is a fixed-mass one. As reaction proceeds inside
the fixed-mass system, the value of G should decrease at specified (T, P)
so that dGy, < 0.

3.2.5 Criteria in Terms of Chemical Force Potential

3.2.5.1 Single Reaction

The reaction CO + 1/20, — CO, must satisfy the criterion provided by Equation
3.14b to proceed. Dividing Equation 3.14b by 0.002, or the degree of reaction,
we get

{dG,/0.002b = (=D peo, +(=1/2) gy + e, <O. (3.140)

More generally,

dG,, = ka g = ZVkuk <0, (3.15)

where k and v, represent the reacting species and its stoichiometric coefficient
for a reaction. In case of the reaction CO + 1/20, — CO,, Vo = -1, Vo, =
-1/2, and v, = 1. Equation 3.14c can be alternatively expressed in the
form u +1/2‘uo2 > Hep, - We define the chemical force for the reactants and
products as

B =Moo+ U/Du,  and F,=u,, forreaction CO +1/20,—CO, (3.16)

The criterion dG;;, < 0 leads to the relation F; > F,. This criterion is equally
valid for an adiabatic closed rigid system (U, V, and m specified), adiabatic
and isobaric system (H, P, and m specified), isentropic rigid closed system (S,
V, and m specified), isentropic and isobaric system (S, P, and m specified),
and, finally, isothermal and isovolume system (T, V, and m specified).

For reaction to proceed,

E,>F, or F,-F <0
which is similar to the inequality T, > T, that allows heat transfer to occur
from a hotter to a colder body (Figure 3.1). Analogous to temperature (thermal

potentiaD, F; and F, are intensive properties called chemical force potentials.
The chemical potential g, is the same quantity as the partial molal Gibbs function

p,=8 =h —T8 =h (T)-Ts (TP) (3.17)
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which is a species property. Each species has a unique way of distributing its
energy and thus fixing the entropy. A species distributing energy to a larger
number of states has a low chemical potential and is relatively more stable.
During chemical reactions, the reacting species proceed in a direction that leads
to the formation of more stable products (i.e., toward lower chemical potentials).
The physical meaning of the reaction potential is as follows: For a specified
temperature, if the population of the reacting species (e.g., CO and O,) is greater
(i.e., higher value of Fp) than that of the product molecules (i.e., CO, at lower
Fp), then there is a high probability of collisions between CO and O,, resulting
in a reaction that produces CO,. On the other hand, if the population of the
product molecules (e.g., CO,) is greater (higher F, value) than that of the reactant
molecules CO and O, (i.e., lower Fp), there is a higher probability of collisions
among CO, molecules, which will breakup into CO and O,. In addition, the
reaction potential is also a function of T. If the temperature is lowered, the
molecular velocities are reduced, and the translational energy may be insufficient
to overcome the bond energy among the atoms in the molecules and cause a
reaction, i.e., the reaction potential F(T, P, X)) is changed by T, P, and X,.

Example 1

Five kmol of CO, 3 kmol of O,, and 4 kmol of CO, are instantaneously mixed at
3000 K and 101 kPa at the entrance to a reactor. (a) Determine the reaction direction
and the values of F;, F, and G. (b) Discuss the change in F; and F, as reaction
continues to occur. (¢) What is the equilibrium composition of the gas leaving the
reactor? (d) How is the process altered if 7 kmol of inert N, are injected into the
reactor ?
Solution
(a) We assume that if the following reaction occurs in the reactor
CO + 1/2 O, —» CO,, (A)

so that the criterion dGy, < 0 is satisfied. The reaction potential for this
reaction is

Fo= peo +A/2) p, B

and
Fp, = (D Ueo, ©

For ideal gas mixtures, using Equation (3.17),

= _ X P| - _
Heo = 8o = bk(T)—T{sko(T)— RIn 15 }z h —Ts (T,P)+ RInX_
where
5.(T,P)=s(T)— RIn (P/P°) (D)

86=80 (TP +RT InX =8 (T, pey,)- (E)
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It is apparent from Equation E that the larger the CO mole fraction, the

higher the value of g., or k.

Beo (T Py = (b’ + (oo — Boss doo ) — 3,000 X (55 (3,000) — 8.314(Inx P/1))

(b

=(-110,530+93,541)— 3,000 % 273.508 —8.314 XIn 1)

Zeo =—837,513 kJ per kmole™
Similarly, at 3000 K and 1 bar,
8o, (T,P) = 755,099 kJ kmol ™, g, (T, P)=~1,242,910 kJ kmol .
The species mole fractions
Xeo= 5+56+3+4=0417, X, =0.25,

and Xeo, =0.333.

Further,
Uy = 83,000 K, 1 bar, X, =0.417)

= 8,,(3,000 K, 1 bar) +8.314 X 3,000 x In (0.417)

=-837,513 + 8.314% 3,000 XIn 0.467

= —856,504 kJ kmol™ of CO in the mixture.
Similarly,

Ho, = (3000 K, 1 bar,XO7 = 0.25) = -789675 kJ per kmol' of O,.

Heo, = (B000 K, 1bar, X, =0.333)=—-1270312 kJ per kmol' of CO,.

Fp = —856504 + 1/2(=789675) = —1254190 k],
Fp, = =1270312 KkJ,
ie.,
Fy > F;,

()

(&)

(HD)

M

)

X

D)
(M)

N)

This implies that assumed direction is correct, and hence CO will oxidize

to CO,.
The Gibbs energy at any section

G= z»uk Ny =HeoNeo + /'LOZNO2 + :ucocho2

At entry to reactor

G = —856504 x 5 — 789675 x 3 — 1270312 x 4 = —11,732,793 kJ.

The oxidation of CO occurs gradually. As more and more moles of CO,
are produced, its molecular population increases, increasing the potential
Fp. Simultaneously, the CO and O, populations decrease, thereby decreasing
the reaction potential F, until the reaction ceases when chemical equili-
brium is attained. Thus, chemical equilibrium is achieved when F, = F,, i.e.,
dGyp = 0. This is illustrated in Figure 3.2 with a plot of Fy and F, vs. Neo,.
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-1280 < y
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Figure 3.2 The reaction potential with respect to the number of moles of
CO, produced.

The plot in Figure 3.3 shows that G reaches a minimum value of E when
F, = F,.
(¢) The species concentrations at equilibrium (Fy = F are

Neo, =525 kmol, N, =3.75 kmol, and N, =2.375 kmol.

(d) Nitrogen does not participate in the reaction. Therefore, dN =0, and so
the mathematical expressions for Fy and F, are unaffected. However the

-11730

-11740

2. —-11750 A dGrp< 0, Possible
© : / dGT,P>w

\ E \
A

4
-11760
dGp, =0, Equilibrium
-11770
4 4.5 5 55 6
kmoles

CO’

Figure 3.3 Illustration of the minimization of the Gibbs energy at equilibrium
with respect to the number of moles of carbon dioxide produced.
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mole fractions of the reactants and products change so that the quantitative
values of Fy and F, are different, as is the equilibrium composition. Further,
the G expression for this case is

G= D 1, Ny =l Ny + 1 Ny +Hoy No + i1, N

Remarks

(1) The overall reaction has the form
5 CO +3 0, +4 CO, - 3.75 CO + 2375 O, + 5.25 CO,.

(ii) The assumed direction (i.e., CO + 1/2 O, — CO,) is possible if dG, < 0
or Fy > F, The mixture is at equilibrium if dG;, = 0 (as illustrated in Figure
3.2) or Fy = F, If F; < F,, the reverse reaction CO, — CO + 1/2 O, becomes
possible.

3.2.5.2 Multiple Reactions

Suppose we have
CO,— CO + 1/2 O, (A)
CO, + H, - CO + H,0 (B)
Using {Zu,dN,},<0 and {Zy,dN,};<0, one can show

=d&, {peo + Mo, (1/2)~ Mo, b+ d8 g, + Moo =My, — :ucoz} <0.

Because degree of progress of reactions are independent, for each reaction,

(oo + Mo, (V2) = pe, 1< 0
{ﬂco + Moo~ Py, — ‘ucoz} <0

[7332)

Generalizing for all multiple reactions, each of the reactions “j” must satisfy
Fy; > Fp; for the reaction “j” to move forward, and Fy; = Fp; at chemical
equilibrium for each reaction. If one is interested in a mixture of ideal gas,

Sections 3.2.6 to 3.3.2 may be skipped.

3.2.6 Generalized Relation for the Chemical Potential

For any species k of a real or ideal gas, solid, or liquid, the partial molal
Gibbs function, or chemical potential (= g,, when the species k is inside the
mixture given by

p=8 (TPX)=g (TP+RTIng, =g (TPH+RTInd, , (3.18)
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where g (T,P) is the Gibbs function when the species k exists in pure state,
the activity ¢, = fk(TP X,/ (T,P) is the ratio of the fugacity fk(TPX )} of spe-
cies k in a mixture to the fugac1ty {f (T, P)} of the same species in its pure
state at same T and P as of mixture, and O(k fk(TPX v, (T, P%)} where fi
(T,P% is the pure fugacity and P° is the standard pressure typically selected
to be 1 atm. If the species k exists as an ideal gas at state T and P, f, =
P, /. (TPX) = p, = X, P, & = X,, and &/ = X, P/P further, for any ideal mix
of real gases or ideal mix of substances, & = X,, but f # P and f, (T,PX,) #
p. # X, P. Equation 3.13 can be expanded for any reaction in the form

) gdN, =D (g, (TP)+RT Ind,} dN, <0, (3.19)
D GdN, =Y BT P)+RTInd,} dN, <0 (orany mixture)  (3.20)

D G.dN, = ) G (TP +RTInX,} dN, <0
(for an ideal mix of substances including an ideal gas) (3.2D
Under ideal mix conditions,
8. (TP, X ) =g (TP)+RTInX,}. (3.22)

For pure solids and liquids, g, (7', P) = g/ (D).

Example 2
Consider the reactions
C(s) + 1/2 O, = CO, D
and
C(s) + O, - CO, (D

Which of the two reactions is more likely when 1 kmol of C reacts with
50 kmol of O, in a reactor at 1 bar and 298 K? Assume that

Ep,c/ﬁz 1.7714+0.000877 T —86700/T%in SI units and T is in K. Assume ideal
gas mixtures.

Solution

If |(Fy—Fpl,>I1(F;—Fpl,, then the first reaction dominates and vice versa.
Using Equation 3.22,

=g (TP)+RTIna,. A
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Because solid carbon is a pure component, the activity & = 1. Further, at
298 K

_ _ T
/aC:b“C+J. c,.dl'= 0+0. €5))

S 208k P

T

5.(298,1)=5°(298 K) + _[ (€, /DT =(5.74+0)=5.74 K kmol " K™ (C)

298 K

Hence, using Equation B and Equation C,

80 =Dy —298%5.(298 K=0 — 298 % 5.74=~-1710 kJ kmol™". (D)

C 298K

Assume that 0.001 mol of C(s) reacts with 0.0005 mol of O, to produce
0.001 mol of CO. Hence,

Po, =X, P= (50-0.0005) + (0.001+ (50— 0.0005)) = 0.9999 P = 0.9999 bar.

Therefore,
So, = 205.03 = 8.314 x In 0.9999 = 205.03 kJ K~ kmol™!
8o, (298 K, 1 bar) = 0 — 298 x 205.03 = —61099 k] kmol. (E)
Similarly,
Xeo = 0.001 + (0.001 + 49.9995) = 0.00002,
and
500 (T, Peo) =197.54 — 8.314 x In (0.00002)
=287.5kJ K" kmol ™,
so that
8o (298 K, 1 bar) =-110530—298 x 287.5=-196205 kJ kmol ™. )

Employing Equation D and Equation E for Reaction I,
F, =8 +12g, =-1710+0.5%(61099) = -32260 KJ
and
E,, = 8uo = —196205 kJ kmol ™,
ie.

Fy, — B,y =32260 +196205 = 163945 ki
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Figure 3.4 shows a plot of Fy,, F,; versus number of carbon moles consumed.

G,=N +N,, *8

02+N

o 8o o, *gcoz

G; = 1710 *(1-0.00D) + 61099 *49.9995 + 196205 *0.001 = 3056825 kJ
Figure 3.5 shows a plot of G; versus N..
Similarly proceeding for Reaction II,

X0, =0.999, X, =0.00002 §,, =2053 kK™ kmol™, 5., =303.70kJ K™ kmol ™,

»Sco,
8o, = —61,099 kJ kmol™,
and
8co, =—393,546 —298x303.70 = 484,048 kJ kmol ™.
For this Reaction 1II
Fpy = —1710 + (=61,099) = —62,810 kJ, and Fp,;; = —484,048 kJ kmol™, (G)
ie.,
Fry — Foy = —62,810 + 484,048 = 421,238 KJ.
The variations in the reaction potentials for Reaction T and Reaction II with

respect to the number of moles of carbon that are consumed at a reactant
temperature of 298 K are presented in Figure 3.4, and the corresponding

0.0E+00

—1.0E+05 Fru

—2.0E+05

E kJ

* —3.0E+05

—4.0E+05

1—:P,II

—5.0E+05

—6.0E+05

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
N, kmoles consumed

Figure 3.4 The reaction potentials for Reaction | and Reaction Il with respect
to the number of moles of carbon that are consumed.
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—3.45E+06
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Figure 3.5 Variation in G, and G,, with respect to the number of moles of
carbon consumed for Reaction I and Reaction Il at 298 K.

variation in G; and Gy in Figure 3.5. At 298 K, CO, production dominates.
The analogous variations in G; and Gy, at 3500 K are presented in Figure 3.6.
At higher temperatures, CO formation is favored.

3.2.7 Approximate Method for Determining Direction
of Reaction, AG®, and Gibbs Function of Formation

In general, the values of g (T, P, X,) are functions of the species mole fractions
(cf. Equation 3.22). If we assume thatlg (T, P)I>>IRTInX,, |, then

& (T, P, X )=g (T,P). (3.23)

—3.00E+07
—3.01E+07
—3.01E+07
—3.02E+07 -
—3.02E+07 -
—3.03E+07 1L
—3.03E+07
—3.04E+07 -
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—3.05E+07 G,
—3.05E+07

—3.06E+07 L L . L
0 0.2 0.4 0.6 0.8 1

N,, consumed, kmoles

—
7
V)

Figure 3.6 Variation in G, and G,, with respect to the number of moles of
carbon consumed for Reaction I and Reaction Il at 3500 K.
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Figure 3.7 The regimes of reaction.

This offers an approximate method of determining whether Reaction I or
Reaction II is favored in Example 2. For instance, if Reaction I proceeds in the
indicated direction, then Fp — Fy; = AG (T, P) = g, (T, P) = (g (T, P) + 12 g,
(T, P)) <0. Similarly, we can evaluate AG, (T,P)={ 8o, = (& +8o, )} < 0. Then,
we determine whether |AG,, (T, P)I>IAG, (T, P)I; if so, the CO, production
reaction is favored. If P = 1 bar, AG®< 0, then reaction has strong possibility
of proceeding in the indicated direction. The requirement AG® < 0 indicates the
likelihood of AH? < 0 (but not necessarily) or exothermicity of reaction. Exo-
thermicity drives the reaction toward the spontaneity. Similarly, if a particular
fuel is burnt, say C,H, + 2.5 O, — 2 CO, + H,0(g) at 298 K, then Ah’ = —
48,300 IJ/kg of fuel, As” = [2* 55, + 15],— 2555 =8 cuix'V Moy, = =3.74 KJ/
kg of fuel K; AG2(298) = Ah’ — T As” = —48,300 — 298 *(=3.74) = —47,190 kJ/
kg of fuel < 0. See Table A.33 for tabulation of these values.

Consider AG? = AH? — TAS". The value and sign of AG® depends on AH’,
AS°, and T > 0. The four possibilities are indicated in Figure 3.7. Reactions in
quadrant 4 are always spontaneous (AH® < 0, AS® > 0), and those in quadrant
2 are always nonspontaneous (AH® > 0, AS® < 0), e.g., production of glucose in
plants driven by sunlight. If T is low, the second term is negligible, the reaction
becomes spontaneous even though AS® < 0, it is in quadrant 3, and AH® > 0
and AS® > 0; if T is high, the second term is significant, the reaction becomes
spontaneous, it is in quadrant 1. As an example, determine which quadrant the
following reaction belongs to: C(s) + H,O (g) at 298.15 K, P = 1 atm, AH? =
131,300 kJ kmol™ of C(s), AS® = 133.67 kJ kmol™ K-'? It belongs to quadrant 1;
if T >980 K, it is spontaneous because AH’ and AS° change with temperature T.

At 298 K, it is seen from Table A.12 and Table A.13 that g5, <gg; thus,
CO, formation is favored.

In addition to Reaction I and Reaction II in Example 2, consider the
following reactions:

C(s) + CO, — 2 CO, (11D

CO + 1/2 O, » CO,, av)
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Figure 3.8 The variation in the value of AG° with respect to the temperature
for several reactions.

and
H, + 1/2 O, —» H,0O. Q%)

Figure 3.8 plots values of AG® with respect to the temperature for these five
reactions. For instance, for Reaction III, AG°(298 K) =2g, — (g, + gcoz) = 120080
kJ, which a positive number. This implies that the reaction cannot proceed in
the indicated direction.

A relatively large negative value of AG® implies that F, >> F,, and this requires
the largest decrease in the reactant population (or extent of completion of
reaction) before chemical equilibrium is reached. A positive value for AG implies
that the reaction will produce an insignificant amount of products (Reaction IID).

One can show that the value of AG® for Reaction IV can be obtained in
terms of the corresponding values for Reaction I and Reaction II.

AG,, (298° K) = AG; — AG;
AG, = g5, (298 K0 - 8o, (298 K) = -394390 +137137 = ~257253 K.
(3.24)

Note (from Chapter 2) that
AG; (298 K) = g;,,(298 K), AG, (298 K) = g/, (298 K),

where g Oﬁ . is called the Gibbs function of formation of species k from elements
in natural form.
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3.3 Chemical Equilibrium Relations

For the reaction CO, = CO + 1/2 O, to occur, E (= gcoz) >F,(= 8, +1/28, ). In
general, Equation 3.13 becomes: i

dG,, = Y N, = Y g (TPX,) dN, <0. (325

Ideal gas mixtures are discussed in Subsection 3.3.3. The change in the
mole numbers is related to the stoichiometric coefficients; at specified values
of T and P,

D V(3 TP + RTIn ¢} <0, (3.26)

where o, =X, for ideal gas mixtures. For example, for the reaction CO, —
CO + 1/20,, vqo, =1, Vo = +1, v, = +1/2.

In the following text, equilibrium constant K°(T) will be defined and the
criteria for the direction of a reaction given in terms of K° (T).

3.3.1 Real Mix of Substances

For any reaction,v, A + v, B — v.C + v, D
AG(T,P) = AG(T,P°) + RT In {&’C &’D }/((3{’A &’B) <0 (3.27a)

AG(T, P) = AG (T, P) + RT In{&_ @, Ad, o} <0, (3.27b)

where

AG(TP") = D 1 {8, (TP} = (0,2 (TP + 23,12, (TPl — {0, , (TP")

(3.282)
+ 0,8, (T,P)
AG(T,P) =X, {:gk (T,P)} = {UE 8 (T,P) +0u, g, (T,P)} 5.250)
—{v, g, (TP)+u, g, (TP}
& ={/(TPX (TP} and & ={f (T,PX)/f (TP} (3.29a,b)

The fugacities of species k in mixtures and as pure substance are topics
in advanced thermodynamics, and readers are referred to Smith and Van Ness
[1987], Modell and Reid [1983], and Annamalai and Puri [2001].
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3.3.2 Ideal Mix of Liquids and Solids

Henceforth, all chapters deal only with the ideal mix of substances. In this
case, &, ={/ (TP, X, V/f (T,P)} =X, . Dividing Equation 3.27b by RT and rewrit-
ing the inequality,

Yinxh <= o g PR, (3.30)
k k

We define the term

K(T,P) = eXp{—E 4,8, (T ,P)/(RT)} (3.3

k

Equation 3.30 assumes the form

IT X* <K (T,P), (3.32)

where X, denotes the mole fraction of a gas, solid, or liquid species k (e.g.,
CO gas in exhaust of an automobile engine, CaSO(s) in a mixture of Fe,O,(s),
CaSO,(s), and CaO(s)). Specifically for a solid or a liquid,

S (T P) =g (T, 1ban) or g, (T, P)=g, (T, 1bar)

If K(T, P) in Equation 3.32 is evaluated using S (T, P)( = 8 (T, 1 bar)), then
for solid and liquid mixtures,

IT X} <K (T, P)=K°(D), (3.33)

where K°(T) is equilibrium constant, but it is a constant only at specified value
of T. The physical meaning of this relation is as follows. In solid or liquid
mixtures, X, changes as the reaction proceeds. The term IT X'* keeps increas-
ing toward K°(T) and becomes equal to K°(T) at chemical equilibrium.

3.3.3 Ideal Gases
3.3.3.1 Equilibrium Constant and Gibbs Free Energy

Unlike in the case of superheated steam, for which properties are tabulated
as functions of (T, P), in the case of ideal gases K(T, P) is tabulated typically
only at P the standard pressure because simple relations are available that
relate K(T, P) to K(T, P°). For ideal gases,

g.(T,P,X ) =g (T,p ) =5 (1) =T 5 (T,p,) =5 (D= T35 () + RTIn (p,/P*)

where §k0 (T) is at standard pressure P° and p, = X, P. Typically, P° is selected
as 1 bar or 1 atm. Rewriting, we get

g (T,p)=8 (Tp )= (T +RT In (p /P") (3.34)

g (M =h2(D)-T5°(D (3.35)
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where the term A, °(T) includes chemical and thermal enthalpies. Using Table A.10
to Table A.30, 8. (T) can be estimated at 1 bar for any species from the known
values of 4 °(T) and 5.° (T). For convenience, the gf values are also tabulated. The
values of g,”(T) can also be estimated using Gibbs function of formation; unless
otherwise stated, Equation 3.35 will be used for determining the values
of §k0 (D). Using this relation in Equation 3.13 and replacing dN, with v, d& for
any specified reaction, the criterion for reaction is given as

Y VETPIARTI=D VIG TR+ Y v, In(p/P)<0. (3.36)

Now, let us define

K°(T) = exp {(—Z v, g;’(T)/(TeT))} = exp {— AG*/(RD)} (3.37)

For the reaction CO, — CO + 1/2 O,,
0 5 o —0 - _J=o0 l 0 —0 5
AGU(TYRT= v, B (DR T =18, + S 8y~ on (/IR T)

The term K°(T) is conventionally called the equilibrium constant and is
tabulated for many standard reactions, as shown in Table A.30A and Table A.36B
of Appendix A. If reactants are elements in their natural forms producing
compounds or elements in unnatural form, then the equilibrium constants for
the “elementary” reactions can be easily obtained. Using these elemental
equilibrium constants, the equilibrium constants for other reactions involving
compounds can be calculated (see Section 3.8) as in the thermochemical heat
calculations (Chapter 2).

3.3.3.2 Ciriteria for Direction of Reaction and Chemical
Equilibrium in Various Forms

3.3.3.2.1 Partial Pressure Form
Using Equation 3.37 in Equation 3.30, and simplifying the criterion for a

reaction to proceed in a specified direction is given as

IT {p,/P*}" <K°(T). (3.382)

and at chemical equilibrium, the relation in terms of partial pressures is

I {p, /P*}* =K(T) . (3.38b)

The left-hand side may be called a reaction quotient. If the reaction occurs
in the assumed direction at a given T, K°(T) is constant and Equation 3.38
stipulates that nondimensional partial pressures must approach the value of
K°(T) as the reaction proceeds and eventually become equal to K°(T) at
chemical equilibrium.
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3.3.3.2.2 Mole Fraction Form

Replacing the partial pressure with mole fraction and total pressure in
Equation 3.38, i.e., p, = X, P, we get

n {xk (P]} < K°(T) (3.39)
P

3.3.3.2.3 Concentration Form

If we represent molar concentration as [k]= pk/(l? T) in units of kmol m?’, then
Equation 3.38a becomes

IT [&]"/[P°/R TI¥"} <K°(T) (3.40)

Equation 3.40 is useful in chemical kinetics (discussed in Chapter 5).

3.3.3.2.4 Mole Form

With X, = N\/N, where N is total number of moles in products, Equation 3.39
assumes the form

{[NI;O ijk} IT N < K°(T) (3.41)

Example 3

Consider the following reaction at equilibrium
CO, > CO + 1/2 O, A

Write down the criteria in terms of (a) partial pressure, (b) mole fraction,
(0) molal concentration [k], and (d) number of moles.

Solution
@ Y v=1+h-1=1] (B)
(/PP y) (P, )" (P, ) KT ©
(b) (P/P")2(X ) (X, )" (X, 1D SKAT) (D)
(© {[COMO, 1"/ [CO, VPRI <K°(T) (E)

(d) (/NP (N (N, 2N, ) SKAT) (F)
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Example 4

Consider the following reaction at equilibrium
CO, - CO + 1/2 O, (A)

(a) Determine the equilibrium constant K%(1800) using AG® and compare with
values from Table A.36A and Table A.36B of Appendix A.

(b) Consider a mixture with the following composition at 1800 K and 2 MPa,
i.e., Ny, =12 kmol, No, =0.6 kmol, N, = 3.6 kmol, and N , =06 kmol.

In Whl(ji direction wiil the rouowing reaction proceed,
CO + 1/2 O, - CO, or CO, = CO + 1/2 O,,

if we maintain T and P to be constants ? Use the equilibrium constant
approach.

Solution
@ AGUT/RT=Y 48 (DARD=Ig5, + W/2g5 - g%, VIR ®)
Using the g values listed in Table A.12, Table A.13, and Table A.26, AG® =
(1) x (=269,164) + (1/2) x (0) + (=1) x (=396,425) = 127,201 k],
Ko(T) = exp (=127260 + (8.314 x 1800)) = 0.00020.

From Table A.36A and Table A.36B of Appendix A, log 10 (K(T)) =
~3.696, i.e., KCT) = 0.0002.

(b) For the reaction CO, — CO + 1/2 O, to occur, Equation 3.38a must be
satisfied. For the specified composition,

Xeo = 3.6/12 = 0.3, peo = 0.3 X 20 = 6 bar.

Similarly, po, = 1 bar, pco, = 2 bar. The ratios of the partial pressures are
(Peo /P (g /P2 /ey /) =6/ (/D2 /2/1)! =3,

The criterion

(Poo/PD Py, /P (P, /P <IK(T)=0.0002)

is violated. Therefore, CO will oxidize to CO,, i.e., the reverse path is
favored.

Example 5

One kmol of air is in a closed PCW assembly placed at 298 K and 1 bar.
Trace amounts of NO and NO, are generated according to the overall reaction

0.79 N, + 021 O, - a NO + b NO, + ¢ N, + d O,. A)
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Assume the following equilibrium reactions
N, + O, &2 NO, and B
N, + 2 O, & 2 NO,. (©)

The values of Gibbs function of formation §f° (298 K) for NO and NO, are,
respectively, 86,550 and 51,310 kJ kmol™!, and for the elements j in their
natural forms g °(298 K) = 0 kJ kmol~!. Determine (a) equilibrium constants
for Reactions B and Reaction C using g° and (b) the NO and NO, concen-
trations at chemical equilibrium.

Solution

(a) For Reaction B and Reaction C

AGY, =28 ~ &, — &, =2%86,550 =173,100 kJ per kmol of N,.

AGY, =28, - & —28, =2x51,310=102,620 K] per kmol of N,

Therefore,
K2, =Exp {— AG, AR} =14.54x107",
Ko, =Exp [ = AGY, (R} =103 x107™,
(b) K = (/P /(py /POXp,, /PO, )

Ko, = (Pro, /P Ay /P )y, /PO)°. (E)

Because NO exists in trace quantities the partial pressures of N, and O,
in Equation D are virtually unaffected by Reaction A. Hence,

(pNo/PO) = (454 X 10731 x (079/1) X (021/1))1/2 =275 X 10—187
Xyo = 275X 1078 or NO = 2.75 x 1072 ppm,
KONOZ = eXp(—AGONOZ/R'F) = (pNOZ/PO)2/((pN2/1)(pOZ/PO)2)7

where

(Pro, /P*)=(1.03x107* x(0.79/1)x (0.21/1)*)"* =1.89x 107", and
Xyo, =1.89%10™" ppm.
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Remarks

It is seen that equilibrium favors NO,, rather than NO, formation at 298K. Thus,
most of the NO emitted into the atmosphere eventually gets converted into NO,.

Example 6

A reactor is fired with propane, and the amounts of O, and N, are measured
to be 10% and 76%, respectively, at its exit. At 2200 K, determine the maximum
amount of NO that can be present at equilibrium. Assume P = 1 bar.

Solution

Even though the percentages of O, and N, are specified in this example, you
can determine these values if A:F is specified assuming complete combustion
of propane and that NO exists as a trace species.

Assume chemical equilibrium only for the reaction

(1/2)N, + (1/2) O, & NO.

At 2200 K, K = 0.033 = {pyo/PM{(po,/PDV? (pr/POVH = X o/{(Xp)"?
XDV = X o/10.21)12(0.797%); Xy = 0.00897 or 8970 ppm, where ppm is
an expression for parts per million or molecules per million molecules =
mole fraction x 10°.

At 1500 K, Xyo = 905 ppm.

Remarks
(1) When the temperature decreases, NO is reduced.

(i) Note that we assumed equilibrium only between NO, N,, and O, but not
for other species, i.e., we assumed partial equilibrium in the products.

Example 7

Five kmol of CO, 3 kmol of O,, 4 kmol of CO,, and 7 kmol of N, are introduced
into a reactor at 3000 K and 2000 kPa. (a) Determine the equilibrium com-
position of the gas leaving the reactor, assuming that the outlet (product)
stream contains CO, O,, N,, and CO,. (b) Will the equilibrium composition
change if the feed is altered to 6 kmol of CO, 3 kmol of CO,, 3.5 kmol of
O,, and 7 kmol of N,? (¢) Will the CO concentration at the outlet change if
the pressure changes, say, to 101 kPa?

Solution

(@) We have four unknowns Ngg, Ng,, Ny, and No,; hence, we need four
equations.
The overall balance equation in terms of the four unknown concentrations is

5 CO+30,+4 CO,+7N, >N ,CO+N, O,+N, CO,+N N, (A
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The conservation of C, O, and N atoms provide three atom balance
equations.

Carbon atoms: N. =5 + 4=N_, +NCOZ B)
Oxygen atoms:N, =5x1+3X2+4X2=N_, ><1+NCoz ><2+NOz X2 ©

Nitrogen atoms: N =7X2= NNZ X2 D)

The fourth equation is provided by the equilibrium condition at 3000 K
for the CO, & CO + 1/2 O, reaction for which log,,K° (3000) = —0.48.

107047 = 0.327 = (NCONgj )(PO/(PO X N))VZ /NCO7 (E)

Using Equation B

N., =N

co w©0=9- Nco, . ()

C co,’

Further, using Equation F in Equation C and solving for No,»
Np, =(19-9-Ng, )/2. (€))
Therefore, using Equations G and F, the total number of moles at the exit
N=Ng, +N, +Ngo +N =21-Ng, /2. €3]

Applying Equation F to Equation H in Equation E, with P = 20 bar, and P°
= 1 bar, we solve for N, at the exit

Neo, =6.96 kmol, and hence using Equations F and G

Neo = 2.04 kmol, No, = 1.52 kmol, and N = 17.52 kmol.

(b) When the feed stream is altered to react 6 kmol of CO, 3 kmol of CO,,
3.5 kmol of O,, and 7 kmol of N,, the respective inputs of C, O, and N atoms
remain unaltered at 9, 19, and 14, respectively. Therefore, the equilibrium
composition is unchanged. This indicates that it does not matter in which
form the atoms of the reacting species enter the reactor. The same composition,
for instance, could be achieved by reacting a feed stream containing 9 kmol
of C(s) (solid carbon, such as charcoal), 9.5 kmol of O,, and 7 kmol of N,
(which is treated as an inert in this problem).

(¢) From Equation E we note that for a specified temperature, the value
of Ko(T) is unique. Therefore, if the pressure changes, the temperature does
not. Equation E dictates that the composition is altered and more CO, is
produced as the pressure is increased.



Reaction Direction and Equilibrium 123

Example 8

Consider a PCW assembly that is immersed in an isothermal bath at 3000 K.
It initially consists of 9 kmol of C atoms and 19 kmol of O atoms (total mass
=9 x12.01 + 19 x 16 = 412 kg). This is allowed to reach chemical equilibrium
at 3000 K and 1 bar. What is the equilibrium composition? What is the value
of the Gibbs energy? If we keep placing sand particles one at a time on the
piston, let it equilibrate, and then keep proceeding to a final pressure of 4 bar,
we have allowed sufficient time for chemical equilibrium to be reached at that
pressure. What is the resulting equilibrium composition and Gibbs energy?

