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Preface

Multiphase, turbulent, and reacting flows are widely encountered in engi-
neering and the natural environment. The basic theory, phenomena, mathe-
matical models, numerical simulations, and applications of multiphase (gas
or liquid flows with particles/droplets or bubbles), turbulent reacting flows
are presented in this book. The special feature of this book is in combining
the multiphase fluid dynamics with the turbulence modeling theory and
reacting fluid dynamics (combustion theory). There are nine chapters in this
book, namely: “Fundamentals of Dispersed Multiphase Flows™; “Basic
Concepts and Description of Turbulence”; “Fundamentals of Combustion
Theory”; “Basic Equations of Multiphase Turbulent Reacting Flows”;
“Modeling of Single-Phase Turbulent Flows”; “Modeling of Dispersed
Multiphase Turbulent Flows”; “Modeling of Turbulent Combustion™; “The
Solution Procedure for Modeling Multiphase Turbulent Reacting Flows™;
and ‘“Simulation of Flows and Combustion in Practical Fluid Machines,
Combustors and Furnaces.” The main difference between this book and pre-
vious books written by the author i1s that more much better descriptions of
basic equations and closure models of multiphase turbulent reacting flows
are introduced, and recent advances made by the author and other investiga-
tors between 1994 and 2016 are included.

This book serves as a reference book for teaching, research, and engi-
neering design for faculty members, students, and research engineers in the
fields of fluid dynamics, thermal science and engineering, aeronautical,
astronautical, chemical, metallurgical, petroleum, nuclear, and hydraulic
engineering.

The author wishes to thank Prof. F.G. Zhuang, H.X. Zhang, and C.K. Wu
for their valuable comments and suggestions. Thanks also go to colleagues
and former students: Prof. W.Y. Lin, R.X. Li, X.L.. Wang, J. Zhang, B.
Zhou, Y.C. Guo, H.Q. Zhang, L.Y. Hu, Y. Yu, F. Wang, Z.X. Zeng, K. Li,
Y. Zhang; Drs. Gene X.Q. Huang, T. Hong, C.M. Liao, W.W. Luo, K.M.
Sun, Y. Li, T. Chen, Y. Xu, G. Luo, M. Yang, L. Li, H.X. Gu, X.L. Chen,
X. Zhang, and Y. Liu. Their research results under the direction and coopera-
tion of the author contributed to the context of this book.
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Finally, the author’s gratitude is given to the editors from Elsevier and
the Executive Editor, Dr. Qiang Li from the Tsinghua University Press for
their hard work 1n the final editing and publishing of this book.

Any comments and suggestions from the experts and readers would be

highly appreciated.

Lixing Zhou
Tsinghua University, Beijing, China
February, 2017
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Z

u

u,y w

area

preexponential factor

empirial constants, specific heat

drag coefficient

diameter

diffusivity

activation energy

internal energy

force

mixture fraction

production term

gravitational acceleration; mean squire value of concentration fluctuation
stagnation enthalpy

enthalpy

diffusion fux

turbulent kinetic energy; reaction-rate coefficient
turbulent scale; length

molecular weight

mass

total particle number flux; particle number density
fluctuation of particle number density; exponent in particle-size distribution
function; reaction order; mole number density
Nusselt number

pressure; probability density distribution function
Prandtl number

heat; heating effect

heat flux

universal gas constant; weight fraction in particle-size distribution
radius; radial coordinate

Reynolds number

flux Richardson number

source term

Schmidt number

Sherwood number

temperature

time

velocity components

volume; drift velocity
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X,Y,<
X

Y

reaction rate
coordinates
combined mass fraction; mole fraction

mass fraction

GREEK ALPHABETS

Q volume fraction

L dynamic viscosity

v kinematic viscosity

A heat conductivity

€ dissipation rate of turbulent kinetic energy; emissivity
Q@ generalized dependent variable
0 dimensionless temperature

T shear stress

o Stefan-Boltzmann constant; generalized Prandtl number
SUBSCRIPTS

A,a air

C raw coal, reaction

ch reaction; char

d diffusion

e effective; exit

F, fu fuel

f flame; fluid

g gas

h char; heterogeneous

hr heterogeneous

I, in mitial; inlet

i,], k coordinate directions

k k-th particle group

[ liquid

m mixture



Introduction

Dispersed multiphase turbulent reacting flows are widely encountered in
thermal, aeronautical, astronautical, nuclear, chemical, metallurgical, petro-
leum, and hydraulic engineering, and in water and atmosphere environments.
As early as the 1950s, Von Karman and H.S. Tsien suggested using contin-
uum mechanics to study laminar gas reacting flows and combustion, called
“aerothermochemistry” or “dynamics of chemically reacting fluids.”
Multiphase fluid dynamics was first proposed by S.L.. Soo in the 1960s for
studying nonreacting multiphase flows. The classical reacting fluid dynamics
and multiphase fluid dynamics do not include the theory of turbulence
modeling. On the other hand, the theory of turbulence modeling was first
proposed by P.Y. Chou in the 1950s, and was fully realized by B.E. Launder
and D.B. Spalding in the 1970s. Within the last 40 years, through worldwide
study and application, it has become the only reasonable and economical
method to solve complex turbulent flows in engineering problems. However,
up until the 1980s, the theory of turbulence modeling was limited to only
single-phase fluid flows themselves, and did not concern the dispersed phase,
1.e., particles/droplets/bubbles in multiphase flows.

Since the 1980s, the author has combined multiphase fluid dynamics with
the theory of turbulence modeling, and proposed the concept of multiphase
(two-phase) turbulence models, in particular the turbulence models of the
dispersed phase, 1.e., particles/droplets/bubbles. Furthermore, we developed
the turbulence-chemistry models for single-phase and two-phase combustion
using a method similar to turbulence modeling. Hence, the dynamics of mul-
tiphase turbulent reacting flows was developed, where the modeling theory,
numerical simulation, measurements, and their application in combustion
systems were systematically studied. The comprehensive models, basic con-
servation equations, the relationships between slip and diffusion, the energy
distribution between the continuum and dispersed phases, the fluid-particle/
droplet/bubble turbulence interactions, the interactions between particle
turbulence and particle reaction, the gas-phase turbulence-chemistry interac-
tion, and the particle—wall interaction were thoroughly studied. A series of
new closure models were proposed, many 2-D and 3-D computer codes were
developed based on the proposed models and some of the simulation results
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were validated using the laser Doppler velocimeter (LDV), phase Doppler
particle anemometer (PDPA), and particle imaging velocimeter (PIV) mea-
surements and direct numerical simulation (DNS). The research results were
applied to develop innovative swirl combustors, cement kilns, oil—water
hydrocyclones, gas—solid cyclone separators, and innovative cyclone coal
combustors. This book 1s written based on the research results of the author,
as well as those obtained by other investigators in recent years. In the follow-
ing sections some basic definitions and descriptions are discussed.

TURBULENT DISPERSED MULTIPHASE FLOWS

Gas/liquid flows containing a vast amount of particles/droplets/bubbles are
called dispersed multiphase flows. This terminology is widely accepted by
the academic and engineering communities in the fields of fluid dynamics,
thermal science and engineering, aeronautical, astronautical, metallurgical,
chemical, petroleum, nuclear, and hydraulic engineering. Frequently, the
concept of “phase” is considered as a thermodynamic state, so multiphase
flows are divided into gas—solid (gas—particle), liquid—solid (liquid—parti-
cle), gas—liquid (gas—spray or bubble—liquid), liquid—liquid (oil—water)
two-phase flows and gas—solid—liquid, oil—water—gas three-phase flows.
Also, sometimes the terminologies “suspension flows” and “dispersed flows”
are adopted. Besides, there are nondispersed two-phase flows, such as stratified
and annular gas—liquid flows. However, from the multiphase fluid dynamic
point of view, in particular in multifluid models, particles/droplets/bubbles with
different sizes, velocities, and temperatures may constitute different phases. This
is the reason why the terminology “multiphase fluid dynamics™ was first
proposed by S.L.. Soo in the 1960s. In short, although different academic and
engineering communities have different understanding of the above-listed
terminologies, nowadays “multiphase flow” as a general concept of a branch of
science and technology is widely accepted without disagreement.

Most practical fluid flows, maybe more than 99% of flows in the natural
environment and engineering, are laden with particles, droplets, or gas bub-
bles. Pure single-phase flows exist only in a few cases such as flows in artifi-
cial ultraclean environment. There are a variety of multiphase flows, such as
cosmic dust in cosmic space, cloud and fog (rain droplets), dusty-air flow,
sandy rivers, blood flows in biological bodies, pneumatic/hydraulic conveying,
dust separation and collection, spray coating, drying and cooling, spray/
pulverized-coal combustion, plasma chemistry, fluidized bed, flows in gun
barrels, solid-rocket exhaust, steam-droplet flows in turbines and gas-fiber
flows, steam-water flows in boilers and nuclear reactors, oil—water and
gas—oil—water flows in petroleum pipes, and gas—Iliquid—solid flows in
steel making furnaces.

Most fluid flows in engineering facilities, such as flows in hydraulic
channels, gas pipes, heat exchangers, fluid machines, chemical reactors,
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combustors, and furnaces, are turbulent flows due to the size of the
geometric system, the velocity range and the presence of various barriers
or expansions leading to flow separation, and frequently they are com-
plex turbulent flows, such as recirculating flows, swirling flows, and
buoyant flows.

MULTIPHASE TURBULENT REACTING FLOWS
AND COMBUSTION

In many cases we are dealing with nonisothermal multiphase turbulent
flows with heat and mass transfer and chemical reactions (exothermic or
endothermic), and even electrostatic effects (for gas flows laden with fine
particles in electrostatic dust separators, or metal or plastic pipes) or mag-
netic effects (for gas flows in plasma torch and magneto-hydrodynamic
(MHD) generators). Spray or pulverized-coal combustion is a typical case
of multiphase turbulent reacting flows.

The word “combustion” denotes a class of chemical reactions with high
heat release and light radiation. These reactions in the first place are oxida-
tion of solid fuel (nonmetals or metals), liquid fuel or gaseous fuel, but chlo-
rination, fluoridation, nitridation, dissociation, and substitution reactions
(e.g., sodium—water reaction) and self-propagating reactions in the synthesis
of solid materials can also be considered as combustion, if they have a high
heating effect. As a matter of fact, combustion is not simply reactions them-
selves, but a complex process of gas flows or gas—particle flows with heat
and mass transfer and chemical reactions. Just the interactions between heat
and mass transfer and chemical reactions control the processes of ignition,
extinction, flame propagation, and combustion rate.

Frequently, “flame” 1s considered as the high-temperature combustion
products. The word “flame” 1n its scientific sense can be defined as a zone
with a sharp change of temperature and concentration. An important flame
property 1s that the flame zone can propagate automatically. The flame
propagation velocity is the flame velocity relative to that of the cold fresh
combustible mixture, which is equal to the difference between the flame
displacement velocity and the mixture flow velocity, such as that observed
in flame propagation in a long tube with one closed end. For stationary
flames such as those in Bunsen burners or flat burners, the displacement
velocity 1s zero and the propagation velocity should be equal to the flow
velocity. Two possible regimes of flame propagation were observed in
experiments: deflagration with flame velocity of 0.2—1 m/s and detonation
with flame velocity near 3000 m/s. Other flame properties are carbon for-
mation, flame radiation (due to carbon or soot particles), ionization with
concentration up to 10'*ions/cm’ in laminar premixed flames and noise in
turbulent flames.



vill  Introduction

DIFFERENT FLOW REGIMES OF DISPERSED MULTIPHASE
TURBULENT REACTING FLOWS

To understand physically the general features of dispersed multiphase turbu-
lent reacting flows, it is proper to judge their flow regimes. At first, the fol-
lowing characteristic times and nondimensional numbers are defined as:

Flow time (residence time) 7 =L/v

Particle relaxation time T, = dﬁ Ppm /(18 11)

Particle relaxation time for mean motion 711 = 7r(1 —l—Ref,/ 3/ 6)"
Fluid fluctuation time (diffusion time) mr=1/u =k/e
Particle collision time Tp = lp/u, = (c?mprﬁ)_](u;,)_]
Fluid reaction time Te = Wsoo Qs /(P pT o)

Stokes number St=1T, /Ty

Hinze—Tchen number Ht=r1,/17

Soo number SL="T,/Tp

First Damkohler number Dy =1¢/T,

Second Damkdohler number Dy =771/7,

According to the magnitude of nondimensional numbers, the following
regimes for limiting cases of dispersed multiphase turbulent reacting flows
can be 1dentified as:

St < <1 No-slip or dynamic equilibrium flows
St >> 1 Strong-slip or dynamic frozen flows
Ht << 1 Diffusion-equilibrium flows

Ht >> 1 Diffusion-frozen flows

S1 < <1 Dilute suspension flows

S1>>1 Dense suspension flows

D, <<1 Reacting-frozen flows

D, >> 1 Reacting-equilibrium flows

D, < <1 Kinetics-controlled combustion

D, > > 1 Diffusion-controlled combustion

DEVELOPMENT OF VARIOUS DISPERSED-PHASE MODELS

There are two basic approaches to studying dispersed multiphase turbulent
flows. One i1s the Eulerian—Eulerian or multifluid (two-fluid) approach, in
which the fluid phase (liquid/gas) is treated as a continuum and the dispersed
phase (particles/droplets/bubbles) 1s treated as a pseudo-fluid (PF) or pseudo-
continuum. Different phases occupy the same space, interpenetrate into each
other, and all are described in the Eulerian coordinate system. The other is
the Euleritan—Lagrangian approach, in which only the fluid phase 1s treated
as a continuum in the Eulerian coordinate system and the particles/droplets/
bubbles are treated as a dispersed system in the Lagrangian coordinate sys-
tem. This approach for the dispersed phase is also called the trajectory
approach. Early studies are limited to particle/droplet/bubble motion in a
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known flow field, called one-way coupling, neglecting the effect of particles/
droplets/bubbles on the fluid flows. One of the main features of modern mul-
tiphase fluid dynamics is to fully account for the mass, momentum, and
energy interactions between the continuous phase and the dispersed phase,
called two-way coupling. For dense dispersed multiphase flows or the flow
region where the particle/droplet/bubble concentration is sufficiently large, it
1S necessary to account for the particle—particle interaction, called four-way
coupling. In the last case, both two-phase turbulence and interparticle colli-
sion will dominate the coupling effects.

Different multiphase-flow models are identified by how to treat the
dispersed-phase modeling. Table 1 gives the development of typical
dispersed-phase models from the 1960s to now. The earliest model is the
single-particle-dynamics (SPD) model, developed in the 1950s to 1960s, in
which the single-particle trajectory (PT) of mean motion or convection in a
known flow field (frequently uniform velocity and temperature field) and the
particle velocity and temperature change along the trajectory are considered,
neglecting the effect of particles on the flow field. This 1s an oversimplified
model for actual complex multiphase flows and is no longer used. However,
it 1s useful for understanding the basic features of particle motion, such as

TABLE 1 Development of Dispersed-Phase Models

ltems Approach Coupling  Slip Coordinate  Particle

Diffusion

Models

Single- Dispersed One-way  Yes Lagrangian No

particle- system

dynamics

model

Small-slip Continuum  One-way  Slip Eulerian Diffusion

model = diffusion =slip

No-slip Continuum  Two-way  No Eulerian Yes

model

Particle- Dispersed Two-way  Yes Lagrangian No

trajectory system (deterministic)

model Yes
(stochastic)

Pseudo- Continuum  Two-way  Yes Eulerian Yes

fluid

model

(two-fluid

model)
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the particle relaxation time, particle terminal velocity, etc. In the meantime,
Tchen, Hinze, and others studied the particle behavior in a fluctuating flow
field, 1.e., turbulent diffusion just based on the SPD approach.

In the late 1960s, Soo first proposed a PF model of particle phase based
on a continuum concept, and the slip between fluid and particles was taken
into account. However, the slip was considered to be a result of particle dif-
fusion, so this model can be called a “small-slip” model. The particles are
described in the Eulerian coordinates with one-way coupling by using analyt-
ical solutions.

In the early 1970s, due to the preliminary use of computational fluid
dynamics in multiphase flows, the single-fluid model or no-slip model was
proposed. This model 1s a dynamic and thermal equilibrium model, in which
the particle velocity and temperature are assumed to be equal to those of the
gas phase everywhere, and the particle diffusion is also assumed to be equal
to the gas species diffusion. This i1s another kind of oversimplified model,
which cannot describe practical complex flow well and 1s now seldom used
to solve practical problems.

From 1980s till now, more advanced models have been developed. These
models account for the velocity slip, mass, momentum, and energy interac-
tion between fluid and dispersed phases, in particular, the effect of dispersed
phase on fluid flows. These models are the Lagrangian PT model (including
deterministic trajectory model and stochastic trajectory model) and the PF
model of dispersed phase with simultaneous phase slip and particle diffusion.
Actually, all of the different models are an approximation of the real process
from different points of view. The feasibility of these models depends on the
particle volume fraction, relaxation time, flow time, and particle—particle
impaction time. Unlike the SPD model, the modern PT model is a two-way
coupling model, accounting for the effect of particles on the fluid mass,
momentum, and energy. The stochastic trajectory model accounts for particle
diffusion caused by particle fluctuation, while the deterministic trajectory
model does not account for this effect. The two-fluid model is used to treat
the dispersed phase as a PF in the Eulerian coordinate system. Unlike the
single-fluild model and the small-slip model, the two-fluid model slip is
independent of particle diffusion, and the particle diffusion is caused by its
turbulent fluctuation, hence the two-fluid model 1s a full PF model, and a
two-way coupling model. The trajectory model i1s widely used in engineering
applications, and nowadays the two-fluid models find wider and wider appli-
cation. It 1s also a two-way coupling model.

The above-discussed models are based on the Reynolds averaged N-S
equations and were recently called Reynolds Averaged N-S equations
(RANS) modeling. Alternatively, more elaborate models, such as the direct
numerical simulation (DNS, including the so-called “point-particle DNS,
PDNS” and “fully resolved DNS, FDNS,” which accounts for the finite vol-
ume of particles/droplets/bubbles) and large-eddy simulation (LES), have
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been developed. However, due to the large computation time, DNS is mainly
used for understanding the turbulence and flame structure and validating the

LES and RANS modeling. It still cannot be directly used to solve engineer-
ing problems.
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Chapter 1

Some Fundamentals of
Dispersed Multiphase Flows

1.1 PARTICLE/SPRAY BASIC PROPERTIES

To characterize gas-particle or gas-spray flows, it 1s necessary first to
describe the particle/spray basic properties [1—4] as follows.

1.1.1 Particle/Droplet Size and Its Distribution

The particle/droplet size distribution 1s frequently expressed by the semiem-
pirical Rosin—Rammler formula as:

R(dy) = exp| — (di /d)"] (1.1)

where R(d)) 1s the weight fraction of particles with sizes larger than d;, n 1s
the index of nonuniformness, and d 1s a characteristic size. Both n and d are
determined by experiments. The derivative of R(dy) 1s

dR _ n—1 7\ —n o T\ :
T~ @ @ " exp[ — (/)" (1.2)

which expresses the differential particle size distribution, and R(d}) 1s the
integral size distribution. The mean particle sizes can be defined as:

dip = Z nidy/ Z ny,

dro = ( Z nkd;‘;/ Z nk) 2
d3p = ( Z nkdg/ Z nk> e
dn =Y md} /(D" md)

where  djo,d»,d30, and dzp are diameter-averaged, surface-averaged,
volume-averaged, and Sauter mean sizes, respectively. The Sauter diameter
is most widely used in engineering. The typical particle sizes are:

(1.3)

Coal particles in fluidized beds  1—10 mm

Liquid spray 10—200 pm
Pulverized coal 1—100 pm
Soot particles 1—5 pm
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1.1.2 Apparent Density and Volume Fraction

For gas-particle/droplet flows there are differently defined densities. The
relationships among them are:

Pm=ptp,=p+ Z pr=p+ (Z nkﬁdﬁ/fi)ﬁp (1.4)

where p,,, p, p,, p, and p, are mixture density, fluid apparent density, parti-
cle total apparent density, k-th size particle apparent density and particle
material density, respectively. The particle volume fraction and fluid volume
fraction are defined as:

= p, /0y oy =l—a,=1=p /D (1.5)
For dilute gas-particle flows we have:

p=p(1—=p,/p,) =P

where p 1s the fluid material density. Obviously, the fluid apparent density in
dilute gas-particle flows i1s almost equal to the fluid material density. The so-
called mass loading, which 1s the ratio of particle mass flux to fluid mass
flux, 1s defined as p,yupo /(potto).-When the fluid initial velocity is equal to
the particle initial velocity, the mass loading i1s equal to the ratio of apparent
densities. For example, in spray or pulverized-coal flames the typical value
of the mass loading is:

)
p/p=1/15=2_22_ ~ 1000

pl—a,

1—(pr

namely, «, <0.01%, hence the spray flame and pulverized-coal flame are
dilute gas-particle flows. Other examples are: pneumatic transport o, ~ 0.1%
(mass loading~ 1), fluidized beds and flows in gun barrels a,~0.8—1. It
can be seen that when «y, =0.1%, due to 1 = 1000n7d’/6, the average inter-
particle size will be:

A~ n~'? =(10007/6)"d, = 8.1d,. A >20d,

1.2 PARTICLE DRAG, HEAT, AND MASS TRANSFER

For different ranges of particle Reynolds number the particle drag is given as:
Newton drag formula: ¢; =0.44 (Re, > 1000)
Wallis—Kliachko drag formula: ¢; = (1 + Reﬁ/ 3/6)24/Re,(1 < Re, < 1000)

Stokes drag formula: ¢; =24/Re,(Re, <1) (1.6)

where Re, is the particle Reynolds number of particle motion relative to
fluid. When the particle temperature 1s higher than the gas temperature, the
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particle drag will increase according to the so-called 1/3 law. The gas viscos-
ity in the particle Reynolds number will be:

v=0,/3+2v,/3 (1.7)

where the subscripts p and g denote the gas viscosity under the particle tem-
perature and gas temperature, respectively. The particle mass loss due to
evaporation, devolatilization, or heterogeneous combustion will reduce the
particle drag to:

Cd — C‘d(}ln(l + B)/B (18)
where B 1s a dimensionless parameter given by
In(1 + B) = m/(nd,NuDp) (1.9)

The particle heat and mass transfer are given by the Ranz—Marshell
formula:

Nu=2+ 0.6Reg-5 pr9-33

(1.10)
- 05 « 033
Sh =2 + O.6Rep Sc

where Nu, Sh, Re, Pr, and Sc are the Nusselt number, Shewood number,
Reynolds number, Prandtl number, and Schmidt number, respectively. The
droplet mass, diameter, and temperature change during evaporation and
solid-fuel particle mass and temperature change during moisture evaporation,
devolatilization, and char combustion are given in the combustion theory,
see Chapter 3, Fundamentals of Combustion.

1.3 SINGLE-PARTICLE DYNAMICS

Consider the single-particle motion in a known simple flow field and neglect
the effect of particles on the fluid flow; this is single-particle dynamics [6].
For turbulent gas-particle flows single-particle dynamics is a basic phenome-
non observed in practical cases.

1.3.1 Single-Particle Motion Equation

Taking into consideration only the drag and gravitational forces, the simplest
single-particle motion equation can be given as:

dl’pf

ar, = —Vvp)/Tr T & (1.11)

where 7, 1s the particle relaxation time, expressing the ratio of particle inertia
to particle drag, determined by the drag law.
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1.3.2 Motion of a Single Particle in a Uniform Flow Field

Assuming a particle with initial velocity vp, and Stokes’ drag law, moving
in a uniform flow field (Fig. 1.1), when neglecting the gravitational force,
the particle momentum equation in the x direction is

du,,
d; :(H-:::: o p)/Tr (112)
where 7, = dﬁﬁp /(181). Integration of Eq. (1.12) with an initial condition of

u, = uyp at r =0 gives the particle longitudinal velocity

Up — Uy — (u-:c - upf]) exp(— I/Tr) (113)

The particle lateral velocity can be obtained in a similar way as

Vp = Vpo 6Xp(_ I/Tf‘) (114)

Integration of Eqgs. (1.13) and (1.14) with respect to ¢ gives the particle
trajectory equations as

Xp = Ut — (Uey — Upp)T (1 — e_f/'r”)
*’ ! (1.15)
Yp — VpDTF(l —€ I/Tr)

Similar equations can also be derived for non-Stokes’ particle drag.
Eqgs. (1.13, 1.14, 1.15) point out that as the time approaches co, the particle longi-
tudinal velocity approaches the fluid velocity, the particle lateral velocity
approaches zero and the particle lateral displacement approaches y = v,7,. When
t= T, we have v, =v,,/7,. Hence the physical meaning of the particle relaxa-
tion time is the time needed for the fluid-particle velocity slip to decrease to 1/e
of its mitial value. It expresses the easiness with which particles follow the fluid.

1.3.3 Particle Gravitational Deposition

For an initially stagnant particle acting only by Stokes’ drag and gravity, the
motion equation is:

dv), L
dt T

g=0 (1.16)

FIGURE 1.1 Motion of a single particle in uniform flow field.
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For the initial condition of v, = 0 at 7 = 0, its solution is:
vp =781 —e/7) (1.17)

As the time approaches infinity, v, approaches 7,¢ =v,,, the particle
acceleration becomes zero and the gravity and drag force will be in equilib-
rium. In this case the particle velocity is called the terminal velocity.

1.3.4 Forces Acting on Particles in Nonuniform Flow Field

1.3.4.1 Magnus Force

As a nonspherical particle moves in the flow field with velocity gradient, in
particular after its impact on the wall, it may rotate, causing a lifting force
perpendicular to the direction of relative velocity, called the Magnus force.
Its magnitude 1s:

Fy = md, plv — vpllw, — € (1.18)

where w, is the angular velocity of particle rotation, and {2 is the half
of fluid vorticity. It has been estimated that the ratio of Magnus force
to the drag force is 0.04 for a 1-pm particle and 3 for a 10-pm particle.
However, experimental studies have shown that in most regions of the
flow field, particles do not rotate due to fluid viscosity. Therefore,
except in the region adjacent to the wall, the Magnus force 1s not

important.

1.3.4.2 Saffman Force

If the particle is sufficiently large and there is a large velocity gradient in the
flow field (for example, near the wall), there will be a particle-lifting force
called the Saffman force. Its magnitude i1s

Bv 1/2

F, = 1.6(1ip)'"*d, P

(1.19)

V=V,

The ratio of the Saffman force to the Magnus force 1s much greater than
unity; hence the Saffman force may play an important role, in particular in
the region of a large velocity gradient, such as in the recirculation region and
the near-wall region.

1.3.4.3 Particle Thermophoresis, Electrophoresis,
and Photophoresis

Tiny particles smaller than 1 pm may move under the effects of so-called
“thermophoresis,” “electrophoresis,” and “photophoresis,” caused by a large
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temperature gradient, electric field gradient, and nonuniform light radiation,
respectively. The forces of thermophoresis and electrophoresis can be
estimated by
) oT
Fri = —4.50(p/T)d, | X2\ + Aﬁ,)]a—
Aj (1.20)

Fp = (m/6)p,d,qE

where A and A, are the gas and particle thermoconductivities, respectively,
and E and g are electric field strength and particle electric charge, respec-
tively. All of these forces are significant merely for submicron or ultrafine
particles.

1.3.5 Generalized Particle Motion Equation

Eq. (1.11) 1s a very simple particle motion equation. C.M. Tchen [7], using
a method of intuitive superposition of various possible forces, proposed a
generalized particle motion equation, with Stoke drag and accounting for
the Magnus force, Saffman force, thermophoresis, and -electrophoresis
forces, as

dt,,

My—— _Fd£+FFm£+EIJI+FBI+FMI+FH+FTI+FEI

.= 37d,p(vi — vy;) O.S(ﬂ' /6)10—(1”: —Vv,) +
(1.21)

d
/G)p— + 1 5(:!Tp,u,)1/2d'2 J d_ Vi — Vpi)(T — t)dT +

— oD

Fyi + Fgi + Fri + Fg +

where the first, second, third, and fourth terms on the right-hand side of
Eq. (1.21) denote the drag force, virtual-mass force, pressure-gradient force,
and Basset force (due to unsteady flow), respectively. It should be noted that
in most cases the forces other than the drag force are of minor importance,
so the approximation made in Eq. (1.11) 1s still valid.

1.3.6 Recent Studies on Particle Dynamics

Sommerfeld and Kussin [8] studied the forces acting on particles of irregular
shapes. Zhang and Lin [9] studied the motion, its orientation, and forces act-
ing on elliptical particles. Bagchi and Balachandar [10] give the detailed
flow field around a single particle using direct numerical simulation (DNS).
Sundaresan and Cate [11] show the detailed flow field around several
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particles using a Lattice—Boltzmann simulation. From these simulation
results the exact forces acting on the particles can be obtained. For example,
it 1s found that the virtual mass force can be neglected, if the ratio of the
fluid material density to the particle material density 1s small. The effect of
small-scale turbulence on the forces acting on particles 1s also studied.
Michaelides [12,13] systematically summarized the research results of
forces and heat and mass transfer acting on particles and proposed a more
comprehensive particle motion equation. A comparison was made between
the classical analytic solutions and the recent results of DNS and
Lattice—Boltzmann simulation results. For example, the effect of particle
concentration on particle drag force was discussed.

Alternatively, in some cases the electric forces and van der Waals forces
are also considered when particles are located in the electric field and are
very near to each other. The contact force and collision forces between parti-
cles should be considered for dense gas-particle flows. For further details the

reader should refer to Refs [14,15].
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Chapter 2

Basic Concepts and Description
of Turbulence

2.1 INTRODUCTION

As this book 1s related to multiphase turbulent reacting flows, some knowledge
of the fundamental concepts and description of turbulence are introduced. More
than 100 years ago, Osborn Reynolds (1883—94) first indicated that flows can
be either laminar or turbulent by observing injected dyed water flow in a tube. A
parameter called the Reynolds number Re = vd /v (where v is the velocity, d is
the size, and v 1s the kinematic viscosity) 1s used to identify these two flow
regimes. He first suggested the decomposition of the flow variables into time-
averaged and fluctuation quantities for mathematically analyzing turbulent flows.

Turbulent flows widely occur in nature and engineering, particular in
astronomy and natural water bodies. In engineering facilities, turbulent flows
are encountered 1n fluid machines, heat exchangers, and combustors, because
frequently in these facilities the fluid velocity is higher, and the geometrical
sizes are large, in other words, the Reynolds number 1s large. However, in
some cases, even if the Re number 1s not large, but there are rough walls and
flow separation by obstacles, turbulence may also be produced.

Examples of turbulent flows are the discharge of smoke from a stack, as shown
in Fig. 2.1, and a turbulent gas jet flame, as shown in Fig. 2.2. The flows of small
soot particles and combustion products show on one hand the irregular behavior of
instantaneous gas flows, but on the other hand, some organized structures—the so-
called “‘coherent structures.” Therefore, turbulent flows have both random and
organized structures. Fig. 2.3 shows the vorticity map of a sudden-expansion flow
by large-eddy simulation (LES). It gives the detailed turbulence structures. It can
be seen that there are different length scales of eddies in turbulent flows.

2.2 TIME AVERAGING

Let us consider a variable a(x; ) changing with time at a given spatial loca-
tion of the turbulent flow field. O. Reynolds first introduced the concept of
time averaging of a variable ¢ [1] as:

By = lim L[ ot 50 2.
0
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FIGURE 2.1 Stack smoke.

FIGURE 2.2 Turbulent CH,;—air flame.

FIGURE 2.3 Vorticity map of a sudden-expansion flow.