Solution
9C+190 — Ny, CO,+Ny, CO+N, O,

For the three unknowns, we have two atom balance equations and one
equilibrium relation. We leave it to the reader to show that at equilibrium
(Example 1),

Neo, = 5.25 kmol, N, =3.7 kmol, and No, = 2.37 kmol. (A)

Therefore,

N=) N, =11537 kol B
The Gibbs energy is
G= Neo, gco2 +Neo 8o + No, goz’ ©
where

XCO

=N, /N=0462. (D)

At 3000 K and 1 bar, &, =-1262000 kJkmol™, g, =-865200 kJ kmol™
and goz =-794400 kJ kmol~'. Hence, at T = 3000 K, P = 1 bar (state 1)

G = —11,753,000 kJ,
which at this equilibrium state must be at a minimum value.
At a temperature of 3000 K and a pressure of 4 bar (state 2), the equilibrium
composition changes to
Neo, = 6.4 kmol, N, = 2.6 kmol, and No, =18 kmol, (B

and

N=2Nk: 10 kmol and G = —11374000 kJ. (F)
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Remarks
(i) The difference in the minimum Gibbs free energies (i.e., at the equilibrium

states) between the two states (3000 K, 1 bar) to (3000 K, 4 bar) is

dG = —SdT + VdP, dG, = VdP = (NR T/P) dP or
G, (3000, 1 — G,(3000, 4) = (-11374000) — (=11757000) = 383000 kJ.

(i)

(iiD)

(v)

W)

If N = constant = (11.37 + 10)/2 = 10.69 kmol, then dG, = (N R T/P) dP.
Integrating, G, — G, = NR T In (P,/P) = 369455 kJ, which is slightly
different from 383000 k]J.

The relations dU =T dS =P dV, dH =T dS + VdP, dG =-SdT + V
dP, etc., for closed systems can be applied even for chemical reactions
as long as we connect a reversible path between the two equilibrium
states for which we compute U, — U,, S, — S, and G, — G,. However,
these equations cannot be applied during the process of irreversible
chemical reaction or process.

If we compress the products very slowly from 1 to 4 bar isothermally at
3000 K, the reaction tends to produce more CO,, i.e., N, increases from
5.25 to 6.4 kmol. Instead, rapid compression to 4 bar (i.e., allowing a very
short time for CO to react with O, and produce additional CO,) produces
an insignificant change from the composition at 1 bar, i.e., the products
will be almost frozen at Ny, = 5.25 kmol, N, = 3.75 kmol, and N, =
2.37 kmol even though the state is now at 3000 K and 4 bar. The products
during this initial period are in a nonequilibrium state. The value of G at
this state is Gpoyen = 5.25 X gcoz (3000, 4 bar, Xqo, = 5.25/11.37) + 3.75 X
853000, 4 bar, Xoo = 3.75/11.37) + 2.37x 8o, (3000, 4 bar, X, = 3.75/
11.37) = 5.25 x (1,227,400) + 3.75 x —(830,600) + 2.37 x —(759,800) =
—11,360,000 kJ, which is higher than G = 11,374,000 kJ at the equilibrium
composition corresponding to 3000 K, 4 bar. If we allow more time at the
state (3000 K, 4 bar), G will decrease. After a long time, chemical equi-
librium will have been reached and G will have approached its minimum
value of —11,374,000 kJ from —11,360,000 k]J.

A similar phenomenon occurs when these reacting gases flow at the slowest
possible velocity through a diffuser, where the pressure at the inlet to the
diffuser is 1 bar and at exit it is 4 bar. The 412-kg mass, when it flows
through the diffuser, will reach its equilibrium composition given by
Equation E. However, if the same mass flows at high velocity, the
composition at the exit of the diffuser can be almost the same as that
at the inlet.

3.3.4 Gas, Liquid, and Solid Mixtures

Consider the following chemical reactions at equilibrium

CaCO4(s) & CaO(s) + COL(g), (3.42)
H,O(/) + CO(g) & CO,(g) + Hy(g), (3.43)

CaO(s) + SOL(g) + 1/2 O,(g) & CaSO(s). (3.449)
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Equilibrium relations can be written as follows. Consider Equation 3.44.
Assume ideal gas behavior for SO, and O,. Therefore, Equation 3.44 at
equilibrium assumes the form

K°(T) = {(X X X " X gy WP/ (3.45)

CaSO,(s) CaO(s)

Example 9

Consider the water gas shift reaction H,O(/) + CO(g) < H,(g) + CO,(g).
Determine the equilibrium constant for the reaction at 298 K, treating the
gaseous species as ideal.

Solution

Because CO, H,, and CO, are treated as ideal gases, &, = X, &HZOM): 1
Equation 3.38b transforms to

Ko(T) = (py, /P )Py, /P)(peo/P")

—0 , =0 —0 —0 - A)

=exp (_(gHz * 8o, T 8co T 800 VR D.

Using Table A.18, Table A.12, Table A.13, and Table A.17
ggzo(w: EHZO“)— T Sy 0= 285830 —298 % 69.95 =—-306675 kJ kmole™ of H,O(/),

o

8o = —169403 kJ kmol™! §§oz = —457203 kJ kmol™ and ggz =0 —298 x
130.57 = —38910 kJ kmol=".

Therefore,
AG® = —38910 — 457203 — (-169403 — 306675)
= —20035 kJ kmol™
and K°(298 K) = exp(20,035 + (8.314 x 298)) = 3250.4.
Remarks

Because K°(298 K) is extremely large, X, X, /X is also large, and conse-
quently the value of X, at chemical equilibrium is extremely small. Therefore,
if CO gas is bubbled through a vast reservoir of H,O(/) at 298 K, very little
unreacted CO is left over. Note that the results pertain only to an equilibrium
condition. However, the timescale required to reach it may be inordinately large.

Example 10

Consider the reaction of SO4(g) with CaO(s), a process that is used to capture
the SO; released during the combustion of coal, i.e., CaO(s) + SO4(g) —
CaSO4(s). Determine the equilibrium relation assuming that the sulfates and
CaO are mixed at the molecular level (i.e., they are mutually soluble) and
when they are unmixed. What is the partial pressure of SO, at 1200 K if
K°(1200 K) = 2.93x107 for CaO(s) + SO4(g) < CaSO,(s)?
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Solution

Assume the standard for solids to be in solid state and for gases to be ideal

gases is P = 1 bar, and use the approximation that f (s)(T,P) = f (s)(T, 1 bar).
The solid phase contains both CaSO, and CaO. Assume the ideal solution

model for the solid phase. The equilibrium relation for the reaction is

Ko(T) = XCaso,/ Keaors P Xso5 /P%).

If the solids are not mixed at the molecular level, they exist separately.

Therefore, X, 250,() = Xcaoe = 1,and

K*(1) =1/ (P Xy, P}

In the unmixed case with P°= 1 bar,

2.93x10" =Upg, /1), ie., Py, =0.41x107 bar,

Remarks

(i) If the pressure P = 1 bar, then for the unmixed case X, =0. 41x1078
=Pso, /P or 0.0041 ppm (parts per million). If the pressure is increased
1sothermally, the value of Py, remains unchanged, but X decreases ie.,
more of the sulfate will be formed.

(iD In many instances in power plants, SO, released because of coal combus-
tion is allowed to react with lime (CaO (s)) in order to produce sulfates
according to the reaction CaO(s) + SO, + 1/20, — CaSO; (s), favored for
1000 K < T < 1200 K.

Here, CaO is produced from limestone CaCOs(s), and a temperature range
of 1400 < T < 1600 is preferred to reduce the time of reaction. At T = 1700 K,
lime is dead burned (with less surface area for SO, reaction). The equilibrium
relation for this reaction is

K (D) =1/(py, /P*)pe, /P = @) /X, X, 72,

Increasing the pressure at constant T causes X, to decrease so that a
lesser amount of SO, will be emitted, i.e., more SO, is captured from the
combustion gases.

3.3.5 Dissociation Temperatures

Molecular dissociation is a very significant effect for hydrogen and hydrocarbon
flames with equivalence ratios near 1. One can compute the 1% dissociation
temperatures for P = 1 bar for several reactions [Lucht, 2000]. For example, consider
1 kmol of CO, entering a reactor at T. Let 1% of CO2 dissociate resulting in N,
= 0.99, N, = 0.01, and Ny, = 0.005, with the total product moles being 0.99 +
0.01 + 0.005 = 1.015 kmol. Then, applying Equation 3.41 to CO, < CO + 1/2 O,,
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we get {Ngo No,V/Neop HP/(PO *ND} = {0.01#0.00572/0.991/(1*1.015)} = 7.09*10~ =
K(D).

From Table A.30A and Table A.36B of Appendix A, log,, K°(T) = 3.15 and
T = 1930 K. The following table lists a few dissociation temperatures at P = 1 bar:

Temperature
Reaction (K)
CO, < CO+110, 1930
H,0 < OH +12H, 2080
H,0 & H,+120, 2120
H, & 2H 2430
0, & 20 2570
N, & 2N 3590

2

3.3.6 Equilibrium for Multiple Reactions

This concept will be illustrated through the following example.

Example 11

Let the number of kilomoles of O, entering a reactor be “a,” while the number
of moles of O,, CO, CO,, and C(s) leaving that reactor at equilibrium be
No,» Neo, Neg, and N Assume the following reactions (taking place during
entry and exit, respectively) to be in equilibrium:

C(s) + 1/2 O, & CO (A)
and
CO, & CO + 1/2 O, €5))

(a) Determine No(T) in the products and (b) minimum amount of carbon(s)
that should enter the reactor so as to maintain equilibrium at the exit.

Solution
(a) O atom balance: 2a=2 N, +Ngo + 2NCOZ, «©
Kg — {NCO/N021/2 }{P/(P()N)}l/z, (D)
Ky =Ny, N, /N, HP/PIND). (E)

Hence,

O O _
KQ/KS =N, N, . (F)
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Using Equation F in C and solving for NO,

N, =Qa—N V2K, /K, + D} ()

Using Equation H in F to solve for Neo, and calculating total moles leaving
reactor as

N=@Qa+N_ )2 D
Using Equation I and H in D and solving for N,
Neo(D) = 2 a/{(1 + 4({P/PY/K (1/K,+1/Kp)V2, 4D

Xeo(T) = Neo/N = 2/(1 + (1 + 4 ({P/PY/KD (1/K, + 1/K)V2). X

(b) Once N, is solved from Equation J, N, is solved from Equation H,
and N, can be obtained from Equation F. X o, can be similarly expressed.
The required carbon atom input must be such that

Ne inZ Neo +Neo, 9

where the equality applies to the minimum carbon input required for achieving
chemical equilibrium. A mathematical expression for the minimum carbon input is

Noimmn/2 = [{(Kf/ Kp)+ 1) {i+a(yg + v, ) k2)

+2(KAO/K§)}/(2+K§/KAO),
where P' = P/P°

Remarks

Now consider 2 kmol of O, entering the reactor, and assume that the carbon
flow is always above minimum value. Thus, there are always a few carbon
moles present at the exit. Thus, equilibrium exists between C(s), O,, CO, and
CO,. For Reaction A, In K, = 4.3478 + 5874.1/T and In K = 4.383 — 14604/T
for Reaction B.

Figure 3.9 shows a plot of CO, CO,, and minimum number of moles of
C/O ratio required for equilibrium at exit vs. temperature at pressures 0.1 to
10 bar. Thus, it can be seen that there is more CO, at high pressure.

General Procedure for Solving Equilibrium Problems

1. Specify the fuel (say CH;OH) and amount of air supplied (called reactants);
Now specify product species, say CO2, CO, H2, H20, O2, N2, OH (Total
number of unknown product species N, = 7).

2. Make atom conservation between reactants and products; we have 4 different
atom types: C, H, N, O (N, = 4) and hence 4 atom conservation equations.
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Figure 3.9 CO and CO, products under equilibrium when 2 kmol of O, is
supplied with enough carbon for producing CO and CO,. P in bars.

3. Now ignore the reactants, i.e., air and fuel at inlet; assume equilibrium
among the exit product species only. Since Ny > N, we need N, — N, = N;
equilibrium relations. For the example there are three equilibrium relations:
(D CO2, CO 02; (ID H20, H2 02; (II) H20, H2, OH for which data for
KO are available.

4. When selecting relations for each equilibrium relation, write exactly the
same way they are written in tables for which K°were tabulated (e.g., CO2
< CO + 1/2 O2 in tables but not CO + 1/2 O2 & CO2) and then write
in terms of partial pressures, e.g., CO2 < CO + 1/2 02, K°(T) = NCONg7)
{P/(P° x N)}'2/N¢q,. Note that P is the exit pressure of products.

5. Now you have N, equations and N, unknowns (for this example 4 atom
balance egs and 3 equilibrium relations for 7 unknown product species).
Solve. The procedure is illustrated in the following example.

Example 12

Consider the stoichiometric combustion of 1 kmol of CH, with air. The products
are at 2250 K and 1 bar and contain CO,, CO, H,O, H,, O,, N,, and OH. (a)
Determine the equilibrium composition. (b) Compute total enthalpy of prod-
ucts, Hp.

Solution
(a) The overall chemical reaction is
CH, +2(0,+3.76 N,) >N, CO,+N., CO+N, , H,0

A
+N,,, H, +N, O, +N N, +N,,, OH. @
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There are seven species of unknown composition. The four atom conser-
vation equations for C, H, N, and O atoms are:

C atoms: 1 =N, + N, B)
H atoms: 4=2xN, ,+2xN, +Ng, ©
N atoms: 7.52X2=2X Ny, D)
Oatoms: 2X2=2XNy, +Ngy +N; o +2XNO, + N, ()

We, therefore, require three additional relations. At equilibrium, we have
the reactions

CO, & CO + 1/2 Oy, Keoy® = (peo/P°) (p, [P/ (e, /PO, ()
H0 & H, +1/2 0, K, = (p,, /P)p,, /P /(p,, /P, (G)

OH & 1/2 H, + 1/2 Oy, Koy =y, /P (P, /P Py /PO). (H)

Assume, for example, the values N, Ng,, and Nq,,. Solve for other species
from Equation 3.B to Equation 3.E. Then, check whether Equation 3.F to
Equation 3.H are satisfied. If not, iterate. One of the present authors has
developed a spreadsheet-based program called THERMOLAB, which presents
solution for all species at any given T and P and any given air composition.
The results (in terms of 1 kmol of methane consumed) are Ncof 0.910, N, = 0.09,
Ny o= 1.96, Ny = 0.04, No,= 0.064, and Ny, = 7.52.

(b) Total enthalpy of products H, = Neo, EO

+ Neo + ECO+NH7O h, .+
NthHz + NOzhOz + NNthz + N, h,,. Using tables H, = —60,632 k]J.

H,0

Remarks

If NO exists in trace amounts, its concentration at equilibrium can be deter-
mined during combustion by considering the following reactions

NO & 1/2 N, + 1/2 O, M
Kgo — (pNz/PO)O.S(pOZ/Po)O.S/(pNO/PO). U)

Figure 17.4 in Chapter 17 presents Equilibrium NO vs. T.

3.4 Vant Hoff Equation

The vant Hoff equation, due to Jacobus Henricus vant Hoff (1852-1911),
presents a relation between the equilibrium constant K%(T) and the enthalpy
of reaction AHy.
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3.4.1 Effect of Temperature on K°(T)

From thermodynamics, g, (T,P) = ng(T,P)—T 5. (T,P), and the relation for any
given pure component k is

Tds, + ydP=dh,,

J (gk j — 1(8191( ] I;k (ask) _ Epk lgk Epk _ Ek (3'46)

or\r) r\or) 1 \or) T T T T*

Rewriting,

(A(g,/D/IA/T), = b, (3.47)

Consider the equilibrium reaction CO, < CO + 1/2 O,, for which AG(T, P)
= 8T, P) +1/28, (T, P) =g, (T, P).
Differentiating, ~ i

IAG/ /A1) = Aoy (T, PI/AV/D+ (1218, (T, PI/A1/T)

4
— 98y, (T, P)/A(1/T) = AH, (T, P) 8)
where the enthalpy of reaction is
AH, (T, P) = heo (T, P) + 1/2 b, (T, P) = h, (T, P). (3.49)

At 1 atm, Equation 3.48 becomes
d(AG°/T)/d(1/T) = AHi (T) or d(AG*/T)/dT =-AH; (T)/T2.  (3.50)
Because In Ko(T) = —AG°/RT (see Equation 3.37), Equation 3.50 becomes

d In K(T)/dT = AHS (T)/ R T?, (3.5D

which is known as the vant Hoff equation. If AH,? = constant, Equation 3.51
is integrated to yield In K°(T) = —AH‘;/]? T+ constant, which is a linear rela-
tionship between In K%(T) and 1/T. If K° =K’ at T = T, the constant can
be eliminated, i.e.,

In (K°/K?, ) = —(AH® /R)YA/T— 1T, (3.52)

ref T

This relation can be written in the form
In K(T) = A — B/T (3.53a)

where

o o, -AGY.  AHY
AZIHK -+ AH/R l/T :77@4_77}{
ref ( R )( ref) RT . RT .

ref ref

(3.53b)
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and

B = (AHS/R). (3.530)

Figure B.2 in Appendix B presents plots of log,, K°(T) vs. 10%/T for various
reactions. The approximate relation in Equation 3.53a appears to be valid,
i.e., assumption of AH’ = constant seems to be reasonable.

The constants A and B for any given reaction can be estimated using values
given in Table A.36A and Table A.36B of Appendix A. Since

AGref = AHRref - TOASR,ref

A=AS (T _)/R. (3.54)

If AH, Ic: >0 (e.g., endothermic decomposition reactions), B > 0 and K°(T) increases
with temperature. Applying Equation 3.54 and Equation 3.53¢ in Equation 3.53a, we
get K(T) = exp (AS®/R) exp (= AH, /R T__). At the transition temperature T =T,

trans ans?

the value of K° equals unity. Thus 1 =exp (—(AHj —T AS; YRT. )

trans trans 77?7

ie., T, .. =(AH,/AS,). (3.55)

The transition temperature is the temperature at which significant amounts
of products start to be formed.

Example 13

Determine the equilibrium constant for the reaction NHHSO,D — NHi(g) +
H,0(g) + SO4(g). At 298 K, AH° = 336500 kJ kmol™ and AS° = 455.8 kJ kmol™
K-!. Determine the transition temperature (i.e., at which K%T) =1).

Solution
Recall from Equation 3.52 with T,; = T,

In K°(T) =1n K°(T

rel

D= AH/RN/T = 1/T, ) (A)

where K(T,p) = exp (—AG°/R T ) and AG°® = AH® — TAS® = 336500 — 298 X
455.8 = 200672 kJ kmol™!, i.e., at T, = 298K,

K°(T

ref) =€exXp (_ AGO/E Tref) = 667 X 10_56’ (B)
or
K°(T) = 6.67 x 107 exp {~(336500/8.314)(1/T — 1/298)}. ©

By setting K°(T) = 1, the transition temperature T, = 336500 + 456 = 738 K.
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Remarks

Because
K°(T) = (pNH3 /PO )(szo/PO )(pso3 /PO ), (D)

and K° increases with temperature (enthodermic reaction), decomposition is
favored at higher temperatures and particularly at T > 738K.

Using the vant Hoff equation (3.52) one can actually derive the Clausius—
Clapeyron relation, which presents a relation between saturation temperature
and pressure for phase equilibrium such as H,O(/) < H,O(g):

In (P/P

I

o) =—(h, =B/ RYUT=VT,). (3.560)

where T,is saturation temperature at reference pressure P, and T is saturation
temperature at P. Equation 3.56 is useful in deriving results for evaporation
and combustion rate of droplets.

For the vaporization process,

AHy =h, —h, or AH}=h, (E)
i.e.
In (P o Pryoconer) =~/ ROWT = VT ). ()

This is a relation for the change in the saturation pressure of the H,O as
the temperature changes. This is also known as the Clausius—Clapeyron
relation, given by

In(P/) = ~((h, - hY/RYVT - VT,). )

3.4.2 Effect of Pressure
Because dg, . =0,dP and dg/dP =10,

DAGY ), =Y v, = AV, (3.57)

where AV, denotes the volume change between the products and the reactants.
In this context, because In K(T,P) = —AG(T,P)/R T, and using Equation 3.57, we get

{d(In K(T, P))/dP}, = —{d(AG/RT)/dP}; = —(1/R T)AV,. (3.58)

For an incompressible species (e.g., during the reaction Na(s) + Cl(s) —
NaCl (s)), AV, = constant and In {K(T,P)} = —(1/R T) PAV} + constant.
If the value of K(T,P,p is known, then

In (K(T, P)/K, (T, P,.)) = =(1/R TIAVS (P — P, (3.59)
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For ideal gases, with each species at T and P,

AV, =D v (RT/P) (3.60)
In (K(T, P)) = (2 Vk) In P + Constant. (3.61)
Example 14

Consider the combustion of CH, in air at 1 bar. Determine the number of
moles of products produced (and, in particular, the CO concentration) per
kmol of fuel consumed if the oxygen mole fraction in the products is 3% on
a dry basis. Assume equilibrium reaction CO, & CO + 1/20,,

In Ke = A - B/T A)

where A = 9.868 and B = 33742.4 K. Assume that CO is present in trace
amounts.

Solution

Assume that the overall combustion reaction is represented by the equation
CH, +a (O, + 376 N = CO, + 2H,O + b N, + d O,. €3))

It is now straightforward to determine that a = 2.2982, b = 8.641, and
d = 0.2982.
The carbon dioxide concentration in the exhaust on a wet basis is

100 X (1 + (1 + 2 + 3.76 X 2.2982 + 0.2982)% = 8.4%
pCOZ = XCOZ*P = 0084*1 = 0084 bar.

Similarly, the nitrogen concentration is 72.4%. Note that CO is not produced
during combustion according to our model, but is instead formed because of
the dissociation of CO, through the reaction CO, < CO + 1/2 O,. The
equilibrium constant for that reaction is

K°(D) = P /PNy, /P APy, /P, i, Py /P = KD, PV (py, /P°)".
©

Because CO exists in trace amounts, P° = 1 bar, Peo, = 0.084 bar, and Po,
= 0.025 bar (in proportion to their concentrations). Applying Equation A at
1500 K, Ko(T) = 3.28 x 1079, i.e., peo/P° = 3.28 x 1076 (0.084/1)/(0.025/1)°5 =
1.743 x 107 At one bar, Xoq = peo/P = Peo/1 bar = 1.743 x 107

Remarks

Figure 3.10 (left) presents the CO concentration in ppm vs. 1/T for methane and
C fuels with 20% excess air using THERMOLAB software. Runs could be made
for rich mixtures and plots similar to those shown in Figure 3.10 (right) can be
obtained. The CO concentration does not significantly alter when the fuel changes
from methane to carbon. Similarly, one can determine the equilibrium concen-
trations of other trace species such as O and H,.
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Figure 3.10 (Left) The CO emission due to the combustion of carbon and
CH, at 3% O,, using THERMOLARB software; (Right) CO vs. equivalence ratio
for CH,. (Adapted from Bartok, W. and Sarofim, A., Fossil Fuel Combustion,
John Wiley & Sons, New York, 1991.)

3.5 Adiabatic Flame Temperature with Chemical

Equilibrium
The energy balance equation applicable during combustion in a reactor is
dEcv/dt = QCV - ch + z k Nik ];i,k - 2 k Ne,k lge,k . (362)

3.5.1 Steady-State, Steady-Flow (SSSF) Process

At steady state, dE./dt = 0. For an adiabatic reactor, Q_ = 0. Because W, =0,

D Nihy= ) Nohy =0 or H=H,=0=H=Y Nh . (63

For ideal gas mixtures or ideal solutions, /;k =/;k =/;ff’k +(/’5t’T — /9[7298)1(.
Table A.34 tabulates adiabatic flame temperatures and product composition
at chemical equilibrium for a few fuels under SSSF process.

3.5.2 Closed Systems

The energy balance for an adiabatic closed system isdE_/dt=W_.If the
boundary work is neglected (e.g., for a fixed volume), dE_/dt = 0. If other
forms of the energy are neglected and we assume that E = U,

(Z Nk ﬁk ) - (Z Nk ﬁk ) =0 or Ureammm = Uproducts (364)
products reactants
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u, =h —-Po, (3.65)
and for ideal gas mixtures,
U, =i, =h —RT (3.60)
Example 15

Consider 5 mol of CO, 3 mol of O,, 4 mol of CO,, and 7 mol of N, entering a
reactor at 2000 kPa. If the inlet enthalpy (H,) is equal to 90184.4 kJ. (a) Determine
the adiabatic flame temperature and equilibrium composition of the gas leaving
the reactor. Assume that CO, O,, N,, and CO,, are products at equilibrium.
(b) Will the results change if we supply 9 mol of C, 19 mol of O atoms, and
14 mol of N atoms but with the same input enthalpy?

(@)

(b)

Solution

The three atom balance equations are:

Input C balance: 5+4=9=N_, + N,
O balance: 5x1+3x2+4x2= 19 = N o X1+ Ny, X2+N, X2
N balance: 2X7=14 = 2N N,

The five unknowns are Ng, Ng,, Ny, Ny, and T. If we assume T, then the
equilibrium solution provides the 4th relation, and one can solve for N values
at a given T. Assume T = 3010 and KOCO2 = 0.343 for CO, & CO + 1/2 O,.
Solving,
Neo = 1.893, N, = 7.107, N = 7,N, = 1.446, and N = 17.446 (all in
unlts of kmoD). For the assumed Value of T of 3010 K,

=-16579.9, bCO =-240107.94, b =93072.75, and b =98483.15 (all
umts in kJ kmol™). The assumed Value of T must satisfy the energy balance
equation - - -
Q=Hy—Hy, =Ny By +Neo, beo, +Neo Beg + Ny by — Hy,

= —35659. 784 kJ. -
But Q = 0. Assuming T = 3030 K and repeating the procedure, we get A
—15834.8, bco =—238804.3, /9 = 93815 and b, =99282.2 kJ kmol . K°
0.369, i.e. NCO— 1.981, N, = =7.019,N N, =7, and N, = 1491 (all in un1t%
of moD). N = 17.491 and Q = 5042.34 kJ.
Interpolating, T = 20(0 — (=35660))/(5042 — (=35660)) + 3010 = 3028 K.
If the atom inputs are unchanged (C = 9, O = 19, N = 14), enthalpy is
unchanged, because T is the same.

CO

Remarks

Computational codes use similar equilibrium approach in determining the
value of local T and species concentrations from specified total enthalpy and
atom composition.
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Example 16

Consider the stoichiometric combustion of 1 kmol of CH, with air at 1 bar.
The species enter an adiabatic reactor at 298 K (state 1), and the products
leaving it are the mix of species CO,, CO, H,O, H,, O,, N, and OH at
equilibrium. Determine the product temperature and composition.

Solution

First, let us assume a value of T. The method of solving for the composition
is similar to example 12. The overall chemical reaction is the same as
Equation A of example 12.

Let us assume T is 2250K. Using example 12, H, = -60,632k]. The
energy conservation requires Hy or H; = H, or H.. The input enthalpy at
208 K is 74,855 kJ # H,,

This problem is solved iteratively. The adiabatic temperature is found to
be 2230 K.

The equilibrium composition is

Neo, = 091, Neo = 0.09, Ny, o = 1.94, N, = 0.04,N,, = 0.052,

Ny, = 7.52 kmol, Ny = 0.041.

Remarks

Table A.34 tabulates the equilibrium flame temperature and entropy generated
at 298 K in an adiabatic reactor for selected fuels. One can download the
Microsoft-Excel-based THERMOLAB software from the CRC Web site to eval-
uate the flame temperatures at equilibrium for both open and closed systems
for any specified C-H-N-O-S fuels.

3.6 Gibbs Minimization Method

3.6.1 General Criteria for Equilibrium

At a specified temperature and pressure, for any reacting system, dG, =
>, dN, < 0, where the equality holds at equilibrium. The Gibbs energy for a
chemical reaction decreases as the reaction progresses (cf. dG;, < 0) until it
reaches a minimum value. Because G = G(T, P, N;, N,, ...), the criteria for G
to be a minima are

dGp =0 (3.67a)
d*G;p > 0 (3.67b)
Consider methane—air combustion at a specified temperature and pressure

according to the overall reaction

CH,+a0, +bN, -cCO+dCO,+e O+fO,

+gNO+hH,0+iH,+jN, +k C(¥), (3.68)
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where a and b are known for specified equivalence ratios. There are nine
unknown product species moles (¢, d, e, ..., k) and four atom balance equations
for C, H, N, and O atoms. Therefore, five equilibrium relations are required,
which may include the reactions

CH, — C(s) + 2 H,, D
CO, = CO + 1/2 O, (ID
H,0 — 1/2 O, + H,, (11D
0, = 2 0O, av)
N, + O, = 2 NO. V)

We may also select a linear combination of reactions. For instance, sub-
tracting Reaction B from Reaction C, we obtain the reaction

H,O - CO, - 1/2 O, + H, - CO - 1/2 O,,
i.e.,
H,O0 + CO — CO, + H,,

which is the familiar water gas shift reaction. Note that Reaction V' does not
provide an independent equilibrium relation that can be selected in addition to
Reaction I to Reaction V. The procedure becomes far more complex in a realistic
applications in which there are hundreds of species. Therefore, it is useful to
adopt a more general procedure, during which the species moles are adjusted
until the Gibbs energy reaches a minimum value at equilibrium, i.e., dG, = 0
and d*G;;, > 0 subject to the atom balance constraints and the specified temper-
ature and pressure. The Lagrange multiplier method is useful in this regard.

3.6.2 G Minimization Using Lagrange Multiplier Method

We will now generalize the methodology for multicomponent systems. The
procedure to minimize G = G(T, P, N;, N,, ..., Ny) subject to the atom balance
equations is as follows.

Formulate the atom balance equations for each element j

dejka A =1, ., k=1, .., K (3.69)
where d; denotes the number of atoms of an element j in species k (e.g., for
the element j = O in species k = CO,, d = 2) and A, is the number of atoms

of type j entering the reactor. This relation can be expressed using the Lagrange
multiplier method. Rewrite Equation 3.69 as

/li(zk dy N, —Aj),j -1, . ] k=1,.. K (3.70)

where 4; is the Lagrange multiplier for element j.
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The Gibbs energy at equilibrium must be minimized subject to this condition.
We create a function

F:G+Z (delkN A) 1, k=1 ..K 37D

We minimize F with respect to Ny, k = 1, ..., K. The minimization of F
requires

JF/INy = (dG/INrp +(2‘Ajdjk) =0,j=1,..,], k=1, ..., K (3.72)
] TP
Simplifying the above equation,

uk+z,ﬂidik=0,i=1, T k=1, K (3.73)

We can interpret A; as the element potential of element j in species k, A d;
as contribution by element j to the k-th species potential, and the term u, =
ZAdy is the combined element potential of species k due to all elements within
K. Unknown are K species and J multipliers. Equation 3.73 provides K equations

while Equation 3.69 yields ] equations and hence the problem can be solved.

Example 17

A steady-flow reactor is fired with 1 kmol of C,;H,,, with 5% excess air. The
species (1 to 8) leaving are CO, CO,, H,, H,O, OH, O,, NO, and N, at T =
2500 K and 1 bar. Determine equilibrium composition of species leaving the
reactor. Assume ideal gas behavior.

Solution
The stoichiometric reaction is rewritten as:
(C,oH,p) + 15(0, + 3.76N, = 10 CO, + 10 H,O + 59.4 N,.

With 5% excess air, the O, supplied is 15.8 kmol and the N, supplied is
59.4 kmol.

(CioHyy) + 15. 8(O, + 3.76 N,) — Products.

This system is an open system. Now, we follow a fixed mass (140 + 528 +
1737 = 2405 kg) as it travels through the reactor. We will assume that this
mixture is instantaneously heated to 2500 K at 1 bar and then calculate G of
the mixture assuming various values for the moles of the 8 species subject to
the four atom conservation relations for C, H, N, and O. We will then alter the
composition subject to the four atom conservation relations (C, H, N, O,
Equation 69), calculate G, and then determine the composition at which G has
a minimum value. The Lagrange multiplier method is used to minimize G. The
four elements C, H, N, and O are denoted by the subscript j (j =1, ..., 4) and
the eight species denoted by subscript k (k =1, ..., 8). The coefficients dy, i.e.,
d,=1,d,=1, ..., are provided in the following table:
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Table of Coefficients d;,

Element j

Species k C

H

o

coO 1
Co, 1

H, —
H,0 —
NO —
N, —
OH —
0, —

2
2
1

N =

._\._\|

The atom conservation equations (Equation 69) yield the relations:

j=1(Catoms):

N, + 1IN, +0N, +0N,, + 0Ny, +ONy +O0N, +0N,, —10=0,

j=2 (Hatoms):

0 Ngo+0 Ngo +2 Ny +2 Ny o+ ONy, +0N +1Ng, +O0N,, =20=0,

j=3 (O atoms):

INg, +2Ng, +0 Ny, o +IN + ON +1INg, +2N, —31.6=0,

j=4 (N atoms):

ONg +0 Nco2 + ONH2 + ONHZO +1IN, + 2NNZ + 0Ny, + ONoZ —118.6=0.
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(A)

B

©

D)

Dividing these equations by the total moles of products (N = XN, we

obtain the relations

X +1X, +0X, +0X,  +0X +0X +0X, +0X, —10/N=0,
0X o +0 X, +2 X, +2 X, o +0X (o +0X +1X, +0X, —20/N=0,

X o +2 X0, +0X,, +1 X o +1X, +0X +1X +2X, —31.6/N=0,

(E)

(F)

(©))

0X,+0 XCO2+ OXHz +0 XHZO +1X +2XN2 +0X, + OXO2 -118.6/N=0. (H)

N is solved from the identity

Y x, =1

G =G(T, P, N, N,, ..

N

M
)
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Multiplying Equation A to Equation D, respectively, by A., A, Ay, and A,
(4 multipliers for 4 atoms) and adding with Equation J, we form a function

F=G+A. (Ng, +Ng, =100+ 4,2N,, +2N,, ;+N, — 20)
+ Ao (Ngo +2N¢, + Ny o+ N + N +2 Ny —31.6) (X)
+AN(N, +2 N —118.6)

that is minimized at equilibrium, i.e.,

dF/IN¢o = (dG/INc)rp + Ac + Ao = 0, L
JdF/dN¢o, = (dG/INco)rp + Ac + 245 = 0, M)
IF/IN,,, = (9G/ON,, )y, +24, =0. N

Similarly, dF/dNy,o = 0, dF/dNy, = 0, dF/dNy, = 0, dF/INy,; = 0, and JF/
IN,, = 0, labeled as Equations O, P, Q, R, and S.
Rewrite Equation L to Equation S in the form

Ueo + Ac + lo =0, (D
Heo, + A +2 A, =0, (@)
:qu +2)lH =0, Q%)

where p, = (dG/dN)y, = g, . Similarly, we get five more equations labeled as
W, X, Y, Z, and a.
Recall that for an ideal mixture of gases or ideal mix of liquids or solids

M =8 =& (T, P) + RT In (X. (b)
Dividing by RT,
1,/(RT)={g, (T, P)/ R T} + In (X. ©

Divide Equation L to Equation S by R T and using Equation C,

(8eo (T, PY/RT) + In Xo)+ AL+ AL =0, )
@eo, (T, P/ RT) +1In (X, )+ AL +2 4, =0, ©
Gy, (T, P)/ RD) + In (X, )+24], =0, 6

where A" = A/ R T. Similarly, we get five more equations labeled as g, h,
i, j, and k. The values of In (X,) can be determined from Equation d to
Equation k for the assumed set of values of the modified Lagrange multipliers
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of 4., Ay, A, and Ay”. Once solved for X’s, we check whether these four
multipliers satisty the four element conservation equations, Equation E to
Equation H. Thus, knowing the values of ., those of X, can be determined
from equations such as Equation c. Irrespective of the number of unknown
species, the number of assumptions made for the Lagrange multipliers are
equal to number of atom balance equations. Good starting values can be
obtained by assuming complete combustion and determining those mole
fractions of four significant species to obtain initial guesses for four multi-

pliers 1., Ay, A, and Ay"
For T = 2500 K and P = 1 bar, §k=/5k—T§k,
8o = 701455 kJ kmol™,
8y, = 419840 kJ kmol™,
8co, = 1078464 kJ kmol™, and so on. (S

Good starting values could be A, A, A, and A, = 19.7, 12.5, 14.0, and
17.1, respectively. The converged solutions are:

N = 2.04 kmol, NCO2= 7.96, NH2= 0.42, NHZO = 9.24,

Nyo = 0.57, N =59, Noyy = 0.69, N, = 1.52, all in units of kmol.

Hence N = ZN, = 81.4 kmol.
The NASA equilibrium code uses a steepest descent Newton—Raphson
method with typically 8 to 12 iterations.

3.7 Summary

The chemical force potentials of reactant (v, g, , ... ) and product species
v, §k,pr oiues ) €an be used to determine the direction of a chemical reaction
just as the temperature (or thermal potential) can be used to determine the
direction of heat transfer. The first law and second law can be used to
determine the equilibrium temperature and chemical equilibrium composition.
THERMOLAB spreadsheet software, available as a free download, may be
used to solve for equilibrium flame temperature and composition of any given
fuel.

3.8 Appendix
3.8.1 Equilibrium Constant in Terms of Elements

Combustion reactions customarily involve compounds consisting of elemental
C, H, N, and O. Consider the reaction

H,0 — H + OH. A)



Reaction Direction and Equilibrium 143

For which we are asked to determine the value of K°. If the K° value is
available for the reactions involving elements in their natural forms,

H, + 1/2 O, & H,0, ®
1/2 H, & H, ©
1/2 H, + 1/2 O, & OH, (D)

then for Reaction B to Reaction D

-RT In K;zo =80 "8, 1/2 8, ()
—R T In Ky =81 -1/2 g, , (F)
R In Koy =Gy~ 1285~ 1128, G)

where K%, K%, and K%, are the equilibrium constants when products are
formed from elements in their natural states. Likewise, for Reaction A,

o

~RTInNK° ==8 +8,~ &0 (1)

Substituting §§ from Equation F, §SH from Equation G, and gjzo from
Equation 3.E into Equation 3.H, we obtain

KO = KoK/ Ky M

Similarly, for the equilibrium constant for the reaction CO, — CO + 1/2 O,,
one can write, by observation, K°= KSO/KSO . Note that K° (T) will not appear
for elements in natural form. Typically, In Kk%) = A, — B,/T. Table A.35 presents
the values of A, and B, of selected Species formed from elements in natural
states. For example K° = /K = explA. Boo/ TV explAco, — Beo/TH =
expliAqco — Acoz | — (Beo- BCOZ}/T] = exp{AA AB/T} where AA = Ao — Ao, =
10.108, AB = {B, — Byt = 33770. Thus, K° = exp{10.108 — 33770/T}.

Example 18

Determine the equilibrium constant for the reaction CO2 & CO + 1/2 O, at
3000 K using atomic equilibrium constants.

Solution
K = K& /Kio, . expld,— Bo/TV/ expla,, ~ By, /TI = exp [AA — AB/T)
AA=A_—A., =10.108 AB=33770, K°= eXp (10 108 33770/7T) from the data
in the Table A 35 K° = Exp(10.108 — 33770/3000) = 0.317.






Chapter 4

Fuels

4.1 Introduction

This chapter presents an overview of fuels used and their properties. Solar energy
is stored as chemical energy in fossil and biomass fuels (wood residues, sawdust,
paper, cow manure and poultry litter, crop straw, switch grass, etc.) containing C,
H, N, O, and S elements. Many devices that harness the energy released during
combustion of these fuels and convert it into a useful form have been developed.
Examples of devices that utilize combustion to harness fossil fuel energy are power
plants, automobiles, aircrafts and ships, and boilers for the production of steam.

Figure 4.1 shows the energy and percentage of use for various fuels in the U.S.
The U.S. consumed 29 quads in 1949 and 83 quads in 2002 (1 quad = 10" Btw),
indicating an 86% increase. As of June 2006 the shares by energy source are:
coal, 49.3%; natural gas, 17.8%; nuclear, 30%; petroleum, 1.5%; hydroelectric,
8.3%; others, 3.1%. The current worldwide energy consumption is 400 quads.
By 2050, world consumption will reach 1000 quads, with that of the U.S. about
260 quads (a 300% increase). The energy consumption was 215 mmBtu in 1949
but 337 mmBtu per person in 2005.

Fuels can be classified according to the phase or state in which they exist,
i.e., as gaseous (e.g., propane), liquid (e.g., gasoline), or solid (e.g., coal).
The selection of a particular fuel for energy conversion depends on the total
cost including the sourcing cost (fuel cost, Table 4.1), and the operational and
environmental compliance costs. The fuel cost depends on its physical (e.g.,
moisture and ash contents) and chemical properties (heating values). Thus, it
is essential to describe the various classes of fuels and determine their physical
and chemical characteristics in order to determine the required air-to-fuel ratios
for combustion, flame temperatures, combustion characteristics, and econom-
ics of the use of fuel. Fuels can either occur naturally (e.g., fossil fuels) or be
synthesized (e.g., synthetic fuels). The important fuel properties are compo-
sition of fuel, heating values, density, etc.

145
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Figure 4.1 Energy consumption.

4.2 Gaseous Fuels

Gaseous fuels are the most clean burning fuels compared with liquid and
solid fuels. These fuels are a mixture of hydrocarbons (HC) with highly
volatile CH, as the dominant component and with very little S and N. The
volumetric fraction of each chemical constituent in a gaseous mixture char-
acterizes the mixture composition. There are various kinds of gaseous fuels:
Natural gas is found in compressed form below rock strata and is extracted
from gas wells, unassociated gas is found in petroleum reservoirs but contains
no oil, and associated gas is found in crude oil reservoirs. Natural gas is
liquefied (LNG stands for liquefied natural gas) by cooling below —164°C.
LNG has the advantage of a larger heating capacity in a smaller volume,
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Table 4.1 Cost of Various Fuels

Fuel $ $ per 10° Btu  $ per GJ
Natural gas (residence) 6.3/1000 SCF 6.3 5.97
Natural gas (industrial) 3.34/1000 SCF 3.3 3.13
Gasoline 1.23/gal 10 9.48
Kerosene 0.72 5.2 4.93
No. 2 fuel oil 0.67 5.22 4.95
No. 2 Diesel 0.68 4.9 4.65
Coal 29/ton 1.3 1.23
Wood (15% Moist) 40/cord 2.1 1.99
Electricity (residence) 0.084/kwh 24.6 23.32
Electricity (industrial) 0.047/kwh 13.8 13.08

and hence transportation cost is reduced. Liquefied petroleum gas (LPG)
consists of higher HCs — ethane, propane, butane, ethylene, butylenes, and
propylene. It is stored as liquid under high pressure but is a gas at atmospheric
pressure. Typically, LPG is a by-product of petroleum refining and it consists
of 90% propane. CNG is compressed natural gas stored at pressures of 150
to 250 atm.

4.2.1 Low- and High-BTU Gas

A low-Btu gas contains 3,400 kJ/SCM (100 Btu/SCF), a medium-Btu gas
17,000 kJ/SCM (500 Btu/SCF), whereas a high-Btu gas (e.g., methane) can
provide 34,000 kJ/SCM (1,000 Btu/SCF). Hydrogen is another gaseous fuel
with a heat value of 11,525 kJ/SCM. Although extremely flammable, H, has
the advantage of not producing any CO,, a greenhouse gas, during combustion.

4.2.2 Wobbe Number

The ultimate objective is to obtain a fixed thermal output rate when fuels are
changed. Wobbe number provides a relation between the volume-based heat-
ing value and the density of fuel, and is a measure of the interchangeability
of gaseous fuels. Similar Wobbe number assures similar thermal output rate.
The volume flow rate of a gas through an orifice is given,

O=VXA (4.1)

QO = AQAP/p)? = A(2P,,,./p)"? (4.2)
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where P, denotes the gage pressure drop across the orifice; p, the gas

density; and A, the cross-sectional area. The thermal output rate is

H = Q (HHV) = A(HHV)(2P,,../p, )*(p,/p)" (4.3)

where HHV’ denotes the higher heating value per unit volume and p,, the
air density. Hence,

I = AQ2P,,./p)"* Wo (4.4)
Wo (Wobbe number) = {HHV'/(p/p,)"?} = kJ/m? (4.5)

where the term p/p, is called the specific gravity (sg) of the gas.

If the gas line pressure is constant (typically 6 inches or 15 cm of water
for residential burners), the heat throughput 77 is also the same for identical
values of Wo when the gaseous fuel is changed. The lower the value of
Wo, the lower is the heat release rate. If the Wobbe number changes, then
the burner velocity must be altered (and the burner dimensions must
sometimes be changed) to obtain a fixed value of the heat release, which
may have consequences for flame stability. Note that similar Wo does not
imply similar volume flow rates; thus, if HHV’ is higher, the volume flow
rate through same burner will be lower for fixed Wo. Thus, if a gas company
measures the fuel flow in SCM, the price per unit SCM will be adjusted
depending on HHV'".

Example 1

Natural gas (NG) with a 37925 kJ/m? (1025 Btu/ft?) higher heating value and
a specific gravity of 0.592 is to be replaced with a propane-air (PA) mixture
(HHV’ = 96755 kJ/m? (2615 Btu/ft?) and specific gravity = 1.552). (a) What is
the volume fraction x of propane for identical thermal output and upstream
pressure? (b) What will be the ratio of volume flow rate (V) of the replacement
gas (PA) to that of the original gas (NG)?

Solution
HHV/(poy/p)"* = HHVyo/(pye /P )
Poa =X Pp+ (A =% p,, or (Pp/p) =X pp/py+ (1A =% B)
HHV,, = x HHV, + (1 — x) HHV, = HHV,, = x HHV, + 0 ©

From Equation A to Equation C and for similar Wo,

x HHV,/((x pp/ps + (1 — )V = HHV o/ (Pre/ P2 D)
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Solving with pyo/p, = 0.592 and p,/p, = 1.552, HHV’ = 96755 kJ/m3, HHV', =
37925 kJ/m?, ie., (96755%)%(1.552 x + (1 — x)) = 37925%/0.592, or x = 0.586.
() Vg = AP,/ Py and Vi, = AQP,,,./pp)"% using Equation B, (pp/p,) =
X po/ps + (1 — %) = 0.586 X 1.552 + 0.414 = 1.323, we get Vp/Via = (Pro/Pon)">
= (0.592/1.323)V2 = 0.669. Hence, the propane:air volume flow rate through the
line is only 66.9% of natural gas flow for same heat throughput rate and same
upstream pressure. Even though the volume or velocity of gas through the kitchen
range may be less, the heat throughput per unit time with PA will be same as NG.

4.3 Liquid Fuels

The world’s petroleum reserves are about 4 X 10" MJ, and the U.S. oil
consumption is approximately 4 X 10'3 MJ/yr. Crude oil occurs naturally as
a free-flowing liquid with a density p = 780 to 1000 kg/m?. Commonly used
liquid fuels are generally derived from petroleum and are not pure sub-
stances. Typically, the ash quantity in petroleum is 0.1%, whereas in coal
the ash can be as high as 15 to 25%. Crude oil contains 0.15 to 0.5% nitrogen
by weight, whereas in a heavy distillate this fraction is in the range of 0.6
to 2.15%.

4.3.1 Oil Fuel Composition

The crude oil normally contains a mixture of hydrocarbons and the “boiling”
temperature keeps increasing as the oil is distilled (Figure 4.2 and Figure 4.3)
and lighter components are evaporated. Thus, oil in a refinery is broken into
chemical fractions by distillation in a fractionating column. Crude oil yields 3.7%
LPG, 2.9% refinery gas, 1.3% naptha, 39% motor gasoline (C,— C,,), 0.2% aviation
gas, 5.6% jet fuels (C,,— C,;3) (Jet A in aircraft gas turbine, C,, H,5), 0.8% kerosene
(industrial gas turbine), 18.2% heating fuel (C,;—C,) and diesel, 16.6% residual
fuel oil (C;—C,g), 5.9% petrochemical feed, 0.9% lube oil and greases (C,4—C,s),
2.3% road oil, asphalt (>C,5), and 2.5% coke and wax, with 0.2% losses [Borman

Water in

Distillation /

flask

g
0 Water out
/- L \

Figure 4.2 Distillation experiment for determining variation of boiling point
versus percentage of mass evaporated.
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Figure 4.3 Crude oil distillation curves. (Adapted from Baukal C.E.,
Gershtein, V.Y., and Li, X., Eds., Computational Fluid Dynamics in Industrial
Combustion, CRC Press, Boca Raton, FL., 2000.)

and Ragland, 1998]. The type and amount of yield varies depending on local
requirements.

Most fuel oils contain 83 to 88% carbon and 6 to 12% (by mass) hydrogen
[Reed, 1997]. The specific gravity is typically defined at 15.6°C (60°F) with water
as the reference fluid. Distillation tests as shown in Figure 4.2 and Figure 4.3
are used to define the terms 10% and 90% (volume loss) boiling temperature.
If the 10% temperature is very low, then the fuel is easily vaporizable. Similarly,
a high 90% temperature will indicate difficulty in vaporization and formation of
droplets. Liquid fuels contain several groups of well-defined organic chemicals,
and the major constituents are described in the following subsections.

4.3.2 Paraffins

Paraffins (alkanes) are saturated HC (i.e., impossible to add any more H
atom into HC) and chemically represented as C.H,,.,. The structure of
straight- or normal-chain alkanes are shown in Figure 4.4a. They are denoted

H H H H H
H H H ) C H H C — () m—H
H H H H H
n-Methane n-Ethane Ethanol

(a) (b)

Figure 4.4 (a) Straight chain (normal n) paraffins C H,,,, (b) Paraffinic
alcohols C H,,,.,OH.
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Figure 4.5 (a) Straight- and (b) branched-chain paraffins, C H,,,,.

by a prefix “n” (e.g., n-Octane). Examples of alkanes include methane (CH),
ethane (C,Hy), propane C;Hy), and butane (C;H,,). The naming sequence is
based on number of C atoms — 1: meth, 2: etha, 3: prop, 4: but, 5: pent, 6:
hex, 7: hept, 8: oct, 9: non, and 10: dec. These names all end in “ane.” The
number of bonds in each alkane is as follows: methane: 4 C-H and #n-ethane:
6 C-H and 1 C-C. Typically, as we increase the number of hydrogen and carbon
atoms, we produce heavier gases, increase the bond energy, and increase molar
heating value because of increase in C and H atoms. Hence, volumetric heat
content (1 kmol at STP = 24.6 m3) will gradually increase with increase in the
number of C and H atoms. For example, CH; has heat content of 37000 kJ/
SCM (standard cubic meter), propane 92500 kJ/SCM, and butane 118000 kJ/
SCM. Further, the ignition temperature (at which the fuel ignites) decreases with
increase in the number of C atoms in the paraffin. A few paraffinic components
in natural gas are CH; and C,Hy; in liquid petroleum gas, C;Hg and C;H,,; and
in gasoline, CgH,g.

Branched-chain alkanes (isomers) also occur, e.g., isobutane CH,, (also
known as 2-methyl propane), in which a methyl radical CH; is attached to the
second carbon atom in the C—C—C chain of propane (Figure 4.5b) and isooctane
CgH,g or 2,2 4-trimethylpentane, in which two methyl (or alkyl) radicals are
attached with one to the second and the other to the fourth carbon atoms in
a pentane molecule. Paraffins have maximum H/C ratio, highest HV in kJ/kmol,
lowest HV (kJ/m?), and clean combustion. The greater the C in paraffins, the
greater the number of isomers.

4.3.3 Olefins

Olefins or alkenes are HCs having open unsaturated (i.e., H atom <2n+2 in C,H,,)
chain structures and are represented by the chemical formula C H,, as shown
in Figure 4.6. They contain both single and double bonds. The names of
alkenes generally end in “ene.” They can also be either straight (Figure 4.6)
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H——C—C—H

H H
Ethylene, C,H,

Figure 4.6 Olefins, C H,, (straight chain).

or branched chain (Figure 4.7). They are clean burning and have a higher
octane rating than alkanes. Mono-olefins have an open-chain structure. Olefins
are unstable (i.e., more prone to oxidation during storage) and can form residues.

4.3.4 Diolefins

Diolefins C,H,, , have two double bonds, and their names end in “diene,”
e.g., heptadiene contains 7 carbon and 12 hydrogen atoms. Use of the
expanded term 1,5-heptadiene implies that first and fifth carbon atoms have
double bonds.

4.3.5 Naphthenes or Cycloparaffin

The naphthenes or cycloparaffin family is denoted by the formula C_H,,. These
fuels are similar to paraffins except for their ring saturated (instead of straight
chain) structure (Figure 4.8a and Figure 4.8b).

4.3.6 Aromatics

Double-bonded HCs can also be arranged in cyclic forms. Aromatics are
represented by C;H,,, 4, and include benzene C;H, (Figure 4.92), toluene C,Hg,
ethyl benzene C;H,, (which is identical to benzene but with a H atom replaced
by an ethyl radical C,H5). The double bonds can alternate in aromatic rings.

Figure 4.7 2-Methyl propylene, C,H; (branched chain).
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Figure 4.8 (a) Cyclohexane CH,,, (b) Cyclopropane C;H,.

Aromatics are chemically more stable, carcinogenic, and have smoky combus-
tion, highest HV (volume based), lowest HV on mass basis. Rings can be
connected in polycyclic form. For example, when two rings are united it forms
naphthalene C,,Hg (Figure 4.9b), when 3 rings are united it forms anthracene
C.sH,,, and benzopyrene has 5 rings united.

4.3.7 Alcohols

Alcohols are partially oxidized HCs having saturated structure. In the case of
alcohols, an H atom of a paraffin is replaced by an OH radical (C H,,,; OH),
e.g., ethyl alcohol C,H;OH (see Figure 4.4b) and pentyl alcohol C;H,,OH.

H
H
/
\. 4
H

C C
/ AN
H H

@ (b)

Figure 4.9 (a) Benzene C;H, (b) Naphthalene C,,H,.
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The number of bonds in ethanol is: 5 C-H, 1 C-C, 1 C-0O, and 1 O-H. If OH
group is attached to benzene, it forms phenol.

Ethanol for beverages and almost 50% of industrial ethanol are made by
fermentation, which is a sequence of reactions in the absence of oxygen. Corn
is converted into sugar or is cooked with enzymes, and yeast (fungi) is added
for fermentation. Energy is released when sugar is fermented into ethanol and
carbon dioxide:

C¢H,,04 (sugar) — 2CH,CH,0OH + 2CO,

4.3.8 Common Liquid Fuels

Gasoline (CgH,y): Gasoline is a mixture that results from the fractionation of
crude oil. It consists mostly of C.—C,, hydrocarbon groups; it can be represented
as C,H, ¢, and has a molecular weight of 110, HHV = 47300 kJ/kg, LHV = 44000
kJ/kg, Ty = 30 to 200°C, LHV per unit stoichiometric mixture = 2830 kJ/kg of
mix, A:F = 14.6, density of 0.72-0.78 g/cm?, hy, = 305 kJ/kg, ¢ = 2.4 kJ/kg K,
and ¢, y,por = 1.7 kJ/kg K. In order to stabilize gasoline during storage tetracyano
ethylene (NC,), = C(CN), is added.

An octane number of N implies that for every 100 m? of a surrogate mixture
of octane and n-heptane, N m? is occupied by isooctane CgH,, and (100-N) m?
by n-heptane C.H,,. If gasoline is rated with an octane number of 93, then its
knock characteristics are similar to an isooctane and n-heptane surrogate mixture
that contains 93% isooctane by volume. They are determined using ASTM-D2699
for RON (research octane number) and D2700 for MON (motar octane number).
Aromatics lower the octane quality.

Diesel fuel (C, ;H,;,): This is a mixture boiling in the range of 240 to 370°C;
A:F = 14.7 a typical surrogate fuel is n-heptane. Sometimes diesel fuel is treated
as dodecane C,,H,.

Kerosenes: These are crude oil derivatives (12 to 16 carbon atoms per molecule)
boiling in the range of 140 to 250°C. Surrogate fuels are tridecane C;sH,g, C;,Hy,
etc. JP5 is a kerosene distillate fuel. Aircraft fuels are essentially kerosene fuels in
the C,, to C;3 hydrocarbon groups. Some military and commercial aircraft use
JP—XX (with XX denoting an integer) fuels that have relatively lower boiling points.
A higher C/H ratio in a fuel results in enhanced soot formation.

Fuel oil (12 to 16 carbon atoms per molecule): Typically, they are used in
burners for heating and power generation. They boil in the range of 340 to 420°C.

Naphthas: Typically, they used as feedstocks in manufacturing solvents,
and boil in the range of 95 to 315°C.

4.3.9 API Gravity, Chemical Formulae, Soot,
and Flash and Fire Points

4.3.9.1 APl Gravity

For liquids, the specific gravity is defined as SG = p (T)/p,, (T) with T at
15.8°C (60°F), where p,, (T) is the density of water. Alternatively, the American
Petroleum Institute (APD uses API Gravity = 141.5/SG(15.8°C) — 131.5.
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Table 4.2 A, B, and C Values
in APl Gravity Relations

Fuel A B C
Fuel oil 43380 93 10
Kerosene 42890 93 10
Gasoline 42612 93 10

Heavy cracked fuel 41042 126 O

HHV (kJ/kg) = A + B (API-C). See Table 4.2 for A, B, and C values.
Naphthenes have higher C/H ratio compared with paraffins and hence higher
SG values. Higher the SG, lower is the API gravity and lower the heating value.

4.3.9.2 Empirical Formulae and Formulae Unit for Complex Fuels

Gasoline, diesel, etc., are mixtures of pure hydrocarbons such as C,H,
CgH,g, etc., that are represented by molecular formulae. For example, California
gasoline is a mixture of 15% (by volume) isobutane, 20% hexane, 45%
isooctane, and 20% decane. If the overall carbon content of gasoline is 82.6%
(by mass) and that of hydrogen is 17.4%, then the empirical formula is
CoasHi703 (C = (82.6/12.01) = 6.88 and H = 17.23) or, after normalization
with C atoms, CH, .. The empirical formulae are more suitable for gasoline,
diesel, etc. When intramolecular forces (bonds within atoms of a molecule)
are strong compared to intermolecular forces (between molecules), the
molecules maintain their integrity. However, when intermolecular forces are
comparable to chemical bond forces, then one cannot differentiate one
molecule from another one. Consider table salt, NaCl. We have Na* and Cl-
ions. Each ion is surrounded by 6 oppositely charged ions (e.g., Na*
surrounded 6 CI- ions or ClI- surrounded by 6 Na* ions). There exist no
definable molecules of NaCl; thus, the empirical formula is NaCl, which
implies that the atom ratio between Na and Cl is unity; other examples
include LiCl, (called one formulae unit of LiCl,), which is not a molecular
formula. Similarly, CoCl,#6H,0 means six molecules of water attached to
one formulae unit of CoCl,. An empirical chemical formula for a fuel is
analogous to the aforementioned formula unit and can also be derived from
the ultimate analysis illustrated in Section 4.4.

4.3.9.3 Soot

One commonly observes soot in the exhaust of diesel trucks. Soot and smoke
consist of carbonaceous solids produced during combustion through the for-
mation of polycyclic aromatic hydrocarbons (PAHs), i.e., gas-phase condensation
reactions. These solids are known carcinogens (cancer causing chemical) and
are produced by the cracking of HCs. Cracking is a process of breaking larger
molecules into smaller ones, with 1 to 14 C atoms per molecule, such as alkanes
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C,H,,.., and alkenes C_H,,,. When cracking takes place in the presence of hydrogen,
it helps in picking up H atoms to form saturated carbons, a process called
hydrogenation. Polymerization is the inverse of the cracking process, where
smaller HC molecules combine to form a larger HC. Tt is also called alkylation,
for example, CH, + bC,H, + cC,H; + dC;Hy <> C;H,,.

Aromatics tend to form more soot than paraffins and multirings (anthracene
as compared with benzene) form more soot than single rings. Luminometer
number (Ly) is a measure of color temperature of gas temperature at which
radiation is in green—yellow regime. Higher the luminometer number, lesser is
the tendency to smoke. Smoke point (S,), measured in mm, is the height of
flame in a standard lamp without causing smoking. Higher the volatility, greater
is the premixing of fuel with air and lesser is the smoking tendency. Higher
the smoke point, lesser is the tendency to smoke. Smoke point is related to Ly
as S, in mm = 4.16 + 0.331 L + 6.48 x 10~ L? [Bartok and Sarofim, 1991].

4.3.9.4 Flash, Fire, Pour, and Cloud Points

When a liquid fuel contained in a pan is heated, its temperature rises and it
produces vapor. One can pass a flame or any other ignition source or create a
spark at a specified distance from the liquid surface and check whether the A:F
ratio or vapor concentration is favorable for ignition. A flame cannot be sustained
if the mixture is too weak (i.e., too lean). If the amount of vapor is limited or
if the heat released by a flame or spark is incapable of vaporizing enough
additional fuel, the flame will consume the entire vapor around the spark plug
or ignition source and dissipate. The lowest liquid temperature at which the
fuel:air mixture formed above the liquid is capable of flaming is called the
initial flaming temperature or flash point temperature. The lowest liquid tem-
perature at which a sustained flame (at least 5 sec) occurs is called the fire
point. A sustained flame will propagate toward the liquid surface to react with
more fuel vapor. It is apparent that sustainment depends on the fuel volatility
or vapor pressure and flammability limit. Thus, fire point denotes the fuel
temperature at which one may form sufficient vapor to sustain a flame. Table 4.3
contains the flash and fire points of various liquid fuels. Flash and fire points
serve to indicate the fire hazard of fuels. Lower the flash point, higher is the
hazard in storing the fuels. Another property of interest is the pour point, which
indicates the lowest temperature at which the liquid will flow. Cloud point is
the temperature at which wax crystals start forming (e.g., NO, fuel oil). ASTM
provides specifications of various liquid fuels, including flash and fire points.
The autoignition temperature is the lowest furnace temperature required to
initiate sustained flaming in atmospheric air without an ignition source.

4.4 Solid Fuels
4.4.1 Coal

Coal is a compact, aged form of biomass (plant debris) containing combusti-
bles, moisture, intrinsic mineral matter originating from salts dissolved in water,
and extrinsic ash. Coal is used to generate about 52% of U.S. electricity, which
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Table 4.3 Flash and Fire Points of Various Liquid Fuels

(ThireT fiash) Tign hy,

Fuel SG T?C Tp2C TyC °C C  kikg
Ethyl alcohol 0.796 10 69-76 78 59-66 423 920
N-Butyl alcohol 0.595 34 105 117 71 — —
Acetone 0.790 =20 55 56 75 — —
Petroleum — 30 — — — — —
Solar oil — 148 — — — — —
Gasoline 0.72-0.78 10 16 100-150 6 370 380
Cylinder oil — 215 — — — — —
Diesel 0.85 38-49-52 — 149-300 — 254 375
Biodiesel 0.88 100-170 — 182-338 — — —
Synthetic diesel 0.77 160-382 246  160-382 — 257 —
Lube oil 0.8-1.01 204 344 — 59 — 320
Machine oil — 196 — — — — —
Methanol 0.794 11 — 65 — 385;464 1185
Kerosene 0.806 38 — 160-280 — 230 425

Note: Tgp: boiling point

Source: The data is partly from Blinov and Khudyakov, Diffusive Burning of Liquids, Pergamon,
London, 1960.

is expected to continue through the next 20 years. Coal is a very abundant fuel
accounting for 75% of the U.S. energy reserves, which are estimated to be
240 Gt. Because of large coal reserves, the U.S. relies heavily on coal for
electrical power generation. The U.S. electrical power utilities consumed about
87% of the nearly 1.1 Gt of coal produced in 2003 and the open market price
is $17.85 per ton while the average delivered price is $25.30 per ton
[www.EIA.DOE.gov]. The demand for electricity grows at an average of 3.2%
a year. Coal provided 51% of total U.S. electricity generation in 1995.

Coal is usually found interspersed with smaller amounts of inorganic matter
beneath sedimentary rocks and is believed to have been formed by ancient
vegetation collected over a million years.

Plant materials have a high cellulosic (=CH,O, Cellulose: C,;H,,O,,) content
and a molecular weight of approximately 500000 kg kmol. Anaerobic micro-
organisms or bacteria in dense swampy conditions assisted in converting the
plant debris into peat-like deposits. For example, cellulose a component of plant
debris decomposes to peat as follows:

3CH,,05 — C4H, 05 (peat) + SCH, + 5CO,

It is a slow process, with deposition taking place at the rate of 300 m
per million years. The peat bed was then covered with sediment and folded
in the earth’s crust, increasing the pressure and temperature. The large
thermal gradient due to the geological depth at which the coal was buried
lead to chemical decomposition, which drive off volatile gases and water.
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This lowered the O and H content in the coal as it was being formed. Tt
is believed that during the “coalification” process, lignite was produced first
(40 million years under heated conditions, brown colored wood-like struc-
ture with almost same heat value as cellulose), followed by subbituminous
(black lignite, with typically low sulfur content, and noncaking), bituminous
(soft coal, tends to stick when heated, and with typically high S content),
and finally, anthracite (dense coal, has the highest carbon content [>90%],
low volatility [<15%)) lasting over 200 million years under heat and pressure
with a gradual increase in the coal C/O ratio. The transformation of plant
debris to coal is influenced by (1) bacteria — bacterial action determines
the extent of decay that takes place before the deposit is covered by an
impervious sedimentary layer, (2) temperature and time — these are impor-
tant after bacterial action has ceased, and (3) pressure — this increasing
with depth and accentuated by severe earth movements such as folding or
buckling of strata. The chemical properties of coal depend on: (1) the
proportions of the different chemical constituents present in the parent
plant debris, (2) the nature and extent of the changes that these constituents
have undergone since their deposition, and (3) the nature and quantity of
the inorganic matter present.

4.4.2 Solid Fuel Analyses

Coal, a polymer, has a higher C/H ratio compared to HCs and is largely
aromatic. In order to classify coals and ascertain the quality of coal, it is
essential to perform proximate and ultimate analyses in accordance with the
ASTM standards codes specified in Table 4.4.