Here ¢ may be any variable in the turbulent flow field, such as the veloc-
ity component v;, or temperature 7" (enthalpy h), or species concentration Y.
The time-averaging period 7 must be much larger in comparison with the
integral time scale of turbulent fluctuation, but should be smaller than the
macroscopic time period of unsteady flows, such as the wavy flows. The so-
called Reynolds’ expansion 1s defined as:

_(;5 — E + (;bf: (;5 — Vi, T(h), Ys

¢ = ¢; @ =0; ¢ #0
For compressible flows, the so-called Favre averaging or density-weighed
averaging usually 1s used, and is defined as:

(2.2)

e —— —

p=0+¢"; ¢=pp/p & #0 pd’ =0 (2.3)

2.3 PROBABILITY DENSITY FUNCTION

A different description of the fluctuation of a variable 1s the so-called proba-
bility density function (PDF). The PDF-p(f) 1s defined as follows: the
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p(f)

0 : 0 1 f
FIGURE 2.4 The probability density function.

p(f)

FIGURE 2.5 The top-hat PDF.

probability of a stochastic function f (changing from O to 1) in the range of f

to f+ df 1s p(f)df (Fig. 2.4).
Alternatively, it can be defined as:

p(d,x) = lim l[ lim (—)} (2.4)

A0 TS %

Then, for a variable f we have:

1

1
= Jp(f)df 7= pr(f)df
’ " : (2.5)

1 1

7= - () = szp(f)df - pr(f)df

0 0

For any other variable ¢(f), it 1s statistically averaged and the fluctuation
values are:

1
3(f) = Jcb(f)p(f)df
0
1 | : (2.6)
7 = Jcbz(f)p(f)df - Jcb(f)p(f)df
0

0

One of the typical forms of PDF is the top-hat PDF (Fig. 2.5):
p(f) = ad(f-) + (1 — @)o(f+) (2.7)
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When o« = 0.5, we have
f=-+f))28=f>=F—f) = —f) (2.8)

f-=F—g8", fi=F+g"? (2.9)
Other useful PDF forms are clipped Gaussian PDF:
f+

(f) = ad(f-) + (1 — a)8(f+) + LN ol (2.10)
P(f) = ad(f- VO(fs 7P |5 -
(2mwo?)
A
3-function PDF:
fa=nT
)= ——— — (2.11)
o fr A=) df
and the joint PDF for species concentrations and temperature is:
— 1 1 YV RI Y
P.(Y:, Yo, T) = (2ﬁ)3/2|Bm|1/2 exp E(X X)B_ (X —X) (2.12)

2.4 CORRELATIONS, LENGTH, AND TIME SCALES

The above-stated description is only about a variable at a fixed location, there is
no information on the length or time scales. The time autocorrelation coefficient
of a variable at the same location but at different time 1nstants 1s defined as [2]:

o1, ) (1 + 75 x)

Ry(7,x) = — (2.13)
0" ()
The integral time scale 1s
%0
Ty(x) = J Ry(7,x)dT (2.14)
0

The correlation of two variables at the same spatial location and same
time instant 1s

a(t; x)b(t, x)
[az (x)B? (x)]

The correlation of a variable at the same time but at different spatial loca-
tions separated by £ 1s

Rab(t; }:) —

(2.15)

Ry(h,x) = 20X+ B (2.16)

¢° (x)
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The integral length scale 1s

Rim

where h;, 1s the separation length, where the correlation 1s a maximum. For
more knowledge on the fundamentals of turbulence, readers are referred to

Refs. [1,2].
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Chapter 3

Fundamentals of Combustion
Theory

3.1 COMBUSTION AND FLAME

Combustion, in the first place, is chemical reactions with high heat release
and light emission. These reactions may be oxidation of solid fuels (coal,
carbon, silica, boron and metals, solid propellants), liquid fuels (petroleum
products and liquid hydrocarbons), or gaseous fuels (natural gas and gaseous
hydrocarbons), oxidation reactions of nitrogen, chlorine, and fluorine, disso-
ciation of N,H, into nitrogen and hydrogen, and substitution reactions (e.g.,
Na + H,0O). However, generally speaking, combustion i1s not simply chemical
reactions, but the interaction of fluid flow, heat, and mass transfer with
chemical reactions. Flame 1s the external appearance of combustion.
According to the flow regimes, flames may be laminar or turbulent.
According to the mixing state of fuel with oxidizer before combustion,
flames may be premixed or nonpremixed (diffusion flame). In chemically
reacting flows there are three typical characteristic times—flow time (resi-
dence time), reaction time, and diffusion time:

Tr=L/v

Te — p(jp(?}‘ o T{‘L)/("VJ‘QJ‘)
Ta =L /Dy =7r=1/u =k/e

The dimensionless parameters, called Damkohler numbers D; and Dy; are
the ratios of these characteristic times:

Dy =1¢/Tc Dyp=Ta/Te
There are two limiting cases of reacting flows:

D; <1 Reaction Frozen Flows
D;>1 Reaction Equilibrium Flows

Combustion is the case between these two limiting cases. There are two
limiting cases of combustion:

D; > 1 Diffusion-controlled combustion
D« 1 Kinetics-controlled combustion

15
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The premixed flame includes the cases between these two limiting
cases—diffusion-kinetic combustion, D;; ~ 1.
The adiabatic flame temperature 1s determined by:

Tw =T, + QO /[(1 + aly)c,] (a>1)
T =Ty +023aLoQ0/[(1 + alp)cy] (a<1)

where « 1s the coefficient of excess air.

3.2 BASIC EQUATIONS OF LAMINAR MULTICOMPONENT
REACTING FLOWS AND COMBUSTION

Since combustion 1s the phenomenon of interactions among fluid flow, heat
and mass transfer, and chemical reactions, for theoretical analysis, we must
start from the basic conservation equations.

3.2.1 Thermodynamic Relationships of Multicomponent Gases

For multicomponent gases, the total mass density should be the summation
of species mass concentration, and the total pressure should be the summa-

tion of species partial pressure:

P= ps (3.2)

The mass fraction (relative concentration) of species s and mole fraction are:

Ys = ps/p (3.3a)
X :Ps/]? (3.3b)

The relationships among the mixture density, s species concentration, and
mole number density are:

p=nM (3.4)
p, = ngM; (3.5)

Except a few cases of very high temperature and high pressure, it is rec-
ognized that in most reacting flows the gas mixture and its species obey the
state of perfect gases. Hence we have

Ps — quT/M? = ngRT (363)
p = pRT/M = nRT (3.6b)
and

X :Ps/P — H;/n
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Due to

n= Znﬁ p = Z‘(}F = Zn,;M,;:nM

The relationship between the mixture molecular weight and the species
molecular weight, and that between the mass fraction and mole fraction can
be obtained as

M = ZX?MS X5 = Y':M/M':
S(YM/M)=1 M= (3 Y/M,)" (3.7)
MM, = (M, Y /M)

Let us consider the motion and diffusion of multicomponent reacting
gases. There are three kinds of macroscopic velocities:

v-mixture velocity with reference to the laboratory coordinate;

v,-s species velocity with reference to the laboratory coordinate;

Vs-s species velocity with reference to the mixture velocity, 1.e., the dif-
fusion drift velocity.

Obviously there should be
Ve=vs — v (3.8)
Correspondingly, there are three kinds of mass fluxes:

pv = g—mixture mass flux;
pPVs = gs—s species mass flux;
p, Vs = J—s species diffusion flux.

The s species mass flux with reference to the laboratory coordinate
should be equal to the summation of its diffusion flux and its mass flux car-
ried by the gas mixture, namely

gsi = psvsi = Jsj T Yspvi = p Vi + pov (3.9)

The mixture mass flux should be the summation of species mass fluxes:

G=pvi=) 8= ) pvg= > pVstpy

Hence we have

Y pVg=Y Jy=0 (3.10)

Egs. (3.9) and (3.10) point out that species mass fluxes do not equal their
diffusion fluxes. The summation of diffusion fluxes 1s zero. The summation
of diffusion fluxes does not affect the mixture flows. However, the summa-
tion of diffusion velocities 1s not zero:

> Vi #0
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3.2.2 Molecular Transport Laws of Multicomponent
Reacting Gases

For two-component gas mixtures the molecular diffusion due to concentra-
tion gradient obeys the Fick law:

Y
J — f)DlQ—a (311)
OX;

For multicomponent gas mixtures the Fick law still keeps a similar
form as

oY

J -
5xJ,

(3.12)

Here the molecular diffusivity D; 1s a function of species concentrations.
In some cases further assumptions are made. For example, the assumption of
equality of species diffusivity as

Di=D,=--=D,=D

For molecular heat conduction, the total heat flux 1s determined by the
generalized Fourier law, accounting for the net enthalpy carried by the spe-
cies diffusion fluxes entering and leaving the elementary volume of the gas
mixture:

= — ,xa—%+ > o Vihs (3.13)

where A 1s the molecular thermoconductivity, and h; 1s the s species
enthalpy, including the chemical enthalpy (enthalpy of formation).

T
hs — hﬂx + J Cp::dT (314)
To
The mixture enthalpy 1s
T T
h = Z Yxh:i — Z Y:';h[]:; + J Z K;Cp:;dT — h(} + J deT (315)
To To

where hy, 1s the enthalpy of formation of s species, ¢ 18 the specific heat of
s species, which 1s a function of temperature 7" and pressure p. Attention
should be paid to the fact that both species enthalpy and mixture enthalpy
include thermal enthalpy and chemical enthalpy. The species formation
enthalpy 1s constant, but the mixture formation enthalpy 1s a function of spe-
cies concentration. The species specific heat 1s independent of species con-
centration, but the mixture specific heat depends on species concentration.
There are three kinds of mixture enthalpies: thermal enthalpy; thermal
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enthalpy + chemical enthalpy; stagnant enthalpy = thermal enthalpy +
chemical enthalpy + kinetic energy. For momentum transfer in multicompo-
nent gas mixtures, the relationship between the stress and the deformation
can still be described by the generalized Newton—Stokes law for single-
component nonreacting flows:

ovi  O0v; 2 [0V
=== + ) =2, (26, 1
pj P / M(@Ij 5){;) 3 (5)@) / (3 6)

Here the molecular viscosity g 1s a function of not only temperature and
pressure, but also of species concentration.

3.2.3 Basic Relationships of Chemical Kinetics

The stoichiometric relationships of chemical reactions can be expressed by

/oAl
E V,';A::_} E V,;AS

whereA;, A, are symbols denoting the reactants and products respectively,
and vy, v/, are corresponding stoicheometric coefficients. The reaction rate of
s species wy 1s the consumed or produced mass by reactions per unit time per
unit volume, namely

Wy — — (dps/dr)chem

Obviously, the stoicheometric relationships give

The law of mass action 1s
ws = K l_[ Cj:s
s=1

where C; may be the mass concentration pg, or the mole concentration XM,
k. 1s the reaction rate coefficient, z 1s the total number of species, and
v=v)+ury+ =) vy is the apparent reaction order. In most cases the
actual reaction order is not the apparent order, 1.e.,

Wy = kg H (O (3.17)
s=1

where m; # vy, m= > mg# v =) v, and m is the actual reaction order.
For simultaneous elementary reactions, the r-th elementary reaction rate is

-
e

§ § / /
ySI‘ AS — VSFAS
s=1

s=1
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So, the total reaction rate 1s

W = Z Wep = Z ke | | C3 (3.18)
For reversible reactions

Al
E VsAg < E V‘;AS

There are forward reaction wgy = k,;l_[C;"f and backward reaction
Wy = k’;l_[C‘;m’; so, the net reaction rate 18 °
A)

Ws = Wet — Wy— = K l_[ C’;m - k: l_[ C;m; (3 19)

In the case that there are several reversible elementary reactions, the total
reaction rate 1s

Ws — Z Wsr — Z(kﬂ‘ l_[ C;n” o k:;r l_[ Cl;m.-;r (3 20)

The reaction rate coefficient k; 1s a strong nonlinear function of tempera-
ture, and can be expressed by the Arrhenius law

k=Bexp(—E/RT) (3.21)

where E 1s called the activation energy, expressing the energy barrier of
reaction; R 1s the unmiversal gas constant; and B is called the pre-exponential
factor. In theoretical analysis or numerical simulation, frequently the reac-
tions are considered as a one-step global reaction and its reaction rate is

wy = Bp"exp(— E/RT) [ " (3.22)

where the pre-exponential factor B, activation energy E, and reaction order
m are all empirical kinetic constants, based on experimental results.

3.2.4 The Reynolds Transport Theorem

The relationship between the change in Lagrangian coordinate and Eulerian
coordinate for any variables is

do _ 26 ,

dt o ox

From here we obtain the Reynolds transport theorem
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dd 0P od %)
— = — + dS = — + | — OV 2
dr o ng >= G Jvaxj(mf) (3.23)
where
@—J OOV
1%

is the integral of the generalized variable ¢ in the control volume. The physi-
cal meaning of Eq. (3.23) 1s that the change of the integral of any variable ¢
in the control volume @ in Lagrangian coordinate i1s equal to the static
changing rate in time plus the changing rate due to convection in the
Eulerian coordinate.

The generalized conservation law is

do

— 4| S8V = 24
- JVSG 0 (3.24)

where S, 1s the source term, 1.e., the production rate or destruction rate of ¢
per unit volume.

3.2.5 Continuity and Diffusion Equations

For the conservation or continuity of the gas mixture mass, taking

dd

o=p, S,=0, m =0
we have the continuity equation
Py a%(pvj) -0 (3.25)
or
P p% -0 (3.26)

It can be seen that there 1s no difference between the form of continuity
equation of multicomponent reacting gases and that of single-component
nonreacting gases.

For species mass conservation or diffusion equation, taking

(,ﬁ: p:; - ng

and accounting for the species mass change in the moving control volume
due to reactions and the net diffusion fluxes through the surrounding surface
of the control volume,
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J Ss0V = JjﬁdS -l—J w0V
vV S 1%

after using the Reynolds transport theorem and Fick law, the mass conserva-
tion equation or diffusion equation of species s can be obtained as

0 0Y
SO+ oY) = o (Dpa—) - (3.27)
or by combining with the continuity equation, we have
dYs, 0 0Y
- = — D - T N 3.28
Par  ox ( ‘Jaxj) " (3.28)

3.2.6 Momentum Equation

For the momentum conservation equation, taking ¢ = pv;, and using
Newton’s second law, that i1s, the momentum change in the moving control
volume should be the summation of all external forces, including surface
forces and body forces, acting on the control volume, we have

d Opii
OV =—1 §,6V = J 4 F,; |6V
dtJ pri Jv Jv<5xj Zps )

By using the Reynolds transport theorem and the generalized
Newton—Stokes law

d
dt

%) o ov;, O0v;
V=1 |=(pv;,) +—(pviv;) | §V: -+ Oji
J pvi J [ar (pVI) axj pv_,.'vf):| ? p!_,.' IL (a}:j axi) p U

The momentum conservation equation can be obtained as

0 0 op o[ [ovi o
— i + — Vi) — — — + — + + Ft:f 2

or
dvi __op o (v oy
+— Si .
T ox; [""’(axj axf)} 2 PF (3.30)

The body force in Eq. (3.29) or Eq. (3.30) may be the gravitational
force pg;, electric force p,E;, or Lorenz magnetic force (J X B);. It can
be seen from these two equations that except for some differences in
the body-force term and the effect of species concentration on the
molecular viscosity, the form of the momentum equation for multicom-
ponent reacting flows 1s the same as that for single-component
nonreacting flows.
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3.2.7 Energy Equation

The physical basis for the energy conservation equation is the first law of
thermodynamics. The heat exchange from the outside to the control volume
1s equal to the summation of the energy change in this control volume and
the mechanical work outside by various forces.

Using the Reynolds transport theorem and taking

2
<E5—P<€+3)

where e and v*/2 denote the internal energy and the kinetic energy per unit
mass, respectively, then the total energy change in the control volume is

d V2 O V2 O 12
ad + 2 sv=| [Zple+ L)+ (e+2) |6V =
deV’O (e 2) JV [ax" (e 2) ox; (e 2”

Jd + 2\ v
LA\ 2

The net heat exchange to the control volume by heat conduction, radia-
tion, and diffusion of multicomponent gases is

o (. .0T 0Y
—| A—+g¢g, + Dp—hg |6V
JVSXJ;( ﬁxj qu Z ij )
The work includes the body-force work and surface-force work

JV Z PL.;F;;;V,;;(SV — JV(VI' Z ngsf + Z ij':fch)év; J ai(p;jv;)ﬁv

-

SOUX;

Therefore, the total energy conservation equation is

d/ W\ _ 8 (0T oq; oY
+—)==—(I— | +— +— Dp—=h; | +v; F;
Par (8 2) ax( axj) ox; | ox; (Z ox; ) i) nF

J
O
+ Z P‘-;st st + a‘(Pijf)
Aj
(3.31)

It can be seen that new terms for reacting flows appear: The net
enthalpy carried by the species diffusion fluxes and the summation of work
done by the species body forces with the diffusion drift velocities.
Furthermore, the surface-force work includes the stress work and the defor-
mation work

OD;:i OV
e +P{f_£
an ﬁxj

o
A~ (pfjvf) — Vi
aXJ;
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The first term on the right-hand side is the stress work, which is related
to the kinetic energy and part of the body-force work via momentum equa-
tion. By multiplying v; with each term of the momentum equation, the
kinetic energy equation can be obtained as:

dv; d /12 Opij
i~ = = | = Vig— TV Fy 3.32
Vb f5<2) Vaxj viy pF (3.32)
Ovi . .
On the other hand, the deformation work pgja—v can be divided into
two parts: &
ov; ov; ov; ov;
i = (—pb; + Ti)y— = — p—L + 7;— 3.33
p”’ﬁxj ( P / T”’)ﬁxj p@xj Tja)g ( )

where the first term on the right-hand side i1s the compression/expansion
work and the second term is the shear deformation work or the viscous
energy dissipation

ov; : 2 Ov; ov;
d=71,— = [2uS; — [ = u—2 )6 | —
T”’@xj [ H2i (3 H&xj) J':| ij
The tensor operation rule gives

ﬁvf 1 81}5 an é?vf an .
— ===+ + — = S;j + &;
ﬁxj 2 arj E:?xf 8xj ar;

. o ) o o ) 512; - an
SI:,." | gg _ 0: 6!} ) gg _ O:v Tfj ) gg _ 0:! 65’8—}:} _ a_}:j

Hence the final expression of the dissipation energy is

.2 v\ S
@zzﬁSg—gﬁ (5_;) :2;1,(5?1 +S§2+S§3+Slz +S§3+S§1)_§[L(S]1+SZZ+S33)2
J

(3.34)

Putting the kinetic energy equation and the expression of the deformation
work into the total energy equation, the energy equation in terms of the inter-
nal energy can be obtained as

de Ov; 0 oT 0q i 0 oY
— L =— [ =) + L)+ — E Dp—h, | + P + E FsiVisi
[ dr paxj axj ( axj) (5}9 ) axj< f axj : ) Pl si V.

(3.35)

Attention should be paid to the fact that the total energy equation
includes the change to internal and kinetic energies, heat transfer, and
mechanical work. The conservation equation of the kinetic energy includes
only the change to kinetic energy and mechanical work, but is not related to
heat transfer. The conservation equation of internal energy is related to heat
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transfer and mechanical work, but i1s not related to Kkinetic energy.
Frequently, in theoretical analysis and numerical simulation it is preferred to
use the energy equation in terms of enthalpy. By using the thermodynamic
relationships and continuity equation,

dh d de 1dp pdp 81{, pdp

@ @I TG T rw P par

The energy equation in terms of enthalpy can be obtained as

dv dp 0 (0T aq,g, oY,
— & =__ )\_ — D?—h + O + FHV"ZI

(3.36)

Using the definition of enthalpy

oh oYy, =~ 0T
h= Z Yshs; hs o h(}x + JcpﬁdT? Z K?CPF ~— p a_xj B Z; h“a_xj i Cpa_xj

In the case of neglecting the body force and radiation, Eq. (3.36) can be
rewritten as

dh dp O _ [t Oh 1 1
—— = +pul— —— 37
Par — ar Ox;j | Pr Ox; s (Sc Pr) (3-37)
When Pr = Sc = Le = 1, this equation can be reduced to
dp 0  Oh
h —l—— h —(pu=—) + P :
(ﬁ )+ ——(pvih) = — axj (ﬁaxj) (3.38)

In the classical combustion theory the energy equation in terms of tem-
perature 1s usually used. The mixture enthalpy can be expanded into

h= )Y, (hm + Jcde) = hg + JcpdT

Its dertvative 1s

dh dT 0 0Y
P ds — f)‘;p Z h(}s‘ — PCp—— ds + Z hﬂs a_xj(DfE) — W
— ﬁﬂp Z D )S_%hm o Z Wshf]s
Due to

hs o hf}s — J Cps dT Z W h(}x — Wy Qs
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where w;Q; is the heat release of reaction, the energy equation in terms of
temperature can be obtained as

diT dp & [ 0T\ &g, 0 oY,
— —— = — [ A — |+ == +— Dp— | ¢)sdT | + wsQ; + @
PCr dt dr an ( ﬁxj ) ﬁxj ij (Z '08_)9 J P ) W

+ Z f)l-;F si V:;f

(3.39)

If the Mach number is much smaller than unity, in comparison to the
enthalpy change the pressure change and dissipation energy can be
neglected. In case of neglecting the body force and radiative heat transfer,
and assuming the equality of species specific heat,

Cpl = C€p2 = Cps — —Cp

then the energy equation can be simplified into the so-called
Zeldovich—Schwab form

Prar ot ax;

diT op o [ oT
P _ (A—) + w0, (3.40)

a.XJ;

For the simplest laminar multicomponent reacting flows, assuming a
global one-step second-order reaction, the basic equations can be summa-
rized as

Lt o) =0

%(fﬂ/’f) + aixj(pvjv;) = — j—i + ﬁixj [ 2—2 + 2—2 + pgi

%(KJY:;) + a% (pv;Ys) = a%- Dﬁz—ij — W (3.41)
%(pcpT) + a% (pvic,T) —% = a% ,\2—; + w Qs

ws = Bp?Y, Y, exp(— E/RT)
p=pRT > Y/M;

3.2.8 Boundary Conditions at the Interface and Stefan Flux

The gas—solid/liquid interface may be a channel wall, an ablating surface, a
catalytic surface, or a solid/liquid-fuel surface. The physical/chemical
changes may exist, such as evaporation/condensation, sublimation,
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FIGURE 3.1 Water evaporation.

devolatilization, and gas—solid heterogeneous reactions at the interface.
Alternatively, there may be no physical/chemical changes at the inert sur-
faces, such as at a ceramic wall. The physical/chemical processes at the
interface determine the specific features of heat and mass transfer at the
interface. First let us consider water evaporation, as shown in Fig. 3.1.

The mass fluxes at the interface can be written as

oY
Siw — Jiw + Ylwpwvw - = D}O a_ + YlewVw
Y
(3.42)
oY
gow = Jow + Youp,,vw = — Dp 5_2 + Youp,vw =0
Y
oY oY
Slw = 7 Dp - + Yh‘-«"pwvw - Dp 2 + Ylw'pwvw —
oy oy
" v (3.43)
oY
(Yow + Y1)V = povw — Dp a_; =(1 = Y1)p,, Vi

"‘1’!

It can be seen that the water evaporation rate is its total mass flux but not
its diffusion flux. The water total mass flux 1s equal to its diffusion flux plus
part of the mass flux carried by the mixture flows. The water evaporation
rate 1s equal to the mixture mass flux, i.e., the Stefan flux [1,2]. The next
case 1s carbon combustion in oxygen, as shown in Fig. 3.2.

The mass fluxes and diffusion fluxes at the carbon surface are

C+0,—-CO,
0Y o« OY
( ) __< p): Jwa:_Jprw
oy ), oy ), ’ ’
12 32
Sox,w + 8prw — PwVw — — ﬁgnx,w — 8¢ Soxw — T ﬂgpr,w
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Y‘I’J X

Yoxwpw Vi

_.-’. r'w Vv

FIGURE 3.2 Carbon combustion in oxygen.

a YDX
Oy

) + YoxwPyVw  8prw = — Dp( 3 ) + YorwPy Vw
W Y Jw

(3.44)

Sox,w — T Dﬁ(

In this case, the oxygen and carbon-dioxide mass fluxes are not their
diffusion fluxes, and none of them 1s equal to the total mass flux—the
Stefan flux. From these two examples, it i1s concluded that the sufficient
and necessary conditions for the occurrence of a Stefan flux are: there are
physical/chemical process at the interface; there i1s multicomponent diffu-
sion to or from the interface. Taking the Stefan flux into account, the
boundary conditions at the liquid—gas interface can be described, as
shown in Fig. 3.3.

The boundary conditions for the species mass fluxes and concentrations are

an , -
g&w=—Dp P + Yoo 0,V = QP Vy (s=F,a=1; s= OoX,pr,1ner,...,x= 0)
Y
ngw = PwVw — 8Fw Z Y=Yp+Yox + Ypr *+ Yiper = 1

(3.45)

The boundary conditions for the heat flux is

T T
A (a_) +eo(T) —TH=p, vl + N\ (a_) Y, = B,, exp(— E,,/RT,,)

A/, Y

(3.46)

When neglecting the radiation and heat conduction inside the liquid, it
becomes

T
)\(a—) = p,VwL = p,,ViwGe (3.47)
oy J,,

The boundary conditions at the solid—gas interface are shown in Fig. 3.4.
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FIGURE 3.4 Boundary conditions at the solid—gas interface.

The boundary conditions for the species mass fluxes and concentrations
are

aY-; aYiner
sw D - + st wVw — E Wsr &iner — — D + Yiner w Py Vw — 0
> p<5y)w g ; > p< 0y )w P

Zgﬁw = PwVw, O8Fyw = ﬁgoxjw ——J
s

(3.48)

The boundary conditions for the heat flux are

Zw‘wer—)\(a—T) Y (5_7) beoT —T)  (3.49)
r ay W ay Iw "
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3.3 IGNITION AND EXTINCTION
3.3.1 Basic Concept

Ignition 1s a critical phenomenon of transition from a slow reaction to a
high-temperature fast reaction. Ignition is routinely classified into auto-
ignition, forced ignition, thermal ignition, and chemical ignition. Actually,
ignition 1s the interaction between heat release and heat loss, chemical
kinetics, and heat and mass transfer. A false understanding 1s presented as
ignition temperature being a constant property for gas/liquid/solid materi-
als. In fact, the ignition temperature is a function of pressure, velocity,
geometrical size, and mixing ratio 7; =f (p, d, v, «). Ignition condition is
the initial or boundary condition when or where the reaction begins to auto-
matically accelerate and rapidly reaches a high-temperature state. The com-
bustion reactions have the following features: (1) the reactions have high
heating effects: Carbon: Q = 8800 kcal/kg; Hydrocarbons: Q = 10,000 kcal/
kg; Hydrogen: Q = 33000 kcal/kg; (2) the reaction rate rapidly increases
with the increase of temperature. For example,

ws =Bp?Y1 Y, exp(— E/RT) E=20,000 kcal /kgmol R =2kcal/(kgmol — k)
T1 =500K, exp(—E/RT))~2X10"

T» =1000K, exp(—E/RT,)~4X107

T, =2T,, w>r=20,000w,

3.3.2 Dimensional Analysis

At first, ignition may be described by using the Frank-Kamenetsky’s dimen-
sional analysis [1,2]. The energy equation in Zeldovich—Schwab’s form for
a steady state 1s

gy = PP o

dT oT 9, oT
(A—) .0, (3.50)

OX;

Dividing each term of Eq. (3.50) by E/(RT?), and setting

_ RT} pep
E ws Qs

0=(T—T\)/(RT?/E) t=t/1q E=x;/L

Ty = pchz/)\ D=14/7,

Te

the dimensionless energy equation is obtained as

10 /00
d(t/7.) Das(ag

) Sy (3.51)
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The Frank-Kamenetsky’s approximation gives

E
RT,(1 + AT/T))

(T—T))/T,=AT/Ty <1, exp(—E/RT)= exp[—

E
~ exp(— E/RT}) exp (ﬁAT) = exp(— E/RT))e’
1

So, we have

Ws ~ Wyl eﬁ
dé v
= = 52 (jﬁj) +De 0=0(D,&;,t) Steady solution 6=0(D,¢;)

Then, the 1gnition condition is

D = D,
Ta/Te = Doy = const

(3.52)

3.3.3 Ignition in an Enclosed Vessel—Simonov’s
Unsteady Model

Simonov [1,3] proposed an unsteady model of ignition in an enclosed vessel.
Assume: (1) a premixed combustible mixture in a spherical vessel (Fig. 3.5);
(2) uniformly distributed temperature increases with time; (3) no forced and
natural convection in the vessel; (4) only heat conduction between the vessel
and the surrounding environment; and (5) negligible concentration change
before 1gnition. The simplified energy equation is:

d7T
pVC.pE — leg Qﬁ' — 2:‘T)\(T — T:{J)
a7 17 (3.53)
PCVE =q1 — q2 = wsQs — E(T - TJL)

FIGURE 3.5 Ignition in an enclosed vessel.



32 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

FIGURE 3.6 The ignition condition.

It can be seen from Fig. 3.6 that the equilibrium state may be a steady
slow reaction or false equilibrium state. Increasing the initial temperature
may lead to the heat-release curve being tangential to the heat-loss curve.
The tangential point is the critical point. Increasing pressure, reducing heat
conductivity, or increasing container size can also lead to ignition. Ignition
temperature 1s the temperature satisfying the ignition condition, but not that
at the tangent point. The final combustion temperature is much higher than
the 1gnition temperature

Therefore, the 1gnition condition is

B dT" B oq1 O
q1=q2, — =0 q1 =q, T AT (3.54)

Then, the final expression for the ignition condition can be obtained from

g =g~ wQs=12XNT; — Ty)/d’

Oq1 _5% 2\ 2
P = pre Ew,;QS/(RTf)— 12)\/d

T;—Tyni=RT?/E T;~T,;+RT%./E

Finally, we obtain the ignition condition in the enclosed vessal as

E
RT?,

Wsoo Qs = 120/ d°

(3.55)
Te = PCy RT?I;. / (Ewson Q) Ta = f)cvdz / A

Ta/Te =12

From these results, it can be seen that ignition 1s the interaction of chemi-
cal kinetics with heat and mass transfer. Ignition condition 1s a functional
relationship of temperature, pressure, mixing ratio, and container size.
Ignition temperature decreases with an increase in pressure. Ignition temper-
ature decreases with an increase in the container size. There are minimum
ignition temperature and rich and lean concentration limits under fixed pres-
sure and container size. The theoretical results are in agreement with the
experimental results, as shown in Figs. 3.7—3.9.
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FIGURE 3.7 Ignition pressure versus temperature.
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FIGURE 3.9 Ignition temperature versus vessel size.
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3.3.4 lIgnition Lag (Induction Period)

Ignition does not come immediately, even if the ignition condition 1s satis-
fied. Ignition lag 1s the time period from the instant of the initial state to the
instant of a rapid rise in temperature. Ignition lag 1s a maximal finite value
when the ignition condition is satisfied. Ignition lag is not zero even if the
initial condition is superior to the ignition condition. Ignition lag and ignition
condition are not the same thing, but they are closely related to each other.
From the 7(¢) curve, obtained by the energy equation, it can be seen that

dT
T, <Tyi ——-0 7,=x
dr
dT dT
T =T, >0>»—=0 t=m;
P T T
d>T d>T &*r  dT
i . dr? ~ dr? dr? dt 7

Then, the 1gnition lag can be obtained from the following equation

dT
Cram = Wiy 12MT — T, )/d* (3.56)

Taking the following procedure, Eq. (3.56) is multiplied by E/(RT? ) and
divided by pc,

RT2 ~ RT> ,,
Taking Te =% Poo CQ
Wsoo Us

Ta=pocd” /N O=ET —T,)/(RT>),i=t/T.

Then we obtain

do
= =¢’—120/D D=r71,/7. Adiabatic Ignition Lag g =0
dé o bt
— =é/7., JeHdQ—Jd - t/Te=1—¢é
df Jo Jo Tc
1 RT? ’
[=T; 6’;:1 7Ti=11—=|7.= PooCv
€ E  wso Qs

The adiabatic 1gnition lag is

= Kp'"[¢(c)] ' exp(E/RT,.) (3.57)

It can be seen that the ignition lag rapidly decreases with an increase in
temperature; the ignition lag decreases with an increase in pressure; there are
minimum ignition lag, higher and lower limits under fixed temperature and
pressure when changing the mixing ratio. These theoretical results are vali-
dated by experiments, as shown in Figs. 3.10 and 3.11.
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FIGURE 3.11 Ignition lag versus pressure.

3.3.5 lIgnition by a Hot Plate—Khitrin—Goldenberg Model

Ignition may take place by a spark, a flamelet, or a hot surface. This 1s local
ignition by a local high temperature. If the surface temperature is slightly
higher than the gas temperature, the wall temperature gradient may become
zero at a certain distance x, but there is no ignition (see Fig. 3.12). If the sur-
face temperature 1s sufficiently high (e.g., 1273K), ignition may take place at
a certain distance x, and after that there 1s a temperature peak. The location
at which the wall temperature gradient is zero may be specified as the
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With combustion

FIGURE 3.12 Ignition by a hot plate.

ignition distance, behind that the heat will be transferred from the gas to the
wall. If the plate length L is smaller than x;, ignition fails.
The energy equation for 2-D laminar boundary-layer reacting flows is

oT oT 8(8T

pucpa + pvcpay = 5 )\5) + w, Oy (3.58)

The simplified solution given by the Khitrin—Goldenberg model [1,4]
divides the boundary layer into two zones:

Zone 1: Reaction zone, 6, <y <<dr, where the convection term can be
neglected, and the energy equation is simplified to

AL (aT) - w0, (3.59)

Zone 2: Preheating zone, 0 <y <6,, where the reaction term can be
neglected, and the energy equation is simplified to

oT or o (. oT
pUCy—— + pvcpa—y — @<)\5) (3.60)
The solution to Eq. (3.50) gives
2
o (or) _or o (or) 10 (o
oy \ Oy oy oT \ Oy 20T \ Oy
2 2 . .

oT or\ 20, (" 20s J *

— | —|—| = AT ~ AT

o] \av)] A J Lo

W 1
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oT oT 20, (I
x=x,|—| = — | = Q J wdT
ay ay \ )\w JT o
W 1
The solution to Eq. (3.60) gives
T hW (T, — Ty Nu.
<a_) ~ ( J) - ux (Tw T Tc:::-)

oy /5 Ay X

The two-zone coupling gives

()~ )

So, the 1gnition condition can be obtained as

2
Nu,\ ] 20, JTw
X (T =T ) Mo )1,

wdT Nu,=f"(0)Re’~ = 0.332Re?”