4.4.2.1 Proximate Analysis (ASTM D3172)

A solid fuel consists of combustibles, ash, and moisture, as shown in
Figure 4.10. The combustibles contain fixed carbon and volatiles (for
instance, dry-ash-free coal contains 63% carbon with the remaining being

Table 4.4 ASTM Analysis Standards
for Coal and Coke

Drying D3173
Total moisture ~ D3302
C, H, N D5373
S D4239
ASH D3174
Volatile matter ~ D3175
HHV D5865
Ash analysis Measured with atomic

emission spectroscopy
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Combustibles (29.6%)

0
Ash (3.7%) Moisture (66.7%)

Figure 4.10 Typical solid waste fuel composition.

volatiles). Proximate analysis provides the following information [PETC
Review, 1990]: surface moisture (SM), i.e., moisture in air dried coal, the
inherent moisture in the coal (M), volatile matter (VM, a thermal decompo-
sition process resulting in release of water, gases, oil, and tar), fixed carbon
(FC) and mineral matter (MM), and heating value (HV). The higher or gross
heating value of solid fuel is determined according to ASTM D5865 using
an isothermal-jacket bomb calorimeter. The surface moisture percentage is
determined as follows. A coal of mass m, (that is approximately 1 to 2 g)
is exposed to the atmosphere at 297 K and 75% humidity over 24 hr. The
moisture evaporates and the remaining mass reduces to m,. Consequently,

SM% = (m, — m,) X 100/m,. (4.6)

Note that sometimes H,0O may be chemically bound. The air-dried (i.e.,
surface moisture removed) coal of mass m, is then dried in an oven in a
nitrogen atmosphere at 380 K for 1 hr. The coal mass further reduces to my
(following ASTM D3173) and the inherent moisture on an as-received basis

M = (m, — my) X 100/m,. 4.7

The moisture loss is also called dry loss (DL). During the procedure, part
of the air-dried coal (about 1 g) is kept in a crucible that is closed with a lid
to prevent oxidation. The crucible is placed in a furnace at 1200 K for 7 min
and the mass reduces to m, so that

(VM + M)% = (m, — my) X 100/m,. (4.8)

Knowing M%, VM% can be determined from Equation 4.8. The ash content
is determined as follows. The air-dried coal is placed in a furnace at 700 K
for 30 min in air, and then the furnace is heated to 1050 K. The temperature
is maintained until the sample mass remains constant. This mass ms is used
in the calculation of ash quantities. The following relations are applied

VM + M + FC = (m, — my), (4.9
and

A% = mg X 100/m,. (4.102)
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Table 4.5a Comparative Proximate
Analyses for Different Fuels, Percent
and Heating Values

Fuel DL VM FC Ash HHV, MJ/kg

Coal 212 32.6 419 4.3 21.8
AFB 109 57.0 173 1438 15.0
LB 7.5 403 8.4 43.8 9.2

Ash is mainly MM (mineral matter) and may include sodium carbonates formed
during combustion. The following formula is used for MM.

MM% = 1.10A + 0.74CO, + 0.53S; — 0.32 (4.10b)

where S; = total sulfur percent.

It is possible that some ash may be lost during the char combustion. It is
noted that FC% and hence VM% under actual combustion conditions could be
different compared with those from proximate analyses. For biomass fuels,
proximate analysis is typically limited to 880 K. Table 4.5a shows comparative
analyses of coal, advanced feedlot biomass (AFB, low-ash cattle manure), and
litter biomass (LB, chicken manure) [Priyadarsan et al, 2004].

The ash mass is almost invariant (except for slight evaporation) during coal
combustion, but its percentage increases as combustion proceeds. The ash
fraction is, therefore, sometimes useful for determining the extent of combus-
tion or gasification (Section 4.8). The free swelling index (FSI) of coal is
determined by placing 1 g of sample in a crucible and then heating it at 820°C
for 25 min. The ratio of increase in surface area to the original surface surface
area is called FSL

A microscopic examination of coal reveals its heterogeneous physical char-
acteristics. At 40 to 60 times magnification, organic matter (yellow, orange, red,
and brown) and inorganic matter (aluminosilicate clays and pyrites that do not
transmit light) can be observed. Ash includes gold-colored particles of pyrite
(FeS,). Organic matter is classified into three different constituents that are called
macerals: (1) vitrinite, which accounts for 85% of the organic matter, and it arises
because of the decomposition of cellulose that is destroyed or degraded by
microorganisms, leaving the more resistant lignin, (2) exinite or liptinite, derived
from pores, resins, and waxes, and (3) inertinite. Vitrinite is a major component
of low-rank coals.

4.4.2.2 Ultimate or Elemental Analysis (ASTM D3176)

Solid fuels contain different amounts of C, H, N, O, S, moisture, and MM (mineral
matter, which includes pyrite, quartz, calcite, clays, etc., and trace elements).
Many solid fuels do not have simple chemical formulae specifying the number
of atoms. The chemical composition of these fuels is specified in terms of the
mass percentage of its various elements. An elemental-mass-based composition
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is called wultimate analysis. 1t can be expressed either on an as-received
basis, a dry basis (with the moisture in the solid fuel removed), or a dry-
ash-free basis (DAF, also known as the moisture ash-free basis, MAF). The
ultimate analysis uses the following procedure. The tests and analyses are
conducted using the ASTM standards. When m; kg of a hydrocarbon fuel
is completely burned to produce CO, and H,O, the carbon dioxide can be
absorbed in a bed of NaOH. The CO, mass can be determined by measuring
the weight gain of the bed, which, in turn, can provide information about
carbon mass. Note that while most of the carbon originates from organic
C, there may be traces of C from mineral constituents. Water can be
simultaneously absorbed in Mg(ClO,), and its mass measured. For an
oxygenated fuel, C.H,O,, the amount of oxygen added to the reactor to
burn the fuel must also be measured in order to determine the oxygen content
in the fuel. For “as received” basis the oxygen percentage is calculated as the
difference between 100 and the sum of C, H, N, S, Cl, F, Br, ash and water
percentage. Thus, the C, H, and O atom masses can be calculated.

Using laser spark spectroscopy for ultimate analysis [Bilger, 1980], one may
pulse a small volume of gas with a high-intensity laser and convert it to plasma.
Spectroscopic analysis of light emission from this plasma gives the concentration
of elements, because each element shows atomic and ionic lines of intensity
proportional to mass fractions Y.

The nitrogen percentage in fuels is important in the context of NOx forma-
tion. It is not present normally in natural gas, but crude oil contains about 0.15
to 0.5% by mass, heavy distillate 0.6 to 2.15%, and coal 1 to 1.5%. Table 4.5b
shows a sample of ultimate analyses: Table A.2B and Table A.2D present ultimate
analyses of coal and woody biomasses.

4.4.2.3 Coal Classification, Composition, and Rank

The composition of coal can be given on an as-received (AR), dry (D), and
DAF basis. The heating values are measured with a bomb calorimeter using
ASTM D2105. Solid fuels can be characterized by the elemental composition
and heating values.

Table 4.5b Ultimate Analyses

Fuel %C  %H %0 %N %S AF

Coal 589 6.2 33.8 09 03 8.1
Cattle manure 43.7 6.2 449 4.0 0.8 4.4
Chicken litter 39.1 6.7 48.3 4.7 1.2 3.9

Source: Priyadarsan, S., Annamalai, K., Sweeten, J.M.,
Holtzapple, M., and Mukhtar, S., Co-gasification of Blended
Coal with Feedlot and Chicken Litter Biomass, 30th Inter-
national Symposium on Combustion, 2004.
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Table 4.5c¢ Mass Percentage of Elements in Various Coals

Coal C H N O S (CHy (C/O)sm
Lignite 71 4 1T 23 1 1.62 4.11
Subbituminous (Cl < 0.011%) 77 5 1 16 1 1.30 6.41
Bituminous 80 6 1 8 1 1.12 13.33
Anthracite 92 3 1 3 1 2.58 40.85

ASTM has developed a system for classifying coal by rank, which is a measure
of the degree of change of chemical composition during the transition from
cellulose to graphite. The highest-ranked coal has a graphitic structure, and older
the coal, the higher is its rank. An ascending order in rank corresponds to an
increase in the carbon content of coal (or a corresponding decrease in the
hydrogen and oxygen contents; see Table 4.5¢), the coal heating value, vitrinite
content, aromatic complexity, and a decrease in functional group content. Thus,
a low-rank coal has a lower carbon content (or a small degree of change from
the original cellulose) as in peat (produced during the initial stage of formation
of coal), whereas a higher rank indicates a higher carbon content (or a larger
degree of change) as in anthracite (black coal). Under the action of heat
and pressure, water and oxides of carbon are expelled. The volatile matter
content varies with rank — the lower the rank, the higher is the volatile matter
content. Figure 4.11 shows the HHV coal estimated for HV of volatiles (see
Example 6) and VM% of various coals. Oxygen levels are generally low for
the higher-ranks coal. Coal is said to have caking properties when, as a result
of heating, it tends to adhere or stick and forms a solid mass. Caking is measured
by the capability of the coal to swell and agglutinate. Table 4.5¢ shows the mass
percentage of C, H, N, O, and S for various coals. Table 4.6 shows the ASTM
classification of coal. The ASTM classification is based on FC, whereas for FC <
69%, it is based on VM. Coals with FC > 86% are called as anthracite, and those
with 69% < FC < 86% as bituminous. Bituminous coals produce more liquids
and tars during pyrolysis; lignites produce more gases, involving more water and
CO,. The British classification method is based on the volatile content of a coal.
The international method classifies coal in 10 classes from 0 through 9. Classes
0-5 are based on VM (which, for FC > 67, is similar to the British method), and
classes 6-9 are similar to the ASTM method (see Table 4.4).

Example 2

Wood is a biomass fuel with the following composition: carbon: 50%,
hydrogen: 6%, and oxygen 44%. Its HHV is 20000 kJ/kg or 8700 Btu/lb; its
bulk density 640 kg/m3 (40 Ib/ft®). (a) Determine its chemical formula
empirically. (b) What is the molecular weight? (¢) If fuel formulae are
normalized with C atom (.e., expressed as H/C and O/C), what is the
molecular weight?
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Figure 4.11 HYV of volatiles versus type of coal. (Coal HV and VM data from
Smoot, L. and Pratt, D.T., Pulverized Coal Combustion and Gasification,
Plenum Press, New York, 1979.)

Table 4.6 ASTM Classification of Coal

HHV
Class Group FC% MJ/Kg Physical Properties
Anthracite Metaanthracite >98 Nonagglomerating;
FC > 86% Anthracite 92-98 brighter black in
Semianthracite 86-92 appearance.
Bituminous Low volatile 78-86 Agglomerating and
FC 69-86% Medium volatile ~ 69-78 nonweathering;
High-volatile A bituminous dark black.
High-volatile B <69 >32.7
HHV 26-33% High-volatile C 30.3-32.7
25.7-30.3
Subbituminous (SB)  SB-A 25.7-30.3  Weathering and
HHV 19-26% SB-B 22.2-25.7  nonagglomerating;
SB-C 19.4-22.2  subbituminous dull
black.
Lignite Lignite <19.4 Consolidated; brownish
HHV< 19% Brown <19.4 black.

Unconsolidated.

Note: Apart from rank, another classification is based on “grade of coal,” but it is only qualitative.
Higher the ash, lower is the ash fusion temperature (AFT, see Table A.2F for values), higher the
S, lower is the grade.

Source: ASTM Specifications for Petroleum Products, American Society for Testing Materials,
Philadelphia, 1996.



164

(a)

(b
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Solution

Neglecting the ash, 100 kg of dry wood contains 50 kg carbon, 6 kg
hydrogen, and 44 kg oxygen. Therefore, a representative sample contains
50/12.01 = 4.16 atoms of carbon, 6/1.01 = 5.94 atoms of hydrogen, and
44/16 = 2.75 atoms of oxygen in a composite wood molecule. The empirical
chemical formula for such a wood is C;4Hs 040, s

The above empirical formulae has a molecular weight of 100 kg kmol~.
It can also be expressed as ratio of H/C, O/C, etc. For example, C; ;¢Hs 6,0,5
can be expressed as CHs o4/4 160275416 = CHy 130 g6, With a molecular weight
of dry-ash-free normalized fuel as My, = 100/4.16 = 24.04. Note that for
the normalized fuel My, = 12.01/{fraction of carbon in DAF} = 24.04. If
ash and water are present, then Mp,;, = 12.01 x (100-ash%—water%)/(%
of carbon in as-received fuel).

Remarks

®
@iD

(iii)
(v)

)

(@)

(@)

Typically, solid (such as coal) liquid and gaseous fuels are represented
crudely as: CH,,, CH,, and CH,.

Wood usually contains ash. Assuming 5% ash, the empirical chemical formula
is C;H;O, . It has a molecular weight of 95 kg kmol™ for the ash-free portion.
The chemical reaction equation for stoichiometric combustion is

CH,O,4 + ash + 5.20, — 4CO, + 5H,0O + ash.

For dry air, empirical formula N, 5, O 420 Al00932 Co.0003

Typically, the elemental composition of C, H, N, etc., is reported on an
as-received basis. Sometimes the total moisture, ash, and ultimate analysis
percentage may not add up to 100. Therefore, it is possible that H = 5.3%
includes the hydrogen both in the fuel and the accompanying moisture.
If the moisture is 9%, the hydrogen content due to the moisture is 1 kg
for every 100 kg of the as-received fuel, whereas the oxygen mass in the
moisture is 8 kg. Thus, (5.3 — 1) = 4.3 kg must have originated from
combustible content of fuel. Hence, there is 4.3 kg of H for 91 kg of dry
fuel, and the aforementioned percentages can be corrected to a dry basis.
Empirical formulae do not provide information on molecular structure
[Oxtoby et al., 1998]. For example, acetic acid has a formula C,H,O,,
whereas glucose has a formula C;H,,0,. The normalized empirical formula
(CH,O) is the same for both acetic acid and glucose.

Example 3

Determine the empirical formulae for a gaseous fuel containing carbon
(81.68% by mass), hydrogen (18.32%), and a negligible amount of oxygen.
(b) Determine the A:F ratio on mole, volume, and mass basis. (¢) Comment
on the volume-based A:F ratio for the empirical fuels.

Solution

Consider 100 kg of the fuel. The carbon mass is 81.68 kg so that its kmol
in the fuel is 81.68/12.01 = 6.807. Similarly, hydrogen kmol in the fuel is
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18.32/1.01 = 18.14. Therefore, the empirical formula is Cy g, H,g,4, With an
empirical molecular weight of 100 kg kmol. The empirical formula nor-
malized with respect to the carbon content is CHs = CH, 47, With an
empirical molecular weight of 14.70 kg kmol~.

(b) The stoichiometric equation for complete combustion is

CH, ¢ + (1 + 2.667/4) O, = CO, + 1.333 H,O

The stoichiometric A:F (mole) ratio is (1 + 2.667/4)/0.21 = 7.94 if the fuel
is represented as CH, (.. The A:F mole ratio is 53.98 if the fuel is considered
to be Cgqo Hig 4. However, the stoichiometric air-to-fuel ratio in terms of
kg of air per kg of fuel is identical in both cases (15.64).

(¢) Results show that because the fuel is a gas, the value of the A:F ratio on a
volumetric basis could be either 7.94 for fuel CH, ¢ or 53.98 for fuel C; Hg 14,
which is an absurd answer. The A:F ratio on a volumetric basis for gaseous
fuels requires the exact specification of the number of carbon, hydrogen, and
other atoms in the fuel. Consider propane, for instance, which has 3 carbon
atoms and 8 hydrogen atoms. The molecular formula of propane is specified
on this basis, and we do not consider multiples of the C and H atoms, such
as CgH,s or C,Hs,, which are entirely different chemical species. The A:F
ratio on a molar basis for propane is 3 X 7.94 = 23.82 kmol of air per kmol
of fuel or 23.82 m*/m? of propane (which has molecular weight of 44.11 kg).

Example 4

A low-Btu gas has the following composition:

CH;: 3 (mole % or volume %)

CO: 13
CO,: 10
H, 5
N,: 69
O, 0

(a) Determine (i) v, in kg of O, per kg of fuel, (i) Y;; mass fraction of
combustibles and (iii) Vo,Y;.

(b) Determine the overall empirical chemical formulae and using these repeat
part (a).

Solution

(a) (D The low-Btu gas mixture consists of fuel and inert components. The
combustible components are CH,, CO, and H,. For CH,, CO, and H,,

CH, + 20, — CO, + 2H,0,
CO + 1/20, — CO,,
and
H, + 1/20, - H,0

Then, oxygen required by the fuel part of the mixture (CH,, CO, and H,)
is given as 0.03 X 2 + 0.13 x 1/2 4+ 0.05 x 1/2 = 0.150 kmol.
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Thus, vy, (based on fuel within the mixture only) = 0.150 x 32/(0.03 x
16.05 + 0.13 x 28.01 + 0.05 x 2.02) = 1.1364 kg of O, per kg of fuel in
the mixture, with the fuel being a mixture of CH,, CO, and H,.

(ii) The combustible mass fraction Yy; in the gas mixture is given by

Y = (0.03 x 16.05 + 0.13 x 28.01 + 0.05 x 2.02)/(0.03 x 16.05 + 0.13 x 28.01
+ 0.05 X 2.02 + 0.10 X 44.01 + 0.69 x 28.02) = 0.1511.

(iii) Then, vy, Y; = (kg of O,/kg of fuel) x (kg of fuel/kg of gas mixture)
= kg of O,/kg of gas mixture = 1.1364 x 0.1511 = 0.17.
(b) (i) We can get an overall chemical formulae for the low-Btu gas including
inerts in the fuel as follows

Number of C atoms = 0.03 x 1 + 0.13 x 1 + 0.1 x 1 = 0.26.

Similarly, the number of H atoms = 0.22, N atoms = 1.36, and O atoms = 0.33
Thus, the empirical chemical formulae for the low Btu gas is given as
C().ZGH().ZZN1.3()O(J.33 or CH().()4()N5.3101.27‘

For such a gas including inerts,
Coa6Ho2 Ny 360g 35 + (0.26 + 0.055 — 0.33/2) O, 6 0.26 CO, + 0.11 H,O + ....

Then, vy, = 0.15 X 32/(12.01 X .26 + 0.22 x 1.01 + 1.36 x 14.01 + 0.33 X
16) = 4.8/27.678 = 0.17 kg/kg of gas fired through the injector.
(i) Note that we treat the fuel mass fraction in the inlet to be 1 because we
treated the whole low-Btu gas with an empirical formulae. Thus, Y, = 1
(i) Yg0 o, = U o, = 0.17 kg of O, per kg of mixture.

4.4.3 Coal Pyrolysis

Coal is a complex polymer consisting of C, H, N, and O. The heating of
bituminous coal results in the evolution of gases during pyrolysis, which is
the process of volatile evolution, and the formation of a solid, mostly carbon
skeleton. With increasing temperature, coal begins to soften like a plastic. The
individual coal particles fuse, stick together, and form a porous mass that
expands and solidifies. Coking is the phenomenon of polymerization in which
molecules repeat themselves in a chain-like structure. As volatiles are driven
off, long-chain molecules try to reattach to each other. The resulting product
is called coke (essentially char produced from coal). Coking coal is a term
used for the manufacture of metallurgical cokes.

The process of evolution of combustible gases due to the thermal decom-
position of the solid is referred to as pyrolysis. Biomass typically consists of
70 to 80% volatile matter (VM) (which is the fraction of solid fuel that can
be released in the form of combustible gases), and coal consists of 10 to
50% VM depending on its age or rank (Figure 4.11). As the aging period
increases, VM decreases as a result of the gradual release of gases. Coal
rank increases with decreasing VM. Typically, a medium rank coal consists
of 40% VM with volatile species and tar (which is a macromolecule), and about
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60% fixed carbon (FC). If the heat of pyrolysis is neglected, the heat of
combustion of the coal can be represented as a combination of the contri-
bution from the VM and the contribution from the FC in relation to their
mass percentages, which will be seen later.

4.4.3.1 Chemical Formulae for Volatiles

When a coal patrticle is placed in a hot furnace, it is heated and pyrolysis occurs.
Typically, bituminous coal pyrolyzes at about 700 K (as is also the case for most
plastics). Pyrolysis products range from lighter volatiles such as CH,, C,H,, C,H,
CO, CO,, H,, and H,O to heavier tars. Tars thermally crack to form CH,, C,H,,
C,Hy, CiHg, C,H,, and CO above 1000 K and are responsible for soot formation.

Tars produced from coal may occur in the form of liquids that vaporize if
sufficient heat is supplied. If vaporization does not occur, tars can undergo
repolymerization (or primary cracking) to produce lighter volatiles and char.
The mixture of gases or volatiles can usually be represented by an overall
empirical chemical formulae C_ H, )N, O.S,, where the subscripts cv, hv, etc.,
represent the number of atoms in volatiles for carbon, hydrogen, etc. If the ultimate
and proximate analyses are known, it is possible to obtain an overall empirical
chemical formula for the volatiles.

Pyrolysis is a relatively slow chemical process as compared with the rapid
physical vaporization of oil drops. Coal can swell upon heating, resulting in a
larger particle size (whereas the drop size of a liquid remains virtually constant
during heating). This effect is stronger in an inert environment or under reducing
conditions. The swelling factor, that is the ratio of the larger swollen coal particle
to its original dimension, can range from 1.3 (under oxidative conditions) to 4
in an inert environment. Swelling introduces thin-walled cenospheres, which can
produce a sudden decrease in the particle size when burned and a density
increase during burn off.

4.4.4 Ash and Loss on Ignition (LOI)

Ash is produced during incomplete coal combustion or because of poor
combustion efficiency of coal. Accumulation of ash tends to insulate boiler
tubes, lowering the heat transfer rate. The ash is swirled in the tubes, the
impact of which can cause erosion leading to holes in the tubes through
which steam can escape. Seven to twelve percent ash is desirable because it
protects boiler tubes, and up to 25% ash is tolerable. The accumulated ash is
periodically blown off using the soot blowers. The carbon content in coal ash
can range from 1 to 20%, and it is also called the loss on ignition (LOD. It
can be detected as follows. A dry coal sample can be collected and irradiated
with infrared light (e.g., with a diode laser) that oxidizes the carbon in a
closed chamber. The heat produced causes a minute pressure increase in the
chamber, and the resulting sound wave is sensed by a microphone. This sound
pulse intensity approximately doubles for each percentage increase in carbon
content. Low-NOx burners operating at low-O, concentrations can cause the
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combustion efficiency to decrease, which promotes LOI. Ash disposal costs
are about $5 to $10 per ton.

The ash fouling tendencies of coal in boilers are related to ash fusion
temperature (AFT) [Lawn, 1987; Annamalai et al, 2003]. Thus, it is important to
determine ash fusion characteristics of coal ash. Coal ash begins to soften at
about 1450 K and becomes a fluid at 1580 K. AFT (ASTM 1857) is determined
as follows. The fuel is first heated in air at 1123 K and then in O, in order to
produce ash, and it is then mixed with a solution of dextrin to form a paste
and is made into a conical shape using a mold. The conical ash is placed in a
furnace heated by a controlled heating rate dT/dt, the change in shape is
observed, and the corresponding T is recorded. Acid in oxides (SiO,, Al,O;,
TiO,, and Fe,O,) increase T, ., whereas basic oxides (CaO, MgO, Na,O, and
K,O) reduce T, Table A.2E and Table A.2F tabulate mineral matter and phase-
change properties of ash.

4.4.4.1 Physical Properties

The specific heat of graphite lies in the range of 0.67 to 1.6 kJ/kg K depending
on its form, whereas for coal with 50% VM, it has a value from 0.95 to 1.5
kJ/kg K at 350 K. For coal with 25% VM, its value is 2.2 kJ/kg K at 700 K.

The thermal conductivity A of coal is listed in the literature within a range of
125 x 10 to 340 x 10° kW/m K. The emissivity of spherical carbon is roughly
0.85, whereas that of partially reacted char is approximately 0.7.

Density: The density of coal could be measured using Hg as a displacing
medium. Thus, a known mass of coal could be placed in Hg and the displaced
volume measured. Thus, apparent density is estimated as mass/volume. If water
is used instead of Hg, an impervious film must be applied to the coal surface
to prevent penetration of water into pores. Typically, the densities of coal and
carbon range from 1100 kg/m? for low-rank coals to 2330 kg/m? for high-density
pyrolytic graphite (Figure 4.12).

Pore Distribution can be described as follows: Coal consists of pores of
various sizes. The pore sizes vary from micropores (2 nm or less) to macropores
(more than 20 nm). Approximately 10 to 30% of the coal volume consists of
pores. The volume percent of micropores increases with the rank of the coal.
If helium is used as displaced media, the density values will be different because
helium can penetrate the pores. Thus, the density difference between He and
Hg methods could be used to infer the porosity of coal. Figure 4.12 shows the
variation of actual density and porosity of coal with C content [Chigier, 1981].

The porosity of coal compares the volume of its pores with its total volume.
Chars are very porous with a surface area ranging from 1,000 m?/kg to
200,000—400,000 m*/kg.

4.4.5 Heating Value (ASTM D5865)

The heating value (HV) of a fuel is the amount of heat released when a unit
(mass or volume) of the fuel is burned. Typically, bomb calorimeters are used
to determine the HV (Chapter 2). A relationship between HHV and the
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Figure 4.12 Variation of density and porosity with carbon content percentage.
(Adapted from Chigier, N., Energy, Combustion, and Environment,
McGraw-Hill, New York, 1981.)

elemental composition was noticed by Boie, Dulong, and others in the 19th
century. The Boie equation is given as [Annamalai et al, 1987.]

HHV,, KJ/kgpy = 35160Y, + 116225Y,; — 11090Y,, + 6280Yy + 10465Y,, (4.11)
LHV,, kJ/kg = 35160Y, + 94438Y,, — 11090Y,, + 6280Y, + 10465Y,, (4.12)
HHV,, kJ/kmolg,,, = 422270N,. + 117385N,, — 177440N,, + 87985N,, + 335510Nj,

(4.13)

where Y, denoted the mass fraction of an element with k = C, H, O, N,
and S in the fuel, and N, the number of atoms of the respective species
in a fuel molecule. Note that the sign for the terms corresponding to O in
Boie equation are negative, indicating that higher the O content, lower is
the heat value because O is bound to carbon and is already in an oxidized
state. For example, if C is bound as CO,, it cannot contribute to the heat
value. The N and S contributions also indicate conversion of fuel N (at
least a part of it) to NO and S to SO,. Table A.2D compares the heating
values of several woody biomasses computed from Boie equation with
measured values. Based on the Boie equation, the enthalpy of formation
can be derived as

b 0= 28752 x {N. — 0.888 X N}, — 6.168 X N, + 6.199 Ny + 1.337 N}, kJ/kmol
HHV), = 17.24 x (Ng + 0.278 N;; — 0.4202 N, + 0.2084 Ny + 0.7945 N/
(Ne + 0.25 N, — 0.5 N, + N, kJ/liter (4.14)
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where HHV] is heating value on volume basis in kJ per unit volume of
stoichiometric oxygen at STP, i.e., in kJ/liter of oxygen (STP corresponds to
25°C and 1 atm). The value of HHVo, is roughly constant for many common
fuels. For glucose (C¢H;,04) and fat (palmitic acid, C,;H;,0,), these values are
19.2 and 17.8 kJ/liter of oxygen (SATP) even though on a mass basis the value
of HHV;. for fat is about 2.5 times larger than that for glucose. The exception
is H, which has 23.33 kJ/liter of O,.
The heating values for coals can also be empirically obtained by using the
Dulong equation, namely,
HHV (kJ/kg) = 33800 N, + 144153 N;, — 18019 N, + 9412 Ny. (4.15)

Channiwala [1992] considered over 200 species of biomass and fitted the
following equation to the data:

HHV (kJ/kg) = 349100Y. + 1178300 Y. — 103400 Y,, — 211100 Y,
+ 100500 Y — 15100 Yy (4.162)

The experimental data has an error of about 1.5%. For biomass fuels like
onion waste HHV = 0.63 + 0.39 x C, MJ/kg, C percentage dry basis.

The flue gas volume can also be estimated given the ultimate-analysis- and
Boie-equation-based heating values. Hence, flue gas volume per GJ can be
estimated and plotted against the H/C and O/C atom ratio for CHO fuels at
6% O,, as shown in Figure 4.13. The flue gas volume is almost independent
of O/C ratios. The fit gives the following empirical equation (Problem 4.24)
at 6% O, in flue gas.

Flue gas STP volume (m%/GJ) = 4.9564 (H/C)* — 38.628 (H/C) + 389.72,
which has a correlation coefficient of 0.9938. STP corresponds to 25°C and 1
bar. For any arbitray 0% < O, <9% (volume), a fit is given as

Flue gas STP volume (m3/G]) = {3.55 + 0.131 O,% + 0.018 x (O,%)* (H/
C)? — {27.664 + 1.019 O,% + 0.140 x (0,%)% (H/C) + {279.12 + 10.285 O,% +

1.416 x (O,%)?}. (4.16b)
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Figure 4.13 Flue gas at STP (25°C and 1 bar) volume for various fuels at 6%
O,. Multiply ordinate by 37.26 to get fr’>/mmBtu.
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Example 5

For a coal undergoing pyrolysis according to the chemical reaction CH,g (s) —
a CH, (g) + b C(s) and for which VM (on a DAF mass basis) = 0.4, determine
the value of a, n, and b.

Solution

With C and H atom balance, 1 =a + b, 0.8 =n x a, M, = (12.01 + 1.01 x 0.8),
and because VM = 0.4, FC = 0.6 = b X 12.01/M,,,. Hence, b = 0.640, and the
carbon atom balance yields a = 1 — b = 0.36. The H atom balance yields n =
0.8/a = 0.8/0.36 = 2.2.

Remarks

() At a higher heating rate of coal, the amount of VM that evolves increases.
If, for a hypothetical case, the value of VM = 0.8, then b = 0.21, a = 0.79,
and n = 1.1.

(i) The H/C ratio in volatiles decreases as the value of VM increases. H/C is
2.2 when VM = 0.4, and 1.1 when VM = 0.8.

(iii) Note that CH, represents overall H/C ratio. It is possible that volatiles may
consist of say 20% C,H,, 70% CH,, and 10% C,H,, but with overall H/
C={02x44+07x44+01x06//{02%x2+07x1+0.1x2 =32

Example 6

(a) Determine the heating value of volatiles from coals if the heat of pyrolysis
is 400 kJ/kg of volatiles. Assume the coal to have an empirical composition CH,,
VM = 0.4, and a heating value of 35000 kJ/kg. (b) If HV coal = VM X HVy,, +
FC X HVy, estimate HVy,,. (¢) Estimate HV,,, in kJ/kmol of the empirical volatile.

Solution

(a) The enthalpy of formation of coal can be determined by examining its
chemical reaction, i.e.,

CH,s + 1.2 O, = CO, + 0.4 H,0, A)

or
HV x (12.8) =h,_ - (Hﬁm - 0.4Hf’H20), ¢3))

so that

D, cou = 35000 X 12.8 — 285830 x 0.4 — 393520 = —59852 kJ/kmol. (C)

Because each kg of coal produces 0.4 kg of volatiles, the heat required
per kg of coal = —400 x 0.4 = =160 kJ/kg of coal. For the pyrolysis process

CH,s — 0.36 CH,, + 0.64 C, (D)

if (H,,0q — Hy,) = 160 X (12.8) kJ/kmol of coal = 2048 kJ/kmol of coal, then

reac

0.36 by, + 0.64 b;c — by oy = 2048 kJ/kmol of coal. (E)
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Because lgf,c = 0, using Equation C in Equation E, we get

b, = (2048 — 59852)/0.36 = 160567 kJ/kmol of volatiles. (F)
Therefore,
CH,, + 1.550, — CO, + 1.1 H,O, (©))
and
HVyy, = (Hy — Hod/(12 + 2.2) = (160,567 + 285,830 x 1.1 + 393,520)/14.2
= 38,547 kJ/kg. (H)
(b) If the HV of coal is approximated by the relation
HV = VM X HV,,, + HV,. X FC, @

it becomes possible to determine the value of HVy,,. Applying the chemical
reaction C + 1/2 O, — CO, yields HV,. = 32601 kJ/kg of C. Using the relation
FC=1—- VM,

HVy, = HV — (1 — VM) x HV,/VM,
or
HV, = 393520/12.01 = 32766 kJ/kg,
and
HVy,, = (35000 — 0.6 X 32766)/0.4 = 38351 kJ/kg. @)

This is a slightly lower value than one obtained using the more exact method
of Equation H. Both methods agree if the heat of pyrolysis is zero. When heat
is supplied for pyrolysis, the enthalpy of the volatiles increases. Because HVyy,
= (H,(including volatiles) — H,.4), the more exact method yields a slightly
larger value. The difference between the two values increases when HV for the
parent coal is low.

(¢c) HHV for volatiles can also be computed on mole basis if the volatiles

are a mix of ideal gases. From Equation D, My,, = 12.01 + 2.2 x 1.01 =
14.23 kg/kmol. Thus, HHV = 38351 kJ/kg x 14.23 kg/kmol = 545735 kJ/
kmol of empirical volatile.

Remarks

(i) Anthracite coal has a lower VM value as compared to bituminous coals.
At lower values of VM, the H/C ratio is larger and, therefore, the HV of
the volatile matter is higher. Thus, HV differs depending on the coal type.
Figure 4.12 presents a plot of the average HV of volatiles with respect to
the type of coal.

(i) 1In gasification processes, fuel is completely pyrolyzed, and fixed carbon is
preferentially oxidized to CO so that the heating value of gases can be
maximized. If the O, mass fraction in oxidant stream at the inlet of the
gasifier is Yo,;,, then the maximum gross heat content per unit mass of
gases produced can be derived. Note that any moisture in the fuel is
condensed in the exit gases.
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1 kg solid DAF fuel — VM kg of volatiles + (1 — VM) kg of fixed carbon.
If heat of pyrolysis is neglected, HVy, = {HV;, — (1 — VM) X HV./VM,
where HV,. = 32766 kJ/kg of C.

(1 = VM) kg of C + (16/12) x (1 — VM) kg of oxygen — (28/12) x (1 — VM)
kg of CO.

The heat value of the mixture containing volatiles and is CO given as HVy,,
X VM + HV, X (1 — VM) X (28/12), where HV, = 10103 kJ/kg of CO.
{HV,, — (1 — VM) X HV,} + HV., X (1 — VM) X (28/12) = {HV,, — (1 —
VM) X {HV,. — HV,, X (28/12)}.

Then, the gross HV per unit mass combustible gas produced from the gasifier
is given as {HV},,, = (HVy,, — FC X {(HV,. — HV, x (28/12))/1 + (1/Y,,,)
x (16/12)FC} (in units of kJ/kg of gas) where FC =1 — VM.

Simplifying with Y, ;, = 0.23 for air as oxidant stream and noting that HV
and FC are on DAF basis, {HV},,, . = (HVi,epar — FCpar X 91961/{1 + 5.8
X FCpapt (in units of kJ/kg).

For coal, HV,y = 29786 kJ/kg, FC = 0.533, Y,,;, = 0.23, and HV,,, = 6090
kJ/kg, which is about 11% of HV of CH,.

Example 7

The mass-based composition of Wyoming low-sulfur coal is as follows: moisture:
10.65%, ash: 5.7%, C: 54.9%, H: 4.33%, N: 0.76%, O: 23.32%, and S: 0.34%. A
proximate analysis provides the following values: VM: 30.72%, FC: 52.8%, and
HHV: 11410 Btu/Ib. Determine the DAF composition and heating value.

Solution

The DAF carbon fraction is 54.9 x 100/(100 — ash% — moisture%) = 54.9 x 100/
(100 — 10.65 — 5.7) = 65.63%. Hence, C: 65.6%, H: 5.17%, N: 0.9%, O: 27.9%, S:
0.4%, VM: 36.7%, FC: 63.1%, and the heating value is 13640.1 Btu/Ib.

Remarks

Typically, 95% of S is converted into SOx, while the rest goes as sulfates in ash;
about 30% of N in fuel is converted into NOx called fuel NO. The NO released
is usually converted into NO, in the atmosphere. Hence, for reporting NO
emission, the molecular weight of NO, is used. With 30% N conversion, NO
will be 0.76 x 0.3 x 46.02/14.01 = 0.75 kg per 100 kg of fuel.

4.5 Other Fuels

4.5.1 Industrial Gaseous Fuels

These include the following:

Blast furnace gas: a low-Btu gas produced from blast furnaces
Catalytically cracked gas: gas produced from cracking natural gas or HC
using nickel oxide catalysts

Coal gas: gas mixture consisting of pyrolysate and water gas (CO and H,)
produced by steam carbon reaction
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Coke oven gas: the pyrolysate from coal when coke is made from coal
H, gas: produced by reforming natural gas by a reaction with steam using
a catalyst (1100-1200 K); e.g., CH;+ H,O — H,, CO, CO, and shift reaction
CO + H,0 — CO, + H,. The CO, is removed by scrubbing.

Natural gas (crude): natural gas as obtained from wells consisting of He, H,S,
etc.

Oil gas: made from cracking of oils with medium-to-high-Btu gas, has HHV
550 to 1000 Btu/ft®

Producer gas: mainly a mixture of CO, H,, N, (<55%), and small amount
of CO, gases produced by passing air (< stoichiometric) over coal and
biomass bed

Refinery gas: gas produced as a by-product from refineries with HHV 1400
to 2000 Bru/ft?

Reformed natural gas: gas obtained by thermal cracking of natural gas or
other petroleum gases using water gas generator

Synthesis gas: made from various processes in coal, coke, or HC, has H,/
CO =2

Water gas: gas made by blowing a mix of air and steam for the reaction
C + H,0 — CO + H,, is better than producer gas because H, production
is enhanced by steam (See Bartok and Sarofim for details.)

4.5.2 Synthetic Liquids

Coal has an average H/C ratio of 0.75, and liquids derived directly from coal
by liquefaction and separation also have the same, relatively low, H/C ratio.
The conversion of a low-H/C-ratio liquid fuel to that with a larger value of,
say, 2 as in petroleum, requires hydrogen addition through hydrogenation
processes. About 1780 m? of gaseous hydrogen is required to produce 1 m?
of petroleum. This hydrogen can be produced from coal or, alternatively,
electrochemically from other power sources. An energy balance of the overall
process of producing a liquid fuel from coal that has similar chemical properties
to petroleum shows that the combination of hydrogenation, conversion to a
lower molecular weight, and hydrocracking results in an overall efficiency of
43% based on the amount of hydrogen used.

Methanol is produced from CO and H, using the overall reaction CO + 2H,(g)
= CH;0H(g), steam reforming reactions such as CH; + H,0(g) = CO(g) + 3H,(g),
and C;Hg + 3H,0O = 3CO + 7H,(g) are employed in the presence of catalysts at
425°C. The product mixture CO + 3H, may be called a synthesis gas, which is
used to produce methanol. More hydrogenation is possible with CO + H,0O = CO,
+ H,, which is called the shift reaction (typically at T = 350°C) and is also
exothermic. The shift reaction is used in commercial production of CO, or dry ice.
The reaction C(s) + H,0O = CO + H, is also used for H, production. Synthetic diesel
is produced by gasifying wood, corn, etc., and using the Fisher-Tropsch process.

4.5.3 Biomass

Biomass is defined as “any organic material from living organisms that contain
stored sunlight in the form of chemical energy,” [US DOE, www.eere.energy.gov/
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Table 4.7 Projected 2010 Total Energy Consumption
and Biomass Energy Consumption (BEC)

Total Energy Biomass Energy

Consumption? Consumption? Biomass % Total
Industrial 38.9 3.2 8.2
Electric Generation 48.3 0.2 0.4
Subtotal power 87.2 3.4 3.9
Transportation 39.5 0.28 0.7

aEnergy in quadrillion Btu/yr (10" Btu/yr)
Source: DOE/EIA, Annual Energy Outlook, 2002.

biopower] which include agrobased (vegetation, trees, and plants) and waste
biomass from municipal solid waste, animal waste, etc. Biomass now supplies
3% of the U.S. energy (see Table 4.7 for projected biomass consumption) and it
could be as high as 20% in the future. The U.S. alone produces 1 Gt annually
(which is the largest tonnage in the world), of which it consumes 0.8 Gt for
power generation. Biomass resources can be estimated to be 14 quads (55 quads
if energy crops are included) in U.S.; but only 3 quads are used, whereas U.S.
energy consumption is 84 quads. Biomass can be woody (soft and hard wood,
poplar, bark, and saw dust) and nonwoody (switchgrass, straw, bagasse, husks,
manure, etc.). Bark contains more ash (1 to 3%) than wood (0.2 to 1%). Charcoal
is made from wood in the absence of air. Drywood is made of cellulose (C;H,,Os,
40 to 50%), hemicellulose lignin (20 to 35%), resins (C,,H,,O,, 15 to 30%), etc.
The ultimate analyses and heating values of several woody biomasses are
presented in Table A.2D. Table 4.8 shows analyses on animal wastes.

Biomass fuels such as agricultural crops (sugar cane, 83-90% sugar;
10-17% cellulose on DAF; and bagasse, which is a wasteful product after
extracting sugar from sugar cane), biowastes (municipal solid waste [MSW],
feedlot manure [nitrogen in manure exists mostly in the form of urea from
0.82 to 1.29 Ib N per mm Btu and chlorine 2.73 Ib per mm Btul], and chicken
litter), etc., are renewable fuels and provide an alternative energy source.
Biowastes can undergo anaerobic digestion to produce 50% CH, and 50%
CO, gases. About 185 Mt of MSW and 200 million waste tires are generated
per yr. About 25% of these can be recycled. The MSW that can be used for
power generation (about 11,000 MW) amounts to 140 Mt per yr, equivalent
to 58 Mt of coal obtained either through synthetic solid, liquid, and gaseous
fuels or direct firing [McGowin and Highes]. The fuels derived from solid
refuse (via shredding, screening, and separation of metals by magnets) is
called refuse-derived fuel (RDF). RDF can also be palletized or pulverized.

Biomass can be pyrolyzed and gasified to yield low-Btu gases, or they can
also be converted to transportation fuels like biodiesel (from soybeans) meth-
anol, ethanol, etc.; they may be either used alone or blended with gasoline.
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Table 4.8 Coal, Feedlot Biomass (FB), and Litter Bimass (LB)

Parameter Wyoming Coal Cattle Manure FB Chicken Manure LB?
Dry Loss 22.8 6.8 7.5
Ash 5.4 42.3 43.8
FC 37.25 40.4 8.4
VM 34.5 10.5 40.3
C 54.1 23.9 39.1
H 3.4 3.6 6.7
N 0.81 2.3 4.7
O 13.1 20.3 48.3
S 0.39 0.9 1.2
Cl <0.01% 1.2
HHV as-received 21385 ki/kg 9560 kJ/kg 9250
TodiabrEquil” 2200 K (3500°F) 2012 K (3161°F)
DAF formula CHo7600.18No01350.0027  CH1760.64N 0835014 CH3.0400.03N0.1050.012
HHV-DAF 29785 18785 18995

2 From Priyadarsan, S., Annamalai, K., Sweeten, J.M., Holtzapple, M., and Mukhtar, S., Co-
gasification of Blended Coal with Feedlot and Chicken Litter Biomass, 30th International
Symposium on Combustion, 2004.

b Equilibrium temperature for stoichiometric mixture, from THERMOLAB spreadsheet soft-
ware (available from CRC Web site) for any given fuel of known composition. (From
Annamalai, K. and Puri, 1., Advanced Thermodynamics Engineering, CRC Press, Boca
Raton, FL, 2001.)

Biomass fuels (switchgrass, willow, energy cane, and corn stoves) can also
be burned directly either alone or cofired with coal. Many biomass fuels
contain alkali metal species (Na, K, and Ca); products of these species viz.,
metal chlorides and silicates cause fouling problems (forming deposits, causing
corrosion and erosion) in heat exchangers and reduce the heat transfer rates.
When biomass is cofired with coal, fouling problem can become more severe.
Some cofiring can reduce NOx because of smaller fuel nitrogen (Chapter 5).

Example 8

Anaerobic digestion involves microbial action on the organic components of
animal waste or sludge, which results in release of biogas, containing a mixture
of CH; and CO,. If the chemical formulae for DAF animal waste is given as
CH,O,N,S,,

(a) Obtain an expression for the number of kmol of CH, and CO, per kmol
of DAF and the fraction of CH, in the biogas.

(b) If h =152, o = 0.6, n = 0.086, and s = 0.0084 for dry animal waste,
determine the fraction of CH, in the biogas.

(¢) If h =198, o =0.83 n = 0.086, and s = 0.0084 for wet animal waste,
determine the fraction of CH, in the biogas.
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(d) Ignoring the presence of N and S in the solid waste after digestion, estimate
heat of reaction if the heating value of DAF fuel is 20532 kJ/kg.

(e) Obtain the volume of biogas and CH, produced in SCM (assume T = 15°C
and P = 1 bar) per kg of fuel input and the heating value of biogas in kJ/
m? of mixture.

Solution
(@) CH,ON,S;, (8) + Njjpo H,O — Ngypiy CH(g) + N, CO, (2 + NS, () (A.D

Using atom balance for C, H, and O,

C: 1= Nuy + Neoy (A.2)

H: h + 2 Ny = 4Ngyy B)

O: 0 + Nypo = 2 Neoy ©

From Equation C, Ng, = {0 + Nypel/2 D)
From Equation B, Ngy = (h + 2N,0)/4 (E)

Using Equation D and Equation E in Equation A.2,
1 = Ngys + Neop = th + 2 Nypol/4 + {0 + Nypol/2 D)

Solving for N0,
8—-2h—-40=8Npo, Nipo =8 -2h-40}/8=1-h/4-0/2 (O
Using Equation D and Equation E,

Neoy =0+ (B =2h—-40)/8/2=180+8—2h—4o0)/16

={8 + 40 — 2 h}/16 (H)
Ny =(h+2(@8-2h-40)/8)/4=8h+16-4h -8 0)/32
={4 +h - 20}/8 @

Using Equation A.1

CH,O.N,S, (s) + {1 — h/4 — 0/2JH,0 — {1/2 + h/8 — 0/4)CH, + {1/2
+ 0/4 — h/8JCO, + N,S(s) Q)

Xop = (1/2 + h/8 — o/4) (K)
(b)) Xy = 0.5+ 1.52/8 — 0.6/4 = 0.54, i.e., a theoretical maximum of 54%; if o =0,
then Xy = 0.69.

Nio = Nypo = 1 = h/4 — 0/2 =1 - 1.53/4 — 0.6/2 =1 — 0.38 — 0.3 = 0.32.

CH, 5300,6N0 08650 0084 (8) + 0.32H,0 — 0.54CH(g) + 0.46CO,(g)
+ No,08650.0084(8) )
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(C) XCI—M,maX = 054
Nipo =1 —h/4 —0/2=1-1.98/4 — 0.83/2 = 1 — 0.0.495 — 0.41 = 0.0.09.
Here, less water is required because water is already present in manure.
CH, 6500.3N0 086300084 (8) + 0.09H,0O — 0.54CH,(g) + 0.46CO,(g) + Ny s
So.0084(8) M)
This is the same result as before except that external water required is reduced.
(d) Heat of reaction: {1/2 + h/8 — o/4} hy oy +{1/2 + 0/4 — h/8} Iy ¢, + hf s o)
- hf CH1.9800.83N0.08650.0084 (s)
Using Chapter 2, hy ¢y gs00s3m008650.0084 9 = —100,357 KJ/kmol of fuel.
AH" = {1/2 + h/8 — o/4} hicyy + {1/2 + 0/4 = h/8} ht 6, + Diynss o)
- hf,CHl.9800.85N0.086so.0084 s = 0.541 x (=74850) + 0.459 X (—=393546) — (—=106357)
— 0.318 x (=285830) = —23944 kJ/kmol fuel (exothermic).
Molecular weight of fuel = 24.64 kg/kmol of fuel.
AHR" = —23944/24.64 = —972 KkJ/kg of fuel (exothermic).
Anaerobic digestion is exothermic.
(e) Standard volume at 15°C and 1 bar is 23.7 m3/kmol.
Maximum gas produced per kmol of DAF fuel = 23.7 m?.
Maximum gas produced per kg of DAF fuel = 23.7/24.64 = 0.962 m3/kg
of DAF fuel.
Maximum CH, produced = 0.962 X 0.541 = 0.52 m?3 of CH4 per kg of DAF
fuel.
Heat value of biogas = 0.541 X (=74850) — 0.541 X (=393546) — 0.541 X 2 X
(—285830) = 481905 kJ/kmol of gas mixture. Heat value of biogas = 481905
kJ/kmol of gas mixture/(23.7 m3/kmol mixture) = 20334 kJ/m? of mixture
or 529 Btu/ft®> of mixture.

The arguments in favor of use of biomass energy are as follows. Unlike other
nonrenewable forms of energy, biomass energy can be produced and consumed
in a sustainable fashion, and there is no net contribution of carbon dioxide
(which is a greenhouse gas) to global warming. In an ideal closed-loop system,
carbon dioxide would be absorbed by new plant at the same rate at which it
is released by harvested biomass used as fuel. Such bioenergy crops would
make a negligible, if any, contribution to atmospheric carbon dioxide, in contrast
to fossil fuels (which consist of carbon that has been geologically stored for
millions of years) that make a net contribution to atmospheric greenhouse gases.

Oxygenating additives such as methyl tertiary butyl ether [Gayle, 2003] are used
to raise the octane rating of gasoline. But these were banned after 2004. Ethanol
will, therefore, find more use as additive. Further, ethanol is blended with dena-
turant so it cannot be consumed as an alcohol. The chemical industry used ethylene
as feedstock for ethanol. Ethanol fuel can also be derived using sugars from
biomass. Corn starch (plant fibers (C;H,,O5),) is used to produce ethanol by feeding
starch into digesters and adding yeasts. Almost 1.5 billion gallons of ethanol are
produced from corn every year; it can also be blended with gasoline. Switch grass
and wood chips can also be used as feedstock in the fermentation process.

C,H,,0,; + H,O with enzyme invertase — C.H,,O, (glucose also called
dextrose) + C,H,;,0O, (fructose also called levulose),
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where glucose and fructose are called invert sugars.
C¢H,,04 with enzyme zymase — 2CH;CH,OH (ethanol) + 2CO,

In dry milling, one uses enzymes to convert the starch in corn into sugar
and then adds yeast to ferment sugar. It is noted that for starch sources
[Keating, 1993].

2(C4H,,09),, + H,O with malt enzyme diastase — C,,H,,0,; (maltose sugar),
C;,H,,04; (maltose sugar) with yeast enzyme — C,H,,0, (dextrose).

During this process, one obtains ethanol and CO,. The nonfermentable
part is used for other applications. New processes use new enzymes to convert
cellulose and hemicellulose (in wood) into sugar; leftover lignin is burned to
produce steam for generating electrical power.

Currently, ethanol:gasoline blends are marketed: E10 means 10% ethanol
in gasoline, whereas E-diesel is a blend of 10 to 15% ethanol, 80% diesel, and
5% additive for keeping it as a blended fuel. However, one gallon of ethanol
has 28% less energy than 1 gallon of gasoline. The 2003 Ford Taurus and
DaimlerChrysler cars can run on gasoline or E85 blends (i.e., 85% of volume
is due to ethanol). A car running on E10 gasoline emits 30% less CO, 12%
less VOC (volatile organic compounds), 30% less benzene and toluene, and
3% less NOx. Similarly, methanol can be made from biomass through gasifi-
cation into synthesis gas; however, most methanol (1.2 billion gallons/yr) is
made from natural gas and used as a solvent, an antifreeze, etc. Only about
38% is used as blended fuel with gasoline

4.5.4 Municipal Solid Waste (MSW)

Municipal refuse includes residential, commercial, and industrial wastes, which
could be as used as fuel for the production of steam and, hence, electric power.
About 20,000 t/d is disposed in a city of 5 million people. Major components of
typical MSW: paper 43%, yard waste including grass clippings 10%, food: 10%,
glass or ceramics 9%, ferrous materials 6%, and plastics and rubber 5%. Typically
MSW is fired with 80-100% excess air as opposed to 16-20% excess air used in
pf fired burners. When the waste is processed to remove glass, metals, etc., it is
called RDF (refused derived fuel). These can decompose in two ways: aerobic
and anaerobic (without air). Aerobic decomposition (also called composting)
occurs when O, is present. Composting produces CO and water but no usable
energy products. Anaerobic decomposition occurs in the absence of O,. It pro-
duces landfill gas of CH, (55%) and CO, (45%) [Solid Waste and Power, 1993].
Gas from perimeter wells contain less than 4% methane, whereas those at center
contain 50 to 60% methane. Sometimes natural gas is used along with landfill gas
because of the fluctuating quality of landfill gas. Note that commercial pipeline
gas has more than 95% CH,. Over 20 to 30 yr, 20 to 60% of landfill is converted
into landfill gas by anaerobic decomposition process. One kilogram of refuse with
a HHV of 11600 kJ (5000 Btu/Ib or 9700 Btu/ DAF Ib) will generate 0.029 to
0.087 m? (1 to 3 ft®) of CH,. Burning landfill gas (LFG) is similar to burning dilute
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natural gas. Landfill gas has a HV of 11100 to 20350 kJ per m? (300 to 550 Btu
per {3, which is about 50% of that of natural gas; cost of electricity is 4.5 to 5
cents per kWh). Greater the penetration of air into landfill, greater is the amount
of CO,. Normally air can penetrate 6 to 12 m (20 to 40 ft) into land refill. The
typical production rate is on the order of 210,00 ft*/h (HV = 430 Btu per SCF)
[Distributed energy, Jan 2005, pp 30-35]. Thus, shallow landfills are not recom-
mended. Gas normally escapes at 100 to 110°F with 3 to 7% moisture. Gas is
used as boiler fuel in the Rankine cycle for producing steam. More than 100
power plants that burn LFG are distributed in 31 states.

4.6 Size Distributions of Liquid and Solid Fuels

The combustion intensity of a gas burner is essentially controlled by the molecular
mixing rate of fuel with oxygen. However, many practical combustor systems
such as boilers, gas turbines, diesel engines, rockets, etc., use condensate fuels
(liquid and solid fuels) as the energy source. The condensate must be atomized,
or pulverized, into smaller droplets, or particles, to increase the surface area per
unit volume of the combustor space in order to facilitate rapid heating, gasifica-
tion, and mixing with the oxygen-rich ambience. Thus, atomization leads to
improved ignition and combustion characteristics. A liquid fuel is atomized into
finer droplets with nonuniform sizes and different velocities, and is usually
introduced into combustors in the form of a spray. Atomization is a process that
transforms a liquid into a dispersion of small droplets by a “shattering” process
between the liquid fuel and the surrounding gas. This process is employed in
several industrial processes and has many applications in agriculture, meteorol-
ogy, and medicine. A liquid when sprayed is stretched to a thin sheet because
of the drag, then it ripples because of surface tension forces and breaks into
ligaments; the ligaments form drops, which further break up. The drag on a
larger drop shears the drops; if the drag exceeds the surface tension forces
holding them together, then drop breaks into smaller drops. The Weber number
(We) characterizes the break up.

We = pDV?/0 = disruption drag force/holding surface tension force,

where p is the density; o, the surface tension; and V = {V 4 — V,,.}. If We >10,
the drop breaks up into smaller drops. Thus, drop size depends on injection
velocity or Re, and surface tension forces. For breakup in absence of ambient
gas, Z = (We'?/Re) = (W(po d )"?), where d, atomizer dia the Z. The Z and We
provide a measurement of quality for atomization. The fuel injectors consist of
nozzles with multiple holes (4 to 10), which could be of pressure type to create
high velocities and to make thin sheets of liquids.

Twin-blast and air-blast atomizers (Figure 4.14a and Figure 4.14b) are used
when the penetration of jet is large. Prefill atomizers (another form of air-blast
atomization; Figure 4.15) and spill-type swirl atomizers (Figure 4.16) are used
when the penetration is small. In swirl atomizers, fuel enters tangentially and
exits as a spray; the fuel flow is controlled by the spill return. The pressure of
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Figure 4.14 (a) Twin-blast calorimeter, (b) Air-blast calorimeter.

injection and atomization characteristics (e.g., spray angle) may remain the same
for all flows. For air-blast atomizers, there is less smoke because air is almost
premixed with fuel. For gas turbine air blast, there can be a plain jet or a
prefilming jet in which liquid is spread out into a continuous sheet and then
exposed to high-velocity air. Wider spray angles are preferred if there is a high
degree of air movement around the spray (e.g., wall-fired boiler burners). A
narrow angle is preferred if air movement is restricted (e.g., diesel engines).

The vapors released from drops may or may not surround the drop depend-
ing on relative Reynolds number. Further, the local A:F ratio may vary from rich
conditions near a burner to lean mixtures far from the burner, depending on
the extent of mixing. Rich mixtures lead to soot and unburned HC and CO
formation.

Solid fuels are typically pulverized to finer ones in suspension-fired boilers
prior to firing. When d < 10 um, the coal is called ultrafine and can be used
as fuel in gas turbines provided the ash content is reduced below 1%. The
Hardgrove grindability (HG) test (ASTM D409) is used to determine the grindability

Shroud *

air i Fuel Liquid
- > film

Eiirntle N / /
N

%

—

Figure 4.15 Prefill atomizer.
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Figure 4.16 Spill-type swirl atomizer.

of coal. Fifty grams of sample is loaded into a bowl containing steel balls each
of 2.5-cm diameter and is driven by a spindle at 20 rpm for over 3 min exerting
a force of 285 N. The amount of coal in grams passing through 20 mesh is
called the HG index.

4.6.1 Size Distribution

The experimental measurements for drop size distribution include local
number density (called spatial distribution) and liquid number flux (called
temporal distribution). Consider a spray having smaller and larger drops of
diameters d, and d;, respectively. If local number density of smaller drops
with velocities v, is n, and that of larger drops with velocities v; is n;, then
the number fluxes at a given surface are N, = nyv, and N, = n,v,. Thus,
measurement of number flux alone does not yield information on local
number density unless velocity is measured simultaneously. Spray charac-
teristics are obtained using phase doppler analyzer, which measures drop
size and liquid volume fluxes [Dodge and Schwalb, 1988]. From drop size
and liquid volume fluxes, V, = (x d.3/6) nyv,, and V| = (x d,3/6) n,v,, the

number density and spacing may be obtained.

4.6.1.1 Lognormal Distribution

For sprays, drop size distribution is typically represented by a number fraction
N; Let dN; represent the fraction of the drop having sizes between d, and
d + dd,. A lognormal size distribution can be expressed in the form

2

dNy/dd, = f = ————exp{———|In"L (4.17)
2n d o, 207, d,

where d, is the particle or drop size; EP, the mean drop size; and oy, the

geometric standard deviation. For a lognormal distribution, the mean could

be ﬁp =d o AMD (area mean diameter), and VMD (volume mean diameter)

as defined in the following text.
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The mean diameters (mean, AMD, and VMD) are defined as

d, :{J' d, ddp}, (4.182)
0
o T1/2
AMD = J fdzdd,| (4.18b)
0
o Ju3
VMD = J fdp3 ddp (4.18¢)
0

If tabulated data are available for number distribution, say, AN, (number
fraction) for size between d, and dd,,

d = { AN, d } (4.192)
1/2

AMDz{ AN, d, f} : (4.19b)
1/3

VMD ={ AN, d, f} (4.19¢)

VMD represents a diameter that provides the average volume per drop (but
the corresponding area does not provide the total surface area). In general,
mean diameter can be expressed as

J. da’ (dN, /dd )dd Z d id_3ANF,i z dp,ia_sAmF,i
a-b __ j

J- b(dN /dd )dd Zd .leNF,i de,ib73AmF,i

where a and b can take any values corresponding to the effect investigated
(Table 4.9). The sum (a + b) is called the order of the mean diameter, and
Amyg, is the mass fraction of practices of sizes between dp and ddp. Other
choices of representative diameter can be made, i.e., d,;, may represent a
drop diameter for a case in which 10% of the total liquid volume is contained
in drops diameters less than d, ; similarly, d,5or d; .

The Sauter mean diameter (SMD) is defined as

_“:fdsd(dp)} {ZAN ) } .

SMD = [ Am

o] fgn | 25

pi

d,)

, (4.20)

(4.2D)
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Table 4.9 Mean Diameter and Their Applications

Name of mean

a b Symbol diameter Expression? Application
1 0 dio Length Comparisons
Nd
i pi
2N
2 0 dy Surface area 12 Surface area
Nd 2 controlling,
i pi also known as
ZN‘ average mean
! diameter
(AMD)
3 0 ds Volume V3 Volume
Nd controlling also
i pi known as
ZN_ volume mean
! diameter
(VMD)
2 1 d,, Surface area Absorption
length N d?
i pi
N d .
i pi
3 1 ds; Volume \2 Evaporation,
length ZN' d mplecylar
i pi diffusion
N d_
i pi
3 2 ds, Sauter (SMD) Mass transfer,
N d 2 reaction
i pi
N d *
i pi
4 3 dy; De Combustion
Brouckere or Nidpi4 equilibrium
Herdan ;
Nd

2 d, = d diameter of particle or drop.

which is the volume-to-surface-area ratio for all droplets. Generally, in prob-
lems on combustion, SMD is widely used. In Chapter 10, we will see that the
evaporation and combustion rates of sprays are controlled by drop size, and
SMD may be used to estimate spray evaporation time. The most probable
diameter (MPD) is the one for which f is a maximum. The relation between
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the various mean diameters can be expressed in terms of the number geometric
mean diameter dp, ie.,

In( AMD) =1n Ep o+ 202 and In(VMD)=In ﬁp + 562. (4.22)

For any of the aforementioned distributions, the fraction of drops (or
particles) below a size d,, is

dP
sz fdd,
0

The cumulative volume fraction (CVF) of drops (or particles) with a
dimension lesser than d, is

d
P
& dd
CVF:JO 74,
- 3

In the next section an expression for CVF will be obtained. Note that CVF
is the same as cumulative mass production if d, is the same for all drops/patrticles.

4.6.1.2 Rosin—Rammler Relation

This distribution is used widely for pulverized solid and liquid fuels. Note that
typically for solid fuels, the particles, particularly biomass, may not be spherical.
Biomass particles have aspect ratios ranging from 3 to 12.

The fraction of drops (or particles) below a dimension x is

Fx, o, B =1 - exp-{(x/p)* (4.23)
where a is a measure of the system uniformity, and f represents a characteristic
dimension. Therefore,

dF/dx = (/% x*V exp—{(x/B)%. (4.24)

Denoting 1/B* by b, a by n, and the particle size x by d,, all three of which
are generally constant for a system, one form of the Rosin—Rammler relation is
obtained as

d(Y,/d(d,) = {Fractional mass with size d, and d, + d(d)}/{d(d )}
d(Y)/d(d) = n b d " exp (bd ™. (4.25)
Then,

dcy,) zjexp(—x) dx, where x = bd " (4.26)
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Integrating from x = 0 to x (with Y, = 0 at x = 0), CVF of drops (or particles)
with a dimension lesser than dp is

CVF = CMF = (1 — exp (—bdp“)), 4.27)

where b is the size constant and n the distribution constant (2 < n < 5).
In terms of the d, ¢, size,

CVF = 1 — exp {—(d /d, ;0" (4.28)

where d ¢, denotes the characteristic drop or particle size for which CVF =
1 — exp(=1) = 63.2%, and n is a measure of spread of the drop sizes. Higher
the value of n, greater is the uniformity of drop size. The fraction R of drops
having sizes greater than d, is

R=1-CVF =1 - CMF = exp {-(d,/d, cpa"- (4.29)

The plot of In R versus d, must be linear if n = 1.

CVF and the probability density function for these values is presented in
Figure 4.17 for n = 4.16 and b = 0.001634 (typical for coal-fired plants).
Typically, for coal-fired boilers, about 70% of mass passes through 75-um (200
mesh) sieves.

The Nukiyama-Tanasawa relation is based on a number of particles and
can be directly measured from a sample of the drops or particles. It has the
form

d(N)/d(d,) = ad,® exp (~bd P),

1.2 0.04

T 0.035

R / 1003
08 '." A 0.025
. . / 1 0.02
® 0.6 ! 1

B
]

S S|
E I 1 o
=4 — T+ 0.015
O - .

0.4 . 0.01
.
’ )
’ »
DE—— ! 1 0.005
0.2 \
,/, i 1°
0 —-0.005
1 10 100 1000

dp, microns

Figure 4.17 Cumulative particle distribution and probability density function
for characteristic power plant coal particles.
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Table 4.10
Characteristic Values of o
and B for Various Flows

Flow a B
Swirl 5 1
Impinging jet 1T 1
Pressurized Jet 2 1
Twin fluid jet 1T 1

where @, a, and B are constants (Table 4.10), and dN represents the number of
drops or particles within a range of dimension d, and (d, + d(d,).

4.6.2 Some Empirical Relations

For prefilming air-blast atomizers used in gas turbines, [Lefevbre, 1989]:

0.5

0.6 0.1 2 -
o m u-D m
SMD=0.073 3 L D 1+ —L [+0.015 | ——2 | [1+——
Z/trel pa pa ma 0-( p/ ma

where v is the kinematic viscosity in m?/sec; the mass flow is in kg/sec, a
stands for air, ¢ for liquid, and h is the height of annulus in mm. The SMD
(or ds,) for diesel fuel spray is empirically given by various authors as:

1. By Haywood [1998]: SMD (in um) = A (AP in MPa) %1% (p, in kg/m?) %12!
(V; in mm3)013!
where AP is the pressure drop; p,, the air density; V;, the amount of fuel
injected per stroke; and A = 25.1 for pintle nozzles and 23.9 for hole
nozzles, and 22.4 for throttling pintle nozzles.
2. By Hiroyasu and Kadota [1974]: SMD (um) = 2.33 X 103 (AP)01% p 0121
(Vo131 (Pa, kg m? sec)
where V is the injection fluid volume; for diesel sprays using heavy duty
diesels, typical diameters of openings is 0.3 mm, AP = 36 MPa, p, = 850
kg/m3, and ¢ = 0.03 N/m.
[Hiroyasu et al. 1989]

d P q
2 — Re?" We' LN
dnozzle ‘u' a p a

3. By Knight [1955]: SMD (Um) = 1.605 X 106 (AP) 045 ( 7i2)0.209 y0215 {A/A(1)}0916
(Pa kg m? sec)
where A(t) is the actual opening of the nozzle where the pressure difference
is AP.
4. By El-Kotb [1982]: SMD (um) = 3.08x10¢ 0155 "7 p #77p 0Ap =00
(Pa kg m? sec N m).
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Example 9

The SMD and v; (volume flow of liquid/volume flow of air) for swirl jet
atomizer are measured to be 35 um and 8 X 107, and 80 um and 1.2 X
107" at r = =2 cm and +4 cm, respectively, and x = 50 mm from injector.
(a) Compute number density and interdrop spacing ¢. (b) If combustor
pressure is 6.9 bar, T = 600 K, compute local A:F at r = =2 cm. Assume p,
= 900 kg/m?3.