Ty
T =% /Uy = pcy(Ty =T, ) / (0.332Q,,,[ wde)

T
Ty

Te = f)cp(Tw_Ta::- )2/<Q¢J WsdT) Tf/?c = (.332

T

(3.61)

These results indicate that the ignition distance i1s proportional to the
oncoming velocity; it rapidly decreases with an increase in wall temperature,
and there are a minimum ignition distance, a lean limit, and a rich limit
when changing only the mixing ratio. These theoretical results are validated
by experiments, as shown in Figs. 3.13—-3.15.

3.3.6 Ignition and Extinction—Vulis Model

Although ignition and extinction are similar critical phenomena, they are
however, not reversible; the ignition point and the extinction point do not
coincide with each other. After Vulis [1,5], consider ignition and extinction
in a simple opened vessel, as shown in Fig. 3.16. The assumptions are uni-
form 7 and Y in the vessel and also 1in the combustion products, inlet temper-
ature, concentration, and mass flux are 7..Y,, and M, respectively;
adiabatic wall and first-order reaction. It 1s seen from Fig. 3.17 that there are
two intersection points (slow reaction and combustion) and two tangential
points (ignition and extinction).
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Y=lla

FIGURE 3.15 Ignition distance versus mixing ratio.

FIGURE 3.16 Ignition and extinction in an opened vessel.

FIGURE 3.17 Two critical points.



40 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

'i'STl qSTl
\ #_..-"T
N L ;
I SO /

L 4 (L)

' |

| |

| | - | | -
Tk T T ( M } ( M } M
y v E v

FIGURE 3.18 Ignition and extinction points.

In the present situation, the heat and mass balance between the heat
release and heat loss, species mass consumption, and output are given by the
following expressions:

01=VQBp..Y exp(—E/RT) Q»=Mc,(T —T.,)
G,=VBp_, Y exp(—E/RT) G,=M(Y—Y,)
O1=0 G1=0
VOBp,_. Y exp(—E/RT)=Mc,(T—T,) VBp_,Y exp(—E/RT)=M(Y—Y,)
(T —T4)=0,Y, —=Y) c,(T,,—T,)=0sY,

— )exp(—E/RT) @ =0 /V=Mc)(T—Ty)/V

Tm T a0

q1 = O /V — QEBK}G@ Yo (

It can be seen from Fig. 3.18 that changing 7, or M/V may lead to 1gni-
tion or extinction. There are three regions: there 1s only combustion; there is
only a slow reaction; there 1s no 1gnition but also no extinction if combustion
already takes place. Therefore, the ignition and extinction conditions are

expressed by:

Ignition-Extinction Conditions

001 _ 00
- G =G, — ===
O1=0 G =G 7 o7
Ignition-Extinction Expressions
Y, OF
1+ exp(E/RT ) = “LQZ
P, VB cpRTZ,
] L, (3.62)
M Re, T,
E/RT,) |1+ E/RT,)| =—2
g OP(E/RL) |1+ exp(E/RT,) | =F
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From these expressions it can be concluded that both ignition and extinc-
tion are critical phenomena, similar to each other. Both depend on flow
velocity, geometrical size, temperature, and initial concentration. However,
the 1gnition condition does not equal the extinction condition. For ignition
the temperature effect is larger and the concentration effect 1s smaller, and
for extinction the concentration effect 1s larger and the temperature effect is
smaller.

3.4 LAMINAR PREMIXED AND DIFFUSION COMBUSTION
3.4.1 Background

The aim of studying laminar premixed combustion is to understand the reac-
tion kinetics. The laminar premixed flame 1s a thin layer with rapid tempera-
ture and concentration changes, where reaction, heat and mass transfer take
place. At the hot boundary the fuel and oxygen concentration become zero
and the temperature and combustion product concentration become maximal.
The flame propagation is created by the continuous ignition of fresh mixture
by heat conduction from the high-temperature combustion products.
Reaction and heat conduction dominate flame propagation.

3.4.2 Basic Equations and Their Properties
The basic equations for one-dimensional laminar premixed reacting flows are:

puU = P U = P9 = const

p ~ const
L _d ()
U— = — — Wy
P TINT
(3.63)
dar _ d )\dT w0
,Ouffpdx o d_)C d)C Wsls
dr d [ dT
P S [ C}JE — a )\E + wy Qs
For an adiabatic flame the boundary conditions are:
oo T=T a7 0
_— — \ — 0 s _— =
) P dx
dT (3.64)

+oo — =0
X—> O dx
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There are three adiabatic boundary conditions for a second-order differen-
tial equation. The solution is possible only for a certain parameter §;. Hence,
this 1s an eigen-value problem. The energy equation can be transformed into

—Sp+—==0 (3.65)

At the cold boundary, owing to a zero temperature gradient there will be
no finite solution, i.e., an infinitive flame propagation velocity, if the
reaction rate 1s not zero. The existence of a finite solution requires a zero
reaction rate—no ignition at the cold boundary. The actual reaction rate at
the cold boundary is not zero—this is called the “cold-boundary difficulty.”

x——ow T=T, p=0

Due to the low temperature at the cold boundary the reaction rate is close to
zero, so, the mathematical formulation approximately reflects the physical process.

The similarity of temperature and concentration profiles and the law of
conservation of enthalpy across the flame can be obtained from the basic
equations without using their solution. Using the continuity equation, we
have the energy and species equations in the following form:

dr d [ dT
P Sjﬁ'pa = e AE + w0
dY d dY
;)LLS;—I = — D,()—l — W

Integration from the cold boundary to the hot boundary gives:

+ 0 + oo
P SJCp(Tm —Ty)= J wiOrdx  p 8Y1,01 = J w1 Qrdx (3.66)
—,:C —.:C -

It shows the conservation of enthalpy across the flame, that is, the cold-
boundary enthalpy equals that of the hot boundary, whether the Le number is
unity or not. The hot-boundary temperature is the adiabatic temperature. On
the other hand, when Le = Dpc, /A =1, we have

0 = Cp(Tm o ch-)/(YlQl) - (Tm o T)/(Tm o ch:-)

F=Y/Yl,

8 _d (46 |y
ldx_dx pdx W1/ 11w
dFF d dF

S] E — & Df)a — Wl/chG
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Hence, the result gives
0=F
Y1/Yio = (Tyy = T)/(T = T.x) (3.67)
cpT+ Y101 =T +Y1,01=cpT
This result implies that when Le = 1, the temperature and concentration

distributions across the flame are similar to each other, and when Le = 1, and
only when Le = 1, the enthalpy conserves at each location across the flame.

3.4.3 Two-Zone Approximate Solution

Frank-Kamenetsky [1,2] proposed a two-zone approximate solution, accord-
ing to which the flame can be divided into two zones: the preheating zone I
and the reaction zone II, as shown in Fig. 3.19.

There 1s a negligible reaction in zone I, and negligible convection in zone
II. For zone I, the integration from the cold boundary to its border with the
reaction zone gives

dT d dT dT
PopdCp—— = — (/\E) PmSle(Tl —T,)= )\(E)l

For zone II, the integration from its border with the preheating zone to
the hot boundary gives

d [ .dT dT 20, I~
— [ =] + =0 |—| = |= dT
- | A5 w1 Qi e \ L} Wi
2
oo (4T _ [T
1 2 dx dx
1 2
T
2)\Q1 J W]dT
_ I
51 = __ >
\ pL.(, p(Tl TCG)

Further approximation was made as

Tom Tm
I,—T,~T1,—T, J widT =~ J widT
Ty

Hence the final expression for the laminar flame propagation velocity 1s

L
2)\Q1 J WldT

ck: (3.68)

Si=
N\ AT Ty
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FIGURE 3.19 Two zones of the laminar premixed flame.

It can be seen that the laminar flame velocity is the interaction between the
reaction heat release and the heat conduction. This depends on only reaction
kinetics and thermophysical properties, but is independent of flow velocity and
sizes. It slightly increases with the decrease of pressure. It has a peak value with
the change of the mixing ratio. These relationships are:

SJN’\/X S;~ /W S,;Np”/z_l; Si~ o(a)

Tsukhanova [1] proposed a modified approximate solution for the laminar
flame velocity, using the results of an exact solution of the energy equation,
as shown in Fig. 3.20.

The flame can be divided into three zones: the preheating zone; and the
front and rear reaction zones. The original two-zone model takes a coupling
of zone 1 with zone 3. The modified model takes a coupling of zone 1 with
zone 2. Therefore, we have

Jone 1+ wion~o 3T [ A dr
onc 1. ~ —_— =
s ‘& dr\ cpp, dx

Zone 2: i—g ~ 0 S;% _ Z}l{i
Zone 3: SJ% ~ () % )\% — — w0,
Original % - g
1.3 3.1
Modified ‘% _ %T

1,2 2,1
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FIGURE 3.20 The exact solution of energy equation.

The flame velocity i1s obtained as

dT dTr w1 Q1

=p_C S T o T" ) )“ e -
Ix P pSIT )/ dx P CpoL

1,2 2,1

B A1 Q1w
S1 = 2 2(T. —
P Cp(Tl Toc-)

To determine 773, using the coupling condition, the result is

o | [dT 0| [dr . &\  [d*T
oT | \ dx oT | \ dx dx?2 dx?
: 1,2- : 2.1- 1,2 2,1
0
S/ = —Z W (Ty)
mcpSg

The final expression is

\/ AMQ1wi 1 - wi(Th)

S =

(3.69)

P2, ATy — T) (Ty —Ts)  wi(Th)
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FIGURE 3.21 Laminar flame velocity.

The experimental results reported by Inozemtsev et al. [1] are shown in
Fig. 3.21.

This shows the laminar flame velocity § as functions of fuel/air ratio and
fuel types. § changes with the mixing ratio and reaches a maximum at the
stoichiometric ratio. S is in the range of 0.2 m/s to 2 m/s, depending on the
fuel type. § for acetylene and ethylene 1s much larger than that for methane.
S 1s proportional to a 1.5 — 2 power of the temperature. S is proportional to
—0.15 to —0.33 power of the pressure. The flame velocity S is a mixture
property, independent of flow velocity and sizes.

Using the experimental results of § versus temperature and pressure, the
kinetics parameters can be found. For example, the reaction kinetics of
CO—oxygen combustion are found to be:

InS;=Mm/2—1)np+c
In §7 = — E/(RT,,)) + ¢

46,000
RT

Exp: Weo = (1.14~2.5) X 10°Yco Y32 p! T 2 Pexp | —

3.4.4 Laminar Diffusion Flame

By simplifying the diffusion equation, the length of a gaseous-fuel—air
coflowing laminar diffusion flame can be obtained as:

L=V /(27D) (3.70)
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where V 1s the gaseous fuel and air equal flow rate, and D is the molecular
diffusivity. It can be seen that the length of the laminar diffusion flame is
independent of the nozzle diameter and the injection pressure. Assuming that
the flame 1s an infinitively thin surface and the fuel and oxygen complete the
reaction instantaneously at the location of the stoichiometric ratio, Burke and
Schumann [6] derived a flame surface equation

d
Z”‘ (905) e _D(f”zx) G 4 Gy
o o P\ 4d,Co 4 |
J )

where d and d’ are the inner and outer diameters of the tube, respectively; J,
and J, are zero-order and first-order Bessel functions, respectively; and C,

and C, are gas fuel and oxygen concentrations at the nozzle exit, respec-

. C, . L L L
tively. Co = Cy + — 1s the 1nitial gas fuel concentration, i is the stoichiomet-
I

ric oxygen/fuel ratio. When the oxygen supply is less than that needed for
the stoichiometric ratio, the flame is open-shaped; in contrast the flame is
close-shaped. This result 1s in agreement with that observed in experiments.
Hottel and Hawthorne [7] give a modified expression as

2
L _Udy _ve v |

= — = —= = — 3.72
4D wD ﬂ'D4ln 1 +a (3.72)
dy — dy
Hottel and Hawthorne also give an empirical expression as
L=AlgVl;+B (3.73)

where A and B are empirical constants.

3.5 DROPLET EVAPORATION AND COMBUSTION
3.5.1 Background

Liquid-fuel combustion has different regimes: surface combustion; spray
combustion; prevaporized combustion; but most often it takes the form of
spray combustion. Liquid-fuel combustion always takes place in the gas
phase, since the temperature at the liquid surface (lower than the boiling
point) 1s much lower than the ignition temperature. Liquid-fuel combustion
is always diffusion-controlled combustion, since the fuel vapor and oxygen
come from two sides that are opposite to each other. It 1s found that the com-
bustion rate 1s inversely proportional to the liquid density. Spray combustion
takes different forms: prevaporized combustion; droplet diffusion combus-
tion; and hybrid combustion. In all these cases droplet evaporation and
combustion are basic processes in spray combustion.
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3.5.2 Droplet Evaporation in Stagnant Air

Droplet evaporation in stagnant air under lower temperature is conventional
heat and mass transfer. It can be described by the following relationships

dT
W \ (3.74)
(T — T,
0=Ggq. G=2rd,\T,—T,)/q.=27d,~B, B= cp(Ty — Tw)
Cp e

Hence, we have

A
G~d, G~ G~BG= ?szpgw = 2nd,DpY,, DpY, = (:_B
p

cp(Ty — 1)) _
(e

G~Dp G~Y, Y,=B,exp(—E,/RT,) B= LeY,,

(3.75)

It 1s seen that the evaporation rate is proportional to the droplet diameter
(but not the droplet surface!) and the gas thermoconductivity, and 1is
inversely proportional to the latent heat and gas specific heat.

3.5.3 Basic Equations for Droplet Evaporation and Combustion

To analyze more general cases of droplet evaporation under high temperature
and combustion, a one-dimensional model, in spherical coordinate, as shown
in Fig. 3.22, has been used by many investigators since the 1950s. The theo-
retical analysis 1s based on the following assumptions: quasisteady state

FIGURE 3.22 An evaporating and combusting droplet.
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(neglect droplet diameter shrinking); no external convection; no radiation
and body forces; spherically symmetric flow; and constant thermal properties
in the gas layer surrounding the droplet. The basic equations for the one-
dimensional laminar reacting gas flows surrounding the evaporating and
combusting droplet and their boundary conditions are:

4mr? pv = 4mrp,v,, = G =const p ~ const

av, _1d(, dv) _
Py dr r2 dr : dr s
dT d

dT
r2 A_ + II"VS QS
dr

dY; |
1 — YSWPWVW = Qp,,Vy (3 76)

'I“I’!

(s=F,a=1;5s # F;a=0)

dT
M| = Pwvwde = G /(4nry)  Yg, =B, exp(— E,/RT,)
= OO0 |

I = Tg: Yp = Ypr — O: Yox = YDX-I}; Yiner = Yiner o

The integration from the droplet surface r, to the arbitrary radial distance
r gives

d d dY; d d dT
a (GYS) ZE (47”’2[)%) — 4712 Wg E (GCPT) ZE (471-“”2)‘3) +47r? WSQS

d7 (" dY d
G [CP(T —T,)+ qe] =472 )\—d + J Arr’w,Qdr G[Yr—1]= 47rr2Dp—d d —J Arriwedr
r r

Fp p

dYox [’
GYox = 47rr2Dpd— —J AP wodr Wy = Bwg
r

Fp

3.5.4 Droplet Evaporation With and Without Combustion

In the case of pure evaporation, the reaction terms in the energy and species
equations are eliminated, and the integration from the droplet surface to
infinity gives

Yrw
1 =Yg,

SR PEIUEE
e

C‘f}

} G = 2nd,Dp In [1 + } (3.77)
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When Le = 1, we have

A (T, — T, Yr,
G = 2nd,—In[l + B] p=Te— 1) _ _Tr ,
Cp ge 1 =Yg,

G~d, G~A G~In[l +B]
when B«1 In[l + B|~B
(3.78)

It can be seen that in this case, that the evaporation rate is proportional to
[n(1 + B), but not simply B. Since In(1 + B) is smaller than B, it implies that
the Stefan flux weakens the heat and mass transfer during evaporation.

In the case of evaporation with diffusion combustion, under the assump-
tion of fast chemistry, for Le =1, using the Zeldovich transformation to
combine the fuel-vapor species and energy equations to a function Z, integra-
tion from the droplet surface to infinity gives

» A dZ
Z=c,T +Yx0ox Le=1, G=[(Z—-Z,)+qge+ YoxwQox] =4rr —
cp dr
A Z."f\. T ZW
G=2nd,— In|1+ —
Cp de T YoxwQox
A ol le — Ty + (Yoxoo = Yoxw)Qox
G =2rd, 2 1n | 1+ 2e T Twl * Foxe )0
Cj‘? qi.’f’ + YDXW QDK
(3.79)
. . . cplTm — 1]
for diffusion combustion, Yo, ~*0 G=27nd,— In|1+
Cp e
2md A | [1 + B ]
=2md,— In ~
] ¢y f
Bf — Cp(Tm o Tw) / e Tm — Tg + YDX e an/ Cp
(3.80)

In this case the droplet evaporation/combustion rate is independent of the
reaction kinetics.

3.5.5 Droplet Evaporation and Combustion under Forced
Convection

For the cases of droplet evaporation/combustion under forced convection, in
the simplified one-dimensional analysis, a concept of “stagnant film” 1is
introduces, as shown in Fig. 3.23. Use two hypothetical steps instead of the
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FIGURE 3.23 Droplet evaporation/combustion under forced convection.

real convection cases. First consider the hypothetical heat conduction equiva-
lent to the real heat convection in a stagnant film without evaporation and
combustion. Then, consider evaporation and combustion in the stagnant film
without convection. The stagnant-film radius 1s defined by the following
relationships

did
Q:?Tdﬁh*(Tg_Tw): :l:)\(Tg _TW) N :h*dp/)\ Nu- :dl/(r] — rp)
P

dy = d,Nu- /(Nus — 2)
(3.81)

Then, we have
Nu. =2 dy=o0; Nu= o0 d =d,
Ranze-Marshell Law
Nu« =2 + O.(5]5{'3!,;,“'5F’rﬂ'33 Re, = |17'g — ﬁp|dp/y
Therefore, by the integration of basic equations from the droplet surface
to the stagnant-film radius, using d; instead of infinity for the outer bound-

ary, the evaporation with and without combustion under forced convection
can be obtained as

A (T, = T,,)
G—?poNu*.—lnll + 9T~ 1)

Cp de |

A T, —T,)
G = ?poNll* —lIl [1 -+ Cp( )

Cp 9e i

. hd :
Define Nu= -~ = Gq.d,/ [?Tdﬁ NT, — Tw)_
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The Nusselt numbers for the cases of high-temperature evaporation with-
out combustion, evaporation with combustion and low-temperature evapora-
tion are:

A
wd,Nu-—In [1 + Blq.d,
Cp

?Tdﬁ NT, —T,)

Nu = Nus = Nu-In[1 + Bf]/B
Nu = Nu-

Nu = Nu, =

= Nu-In[l + B]/B (3.82)

Obviously, Stefan flux weakens heat and mass transfer and combustion
enhances heat and mass transfer.

3.5.6 The d? Law

This law is called d° Law by Western scientists or Sreznevsky law by
Russian scientists. In the case of the same fuel, unchanged gas temperature,
and oxygen concentration and negligible change of Nu, we have

d(dy/2) _ 7d, d(dy)

_ 2
G =y, 4 M q
o dd) _ 4G
dr mdy,p,
Nu: A Nu. A (3.83)
K=4—"In(1+B); K =4—C"In(1+By)
PiCp PiCp

K =const; Ky =const K,Ky=Evaporation constants

2 g2 2 g2
dﬁﬂ df? - KI dj‘?(} df? — Kfr

Droplet Lifetime 7, =d /K 7,=d/K;

For light-oil droplet evaporation/combustion in high-temperature air,
K~ 1 mm?s, the lifetime of a 200-pm droplet is approximately 0.04 s.

From the above-stated theoretical analysis, the following conclusions can
be drawn: (1) the evaporation rate « droplet diameter and gas heat conductiv-
ity; (2) the evaporation rate « [n(l + B) or In(1 + By); (3) the evaporation rate
x square root of the gas relative velocity; (4) the evaporation rate with or
without combustion is independent of the chemical kinetics; and (5) the d* law
holds only for unchanged gas temperature, oxygen concentration, and Nu.

3.5.7 Experimental Results

The experimental results for droplet evaporation/combustion demonstrate the
following phenomena.



Fundamentals of Combustion Theory Chapter | 3 53

(1) There are four regimes for droplet evaporation: fully enveloped flame;
partially enveloped flame; wake flame (parachute flame); and pure evapora-
tion, where the evaporation rate at first increases and then sharply drops,
when the gas relative velocity increases (see Fig. 3.24); (2) d” law approxi-
mately holds; (3) the evaporation constants for kerosene, isooctane, diesel
oil, paraffin oil, and heavy oil are 0.96, 0.95, 0.79, 0.7, and 0.5, respectively;
(4) the evaporation constant K p0'25 for p > 1 atm, 1t 1s a result of natural
convection, but Kk~ inv (p) for p <1 atm (see Fig. 3.25); (5) K« v for fully
enveloped flame and pure evaporation; (6) K « B, but not In (1 + B).
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FIGURE 3.24 Evaporation rate versus gas velocity.
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FIGURE 3.25 Evaporation rate versus pressure.
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3.5.8 Droplet Ignition and Extinction

Assuming that ignition occurs at the hot boundary, using the thermal ignition
theory, we get

Tg
(ccll—zj) = %J ’IfVSdT (c(ll_f:) =G [C;J(Tg o TH») + C]e] /(471-"% )\)
1 2

d7T \dT)\ Tw
) ()

20; ('
G[Cp(Tg —T,)+ qe] [(47ri ) = | )\‘ J wsdT
Ty
A (3.84)
G =md,—Nu-In|1 + ¢,(T, — Ty)/q.| di = d,Nu+ /(Nu. — 2)
Cp
— 2_ 2
1 (Nll* _2) B N
dﬁ o = AT} exp(— E/RT,)
when Nu:> >2, Nus- N(Hg_;.dp)l/z
for unchanged 7, u., ~d,
for unchanged u,, d,~T," exp(E/RT,)
The extinction condition can be obtained in a similar way as
(Nu. —2)*/Nu. = AT (Sid,c,p/ M) (3.85)

Therefore, it can be seen that the ambient gas temperature 7, has a
greater effect on ignition than the oxygen concentration Y, .., and Y, ., has
a greater effect on extinction than 7.

3.6 SOLID-FUEL: COAL-PARTICLE COMBUSTION
3.6.1 Background

The solid fuel may be metals, nonmetals, solid propellants, and the widely
used fossil fuel-—coal. Coal 1s classified into anthracite, lean coal, bitumi-
nous coal, brown coal, and lignite, according to its age and degree of carbon-
ization. Coal analysis may be ultimate analysis (carbon, hydrogen, oxygen,
nitrogen, sulfur) or proximate analysis (volatile, fixed carbon, moisture, and
ash). Coal 1s the cheapest fuel on the earth, but has disadvantages of pollu-
tion and erosion. The coal combustion processes include: heating, moisture
evaporation, devolatilization, volatile ignition and combustion, simultaneous
volatile and char combustion, and char combustion only (Fig. 3.26). The
final stage takes the longest time and releases most of the heat.
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FIGURE 3.26 Coal-particle combustion.

3.6.2 Coal Pyrolyzation (Devolatilization)

When coal 1s heated to 500°C—-600°C, CO, C,,H,,, N», and H,O are released,
in a process called pyrolyzation or devolatilization. Coal particles consist of
dry-and-ash-free coal (daf coal), char, ash, and moisture. Daf-coal pyrolyza-
tion releases volatile. Heterogeneous char oxidation releases carbon monox-
ide and carbon dioxide. The coal-particle mass loss rate 1s the sum of the
moisture evaporation rate, devolatilization rate, and char combustion rate.
Coal devolatilization plays an important role in ignition and flame stabiliza-
tion. Coal devolatilization also affects coal porosity, and hence indirectly
affects char combustion. There are one-equation, two-equation, and multie-
quation models of devolatilization. The two-equation model 1s the most
widely used, and i1s expressed by two reactions: One reaction dominates
under conventional combustion temperature; the other dominates under very
high temperatures. The devolatilization rate i1s proportional to the daf-coal
mass and depends on the particle temperature in an exponential relationship.
We have the following expressions

m=m, +my +m, +m,

m = me + my, +m,, =m, + my +m,

Daf coal - - Volatile 1 + (1 — aq)-Char 1

— vp - Volatile 2 + (1 — ap)- Char 2

m, = kam., k=B, exp(— E,/RT,)

m, = me[a; By exp(— E,1 /RT,) + ayB,, exp(— E,» /RT),)]
~dm, my My

. = syl Pl me |Byi exp(— Eyi/RT)) + Bys exp(— Ey2 /RT))|

Ny ~ Qprox (X2 ~ 0.8 BVZ > Bvl EU2 >Ev1
LowT,: ki >ky HighT,: ky >k
(3.86)
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3.6.3 Carbon Oxidation

Carbon oxidation is a heterogeneous reaction at the solid surface, since
T, > T; The carbon surface absorbs oxygen molecules and desorbs CO or
CO,. Surface oxidation reactions produce CO or CO,, a reduction reaction
produces CO, and a CO volume reaction produces CO..

Premary-surface — 1 C + O, —>CO;, + 94,200 kcal /mol
Premary-surface —2 2C + O, —»2CO + 52,300 kcal /mol
Secondary-surface C + CO, —»2CO — 41,950 kcal /mol
Secondary-volume 2CO + O, —2CO; + 136,200 kcal /mol

(3.87)

For carbon oxidation kinetics, assume global kinetics of Arrhenius-type;
first order (actually 0.5 order). It produces mainly CO, when 7T <1273K,

and mainly CO when T is in the range of 1273K—2273K. Therefore, we
have

Wox1 — Bl ,Ow YDXW er(_ El /RTW) — koxl f)w YDXW
Wox2 — BZ Py Ynxw eKP(_ E2 /RTw) — kDX2 Pw Ynxw

Weo,,3 — B3f)w YCDZW exp(_ E3 /RTW) — kCDz,S Pw Ycogw
Woxd = 6.6 X 10* pY,, exp(— 15,000 /RT)

E T E
k.= B, —E,./RT) =k — [ 1- = ki .
xp(—E/RD=kexp| x| 177 “*P| RT.

exp(— E, /RT)

Br = k« cXp kx = lOm/S T =2000K

E,=(21~23)X10’kcal/mol E,/E; =12 E3/E,=22
Eis>E,>E, By;>B,>B,
LowT (E —impor.) ki >k, >ks; HighT (B —import.) k; >kr>k3
(3.88)

3.6.4 Carbon Oxidation—Basic Equations

4rr? py = 4?1'?’1% p,,Vw = G =const p = const

dY, 1 d 2 dY, dT 1 d 2)\dT w0
) - —=— ) — Wy WCp — — —=— E— sWUs
pY dr r2 dr s dr Ws PV dr r2 dr d dr W

dY;
F=Tp 8Sw— = Dp (?) T szf)wvw = Z Bﬂ‘prSWer(_ EF‘/RTP)
w r
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Z QsrBsrpy, Yo €Xp(— E"/RTp) - EJ(TE B T‘j) —A (i—i) .

D ow = PV = Geow T Geopw T ogn (3.89)

A

r—r T:Tg Ys:Yso@ ZYE:l ginerzo

The stoichiometric relations at the particle surface are

(1) (2) (2) (3) (4 50)

Soow — So,w + Soow Scow — Scow T Scow  Scoow T Scopw T Scopw

= =320, g, = = 32/564, 6L, = —44/5642),

COrW

56/448cnw + 56/32802w T 8cow =0 g =&, T8c, T8c; = Zg*""“" — PwVw = &8

(3.90)

3.6.5 Carbon Oxidation—Single-Flame-Surface Model-Only
Reaction 1 or 2 at the Surface

This 1s the case shown in Fig. 3.27B. There are only carbon oxidation reac-
tions to produce CO and CO; at the surface. We get

dYD dYD
G(Y,, — Y,,) =4mr’Dp | - 4’mﬁDp .
dr
dT dT
Ge,(T — T,) = 4mr’ \ ol 47y A =
dY,,
—47r*Dp 1 + GY,, = Gy, = 4?Tr§gmw
dT dT
4’3‘1’?’2)\ E :G[CP(T—TP)+qw] qW:4?Tr§)\ E /G

W

3 3
G = Gy, + Geo, = — = Go,(Reaction 1) or G = ——G,,(Reaction 2)

8 4
G=—Gn/f B=8/3——4/3
4’?T7'2Dp dYo, = G(Y,, + ) 47rr \ d_T — G[Cp(T - Tp) + QW]

dr dr
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FIGURE 3.27 Char particle oxidation.
Yo,00 — Yoou A c,(T, — T
G=G.=nd,Nu.Dpln |1 + =—22| = 7d Nu. —In |1 + pTe — Tp)
B + YDzW Cp 4w

2
||

— 471> B,Yo,up exp(— E,/RT,) r=1,2

rd,  dT
—ppccc—p = d7r E‘CF(T4 T4) Gq,, + GO,

(3.91)

If there 1s steady state and radiation equilibrium, the wall heat flux will
be equal to the combustion heat release, and we have

G =G, =nd,Nu-Dpln |1 + CESAN

: - (3.92)

Cp(Tp o Tg) _ YDZ o Yngw
Qc B + Yogw

Goo = — nd; B, Yo,up exp(— E,/RT))

The carbon combustion rate G depends on both reaction kinetics and heat
and mass transfer, and G 1s larger for reaction 2 than that for reaction 1.
From these results the regimes of diffusion combustion and kinetic combus-
tion can be analyzed, as shown in Fig. 3.28.
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FIGURE 3.28 Diffusion combustion and kinetic combustion.

frequently (Yo, 00 — Yo,u)/(8 + Yo,uw) <1
lIl[l + (Yngc::‘:- o DQW)/(B + Yngw)] ~ (Yog a0 Yogw)/ﬂ

Nux Dp
o= ) ==

oow — T szyﬂzw Yﬂzw — YD:*’I} h;/(hji + kﬂz)

| 1
Bow = = KVoroo K=1/{3% +:—
d 02

{Yngcﬁ- — Dgw) — h;p(Yngm — Dgw)

ko, >h, D=14/Tc=ky,/h,»>1 K=~h, Yy, ~0 (3.93)

Gogw X — W, pYo, ., = —NuDpY,, ., /d,

uCC L] & ]
—— Diffusion combustion

P

So,w = INV(T,) ~

T,=T,+Y,0./(Bc,), maximal
ko, < h; Dl K=ky You=xYow T,~ Ty(T, minimum)

Goow ~ —koyYo,00  8oyw~Te =1nv(uy,d,) Kinetic combustion

It can be seen that carbon combustion depends on both kinetics and heat
and mass transfer. Carbon combustion may be diffusion combustion or
kinetic combustion. The diffusion combustion takes place at higher tempera-
tures, lower gas relative velocities, and larger particle sizes. In contrast,
kinetic combustion happens at lower temperatures, higher gas relative veloci-
ties, and smaller particle sizes. For kinetic combustion, G increases with an
increase in 7 and 1s independent of d, and v. For diffusion combustion

G increases with an increase in v and a decrease in d,, and is independent
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FIGURE 3.29 Carbon combustion rate.

of 7. For carbon combustion the surface temperature 1s higher than the gas
temperature and the surface oxygen concentration is lower than the surround-
ing temperature. The surface temperature 1s highest and the oxygen concen-
tration 1s lowest for diffusion combustion. Conversely, the opposite results
exist for kinetic combustion. As shown in Fig. 3.29, it was found that the
theoretical results are in qualitative agreement with experimental results.
When T < 1173K, there 1s kinetic combustion; when 7= 1173—1273K, there
1s kinetic-diffusion combustion, and when 7 = 1273—1473K, there 1s diffu-
sion combustion. However, when 7> 1473K, there 1s again kinetic-diffusion
combustion. A blue transparent CO flame around the carbon particle and
local higher temperature (1753K) in the gas layer are observed. At higher
temperatures the surface reduction reaction of CO, and the volume reaction
of CO must be considered.