Solution

(a) If number density is n (drops per m? of air), then liquid volume/air volume
=n nd®/6 = 8 x 107°. Thus n = 8 x 107°/7{(35 x 10°3/6} = 3.56 x 10°
drops per m3, { = 1/n'3 = 7200 um ¢/a = 411.

Similarly, n = 4.48 x 109, ¢ = 14380 um, ¢/a = 360 at r = +4 mm.
(b) AF = p/In (md?/6) x p} = p,/v; X p,}
p. = P/(RT) = 690 kPa/(0.286 kJ/(kg K) x 600 K} = 4.02 kg/m>
A:F = {4.02 kg/m? of air)/{1.2 x 10~ (m3/m3 air) x 900 kg/m3} = 37.22.
Remarks

The interdrop spacing is important in estimating drop combustion rate
(Chapter 10) and studying the effect of interactions (Chapter 16).

4.7 Summary

Fuels can be classified according to the state in which they exist, i.e., gas, liquid,
and solid. They are naturally occurring (e.g., fossil fuels), but could also be
synthetic fuels in gaseous, liquid, and solid phases. Proximate and ultimate
analyses characterize a solid fuel, whereas basic components characterize a liquid
fuel, which is a mixture of pure HCs. Empirical equations for HV are presented
along with relations for standard flue gas volumes for any CHO fuel. Formulae
for maximum possible heating value from gasification of solid fuels are presented.
The size distributions for solid and liquid fuels are briefly described.

4.8 Appendix

The ash percentage increases as a solid fuel burns. For instance, if 50% of a
solid fuel with a 5% initial ash content is burned, the ash percentage in the
remaining 50% of the fuel is 0.05/(0.05 + 0.5 x 0.95) = 9.52%. The ash
percentage is a measure of how much combustible material has been burned.

4.8.1 Ash Tracer Method for Coal Analysis
4.8.1.1 Ash Fraction

For a dry solid fuel with a combustible fraction F and an ash fraction A,

Ao = mA,o/m = mA,O/(mA,O + mF,o)v (A)
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where A, denotes the initial fraction of ash on a dry basis; m,, the initial mass
of dry solid fuel; m, ,, the initial mass of ash in the fuel; m,, the mass of dry
solid fuel after gasification; and my,, the initial combustible mass in the fuel.
After combustion, the ash mass remains constant, but the amount of combus-
tibles decreases. Therefore, the ash fraction increases. This is conveyed through
the expression

A =m,/m = m,/(m,, + mp), B)

where A represents the fraction of ash in a dry sample after gasification.

4.8.1.2 Burned or Gasification Fraction

The initial mass is

m, = m,/A,, i.e., because m = m,/A, m/m_ = A /A, (B
and
m, — m = my(1 = A/A) = my, — mg (B”)
Using Equation A and Equation B,
mg, = (m,/A) — m,, ©
and
mg = (m,/A) — m,. (D)
Then,
my/my, = combustibles/initial/combustibles = 1 — BF = ((1/A) — D/(1/A, — D,
®
where the burned fraction, 7, = combustibles gasified/initial combustibles and
N, = (/A — 1/A)/(1/A; = D = (A = APAA = A} D)

4.8.1.3 Fraction of S or Element Conversion

The above analysis can be extended to determine the fraction of sulfur that is
captured by the ash, i.e.,

1-1n,= my/mg,, = m Yy/m, Y, (G)
or
1 - rls,g = FS,ret = mS/mS,o = (1 - T]g) YS/YS,oa (H)

where Yy and Y, denote the sulfur fraction in the dry fuel and that was
originally present in the fuel on a dry basis, respectively; Fs . the sulfur
fraction retained with the ash in the fuel; and n,,, the sulfur fraction that is
gasified. In terms of ash fractions,

1= 1, = (VY JA/ANA) = (YY) (A/A). )
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4.8.1.4 Ideal Conversion

If sulfur is removed in proportion to its burned mass fraction, then Equation H
yields the relation

1 - T]s,g, ideal — FS,rel,ideal = (1 - ng) (.D
This relation is valid for any combustible element in its general form, e.g.,
Fe retideal = Fs retideal = Mejdea/ My = M jea/ Mgy = (1 — ng)~ X

Typically, about 95% of the sulfur in the combustible (organic) part of the
fuel is burned into SO,. However, about 5% of SO, can be captured by the ash
and the refractory walls. Therefore, the amount of retained sulfur does not
usually correspond to its ideal value.



Chapter 5

Chemical Kinetics

5.1 Introduction

Chapter 2 and Chapter 3 discussed the overall chemical reaction with
complete combustion and products at chemical equilibrium. However, the
rate of reaction and time required to achieve either complete combustion
or chemical equilibrium have not been dealt with. In this chapter, we
consider the change in the chemical structure (i.e., molecular rearrangement
of atoms) that results in desired chemical products and the rate at which
the products are formed. Consider a premixed mixture of two species: fuel
CH, and oxidizer O,. The fuel species reacts with the oxidizer and produces
CO, and H,O.

CH, + 20, — CO, + 2H,0. (5.1)

Here, the C-H bonds are broken (Table A.31A and Table A.31B of Appendix A),
and C and H are separated and attached with O atoms, resulting in an
atomic rearrangement called a chemical reaction. This chapter deals with
types of reactions, reaction rate theory, Arrhenius law, intermediate steps
involved in formation of product species, equilibrium reaction and its relation
to reaction rates and, finally, pyrolysis and heterogeneous reactions involving
solid fuels.

5.2 Reaction Rates: Closed and Open Systems

Consider a general reaction involving species A, B, etc., resulting in products
E, F, etc.

aA +bB + ... > eE+ {F+ ... + Aby, (5.2)

191
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where a, b, etc., are called stoichiometric coefficients, e.g., for reaction 5.1, a = 1,
A=CH,b=2 B=0,e=1, E=CO, f=2 F=H,O. This reaction may
occur either in a closed system (e.g., automobile engines) or in an open
system (e.g., gas turbines). From Chapter 2, the species conservation equation
for species E in molar form for any system is written as

dNy/dt = NEz - Nhe +N}:gen = Nh1 - Nhe +W; v (5.3

where V is the volume of reaction zone; Wy, is the production rate of species
E per unit volume (assumed to be umform throughout volume of interest);
and dN/dt, the accumulation rate of moles of species E. Applying Equation 5.3
for a closed system (Figure 5a for reaction 5.1),

dN, d
dt dt

EldV Jw av (5.4)

where dN;/dt represents the rate of accumulation of species E per unit volume
owing to Reaction 2, and [E], the molal concentration of species E kmole/m3.
In a closed system, the interior may be hot (e.g., an automobile engine),
whereas the regions near the walls may be cold. In this case, reaction rates
are faster near the interior and slower near the walls. Hence,w}” is not uniform
and is a function of spatial coordinates. In a closed system or fixed-mass
system, the accumulation rate is the same as the production rate of species
E because of the chemical reaction rate. If we consider species A in Equation
2, dN,/dt = W7, where A is consumed and N, decreases with time; hence
w7 or dN,/dt < 0. Negative values imply consumption (e.g., d[CH,J/dt < 0),
and positive values are associated with species production. If the control
volume is fixed, Equation 5.4 becomes

J‘{B[E] - wE }dv =0 or agj] = WE kmol/(m? sec) (5.52)
.

If the reaction rate is uniform within the whole volume,

a1

T W (5.5b)

Note that d[El/dt # ¢ {dX,/dt}, where ¢ represents molal concentration of
the mixture in kmol/m? as the number of moles of the mixture may change
during the reaction. If molal-concentration change of fuel F (e.g., CH,) with
respect to time is known (Figure 5.1), the rate at which the fuel is burned,
d[Fl/dt, and that at which oxygen is consumed, d[O,l/dt, are also known.
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Figure 5.1 lllustration of chemical reaction at constant P: (a) piston-cylinder-
weight assembly, (b) change in [F] with time.

Now consider a closed system in which the volume may vary but the mass
is still fixed. If the chemical production rate is written as Wy’ in kg/m? sec
(mass basis), then one can apply the species equation in mass form (Chapter 2):

dm, d J‘ d o
= Jaav =2 [am, = a5, .av
drdtd dt? e J Wrm

where (E) represents the concentration of E in kg/m? For uniform reaction

dimy) _dimy,} _ dY, .,

dt dt dt Em
Simplifying,
dy,
L =W, (5.50)
p df WE,m

where Y; = my/m, the mass fraction of species E.
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Now consider the system in which we have an opening with a valve (e.g.
automobile engine). Suppose the CO, formation rate is 0.05 kmol/m? sec and
that once the level CO, reaches, say, 0.1 kmol/m3, we open the valve and
start removing the CO, species at the rate of 0.05 kmol/m? sec; then the CO,
concentration in the system remains fixed at 0.1 kmole/m3. Note that our
system is no longer a closed system, and hence from Equation 5.3,

dNE/dt: NEl_ NEYC+W;:V=_NEC+W;:V

and if steady state is reached, then dN./dt = 0 and hence,
N,,= Jwgdv
v

Thus, the exit flow of species E in kmol/sec must be same as the chemical
production rate. For example, consider a gas turbine combustor in which fuel
enters with air and burns to CO, and H,0O. The concentrations are steady in
the combustor at any given location. As such, the exiting flow rate of CO,
must be equal to the production rate of CO, within the whole volume of the
combustor. Using local time derivatives may yield misleading results.

On the other hand, if we use the Lagrangian frame (following a fixed mass
of premixed fuel CH; and air) in an open system, then d[CH//dt < 0 and
d[CO,)/dt > 0; this implies that [CH,] will decrease and [CO,] will increase with
time as we follow the fixed mass. Thus, the differentials here represent material
derivative as we follow a fixed mass. Unless otherwise mentioned, we will
imply system of fixed mass when we use time derivatives in this chapter.

The enthalpy of reactionAh, is positive for endothermic and negative
for exothermic reactions. For the methane-burning reaction of Equation
1,AbY, —49,988 kJ/kg (lower heat of reaction), and is exothermic.

5.2.1 Law of Stoichiometry

The law of stoichiometry for the reaction given in Equation 5.1 is written as

(dlO,)/dv/(-2) = (dICH)/dD/(=1) = (dICO,)/dv/1 = (dIH,0)/dD/2 = W .
(5.0)

Equation 5.6 is termed the law of stoichiometry. The stoichiometric coeffi-
cients in the denominators are molar coefficients in the reaction equation.
Negative coefficients are assigned to reacting species and positive ones to
products in the law of mass stoichiometry. The law of stoichiometry for the
reaction in Equation 5.2 is written as

{1/(-a)}d[Al/dt = {1/(-D)}d[B]/dt = ... = {1/eld[E]l/dt

= {1/fidlFl/dt = W, ie, (5.7
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Rewriting,

/Ol w, ={1/-b}vwy, = ...={l/e} W/ ={I/AW] = W, (5.8
where w” denotes the reaction rate per unit volume (kmol/m? sec), which
is the production rate for any species for which the molal stoichiometric
coefficient is unity.

5.2.2 Reaction Rate Expression, Law of Mass Action,
and the Arrhenius Law

Obviously, the reaction rate must depend upon the concentrations of its
participating species. The functional relation of the reaction rate with the
concentration and temperature is called the reaction rate expression. If
A + b B — e E, then the phenomenological law of mass action relates w”
in terms of molal (or mass) concentration as

W= (", Wl = e (5.92)
w”=KIAI“[BI?, (5.9b)

where o and B are indicative of the reaction orders with respect to the species
A and B, respectively, and the overall order of the reaction is o + . Because
w” =k(T) [A]* [B] is represented in units of kmol/m? sec, Equation 5.9b dictates
that the specific reaction rate constant must be in units of

k = kmol @B /(sec m31-o-B),

It is seen that the reaction rate w” increases with increased concentration
of reacting species or increased mass of reacting species (when o> 0 3 > 0),
and the equation w”= k(T) [A]*[B]® is hence called law of mass action.
Generally, k is a strong function of temperature as given by the Arrhenius law

k =A T exp {~E/( R T)}, (5.9b)

where A is the preexponential factor; E, the activation energy; and T, the
temperature in K. The value n is an empirical constant typically varying from 0
to 1/2. The theory behind the Arrhenius law will be presented later in the chapter.

5.3 Elementary Reactions and Molecularity

An elementary reaction is a reaction in which products are formed by direct
collision or contact. We have discussed global reactions for multiple reactants,
e.g., A and B, and assumed that as soon as A and B are mixed, they directly
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react to form the product AB. However, reactions do not proceed in this manner
and, instead, form intermediate species that react to form other intermediates,
and so on, until the products are formed. For instance, during methane oxidation
CH, + 2 O, = CO, + 2 H,0O, methane first forms CO through a complex pathway,
which then oxidizes to CO,. Likewise, both atomic and molecular hydrogen are
formed, which produce OH, and then H,O. Therefore, there could be multiple
steps involved in an actual reaction. Further reactions could involve one or more
molecules of a species. The reaction mechanism for reactants-to-products con-
version is a group of elementary reactions resulting in an overall reaction. The
following illustrates the various types of single-step reactions.

5.3.1 Unimolecular Reaction

The molecularity of a reaction is defined by the number of reactant molecules
that must be present for a reaction to proceed. A unimolecular reaction involves
a single reactant molecule and can be represented in the form

A—B (5.102)
dlA)/dt = k(DAL (5.10b)

The first step in the reaction can involve an activation step that produces
activated A". The activation

k..
A+M—LI A +M (51D

can occur when a molecule of A collides with a third-body molecule M and
the reaction has a specific reaction rate constant k,;. The third body represents
one or more species (e.g., inert species such as N,) in the system or the
container walls. In the reaction, the translational energy (te) of the molecule
M is transferred to A. Consequently, the vibrational energy (ve) and rotational
energy (re) of A increase, and it transforms into the excited state A’. The
excited state can be deenergized either by collision with another third-body
molecule (A" + M —>, A + M, which increases the te of the third body) or
by the emission of radiant energy (A" —"", A + hv). Thus, the third body is
similar to a flywheel, storing and transferring energy when necessary.

The energization of A into A" can also occur by the reaction A + A — A’
+ A. This reaction depends upon the concentration of A and, because species
A is consumed as the reaction proceeds, its concentration also decreases. This
reduces the reaction rate faster than in the third-body reaction given by
Equation 5.11. The third-body efficiency compares the effectiveness of M with
A in producing A". Therefore, the specific reaction rate k, assumes different
values, depending on the type of third body.

The reaction rate constant k;;, for the backward deactivation reaction

k
A+M—L 5 A+ M (5.12)
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has a smaller value than k;. The forward step of Equation 5.11 can also be
followed by another deactivation reaction occurring in product B:

A"+ M—> B+ M. (5.13)

When M is a solid, the reaction is of first order. An example of a unimo-
lecular reaction is

Br, —» 2 Br (5.14)

where third body could be Br,. Applying the law of stoichiometry,

Wi /D = Wil /(2) = W (5.15)
Using the law of mass action, w” = k., [Br,]. Then
Wi = 2K, [Br]!, kmol/m? sec (5.16)

Likewise, Wi = =k, [Br,] and the overall order m = 1. The units for k are

determined as follows. [Br,] is expressed in kmol/m3, and the units of k,; are
(kmol/m? sec)/(kmol/m?) = 1/sec. This is a unimolecular reaction because
one molecule of Br, decomposes into two Br atoms. Other examples are:

C,Hy — 2 CH;,

and ozone decomposition in the upper atmosphere,

0O, (g) = O, (9) + O(Y.

5.3.1.1 Characteristic Reaction Times (t.,,)

Integrating Equation 5.10b for an isothermal reaction,
[A] = [Al, expl-k,,; (T) t}

where [A], is the concentration at t = 0. Letting [Al/[A]l, = 1/e (note that e =
2.718, 1/e = 0.368), t,, is given as

tchar = 1/ kuni(T)

Example 1

Consider a closed rigid vessel initially consisting of H,. The reactor is rapidly
heated to a high temperature T, and after heating and before decomposition
the pressure becomes P,,. The hydrogen then undergoes a unimolecular reaction

H,—>2H (A
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During decomposition, T is maintained constant. (a) Show that the pressure
history is given as
P = [H,],{2 — exp(—k,(T) O} R T.
(b) Develop a method for obtaining a solution for k (T) if P vs. t is measured.

Solution

As H, decomposes, each molecule of H, produces two H atoms and, hence,
the total number of molecules increases with time resulting in a pressure
rise. Thus, we track [H,] and [H] with time. For Reaction A,

1/(=D dlH,l/dt = {1/(D} {d[H]/dt} = w” = k,,; (T) [H,]. B

Hence,
dlH,)/dt = -k, (D [H,) ©
dHl/dt = 2 k,,; (T) [H,]. D)

Dividing Equation D by Equation C,
dHI/d[H,] = -2 ®

Integrating Equation E and using the initial condition [H,] = [H,], at [H] = 0,
we have

Integrating Equation C, [H,] = [H,], at t = 0
[H,] = [H,), exp(—k_.. (T) 0

Total moles per unit volume, n = [H] + [H,] = 2{[H,], — [H,]} + [H,] =
{2 — exp(-k,, D}

At t =0, n =[H,], and as t — oo, n = 2[H,],

P=nRT=[H){2 - exp(-k,; (D O}R T ®
Thus, pressure increases linearly with time initially. Rearranging Equation F

{P(H) n/(RT [H,))} = {2 —exp(-k,,; D}

Thus, measuring P vs. t and plotting In {2 — P(©) n/( R T [H,])} vs. t, one
can determine the slope as (k).
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Remarks

One can alter T, and get k_; vs. T for the elementary reaction; with a plot of
In k,,; vs. 1/T the E can be obtained.

uni

5.3.2 Bimolecular Reaction

Two molecules are involved in the reaction, say A + B — C. For example,

H,+1, - 2HI ie, (5.17)
WIL/D = WD) = Wi AD = W G149

where
W =k, [Hy' [, (5.192)

Using Equation 5.19 in Equation 5.18,

W = dlL)/dt = — ky, [FL]' [L]! (5.19b)

H,

The units of k are now m3/(kmol sec). The molecularity of reaction 5.17
is m = 2, where the orders with respect to both H, and I, are unity. In both
examples (i.e., in Equation 5.10 and Equation 5.19), the reaction order equals
the molecularity of the reaction.

Other examples of second-order reactions are as follows:

O + O, =20,, CH,+ OH — H,0 + CH,, CO + O,— CO,+ O, H+ O, — OH + O,
O+ H,— OH+H, H, + OH - H,0 + H

5.3.2.1 Characteristic Reaction Times (t,,,)

Integration of Equation 5.19b requires solution of [I,] in terms of [H,], which
is provided by Equation 5.18. From the law of stoichiometry,

(dlH,l/do/(=1) = (dL,)/d0/(=1) (5.20a)
Integrating Equation 5.20a,

[H2]0 - [Hz] = [I’)]() - [19] (SZOb)

-1 1_%
IL,],
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Letting [H,)/[H,], = 1/e, t.,, is given as

char

In e+(1—e)%
L1,

e ([Iz]o_ [Hz]o)k

. 5.21
) 62D

bi

The relation can be generalized for any bimolecular reaction A + B — C+D.

5.3.3 Trimolecular Reactions

Three molecules are involved in a trimolecular reaction (three-body reactions),
which is relatively less frequent in combustion applications. The third body,
M, is required to carry the energy liberated when a stable species is formed,
which explains why the translation energy of M increases.

A+B+M—->C+M (5.22)

dAl/dt = —k,;; [A] [BIM] (5.23)

Three-body recombination reactions are very important in hydrogen-oxy-
gen chemistry. The H,—O, reaction schemes were summarized by Westbrook
and Dryer [1984]. They become more important relative to bimolecular reac-
tions as the pressure increases. A few reactions do not occur unless a third
body is present, e.g.,

H+H+M —>H, +M. (5.24a)

For the reaction in Equation 5.24a,

d[Hl/dt = =2k, [HI*[M].

i
Other examples of a trimolecular reaction are:
H + OH + Cl - H,0 + Cl (5.24b)
2 NO + O, = 2 NO,

H+H+H->H,+H

In the last reaction, three H atoms collide, produce H,, and leave one H atom
as third body.

dHl/dt = k. [HP {-3 + 1}

tri
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5.3.3.1 Characteristic Reaction Times (t.,,)

In trimolecular reactions involving third bodies, the concentration of the third
body remains unaffected. For example, consider Equation 5.24b. Cl acts as
the third body whose concentration remains unaffected by Reaction 5.24b.

diH)/dt = —k,, [Cl] [HIOH] (5.240)

Because [Cl] remains unaffected, k,; [Cl] is a constant; we then find that
Equation 5.24b remains similar to Equation 5.19b. Thus, t,,, is the same as
Equation 5.21 with H replacing H, and OH replacing L,.

char

5.4 Multiple Reaction Types

Earlier, we dealt with the types of molecules involved in a reaction. Many
times, a series of reactions is involved in the formation of final products. The
intermediate reactions are summarized in the following subsections.

5.4.1 Consecutive or Series Reactions

In consecutive or series reactions, intermediary species are produced, which
subsequently form the products

k k
A+B L5 AB 2 3 E+F, (5.25)

where AB is an intermediary product, the net production of which is

d[ABl/dt =k, [Al[B] — k, [AB] = AB produced by k, — AB consumed by k, (5.26)

5.4.2 Competitive Parallel Reactions

The species A and B can form either the species AB or the products E and
F directly through competitive parallel reactions, e.g.,

A+B —51 5 AB. and (5.27)
k
A+B —2— E + F. (5.28)

dlAl/dt = =k, [A] [B] —k, [A] [BI.

5.4.3 Opposing or Backward Reactions

We have assumed thus far that the reaction A + B proceeds in the forward
direction to form the composite species AB. It is also possible for AB to
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disintegrate into the species A and B through a backward reaction. Consider
CO oxidation with O,

k
CO + 1/2 0, —L > CO,, (A)

dICO,l/dt = W, = KICOIIO,)"?, indicating that d[CO,l/dt > 0. Let us call this
direction as forward direction. Now consider

k
CO, —>—» CO +1/2 O, B)
for which d[CO,)/dt= w7, = -k, [CO,] < 0. Denoting Reaction B as backward

co,
reaction, we can combine both reactions in the form

k
CO + 1/2 0,=—= Co0,, ©
k

b

Then the rate of production of CO, is written as

v‘v'c’;)2 = d[CO,)/dt = k{COIlO,]'? -k, [CO,] (5.29)

Although the Fourier law appropriately accounts for the rate of heat transfer
in terms of gradient of T, an equivalent law for chemical reaction rate could
not be written in terms of G by including both forward and backward reaction
rates, but the second law still dictates whether d[CO,l/dt > 0 or d[CO,l/dt <
0 at any given T and P. Thus, Equation 5.29 could be hypothesized as a kind
of Fourier law analogy for chemical reactions. If k{COJO,]"? > k, [CO,], then
in an overall sense CO, is produced and vice versa. It will be shown later
that k, is related to k; through the equilibrium constant.

5.4.4 Exchange or Shuffle Reactions
O+ N, > NO+N A)
N+ O, > NO + O ®

where O and N are shuffled between reactant and product sides. It is almost
the same as the bimolecular atom exchange reaction, AB + C — BC + A.
Other examples include

H+ O, &2 OH+ O ©
O+H, &2 OH+H (D
H,+ OH & H,0 + H (B

20H 2 H,0 + O )
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The OH production rate for the multiple reactions Reaction C to Reaction
F is given as

W, = ke HIO,) — ke, [OH] [O] + ky; [OIH, | - Ky, , [OHIH] — k, ;[H,I[OH] +

OH

ky,, [F,O] [H] — 2 k;; [OHP + 2 ky,;, [H,0][O]

Example 2

Nitrogen is released in the form of HCN from coal, which undergoes oxidation
to NO through the reaction

k
HCN + O, === NO + HCO., (A)
K

Ab
HCN also combines with NO to produce N, through the reaction

k
HCN + NO &=—= N, + HCO. (B)

Bb

These two reactions are also sometimes referred to as De Soete’s kinetics.
Reaction A is favored if oxygen is abundant, and Reaction B if O, is relatively
deficient. Note that Reaction A and Reaction B proceed in both directions.

(a) Write an expression for the production rate of NO, neglecting the backward
paths of the two reactions.

(b) Determine the production rate of NO if the molar concentration of HCN
is 1%, O,: 5%, and NO: 0.2% and the pressure and temperature are 1 bar
and 1500 K. The specific reaction rate constants are k,; = 1 x 10"
exp(-280,328/RT), ky; = 3 X 102 exp(-251,040/ RT), whereR is expressed
in units of kJ/kmol K. Assume for Reaction A, its order with respect to
HCN is unity, as is its order with respect to O,. The order of Reaction B
with respect to HCN is zero, whereas its order with respect to NO is unity.

(o) If the temperature is maintained constant, what is the steady-state concen-
tration of NO? Assume that NO is the only trace species in the system.

Solution
(a)

dINOJ/dt = k, ; [HCN] [O,] - k,,, INO] [HCOI - kg [HCN] [NOI+ kg, [N,] [HCOI.
Neglecting the backward paths,
dINOl/dt = k,; [HCN] [O,] — kg [HCN] [NO]

(b) The species considered are HCN, O,, NO, and HCO with molecular weights
of 27.02, 32, 30.01, and 29.02 kg kmol™! respectively.
The mixture concentration ¢ is 0.0080 kmol/m? (= P/RT).
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Therefore, the species mole fractions and concentrations are as shown in
the following table:

HCN 0, NO HCO

Xy 0.01 0.05 0.002 0
[kl =cX,, kmol/m*  8.0186E-05 0.00040093 1.60372E-05 0

ko =1 x 10" exp(-280,328/ R T) = 1.0 x 10" exp (-280,328/8.314 x
1500) = 17.3 m3/(kmol sec), and

kye = 3 x 102 exp(-251,040/R T) = 5430.2 m?/(kmol sec).

Hence,

k,¢ [HCN] [O,] = 5.55 x 1077 kmol/m’sec,

and

kg [NOJ = 0.0871 kmol/m’sec.

The net production rate dINOJ/dt = is —0.087 kmol/m’sec. The negative
sign indicates net consumption of NO.

(0) At steady state, d[NOJ/dt = 0, i.e.,

0 = k, [HCN] [O,] - kg, [NO],

ie.,

[NOI = k,; [HCN] [O,)/ky,

or

[NOJ] = 1.02 x 1071 kmol/m?,

Xyo = 1.02 x 10719/0.008 = 1.28 x 1077 or 0.0128 ppm.

5.4.5 Synthesis

It is the reaction in which molecules form a larger molecule out of simpler
molecules, typically energy absorbing; e.g., amino acids combining to form a
protein molecule.

A+ B — AB

5.4.6 Decomposition

It is the reverse of the synthesis reaction; here, molecules form a simpler
molecule out of larger molecules, typically energy releasing; e.g., larger gly-
cogen molecules decomposing into glucose (sugar) molecule.

AB - A+ B
AB+M—>A+B+M

Cells break down glucose, react with oxygen carriers, form CO, and water,
and release energy.

5.5 Chain Reactions and Reaction Mechanisms

Section 5.4 discussed the various types of reactions. In this section, reaction
mechanisms are classified based on the chain-reaction mechanism through radical
production or consumption. Noble gases like He, Ne, and Ar with outermost
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electrons being 2, 8, etc., are stable. Radicals are atoms or molecules with
unpaired electrons. For example, O, (which shares two electrons in the two O
atoms) is stable, but O atom has six electrons that are unpaired. O, OH, CH,,
N, etc., are called radicals and typically have positive h{ and, hence, absorb
energy from collisions. Oxidation begins with O, molecules acquiring sufficient
energy to break the C-H bond (weaker compared to the C-C bond; see Table
A.31A and Table A.31B of Appendix A for bond energies) and removing the H
atom (say from C,Hy), which joins with O, to form, say, R + HO,, where R =
C,H; in the present example. Both are radicals. On the other hand, if the
temperature is high and there is no O, present, then breakup is thermally induced
by dissociation with a third body, M. Thus, C;Hg + M — C,H; + CH3 + M, where
M absorbs or loses energy. The radicals build up, and product species could be
different in the absence of O,; for example, the HC species may form soot. On
the other hand, if O, is present, radicals are extremely reactive with O,, and
reaction results in CO,, H,O, releasing energy, etc. The overall reaction A, + B,
— 2 AB is used as an illustration in explaining different reaction mechanisms.

5.5.1 Chain Initiation Reactions

Chain initiation reactions involve the initiation of radicals R from stable species
S; e.g., if S=A,,

A, +M — A+ A+ M, with a specific reaction rate k. (5.30)

Here, two radicals (A, A) are produced from one stable species, A,.

5.5.2 Chain Propagating Reactions

Chain propagating reactions involve same number of radical species on both
reactant and product sides such that the radical pool is propagated, e.g.,

A+B, K aB+B, (5.31)
and
k
B+A,—— AB+ A (5.32)

For example, O + NO — O, + N.

5.5.3 Chain Branching Reactions

In chain branching reactions, more radicals are produced than consumed, e.g.,

K,
A+B,+M—*> A+2B+ M. (5.33)
For example, CH, + O — CH; + OH, O + H, - OH + H.
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5.5.4 Chain Breaking Reactions

In chain breaking reactions, unlike branching reactions, more radicals are
consumed than are formed, e.g.,

k.
A+2B+M—— A+ B,+ M. (5.34)

5.5.5 Chain Terminating Reactions

In chain terminating reactions, the radicals are completely consumed either
forming stable product or by wall collisions, e.g.,

k6
A+B+M —%5 AB+ M. (5.35)

For example, H + OH + M — H,0O + M.

Reaction rates can be slowed down by decreasing the temperature (so that
molecules have insufficient energy during collisions for breaking the bonds)
or the radical concentrations. A thermal inhibitor (e.g., N,) reduces the reaction
rate by cooling the medium (for instance, upon the addition of nitrogen to
air, a greater inert mass is present to absorb the sensible heat in the system).
A chemical inhibitor can involve an endothermic reaction that reduces the
temperature or acts as a radical scavenger and reduces the radical pool that
is available for chemical reactions to proceed. Chemical inhibitors can also
burn and produce heat, e.g., in the case of chloromethane, CH;CL

The sequence of methane oxidation, which dominates the combustion of
natural gas, can involve 207 reactions and 40 species [Hunter et al., 1994],
whereas propane oxidation can involve 493 reactions [Hoffman et al., 1991].

5.5.6 Overall Reaction Rate Expression

Suppose we initially charge A, and B, into a system. The overall reaction still
produces 2AB. We will neglect the chain branching and breaking reactions. The
rates for consumption and production of the reactants (species A, and B,) and
product (i.e., AB) are [Turns, 1996]. Using Equations (5.30) to (5.32), and (5.35)

dlA,)/dt = =k, [A,lIM] — Kk;[ALIB], (5.36)
d[B,)/dt =—k,[B,][A], (5.37)
and

d[ABJ/dt = k,[Al[B,] + k;[A,lB] + k[AlBIM]. (5.38)

Likewise, the consumption and production rates for the radical species A
and B are (again neglecting Reaction 5.33 and Reaction 5.34)

dlAl/dt = 2k [A,lIM] - k,[AlIB,] + k;[A,IIB] — k[AlBIMI, (5.39)



Chemical Kinetics 207

and
diBl/dt = k,[AlIB,] — k;[A,lB] — k4 AIBIMI. (5.40)

One can solve five differential equations (5.36) to (5.40) and obtain d[ABJ/dt.
The radical species involved in the law of mass action are very reactive and
difficult to measure during experiments. Thus, they could be related to
concentration of stable species using certain approximations.