3.6.6 Carbon Oxidation—Two-Flame-Surface Model

Assuming that there are only a CO reduction reaction at the surface and a
CO diffusion combustion in the stagnant film, the basic equations and
boundary conditions are:

dY d dY
— = — [ 47’ Dp—| —w;
dr dr d f dr i
dT d dT
= 4P — | + No)
Gep dr dr o dr WsQ.

r=r, u=0 v=y,#0
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dY,
Ssw — Dﬁ( df’ ) + st;(}wvw — BC3 f}wysw exp(_ E3/RT};1)

dY, . .
Yo, =0 ( ] 2) =0 T, —is determined by Energy Eq.
r W

(3.94)
8e = 8w = Z Esw = gcow T geopw = PyVw
1 3
Scow — 148(:02“; gc — 88w — 1lgcogw
Using Zeldovich transformation, the following results are obtained:
Zeldovich Trans. Y =Y, +4Ye,/11 Z=c,T +Y,,00,4
dy d dY dZz d A dZ
G— = — | 4nr*D G— =—|( 4mr* ==
dr dr ( " K)E) dr dr( " Cp dr)
dY dY
G(Y—Y,)=4nrDp|— | —4nr:Dp| —
dr ! dr ),
A [(dZ A (dZ
G(Z — Z,) = 47mr? ( ) — 4mri— <_)
¢, \ dr Pe,\dr /),
D dY D d YDz n -+ d Ycog 4 d YCDZ
P\ ar f dr 11\ dr 117\ "ar
4 4+ 4
7 (8comw = Yeorw8w) = — 8w (3 T cw)
Y-v,)=Y— 1Y +4Y —Y—4Y
W 0y W 11 COoW 11 COoW
dY Yo,0 —4Yeo, /11
G(Y + 4/3) =4xr*Dp ™ G = md,DpNu- In | 1 + i’(’ 2/
' 3+ 4o /11
(3.94)
A (T — T,
G = md,—Nu= In [1 + (T ’ )}
Cp dw
G=G, = WdﬁBC;;wszw exp(— E3/RTP) (3.95)
Tp: (?ng /6)[)Cccd—f = ?nggcr(Tg — T;D + Gq,, — GO,

4Yco,w/ 11 instead of Yo,; 7T, — O, and Q,4,n0t Q,, or Q,
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In this case the carbon combustion rate G depends on diffusion and surface
kinetics, but 1s independent of volume reaction kinetics. The difference between
the one-flame-surface model and the two-flame-surface model 1s that the reduc-
tion kinetics of reaction 3 replaces the oxidation kinetics of reaction 1 or 2.

3.6.7 Coal-Particle Combustion

When analyzing the coal-particle combustion, all of the simultaneous mois-
ture evaporation, devolatilization and char oxidation, and the three surface
reactions should be considered. The basic equations for the gas layer sur-
rounding the particle and the boundary conditions are:

G, = — 4?Tr2Dpd—‘ + GY, = const
r

dT
A7r? /\E =G |cy(T — Tp) + gy
(3.96)
G, =Gy, = ?ng pYsw > Br exp(— E, /RT))
G=G.+G,+G, G.=—3G,n/4—3G,/11
dT
mp()cd—; — ’}'legf}'g(T — T) + qu - GWLW — GUAhp + Z GCFQCF‘
Gv; G T Yu;f;(d )\ y T — T
G,, = md,Nu:Dp In s/ ‘ G = nd,Nu«—In |1 + (T — 1)
Gj / G— Y Cp dw
—_ - _1 - -
Gc
w=0Cy(T, — T, -1
dw = Te = Tp) x| Qe
1 — wa;{,
G,, = md,Nu.Dp In | — Y, = B,, exp(— E,,/RT))
G, = m[a1 By exp(— Ey1 /RT,) + aaB,» exp(— E\2 /RT,)]
dm,.
——=—m Byi exp(— Eyi /RT,) + B, exp(— E,» /RT))|
GCD/G_YCDCC GD/G_YDCC
— d N *D l = 2 — d N *D 1 2 2
= P wep GCDQ/G_YCDQW " wep GDQ/G_YDQW

Go, = Wdﬁ pYo,w[B1 exp(— E; /RT,) + B, exp(— E>/RT),)]

8
Geo, = Td2p Yo wB1 exp(— E1 /RT,) = Yeo,wB3 exp(— E3/RT))




Fundamentals of Combustion Theory Chapter | 3 63

G.= —3G,,/4—3G.,/11 G.=G-G, —G,

d7T, Gc
P ?Tngcr(T4 Tj) + Ge,(T, — T)) | exp ?poNfl*)\ —1

MeCe—

~ GyLy + GO + GO QR — [(::3)2 0%
G) = nd;pY,,,B1 exp(— E; /RT))

G = 7d; pYo,.Ba exp(— E, /RT),)

GQ) = md, pYeo,wB3 exp(— E3/RT))

These equations have to be solved numerically. The simulation results for
the combustion of a 1-cm Huainan bituminous coal particle and their com-
parison with experimental results are given in Figs. 3.30. It can be seen that
the predictions are in fairly good agreement with the experimental results.
The particle mass decreases sharply in the pyrolyzation period, then becomes
almost unchanged when volatiles 1gnite and burn, and subsequently
decreases again when char combustion takes place. The volatile combustion
time 1s almost one-sixth (20 s) of the total combustion time (120 s). Hence
char combustion plays a dominant role in coal combustion. The particle tem-
perature remains almost unchanged during the time of char combustion.

Some other experimental results give the volatile ignition time, volatile
combustion time, and char burnout time as

= KT, *dpo or 7 = K1 Y, T, >2d);
= K»d,
Ten = K3T, Y,

(3.97)
u;dzpﬂ
Tch — K3T_05Y bﬂdﬁﬂ

o ) : ' 1200 ' T
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FIGURE 3.30 Particle mass (left) and temperature (right) change during combustion.
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3.7 TURBULENT COMBUSTION AND FLAME STABILIZATION
3.7.1 Background

Practical flames are always turbulent. There are two problems with prac-
tical turbulent combustion: combustion intensity (flame length) and
flame stabilization. The purpose of engineering is to increase the
combustion intensity and flame stabilization. The well-known phenom-
ena include: the length of turbulent diffusion flames is independent of
inlet velocity; the length of turbulent premixed flames depends on inlet
velocity and is shorter than that of laminar flames; the expanding angle
of turbulent premixed flames behind a bluff body decreases along the
axial distance and 1s independent of the mixing ratio and inlet velocity at
high velocities; and increasing the inlet turbulence intensity reduces the
flame length.

3.7.2 Turbulent Jet Diffusion Flame

The basic equations of a turbulent jet diffusion flame are:

0 0
— 4+ — =
pm (pur) ar(”w) 0

ou ou 10 ( ﬁu)
pU— + py— =—— | rvTp—

Ox or ror or
(3.98)
pu ox pv or  ror T or s
oT ol 10 oT
. + P — +
o P " T ar (r)\T 8r> Wsls

Using the concept of Prandtl’s mixing-length model, we have

ou

or

vr =Dr = Ar/(cpp) = cx’

The boundary conditions are:
r=r1 u=uiT=T:Yu=0;Yr=1
r=ry u=uyT=TYox = Yoxoo; Yr =0

r=ry Yox=Yr=0
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Using the Zeldovich transformation, we have

Y=Y x — ﬂYF /= C'pT + YDXQDX

oY oY 10 [ AroY
pU— + py— = —— | r——

ox Oor ror\ c, Or

/4 N 0Z 10 AdZ
puﬁx pvﬁr r or rcp or

Without solving these equations, it can be seen that the solution should be

Y-Y, Z-2

= =0(x/R,r/R 3.99
T = = 0/R.r/R) (3.99)
At the flame surface, there will be
Yox oo o1y — 12) — Yox o Qox
Oy = _ollr — 1) ¢ (3.100)
Yoxoo T ﬁ — Yox oo QDX
Therefore, the adiabatic jet diffusion flame temperature can be obtained as
YDX 0.8] 0X
T}* — TQ + Q (3101)

cp(1 + Yoxeo /)
The flame shape 1s determined by
(I/R)f = (}:/R)f[gf: (V/R)f] (3.102)

The flame length 1s determined by

(x/R); =L¢/R r1;/R=0
Ly/R=ff) Lg/R=abs+b

-r(dzz ) 10
Experimental results give
Ly —R<10Y°’““3 fﬁ+4) (3.104)
From here there are the following relationships
" Yoxo K13 10Y‘”;“3' fﬁ>>4 S Li~R  Li~1/Yoy o

It can be seen that the diffusion flame length depends on the tube radius
and oxygen concentration, but 1s independent of the inlet velocity and other
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factors. The flame length 1s proportional to the tube radius and inversely pro-
portional to the oxygen concentration.

3.7.3 Turbulent Premixed Flame—Damkohler—Shelkin’s
Wrinkled-Flame Model

In this model, 1t 1s assumed that the turbulent flame 1s a wrinkled laminar
flame, consisting of elementary laminar flames. These elementary flames
propagate at the speed of laminar flames S, Turbulence increases the flame
surface area, hence increasing its burning velocity. This model is schemati-
cally shown in Fig. 3.31

In these cases, the dimensional analysis gives the propagation velocity of
a turbulent flame

St =8F, St= S{FJ/F F;/F :f(Tcnmb/TT)
Teomb /T = (L/S)/(U/W)=u'/S;  Fi/F=f(/S)=AW'/S)"  (3.105)
St = AS}_HHM
Experiments give A = 5.3, n = 0.67. Hence the flame length is
L=Ru., /St =Ru., /(AS)?u7) = Ru’ <7067 /(AS)?) (3.106)

It can be seen that the turbulent combustion rate 1s affected by both tur-
bulence and chemical kinetics, and turbulence has a stronger effect. The
lengths of turbulent flames are affected by the inlet velocity, turbulence
intensity, and reaction kinetics.

(A)

|I. Sr F‘]
P .
it ) ,
@@ ~ :
i, AP @@ %
Y W/////// |

FIGURE 3.31 Wrinkled-flame model.
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3.7.4 Turbulent Premixed Flame—Summerfield—Shetinkov’s
Volume Combustion Model

According to the wrinkled-flame model there are either fresh mixture or
combustion products in eddies, but no intermediate states. However, accord-
ing to the volume combustion model, turbulence affects combustion via
mixing. Mixing and reaction occur at the same time. Different eddies have
different temperatures, concentrations, and reactiveness. Turbulence intensi-
fies combustion by increasing the mixing rate. The difference between the
two models 1s schematically shown in Fig. 3.32

3.7.5 Flame Stabilization

In high-velocity flows in after-burners of aircraft engines and ramjet combus-
tors, the recirculation of combustion products 1s used to stabilize the flame.
Recirculating flows can be induced by bluff bodies, sudden expansion,
recess, abrupt turning, opposed jets, and co-flow jets. The length of the recir-
culation zone 1s proportional to the bluff-body’s diameter. Experiments have
shown that combustion enlarges the central recirculation zone and shortens
the corner recirculation zone. Experimental results reported by De-Zubay
give the blow-off velocity as a function of pressure and the mixing ratio:

., /(D™ p*°) = f(«) or approximately u.., /(Dp) = f(c) (3.107)

The recirculation zone behind a bluff body is shown in Fig. 3.33.

The mechanism of flame stabilization 1s shown in Fig. 3.34.

The flame stabilization condition can be given by an analytical model—
Zukosky—Marble’s ignition model—that 1s, ignition by hot combustion

a— Fresh mixture

B Rcoction zone

ig")"
7 Products

= _ 1 Fresh mixture

= Reaction zone
B3 Products

(B)

FIGURE 3.32 Comparison of two turbulent combustion models: (A) the wrinkled-flame
model; (B) the volume combustion model.
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FIGURE 3.34 The mechanism of flame stabilization.

products. If the ignition distance x; is greater than the length of the recircula-
tion zone L ignition failure, the flame will be blown out.
At x = x;, we have

or\ [or
Oy Oy

1 2
oT 20, r"m oT T7,—T, T,—T,
— | = w,dT — | = —
oy \ N Oy b C1X

2 1
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Furthermore, the derivation gives

_ . _ c o] — .12 Un — U | : :
AT = P, CpVT = P Cph L = p,.Cpl b = C20,,CpXU o0
2 I'm
(Tm o Tor::-) 2Q¢
55 = wdT
CiX COLPCp XU )T,

T

Xi — C3U pg;;.(Ta:- /Tm)cp(Tm - Tﬂ:—)z/ (Q';J wsdT)
T

Xj — C4qlU (Ta‘_:- /Tm)a/(sl)z

The flame stabilization condition should be

X — L= CSD
D/uy, =ce(T /T,)a/S; (3.108)
where a= \/(c,p)

Defining Pe; = u,,D/a Pe; = S;D/a, finally we have
Pe, = c7Pef2 or Re,; = chu;?,J,ﬂ2 where Re; =u.D/v (3.109)
A comparison with experimental results gives

Pe,; = LOSPe? or Re; = 1,45Pe§ (3.110)

This is in agreement with the expression u., /(Dp) = f(«)

3.8 CONCLUSION ON COMBUSTION FUNDAMENTALS

Fundamentals of combustion theory are based on simplified analytical solu-
tions. In the past, it was used only for qualitative analysis of experimental
results for empirical engineering design. Now, it has become the basis of
submodels in the CFD simulation of combustion processes, and is used indi-
rectly to solve practical problems. Many new phenomena remain to be stud-
ied, such as microgravitational combustion, microscale combustion,
supersonic combustion, pulsating combustion, combustion in electric and
magnetic fields, self-propagating combustion in solid materials, etc.
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Chapter 4

Basic Equations of Multiphase
Turbulent Reacting Flows

In this chapter the basic equations of laminar or instantaneous multiphase
flows are first considered and then the basic equations of turbulent multi-
phase flows are discussed. The laminar or instantaneous multiphase-flow
equations are based on the concept of volume averaging, given separately by
Zhou [1,2], S.L. Soo [3.4], Drew [5], Nigmatulin [6], Jackson [7], and Fan
and Zhu [8].

4.1 THE CONTROL VOLUME IN A MULTIPHASE-FLOW
SYSTEM

In a multifluid or two-fluid framework, the system is considered as a mixture
of multiple/two fluids, in which the dispersed phase (particles/droplets/
bubbles) and the continuous phase (liquid/gas) occupy the same space in a
macroscopic sense (but occupying different spaces in a microscopic sense).
Different phases interpenetrate each other and have their own sizes, veloci-
ties, concentrations, and temperatures. Now consider a control volume dV
(corresponding to a computational cell) in a multiphase mixture with an
external surface dA (see Fig. 4.1). If the phase k in this control volume occu-
pies a volume of dV) with a surface of dA, (interface between phases), then
the ratio dvy/dV = o is just the local volume fraction of the phase k. To
describe the dispersed phase using the multifluid concept in Eulerian coordi-
nates, the condition to be satisfied 1s that the size of the control volume /
should be much smaller than the geometrical size of the flow field L, but at
the same time it should be much greater than the particle/bubble/droplet size
di. This requires d; <<[I<<L, which means that the control volume
contains sufficient numbers of particles. Only under this condition does the
control volume behave like an elementary volume of the macroscopic flow
field, and the local values of each variable in the control volume express the
macroscopic properties of the flow field, but not the detailed flow field
around each particle/droplet/bubble. For example, in a cyclone separator,
L 1s the order of 0.5—1 m, d; 1s the order of 100 pm, and / may be taken as
0.01 m. For a large-size fluidized-bed furnace, if L is the order of 10 m, and
di 18 the order of 1 mm, then / can be taken as 0.1 m.
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FIGURE 4.1 The control volume.

4.2 THE CONCEPT OF VOLUME AVERAGING

As already indicated, if the “microscopic” flow field inside a control volume
is to be considered, then different phases will occupy different volumes.
However, if the “macroscopic” flow field is to be considered, then different
phases are treated as if they occupy the same space and interpenetrate each
other, each having its own velocity, temperature, and volume fraction. The
basic equations derived for single-phase flows are feasible only inside each
phase to describe the “microscopic flows.”

Therefore, to describe the “macroscopic” flow field, we have to use the
concept of volume averaging. That is, each variable expressing the behavior
of the “macroscopic” flow field i1s the volume-averaged value in the control
volume dV (Fig. 4.1). Denoting the “microscopic” or real value inside a
phase by the symbol “~7 and the volume-averaged value in the control
volume dV by the symbol < >, and using ¢, to express the generalized var-
iable of the k-th phase (k=f; 1, 2, 3; 1, 2, 3... denotes the dispersed phases
and f denotes the fluid phase), the volume-averaged value can be defined as

~ 1 ~
=<0 > =— J GV dVi/dV =y dV =) dV;

dVy
R dVi 1 [ . _
o =< pp> = v av, POV = cup;
dV;

where p, 1s the material density of the k-th particle/droplet/bubble phase.
The relationships between the volume-averaged value of the derivatives of
any scalar g, or vector/tensor ¢y; and the derivatives of volume-averaged
values are [3.4]:

Pt

O _0<d> 1
ot ot dV

J (Bkﬁxj RUTH dA (4 l)
dAy
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¢ 0<¢> | 1 J y
< > = +— i~dA 4.2
8}{; 8)[; dV . Cbknk ( )
dA
00y 0<dy> 1 [ -
<—> = +— ny;i-dA 4.3
a)[j an dV J ékj M ( )
dA

where vy; 1s the interface velocity due to phase change, and ng; and ny; are
unit vectors 1n the direction of external normal to the interface.

4.3 “MICROSCOPIC” CONSERVATION EQUATIONS INSIDE
EACH PHASE

If the dispersed phase i1s considered as a pseudo-fluid, and the basic conser-
vation equations for single-phase flows are applied to an elementary control
volume dV, of the k-th dispersed phase, then the continuity, momentum,
energy, and species conservation equations inside each phase for low Mach
number and constant specific-heat flows can be given as

L +a%(;)kﬁkj) ~0 (4.4)

% (P Vki) + a—i (P VijVii) = — aai;: T %(’}kﬁ) T D8 (4.5)

%(ﬁkckfk) - ai; (PevigerTi) = a—i (5\%—2) t4.— 4, (4.6)
%(ﬁk Yis) + (% (P Yis) = %(ﬁkﬁkaai?) — Wi (4.7)

where the indices k and s denote the k-th phase and species s, respectively.
The second and third terms on the right-hand side of Eq. (4.6) express the
reaction heat release and radiative heat transfer, and the second term on
the right-hand side of Eq. (4.7) is the reaction rate of species s in the k-th
phase.

4.4 THE VOLUME-AVERAGED CONSERVATION EQUATIONS
FOR LAMINAR/INSTANTANEOUS MULTIPHASE FLOWS

For practical multiphase flows, it is needed to understand only the macro-
scopic flow behavior, but not the detailed “microscopic” flow behavior (the
flow behavior around each particle/droplet/bubble), hence what we need 1is
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the volume-averaged conservation equations. As examples, based on
Eqgs. (4.1-4.3), let ¢, = p; and taking the volume-averaged values of each
term in Eq. (4.4), we have

<L pi)> =2 <> +— J“ dA
[— v . —  — V . e V . ® n . ¥
a.X'j IO k Vkj axj p kVkj dV p k Vkj kj

It should be noted that v;; — v,; 1s the velocity of the k-th phase relative to
the interface, it 1s called the Stefan-flux velocity (see Ref. [2]). Hence we have

1

- e e I [ 5
v J PV — Vgj) my-dA = — — J SkdV = S

dVv

dA, dV,

where §; 1s the volume-averaged value of the source term due to mass
change per unit volume of multiphase flows. For simplification of notation
by dropping the superscripts and volume-averaging notation, the obtained
volume-averaged continuity equations for the dispersed phase (particle/
droplet/bubble) and continuous phase (gas/liquid) are:

op, O
+ ( ) =
o1 axjkpkvkj) Sk
Bp P ) (k=1,2,3,4) (4.8)
— — V+ j—
o ox
where
. . dmy
S=—=> 8= — ) mny mk:_dt

P = iy = mdy iy /6

n, and my are the number density and mass of the k-th particle phase.
Similarly, taking ¢, = p,vi; and doing the volume averaging procedure for
each term of Eq. (4.5) as

1
< —D, V= == < O,V > — — 0, ViV "Ny~ dA
arpk ki ot P Vki dv J PrVkiVsj * 1kj
dA
<—(a"'"'"")> a<”’"’"’>+1 0, ViiV dA
Vkavk; — —— Vkavk» — vk..vk,ink,r
a}:j IO.*'( J VKl a}:j pk J VKl dv p}'( LYK] J

dAg
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Oop o< p, > 1 N
— < pk}" = — Pk — — pk&j-nkj-dA
Xi ﬁx; dV
dAy
OT ki . -
an Xj P
k
< P8 = = Pi8i <Py > = agp

the volume-averaged momentum equations for the k-th phase can be
obtained as

a<“’">+a<“““> a(a;)+a<“:>
— V . — V .V . —_— — . — T ‘e
| ~ - 1 o N
+pkgf +W J(—pkég +Tk!j)'nkj'dA _W J kakf(ij _V'i_,.')n;'gdA
dA dA;

The fourth term on the right-hand side of the above equation i1s the sum-
mation of pressure and viscous forces at the phase interface due to two-
phase interactions, 1.e., the summation of drag force, lift force, buoyancy
force, virtual-mass force, etc., between a gas and particle/droplet or bubble
and liquid, namely:

1 - -
— J (= Prbij + Thij) mij"dA = Fgi + Fpi + Fi + Fopi

dV
dA

where Fg 1s the drag force, Fy; 1s the Magnus force, F; 1s the Saffman
force, and F,,,; 1s the virtual-mass force. The drag force can be expressed by

Far= Y mmd [4)p|V = Vie|(vi — via) = ﬁ—i(‘«’f ~ Vii)
k rak

T =dip,(1+Re;/6) 7' /(181)  Reyp = |V — ve|di /v

The last term on the right-hand side of the above equation 1s the momen-
tum source term due to mass change

1

—W J bkﬁkf(ﬁkj — ﬁ.;j) "Rj dA =< ﬁ;S > = V;S

dAy

Dropping the notations “~” and “<< >,” the volume-averaged gas/fluid
momentum equation for dilute multiphase flows can be obtained as

&P O

0 0
gy (pvi) + Ax. (pvjvi) = — + Apg; + Z f_k(ka —V;)
J k

ox;  Ox; 1k (4.9)
+Fyi + Fg + Fopi +vi$
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The third term on the RHS of Eq. (4.9) is the gravitational term account-
ing for the buoyancy effect, and the last five terms are the phase interaction
terms. For dilute multiphase flows there are no interparticle collisions, and
hence no particle pressure and particle viscosity, 1.e.,

<ﬁk>:O <’h‘aj>:0
Therefore, the volume-averaged particle momentum equation becomes

0

0
a(f}kka) P (,()kajV}a) g: + 4(1;! o V}'a) + F}'(Mf + F}'( Y + Fk vimi + VISI'(
]

(4.10)

Finally, in a similar way, for low Mach number, constant specific heat,
dilute multiphase flows, neglecting interparticle collision and forces other
than the drag force and the gravitational force, the instantaneous fluid and
particle continuity, momentum, energy, and species equations can be
obtained as

op .
a—’; + 7(,0»;) =5 @.11)
J
op O |
% + E(f)kvkj) = Sk (4 12)
J
= (v + (o) = — 2 + 5
j 8){,; ﬁxj 4 13
Z&(Wa _V£)+V: ( | )
T rk
e, 0 )
P (Prvri) + o (PrViVii) = P& + %(Vf — Vi) T ViSk (4.14)
J F
0 0 %, 0 oT
a(;)cpT) + E(pvjcpT) — 8{: = = (AE) +w,Q, —q, + Z n QO + ¢, TS
j j J
(4.15)
0 O |
> (prexTi) + g(ﬁkvkjckﬂc) =m(On — Ox — O) + ¢, TSk (4.16)
J
(pY ) +— 0 (pv;Ys) = i(Dpal) — w, + S (4.17)
OX; OX; OX;

where § 1s the mass source term due to particle/droplet evaporation, devolati-
lization, and heterogeneous reactions

—;Sk:—;m{mk mk—%
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where @y is the convective heat transfer between each particle and the fluid,
g, 1s the fluid radiative heat transfer, Q,, 1s the particle radiative heat trans-
fer, w, and w,Q, are the reaction rate and reaction heat release for species s
of the fluid phase, respectively, Q, i1s the heat release or absorption due to
particle evaporation (or condensation), devolatilization and heterogeneous
reactions, and oy 1s the fraction of contribution to species s due to phase
change.

In establishing the above equations, attention should be paid to two
problems. One is the source term in the fluid momentum equation due to
particle mass change. The result of volume averaging gives v;S, as pointed
out by the present author [9], but not v4;S;, as proposed by some investigators
[10], and also not the product of particle mass change times the velocity slip
between gas and particles. Another problem 1s the distribution of reaction
heat release between two phases in the gas and particle energy equations.
Some investigators assume that all of the reaction heat 1s at first imposed to
the gas phase, and then to the particles by convective heat transfer between
two phases [10], the result being that the predicted gas temperature 1s unbe-
lievably high. Other investigators assume that all of the reaction heat is at
first imposed to the particles, and then to the gas by convective heat transfer
between two phases [11], the result again being that the predicted particle
temperature 1s unbelievably high. Experiments show that in the reacting two-
phase flows, such as the pulverized-coal flame, in the fully developed-flow
region, the particle temperature 1s somewhat higher than the gas temperature
by about 10%. Therefore, the approach taken by the present author is that
the gas-phase reaction heat 1s imposed to the gas phase, and the particle heat-
ing effect, including particle evaporation, devolatilization, and heterogeneous
combustion, i1s imposed to the particle phase.

The above-derived are conservation equations in Eulerian coordinates.
Alternatively, the particle conservation equations can be expressed in
Lagrangian coordinates. Putting p, = n,mpinto the particle continuity equa-
tion, we have

%(”kmk) + %(”kmk‘v’kj) = % + %(Hkvkj) my + ngny = nghy
ank O - -
Ot an(nkaj) ¥
For steady flows, we have
0
—(nivi) =0 (4.18)

aXJ;
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For a stream tube with cross-sections of A; and A, the use of the Gauss
theorem gives

Nk — J Hka”M — J HkaHdA

A A2 (4.19)
= JnkvkndA = const

A

where v, 1s the particle velocity component perpendicular to the cross-
sections of the stream tube, and N, i1s the total particle number flux.
Eq. (4.19) implies that total particle number flux remains unchanged along
particle trajectories. Using the particle continuity equation (Eq. 4.12), the
particle momentum equation (Eq. 4.14) can be changed to

ab‘k; 8% dvk; P
+ i — — i + | — + i i
Pk ( Ot g an ) Pk dty P& (Trk Sk (V Yk )

Dividing each term by p, gives the particle momentum equation in
Lagrangian coordinates

dvy; 1 '
X (— +@) i — vi) + @i (4.20)

dty

T rk s

In a similar way the particle energy equation in Lagrangian coordinates
can be derived. Therefore, the particle conservation equations in Lagrangian
coordinates can be obtained as

JnkvkndA = N, = const

A
dvy; | i
Vi — | = 4+ ﬂ (Vf _ ka) + g (421)
d#, Trk M
d7; .
E: = |On — Ok — O + 1in(cp T — i Ti) | /(micy)

4.5 THE REYNOLDS-AVERAGED EQUATIONS FOR DILUTE
MULTIPHASE TURBULENT REACTING FLOWS

Although the conservation equations for turbulent multiphase flows were
mentioned by S.L. Soo in Reference [4] more than 40 years ago, the so-
called “turbulent diffusion coefficient” instead of the laminar viscosity is a
unclear concept. Therefore, actually what are used are still equations for lam-

iar flows. Starting in the 1980s, Elghobashi [12], Zhou [13], and other
investigators separately proposed the Reynolds-averaged equations for
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turbulent multiphase flows. For multiphase turbulent flows, the method of
Reynolds averaging for single-phase flows, namely the decomposition of
instantaneous variables into time-averaged and fluctuation components and
then once again taking their time-averaged values, can be adopted. Using the
generalized variable ¢, to denote the instantaneous value of velocity, temper-
ature, concentration, or volume fraction for each phase and species concen-
tration, the time-averaged value is defined by

t+T

— 1
O = = J ¢, dt (T approaches a large value) (4.22)

[

where 7 should be much larger than the turbulence integral time scale and
simultaneously should be much smaller than the time period of macroscopic
flows (e.g., the period of wave motion). The relationships among the instan-
taneous, time-averaged, and fluctuation values and their operation rules are

O=0+¢,(9) =9, ¢ = =0,/ #0
For dilute multiphase turbulent flows, neglecting the interparticle colli-
sion, fluid-density fluctuation, particle mass and its changing-rate fluctuation,
particle number density—fluid velocity correlation and some unsteady corre-
lation terms, taking Reynolds averaging for the above-obtained instantaneous
equations, the time-averaged continuity, momentum, energy, and species

conservation equations for multiphase turbulent flows can be obtained as (for
simplicity omit the superscript bar for time-averaged values)

op
— +—(pV;) = 4.2
22 0Y) =S (4.23)
Opx
at -+ —x (,()kv;g) — Sk - —(mknkvk) (4.24)
ONy 0
— +— N Vi) = — — : 4.2
0 0 ~ Op
a(,{)V;) + a—xj(ijV;) =T + Apgi + E Vi = Vi) /T + ViS

af (4.26)
— 54}6'.(1}}1);) + Z MmN Vi

0 o,
= (N, V) + = www& Ny = o WiV + VoW + Vi)

1 N,m,
+ — [M}(Vf - fo) - npvpf] + L

p mp

(V fo)

(4.27)
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0 oT ﬁqrj f
- (ph) + —(pV h) = 5_ (Aﬁ_xj) + Z 1,0, + hS — A(pv h')

(4.28)

O O N,
a(Mu hp) + a?(MJ ij hp) - m_i(Qh o Qp o Qrp) AL (M}ij h! + V;;y th’f + h npvpj)
] 4

(4.29)

2 (R (Vv = (D;ay ) WS TT) (430)
OX; OX; OX; OX;

Eqgs. (4.23)—(4.30) give the general description of multiphase turbulent
flows. The unknown correlation terms, 1.e., the Reynolds stress, Reynolds
heat flux, and Reynolds mass flux, need to be closed by multiphase turbu-
lence models.

4.6 THE PDF EQUATIONS FOR TURBULENT TWO-PHASE
FLOWS AND STATISTICALLY AVERAGED EQUATIONS

The above-stated conservation equations for turbulent multiphase flows are
obtained by Reynolds averaging for instantaneous volume-averaged equa-
tions, based on the concept of pseudo-fluids of the dispersed phase. A ques-
tion 1s raised: Is the concept of pseudo-fluids feasible, if the number of
particles 1s too small in the control volume? Alternatively, some investigators
consider the particles as a randomly moved statistical group and use the
kinetic theory to derive the PDF (probability density function) transport
equation for particles. Then the statistical averaging gives the conservation
equations for two-fluid modeling. These statistically averaged equations are
close to those obtained by Reynolds averaging or mass-weighed averaging.
Hence, the two-fluid approach can cover a wide range of problems and is
not limited by the number of particles in the control volume. Still in the
1960s, F.A. Williams [14] and L.X. Zhou [15] independently proposed the
statistical conservation equations for a particle group, however at that time it
was not related to turbulence. Starting in the 1980s, S.B. Pope [16] proposed
the PDF transport equation for single-phase reacting flows, using the Monte-
Carlo method to solve the PDF equation for turbulent combustion. From the
beginning of the 1990s, Zaichik [17], Reeks [18], and Simonin [19] indepen-
dently derived the particle PDF equations for turbulent two-phase flows,
using these PDF equations to obtain the particle conservation equations in
two-fluid modeling. Afterwards, L.X. Zhou et al. [20] derived the particle
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joint PDF equation in gas-particle velocity space, using this PDF equation to
obtain the two-fluid model equations. The PDF distribution for complex
swirling and nonswirling turbulent gas-particle flows 1s directly solved by
numerical methods [21,22], and 1s used to directly obtain the particle
Reynolds stress and particle turbulent kinetic energy. The PDF equation is
used not only to obtain the two-fluid model equations, but also to close the
two-phase turbulence model, which will be discussed later.

Let us at first consider the statistical conservation equations for a particle
group in laminar two-phase flows. In a most general case for a dispersed sys-
tem, like a particle/bubble/droplet group, each particle has its own size,
velocity, temperature, and material density; particles of the same size may
have different velocities, temperatures, and material densities. The PDF for
the particle number density in the range of

V,->V,+dV,,d,—»d, +d(d,), T,—> T, +dT,, PPyt dﬁp
can be defined as

(b( ‘/[J ’ dp b ?}J b ﬁp b x? I)dvpd(dp)d?}? dﬁpd'X-dI

Based on the Louville theorem in statistical mechanics for a collisionless
particle group, the volumetric changing rate in the phase space should be
zero, so the PDF conservation equation in the phase space is

op 0 ( dV, 0 d(d,) 0 d7, 0 dp,\ 0 [ dx
+ —— |+ + +— | o— |+ =
ot 0v) ( dz ) od,, (é dz oT, ? d ) Jp,\ dr) ox ¢dz X

(4.31)

Now, let us consider turbulent two-phase flows. For simplicity, using cap-
ital letters to denote instantaneous values, lower-case letters to denote fluctu-
ation values, and the symbol < > to denote statistically averaged values,
the PDF for an instantaneous variable at the time instant 7 and the location x;
can be defined by

Ps = Ps(Vf; fo;xj: I)

where p; 18 the joint PDF 1n the two-phase velocity space, and V; V), are the
gas and particle velocity coordinates, respectively. Based on the property of
the ¢ function, the one possible realization of pg can be defined by

3 3
p;(vf: ‘/pf;xj:t) — l_[ 6(U£(xj:r) o VI) l_[ 6({]1?5(}'}:1) o ‘/pf)
=1 1

J= J=

Its statistically averaged value in the phase space is

pS(an L{pf;xj: l‘:) — <p:(vh ‘/pf; xj: I) >
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where the symbol < > expresses the statistically averaged value after tests
of infinite times (namely the mathematical expectation of p’y). Similarly, the
PDF for a fluctuation variable in the turbulent two-phase flow field can be

defined by
Pr(Vis Vpis X5 1) = < pp(Vvis Vpis X, 1) >

where v;,v,; are the gas and particle fluctuation velocity coordinates, respec-
tively, and we also have

p}(vh Vpis Xj, 1) = l_[ 6(“:()6': ) — Vi) l_[ 6(“;?!()[}: 1) — Vpx)

=1

It can be seen that from the property of PDF for any physical variable
Q= Q(V,V,;) or g = q(v;,v,;), the statistically averaged value in the geometri-
cal space should be

[

<OV, Vyi)> = lPs(Vf, Vpi)Q(Vi, V,i)dVidV),;

<q(vi, vpi) > = JPf(Vf, Vpi)q(Vi, Vpi)dvidvy,
For dilute two-phase flows, neglecting the forces acting on the particles
other than the drag force and using the instantaneous two-phase flow equa-

tions, the transport equations for p; and p; can be obtained as

apS! + (U + U )apﬂ L a p;‘g aP > pi‘! aTU 6
Ot P OX; 5V; p ﬁxi p 5xj
pp aU: apsf
— |g; + <U,>—<U;>)+U,
D3 o (U )+ Ui | v,
- - (4.32)
— g+ |—+ 2L\ (<U,;,>—<U>)+U, ‘
8 Trp mp ( P ) J a}:j avpi
0 , 0 :
— <p. i) = <P lri~
an pﬂ(pr) 5‘/{ pﬂf
opy;
P +(<U;> +<Upj>) pf + (u j+upj)
t OX; xJ,
_ 0 _poP Pp s < 4 On [, O<Ui>
ovi  p Ox p Ox; J ovi \ 7 ox
opfi o< U, > f
+ % Dj a): o <pﬁ —&8i o ( < Uf?j >+ HPJ)
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Ou; Opyi Outpi Opfi
X ‘ —(<U; > +uy) Vf<p}f(Zfrp;)>

Ox;j Ovp;

(4.33)

_ Pp _ ( I mp)

where f,,; = —— (upi — u;),fri = | — + — | (w; — up;) express the gas and
PTrp Trp M

particle fluctuation drag, respectively, U;, U, are gas and particle instanta-
neous velocities, respectively, U; = < U; > +u;, Uyy=<U,;> +u,, and u;
and u, are gas and particle ﬂuctuatlon velocmes respectively. When
neglecting the fluctuations of gas and particle densities and particle mass
changing rate, by multiplying any macroscopic variable with the PDF trans-
port equation and doing the integral in the velocity space, the statistically
averaged gas and particle continuity and momentum equations for turbulent

two-phase flows can be obtained as

op 0
+ (p< U >)= 4.34
G a (<) - (4.34)
8,( 0
t —(p, <Up>) =S, =npmy, (4.35)
o ox X
o<U; > o< U; > 0 < uju; > 1 OP
+<U;> + —— <>
Ot Ox; Ox; p OX;
p <1 oy fr (SUp>=<U>)+< Y fr>
p Ox; 5i PTrp I P!
(4.36)
< L > < L > < L >
0 < U, f<Uy> 0 < U, N 0 < Upily,
ot al:, ﬁxj
. ” (4.37)
:8:+ — 4+ — (<U>_<Up£>)+<ﬁn!
Trp  Mp

It can be seen that these statistically averaged equations are almost the
same as those obtianed from the Reynolds time-averaging or mass-weighed
averaging, with only some minor differences.

4.7 THE TWO-PHASE REYNOLDS STRESS AND SCALAR
TRANSPORT EQUATIONS

The Reynolds time-averaged, mass-weighed averaged, or statistically
averaged equations are an unclosed system, since the correlation terms in
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these equations, such as the fluid/gas and particle Reynolds stress, heat
flux, mass flux

/ / !
ViVis VpiVpjs ViU, Vily, v Y T,V T,V

are unknown terms. To create closure of these equations, many years ago, it
was decided to further derive the transport equations for these correlation
terms. Still in the 1940s, P.Y. Chou [23] proposed the idea of deriving the
Reynolds stress transport equation for single-phase flows. In the 1990s, L.X.
Zhou proposed deriving the two-phase Reynolds stress equations [24]. There
are different methods to derive the Reynolds stress transport equation. One
1s: (1) Write the N-S equations separately for the instantaneous velocity com-
ponents V; and V;; (2) Multiply the N-S equation for V; by V; and multiply
the N-S equation for V; by V; and take their summation to obtain the equa-
tion for V;V;; (3) Make the time averaging for the above-obtained equation to
get the equation for the time-averaged value of the product of instantaneous
velocities V;V;; (4) Do a similar procedure for the time-averaged velocity
components to obtain the equation for the product V;V;; (5) Subtract the
equation for V;V; from the equation for ViV; to obtain the Reynolds stress
equation for v;v;.
For two-phase flows we have

a a a a mi
(V) + == (pV, V)= —L + iy e AT+ S Ly — Vi) + Vs
Ot OX)y, ox;  Ox,, — Trk
0 0 Op  OTp; Pr
—(pV)) +—(pV,V)= —— +—2L+ -AT+§ —(Vii = Vi) + VS
9, 9, 1 i
— (N Vi) + — (Ni Vi Vi) = Nkgi + | — +— | N (Vi — Vi)
ot OX,, Trk — N
9, 9, 1 i
— (N Vi) + — NV, Vi) = Nygi + | — +— | N(V;, — V;
81( k ;g) ﬁxm( kVik ;g) k8] - - k( j ;g)

Doing the above-stated procedure for these four equations gives the exact
transport equations of the fluid/gas and particle Reynolds stresses for turbu-
lent two-phase flows as

0 0
a(f)vm) + g(f)va;vj) =Djj+ Pij + Gy + 11 — ;i + Gp;j + Gryj (4.38)

0 0
a(NkaMj) + a_(Nk VimViivij) = Diij + Prij + Grij + €rij (4.39)

m
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where Dj;, P;j, Gjj, 11;;, and ¢;are the diffusion, shear production, buoyancy
production, pressure-strain, and dissipation terms of the fluid/gas stresses,
and they have the same meanings as those for single-phase flows [1]:

0

8xm

%)
D= — [pvajvm +p ViOim +p ViOjm — ,u( v vj)} :

m

ov, ___ oV .
P - — p(vamaxm + Vjvma) . G;j — [J)p(ngjT" + ngfo);

ov; Ov; ov; Ov;
H{ = ! _I + _"" . i = — 2 ! J
=P (8}.} 8}{;) > Ci H <5xm 8xm)

The last two terms on the right-hand side of Eq. (4.38)

G,ii = Zk&(vk;vj + Viivi — 2v;v;) and Ggj;; = v;v;S are the source terms
rk
of fluid stress due to particle drag and particle reaction (including evapora-

tion, devolatilization, and heterogeneous reaction), respectively. The three
terms on the right-hand side of Eq. (4.39) are the particle stress diffusion,
shear production, and the production/dissipation terms due to particle drag.
These are

o
Dy = 8xm [Nk Vim Vki Wg]
OV OVyi
Prij = — (Vinivig + NiVienvig) =—— ViV + NiVienvia ) —

(

Grij = T MV & + M Vi &

|

I my
Ekij = + Nk (Vv +Vigv; — 2Vavig) + (Vi — Vieievg + (Vi — Vig v
T rk ny

The transport equations for ViVv;,ViiVi ikvii JJikVij, and 7 can also be
derived. For example, the transport equation of two-phase velocity correla-
tion 1s [24]:

0 0 0
Vi Jr) + (Vkm + Vm) (kavj) - (vakfvj + Vkmkavj)
ot X OX,,
+ vive + pviv — (p, + o) | = | Ve — + v —L | — =V 6;;
0T vk [p,!( kiVkj T PViV; (pk P) ki j] kmVj 5)Cm ki maxm - kivViYij

(4.40)
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Taking i=j, the two-phase turbulent kinetic energy equations can be
derived from Egs. (4.38) and (4.39) as:

0 O O _ ok oV:
— + —_— 2/ 4+py — — oL
>, (pk) o, (pVimk) o, (pvmVvi© |2+ p'viy — 5xm) PV Vi o,

. 2

—_— an Nkmk
+ BpgiviT' — + Z—(wdv; —2k)+kS
a-xm & T rk
(4.41)

0 0 0 OVii
— (Npki) + N Viki) = — NivimVii® /2) = | NiVimVii—=—
at( ki) 8xm( i Viemkr) 8xm( Vi Vki~ /2) Vo Vii 3

o
+ [ — + 25 IV — 2k) + (Vi — Vi v ]
Trk Iy

Similarly, the transport equation of the fluid heat flux for turbulent two--
phase flows can be obtained as

0 — O N ®, A 0T’ ov;
a—(pv;T") + (pVuviT')=— (pvmva" +p'T bipn — —V; — T’ 4 )
[ m Xm Cp OXm OXpm
or Vi — /) ov; oI’  oT’
— ivm—= + mTf_ — T2 — | - : / )
p (V o axm) Opeil <c,,,, " ‘”’) ot 2 ¥ gy M5
+ anvk; QT cpSvi T
(4.42)

and also the transport equation for the mean square value of the fluid temper-
ature fluctuation is obtained as

O — 0 — 0 \ 672 or M| oT
—(pT2)+ Vv, T?)=— T2 — — 2y, T'— —2
ot (pT*) OXy (p ) OXyy Py Cp OXpy ! OX,, Cp \ Oxpy
+TW,Qs+ Y mT Qp+c,ST?
(4.43)

Other scalars, such as the species mass flux and its RMS value of fluctua-
tion, can also be derived. Starting with the PDF transport equation, by inte-
grating over the PDF, the statistically averaged two-phase Reynolds stress
equations can also be derived [20]. Their form 1s similar to that for the equa-
tions derived by Reynolds time averaging or mass-weighed averaging with
only some minor differences. There are still many unknown correlation terms
in Eqgs. (4.38)—(4.43). The closure models for these terms are called two-
phase turbulence models, which will be discussed in the following chapters
of this book.
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Chapter 5

Modeling of Single-Phase
Turbulence

5.1 INTRODUCTION

The governing equations given in Chapter 4 are not a closed system, since
there are unknown correlations in these equations. In this chapter we will
discuss the closure models for single-phase turbulent flows, that is, so-called
turbulence models for single-phase flows. This 1s the basis for developing
the two-phase turbulence models, which will be discussed in Chapter 6. It is
well known that turbulence is one of the unsolved complex theoretical pro-
blems in fluid mechanics. However, in treating practical engineering pro-
blems, different methods were used in the past. The simplest method is
taking a constant “turbulent viscosity” or “turbulent diffusivity” as a fluid
property, which was assumed to be several hundred times the molecular vis-
cosity. This was used in early hydrodynamic simulation and combustor flow
predictions. For many years in jet flows the integral methods based on semi-
empirical velocity and temperature profiles were used. In these approaches
there 1s no knowledge of turbulence. Obviously, when predicting more com-
plicated engineering turbulent flows, for example, three-dimensional recircu-
lating or swirling flows, the methods of constant viscosity or of jet flows are
not appropriate, because these types of flows are far from simple jet flows
and the turbulent viscosity is not a constant. Nowadays, one of the funda-
mental studies on turbulence 1s direct numerical simulation (DNS). This 1s
used to directly solve the instantaneous 3-D Navier—Stokes equation in
Kolmogorov dissipation scales. DNS can give the information of all scales
without using any closure models. However, even for small-sized computa-
tional domains and low Reynolds number flows, DNS still needs huge
computational requirement, and at present it cannot be used in solving practi-
cal engineering problems. However, its database can be used for validating
and improving the following discussed turbulence models for so-called
Reynolds-averaged Navier—Stokes (RANS) modeling. An alternative method
is called large-eddy simulation (LES). This 1s used directly to solve the N-S
equation in large-eddy grid sizes using white-noise filtering. For unresolved
small scales so-called subgrid scale (SGS) stress models are still needed.
Compared with RANS modeling, LES can give more detailed information

39
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about the production and development of turbulence structures and its statis-
tical results are more accurate than those given by RANS modeling, hence it
is now considered as a new generation of CFD modeling. Currently, the
most widely used method in solving complex engineering turbulent flows 1is
still RANS modeling, based on solving a Reynolds-averaged N-S equation,
which was first proposed by P.-Y. Chou more than 50 years ago and later
realized by Launder et al. It is called the method of turbulence models. The
basic 1dea of turbulence models 1s to simulate unknown higher-order correla-
tions using lower-order correlations or averaged-flow properties by physical
knowledge, in order to close the time-averaged-flow equations or transport
equations of correlation moments. Frequently, in engineering applications
our major concern 1s the time-averaged velocity, temperature, species con-
centration, and turbulence properties, but not details on the turbulence struc-
ture and its development. It can be seen in the following text that although
the turbulence models are the simplest in theory, they are sufficiently com-
plex in engineering application. In general, when dealing with engineering
problems, the method of turbulence models based on solving Reynolds time-
averaged N-S equations is still a most effective and economic approach.
There are two categories of turbulence models. The first is eddy-viscosity
models, and the most widely used and tested within the last 40 years is the
k-c two-equation model. The second is the Reynolds stress equation model,
which has obtained more and more applications during the last 20 years.

5.2 THE CLOSURE OF SINGLE-PHASE TURBULENT
KINETIC ENERGY EQUATION

Excluding the drag-force term and the particle-mass change term from the
fluid turbulent kinetic energy equation in two-phase flows, Eq. (4.53), given in
Chapter 4, Basic Equations of Multiphase Turbulent Reacting Flows, the exact
transport equation of gas/fluid turbulent kinetic energy can be obtained as

%) o o — ok ____oV;
g(pk) + —(pVpk) = — — (meVf2 /24 PV — I_L_) — PVmVi—

— v\’
+ Bpgivil” — p (a )
Am

(5.1)

The physical meaning of this equation is that the transport of the turbu-
lent kinetic energy depends on its convection, diffusion, production due to
mean velocity gradient and buoyancy, and viscous dissipation. The method
of obtaining turbulent viscosity by solving a differential equation was first

proposed by Kolmogorov (1942) and Prandtl (1945) [1]. They defined

Py = (:J,_kal/zl, vy = c”kl/zl
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Historically, the one-equation model, or the energy-equation model, has
been developed, in which a closed turbulent kinetic energy equation and a
presumed algebraic expression of the turbulence scale / was used. In order to
close Eq. (5.1), imitating the Newton law, Fourier law, and Fick law for vis-
cous force, heat conductivity, and molecular diffusion, the method of gradi-
ent modeling i1s used. The third-order correlations are simulated using the
second-order correlations and the second-order correlations are simulated
using the mean-flow gradients. Hence the diffusion, shear production, and
buoyancy production terms in Eq. (5.1) are simulated by

k + k k
—pv;,'c(p’/p+v;2/2)+,ua—: A :PL_fa_

OX}, O OXy Oy OX
Vi (D Vi) v
F R ox, '\'ox;  ox, | ox,
pop OT

In simulating the dissipation term, the difficulty arises due to lack of a
simple concept like gradient modeling. In this case the Kolmogorov concept
and dimensional analysis are used. The last term on the right-hand side of
Eq. (4.1), namely the dissipation term, can be defined as

ov.\ 2
& -

where ¢ 1s the dissipation rate of turbulent kinetic energy, which should have
the dimension of ,u,Tk/lz, Le.,

pe ~ ppk P~ pk' 21k )P ~ pk31? 1

Hence the dissipation term can be simulated by

LA
M (a I) — Cppe = CDpk3/2/l
Xk

Finally, the closed transport equation of turbulent kinetic energy is

0 0 o0 [, Ok 3/9
— (pk) +— (pvik) = ¢ + Gy + Gy — cppk>'? I 2
2+ o = (L2 ) G Go—copk 1 (52

ov; O [ OT
i1 2k Gy = - Bglr
Oox,  OX; o OXy
When neglecting the convection and diffusion terms, i.e., there i1s a

local equilibrium between the production and diffusion, the k-equation

where p, = pu + pig, iy = c,pk* /e, Gp = pﬂT(



92 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

model will reduce to the mixing-length model, or a zero-equation or an

algebraic model as
512* aVJ, aV‘ av.
I -+ L 5.3
(8}.} 5}.:;) ( )

51;; n 51{,
5xj ﬁxf

—_— 4+ —L
5xj ﬁxf

pr = pl,, — pvv, = pl,,
where [/, 1s the “mixing length,” determined by empirical or intuitive judg-
ment, for example, [, =cx for a jet, x 1s the distance in the flow direction,
and c¢ 1s an empirical constant. The advantage of the mixing-length model is
its simplicity, intuition, and ability to be used without using differential
equations. It was successfully used in jets, boundary layers, pipe flows, and
nozzle flows. However, this model gives unreasonable zero turbulent viscos-
ity at the axis of pipe flows and in the convergent channel flows behind a
grid, where the velocity gradient is zero. The turbulence produced near the
wall in pipe flows can diffuse to the near-axis region, and the turbulence pro-
duced behind the grid can be transported by convection to the downstream
region. The shortcoming of the mixing-length model 1s ignoring the convec-
tion and diffusion of turbulence. Besides, for complex flows, such as recircu-
lating and swirling flows, it is difficult to give the algebraic expression of
the mixing length. Obviously, the k-equation or one-equation model is more
reasonable than the mixing-length model. However, for very simple flows,
the mixing-length model 1s sufficient and it 1s not necessary to use the
k-equation model, and for complex flows, there i1s the same difficulty in
specifying the generalized expression for the turbulence scale [. Therefore,
the k-equation model still cannot be widely used and is regarded as an inter-
mediate step for developing two-equation models.

5.3 THE K- TWO-EQUATION MODEL
AND ITS APPLICATION

In turbulent flows there 1s not only the transport of turbulent kinetic energy,
but also the transport of other properties. For example, the turbulence scales
have convection, diffusion, production, and dissipation. The stretch of
energy-containing large eddies leads to the formation of small eddies, and
conversely, the dissipation of small eddies (Kolmogorov eddies) may form
large eddies. Spalding and Launder summarized the turbulence parameter
Z=K"I" [1], proposed by different investigators and different forms of two-
equation models as k-f (Kolmogorov), k- (P.Y. Zhou, Harlow, Nukayama),
k-1 (Rodi, Spalding), k-kl (Ng, Spalding), and k-w (Spalding) models, where

F=k2/1Le=2)1L w=k/P

The simulation results and experimental validation within the last nearly
40 years indicate that various two-equation models give almost the same
results and among them the well-known k-¢ equation model is the most
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widely used and well tested in different applications, such as in power engi-
neering, aecronautical and astronautical engineering, chemical and metallurgi-
cal engineering, and hydraulic engineering. Using a method similar to that
used in derivation of the k-equation, the exact transport equation of the dissi-
pation rate of turbulent kinetic energy can be derived. Furthermore, using the
gradient modeling of the diffusion term for the e-equation, the assumption of
the proportionality of the production and diffusion terms for the e-equation
to those of the k-equation, and using the dimensional analysis, the closed
form of the e-equation can be obtained as

0 O O [, Oc
- + — — ¢
ot (pe) OX (Pve) OXj (O‘E OX,

) —i—% (c1 Gy — cape) (5.4)

Egs. (5.2) and (5.4) constitute the k-¢ two-equation turbulence model.
The application and experimental validation of this model for nearly 40 years
have shown that this model can successfully predict nonbuoyant plain jets,
boundary layers over flat plates, 2-D and 3-D nonswirling recirculating
flows, or weakly swirling flows. However, it fails to predict strongly swirling
flows, buoyant flows, gravity-stratified flows, boundary layers over curved
walls, low-Re flows, and round jets. In some cases it gives results that not
only quantitatively but also qualitatively disagree with experiments.

Figs. 5.1—5.3 show the axial velocity and turbulent kinetic energy for
nonswirling and weakly swirling flows, predicted using the k-¢ model and
their comparison with experimental results [2]. The predicted velocity pro-
files are 1n good agreement with the measurement results. The predicted
shape, size, and location of the recirculation zone are in fair agreement with
the measurement results. However, the length of the near-wall recirculation
zone 1s underpredicted by about 5%—15%. This discrepancy may be caused
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FIGURE 5.1 Axial velocity and turbulent kinetic energy (s =0, — Pred.,  Exp.).
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by the model deficiency, numerical diffusion, inaccuracy in specifying inlet
conditions, and measurement errors. Figs. 5.4 and 5.5 give the predicted
axial and tangential velocities for strongly swirling cyclonic flows [18] and
their comparison with experimental results. It can be seen that there is a
qualitative difference between the k-¢ modeling results (dashed line) and
experimental results. The k- model eliminates the measured central recircu-
lation zone and the Rankine-vortex structure (solid-body rotation plus free
vortex), which are crucial to the performance of cyclone separators and
cyclone combustors.

The simulation of buoyant recirculating flows [2] shows that even the k-¢
model with buoyancy terms cannot predict temperature stratification in
gravity-stratified flows, induced by hot water discharged into a cold water
environment (Fig. 5.6). Owing to the drawback of the k- model in simulat-
ing swirling and buoyant flows, different modified k- models have been
proposed.
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FIGURE 5.4 Axial velocity for strongly swirling flows (O Exp., — ASM, --- k-¢).
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FIGURE 5.5 Tangential velocity for strongly swirling flows (O Exp., — ASM, --- k-¢).
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FIGURE 5.6 Velocity and temperature distributions in gravity-stratified flows (O Exp.,
— Modified k-¢).

The main i1dea i1s to modify the source term in the s-equation, taking
into account the low-Re, swirl, and buoyancy effects in the framework of
the 1sotropic viscosity model. The low Reynolds number k-e-f,, model [3],
two-scale k- model [4], fourth-order tensor viscosity model [5], improved
closure of e-equation [6], and RNG-k-¢ model [7] have been proposed.
The computation practice shows that these kinds of modification may give
some improvement, but sometimes the results are not as good as expected.
The reason for this 1s that swirling and buoyant flows are anisotropic
turbulent flows. The concept of isotropic turbulent viscosity should be
abandoned.

5.4 THE SECOND-ORDER MOMENT CLOSURE
OF SINGLE-PHASE TURBULENCE

The turbulence in most practical flows 1s anisotropic. The swirl or buoyancy
forces will reduce or enhance turbulence in the centrifugal or gravitational
directions due to the effect of centrifugal or gravitational forces, but have no
effect in other directions. Therefore, the turbulence i1s anisotropic. In such
cases the turbulent viscosity i1s not a scalar, but a tensor. Hence, the
Boussinesq expression, based on the concept of eddy viscosity, should be
abandoned and the second-order moment closure to directly solve the
Reynolds stress equations, accounting for the swirl or buoyancy effects,
should be developed. This closure is the simplest in the theory of turbulence,
but is the most complex in engineering predictions. The exact Reynolds
stress equation for a gas or fluid, derived in Chapter 4, 1s

9, 9,
81 ([)V_{VJ,) + 57 (,()Vkvivj) D;j + P + G + 11;; —€;; + G, + Ggyjj
k
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where D;;, P, Gjj, 11;;, and ¢;; are the diffusion, shear production, buoyancy
production, pressure—strain, and dissipation terms, respectively, they are

O O
D;; = 8}{ [pvajvk + p'v; Vi Oik + p'v; Ojk — ;L((anvaj)}
oV; oV; __ _
P = p(vakax: + vjvkan) ij = ﬁp(gfva’ —i—gjvar)

oV, oV oV, oV,
= — p) I J Hj' — Lo J
=i - (Ehk ﬁxk) A (5{; 5@)

The last two terms in the right-hand side of Eq. (4.50)

_ Pk f— | —— I I
G,ij = Z— (vk;vj + Vigvi — 21/;1{;) and Gg;; = Viv;S
k Tf‘k
are the fluid Reynolds stress source terms caused by the drag force and parti-
cle reactions (including evaporation, devolatilization, and char reaction),
respectively. When omitting these two terms, the single-phase fluid
Reynolds stress equation can be obtained as

0 0
a (prVJ") a X (kaVgVJ.) D;j + Pfj + ij + Hfj — Ejj (55)

The second-order moment closure uses physical concepts to close
Eq. (5.5), that 1s, not further deriving the transport equations for the unknown
third-order correlations and other correlations except the second-order corre-
lations themselves. This is the idea of turbulence modeling, proposed by
Launder and Spalding, based on the original suggestion of P.-Y. Chou [8].
The basic principles of turbulence modeling are:

1. Consider the physical meanings of each term;

2. Use dimensional analysis;

3. Keep the modeled term with the same characteristics as those of the orig-
inal term 1n coordinate transformation;

4. Use gradient modeling for the third-order terms;

5. Assume isotropic dissipation;

6. Take a return-to-isotropy assumption for the pressure—strain term.

Based on the above-stated principles, taking gradient modeling as the dif-
fusion term, that is to simulate the third-order term by using the second-
order term, the simplest Daly—Harlow (DH) model was proposed as

.
ﬁx I

S — 0
DTJ'J; — (prVij + p"Vj 6;;( + p"w 6j}'c) — a_x;( [CS;O EV;(V; ax (V VJ;):|
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Alternatively, a more complex model for the diffusion term was proposed
by Launder and Hanjalic from the transport equation of the third-order
moment [9]

_ 0 — 0 — 0 0 —-
Drij=— (;Spg V“V"ax ViV; —i—vv@x vvk—i-vviaxvvk

OX},

Obi and Hara derived a more complex six-term expression [10].
However, different models for the third-order moment give the second-
order moments, 1.e., the Reynolds stress components and the third-order
moments with only a slight difference. Hence the DH model 1s widely
used. Assuming the dissipation is isotopic, and using the dimensional

analysis, we have
oV, OV 2
=2 L L) =Zpeb;
7 s (5xm 5xm) 3‘0E /

The pressure—strain term 1I;; 1s also called a turbulence redistribution
term. It is divided into 1l;,, 1I;,, and 1l;3. The first term expresses the
interaction between the stresses in different directions. The second term
reflects the interaction between the stress and mean flows. The third term
expresses the interaction between the turbulence and the buoyancy force. For
the first term the Rotta model 1s proposed based on the concept of return-to-
isotropy. The second term 1is called an IPM (isotropization of production)
model. When adopting a similar closure model for the third term, the
Launder—Rotta (LR) model is finally obtained as

2

Il =10, + Mo + I3 I = — ¢ (e/k) | VY] — 0k
2 2
Hfj,z — - § 5:;;'@: Hfj,3 — 3 ij - g&ij

Subsequently, a linear IPCM model [11] and a GL model [12] were pro-
posed. The so-called IPCM model i1s a “isotropization of production and con-
vection model,” in which the second term 1s modeled as

|
o= —c | (Pj — ¢ij) — géfj(Gk — Ckk)

where ¢;; and ¢ are convection terms in the Reynolds stress equation
and turbulent kinetic energy equation, respectively. The GL model and
more complex nonlinear SSG and FLT models can be found in Ref. [13]

and [14].
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5.5 THE CLOSED MODEL OF REYNOLDS STRESSES
AND HEAT FLUXES

When neglecting the molecular stress diffusion, adopting the LR model for
the pressure—strain term and taking the closure methods for the Reynolds
heat flux equation and the equation of RMS temperature fluctuation, similar
to those used in the Reynolds stress equation, the final closed form of trans-
port equations for Reynolds stresses, heat fluxes, and RMS temperature fluc-
tuation can be obtained as

3 (79) * 3y () =55 [‘“‘pgﬁa% ("_ﬁ)} —ary (W‘i &J’C)

(5.6)
0, - 0 — 0 k—— 0 —= oT ,,814
> (,()VET ) +Tk (,()VkaT ) :5_){;( [cﬁpg vm@_)q (VET )} —p (V‘Vkﬁxk + v, T'— o )
T2 - a T
— Bpg;iT —clTEpv 1"+ corpv, T T
(5.7)
0 0 — 0 k - ol 1e—
r2 2V = e v/ v r2 / ——Tn
ot (‘”T ) o (‘”‘”‘T ) Ok [CTf)s"’foaxg (T )} “ I TRE
(5.8)

In addition, we have the anisotropic k and € equations

0 0 k— Ok
(pk) + (pvkk) F ( Cs P — Vkvt 8}{;) + G + Gp — pe (5.9)

0 0 k — Oc £
(pg)-l—a o (pvkg)—a - ( CoP— vkv"ﬁx ) -l—E[cE](Gk-l—Gb)(l +¢:'52Rf) —cE3p€]

(5.10)

Egs. (5.6)—(5.10) express the transport equation model of Reynolds stres-
ses and heat fluxes, where Ry on the right-hand side of Eq. (4.10) is called
the “flux Richardson number,” which 1s an empirical factor. For example, in
the case of swirling flows, we have

-5 (5)[E
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Its physical meaning is: in the solid-body rotation zone, w increases with
an increase in r, the Richardson number is greater than zero, the increase of
swirl leads to an increase in € and reduction in £, 1.e., the centrifugal force
will reduce the turbulent kinetic energy. In contrast, in the potential vortex
zone, w decreases with an increase in r, the Richardson i1s smaller than zero,
and the centrifugal force will enhance the turbulent kinetic energy. In the
above equations the k equation and stress equations are not independent of
each other, since the turbulent kinetic energy is the sum of three normal
components of Reynolds stresses divided by a factor of 2. As for the empiri-
cal constants in the DSM (differential stress model), although their generality
remains to be further studied, the computation tests of some investigators
recommend the values as shown in Table 5.1. The merits of the DSM are
being able to automatically account for the swirl, buoyancy, curvature, and
near-wall effects, without using empirical modification. Hence, in recent
years the DSM has gained more and more applications in predicting complex
flows, such as swirling and buoyant flows.

Currently, the Reynolds stress model is still not as widely used as the k-¢
model. This i1s because: (1) for 3-D problems the DSM needs to solve 11
equations, but the k- model needs to solve only two equations; (2) the DSM
model needs 14 empirical constants, but the k-¢ model needs only three con-
stants; (3) for DSM, six Reynolds stress components and three thermal fluxes
should be given at the inlet, but sometimes these details are lacking in exper-
imental data. However, as computer hardware rapidly develops and computa-
tion experience i1s accumulated, these problems are gradually being solved.
Some investigators proposed multiscale Reynolds stress equation models, but
there has been no breakthrough in this aspect. On the other hand, the closure
of the ¢ equation in the DSM 1is the same as that in the k- model, therefore,
the closure of the € equation should be improved. Sometimes the DSM gives
results that are not as good as those obtained by the k- model for various
reasons. Some practical problems in application of the DSM are discussed in
Reference [15]. One of these is: which is better at solving six stress equa-
tions and solving five stress equations plus a k equation? The answer 1s that
the latter method 1s better, because the turbulent kinetic energy obtained by
solving the k equation i1s more exact than that obtained by the summation of

TABLE 5.1 Suggested Empirical Constants in DSM

Cs & G G3 Gr Cr Gr
0.24 2.2 0.55 0.55 3.0 0.5 0.5
R Cst Cr C Cet Ce2 Ce3

0.8 0.11 0.13 0.15 1.44 1.92 0.8
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three normal Reynolds stress components. The second is the numerical
scheme. Since the DSM includes more source terms, when using the first-
order scheme, the numerical diffusion may be very large, it may obscure the
merits of the DSM, and the DSM results may be worse than the k- model
results. Therefore the schemes with higher orders than those of the second-
order scheme should be used in DSM. The third is the diffusion term in the
stress equation. In some commercial software an isotropic diffusion coefti-
cient 1s used to substitute the anisotropic diffusion coefficient. Numerical
studies show that the anisotropic diffusion coefficient gives better results.
Besides, there are some solution technique problems with different point of
views, such as directly solving DSM equations or gradual transition from the
k- model solution to the DSM solution, etc.