5.5.7 Steady-State Radical Hypothesis

Suppose we charge reacting species in a reactor maintained at T and P.
Suppose radical A is produced, as well as consumed, by two reactions
(Equation 5.31 and Equation 5.35). Initially [A] increases rapidly with time,
then flattens out, and by the end of the reaction, decreases rapidly to zero.
For most of the reaction time, the chain propagation steps dominate compared
to chain initiation, branching, and termination; thus, [A] remains flat, indicating
that as soon it is produced or it is consumed (d[Al/dt = 0). This is called the
steady-state radical bypothesis (Figure 5.2); i.e., the production rate is equal
to the radical destruction rate most of the time. Using steady-state approxi-
mations for radicals, we set d[A]/dt = 0, d[B]/dt = 0 (Equation 5.39 and Equation
5.40) and solve for [A] and [B]. The solution for [A] is

1/2 2 1/2
o o I (KK LSIp A
2k,[B,] | kk, | B, 4k k, |\ B,]

2

Time, t

Figure 5.2  lllustration of concentration with time: reactants [A,], products
[AB], radical [A].
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Then, substituting the expressions for [A] in Equation 5.37, we obtain the
relation

(5.412)

1 kP k2 (A1 M -
L1 2
4\ kk, B,IMIk, k,[A, [M]

The term kk¢/(k, ky) << 1, because the radical propagation reactions
(involving the specific rates k, and k;) are generally very fast. With that
additional assumption, we obtain the relation

diB,)/dt = —(k/2[AJM] —(k,?k [AJIMP)/(4 k Kk;[B,D (5.41b)

At very low pressures, the concentrations are also low, so that [A,IIMI?/[B,]
<< 1. Therefore,

diB,l/dt = —(k,/2) [AJIM], ie., d[B,)/dt e P2 (5.410)

At high pressures, [A,JIMI?/[B,] >>1; the first term in Equation 5.41b can be
ignored. Thus, d[B,l/dt < P? if M is a gaseous species, but d[B,l/dt o= P? if M
is a solid. This hypothesis illustrates complexities on simplified reaction rate
expressions.

5.5.8 Catalytic Reactions

A substance is a catalyst if it can increase the speed of reaction rate at a given
temperature without getting consumed and without altering its own overall
concentration. Further, the energy difference Ahy is not altered. It provides a
new pathway in which the activation energy is reduced. Catalytic additives,
such as calcium, potassium, and lithium acetate, are added in small amounts
(1 to 2% by weight) to improve the combustion intensity of coal-fired boilers
[Seshan and Kumar, 1982].

Other catalysts that promote oxidation of VOCs (volatile organic compounds)
are from wood ash (mullite) (3A1,0,02Si0,; sometimes Al replaced by Fe’+ or
Ti), magnetite (Fe;O,), and hematite (Fe,O;, with small amounts of V, Mn, Cu,
and Co substituting for Fe) and from coal ash (e.g., mullite). CaO, MgO, and
Fe,O; have been used as catalysts to enhance H, yields in biomass gasification
[Sutton et al., 2001]. Platinum is used as a catalyst in the exhaust of internal
combustion engines to reduce the emissions of CO and unburned hydrocarbons.
Protein molecules called enzymes act as catalysts enhancing reaction rates. For
example, two nitrogenase enzymes provide low-activation-energy pathways for
bacteria to convert atmospheric N, to NH;, which plants can assimilate.
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Catalysts involve both heterogeneous and homogeneous reactions. Con-
sider ethylene molecule, which is an unsaturated HC. We wish to saturate it
with more hydrogen by the reaction C,H,+ H, — C,H,. A solid catalyst such
as Pt, Pa, or Ni can adsorb H, (collection of molecules on the surface in
attached mode), as well as C,H,. The adsorbed H can migrate toward adsorbed
C,H,, form solid C,H; (adsorbed C,Hy), and get desorbed as gas [Zumdahl,
1986]. An example of a homogeneous catalyst is NO, which catalyzes O,
production in the lower atmosphere, whereas in the upper atmosphere, it
depletes O;. Similarly, Freon 12 acts as a catalyst in O depletion.

Heterogeneous catalysis occurs in catalytic converters in which the oxida-
tion catalysts convert CO and unburned CH,, into CO, and H,0O at low
temperature. There are other catalysts that can convert NO and NO, into N,
and O,. Pt (oxidation catalysts for CO to CO,) and Rh (reduction catalysis,
NO to N,) are deposited on the honeycomb of Al,O; in automobile engines.
Other catalysts are Cu-Zn catalysts used in synthetic gas reactions (CO + 2H, —
CH,OH) and the nickel oxide catalyst used in CH, + H,O — CO + 3H,.
Inhibitors are negative catalysts, which suppress reactions, whereas enzymes
are positive catalysts.

Auto-catalytic reactions are those reactions in which the reaction rate
increases with increased product concentrations [P]. For example, consider
the n-th-order reaction:

dlAl/dt = =k [A]™P [P].

5.6 Global Mechanisms for Reactions
5.6.1 Zeldovich Mechanism for NOx from N,

The extended Zeldovich mechanism for NO formation involves the following
simplified reaction scheme:

O+ N, - NO + N, ki, (5.42a)
N+ O, - NO + O, k, (5.42b)

and
N + OH — NO + H. (5.42¢0)

The simpler Zeldovich reaction scheme for NO production is represented
by the first two reactions, i.e., Reaction 5.42a and Reaction 5.42b only. In the
context of the simpler scheme, if N atoms are assumed to be in steady state,

dINl/dt = k¢ [N,] [O] =k, [NJ[O,] = 0

or

NI = k,; IN,] [OV/ky [O,],
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so that the relation for NO production is simplified as
dINOJ/dt = 2 ky; [N,J[O]. (5.43)

The O-atom concentration in Equation 5.43 can be determined from the
equilibrium condition for the reaction (see also Subsection 5.8.3).

0, & 20

for which

K° = (po/D*(pO,/1) = ( R T/POIOF/[0,),

where R =0.08314 bar m3/(kmol K) and P° = 1 bar. Therefore, Equation 5.43
becomes

dINOJl/dt = 2 ky; [N,] KO V2[O,]V2 {PY/( R TH}V2, (5.44)

If one adopts the K° V2 {PO/( R T2 = KS= 4.1 exp(—=29,150/T) (mol/cm?)2,
and with kj; = 7 X 1013 exp(=27,750/T), cm3/(mol sec) [Williams, 1985] then

dINOJ/dt == 5.7 x 10" exp(—66,900/T) [O,]°5 [N,], mol cm™ sec™!. (5.45)

The overall nitric oxide formation rate through this mechanism is described
by the empirical relation [Heywood, 1988]

dINO]  6x10' (%9,090
= eXx

T T T j[OZ]O‘S[NZ] mol cm™ sec™L. (5.46)

These relations show that the overall or global order of the reaction
according to its rate is 1.5 and Equation 5.46 looks similar to Equation 5.44.
Also note that Equation 5.45 ignores Reaction 5.42c.

5.6.2 NO, Conversion to NO

Consider the global reaction describing the conversion of NO, into NO, i.e.,
NO, + CO — NO + CO,. (5.47)

This overall reaction represents the steps

NO, + NO, — NO, + NO (5.482)
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and
NO, + CO — NO, + CO,. (5.48b)

In this scheme, NO; is neither a reactant nor a product, but is an interme-
diate species.

5.6.3 Hydrocarbon Global Reactions

This is a black box approach to representing a chemical process that
involves several, even thousands, of elementary reactions. For instance,
methane oxidation does not follow the simple step of Equation 5.1 but
involves numerous reactions, many of which are sequential. The transfor-
mation of methane occurs through the formation of several intermediate
species, some of which are stable (e.g., CH,O, CO, and NO), and others
are very reactive radical species (molecules with an unpaired electron,
e.g., O, OH, N, CH»).

5.6.3.1 Generic Approaches

The sequence of methane conversion into stable products (e.g., CO,) occurs
through the steps

CH, — CH, — CH,0 — CHO — CO — CO,.

The pathways involved can be represented in the form
CH, + {M, H, O, OH, O,} — {H + M, H,, OH, HO,} + CH; + {O, O,} —
{H, OH} + HCHO + {M, OH} — {..., H,O + CHO} and so on.

Initially, methane is oxidized by O, OH, and O,.

5.6.3.2 Reduced Kinetics

The following are the various types of reduced kinetics mechanisms:

(1) GRI 2.1 Reduced kinetics [Miller and Bowman, 1989]: five-step reactions
for methane in air:
(@) CH,+ 1.5 O, - CO + 2 H,0
(b)CO + 1/2 O, — CO,
(©) CO, = CO +1/2 O,
(dDHCN, NH;, ..., + O, = NO (nonthermal)
(e)N, + O, > NO (Thermal)
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(2) The four-step paraffin oxidation (C H,,,,) [Westbrook and Dryer, 1984]:

C.H,.., — (n/2) CH, + H, (5.49)
CH, +0, > 2CO +2H, (5.50)
CO + (1/2) O, — CO, (5.5D)
H,(1/2) O, — H,0O (5.52)
d[Fuel] kmole 8 E - kI
—_— == BI*ICFID) o R=8314——

kmol,m?® sec
where Ay, B, C, D, etc., are tabulated for several reactions in Table A.39B
in Appendix A. Note that the oxidation of CO by molecular oxygen is facilitated

by small amounts of water vapor. Typically, the relation that can represent
the overall CO consumption rate is written as

dICOV/dt = =Ay o, [O,] [H,O [COI exp (—E/(RT)). (5.53)

Even 20 ppm of H, will oxidate CO rapidly.

(3) Global two-step oxidation reaction:

For any fuel, assume that all H is burned to H,O while C burns to CO.
Thus,

Fuel + v, O, = VeoCO + v, o, H,O (5.54)

dlfuell/dt = —Ay 0, [BI# [C] DI exp(~E/RT), [B] = [Fuell, [C] = [0,], [D] = 1

Then CO burns by Reaction 5.53 mentioned earlier.
(4) Global single-step oxidation schemes: Single-step oxidation occurs thus,

Fuel + v, O, =V, CO,+ v, H0
d[Fuell/dt = —A}, 04 [BI* [C] [D]"exp(-E,;/RT) [B] = [Fuell, [C] = [O,], [D] = 1

(5) Other oxidation schemes:

Sometimes the C oxidation is split between CO and CO, [Kong et al., 1995]
Fuel + v, O, = —=V,CO + v, CO,+ v, , HO

where Vio/Veo, (mole ratios) = y/(1-p), v = 2/3
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5.6.4 The H,-O, System

Consider the reactions for the H,—O, system. Typically, one uses the global
reaction 2H, + O, — H,O. However, the simplified reaction schemes are as
follows:

Chain initiation:

0, = 20 (R1)

Chain propagation:
H, + O, —» HO, + H, (R2)
OH + H, > HO + H (R2)
HO, + H, - H,0 + OH (R3)
OH + OH — H,0 + O (R4)
O+H+M—>OH+M (R5)
H+O,+M — HO, + M (RO)

Chain branching:

O+ H, > OH+H R7)
H+O,— OH+ O (R8)

Chain termination:
OH + HO, — H,0 + O, (R9)
H+H+M—>H,+M (R10)
O+0+M—0O,+H (R1D
OH+H+ M —> HO+M (R12)

The species, H,, O,, and H,O are stable species. H, OH (hydroxyD), O, and
HO, (hydroperoxyD) are reactive radicals. A single bond of H, is broken in
Reaction R2” when a hydrogen molecule combines with O,. The H atoms
react with O, and form two OH radicals in Reaction R5 and Reaction R8 rather
than in the competing reaction H, + O, —2 OH, which is unlikely, because
it requires breaking bonds in both H, and O,. Reaction R6 is a competing pathway
for H-atom consumption. Next, OH reacts with H, to form H,O. Approximately
20 elementary reactions are required to adequately describe the H, + O,
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system. Totally, this system of reactions also involves the seven species O,,
O, H,, HO,, H, OH, H,0, and the third body M.

It is customary to represent the reaction number by a digit, say, i, and
each species or third body by another number, say, j. For instance, the index
j =1 could denote O,, j = 2 could represent H,, and so on. Likewise, i = 1
could be used to denote Reaction R1. This reaction mechanism can be denoted
through the generic relation

’ 7
E ; o Mie E ; U M]..

Here, Mj denotes the j-th species, and ¢;and ¢/;the stoichiometric coefficients
of that species on the reactant and product sides of the reaction, respectively,
for the particular reaction i. Several computer codes have been developed
using this methodology to represent chemical reactions (see Subsection 5.13.2).

5.6.5 Carbon Monoxide Oxidation

The oxidation of CO in the absence of any hydrogen-containing material is
extremely slow. The mechanism of reactions in the presence of small amounts
of water vapor is

CO+0,—CO,+0, k, (RD)
O+H,0 ->OH+O0OH, Kk, (R2)
CO + OH — CO, + H, k; (R3)
and
H+ O, > OH+ O, k; (R4)

The following reaction steps are important when hydrogen is present,
namely,

O+ H, > H+ OH, ks (R5)
and
OH + H, » H + H,0O, Kk (RO)

At high pressures or during the initial stages of hydrocarbon oxidation, the
oxidation of CO by the hydroperoxyl (HO,) radical may also be important.

CO + HO, —» CO, + OH, k, R7)
Reaction R3 is a very important reaction during hydrocarbon combustion

and is usually responsible for nearly all of the oxidation of CO to CO,. It is
a very complex elementary reaction that exhibits some pressure dependence,
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because its activated complex has a significant lifetime. However, the rate of
reaction of OH with CO is lower than that of hydroxyl radicals with various
hydrocarbon species. Therefore, the presence of even small amounts of
hydrocarbons inhibits CO oxidation. Hence, the CO concentration continues
to increase until all of the fuel is consumed, after which CO is oxidized in
the presence of high OH concentrations. Consequently, although CO is pro-
duced in significant amounts by hydrocarbon oxidation, it is not oxidized until
all of the hydrocarbons and hydrocarbon fragments are consumed and the
OH concentration increases substantially.

5.7 Reaction Rate Theory and the Arrhenius Law

The previous sections described the types of molecules involved in reactions
and the types of reactions. In this section, the theory underlying rate of reaction
is presented.

5.7.1 Collision Theory

Collision reaction rate theory assumes that reacting molecules first collide, and
hypothesizes that chemical reactions or chemical transformations will occur
only in the case of energetic collisions.

5.7.1.1 Collision Number and Mean Free Path — Simple Theory

Molecules contained in matter travel a distance 1., before colliding with
another molecule. Consider a moving molecule, A, that first collides with a
stationary molecule after traveling a distance 1..,,, then undergoes another
collision with another stationary molecule after moving a distance of 2l ...,
and so on, until colliding for the N-th time with another molecule after having
moved along a distance N* 1 ... If these N collisions occur in 1 sec, the
molecule A is said to undergo N collisions per unit time (also known as the
collision number). Assume that the average molecular velocity of the moving
molecule A is

Ve = 18k T/( my 12, (5.55)

where m, is the mass of molecule = M,/Ny.. V,,, is the distance through which
the molecule travels in 1 sec. Now consider a geometrical space shaped in the
form of a cylinder of radius ¢ and length V. There are n’mo 2V, molecules
within this cylinder, where n” denotes the number of molecules per unit volume.
A molecule traveling through the cylinder will collide with all of the molecules
contained within it (which are assumed to be stationary), because the cylinder
radius equals o. Therefore, the number of collisions undergone by a single

molecule per unit time

Zeony = WAV, = my70y (8 kyy T/(w ml2

avg
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If other molecules now move, the number of collisions undergone by a single
molecule of A increases by V2; thus, the above equation is now corrected as

Zeors = 10, 7o N2 {8 kyy T/(m m)I2. (5.56)

If n, is the number of molecules per unit volume, as they move, the number
of collisions undergone by all molecules per unit volume is given by

Z Zyy= 1) 2 ”G/Zx {16 ky T /(m m, )}"? number of collisions /(sec m?).

coll =

Because ny = n, Ny, = [A] Ny,

Zegy = Zas = AP 70; NzAvog {16 k; T/(m m, H}'"? number of collisions/(sec m?).
(5.57)

The time taken for a single collision is the inverse of Z,,, which is given
by Equation 5.56. The average distance traveled by the molecule during this
time is called its mean free path 1 where

mean?’

o = Vi/('m2 0%V,

mean avg

) = 1/(n'm2 o)

g

5.7.1.2 Collision Number, Reaction Rate, and Arrhenius Law

Consider a boulder rolling down a hill; as it rolls down, the kinetic energy
(KE) increases. Then it can climb another smaller hill if it has sufficient KE.
Similarly, molecules with sufficient transnational energy (TE) can increase the
distance between the atoms within a molecule and decrease the chemical
force (or increase the interatomic potential energy); at some point, they reach
the transition state that separates reactants from products. For example, NO,
and CO require 132 MJ per kmol to reach the transition state, form N-O-O-
C-O, and then rearrange to form NO and CO,. This energy is acquired on
impact between NO, and CO molecules. Smaller molecules move fast, collide
more often, and participate in the reaction, increasing temperature and TE
compared to larger molecules.
For bimolecular reactions of the form

A + B — products,

the consumption rate may be modeled as

d[A]l/dt o< (Number of collisions of A and B per unit volume per unit time
Z,p)* probability of reaction occurring on collision.

The probability of a reaction depends on various factors, such as bond
energy (g Figure 5.3), and the species concentrations.

Equation 5.57 presents a relation for the number of collisions between
similar molecules [A] and [A]l. Now consider the binary species [A] and [B]
having molecular diameters ¢, and oy, respectively. Following Equation 5.57,
the number of A—B collisions per unit volume per unit time is

ZAB = (NAvog[AD(NAvog[BD T GiB I/rAB7 (558)
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Potential

¢, Interatomic distance

Figure 5.3 Potential field for CO molecules. Here, C and O atoms are separated
by an interatomic distance /.

where
Viap = 8kgT/(mmu, 2, (5.59)
045= (04 + 0p)/2, (5.602)
= Tl 60b
My m +m, (5.60b)
M
m, = NAA (5.600)
vog

The term m 62, denotes the cross-sectional area of collision; V, the average
relative (but random) velocity between molecules of A and B; N, the
Avogadro number of molecules 6.023 x 10%* molecules kmol™; kg, the Boltz-
mann constant 1.38 X 1072° kJ K~! molecule™; and U, the reduced mass.
Equation 5.58 provides the number of collisions per cubic meter per second.
It reduces to Equation 5.57 for collision between similar molecules. If every
collision between A and B results in the consumption of molecules of species
A, the number of molecules consumed per unit volume per unit time is Z,g.
In this case, the number of moles of A that are consumed is

W}{{vé@h' =1 d[A]/ dl hypoth = ZAB/ NAVOg = (ﬂ' O-iB 17; NAvog)[A][B] =k hypoth [A][B]a
(5.61)

where K o =T 07, V.N o

Equation 5.61 suggests that in a 1-m? volume, about 10%* collisions per
second will result in the consumption of 103 molecules of species A, which
corresponds to a consumption rate of 108 kmol/m? sec. Experiments for various
reactive species involved in combustion chemistry yield realistic values for
consumption rates of 107 to 10® kmol/m3sec at room temperature and about
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103 at temperatures around 2000 K. This implies that not all collisions result
in a chemical transformation of species A, because some molecules collide
with greater energy, but others contain smaller amounts of energy.
Typically, at room temperature, TE = 1/2 (k; T), ve = 0.5 * 1.38 x 107
(kJ/molecule K) * 298 (K), and RE = 2.05 x 10~*kJ/molecule or 1230 kJ/kmol.
Compare this with a bond energy of H-H of 436,000 kJ/kmol or 7.24 x 1072
kJ per H-H bond and C-H of 415,000 kJ/kmol or 6.89 x 10722k]J per C-H bond.
Thus, bond energies are higher by a factor of 500 to 1,000. At low temperatures,
these energies of collision cannot break the bonds, and chemical reactions
may not occur. If T is increased to, say, 3000 K, there are greater numbers
of molecules with increased te that thus approach the bond energy, altering
the interatomic distance (Figure 5.3) and thus detaching the atom away from
the molecule. Further, te, ve, and re have Maxwellian distribution of energy
and can also fluctuate with time. However at temperatures of the order of
1,000 K, ve can increase. Hence, the molecule is not stable; it can break up
into atoms. From kinetic theory, it is found that the fraction (F) of collisions
having relative KE along the line of centers greater than E is given as

F = Fraction of A-B collisions with sufficient energy to cause

reaction = eXp(— %) (5.62)

where E is the activation energy. The activation energy is related to the bond
energy. If A is the species consumed with stoichiometric coefficient “1,” then
we modify Equation 5.61 as

W'l = IdIAl/dt] = exp(—E/ R T) Zyy/N,

vog —

K pypon €Xp(=E/ RT) [Al[B]
(5.63)

Equation 5.63 requires one more correction. This correction S is called the
orientation or steric factor. For example, if an O atom hits a CO molecule at
the C-atom side of a CO molecule, CO, is formed because the O atom is
symmetrically distributed around the C atom. If the O atom hits the O end
of the CO molecule, CO, may not form. Thus, one must consider only those
collisions with proper orientation. Thus, we rewrite Equation 5.63 as

w | = |dAl/dt = (1) S k [A][B] (5.64)
A

k = Sk exp(-E/RT) = exp(-E/RT)S N

- hypoth

n0,,* = A exp(-E/RT) (5.65)

Avog

A is called the preexponential factor and S, the steric factor or orientation
Jactor. The term exp(—E/ RT) is the probability that an energetic collision will
lead to reaction. From Equation 5.65, the preexponential factor is given as

A=ST0%, Ny V, (5.66)

Avog 7
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whereV o< TV2 and A o TV2 exp(—E/ RT). The law relating k to temperature
is called the Arrhenius law. More generally, one writes

k = A T" exp(-E/ RT) (5.67)

5.7.2 An Application

Let species A be an H atom. Consider the reaction

H+H — H,

Recall Equation 5.57

Zyw = [HPro? N: {16 ky T N

1V svog /(mr MpIV? number of collision/sec m?

Avog’

d[H] rok E 2 2 2 NAvog kBT
" qr =~ Leonm S €XP {—RT} =40, M Ny M
H
. E kmol
S eXp \— == 3 .
RT | m’sec
Rewriting,
dH] E m’
k. .=- =AT'exp{——)———,
HH dt[H? p{ RT} kmol sec
N, k m3
where A =4 o’ N? Avos B g and n=1/2
H 7 Avog M kmol sec K

H

Ly | = dIH)/dt = (=2) Ky, [AIBI,

Although most of the reactions have activation energy E > 0, some do not
have barriers at all, i.e., E =0, e.g., H 4+ NO; the reaction rate does not change
between 1900 and 2000 K, i.e., E = 0. Many times, the reaction kinetics are
given in units of kmol/m3sec when concentrations are expressed in kmol/m?.
Instead, if the rate is in kg/m3sec and mass fractions are used, one needs to
convert them (Subsection 5.13.4 shows details). Given,

”
W 1= )

kmol _ KIF™ [O,1"2, k=AT"exp (—EJ
m-sec RT
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one can show that

kg ‘ E M, 1

” nCH4 + nO2 nF nO2 n F

W —2 =k Y. Y y k,=A, T" ex —— |, A=A T

‘ F mSSeC Yp F o2 Y Y p RT Y M;\l‘ Mnogz
When a multistep reaction is represented with a global reaction rate

expression, sometimes the rate can decrease when T increase or the apparent

activation energy E < 0 for some global reaction.

Example 3

(a) Estimate the number of collisions of CO molecules with O, molecules per
unit volume and per unit time at T =300 K and 3000 K. Assume P = 100 kPa,
CO = 40%, and O, = 60% (mole basis). The diameters are given as 3.59
A for CO and 3.433 A (Table A.3 of Appendix A).

(b) If each collision results in the reaction

CO + O, = CO, + O.

With CO, and O atoms as products, how many kmol of CO will be
consumed per unit volume and per unit time?
(o) If E = 120,000 kJ/kmol and steric factor = 1, compute reaction rates.

Solution
(a)
28
Mo = 6023x10%° = 4.65 x 10 =% kg/molecule (A)
M =— 9% _ 53] x 10 ke/molecule B)
% 6.023 x10%° ' &

Using Equation 5.60b

_4.65%107%° x5.31x10™
s 4.65%107%° +5.31x107%°

=247 x 10 kg ©)

At 300 K, using Equation 5.59

1

jz =652 m/sec at 300 K (D)

v _[8x138x 107 (J/K) % 300(K)
T 3.14%2.47 %107 (kg)
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Similarly at 3000 K,

=

8x1.38 x 107 x 3000
3.14%2.48%x107%°

1/2
] = 2062 m/s at 3000 K (B

G OatOs_ 3.59+3.433

an 5 = 3511 A. (F)

With T = 300 K, (N/V) = ¢ = P/RT = 0.04 kmol/m? at 300 K

Z, ., =710,V [[AIN

A AB 'r

J[BIN,  ]=314%x(3.511x107%)* x 652

Avog Avog

X [0.4 % 0.04 X 6.023 x 10°°1 [0.6 X 0.04 X 6.023 x 10%°]
=3.54%10* collisions/m? sec.

Similarly at 3000 K with ¢ = P/RT = 0.004 kmol/m?at 3000 K
Z,., = 3.14x(3.511x107%)" x 2061.78 x [0.4 x 0.004 X 6.023 x 10]

[0.6 X 0.004 X 6.023 x 10*°] =1.12 x 10** collisions/m” sec.

(b) If each collision that occurs results in a reaction between the colliding
molecules, 3.54 x 10% molecules of CO and O, will get consumed per
second, i.e., Zyp/Ny,o, = 5.87 X 107 kmol of CO will get consumed per
second per unit volume at 300 K and 1.86 x 10° of CO at 3000 K. Even
though relative velocity is increased, less is consumed at high T due to
reduced molal concentrations per unit volume (i.e., less number of mole-
cules per unit volume) and less number of collisions per unit volume.

(o) At 3000 K

Zi -E/RT _ {5 M " ~120000

AB TN 6.023 x 10%

Avog

8314x3000 — 1 51 % 10* kmol/m°s.

Remarks

When T is increased from 300 to 310 K, reaction rate increases about five times
and when it is increased from 300 K to 3000 K, the reaction rate increases 108
times!

5.7.3 Determination of Kinetics Constants in Arrhenius Law

Whereas the preexponential factor A in the Arrhenius law is related to the
collision number, E is related to the bond energy of molecules involved in
the reactions. It is difficult to select a particular bond energy as many species
are involved in producing the final products. Typically, we determine A and
E in the Arrhenius law using experimental data.
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Uni-molecular Br, reaction: Br, — 2 Br.

We supply Br, to a plug flow (uniform velocity V across cross section)
quartz reactor maintained at constant T. The Br, molecules collide with each
other and produce Br atoms. We measure [Br,] vs. x distance along the reactor.
Then dt= dx/V; thus, we can evaluate d[Br,)/dt along the reactor. Then for
the elementary reaction,

—d[Br,)/dt = k [Br,] (5.682)

where, by the Arrhenius law in simplified form, k = A exp{-E/(RT)}, we
rewrite Equation 5.68a as

—d (In [Br,))/dt = k = A exp {-E/(RD)}. (5.68b)
For various temperatures, determine d (In [Br,]/dt and plot

In {—d (n [Br,)/dt} = In {k} vs. 1/T.

The slope is equal to E/R for the elementary reaction.
Bimolecular H, and I, reaction [Laidler, 1963]: The species H, and I, react
together to form HI

H, + 1, > 2 HI

The Arrhenius law is written as

dHIl/dt = k [H,] [I,] and hence,

LA
ZAIIA

The plot of In k vs. 1/T yields E/R for the elementary reaction. An example
follows.

Example 4

Given the following experimental set of data, (a) determine the activation
energy and preexponential factor A for the bimolecular reaction H, + I, — 2
HI; (b) determine the consumption rate of H, at 1000 K.

d [HI/ dr
T d[HI]/dt, kmol/(m? sec) ¥= k, m3/(kmol sec)
[H2]12]
600 1.075 x 10704 0.538
800 4.72 x 10701 2.36 x 107
1000 7.24 x 10701 3.62 x 107

1200 2.074 x 1073 1.037 x 1077
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Solution

(a) The Arrhenius law is written as

d[HIl/dt = k [H,] [I,] and hence

dlHI ) dt _
[FH,111,]

2 2

k= Aexp HRD. (5.68")

Figure 5.4 shows a plot of In{om} = In {k} vs. 1/T. The plot is linear
and the slope yields E/R = 20,130 K or E = 20,130 K *8.314 (kJ/kmol K) =
167,360 kJ/kmol. The intercept y axis yields the value of A = 2 x 10" m3/
(kmol sec). Thus

dlHI ] 4 _so130/m, kmole
dt =2x10"[H,][1,]exp ™" )m.
(b) Using the law of stoichiometry,
diiLVdr dLVdt dIHIVdt
2 =2 = = R[H, ][I, ] .
-1 -1 2
Thus,
d[H,]/dt = =36.2 kmol/m3sec.
1E+15

1E+12 N

1E+09

ER
1E+06 T2

Ink

1000 \\\

0 0.0002  0.0004 00006 00008 0001 000120 0.0014
1T, (1/K)

Figure 5.4 Plot of In k vs. 1/T for HI formation.
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Remarks

(D The negative sign indicates that the species are being consumed. See Glassman
for kinetics constants A and E for many elementary reactions.

(i) There are several other techniques for determining A and E: (1) ignition
studies, (2) PFR and PSR (chapter 7), and (3) laminar flame propagation
velocity (chapter 15).

5.8 Second Law and Global and Backward Reactions

5.8.1 Backward Reaction Rate and Second Law

Consider the overall reaction at a given T and P
CO, + H, - CO + H,0.

From the thermodynamic perspective and the second law (Chapter 3),
there should be positive entropy generation at a given T and P. This reaction
is possible at a given T and P if and only if

gCO, + gH, > gCO + gH,0O

where g(T, P) = g (T) + RT In (p/D = g () +RT In (Kl RT/D.
Alternatively, this criterion is written as (Chapter 3)

2,
1 Yk
K" < K(T)| == 6
[K] ( )[RT] (5.69)
where [K] = p/RT, ie., in kmol/m? and In K(T) = —{AG°/(R )}, AGN(T)/
(RT) =1{g), 1/(g),,D. Expanding Equation 5.69 for current reaction,

[COIH,OV/[CO,IH,] < Ke(T)* [1/ R T]+1-1-D,

Thus, at any given section, CO, + H, = CO + H,O proceeds if the preceding
criterion is satisfied, and if so, CO, is being consumed. From the kinetics point
of view, the rate of change in CO, at any T and P is written as

dico,)
d

where the second term on the right implies that CO + H,O — CO,+ H,, where
CO, is being produced. How is the backward reaction rate expression possible
even though at that location g co, + 812 > 8o + 8o OF AF e = {8 con +
8w — 8co— &mol > 0? Recall that the Maxwell-Boltzmann distribution law
(Chapter 1) suggests that there could be a few energetic collisions between
CO and H,O that can result in production of CO, and H,, leading to backward
production. However, there is still net production of CO and the second law
is still satisfied, because the forward reaction dominates as long as AFg., >
0. The literature on heat transfer contains only an expression for the net heat
transfer rate, but it does not link the net rate with forward heat transfer, say,
from hot water to cold air and backward heat transfer from cold air to hot

—k[CO2][H, ]+ &,[COIH,O] (5.70)
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water. The rate of net heat transfer is governed by the Fourier law ¢” =
—AVT, where T is a measure of macroscopic energy. As the gradient reduces
to zero, we reach thermal equilibrium. But there is no such law that links the
rate of net reaction with the gradient in AF..,. Let us postulate that the rate
of production of CO, within a unit volume depends on the reaction potential
difference through f {AF

Chem} :

d [CO,)/dt = -k [CO,] [H,] f {AF,_,} (5.71)

where f {AF,.,} is an arbitrary function of {AF,.,}. We have to select the
function f {AF,.,} such that as {AF tends to zero, the rate, or f {AF..},
approaches zero; as {AF,.,} tends to a large value, f {AF .} must tend to
unity, indicating only forward rate. Therefore, we select f {AF..} as {1-exp
/C R DI} Thus,

chem chcm}

[ Lhem
dICO,}/dt = —k; [CO,JIHIIAF,, .} = k:[CO, | [H,] {1—exp [~AF,,_. /( RTI.

But

eXP{=AF 0/ R )} = exp {AG%/ RT + In (RT/D** [COIH,OV/[CO,IH, I} = {1/K%
{{[COIH,OV/[CO,IH, I}

where K° = exp{-AG%( RT)} and Z =1+1-1+1=0.
Hence,

dICO,l/dt = —k;[CO, ] [H,] (1-{1/K% {[COIH,Ol/[CO,IH,I»

d[CO,l/dt = —~{k; [CO, | [H,] —{ky/K% [COIH,Ol} = —{k; [CO, ] [H,] -k, [COIH,Ol}
(5.72)

where k;, = {k;/K°. (5.72)

Another way to interpret forward and backward reaction rates is to look
at collisions between CO, and H, that produce CO and H,O along with
collisions between CO and H,O that result in production of CO, and H,.
Net production of CO, must conform to the second law for this elementary
reaction.