5.6 THE ALGEBRAIC STRESS AND FLUX MODELS—
EXTENDED K-« MODEL

From the above discussion it can be seen that the standard k- model is
rather simple, but not general. On the other hand, the Reynolds stress equa-
tion model (DSM) i1s more general, but rather complex. Launder and Rodi
[16] proposed an algebraic stress and flux model (ASM), as a compromise
between the k- model and the DSM, trying to combine their generality,
simplicity, and economy. The ASM model includes algebraic expressions of
stresses and heat fluxes and k and € equations with anisotropic diffusion
terms, hence it 1s also called an extended k-¢ model. Its main purpose is
reducing the stress and flux equations to algebraic expressions, whilst retain-
ing the basic features of anisotropic turbulence.

The first approximation made by Rodi is an assumption of the difference
between the stress convection and diffusion being proportional to the difference
between the convection and diffusion of the turbulent kinetic energy (TKE). In
other words, the source terms on the right-hand side of the stress equation are
assumed to be proportional to those of the TKE equation, namely

The dimensional analysis gives

L

V.V
(P£j+G£j+Hfj+Ejj) :%(Gk_}'Gb_pE)

Therefore, we have the following algebraic stress expressions

| 2 | 2 ]
L 0 (l — (,'2) (PU — g 6,,ij) + (l — C3)<G;j — g(ﬁng)

5.11
G, +Gp +(c; — 'l)pfi' ( )
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The second Rodi’ approximation assumes that the difference between the
stress convection and diffusion is zero, namely the stress production equals
its dissipation. In that case we have

(ng + ij +Hfj+€£j) =0

When further introducing the approximation ¢, = c3, Gy + G = pe, the
following algebraic stress expression can be obtained

2 —— 0V,
3 X

where A= (c; + ¢ — 1)/
Comparing this expression with the Boussinesq formula of isotropic
scalar viscosity

/
vaj

2 . .
Nojjk — (1 — A) = | Viv,— oo T Vivim—+ BgiviT + BgviT (5.12)
3 ﬁxk J

2 k* [Ov;, Ov;
vive = =08,k — ¢, 5 + 2 it can be seen that beside the difference
J 3 E a)ff Eﬂxf

in empirical constants and buoyancy terms, the main difference 1s using the
. L _ k —- k (—-\ . .
anisotropic viscosity (1 — ) —(v;.v;c) or (1 — M) —(v}v;c) instead of the isotro-
3 3

pic VISCOsity cﬁ,akz /e. That is, ¢, is no more a constant, but a tensor, like

7
cﬁ_twm/k. It depends on buoyancy or centrifugal forces. Using a similar
method the algebraic expressions of heat fluxes and RMS temperature fluctu-

ation can be obtained as

k i
viT = Vv, — 4+ (1 = cor)v, T F Vi + (1 — ¢37) 3¢, T? (5.13)
C1TE 5x a_)[k
— k —0T
17 = ~ 2R=VT— ¢ (5.14)
a}.’k

Therefore, finally, the algebraic stress model (ASM) or extended k-¢
model (k-c-a model) is given by

ok

L ox;

0 0 0 k
— (pk) + — (pvrk) = (c.;p V.V ) + Gy + Gp — pe
ot OXy,

Oxk

0 k — Oc 3
(pE)-i— (pvks)——k ( cp ViV — o ) +E[C&:‘1(Gk +Gb)(l +¢:'52Rf) —c'53p€]

o

k 0 — O,
vivi == Aok — (1 — )\)g (V A an T viv,

VT + Bgi» "T’)

2

OXy,

k . _
VT = viv,— + (1 —car) v;(T’—v—l-(l —c37) 38, T
' OX X axk
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T_:—2REW8—T (5.15)
E axk

Obviously, the ASM to a certain degree reflects the features of anisotro-
pic turbulence related to buoyancy or swirl. In comparison with DSM, it can
reduce the number of differential equations and number of empirical con-
stants, and does not require use of the inlet stress and flux components.
However, the present author and his colleagues found that in simulating very
strongly swirling flows, such as cyclonic flow, the central recirculation zone
and the Rankine-vortex structure cannot be properly predicted, even using
the original ASM, because the ASM actually neglects or remarkably under-
predicts the effect of stress convection, and hence leads to significant errors.
Subsequently, an improved ASM was proposed [17]. Its basic purpose is to
add a nongradient convection term to the algebraic stress expression, keeping
the simplicity of algebraic expressions and partially taking the effect of stress
convection into account. For example, the original ASM expression accord-

ing to the first Rodi approximation is

!4y

2 ViV
P;J; + Hfj — g&‘j[)g — T(Gk — [)E)
The improved ASM expression 1s
2 vV _
A;j + P;J; + Hjj — g&j[)fi’ — I (Gk — ,()E) (5153)

where A;; is the nongradient part of stress convection. For example,
A, = —2pVWw/r

In very strongly swirling flows we have w>u>v, and this part of the
convection term i1s much larger than other parts of the convection term,
hence it 1s more reasonable to account for this term.

5.7 THE APPLICATION OF DSM AND ASM MODELS
AND THEIR COMPARISON WITH OTHER MODELS

Fig. 5.7 gives the predicted temperature, velocity, turbulent kinetic energy,
and 1ts dissipation rate for the buoyancy-stratified flows formed in hot water
discharged into a cold water region using the k- model with the buoyancy
source term, the k- model with buoyancy-modified Prandtl number o+ and
the ASM, and their comparison with experimental results [2]. It can be seen
that the ASM can better predict the temperature and velocity stratification
than other models. Fig. 5.8 shows the velocity distribution of nonswirling
coaxial sudden-expansion flows using k-, ASM, and DSM models and its
comparison with measurement results, reported in Reference [2]. Obviously,



104 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows
2.0 3.0 4.0 5 6.0

3.0 4.0 5.0 6.0 70 0.5 (m)

.0

3.0 4.0 5.0 6.0 7.0 0.083 (m)

(D)

. 1 A ' L d
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 0.083 (m)
o

AT, (B)u, (C)e, (D)k
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FIGURE 5.8 Axial velocity of sudden-expansion flows (O Exp., — DSM, --- ASM, . .. k-¢).

there 1s only a slight difference in the results obtained using different models
and all of the prediction results are in agreement with experiments.
However, for the axial velocity (Fig. 5.9) and tangential velocity (Fig. 5.10)
of swirling coaxial flows, only the ASM and DSM give better results. For
axial and tangential velocities in the above-discussed strongly swirling flows
(Figs. 5.4 and 5.5), the ASM can properly predict the central recirculation
zone 1n axial velocity profiles and Rankine-vortex structure in tangential
velocity profiles (solid lines), whereas the k- model cannot predict these
flow structures and its results are qualitatively wrong.
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FIGURE 5.10 Tangential velocity of swirling sudden-expansion flows (O Exp., — DSM,
--- ASM, . .. k-¢).

Fig. 5.11 gives the predicted axial velocity of swirling sudden-expansion
flows using DSM with different pressure—strain models [18]. Except in the
near-axis region at x/D = 1.25 the SSG model shows larger errors, at other
regions different models give prediction results with slight differences that
are close to measurement results.

Fig. 5.12 shows the predicted tangential velocity of swirling sudden-
expansion flows using these models. The results are similar to those of axial
velocity. Figs. 5.13 and 5.14 give the predicted RMS axial and tangential
fluctuation velocities using different pressure—strain models. In most regions
the difference between different models 1s not obvious, and both of the

[IPCM and FLT models underpredict the RMS velocity.
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FIGURE 5.12 Tangential velocity of swirling sudden-expansion flows (Left: x/D = 1.25; right:
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Simulation of swirling flows in a coaxial chamber (Fig. 5.15) with a swirl
number of 0.53 was made by the author and his colleague, using DSM with
both IPCM and GL pressure—strain models [19]. The predicted axial veloc-
ity by IPCM was better (Fig. 5.16), but the predicted tangential velocity by
GL was better (Fig. 5.17).

Fig. 5.18 gives the axial (left) and tangential (right) velocities of strongly
swirling flows 1n an annular duct predicted using the k-¢, original ASM, and
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FIGURE 5.14 RMS tangential fluctuation velocity of swirling sudden-expansion flows (Left:
x/D = 1.25; right: /D =2.5; Dots: Exp.).

improved ASM models [17]. It 1s seen that only the improved ASM can
properly predict the central recirculation zone and the Rankine-vortex struc-
ture. Both the k- and original ASM fail to do that.

The validation of different turbulence models by experimental data was
reported in 1997 [18]. A typical case is the prediction of a 2-D wall jet, as
shown 1n Fig. 5.19. Figs. 5.20 and 5.21 are the predicted axial velocity, shear
stress, longitudinal and lateral normal stresses given by different DSM and



108 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

T

!

w

'

D, =25 mm
D,= 30.6 mm
D, =59 mm
D,= 122 mm

FIGURE 5.15 A coaxial swirl chamber.

10 05 00 05 00 05 00 05 1.0
' 1 || e
r/R o 58
3
0.5 4 ;
- . % o q
' ': o
0.0 | ¢ :
05
1.0 4 * .
5 152 203 305 406  X[mm]
o EuNé IPCM ---eeene GL o IPCM+2UAD§O!

FIGURE 5.16 Axial velocity (s = 0.53, m/s).

0.0 0.5 1.0 1.5 0.0

1.0 -

R 1

1.0 -

152
FIGURE 5.17 Tangential velocity (s = 0.53, m/s).

203

406

X[mm]



Modeling of Single-Phase Turbulence Chapter | 5 109

u (m/s), w (m/s) u (m/s) , w (m/s) u (m/s) L W (m/s)

L)

R U OO |

Sy o S N I'\ S B h N N R R R

U .

4

H
rh

RAR KR

X

SN N

20460
10 4+ 30
040

&

A AL LA A AL AR LALLM AL A RALMAAALLA AR LA RL LYY

AR AAAARLRLARRRY

<y
20 —- 60 g 040
b 101 30 %\d / | .
- 0 0 > T
/ 4 /
l / ’ / .
l F. | )
(A) (B) (C)

FIGURE 5.18 Axial and tangential velocities: (A) k-¢; (B) original ASM; (C) improved ASM.

12U,
Y2
UO r 9
VvV
¥ / U, Yrm
/—* b (( T
//ﬁ/ T I S
xz, U

FIGURE 5.19 Two-dimensional wall jet.

k-¢ models, respectively. It can be seen that there 1s a slight difference in the
predicted axial velocity and shear stress by two kinds of models and the pre-
diction results are close to the experimental results. However, different k-¢
models underpredict the longitudinal normal stress and overpredict the lateral
normal stress, showing the drawback of the isotropic models. The DSM
models however give somewhat different results, but the prediction results
are not far from the experimental results, and correctly give the longitudinal
fluctuation as being stronger than the lateral fluctuation.
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Fig. 5.22 show the predicted normal stresses of strongly swirling flows in
a cyclone separator in tangential and axial directions by using different DSM
models [20]. It can be seen that only the modified IPCM + wall pressure—
strain model, proposed by the author and his colleague, gives reasonable
results, and the original DSM model remarkably underpredicts the normal
stresses.

In summary, there are no general reasonable and economic turbulence
models applicable to all cases. Even the same model used in simulating the
same case by different investigators gives different results. The more com-
plex models, such as the multiscale models and third-order moment closures,
are limited in their applications. It 1s suggested for engineering applications
that the mixing-length model be used in boundary-layer, nozzle and jet
flows; different k- models can be used in 2-D and 3-D nonbuoyant, non-
swirling, or weakly swirling and recirculating flows; different DSM or ASM
models can be used in buoyant and strongly swirling flows. As regards to
many problems, such as the closure of the diffusion term, the pressure—strain
term and the dissipation term in the stress transport equation, remain to be
further studied.
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5.8 LARGE-EDDY SIMULATION

The large-eddy simulation (LES) i1s an approach between the above-
discussed Reynolds-averaged Navier—Stokes (RANS) modeling and direct
numerical simulation (DNS). In LES the dynamics of 3-D unsteady turbulent
flows 1n large eddies i1s solved directly, since the turbulent energy and its
anisotropy are contained mainly in large eddies, affected by the flow geome-
try, and are not universal, whereas the effect of motion in small dissipative
eddies 1s less important and more universal, the motions in small eddies are
unresolved and are simulated using very simple models. In comparison with
RANS modeling, LES can give more detailed unsteady structures of turbu-
lence and more accurate statistical results than RANS modeling. The DNS
directly solves 3-D unsteady turbulent flows in all scales down to the
Kolmogorov dissipation scale, without using any models. It has huge compu-
tational cost and cannot be used in simulating practical high-Reynolds-
number flows. In comparison with DNS, LES can save a great deal more
computational cost and can be applied in simulating high-Reynolds-number
flows. Hence, in recent years, LES has attracted more and more attention
and 1t has prospects to become a new generation of CFD tools.

5.8.1 Filtration

In order to carry out LES, the first step 1s to make a filtering operation, 1.e.,
to decompose a variable into a filtered or resolved component and an unre-
solved residual component, i.e., subgrid scale (SGS) component. Actually,
filtering is a volume averaging in a grid size scale of A. Define f(x,t) as a
variable of all scales, f(x, 1) is its filtered value, and f (x,¢) is the residual
value, that 1s

fe)=Fx,0+f (x1)

This decomposition, or volume averaging, formally looks like Reynolds’
time averaging, but here f(x,f) is a random variable, not a deterministic
variable, and f (x, r) is not zero. The filtered variable can be expressed by

F=| Gl —x)r()ar

where G(x) 1s a filter function. The integral domain V is the whole flow
field. For a 3-D space, G = G1G,G3. The most commonly used filter is the
box filter (top-hat filter) or white-noise filter, expressed by

1/A |x—xf| < AJ/2

Gx) = { 0 |x—x|>A/2

This filter corresponds to a volume averaging of the variable in the inter-
valx — A /2 <x' <x+ A/2. Here A is the filter scale, which is equal to the
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grid size. For incompressible flows, the filtered continuity and momentum
equations can be obtained as

ou; /0x; =0 (5.16)
ou; 0 1 0P o
— T (W) = ===+ v 5.17
Ot 5xj ( J') ﬁ@x; 8x;8xj ( )
Owing to u; =u; + u;, the term wujcan be expressed as
m:mﬁj-l-(m—u!uj)-l—ﬁgu’-l—u -l—u
Therefore, we have
Oll; O 1 dp O Ol |
__}___f_. = — ——_—— e — - — Tyj 5,18
o ox i) = = == ox; [” ox; Tf] (5:18)

where the subgrid scale stress (SGS stress, also called pseudo-Reynolds
stress) 1S

— (== _ = - T
Tfj—(u;uj ufuj)—i—uu —i—u —i—uij

i

Further, it 18 assumed that u;u; = w;u;, uju; = u:u; =0, so this term can be
simplified as

/
Tij = U;U;.

5.8.2 SGS Stress Models

The SGS stress 1s an unknown, reflecting the effect of small-scale fluctua-
tions on large-scale fluctuations. Its importance and magnitude are much
lower than those of the Reynolds stresses. To solve Eq. (5.18), it is necessary
to give the SGS stress models. The first 1s the simplest and most widely used
SGS stress model—the Smagorinsky eddy-viscosity model [21]

_ |
Tij = — 2urSij + 5651};{ (5.19)
where vy = C‘EA2 S |§| = (23;,-1;;)1/2; Ej = (ﬁﬁf/ﬁxj + 85;/8){;)/2; Oj 18
Kronecker-Delta, Cy is an empirical constant, ranging from 0.1 to 0.566 for
different types of flows, mostly taken as 0.16. The second 1s the so-called
Smagorinsky —Lilly model [22], which 1s given by

pn, = pl? |§| (5.20)

where L, = min(Kd, c, v/ 3: K=0.42; C;, =0.1, d is the distance to the wall
and V 1s the volume of the computation cell. The third one 1s the Germano
dynamic SGS stress model [23]. In many cases the Smagorinsky coefficient
Cs 1s not a constant. Germano proposed a dynamics eddy-viscosity model for
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modification of the Smagorinsky model’s constant by using two-time
filtration, 1n which the coefficient C, 1S not a constant, but 1s a function
determined by

(5.21)

Y Pt

—
-

where L;; = u;u; — i uj, A= 2A X A is the filter size/ grid size, and

~ | (ou;  ou\ |2 SRS
G, = — L+ L) |S| =1/28;S;;
Sy 2(@; &) '

The fourth 1s Kim’s SGS energy k-equation model [24], which is
given by

1_ 2
T;-gj = — 2pv, (SU — gskk&j) + gﬁk“g“éfj (5.22)
where v, = C;,(k"g“)l/ *A
aﬁ k::gs a L a ﬁyr ak""g"’"
+ — (pu;k’*")=P% — D* + 2
Ot OX; (P k™) OX; (Pl} OX; ) 6.2)

|l —= _
where k*° = > [“;25 — Eﬁ] , P8 = — Tg,.gﬁ(aaf /0x;); D& = C.p(k%y/? /A

Coefficients C,, andC- may be dynamically determined.

5.8.3 LES of Swirling Gas Flows

The swirling gas flows with a swirl number of s = 0.53 were studied by Hu
and Zhou et al. [25] using both LES with a Smagorinsky SGS stress model
and RANS modeling with an IPCM + wall version of the Reynolds stress
equation model. Figs. 5.23 and 5.24 show the predicted tangential and axial
fluctuation velocities, respectively. It can be seen that LES, even using
the simplest SGS stress model, gives obviously better results than RANS
modeling using the most complex turbulence model. LES can also simulate
the peaks of ww and uu at the axis, observed in experiments, whereas RANS
modeling fails to do that.

Figs. 5.25 and 5.26 give the LES-predicted instantaneous vorticity maps
and velocity vectors, respectively.

The instantaneous flow behavior, showing detailed turbulence structures,
given by LES 1s much more complex than those given by RANS modeling,
using IPCM and GL versions of the Reynolds stress equation model,

which can show only the near-axis and near-corner recirculating flows
(Figs. 5.27 and 5.28).
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FIGURE 5.23 Tangential fluctuation velocity (s = 0.53).
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FIGURE 5.24 Axial fluctuation velocity.

FIGURE 5.26 Instantaneous velocity vectors (LES).
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FIGURE 5.28 Streamlines (RSM-GL).

5.9 DIRECT NUMERICAL SIMULATION

Direct numerical simulation (DNS) 1s used to solve instantaneous
Navier—Stokes equations, resolving all scales, down to Kolmogorov dissipa-
tion scales, without using any models. It can give the most accurate results,
with high spatial and temporal resolution, which cannot even be given by
measurements. However, its computer requirements are extremely high, and
increase rapidly with Reynolds number. Therefore, its application is limited
to low-Reynolds number flows and small-size computation domains.
Therefore, currently, DNS cannot be used to simulate practical high-
Reynolds-number complex flows. However, the DNS database can be used
to validate the RANS and LES SGS models. Since there are no closure mod-
els in DNS, DNS only has highly accurate numerical methods and proper
boundary conditions. The adopted numerical methods include spectral
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method, pseudo-spectral method, and finite difference method with a highly
accurate compact difference scheme. DNS needs periodic boundary condi-
tions at the inlet and walls. The Kolmogorov scale 1s determined by

n= (/)"

where v 1s the kinematic viscosity and € 1s the dissipation rate of turbulent
kinetic energy. It 1s known that ¢~ (u)3 /lwhere u is the RMS fluctuation
velocity, and [/ is the integral scale. [ = k*/?/c. The three-dimensional grid
number should be at least N = (N,)’ = (Re;)”*. It was estimated by Pope
[26] that for Re; = 6000, the required grid number should be 2 X 1 0°, and the
computation time 20 months.

As an example, the DNS of channel flows was made by Xu [27] using a
spectral method with Galerkin—Tau spectral expansion; Fourier transforma-
tion in x, z directions; Chebyshev transformation in y direction, and third-
order scheme in time. The predicted instantaneous isosurface of fluctuation
velocity shows the coherent structures—the strip structures at the near-wall
region, indicating the burst behavior of near-wall turbulence. The typical
structures of wall turbulence, such as low-speed streaks, bursting events, and
vortical structures, are presented. The DNS database was used to obtain the
turbulence statistics, the budget of terms in the Reynolds stress equation, and
to validate the closure models. Fig. 5.29 gives the budget of terms in the
Reynolds stress equation for u/u’ given by DNS database. It can be seen that
in most regions the production and dissipation terms play dominant roles,
and other terms play minor roles. Fig. 5.30 shows the comparison of the
turbulent diffusion term—the third-order correlation—u/u/Vv', given by the

— VD
-~ VP

— PR
.=+ DS

L S —
e

60 80 100 120 140 160 180
y+
FIGURE 5.29 The fudget for /v’ given by DNS [27].

(VD, viscous diffusion; TD, turbulent diffusion; VP, velocity—pressure correlation or pressure—
strain correlation; PR, production; DS, turbulent dissipation).
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FIGURE 5.30 Modeled third-order correlation —u«/u/v' and DNS results [27].

50 ¢

0 20 40 60 80 100 120 140 160 180
y+
FIGURE 5.31 Modeled dissipation term £,, and DNS results [27].

Daly—Harlow model (TDMI1) and the Hanjalic—Launder model (TDM?2)
with the DNS results. Although the tendency is the same, both models over-
predict the third-order correlation. Fig. 5.31 1s the modeled dissipation term
and DNS results, where DSM1 indicates the isotropic model, DSM2 indicates
the anisotropic model, and DSM3 indicates the Hanjalic—Launder modified
model. The i1sotropic model remarkably underpredicts the dissipation, whereas
the anisotropic models are in good agreement with the DNS results.

Fig. 5.32 shows the modeled pressure—strain term and DNS results,
where "Rotta" indicates the Launder—Rotta model, "QI" indicates the quasi-
isotropic model, and "wall" indicates the near-wall model. It can be seen that
in the near-wall region there 1s a discrepancy between all models and DNS
results, and in other regions the agreement 1s fairly good.
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FIGURE 5.32 Modeled pressure—strain term and DNS results [27].

It should be pointed out that these results are obtained only for simple
and low-Re flows. For complex high Re flows, the validation of turbulence
models by DNS remains to be studied in the future.
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Chapter 6

Modeling of Dispersed
Multiphase Turbulent Flows

6.1 INTRODUCTION

There are different approaches for modeling turbulent dispersed multiphase
flows. The fundamental approach is the direct numerical simulation (DNS),
including the fully resolved or full-scale DNS (FDNS) and the point-particle
DNS (PDNS). In FDNS, particles/droplets/bubbles are simulated to occupy
finite-size volumes, no models for gas-particle interaction forces are needed
and the main task 1s the numerical methods to deal with the interface, such as
the volume-of fluid (VOF), level-set, front-tracking, and immerse-boundary
methods, etc. In PDNS, particles/droplets/bubbles are treated as point sources,
not occupying finite-size volumes and models for the particle drag force, lift
force, and particle mass change (evaporation/devolatilization/combustion) are
needed. In the point-particle approaches, beside PDNS, there are large-eddy
simulation (LES) and Reynolds-averaged (RANS) modeling. These
approaches include Eulerian—Eulerian (E —E, two-fluid) modeling and
Eulerian—Lagrangian (E — L) modeling. E — L modeling, when accounting
for interparticle collision, 1s called discrete element modeling (DEM). The
PDNS can give instantaneous velocities and detailed turbulence structures,
but has too large a computational requirement, and hence it is used for funda-
mental studies and provides database for validating models in LES and
RANS modeling. The FDNS can give the detailed shape of interface and
instantaneous velocities inside each phase, but needs a still larger computa-
tional requirement and cannot be used to simulate practical dispersed multi-
phase flows with phase change and combustion. For engineering dispersed
multiphase flows only Eulerian—Eulerian and Eulerian—Lagrangian
approaches for RANS modeling or LES can be used. The former needs a par-
ticle turbulence model and particle stress model, whereas the latter needs a
fluid 1nstantaneous velocity model and interparticle collision model.

Many engineering applications, including the commercial computer
codes, adopt E-L models, but E-E models have their specific features. It was
pointed by Crowe in 1991 [1] that “the advantage of the two-fluid model is
that the algorithm developed for the conveying phase can be easily modified
for the particulate phase. Also the storage and computational time are not as

121
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excessive as it may be for the trajectory models.” The development of two-
fluid models or multifluid models can be traced back to the 1960s. Their pio-
neer was S.L. Soo [2]. In his book “Fluid Dynamics of Multiphase Systems”
published in 1967, particles are treated as a pseudo-fluid. However, in his
concept, the velocity slip between the fluid and particles is considered to be
much smaller than the velocity itself and this velocity slip forms a drift force
for particle diffusion. In his equations the “particle diffusivity” is an empiri-
cal or semiempirical constant, not definitely related to turbulence properties.
In fact, this concept of “small slip” i1s approximately true only for a few
cases like pipe flows laden with small particles. For most cases, for example,
in the case of liquid spray injected in reverse direction into high-velocity gas
flows, the velocity slip between the gas and droplets may be very large, and
is not related to the droplet diffusion. Therefore, in 1982 two-fluid model
equations with the separate velocity slip and particle diffusion were given by
Zhou [3].

The key problem of two-fluid modeling 1s the closure models of particle
turbulence (particle turbulent fluctuation), leading to particle diffusion/
dispersion. Early studies in this direction were made by Elghobashi et al.
[4— 6], combining the gas k — ¢ turbulence model with algebraic particle tur-
bulence models (we called this a k—¢—A, model). In fact, similar
approaches have been taken by Melville and Bray [7], Chen and Wood [8],
Mostafa and Mongia [9], etc. All of these closure models for the particle tur-
bulence are based on the idea of Hinze—Tchen’s particle-tracking-fluid the-
ory of particle fluctuation, originally proposed by Tchen [10], and finally
developed by Hinze [11]. According to the Hinze—Tchen model, the particle
fluctuation should always be weaker than the fluid fluctuation and, the larger
the particle size, the weaker the particle fluctuation. Hence larger particles
should diffuse slower than smaller particles. However, in the experiments of
enclosed gas-particle jets done by Zhou et al. [12] it was found that 165-pm
particles diffuse faster than 26-pm particles, and in experiments done by
Borner and Durst [13] it was found that the particle RMS fluctuation velocity
1s larger than the gas RMS fluctuation velocity in enclosed gas-particle jets.
Therefore, a transport equation theory of particle turbulence was proposed
by Zhou and Huang [14], and a k— ¢ —k, two-phase turbulence model
against the k —¢— A, model was proposed and used to simulate a gas-
particle jet [15]. From that time on, the two-phase turbulence models, in
particular the particle turbulence models, were systematically studied and
developed by many investigators. There are two groups of two-fluid mode-
lers: the first group includes Zhou [16] and Tu [17], who directly use the
Reynolds expansion and averaging to derive and close the particle turbulent
kinetic energy and particle Reynolds stress equations. The other group
includes Zaichik, Reeks, and Simonin, who derive and close the particle
Reynolds stress equation based on the probability density function (PDF)
equations, called the “kinetic approach.”
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In Chapter 35, the single-phase turbulence models are discussed. These
models can be used as a basis for developing two-phase or multiphase turbu-
lence models. There are two sides to this method. On one hand, the
dispersed-phase (i.e., particles/droplets/bubbles) turbulence (turbulent fluctu-
ation) causes turbulent diffusion or dispersion. On the other hand, the dis-
persed phase affects the fluid turbulence, called turbulence modification/
modulation. In the Eulertan—Eulerian or two-fluid approach, the dispersed
phase 1s treated as a pseudo-fluid, having its own turbulent fluctuation, caus-
ing its turbulent transport of mass, momentum, and energy, and the
dispersed-phase turbulence i1s determined not only by the effect of fluid tur-
bulence, but also by its own convection, diffusion, and production due to the
mean velocity gradient.

According to the original concept of trajectory model, only fluid-phase
fluctuation 1s considered, and the dispersed phase does not have the same
turbulence properties as the fluid phase. In the frame of the two-fluid model,
the dispersed phase has turbulence properties, like those of the fluid phase,
such as particle turbulent kinetic energy and particle Reynolds stress.
Presently, the main two-fluid modelers, like Zaichik, Simonin, Reeks, and
the present author agree with this point of view. Nowadays, the concepts of
particle turbulence, particle turbulent kinetic energy, and particle Reynolds
stress are accepted by all investigators in the multiphase flow community,
including Lagrangian particle modelers.

The pioneering work on particle turbulence model was done by S.M.
Tchen. Based on the concept of particle tracking local fluid turbulence, the
relationship between the particle turbulent viscosity or diffusivity and the fluid
turbulent viscosity was obtained. Subsequently, it was derived by Hinze as an
algebraic expression of the particle turbulence model. Until the mid-1980s this
model was widely used by two-fluid modelers; it was then discovered by the
present author and his colleagues by experiments that larger particles diffuse
faster than smaller particles and subsequently it was found that the particle
fluctuation 1s greater than the gas fluctuation in experiments of enclosed gas-
particle jets by Durst’s research group. These results encouraged the author to
study the two-phase turbulence model using the method of single-phase turbu-
lence modeling. A transport equation model of particle turbulent kinetic
energy was proposed and the k—e —k, two-phase turbulence model was
formulated. Later, when dealing with anisotropic two-phase turbulent flows, a
unified second-order moment (USM) or two-phase Reynolds stress model was
proposed. Almost at the same time some investigators introduced the concept
of probability density function (PDF) to construct the particle Reynolds stress
equation. Meanwhile the author also used the PDF concept to establish the
two-phase turbulence models, such as the kK — ¢ — PDF and DSM-PDF models.
In the following text we will discuss the USM, k—¢ —k,, k—¢c— Ap,
k — ¢ — PDF, and DSM-PDF two-phase turbulence models, and conclude with
a brief discussion of LES and DNS of dispersed two-phase flows.
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6.2 THE HINZE-TCHEN'’S ALGEBRAIC MODEL OF PARTICLE
TURBULENCE

S. M. Tchen [10] considered a single particle entering a fluctuating gas eddy
and tracking the gas motion, using Taylor’s statistical theory of gas turbu-
lence. After Hinze’s derivation, the ratio of the particle turbulent viscosity
over the gas turbulent viscosity or the particle turbulent diffusivity over the
gas turbulent diffusivity was obtained as

V;J/VT :Dp/DT: (kp/k)z — (1_}_7_!'1/7_1")_1 (61)
where v

», Ur are particle and gas turbulent viscosity, respectively, D,
Dy are particle and gas turbulent diffusivity, respectively, and
Trl = psdg /(18), Tr =k/e are the particle Stokes relaxation time and gas
fluctuation time, respectively. Eq. (6.1) is called the Hinze—Tchen alge-
braic model (A, model) of particle turbulence. According to this model,
the particle turbulent fluctuation i1s always smaller than the gas turbulent
fluctuation and the larger the particle size, the smaller the particle fluctua-
tion. This model, like the algebraic mixing-length model of gas turbulence,
i1s rather simple and intuitive, and was widely used by many two-fluid
modelers. However, as indicated above, experiments show that in many
cases or in some regions of the flow field the particle fluctuation is stron-
ger than the gas fluctuation, and the fluctuation of larger particles is stron-
ger than that of smaller particles. The reason is that the A, model, based
on the particle-tracking gas motion, considers only the effect of local gas
turbulence, and neglects the effect of convection, diffusion, and mean-
flow production of the particle turbulent kinetic energy. Its drawback is
similar to that of the mixing-length model. Therefore, based on the devel-
opment of the single-phase turbulence models, the transport equation mod-
els of particle turbulent kinetic energy and particle Reynolds stress were
developed by the present author.

6.3 THE UNIFIED SECOND-ORDER MOMENT TWO-PHASE
TURBULENCE MODEL

The unified second-order moment model (USM model), proposed by the
author [16], has both two-phase turbulences closed using the second-order
moment method, 1.e., using the two-phase Reynolds stress transport equa-
tions. It 1s an extension of the single-phase Reynolds stress equation to two-
phase flows; however, it 1s not a simple duplication. In the case of turbulent
gas-particle flows there are interaction forces (drag force, lift force, etc.),
leading to forming new source terms in both gas and particle Reynolds stress
equations. These source terms need closure models. This is the special fea-
ture of two-phase turbulence models.
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In Chapter 4, the exact form of two-phase Reynolds stress equations was
derived as

o 0 o
g(ﬁv;vj) + g(ﬁVmwvj) =Djj+Pij+Gj+ 11 —c;j+ G+ Grij (6.2)
0 0
a(Nkakaf) + aT(Nk Vkaka;g') = ijij + ijij + G;(jfj + Ek,ij (63)

where the terms on the right-hand side of Eq. (6.2) D;;, P, G, 11;;, and ¢;
are diffusion, shear production, buoyancy production, pressure—strain, and
dissipation terms of the gas Reynolds stress, respectively, and are the same
as those for the single-phase flows, 1.e.,
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The last two terms on the right-hand side of Eq. (6.2)

Z Pk B

Trk

are source terms of the gas Reynolds stress due to the drag force and particle
reaction (evaporation, devolatilization, and combustion), respectively. The
four terms on the right-hand side of Eq. (6.3) are diffusion, shear production,
buoyancy production, and drag force terms of particle Reynolds stress,
respectively, 1.e.,
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The transport equations of gas and particle turbulent kinetic energy are
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a.::( ki) axm( i Viemki) axm( Vi Vki~ /2) ( K VmVk 8xm)

i .
+ ( + m;{) [Nk(kaVf
Trk ny,

—2ki) + (Vi = Vi vy |

(6.4)

The closed gas Reynolds stress equation for turbulent gas-particle flows is
0 0

5 (0viv) + a—ﬂ((pvmvj) =D;+P; + G, + II; — ¢ (6.5)

where D;;, Pj;, 11;;, €;; are

D ®, k_fﬂVij p _81{, +_5Vg
= — | cs— Vv , Pi=—pl|lVivg — +V;
" o \ 2 e i TP Y e T Y o

e (___ 2
Hfj — H:j,l + Uij,Z: Ufj,l — — (] EP(V;VJ; — gégk)

2 2
Ijj = — ¢ (Pfj - g&jG): Eij = 55;‘;5,

oV;
G=— pvivy —
axk

The source term expressing the effect of particles on gas Reynolds stress 1s

3 Pp
Gp,fj — —(foVj + VpiVi — 2V;Vj)
P

The closed transport equation of the dissipation rate of the gas turbulent
kinetic energy 1s

9, O O k o€ €
—(pe) + = — .- + = [ca1(G + Gp) —c. ,
5P+ 5 (Vo) = = ( VeV axg) 7 [ca1(G+Gp) —cape|  (6.6)

P
— (Vpivi — Vivi)

where G =

The closed particle Reynolds stress equation is
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a(vapij) + ﬁ_ﬂ((Np Vo Vpivy ) =Dy ji + Ppij + €pij (6.7)
where
o | k&, 0 '
Dpjgj 5_)6;5 NPC};ngkVpla_ﬂ(VpEij)
oV, oV,
—(Vun,v,; +N vpkvpj) — (Vo Vi + NyVoivpi) xf +1,V,;8i T,V 8
Epij = | Np(TpiV; + 591 = 2V + (Vi = Vi) iy + (V= Vi i |
p
The closed transport equations for 72,V,;, n,V,;, ph,, VpiVj, V,jV; are
O O
a(npnpvpf) + T(HPVpknpvpf) =D,,, + P,,. e, (6.8)
k
where
o | Lk 0 '
Dy, = o npc;;vpkup;a—ﬂ(npvp;)
- - on, OV
Py = — (mpyVpivpi + Vouiiyvp: + 2V ,iivp) =— — (npi,vpr + Vpripng, ) —— o
Vi
— 2(nyn, vy + Vp;npnp)—ax
k
|
Envi — - [(V Pf)npnp + npnpvpf]
rp
a(npnpnp) + g(rz Voi,n,) = D,, — 2n,n,n, P — 2n,n,V,k pkﬁ_xk
(6.9)
where
o | .k 0 '
D,, = 8_xk nyC), —p vpkvp;a—x‘!(npnp)
0 0 o | 0 '
V,iVi)t (Ve +V VoiVi) —— | (v, T 1,)—(V,;V;
5I( pi j) ( pk k) k( pi j) axk ( e p)axk( pi j)
+ — [p + pvivi —(p, + p)V ~v-] — |V kv-%-}—v VkﬁV —Z5 36
0Ty pVpiVpj p pivj kT oxy pi ox, e Pivivi

(6.10)
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0 0 0 kp____ 0Ok
a(?’lpkﬁ) + a_xk(np ‘/?Jkkp) - a_xk (nf?(’}? : VpkVpl =— P ! ) +PP ey (6‘11)

Ep Xl

where

VpiVi = VpiVpi + }’I_(VI o fo )npvpf
p

oVi 1
_ pL, _
P p— (npvpkvpf + Vpknp Vpi ) a)fk s Ep—

rp

In some cases the transport equation for the two-phase velocity correla-
tion can be simplified into an algebraic expression as

pT oV OV p _—_, P PTrp 1
fovj =—_7 (fovk / + VJ,VP;( P! + —Vij + vafvpj - P ijVj 6;}'
ﬁx;( 6x p+pp p+pp P +pp Te

(6.12)

Similarly, the transport equations of two-phase Reynolds stresses can be
simplified into the following algebraic expressions

oV, _avf) k
+7; + —

——(Vpiv; T ViV, — 2vv;)

k
viv; = (1 — )\) k&j + A— (V:Vk

X OXy, C1pE
(6.13)
Tr;) av; GVM 1
VoiVpj = 2" (vpfvp axf + Vi Vok o ) + E(v;vpj + Vi) (6.14)
Egs. (6.12), (6.13), and (6.14), together with the k, k,, ¢, and k,, equa-

tions (by setting i = in Eq. (6.10), the k,, equation can be obtained) consti-
tute the algebraic model of two-phase Reynolds stress.

6.4 THE K—e— K, AND K—¢— A, TWO-PHASE
TURBULENCE MODEL

The USM model can simulate anisotropic turbulent two-phase flows. For
nearly 1sotropic flows or weakly swirling flows it 1s not necessary to use the
complex USM model. In this case, by introducing the Boussinesq expression
and scalar turbulent viscosity, the USM model is reduced to a k —¢ —k,
model or a two-phase turbulent kinetic energy equation model. The closed

equations and expressions are [18]

2 ov, oV;
v, = Sk - ”T<axj ¥ a—;) (6.15)
2 av}f av?
/i l
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ﬁxj
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Egs. (6.15)—(6.21) are called a kK — ¢ — k, two-phase turbulence model.
Both USM and k — ¢ —k, models can simulate the convection, diffusion,
production, and dissipation of two-phase turbulences and their interaction
well. The Hinze—Tchen algebraic particle turbulence model together with
the k — ¢ gas turbulence model, that is Egs. (6.1), (6.15)—(6.20), is called a

k — e —A, model. The USM model, kK — ¢ — k, model and k — ¢ — A, model
are three levels of two-phase turbulence models.

6.5 THE APPLICATION AND VALIDATION OF USM,
K—e — K,—Kpc AND K— ¢ — A, MODELS

The USM, k —e¢ — k,—k,, and kK —¢ —A, models were applied to predict
gas-particle jets, sudden-expansion, and swirling gas-particle flows. Fig. 6.1
shows the predicted particle mass flux for an enclosed gas-particle jet [15].
It can be seen that the k — ¢ — k, model properly predicts the diffusion of

larger particles faster than that of smaller particles, but the £k — ¢ — A, model



130 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

yv/H w202

1.0
=
0.5 -
0 L
0.8 2.4 5.2 8.8 x/H
FIGURE 6.1 Particle mass flux (Exp.: 165 pm, o 26 pm; Predic.: k—¢—k, 165 pm,
------ k—e—A,165pm, - k—ec—k,26 um, -- k—¢e—A,26 um).
8 | | | !
Np |
6 |- 4
4 H‘;m —
\
P -
0 O | |
0.0 0.5 1.0 1.5 2.0 Y/H 2.5

FIGURE 6.2 Particle number density.

gives the opposite results, and hence 1s unreasonable. Fig. 6.2 gives the pre-
dicted particle number density in dust-air flows using both k —e —k, and
k—e—A, models [19] in comparison with the measurement results.
Obviously, the k—¢e—k, model gives much better results than the
k —e— A, model.

Figs. 6.3—6.5 give the predicted particle axial velocity, particle tangential
velocity, and particle mass flux of swirling gas-particle flows, respectively
[20], in comparison with the phase Doppler particle anemometer (PDPA)
measurement results made in Reference [21]. The predictions using the
k—e—k, model are much better than those wusing other models.
Figs. 6.6—6.9 show the predicted vertical and horizontal components of lig-
uid and bubble normal Reynolds stresses in bubble-liquid flows using the
USM (SOM) two-phase turbulence model in comparison with the PIV mea-
surement results [22]. The agreement 1s pretty good. It can be seen that the
bubble turbulence is stronger than the liquid turbulence, i.e., bubbles induce
the liquid turbulence and on average the vertical components of two-phase
normal Reynolds stresses are larger than their horizontal components, indi-
cating that the two-phase turbulence 1s anisotropic.
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FIGURE 6.4 Particle tangential velocity (A- Exp.; —k,, Pred.; --- Simonin’s Pred.).
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FIGURE 6.5 Particle mass flux (o- Exp.; — k, Pred.; --- Simonin’s Pred.).
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FIGURE 6.7 Horizontal component of liquid Reynolds normal stress.
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6.6 AN IMPROVED SECOND-ORDER MOMENT TWO-PHASE
TURBULENCE MODEL

It has been found that for swirling gas-particle flows the k — ¢ — k, and USM
models can well simulate the time-averaged values, but the two-phase fluctu-
ation velocities are underpredicted. There are two possible reasons for this.
First, in processing the LDV/PDPA data, the particle sizes of each size group
cannot be monodispersed, it has a certain size range, the measured “particle
fluctuation velocity” includes not only the effect of turbulence, but also the
effect of nonuniform sizes; hence the measured value 1s greater than the real
value of the particle fluctuation velocity, particularly for swirling gas-
particle flows, where the particle concentration distribution is more nonuni-
form. Second, the closure of USM and k — ¢ — k, models remains to be
improved. In analyzing the two-phase Reynolds stress equations, it can be
seen that the closure of the term of two-phase velocity correlation 1s very
important. It has three levels of closure: transport equation, algebraic expres-
sion, and dimensional analysis. The transport equation model i1s more reason-
able, but computationally 1s expensive. The algebraic model is more
convenient. A closure model based on Lagrangian analysis has been pro-
posed [23]. Zaichik [24] started from a Lagrangian PDF equation, assuming
a Gaussian PDF distribution for isotropic homogeneous turbulence, and
obtained a simple expression of two-phase velocity correlation
oV

ViV, = aviv] — [BViv; a—; (6.22)
J

where o« =T /(1, + T); 3 =T, T, is the particle relaxation time, and 77, is
the Lagrangian time scale of single-phase turbulence. An improvement was
made by using the gas turbulence scale seen by particles instead of the
single-phase turbulence scale, based on the Lagrangian analysis of Wang and
Stock [25] and Huang and Stock [26], accounting for the crossing trajectory
effect, inertial effect, continuity effect, and anisotropy. The result gives

aii =T /(1 + Tr) Bii = aiily, (6.23)

Leii ) ( 1 — Trii | ToEii )
where T; =min| 7,j,—— Teii = 2 i | 1 —
( eil |VF€£| el mEIii (1+Srff)().4(_l+0.0153‘;;)

) T LH NG)
St = ;f . Toi = 02352 I, L (1 +cos0) Ly = 2.5V,
mE 3

| f— — —
g(v% + V% + v%)
Figs. 6.10 and 6.11 are the predicted axial components of particle fluctua-

tion velocity and gas-particle two-phase velocity correlation, respectively,

V2:
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FIGURE 6.12 Particle axial fluctuation velocity (s = 0.47, 45 pum)(m/s).

for sudden-expansion gas-particle flows using the present model, Zaichik
model and their comparison with the PDPA measurement results. Although
there 1s still some discrepancy between predictions and measurements, the
present model is better than the Zaichik model.

Figs. 6.12 and 6.13 give the predicted particle axial and tangential fluctu-
ation velocities for swirling gas-particle flows using the original USM
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FIGURE 6.13 Particle tangential fluctuation velocity (s = 0.47, 45 pm, m/s).

(notation: Chen) and improved USM (notation: Pred) models in comparison
with the PDPA measurement results. The improved USM model is somewhat
better than the original USM model; however, the particle fluctuation veloci-
ties are still underpredicted.

6.7 THE MASS-WEIGHTED AVERAGED USM TWO-PHASE
TURBULENCE MODEL

The above discussed i1s a time-averaged USM model, where the transport
equations related to the particle number density fluctuation are introduced,
hence there 1s a large number of equations, making the model very com-
plex. On the other hand, the fluid and particle velocities measured by
LDV/PDPA are close to the number-weighted averaged. If a mass-
weighted averaging, similar to the Favre averaging used in compressible
flows, 1s used instead of simple time averaging, it should be more reason-
able. In that case no equations related to number density fluctuation are
required; the number of equations will be reduced. Therefore a mass-
weighted averaged USM (MUSM) model has been proposed [27]. Let us
define p, = app,,; Py = QPews @ + g =1, where p, p, are the particle
and gas apparent density, respectively, p,,,, p,, are their material density,
respectively, neglecting the buoyancy force, added-mass force, Basset
force, Magnus force, Saffman force, and accounting for only the drag
force and the gravitational force, introducing the apparent-density

weighted averaging by defining ¢, = ¢, + ¢";

55;: — C]fkf)km(bk/ Ok Prns K=p,g. We have

0"k = QU Pem® 'k [CcPrm = 05 pi = i+ 0"k Pre = oo / Ok

For the volume fraction, pressure and shear stress, the time averaging
is still used as: = + oy, p=p+p; Ti=Ti+ T}f. For 1sothermal
nonreacting gas-particle flows, the gas and particle material densities are
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constants; the apparent-density weighted averaging is equivalent to the
volume-fraction-weighted averaging. The obtained generalized form of
mass-weighted averaged two-phase Reynolds stress equations 1s

dd 1 rr
00t ol v 1 Ok Prom kU iUl g
ki ””‘é MTY O+ ™ = Dyjj + Prjj + Uiy — €kij + Skij
t k

(6.24)

where the subscript & denotes the gas phase g or the particle phase p, also
a sign of summation, the superscript bar denotes the time-averaging and
the wave and double-prime denote the apparent-density-weighted
averaging.Dy ;j, Prij, 1, €rij, and Si; are diffusion, shear production,
pressure—strain, dissipation, and phase interaction terms, respectively.
Their closed forms are

aﬁk' aﬁk;
Pk i = _ak ) u”kku”kf_j + u”kkunk'_ .
D o Cm kk—=—=0u"jju";
kij — = kO Pl U kkU ki
! OXy "ek OX; ’
2
g =gy +gijo; ;=05 €p5=0; €g45= gfgfj&gﬁgmgg
H p— k 1T, 7, 26 k . U o 26
gl =~ Cql (Eg/ g)%f)gm U gill gj _5 ik |3 Igijo=—Cgqr| Pgy _§ iiOg
Qpp
__ PFpm / / / / / / / /
Skij = — (M’ gill jj U iU g —u" piu" g —u i kf)

Trp

For the two-phase velocity correlation equation, the main problem is to
close the dissipation term. It is assumed that the dissipation is i1sotropic and
is proportional to the summation of its normal components divided by a time
scale. This time scale is taken as the minimum value from the particle relax-
ation time and the gas fluctuation time. The closed two-phase velocity corre-
lation equation 1s

0 0
— (a2 u" .u".. — a9 a0 ) = y . P R
ot (&Pppu gill PJ) + 8){';( (Qﬂﬁpuﬁku gild PJ') D 8pP.Y +P 8Pl + Ggp,fj + Ggpﬂ

+ Hgpij — Egpiij
(6.25)
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The above equations constitute the MUSM model. This model was used
to simulate swirling gas-particle flows with a swirl number of 0.47 with dif-
ferent time scales in the algebraic expressions of two-phase velocity correla-
tion, in comparison with the time-averaged USM modeling results and the
PDPA measurement results.

Figs. 6.14—6.21 give the predicted particle-averaged and fluctuation
velocities using different averaging methods and different closure models for
the dissipation term in the two-phase velocity correlation equation
(Eq. 6.25). The legends in these figures are: USM-0: time averaging with

-0.10*%
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FIGURE 6.14 Particle axial velocity (— MUSM-1,L]1 USM-0, @ Exp).
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zero dissipation in Eq. (6.25); USM-2: time averaging with a time scale
7r =k/e in the dissipation term of Eq. (6.25); MUSM-1: mass-weighted
averaging with a time scale 7,, In the dissipation term of Eq. (6.25);
MUSM-2: mass-weighted averaging with a time scale 77 = k/¢ in the dissi-
pation term of Eq. (6.25). It can be seen that for the particle-averaged axial
and tangential velocities (Figs. 6.14 and 6.15), different averaging methods
and closure models give almost the same results, in general agreement with
the experimental results, but different averaging methods and closure models
underpredict the particle axial and tangential fluctuation velocities
(Figs. 6.16 and 6.17). When comparing the prediction results using the same
closure model but different averaging methods (Figs. 6.18—6.21), no
improvement is made. In general, both MUSM and USM models
give slightly different results, but the MUSM model saves a great deal of
computation time.

6.8 THE DSM-PDF AND K—e-PDF TWO-PHASE
TURBULENCE MODELS

In Chapter 4, the transport equations of probability density function (PDF)
for turbulent gas-particle flows are derived and from the PDF equations the
two-phase Reynolds stress equations can be obtained. In the framework of
two-fluid models, a group of investigators developed the particle Reynolds
stress equation, based only on the derivation and closure of PDF transport
equations and then the integration over PDF. Zaichik [28], Reeks [29],
Simonin [30], and Zhou [31] independently derived and closed PDF transport
equations for turbulent gas-particle flows using different closure methods for
the phase interaction term. The first three investigators used PDF transport
equations to construct the particle Reynolds stress equation in two-fluid
modeling. Zhou’s approach in contrast directly solves the particle PDF
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equation without using the particle Reynolds stress equation. Two methods
are used to solve the particle PDF equation. The first uses the finite-
difference method, and the other uses the Monte-Carlo method. For the first
method, the gas-phase k- or DSM model is still used, and the particle
Reynolds stresses are obtained by integration over PDF, so the two-phase
turbulence models are called k-c-PDF and DSM-PDF models, whereas for
the second method the PDF values and the integration over PDF are not
required, the particle Reynolds stresses are directly obtained from the
Monte-Carlo simulation, which is a Lagrangian method of particle motion in
the phase space.

The transport equation for the joint PDF of the fluctuation velocity pgs
in the two-phase velocity coordinates proposed by Li and Zhou [31] is
obtained as

opyi opsi ops 0 _ Py OP
F(<U>+<U,> +(u +uy) -2 = — <L
ot (=Y Upi ) Ox; (1 + up) Ox;  0v; p Ox;
' OT". <[] > . <] >
p a}.’j ﬁv; a}:j Vpi 5}:;
p" ou; ﬁpﬁ aupf apﬁ'
—<p.| =g |>—(<U, > +u, —(<U; > +u;
pf:( pg ) ( pj um) ox; Ov; ( J ;) ox; o,
o _ 0 ,
" B <pﬁ‘( E :frpf) = = Dy <Pﬁ'( E :ﬁ‘f) =
i pi
(6.26)

1
where f,,; = i(up; —u;), i = ( + —~ )(uf — up;) express the fluctuat-
P

Trp Trp
ing drag forces acting on the gas and particle phases, respectively, and U;,
U, are gas and particle instantaneous velocities, respectively, and
U=<U;> +uj; Uy=<U, > +u,. u; and u,; are gas and particle fluctu-
ation velocities, respectively. Since the modeling of the particle phase is
more important in the simulation of turbulent gas-particle flows, and solving
PDF equations i1s more expensive, the PDF transport equation model can be
applied only to the particle phase, and the k- model or Reynolds stress equa-
tion (DSM) model can still be used for the gas phase. Hence, k-=-PDF and
DSM-PDF two-phase turbulence models have been proposed by Li and Zhou
[31,32]. Integrating Eq. (6.26) into the gas fluctuating velocity space, and
using the gradient modeling for the term of fluctuating drag force, the closed
form of particle-phase PDF transport equation of pj, can be obtained as:

P 4 (<y,> +u

)apfp [y, O0<Upi=\pp (1 n Iy 2c'j§(k—kp)azpfp
“pi Ox Ui P Trp my, 1+ P / P P av;%f

(6.27)

Ot
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If pg, 1s obtained by solving Eq. (6.27), then the particle Reynolds stress
and turbulent kinetic energy can be obtained directly by the integration over
PDF without solving their transport equations, that is:

< Upillpj = = ( Jpﬁl'fupfdvpf) ( Jpﬁijupjdvpj) (6.28)

2
1 , 1
kp = EZ < U, > = EZ (Jpﬁ}fupfdvpf) (629)

Egs. (6.27)—(6.29) constitute the PDF model of the particle phase. The DSM-
PDF two-phase turbulence model, that is a combination of the second-order-
moment model for gas-phase turbulence in two-phase flows with the PDF model
for particle phase, proposed by Li and Zhou [32], is used to simulate swirling
gas-particle flows. Figs. 6.22 and 6.23 show the predicted particle tangential
time-averaged and RMS fluctuation velocities, respectively, by the DSM-PDF
model and their comparison with experimental results and the k-e-k, modeling
results. It can be seen that in case of weakly swirling flows, the DSM-PDF model
cannot make many improvements for the results obtained using the k-e-k, model.
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FIGURE 6.22 Particle tangential velocity.

- Experiment =< K—e—Kp model

X =52
FIGURE 6.23 Particle tangential RMS fluctuation velocity.
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6.9 AN SOM-MC MODEL OF SWIRLING GAS-PARTICLE
FLOWS

An SOM-MC model proposed by Liu and Zhou et al. [33] is a combination
of a gas-phase second-order moment (Reynolds stress equation) model with
a Monte-Carlo method to solve the particle Lagrangian PDF equation. The
stochastic equations of particle motion and the gas-eddy motion seen by par-
ticles in Lagrangian coordinate can be written as

d_i'pf/df — ﬁpf (630)
diiy; /dt = Ap; (Zpis ) = gi + (lgip — i) [Trp (6.31)
ditg; /dt = Agi (%, 1) (6.32)
The Langevin equation of gas-eddy motion, seen by particles 1s
N 1 op o oU,; N _ L oUy,; N
dity; /dt = g; _;5)5; T ox; [V 8; } (it — i) 5—; + Gop,ij (g — Ugi) + B;fw;

(6.33)

where the first three terms on the right-hand side of Eq. (6.33) reflect the effect
of the time-averaged gas velocity field on the stochastic motion of gas eddies,
the fourth term 1s the additional force caused by the difference between the tra-
jectories of particles and gas eddies, and the fifth and final terms express the
effect of viscosity, fluctuating pressure, and particle motion, while the coeffi-
cient G, ;; needs further consideration. G, ;; can be modeled as

Gepij = — 0ij/Trp (6.34)

where 77, 1s the Lagrangian integral time scale of gas seen by particles,
which 1s different from 7, the Lagrangian integral time scale of gas itself.

Considering the crossing-trajectory effect and continuity etfect, G,), ;; can be
written as follows
1 1 1 Vi
Goii = — — 8. — ( — )p'p-; pi = —= (6.35)
T Nty Ta) T

where 77, ,, and 77, | are the Lagrangian integral time scales of gas seen by
particles parallel and perpendicular to the trajectories of particles, respec-
tively. According to the experiments of particle dispersion in homogeneous
turbulence, we have

31V,
2k
(6.36)

Ty =T (14 CE) s iy = (144C6) 6 =
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where Cz =0.45, and 7, 1s the Lagrangian integral time scale of gas itself
and 1s defined as

L =k/(B1e) (B, =2.075)

For the gas-phase second-order moment (SOM) model in the SOM-MC
two-phase turbulence model, the gas-phase Reynolds stress equation in two-
phase flows in the USM model is used. The SOM-MC model is used to sim-
ulate swirling gas-particle flows. Figs. 6.24 and 6.25 show the predicted par-
ticle tangential time-averaged and RMS fluctuation velocities, respectively,
by the SOM-MC model and their comparison with the experimental results
and the USM modeling results. Obviously, there is only a slight difference
between these two modeling results. Hence the PDF equation model vali-
dates the USM model.
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FIGURE 6.24 Particle tangential averaged velocity.
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6.10 THE NONLINEAR K—e—Kp TWO-PHASE TURBULENCE
MODEL

It has been found that the conventional or linear k—e—k, model is rather
simple and can simulate nonswirling and weakly swirling gas-particle flows
well. However, for strongly swirling flows the USM model should be better,
however it 1s rather complex and 1s not convenient for engineering applica-
tions. The best compromise between reasonableness and simplicity is either
an 1mplicit algebraic two-phase Reynolds stress model, or a nonlinear
k—e—k, two-phase turbulence model, i.e., an explicit algebraic two-phase
Reynolds stress model. Since the algebraic Reynolds stress models frequently
cause some divergence problem due to lack of diffusion terms in the momen-
tum equation, particularly in 3-D flows, a nonlinear kK —¢ —k, two-phase tur-
bulence model has been developed by Zhou and Gu [34]. This is because the
momentum equations and k, €, k, equations have the same form for both
linear and nonlinear k—¢—k, models, making it easier to obtain the conver-
gent results. When using the full second-order moment model for three-
dimensional flows, we should solve 26 differential equations, including six
gas Reynolds stress equations, six particle Reynolds stress equations, nine
two-phase velocity correlation equations, one dissipation-rate equation for
gas turbulent kinetic energy, three particle diffusion mass-flux equations,
and one equation for the mean square value of particle number density
fluctuation.

In order to reduce the computation time and simultaneously to retain the
anisotropic features of the turbulence model, as is done in single-phase tur-
bulence models, an algebraic two-phase stress model is obtained by simplify-
ing the stress transport equations. Neglecting the convection and diffusion
terns in the two-phase Reynolds stress and two-phase velocity correlation
equations of the USM model, the algebraic expressions of two-phase
Reynolds stresses and the two-phase velocity correlation can be obtained as:

2 k oV; oV, k
ViV = (l — )\)Ek(sgj + )\E (W_j +1’}_Vk_) + _(fovj + ViVpj — 2vaf)

OX}, OX}, C1pE
(6.37)
Ty 8V i 8V i 1
VoiVp = — 7‘0 (vp;vpk 8—xi + Vi Vik 8—;) + 5 (Viv, + Vpiv)) (6.38)
; oV oV, .
VpiVj = P (fovk - ViVpk —p)-i- LW + A1Lf't,;,l!~vpa,- _ P Vi Vi 6;}'
PP, Ox oxe ) ptp, Pt 0, PP, Te
(6.39)

To construct a nonlinear k—e—k, two-phase turbulence model, we can
transform Egs. (6.37), (6.38), and (6.39) into the following explicit form, on
the right-hand side of which there are no terms containing V,;V;, V,;V,;, oOr
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v;v;. The obtained nonlinear stress—strain-rate relationships written to
quadratic-power terms of the strain rates are:

ov; oV, ov,, 0V,
(Vi — 65' + _—  — + 4 —
Vi = G105+ G2 (d‘gI 8}:,,) G3 (ﬁxj ﬁx;)
SVk 81{, an n avk
ﬁx;( 8xk ﬁxj Sxk OXy, OX;
5Vm oV, 5Vpk N oV [ OV, GVpk
OXy, ﬁxk OX; OX}, 5xk OX;
(6.40)
Vi [ OV, N OV pk N SVJ, OV SVP;(
ox; \ Oxy OX; ﬁxk OX;
oVyi | OV; L OV oV V,, avk
Oxy \ Oxx  Ox; 5xf
+ Gy % — % 8V avpf
ax;( Sxk 8){;( axk

Vi ; oV, 0V
Vv =P+ P + + P 2+
Vp ij Y : (an 8:{; 3 8)15; ax;

ov; [ oV; ~ 0oVi ov; [ oV  0OV;
+ Py + ==+ + £
ox; \ Oxy OX; Oxp \ Oxi OX;

OV, (a b OVok | L Vi [(OVei Vi

OX}, OX; ox; \ Oxy OX;

+ P, oV; avpj+% _}_% %_}_GVM
ox; \ Oxy OX; ox; \ Ox OX;

(6.41)
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8}{;( axk ax;( ax;(
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where all of the coefficients G/ -G8, PI—P8, and T1—T14 are functions of
k, €, kp, kpg. Pps P> and 7.

The variables £, ¢, k,, and k,, are determined by the following governing
equations

O 9, 0 ([ |, Ok ___ 0v; P
= (pk) + a—xj(p‘fﬂ'k) = ( ) ~ PV 5 — pe + == (2kpg — 2K)

Oxj \ Oy OX; OX Trp

(6.43)

0 0 0 k___ 0e

—_— —|— —_— V = —_ '::___

5, () o (pVie) o (pcb ~ Vi ax,,)

€ ___0v; P
+ o (551 (— PV 7o+ T; (2kpg — 2k)) - cagp&?)

(6.44)

0 0 0 k, Ok OV,

ot (k) + 5 (70 Yok ) = ox (p P, P o ) FrPritr oy (6.45)

+ 2 ok, —2k,)
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19 o %) k__ k ok
ot (kpg) + (Vk + Vpk) 5_4‘% (kpg) - 8_xk Cﬁg‘”’k""f + Ckpé“’pk‘”’pi Epgg
+ o (ppkp +pk—(p+ pp)kpg)
1 OVpi ov; 1 L
2 vak ﬁxk VPIVk 8xk Te Ps
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The nonlinear k—¢—k, (NKP) model was used to simulate swirling gas-
particle flows with a swirl number of 0.47 and was compared with the USM
model. Figs. 6.26 and 6.27 show the predicted particle tangential time-
averaged and RMS fluctuation velocities by the NKP and USM models,
respectively, and their comparison with the experimental results. It can be
seen that in most regions of the flow field, the difference between two model
predictions for the time-averaged velocity i1s small and both are in agreement
with experiments. In general, the NKP model can predict what the USM
model can predict, but the former can save almost 50% computational time
for a 2-D flow with small geometrical sizes. It 1s expected that for 3-D flows
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FIGURE 6.27 Tangential fluctuation velocity of 45-pm particles (m/s, s = 0.47).
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with large geometrical sizes, the NKP model can save much more computa-
tional time. Keeping in mind that in engineering applications the accuracy of
predicting the two-phase averaged velocities 1s more important, the NKP
model can be considered for use instead of the USM model.

6.11 THE KINETIC THEORY MODELING OF DENSE
PARTICLE (GRANULAR) FLOWS

Dense gas-particle flows are encountered in dense pneumatic conveying, dense
cyclone separator, risers and downers of circulating fluidized beds, pulverized-
coal-injected blast furnaces. Particle dispersion in dense gas-particle flows is
dominated by both large-scale fluctuation due to turbulence and small-scale fluc-
tuation due to interparticle collisions. To simulate dense gas-particle flows, both
Eulerian—Eulerian (two-fluid) and Eulerian—Lagrangian approaches are
adopted. The former needs models of particle-collisional pressure and shear
stress and particle turbulence, and the latter needs particle collision models,
known as hard-sphere and soft-sphere models. In the E—E approach, the parti-
cles are simulated using a pseudo-fluid model. The advantage of the E—E
approach is 1its ability to simulate large-scale engineering processes with
acceptable computational requirements, but the main problem is its complex clo-
sure models, which need further improvement and experimental validation. In
the E—E approach, the kinetic theory of dense gas-particle flows proposed by
Gidaspow [35] was widely adopted in the 1990s to simulate particle—particle
collision without accounting for the effect of gas-particle turbulence. For high-
velocity dense gas-particle flows in risers, downers, and channels, besides gas
turbulence, account 1s necessarily taken for both small-scale particle fluctuations
due to particle—particle collision and large-scale particle fluctuations due to par-
ticle turbulence. As mentioned earlier, Zhou proposed a k—s—k, model and a
unified second-order moment (USM) model to simulate particle turbulence for
dilute gas—particle flows. In recent years, different investigators have developed
two-phase turbulence models for simulating dense gas-particle flows. Zheng
et al. [36] proposed a k—e—k,—¢,—© (O—particle pseudo-temperature) model.