5.8.2 Equilibrium Constants and Estimation
of Backward Reaction Rate Constants

5.8.2.1 Equimolecularity of Products and Reactants

Estimation of k, using Equation 5.72" ensures that the second law will be satisfied
under all conditions. We will obtain the relation given in Equation 5.72 using the
equilibrium concept. Suppose we have a quartz reactor. We admit large quantities
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of CO, and H, and small quantities of CO and H,O. Consider the chemical
reactions:
CO, + H, > CO + H,0O, forward rate is k; A)
CO + H,O —» CO, + H,, backward rate is k, B)

Let us keep T and P fixed. At any location

d[Z?Z] =~ [CO, IH, ]+ &, [COIH, O] 5.73)

[CO,), [H,], etc., keep decreasing, CO and H,O keep increasing, and eventually
reach constant values, indicating equilibrium. At the location where equilibrium
prevails:

dlCO, ]
. 2! _ —k [CO,], [H,], +kICO] [HO] =0

})CO PHZO })CO PHZO
/ef(T) _ [CO]UCI[HZO]eq B RT ? ~ F po

]eb(T) - [COZ]eq[HZ]eq - i PiHZ - @ PiHZ
RT )\ RT P )L P°

where PP is the standard pressure (typically P° =1 bar) and K is the equilibrium
constant (Table A.36A and Table A.36B of Appendix A). Thus, for the current
reaction, in which the overall order of reaction in forward and backward
reactions is the same,

=K°(T) (5.74)

k(T)/k(T) = K°CT). (5.75)

Hence, if k(T) and K°%T) are known, one can determine k,(T). Now we
can write Equation 5.73 at any location as

dlco,l
dt

COIH, O
1 [COIH, ]}. 576

=_LJACO2][H ] 1-
ko2l Z]{ K1) [CO, I

Equation 5.76 will yield {d[CO,l/dt} > 0 or < 0 depending upon concentra-
tions. According to the second law, {d[CO,l/dt} <0 if the first of the following
conditions is satisfied; if the second is satisfied, then {d[CO,)/dt} > 0 (Chapter 3).

[COIH, O
[CO, I H,]

[COIIH, O
[CO21 [ £

<KT) for CO,+H,—>CO+H,0

>K(T) for CO+H,0—CO,+H,
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Thus, the second law is satisfied for each elementary step reaction at every
stage of the reaction as it progresses; however, this may not be the case for
the global empirical equation describing the overall reaction rate or those
using approximations. Now, consider simplified global reactions or reduced
mechanisms (e.g., the four-step global reaction for HC oxidation). If the
constants for the four steps are evaluated for limited T and P values from
detailed chemical kinetics that include forward and backward reactions, then
one of the preceding conditions must apply within this range; otherwise you
may end up with negative entropy generation. Even the assumption of
complete combustion may be a violation of the second law of thermodynamics.
Recall the definition of K° from Chapter 3:

0

G] and InK°=
RT

k /k, = K(1) = exp[ “AG _ _{am (1 TAS (1)

Then one can show from the vant Hoff equation (Chapter 3) that

dinK° _ AG® _[ 1 d(AG")}_ AH? 577

dT RI? | R dT RT?

where AH, denotes the enthalpy of reaction in kJ/kmol

AHil 227(‘)/@04-/%20—{];0 + /;0 }

/.CO2 fH2

dink, dIn K, Ab,
dr dr RT*

Using the Arrhenius law,
k=AT" exp (—E] ,
RT

In le=InA—,£+n In 7.
RT

Applying this relation for forward and backward directions,

In /e/. =1In A/. - E/./(RT)+ n; InT

Ink =InA4 —E/(R[D+n, InT
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Assuming n;= n,

But
d In [K)/dT = d In [k; /k.)/dT = AH;/ﬁTZ.

Hence

(E; — E,) =AH,. (5.78)

IfAH, is constant, then E; can be estimated if E; is known; once A, is
known, A, can also be determined. Figure 5.5 illustrates the relation between
activation energies and enthalpy of reaction. For exothermic reactions, AH} < 0
and hence Ey > E; (Figure 5.5b); for endothermic reactions, AH, > 0 and hence
E; > E, (Figure 5.52)

Example 5

Calculate the rate constant k for the reaction H, + O, - H + HO, at a
temperature of 1,500 K. Assume for HO,, h? = 20,900 kJ/kmol, = 297.3
kJ/kmol K and h, ;50— h; 5 = 54,511 kJ/kmol.

j— n f —_ p— j—
k=a,T eXP[RT J, n=0,log, A, =134, E, =2926 o [Glassman]
Activated
Activated M
s {
E¢
Ep,
Ahg CO, H,0
1 CO,, H,
CO,, Hy

Figure 5.5 Relation between forward and backward activation energies and
enthalpy of reactions; (a) E-E, = Aby > 0 for the current scheme (CO,+ H,
— CO + H,0 or E-E, > 0 for endothermic reactions, (b) E-E, = A b) < 0 for
the scheme (CO + H,0 — CO, + H, or E-E, < 0 for exothermic reactions).
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Solution
For the reaction H + HO, — H, + O,,

m’ 2926
2 exp|-—
kmol sec 8.314 x 1500

3

k — 1010.4 o
/(D kmol sec

]: 1.986 x 10"

50 _h _ g0
gHoz_hHoZ TSHO2

= [20900 + 54511] kJ/kmol — 1500 K* 297.3 kJ/kmol K = —315940 kJ/kmol.

At a temperature of 1500 K, the change in Gibbs function is

AGY = g%, (1500) + g2, (1500) — g%, (1500) — g0y, (1500)
= 231,835 346,374 — 20679 + 315,940 =-228350 kJ/kmol

(~2.28350 107 kJ/kmol |

K’ (1500 K) = - =8.96x10’
(1500 KI=exp| = (g 314 19 kmol K) (1500 &) |~ 0207
k,(1510) R,(1510)  1.986x10" m’
K°(1510)= L=k (1510) =~ == = :
(1510) /eb(1510)2>  (1510) K°(1510)  8.96x10’ kmol s

5.8.2.2 General Reaction of Any Molecularity

Proceeding as before, consider
aA+bB&cC+dD

where a, b, ¢, and d are stoichiometric coefficients.
Then, the concentration-based equilibrium constant K. is written as

K. = kyk, = [CI® [DIY/{[A]¢ [B]P}
and K_ is related to the equilibrium constant K° and [C] = p./( RT).
KO(T) = (p/PY¢ (pp/ PO Vi(p,/ PO (py/ PO} = K, [R T/ POJc+d-a=b

where R is in units of bar m3/kmol K, P° is the reference pressure in bar and
typically P°= 1 if bar units are adopted for R; AG® = ¢g. + dg}, — ag — [

Thus, ky/k, = K, = K° (T) * [P/ ( R'T)Jcrdab), (5.79)
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Example 6

Consider a reactor in which we admit O, at [O,], and [O], at x = 0. As the
reaction proceeds, [O,] decreases and [O] increases.

k.
0,&=—=20 (A)
b

(a) Determine [O,] as a function of t if T is fixed assuming [O,] is small.
(b) Find the concentrations at equilibrium.

Solution

(a) The [O,] and [O] are related at any point x in the reactor. We call this the
atom balance equation. The rate of formation of [O] is written as

d[d%]:—kf [0,]1+k,[OF. B
O atom balance: [O] + 2[0,] = [O], + 2[0,], ©

Thus, using Equation C in Equation B to eliminate [O] and simplifying
dlO)/dt =—(k; + 2 k)DIO,] + k,, {[O], + 2[0,],}* (D)

Integrating at constant T, and with known concentration at t = 0

[k + 2 Y klO,] — kY2/Ick, + 2 Y k)IO,), — k, Y2 = expl—(k; + 2Y k)t

(B)
where Y = [O], = 2[0,],

(b) When equilibrium is reached at given temperatures, the forward reaction
rate becomes equal to the backward reaction rate. Thus, from Equation D
with d[O,l/dt = 0, and with [O], = 0

[0,)./105)y =2 k[O,], /(k; + 2[0,) k). ()

eq

5.9 The Partial Equilibrium and Reaction Rate Expression
5.9.1 Partial Equilibrium

Most combustion systems entail oxidation mechanisms with numerous individual
reaction steps. Under certain circumstances, a group of reactions will proceed
rapidly and reach a quasi-equilibrium state. Concurrently, one or more reactions
may proceed slowly. If the rate or rate constant of this slow reaction is to be
determined and if the reaction contains a species difficult to measure, it is possible,
through a partial equilibrium assumption, to express the unknown concentrations
in terms of other measurable quantities. Thus, the partial equilibrium assumption
is very much like the steady-state approximation discussed earlier. The difference
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is that in the steady-state approximation one is concerned with “steadiness” of a
selected radical species typically present in multiple reactions, and in the partial
equilibrium assumption one is concerned with a specific reaction.

5.9.2 Reaction Rate

A specific example can illustrate the use of the partial equilibrium assumption.
Consider, for example, CO in an oxidizing medium. By the measurement of
the CO, O,, and H,0 concentrations, it is desired to obtain an estimate of the
rate constant of the reaction that governs CO, production

CO+OH — CO,+H. (5.80)

The rate expression is

dico,l  dICOl

= kICO][OH]. 81
7 7 [COJIOH] (5.8D

Then, the question is how to estimate the rate constant k without a mea-
surement of the OH concentration in the combustion system. If one assumes
there is equilibrium between the H,~O,~H,O chain species, then the following
equilibrium reactions could be used to complete the reaction scheme:

H,+0O, = 20H, (5.82)
1
H,+ EOZ = H,0. (5.83)

Note that Reaction 5.82 and Reaction 5.83 involve elements in their natural
forms producing a compound. Thus

Ky, = K, on = [OHPAIH,IIO,]) (5.84)
[HO] (RT)" _
Ko = [HZ][SZ]W(POJ = Kol R T/PO7V2, (5.85)

[H,] and [OH] are unknown. Both could be solved from Equation 5.84 and
Equation 5.85 in terms of H,O and O,. Thus, expressing [OH] in terms of
[H,O] and [O,], and substituting this result in Equation 5.81,

1/2 1/4
dico,l _ dicol | k° éH B 12 1/4
0l Sk K | OO0 586)

H,0
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where P? is typically 1 bar. Thus, one observes that the rate expression can
be written in terms of readily measurable species. Care must be exercised in
applying this assumption. Equilibria do not always exist among the H,~O,
reactions in a hydrocarbon combustion system and, indeed, it is questionable
if equilibrium exists during CO oxidation in a hydrocarbon system. Neverthe-
less, it is interesting to note that there is experimental evidence that shows
the rate of formation of CO, is 1/4 order with respect to O,, 1/2 order with
respect to water, and first order with respect to CO.

Example 7
Thermal NO formation:
N, + O =% NO + N D
N+ 0,=== NO + O 2)
0,== 0 3)

(a) Use the steady-state approximation for N and obtain an expression for
[N]; (b) use the equilibrium assumption for O concentration using O, & 2 O,
and obtain an expression for dINOJ/dt in terms of ky;, [N,], K° [O,], R and T,
where K is the equilibrium constant for O, < 2 O; for forward reaction E =
315,000 kJ/kmol.

Solution

(a) dINl/dt = ky; [O]IN,] = k;;, [NOIIN] — ky [O,] [N] + k,, [NOJ[O] (A

dlO)/dt = =k [OIIN,] + ky;, INOIIN] + k¢ [O,] [N] =k, [NOIIO] + k;{O,] — ks, [O]?

B)
dIN,l/dt = —k,; [OlIN,] + k,, [NOJIN] (©)
dl0,)/dt = —k; [0,] + ky, [OF = ky; [0,] [N] + k, [NOJO] D)

dINOJ/dt = ks [O]IN,] = ky;, INOIIN] + ky [O,] [N] = k,, [NOI[O] (B

Since d[N]/dt = 0, setting Equation A to zero and solving

k, [OIN, ]+ k,, INOJO]

[N] — 1f
0,1+ kK, INOJ

m ()

2
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(b) Using Equation F in Equation E,

ANO_ 5 | 10~y INOM [OIN:l + k, [NOIO)
dt {k,, [0:1+k,, NOJ

—k,,[NOJOI. (G)

Similarly, with d[O]/dt = 0, using Equation F for N, setting Equation B = 0,
one can obtain [O]. Alternately adding Equations A and B and setting sum to
zZero,

k,JO,] — kO = 0. (H)

That is, [O,] and [O] are equilibrium concentrations when d[N]/dt = 0 and
d[Ol/dt = 0. Simplifying Equation G,

diNO] | 2k, k, [O2AN][O] - k, [NOJk [N} \ M
dt {k, [02] + k,, INOJ} k. k. [N2J[O2]
[O] = [0, = (K., [O1V2 = { K, (R T/PO)O,)2
Using this result in Equation I and simplifying
ET -1
of ™ 1/2

JINO 2k K (PO j [O2]"*[N2] ) k,, INOlk,, INOJ "

k, k, IN2J[O2]

e 1, Ky, INO
k,. [O2]
Because NO is in trace amounts, [k;,/k,d [NOJ/[O,] <<< 1 and [k,,/k,d [NOJ/
[N,] <<< 1. Equation J simplifies to

0 1/2
dﬂ;?] =2k, K (022 [N:] LI;T} . (K)

Consider an overall reaction

N, + O, = 2 NO )

{dINOJ/dt} /(2) = {dIN,)/dt}/(=1D) = {dIO,)/dt}/(=D =k, [N,F[O,]>) (M)
Then,

{dINOV/dt} = 2 k, [N,F[O,]. N

Comparing Equation S with Equation Q, B
a =1, m = 1/2; global specific reaction rate, k, = k;; K, {P%/( R T)}V2
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5.10 Timescales for Reaction
5.10.1 Physical Delay

Typically, chemical reactions occur rapidly at temperatures higher than the ignition
temperature T, the temperature at which reaction rates are high enough to result
in appearance of a flame. Chapter 13 deals with ignition in more detail, and
Table 39C presents ignition data for fuels. The time required to heat up the
mixture to ignition temperature without appreciable chemical reaction (or heat
release) is called physical delay. Suppose a premixed cold combustible mixture
is stored in a rigid container of volume V and surface area A immersed in a bath
at T, Assume that the mixture is at uniform T < T, when it heats up.
Then

pve, ‘(11—"{ —h, ACT, =), (5.87)

A similar expression can be written for the mixture at constant P (e.g., a
mixture kept in a PCW assembly or a mixture flowing through a duct)

pV cpitr:hH AT, -T). (5.87b)

If the wall temperature is low, T will rise from an initial temperature T, ;;,
and eventually reach T,,. If T, is raised beyond a certain value, then T rises,
seems to flatten, but again rises rapidly. Figure 5.6 shows a plot of T vs. t
(GBCD) and radical concentration A* vs. t (EFG). The lowest gas temperature
at which the rapid rise in T is observed is called ignition temperature. Physical
delay (Figure 5.0) is approximately given by

_ (Tignition - Tinitial)

[, = 88
phys drydt),_, G.88)

5.10.2 Induction Time (t,,;)

Radicals appear just after a physical delay t,,,. A finite time is required to
generate enough radicals, which by chain branching reactions multiply to a
large number (called an explosion), resulting in rapid temperature rise, appear-
ance of flame, or both. The time to reach the critical number of radicals or
the explosion level is called induction time t

ind*

5.10.3 lIgnition Time (t,)
tign = tphys + tind (589)

and thus, t . =t

Many times, ind <<Uppyss » Ugn phys*
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dA*/dt=0

\ G

A*vst

G

Figure 5.6 Timescales for a reacting system.

5.10.4 Characteristic Reaction or Chemical/Combustion
Times

Suppose mixture of CH, and an excess amount of O, are kept in a rigid
container at T =1200 K. They start reacting, [CH,] starts decreasing, and
eventually, the [CH,] reaches a negligible value. One can plot [CH,] vs. time
(Figure 5.1b) and select the reaction rate at t = 0 for estimation, i.e., it is
assumed that the reaction takes place at a constant rate at t = 0; then, letting
[CH,] = [F], the time to consume the species is approximately

[F],
=0 90
€ e \d[Fth\[:O (5.902)

where [F], is the concentration of fuel at t = 0.

5.10.5 Half-Life Time and Time Constants (t,,,)

The timescale t..,, is unrealistic, because it assumes that concentration remains
constant. As the reaction proceeds, concentrations of reactants decrease and
those of products increase. Half-life times account for variations in concen-
tration. Half-life time is the time required to reduce the concentration of the
main reactant (i.e., fuel) to half of its initial value.

ty, = In K (T)/2 (5.90b)

where k’(T) is related to k (T) as illustrated in the following example.
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Example 8

Suppose the O, and H,O concentrations are large, and the CO concentration is
low. When the reaction takes place, the concentration of CO decreases and
concentrations of O, and H,O remain approximately constant. Determine the time
for CO to reach half the initial concentration when the temperature is fixed.

Solution

Recall Equation 5.86. Rewriting with general order m for CO,

dlCOl/dt = -k’ [COl» (A)
where K (T) = k [K5,/Ky o177 [P/ R TIV4 [0,]V4 [H,0]"2. (B)

Because the temperature is constant and O, and H,O concentrations remain
almost constant, kK'(T) is fixed. Integrating (m not equal to 1),

[CO](l—m) — [Co]0 (1-m) _ k’ t. (C)

With [CO] = (1/2) [COJ, in Equation C
s m = 2V = 1}/(m-D} [COJ, T=™/K’. (D)
If m = 1, one can integrate Equation A directly
{{COV/[CO],} = expl{—Kk'(T) . (B)

For first order, the half-life time (t,,,) is defined as the time at which [CO]
= (1/2) [CO], (Figure 5.7). Hence

tap = In 2/K(D). (F)
(CO)o (CO) profile at fixed T

(CO)

(CO)y/2

“—>
tin

-+

Figure 5.7 lllustration of half-life time.
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Figure 5.8 Illustration of carbon oxygen reaction.

Remarks

The time constant for the reaction, tg,.., is defined as that time at which
concentration is e™! of the initial concentration. Thus, from Equation E

tchamc = 1/k,(T) (59OC)

5.10.6 Total Combustion Time

When a cold fuel-to-air mixture is injected into a furnace, the mixture heats
up and starts producing radicals beyond a certain temperature, the radical
population rapidly increases resulting in flame, and then an intensive reaction
occurs. Hence, combustion time is given by

tcomb = tphys + tind + trcaction

where t,qion = tehem OF L, OF T If the mixture velocity is V, the required

combustor length (1) =V X t

charac*

comb*

5.11 Solid-Gas (Heterogeneous) Reactions
and Pyrolysis of Solid Fuels

5.11.1 Solid-Gas (Heterogeneous) Reactions

Consider charcoal, which is mostly carbon. When carbon is heated (e.g., by
dousing it with lighter fluid and producing hot gases for heating carbon), it
does not vaporize. Hence C(s) cannot diffuse, meet with O,, and react in
the gas phase. Instead, the O, molecules from the gas phase collide with
the carbon atoms in the charcoal, and if the energy of collision is high, the
O atoms get attached to the carbon atoms (this is called adsorption) and
form C-S(s) (called solid oxide); subsequently CO is released as gas (called
desorption).

5.11.2 Heterogeneous Reactions

Oxygen transfer to the particles can occur via O,, CO,, and H,O, the dominant
transfer mechanism being the transfer of diatomic oxygen. Hence, the combustion
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of carbon/char occurs primarily via one or more of the following reactions
(see Chapter 9 for carbon combustion):

C(s) + (1/2) O, = CO )
C(s) + O, = CO, €19)
C(s) + CO, = 2 CO (11D
C(s) + H,O — CO + H, av)

Apart from reaction with stable species, reactions may also occur with O
atoms, H atoms, and OH radicals. Reaction kinetics and the enthalpies of
reaction are tabulated by Bradley et al. [1984] for carbon reactions involving
both stable and radical species.

Chemical reactions between species in two separate phases (e.g., solid
and gaseous) are generally governed by the following processes: (1) diffu-
sion of gaseous species (e.g., O, in Reaction D through the gas-phase film
surrounding the particle to the particle surface; (2) adsorption of gaseous
molecules (e.g., O,) onto active sites on the surface; (3) transformation of
the adsorbed molecules into solid oxides (e.g., C-O (s) ) on the surface;
(4) desorption of the solid oxides into the gas phase as gas (e.g., CO)
through a high-activation-energy reaction; and (5) migration of the gaseous
species through the flow boundary layer back into the free stream. If
boundary-layer diffusion (items 1 or 5) controls the overall reaction rate,
the problem can be easily solved using mass transfer and fluid mechanics
principles (Chapter 9 and Chapter 11). In a manner analogous to gas-phase
reactions, the heterogeneous reaction rate for the principal species can be
expressed in the form [Williams, 1985]

m” =k Iy, (5.91)

where k denotes the specific reaction rate; ¥, the surface concentration of
species j per unit area; and v, the stoichiometric coefficient of species j.
Adsorption of gaseous species (e.g., O,) results in occupation of a fraction
0 of the carbon sites on the surface and hence increases the value of 6,
whereas desorption decreases it. A fraction of colliding molecules of concen-
trations ¢, and mass m; is returned to the gas phase. If the collision rate of
molecules of species i per unit area of solid surface is denoted by Z, and the
accommodation coefficient is ¢, then the adsorption rate per unit area is
Z.0(1 — 6) and 6 = X6, where Z, = ¢, (kyT/2rm))"2. The rate of return via
desorption of species i per unit area is y; 8, where L, is a proportionality constant.
For constant or steady-state values of 6, the adsorption rate must be equal to
the desorption rate. Therefore, for the single-species carbon attack, with i = 1,

0= Z]a]/(‘ll] + Z] a]), (592)
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and the reaction rate per unit area is

m” =u, 0=u 7, oo/, + Z, o). (5.93)

Consider the following limiting cases.

5.11.2.1 Desorption Control

Here, the fourth step — desorption of the solid oxides into the gas phase
through a high-activation-energy reaction — is limiting. If the desorption rate
is slow compared to the adsorption rate (Z,0 >> p), then the reaction rate
Equation 93 reduces to

m” =, (5.94)

In this case, all the active sites are covered and, hence, the adsorption-site
concentration is independent of the species concentration. Therefore, this is
a zeroth-order reaction.

5.11.2.2 Absorption Control

In this case, the second step — adsorption of gaseous molecules onto active
sites on the surface — is rate limiting. If the collision rate is low (i.e., Z,;0y
<< Uy, then the reaction rate (Equation 5.93) is

m” = oy Z,. (5.95)

The collision rate Z, is proportional to the gas-phase concentration of
species 1 and, thus, the reaction is first order.

If there is single-species attack of the solid, assuming the reactions to be
first order, the species consumption rate per unit area for heterogeneous
reactions can be written in terms of the mass fraction in the form

m” = p.k Y,, kg/msec (5.96)

where p,, is the density of gas at solid surface and Y, denotes the species mass
fraction. Note that even if kinetic data are available for the single-component
attack of the carbon sites, these data cannot be used when multiple components
are present. For example, if graphite powder is exposed to vitiated gases,
including the H atoms, O atoms, OH radicals, and the H,O, CO,, and O, species,
the active sites available for a particular species are reduced and hence there
is site interaction [Bradley et al., 1984]. However, these interactions are typically
ignored in the formalism of models.
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5.11.2.3 Global Reaction

Consider Reaction I. The global reaction rate expression is written as
/4 m n E
w” =(-DAO2]" T exp[— RT}’ n=0 5.97)

where ", denotes carbon consumption per unit surface area of solid carbon;

W’ =w /(4 ma’) for a spherical particle of radius a, and m is the order of
reaction, typically, 0 < m < 1. Units for A will vary depending on m. Typical
values for carbon are as follows. For fast reactions, A = 3.3 x 10° kg/m?
bar™ sec, E = 184,000 kJ/kmol, whereas for slow reactions, A = 2.2 X 10> kg/m?
bar™ sec, E = 177,000 kJ/kmol. More detailed global reaction kinetics of
constants for carbon reactions are given by Mulcahy and Smith [1969] as well
as Hamor and Smith [1973].

Reaction 1II is significant at low temperatures (T < 800 K), whereas Reaction I
is significant under typical combustion conditions. Arthur [1951] has given the

ratio of CO/CO, as
[COV/ICO,) = 1054 exp(=6200/T). (5.98)

Alternatively, the relative heterogeneous production rates of CO to CO,
(kg/kg) [Wicke, 1955; Smith, 1971a, b] can be expressed as

oo 22500 exp (—}frj . (5.99)

InCOZ

It is apparent that for T > 1100 K, {m” .o/ m” .o,} > 10. Reaction III and
Reaction IV are dominant only at extreme temperatures or when O, concentra-
tions are extremely low.

5.11.3 Forward and Backward Reaction Rates

Suppose the following reaction occurs in forward and backward directions
C(s) + 1/2 O, & CO D
v'vg2 =—(1/2) k; [O,)V2+ (1/2) k,, [COI, kmol/m? sec.
Once they reach equilibrium at the same T, then K ; (T) = k;; (T)/k;, (T)

=KD {P%/ R T}V? = [COIVIO,]"2
Hence, knowing k,; K°(T), ky,; can be computed. Then, at any concentration

Wgz =—k; (1/2) [O] * + (1/2) k, [COl = =(1/2) k; [O]V% + (1/2) [k (P R T}%/
K%(T)] [CO] (5.100)
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where g7 is the equilibrium constant for Reaction I.

dlO,)/dt = —=(1/2)k;; {[O,]"2 — {(R T/PH)V2/ K] (D} [COl (5.101)

If K (D) is large (for example, O, concentration at equilibrium is very
low), then

W2 =k (1/2) [0,]V2. (5.102)

C

Example 9
(a) Determine the carbon burn rate in kg/m?sec if C + 1/2 O, - CO, A =
5144 m/sec, m = 1, pO, = 0.21 bar, E = 85,000 kJ/kmol K and T = 1,500 K.

(b) Estimate combustion time of a particle of 75 um. Assume kinetics control
and p, = 1,200 kg/m3.

Solution
(@) we /(=D =w" O,/(-1/2) = w”
w” = A [O,] exp(—E/RT)
{O,] = 0.21/(0.08314 x 1500) = 0.00238 kmol/m?

we = (=1) X 5144 x exp(=85000/(8.314 x 1500)) x [0.00238] = 0.0134 kmol/m?sec;

wi (kg/m?sec) = 0.0134 x 12.01 = 0.16 kg/m?sec.
Surface area = 47w a2 = 4 X 3.1417 X (37.5 X 10792 = 1.767 x 1078 m?.

(b) w.=0.16 x 1.767 x 107® kg/sec
Mass = (4/3) wa’ p.= 1.33 x 3.1417 x (37.5 x 10°)% x 1200 = 2.65 X 100 kg

The kinetic timescale = 2.65 x 10719/1.767 x 108 = 0.094 sec or 94 msec.
Formulae t,... = (4/3) wa® p/4mw a> wc” = a p/(3 w”) = 94 msec.

Remarks

(1) If coal is assumed to be entirely made up of carbon, then knowing the
number of particles per unit volume, one can estimate the burn rate per unit
volume. Knowing the heating value, the space combustion rate per unit volume
or the space heating rate can be estimated; typically, it is about 8 Btu/ft? sec
(probably owing to slow burn of solid fuels), whereas in gas turbines burning
liquid droplets, it is about 10,000 Btu/ft* sec.
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(i) For utility boilers, the combustion intensity (based on burner zone volume)
=180 kJ/m3sec for bituminous pulverized coal, 270 kJ/m3sec for fuel oil, and
310 kJ/m?sec for natural gas.

5.11.4 Pyrolysis of Solids

Recall that energetic collisions result in chemical reactions involving homoge-
neous and heterogeneous phases. Now consider naphthalene balls, C,,H;4(s).
It simply sublimes at room temperature, and the molecular structure is pre-
served both in the gas and solid phases.

C10H18(S) - C10H18(g) on heatlng

This process of gasification is called a physical process. Consider a polymer,
which is similar to a row of balls called monomers attached to a string. The
monomers get detached from the string during heating. Now consider Plexiglas
(e.g., aircraft window), a solid polymer that burns in air. The monomer is
represented by C;HgO,. On heating the solid, average ve increases and at some
energy E, the monomer gets detached (decomposes) and produces gas (C;HO,
(g)) this is called pyrolysis (thermal decomposition). The fraction of molecules
having energy E and above is given by exp(-E/R T). Thus, the gasification or
pyrolysis rate is also subject to the Arrhenius law. For first-order pyrolysis,

m (g) = A myexp(-E/RT) (5.103)

where my, is the amount of volatile matter remaining in the solid. In the case
of Plexiglas, a totally pyrolyzing polymer, m,= m. Typically, Plexiglas gasifies
when heated to about 600 K.

Now consider coal. Unlike Plexiglas, only about 40% of coal (which may
contain polymer molecules that gasify) consists of volatile matter (VM) and 60%
remains as fixed carbon (FC). As the polymer part decomposes, the amount
of VM changes. Thus, the gasification rate is proportional to the amount of coal
and the fraction of the VM having an energy E and above. Thus, for coal

m = —dmy/dt =km, = A m, exp(-E/R T).

Generalizing,

M = —dmy/dt = A m™ exp(=E/ RT) (5.104)

where n, is called the global order of the pyrolysis reaction.

The thermo-gravimetric analyzer (TGA) is used for conducting pyrolysis
studies in N,. The sample is kept on a crucible and hung from a balance in
the furnace. As it is heated at a prescribed heating rate (HR), the temperature
increases, the solid pyrolyzes, its weight decreases, and the results are plotted
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Figure 5.9 TGA of coal and FB. 90:10 blend = 90% coal and 10% FB
(Adapted from Thien, B., Annamalai, K., and Bukur, D., Thermogravimetric
Analyses of Coal, Feedlot Biomass and Blends in Inert and Oxidizing Atmo-
spheres, Proceedings of IJPGC:1JPGC-2001,JPGC 2001/FACT-19082, New
Orleans, LA, June 4-7, 2001.)

as a function of temperature. TGA traces for coal and animal waste (feedlot
biomass, FB) are given in Figure 5.9 (HR ~ 10-100° K/min, T, =~ 1000 K).
N, is used, in order to avoid oxidation. The weight loss can also be predicted
for a given A and E by integrating Equation 5.104. Sometimes there could
be mass gain. For example, copper could lose H,O at around 100 °C,
indicating weight loss, and there could be gain due to oxidation at around
500 °C. Subsection 5.13.5 summarizes various methods of integrating kinetics
relations.

5.11.4.1 Single Reaction Model (at Any Instant of Time)

Many authors have approximated the overall process as a first-order decom-
position occurring uniformly throughout the particle. Thus, the rate of devol-
atilization is expressed as

coal — solid residue (S) + volatile (V)

m =k, —-V), (5.105)

where V,_, represents the asymptotic (time — o) volatile yield, V represents the
total volatile produced at any instant of time, and V — V_ as t — oo. Badzioch
and Hawksley (1970) proposed a single-reaction model for the pyrolysis of coal,

dy,/dt = k, (Y,.— Yy)
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where k, = A exp(-E/RT), Y,,, = final volatile yield (but not necessarily the
same as the initial volatile matter), and Y, = volatile yield after time t. Another
approach has been to use an n-th-order rate expression

m = k(V. — V)n (5.106)

5.11.4.2 Competing Reaction Model

When a coal particle is placed in a hot furnace, it is heated and pyrolysis
(thermal decomposition of coal) ensues. Typically, bituminous coal pyrolyzes
at about 700 K (1% mass loss, for heating rates < 100°C/sec) as in the case of
most plastics; this temperature is at or below the autoignition temperature for
HC (though not for H, or CO). Pyrolysis is presumed to start at around 1500
K at high heating rates (heating rate > 10,000°C/sec). Pyrolysis products range
from lighter volatiles, CH,, C,H,, C,H,, CO, CO,, H,, H,O, etc., to heavier tars,
but the tars invariably crack to form CH,, C,H,, C,H;, C;H,, C,H,, and CO at T
> 1000 K [Bradley, 1984] resulting in soot formation. Product gas composition
under rapid pyrolysis has been measured by Suuberg et al. [1978]. Tars produced
from coal may be in liquid form, which vaporize if sufficient heat is supplied.
If not, the tars could undergo repolymerization, producing lighter volatiles and
char (primary cracking). If tars are released as gases (primary products), they
can crack at temperatures above 900 K. The cracking process producing C, and
C, groups is very rapid.

Pyrolysis is a relatively slow chemical process compared to rapid physical
vaporization of oil drops. Coal can swell upon heating; this results in increasing
particle size (whereas the drop size remains constant), particularly under
pyrolysis in inert environments or reducing conditions. The swelling factor
can range from 1.3 (under oxidative) to 4 in an inert environment. A medium
value of 1.5 is mostly used for all coals. The swelling increases the size by
60% if pyrolyzed in an O,-free environment, compared to 10% when heated
in 13% O, [Street, Weight, and Lightman, 1969]. Swelling introduces thin-walled
cenospheres, which when burned can cause sudden decrease in size and
increase in density as they burn off [Sergeant and Smith, 1973]. Volatiles are
also found to issue like jets from particles of 80 to 100 pm, whereas for d <
40 pm, no trails were found.

Volatile yields from coal can be as high as 80% depending upon the type
of coal, final temperature, and rate of heating. [Kimber and Gray, 1967,
Badzioch and Hawksley, 1970; Kobayashi, 1972]. For example, Kobayashi
found that the volatile yield increased from 30% at 1250 K to 63% at 2100
K for the same coal [Kobayashi, 1972]. Various pyrolysis models ranging from
single reaction to multiple reactions are summarized by Ubhayakar et al.
[1976, 1977] and Anthony and Howard [1976]. Generally, increased temper-
ature, increased heating rate, decreased particle size, decreased pressure,
and reduced bed heig