Gidaspow used a kinetic theory model of granular flows for two-fluid
modeling of fluidized beds. In the frame of two-fluid modeling, the particle
momentum equation is

a 5 app B an,fj f_]fpf)p

a((]fp[)pv_m) + a_%(ﬁpﬁpv_fﬂv_m) = — o, ox + T—r(vgf — V) (647)

When neglecting the particle large-scale fluctuation (particle turbulence)
and using the kinetic theory, the particle shear stress due to particle collision
is determined by

Ty = { —mfpppﬁ[l +2(1 + e)ggap] + (}:pﬁpV'ﬁ}&j — 2(]5P[Lp§p (6.48)
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In Eq. (6.48), the so-called “particle pseudo-temperature” 0 is given by a
transport equation as

; [aa; (%f’p@) Ve (%PPW)} =V (k,V0) =, — 3030 (6.49)

The particle collision pressure is
Pp = €ppy0 [1 + 2(1 + €)ggf)fp] (6.50)

The particle dynamic viscosity i, 18

10p,d, /0 4 2
py, = < ppp dpgo(1 + g)\/‘ S i_e)apgﬂ [1 -i-gg,}ap(l-i-e)} (6.51)

The particle apparent viscosity &, 1s

Pt =

4

0
) = 3 a,p,dpgo(1 + €) (;) (6.52)

The radial distribution function g 1s

-
3
2= |1- ( ‘IP ) (6.53)
Ofpmax
The transport coetficient k, 1s
N
k, = =20 - Ppdp8o(1 + e)( ) (6.54)
The collision dissipation rate 7, 1s
4 (0 '
v, = 3(1 —e)zaﬁppggﬁ 7 (—) -V, (6.55)
L\

Goldschmidt et al. [37] used the kinetic theory to simulate a bubbling flu-
idized bed. The simulation results give the shapes and sizes of gas bubbles,
showing that the coefficient of restitution significantly affects the predicted
bubble shapes and sizes. The predicted particle volume fraction and velocity
have no experimental validation. Mineto et al. [38] also used the kinetic the-
ory to simulate a bubbling fluidized bed. The simulated gas bubbles for dif-
ferent boundary conditions and different 0 equations are obtained. There is
no experimental validation of the predicted time-averaged gas and particle
velocities. Cheng et al. [39] used a k—c—k,—© model by combining the
k—e—k, model for dilute gas-particle flows with the © model of kinetic the-
ory to simulate downer flows in a circulating fluidized bed. Fig. 6.28 gives
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FIGURE 6.28 Particle volume fraction.

the predicted particle volume fraction. It can be seen that the modeling
results using the k—e—k,—© model are in agreement with the experimental
results, whereas the prediction results using the k—s—© model (gas k—¢ tur-
bulence model combined with the particle © model) and only the k—e—k,
model are not in agreement with the experimental results. It points out that
for dense gas-particle flows in circulating fluidized beds beside the gas tur-
bulence and interparticle collision the particle turbulence (large-scale fluctua-
tions) should be taken into account.

The kinetic theory model of granular flows was used to simulate risers of
a circulating fluidized bed by Neri and Gidaspow [40], not accounting for
gas and particle turbulence. The predicted particle volume fraction and parti-
cle velocity were not in agreement with the experimental results. It is inter-
esting to note that, recently, the kinetic theory model of granular flows was
used together with a Smagorinsky subgrid scale model of gas turbulence to
simulate both dense gas-particle flows in a riser by Lu and Gidaspow et al.
[41] and dilute gas-particle flows in a backward-facing step by Liu and Zhou
et al. [42]. Although these simulations are called “large-eddy simulations,”
due to the simulations being two-dimensional and the grid sizes being too
coarse, the simulations are in fact unsteady RANS (URANS) modeling.
Fig. 6.29 shows the predicted particle RMS fluctuation velocities in a
backward-facing step flow. Both these URANS modeling results and the
results using the steady USM two-phase turbulence model are in good agree-
ment with the experimental results. These results indicate that unsteady sim-
ulation is important, even where the gas turbulence model 1s very simple
(like a mixing-length model) and the particle turbulence is not taken into
account.
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FIGURE 6.29 Particle RMS fluctuation velocities in a backward-facing step (left—longitudi-
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6.12 TWO-PHASE TURBULENCE MODELS
FOR DENSE GAS-PARTICLE FLOWS

In dense gas-particle flows with higher velocities, there are both large-scale
particle fluctuations due to particle turbulence and small-scale particle fluc-
tuations due to interparticle collisions. A USM-© two-phase turbulence
model for dense gas-particle flows was proposed by Yu and Zhou et al. [43].
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In this model the gas turbulence and particle large-scale fluctuation are pre-
dicted using the USM two-phase turbulence model, and the particle small-
scale fluctuation due to interparticle collisions 1s predicted using the particle
pseudo-temperature equation—© equation, given by Gidaspow’s kinetic the-
ory. It 1s not a simple superposition, since there are interaction terms in the
particle Reynolds stress equations and the © equation. Some of the closed
USM-0 model equations include the following.
The gas Reynolds stress equation

a(@pgmugfugj) a(@,ﬂgﬁ, ngugfu&;)
o + a}% Dgij+Pgij+H !j_gg!j+Gggi?fJ

(6.56)

The partlcle Reynolds stress equation

0 ( (-]fp P pm UpiUpj ) 0 ((-]fp Ppm []pk UpiUpj
+

ot Ox; Dp ij +P p,ij + 11 pij — Epiij + Gpjgméf

(6.57)

where G, g,,;; = 3 (Wilty + Tyl — 2T0,ilhy; ) o
The equations of dlSSlpathIl rate of turbulent kinetic energy for gas and
particle phases:

a(@pgmgg) a(@pgm nggg) o k _ag
+ ==—1C agpgm - UgkUgl = -
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5 _
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4
(6.58)
where G, ,, = ZB(kgp — kg), c-3 = 1.8
a (Wp pm EP) a (WPP pm []Pk EP) a k 55
+ = — | T Cp L Tttty ==
ot Oxs oxy Qp P pm = p £, UpkUpl = ox;

8
cp S

k [Cwﬂ (P p T Gp, gﬂ) — Cop2yp Ppm 51?]
p

(6.59)

where (3 is the inverse relaxation time, G, g, = 26(1(% — kp)
The two-phase velocity correlation equation:

Ol Uy Olpillgj nl
ot + (ng + Upk) Ox - Dg,p,fj + P g.psij + gpsij — Egpiij + ngp,fj
k

(6.60)
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The particle pseudo-temperature transport equation:
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(6.61)

where the notations in Eq. (6.61) are the same as that given by Gidaspow. The
interaction between the large-scale and small-scale particle fluctuations is the
third term on the right-hand-side of Eq. (6.61), expressing the effect of the
dissipation rate of particle turbulent kinetic energy on the particle pseudo-
temperature. Simulation results for dense gas-particle flows in a downer
indicate that for predicting the particle volume fraction (Fig. 6.30) and particle
velocity (Fig. 6.31) the USM-© model is much better than the DSM-0© model,
not accounting for particle turbulence, the USM model, not accounting for
interparticle collision and the k—e—k,—© model, not accounting for the anisot-
ropy of turbulence. Fig. 6.32 shows the predicted particle horizontal RMS fluc-
tuation velocity for horizontal gas-particle pipe flows measured in
experiments. It can be seen that the USM-0 model is better than other models.

6.13 THE EULERIAN—-LAGRANGIAN SIMULATION
OF GAS-PARTICLE FLOWS

In the Eulerian—Lagrangian simulation the particles are treated as a dis-
persed system, and are divided into several size groups. Each particle size
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FIGURE 6.30 Particle volume fraction.
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FIGURE 6.32 Particle horizontal RMS fluctuation velocity.

group moves, starting from their initial position, and has the same size, veloc-
ity, and temperature at any point in time. The particle velocity, temperature,
and mass change are tracked along their trajectories. The effects of particles
on the gas mass, momentum, and energy are expressed as source terms in the
gas computation cell. The algorithm in the numerical procedure 1s called the
“particle-source-in cell” (PSIC) method, which is discussed in Chapter 8.

6.13.1 Governing Equations for the Deterministic
Trajectory Model

In the early stages of developing the trajectory model, i.e., at beginning of
the 1980s, Crowe et al. proposed the deterministic trajectory model [44], not
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accounting for the effect of gas turbulence on the particle motion. In the
mid-1980s, Gosman et al. proposed the stochastic trajectory model [45],
accounting for the particle diffusion/dispersion caused by gas fluctuation.
For the deterministic trajectory model, the particle conservation equations
correspond to the time-averaged equations with zero correlation terms, as
described here.

Particle continuity equation

ap}c ®,
— +— ) =3 6.62
o axj(PkV}g) k ( )
Particle momentum equation
0 0 P
o (PxVii) + a—%(Pkaijf) = k& T—i(‘v’f — Vki) T ViSk (6.63)

Particle energy equation
0 0
a (kaka) + E(pkvkjcka) — nk(Qh o Qk o Qrk) + CpTSk (664)
J

where §; 1s source term due to particle evaporation/devolatilization/reaction

S=— ;S‘r{—— ;Hkmk Fﬁk:%

These equations can be written in the form of a Lagrangian coordinate as

J nvi,dA = N, = const
A

dV;a' 1 m}c
= — += (v, — )+ g
T (Trk mk)(vf Vi) + & (6.65)
dT; :
d_f: = [On = Ok = O +rin(c, T — &k To)| [ (mycy)

6.13.2 Modification for Particle Turbulent Diffusion

In the original particle deterministic trajectory model the particle turbulent
diffusion 1s not taken into account. In fact, the particle turbulent diffusion
cannot be neglected. The simplest method i1s to introduce the concepts of
“particle drift velocity” by Smoot et al. [46] or “particle drift force” by
Lockwood et al. [47]. For example, it 1s assumed that the particle velocity is
composed of two parts

ij — VkCJ + deJ (666)



158 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

where vi.; 18 the particle convective velocity, determined by the particle
momentum equation vy, ; 1s the particle drift velocity due to turbulent diffu-
sion, determined by the Fick Law

on
— PuVkdj = — MM Vidj = kaka_k (6.67)
Aj
or
Dy ong
= _ k7K 6.68
Vid j - axj ( )

It 1s seen that this 1s actually a concept of two-fluid modeling. The parti-
cle continuity equation in two-fluid modeling 1S

ony, o

— T — (Vi) = — n v,
If we take a gradient modeling, then we have
ﬁnk
—n Vv, = — M Vigi = Di—
kVik kVikdj k
/ Ox;

Hence Eq. (6.68) is obtained. The particle continuity equation becomes

S o) = (D) (6.69
If the total particle velocity is taken as
Vii0 = Vij T Vid, (6.70)
then we have
ﬁnk
r T(kag 0) = (6.71)

These equations imply that the concept of particle drift velocity 1s based
purely on the particle diffusion source term in two-fluid modeling. However,
it 1s not introduced in the particle momentum equation. In order to find the
particle drift velocity, the particle diffusivity D, and the particle number den-
sity gradient Ony /Ox; need to be known. These two quantities cannot be given
by the particle trajectory model. Therefore, it has to be found using two-fluid
modeling. The particle diffusivity is given by the Hinze—Tchen model

vp/vr =Dy /Dr = (kp/K)* = (1+71 /71)""

The particle number density 1s obtained by solving a particle continuity
equation of the no-slip or single-fluild model, 1.e., assuming the particle
velocity 1s equal to the gas velocity

(6.72)
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This “particle drift velocity modification™ was introduced in the computer
codes PCGC-2 and PCGC-3 for simulation of coal combustion, developed in
the Advanced Combustion Engineering Research Center at Brigham Young
University.

6.13.3 The Stochastic Trajectory Model

The above-stated modification for the trajectory model can correct only the
position of the trajectories by particle turbulent diffusion, but cannot give the
continuous distribution of the particle velocity and concentration.
Furthermore, this modification uses the concept of two-fluid modeling, and
is not a pure Lagrangian approach. In the 1980s, Gosman et al. [45] proposed
a stochastic trajectory model to account for the particle diffusion due to the
effect of gas turbulence. This model actually is a semidirect numerical simu-
lation, 1.e., for the gas phase the Eulerian macroscopic turbulence modeling
(Reynolds averaged modeling) 1s still used; for the particle phase it i1s a
direct numerical simulation. The stochastic trajectory model 1s based on the
instantaneous particle momentum equation

du, ,
;; =@+ u —u)/T, (6.73)
dv, _ 5
FP V+V —v)/7,+ wp/rp + g (6.74)
dw, ,
el W+w —w,)/T, —v,w,/1, (6.75)

where u,,v,,w, are the instantaneous particle axial, radial, and tangential
velocities, respectively, and %, v, w and «',V',w’are the gas time-averaged and
fluctuation velocities in three directions, respectively. Assuming the gas tur-
bulence is 1sotropic and locally homogeneous, the gas stochastic velocity
obeys the Gaussian PDF distribution, and the gas fluctuation velocity can be
randomly sampled as

u :g‘(ﬁ)”z,v" :g‘(v_’z)l/z,w" :g‘(W"Q)l/z, (¢=0,1,2,3,...), u? =2 =y? —%k

where( 1s a random number. Substituting the random gas fluctuation veloci-
ties into Eqgs. (6.73)—(6.75), the particle instantaneous velocities can be
found and the trajectories can be obtained as

X, = Jupdt, r, = vadt, 0, = J(Wp /r,)dt

The particle-gas eddy interaction time 1s taken as 7, = min[7,,Tr].
In computations, the particle stochastic trajectories are solved using the
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Monte-Carlo method. Frequently, more than tens of thousands of trajectories
are needed and the computation time can be very large. The particle trajec-
tory model does not need the particle turbulence model, but needs the gas
instantaneous velocity model. The above-stated Gaussian distribution is the
simplest model. Cen and Fan [48] proposed a Fourier random series model
for the fluctuation frequency. Many investigators, including Sommerfeld
[49], have adopted the Langevin equation model, originally proposed by
Pope for solving the PDF equation. To save on computation time, Baxter
and Smith [50] and Pereira and Chen [51] have proposed a method of maxi-
mum probable trajectory plus presumed empirical PDF, which can give
Eulerian particle velocity and concentration distributions and decrease
remarkably the predicted number of trajectories. For any Eulerian particle
property, for example, the particle number density is expressed as

!

<n,(x;,t)> = qJ p(x;, T)dT (6.76)

Iy

where ¢ 1s the particle number flux and p is the PDF, given as a Gaussian
distribution

-3
p(xi, 1) = ((20?3)3/2 exp{ — #[(x— < Ut >)2 +(y—<Vt >)2 +(z— < Wt >)2] }

(6.78)

where o2 = <v§,5> i1s the mean square of particle fluctuation, using the

Hinze—Tchen model. The particle trajectory model 1s widely used in engi-
neering applications and is incorporated in a great deal of commercial soft-
ware, including CFX, ANSYS-FLUENT, STAR-CD, etc., and also as the
computer code PCGC-3 for simulating coal combustion developed at the
Brigham Young University. It was used in the simulation of spray combustion
in gas-turbine combustors [52] and pulverized coal combustion [46,53,54].
The merits of the particle trajectory model include not requiring the particle
turbulence model, easiness in obtaining the complex detailed history of react-
ing particles, and being free of particle numerical diffusion. Its shortcoming
1s that large computation storage and time are needed, if sufficient informa-
tion of particle flow field is required for experimental validation. In addition,
it was found by Zhang [55] that the predicted particle fluctuation velocity by
the trajectory model 1s smaller than that measured by PDPA. The particle
concentration distribution predicted by the trajectory model is much more
nonuniform than that measured by PDPA [56]. Fig. 6.33 shows the predicted
particle concentration distribution in a cold model of a tangentially fired fur-
nace using both a stochastic trajectory model and a two-fluid k—e—k, two-
phase turbulence model. Obviously, the former remarkably underpredicts the
particle turbulent diffusion due to the underprediction of the particle turbulent
fluctuation. These results imply that the particle trajectory model cannot fully
predict or underpredicts the particle turbulent fluctuation.
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FIGURE 6.33 Particle concentration distribution (Il PDPA measurements; — two-fluid
model; - - - stochastic trajectory model).

Fig. 6.34 gives the oil droplet trajectories in an oil—water hydrocyclone
predicted by the stochastic trajectory model together with a Reynolds stress
gas turbulence model [57]. It can be seen that larger droplets are more
impinged on the wall and separated. However, no experimental validation of
the predicted droplet velocity and concentration was made.

6.13.4 The DEM Simulation of Dense Gas-Particle Flows

For Eulerian—Lagrangian simulation of dense-gas particle flows, the most
frequently used 1s called “discrete element modeling” (DEM). It was origi-
nally proposed by Tsuji et al. [5S8] and further developed by Chu and Yu
[59]. The governing equations for DEM are:

dV; ki .
Wism =Jfri Tt ;(fc,fj tfay T )+ mig (6.79)
dw; sl
| — = T; 6.80
T (630

where the terms on the right-hand side of Eqs. (6.79) and (6.80) are the drag
force, interparticle collisional contact force, friction force, and torque. For
the interparticle collision, a hard-sphere or a soft-sphere model can be used.
Figs. 6.35 and 6.36 give the prediction results using the DEM for gas—solid
flows in a circulating fluidized bed (CFB) [59]. The particle clusters and cor-
e—annulus flow structure can be seen in dense gas-particle flows.
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FIGURE 6.36 Flow structure in CFB (A, particle position; B and C, particle velocity vectors) [59].
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6.14 THE LARGE-EDDY SIMULATION
OF TURBULENT GAS-PARTICLE FLOWS

Large-eddy simulation (LES) 1s under rapid development and is recognized as a
second generation of CFD methods used in engineering. Originally it was
developed for single-phase flows, and subsequently was extended to two-phase
flows. As mentioned Chapter 5, Modeling of Single-Phase Turbulence in LES
the governing equations are filtered and the filtered variables of large scales are
directly solved. For variables of small scales (unresolved scales) it is necessary
to use subgrid scale (SGS) models. Most LES of gas-particle flows are
Eulerian—Lagrangian LES. The filtered gas continuity and momentum equa-
tions for the gas phase in i1sothermal two-phase flows can be obtained as:

op 0
T (o) = ‘
Py axf(ﬂuf) 0 (6.81)
0 0 o ( (om omw\ 2/ om op  ory
o Pt o (pi%) Ox; (“(axj axf) 3 (‘”’ axj) f) o ox;
Pk
+ - H, I — ui
Ek Trk( ki — Ui)

(6.82)

For the gas-phase in two-phase flows the most frequently used SGS stress
models are those for single-phase flows, not accounting for the effect of par-
ticles, 1.e., the Smagorinsky eddy viscosity model, Germano dynamic eddy
viscosity model, and Kim SGS energy equation model. The SGS stress in the
momentum equation is defined by:

Tij = puilty — PU;l (6.83)
The Smagorinsky eddy viscosity model is given by
| _ _
i — gméij = —24,S; 1, = p(CsA)*[S] (6.84)

— 1 /om om\ = ——
fi — _I + _j E f-! f-! .
Sij =3 ( o axf) S| = 1/28;S; (6.85)

where C;=0.16 is the Smagorinsky constant, and A is the filtered scale.
The shortcoming of the Smagorinsky model is its too large dissipation rate
for the kinetic energy. Germano proposed a dynamic Smagorinsky eddy vis-
cosity model, in which the coefficient C; was not a constant, but was deter-
mined by the following filtration process:

Cs = L:jij/(ijMij)
A A2

Sfj ij — 2,0C;A

A

S)
(6.86)

A2

§fj —2 ,OC.; A

~

S

M;; = 2;)(',’1.;32 § § ij — 2,0C1.;A2 §
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It was indicated by many investigators that in many cases the dynamic
viscosity model gives better results than that given by the standard
Smagorinsky model. Kim proposed a SGS kinetic energy model as follows:

- | 2
Tij — — 2,01»’;(5;}' — §Skk (5;}') + g,()kggj&j (687)
a_pk_'fgﬁ a a ﬁyr ak_ﬁ'gﬁ _
+ = (P k") = PE — D 4 W, (6.8
o oy (PR = ox; (Prf ox; ) s (63Y)
1

where k%85 = E(ui ; — W ) y, = v(ksgs)l/ZE DS8s = CE(KSg:;)3/2/Z

The merit of the SGS kinetic energy model is that it avoids the negative
value of eddy viscosity; hence it 1s better than the eddy viscosity models. In
application it was reported that the results of the SGS kinetic energy model
are close to those obtained using the dynamic eddy viscosity model. For the
particle phase in Eulerian—Lagrangian LES, the instantaneous continuity and
momentum equations are used as those in RANS modeling. In the frame-
work of Eulerian—Lagrangian LES, Yuu et al. considered the effect of parti-
cles on the gas SGS stress [60] by adding a particle source term in the SGS
energy equation and then taking the local equilibrium, i.e., the production
equals the dissipation. The algebraic gas SGS tress model is obtained as

CMCI/3k:g/fA (6.89)
F1/2 _ — Ay + /A3 +4A(A5 + Ay) (6.90)
) 2A1 '
C. 67DD?> —0687. T —
A= — A 2(1+0.15R Asy =2C,,C'3AD
1 A 2 — Re ( 0.15 6 )QTL + 1 3 C sz—: D
© 37C,CYPAD,DX(1 +0.15Re, Y om _
Ag = (u; — upg)
oRe OX;

This model 1s used in E-L. LES of an air-particle jet, and the predicted
particle turbulence intensity is in agreement with the LDV measurement
results. It was reported that small particles reduce the gas subgrid scale tur-
bulence. However, no comparison was made between the SGS models with
and without the effect of particles. H. S. Zhou et al. [6]1] abandoned the con-
cept of local equilibrium, proposing an SGS stress energy equation with the
particle source term. The gas SGS stress model 1s expressed as

2 ~ 2 —5gs
T gSkk(S:j — = pek b

;g - pfu"u" = ppls S

—1/2
sgs

= C, Ak
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6(8pfzsg5) 6(8fpfﬁf1jzsgs) O l; 6%5 g 1 ~ o~
+ = — + 1+ = S
ot OX; OX; =Pr\vr Pr| ox; D) <P (SfJSfJ)
—3/2 i — - B
k ——0.687 2k v, On
. sgs : — sgs it — =

(6.92)

This model 1s used to simulate gas-particle flows in a fluidized bed.
However, no theoretical or experimental validation was made, and there is
also no comparison between the SGS stress models with and without the
effect of particles

6.14.1 Eulerian—Lagrangian LES of Swirling Gas-Particle Flows

Apte et al. [62] carried out the LES of swirling gas-particle flows, measured
by Sommerfeld and Qiu, using Germano’s dynamic Smagorinsky SGS stress
model for gas flows and Lagrangian particle tracking approach. Fig. 6.37
gives the instantaneous particle distribution in the swirl chamber. The parti-
cles are concentrated in the shear region. Fig. 6.38 shows the LES statisti-
cally averaged particle RMS fluctuation velocities in comparison with the
measurement results, where (A), (B), and (C) correspond to (D), (E), and (F)
of the original figures, respectively. The agreement 1s sufficiently good, and
is much better than that obtained using the RANS modeling.

The Eulerian—Lagrangian LES of gas-particle flows was also used to val-
idate the two-fluid models by Simonin et al. [63]. The gas-particle velocity
correlation predicted by LES using a Smagorinsky SGS stress model 1s in
fair agreement with that obtained using Simonin’s two-fluid model. In addi-
tion, it was shown that the interparticle collision makes the particle velocity
distribution more uniform and particles of small St numbers reduce the gas
turbulence.

L b b n 0o bo n

X/R
FIGURE 6.37 Instantaneous particle distribution in a swirl chamber [62].
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FIGURE 6.38 Particle RMS fluctuation velocities for swirling gas-particle flows [62].

6.14.2 Eulerian—Lagrangian LES of Bubble-Liquid Flows

The study of bubble-liquid confined two-phase jets containing a large num-
ber of bubbles was made using Eulerian—Lagrangian LES by the present
author and his colleagues [64]. For LES, the liquid large-eddy continuity and
momentum equations are obtained using two-way coupling, and the effect
of drag force and buoyancy force are taken into account. The
Smagorinsky—Lilly’s sub-grid scale model is used, in which the effect of
bubbles on the subgrid scale stress 1s neglected. In the bubble motion equa-
tion the drag force, gravitational and buoyancy forces, and the added-mass
force are taken into account. The filtered and volume-averaged large-eddy
continuity and momentum equations for the liquid phase are:

e, e,
— + —(ypt;) = ,
5 (up) o (cupu;) =0 (6.93)
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+ upgi + appgi
(6.94)
The bubble motion equation in the Lagrangian reference frame, account-

ing for the drag force, the gravitational force with buoyancy effect, and the
added-mass force, 1S written as:

dubi prg

anr, d
@ — i) + cp(p, — p)gi + = p—(T —up)  (6.95)

WPeTar T T > Par

The obtained instantaneous velocity vectors for the single-phase liquid
and liquid in bubble-liquid flows are given in Fig. 6.39A and 6.39B. This
shows the shear-produced large-eddy vortex structure and its development. It
can be seen that under the effect of both shear generation and bubble genera-
tion, the liquid eddies become stronger in size and intensity than in the single
liquid phase, showing the enhancement of liquid turbulence by bubbles.
Fig. 6.39C gives the instantaneous bubble trajectories, indicating the large-
eddy structure of the bubble motion. Figs. 6.40 and 6.41 show the liquid
RMS fluctuation velocities with and without bubbles, respectively. It can be
seen that the bubbles enhance the liquid turbulence. The liquid RMS fluctua-
tion velocity for two-phase flows is increased 50% compared with that of
single-phase liquid flows.

6.14.3 Two-Fluid LES of Swirling Gas-Particle Flows

Most LES adopt a Eulerian—Lagrangian approach, which requires a long
computation time. A few investigators have reported two-fluid LES, adopting

FIGURE 6.39 The instantaneous velocity vectors and bubble trajectories (A, single-phase
liquid; B, liquid in bubble-liquid flows; C, bubble trajectories).
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the Smagorinsky SGS eddy viscosity model for both gas and particle phases
without theoretical justification, and the interaction between two phases and
the anisotropy of the two-phase SGS stresses has not taken into account.
Extending the idea of the two-phase turbulence models in RANS modeling,
a unified second-order moment (USM) two-phase SGS model is proposed by
the author and his colleagues for two-fluid LES of gas-particle flows [635],
accounting for the interaction between the gas and particle SGS stresses and
their anisotropy. The LES-USM is used to simulate swirling gas-particle
flows. For a two-fluid LES, the filtered continuity and momentum equations
for gas and particle phases can be obtained as:

0 0
— (¢ + —(yp ;) =0 (k= g, 6.96
= () o (oupt) =0 (k=g,p) (6.96)
a L 8 — fspg ﬁngfj aTgS,Ij (]fgpg .
ot (%p gHsi ) ! 5_@(%%%%) Oy " OX; " Ox; i . (i~ T

(6.97)
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where the filtered gas and particle viscous forces are:

Ollgi  Ollgj 2 Ouyj OUy;  Oly; 2 Ouy;
= + — =8 Ty = Py -y 2.
e gf<axj axf) 31 o, 0 TP T\ o T e ) 31 o

The gas and particle subgrid scale (SGS) stresses are defined as:

Tesij = — PgResij = = Py (Ugillgy —Tigilig;); Tps,jj =~ PpRpsjj = = pp(Uhpilly] — i Thy)

The SGS stresses of gas and particle phases can be given by the follow-
ing transport equations:

a a — Sg§ SgS§ Sg8 Sg8s Sg85
g(ﬁngRgsﬂ) i a_ﬂ((%f’g”gkRgsﬂ) =D AP A G HILT — e (6.99)

%((}p PpR i) T a—i(fxp PpUpiRps i) = D;,g“ + P;g“ + E}Zg“ (6.100)

The meanings of the source terms on the right-hand side of Egs. (6.99)
and (6.100) and other equations, like the SGS two-phase velocity correlation
and SGS enery dissipation equations, can be found in Reference [65].
Figs. 6.42 and 6.43 give the predicted two-phase tangential time-averaged
and RMS fluctuation velocities, respectively. It can be seen that the LES-
USM gives better results than those obtained by the RANS-USM, although
there 1s still some discrepancy between predictions and experiments.
The results are not as good as those obtained by Apte et al., since a 2-D
two-fluild LES and a second-order numerical scheme are used by Liu,
whereas Apte et al. used 3-D Eulerian—Lagrangian LES and a higher-order
numerical scheme.

The instantaneous gas and particle streamlines are shown in Figs. 6.44
and 6.45. There are more complicated multiple recirculation zones of the gas
flows (Fig. 6.44), including a corner recirculation zone and more recircula-
tion zones in the near axis and intermediate regions, than those of the time-
averaged gas flows, where only a corner recirculation zone and a central
recirculation zone are observed. The particle flow field (Fig. 6.45) 1s differ-
ent from the gas flow field. Particles at first concentrate in the near-axis
zone and enter the corner recirculation zone, then gradually move to the wall
under the effect of centrifugal force and turbulent diffusion, and finally con-
centrate in a thin layer adjacent to the wall. There are almost no recirculating
flows of particles in the near-axis and downstream regions due to different
inertia of the two phases.
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FIGURE 6.42 Two-phase tangential time-averaged velocities. (A) Gas. (B) Particle.

6.14.4 Application of LES in Engineering Gas-Particle Flows

Derksen et al. carried out LES of gas-particle flows in gas—solid cyclones
[66]. Instantaneous particle deposition and particle positions were obtained.
However, only the predicted gas flow field was validated by experiments.
No predicted particle flow field and its validation were reported.
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FIGURE 6.43 Two-phase tangential RMS fluctuation velocities. (A) Gas. (B) Particle.

FIGURE 6.44 Instantaneous gas streamlines for swirling gas-particle flows.
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10

FIGURE 6.45 Instantaneous particle streamlines for swirling gas-particle flows.

FIGURE 6.46 Instantaneous bubble positions.

6.15 THE DIRECT NUMERICAL SIMULATION
OF DISPERSED MULTIPHASE FLOWS

In recent DNS studies of dispersed multiphase flows, special attention 1s paid
to fully resolved DNS (FDNS). This is done using the lattice Boltzmann or
finite-difference methods to solve 3-D instantaneous N-S equation with finite-
size particles and using VOF, front-tracking, level-set or immerse-boundary
methods to treat the moving interface. Bagchi and Balachandar [67] simulated
steady and unsteady turbulent flows passing a stagnant and a moving particle
with Rep = 10—300 using FDNS. The FDNS database is used to obtain the
drag, lift, and other forces. The FDNS of flows passing a single particle with a
size of double Kolmogorov scales was reported in Reference [68]. The gas
vorticity 1solines for cases with and without the particle were obtained. The
result 1s that the turbulence is enhanced near the particle, but generally is
reduced. The velocity vectors of flows around two interacting cylinders using
FDNS are given in Reference [69].The instantaneous bubble position and fluid
velocity 1solines for fluid flows around several bubbles made by FDNS [70] are
shown in Figs. 6.46 and 6.47, respectively. From these results the bubble rising
velocity, bubble drag, and fluid subgrid scale stress are obtained. The vorticity
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FIGURE 6.47 Instantaneous fluid velocity isolines.

™ Illll'

FIGURE 6.48 Instantaneous velocity vectors around 45 bubbles.

tubes behind 78 particles in isotropic homogeneous turbulent flows made by
FDNS are given in Reference [71]. The results show an enhancement of fluid
turbulence by particles.

The fluid flows around 45 bubbles of different sizes given by FDNS are

reported in Reference [72]. The instantaneous velocity vectors (Fig. 6.48)
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and bubble fluctuation velocities (Fig. 6.49) are obtained. It can be seen that
the fluctuation velocities (in terms of particle Reynolds number) of larger
particles are stronger than those of smaller particles. The separation, falling,
and deposition of 147 colliding particles given by FDNS are reported in
Reference [73]. Fig. 6.50 gives the species concentration distribution and gas
velocity field around the particles with gas—solid mass transfer [74] using
a ghost-cell-based immersed boundary method. From these results the effect
of Re number and the particle—particle distance on the mass transfer rate
were studied.

w=2%, Ga =3, Ga=85", Eo=1, Eo=4

Fl=e Reynods numbear

FIGURE 6.49 Fluctuation velocities of particles.
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FIGURE 6.50 Species concentration and gas velocities around particles.
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FIGURE 6.51 Instantaneous flow field and thermal fields around 5487 particles. (Particles
colored by the surface temperature and temperature contours and velocity in the front
Cross-section.)

Fig. 6.51 shows the instantaneous flow field and thermal fields around
53487 particles with liquid—solid heat transfer in dense liquid-particle flows
using the immerse boundary method [75]. It can be seen that the surface
temperature of each particle i1s uniform rather than a gradual variation, sug-
gesting that the solid temperature distribution for each particle 1s almost
uniform.

For point-particle DNS (PDNS), the instantaneous gas velocity vectors
and particle position in 1sotropic homogeneous turbulent flows are shown in
Figs. 6.52 [72], indicating that the particles are located in the periphery of
vortex structures.

The PDNS of a gas-particle jet [72] gives the instantaneous particle
position for particles of (a) St =0.01, (b) St=1, and (c) St =50, as shown
in Fig. 6.53. These results show the dispersion of particles of different
sizes under the effect of gas turbulence, similar to the results obtained by
other investigators using large-eddy simulation and discrete vortex simu-
lation. However, the modeling results for particles have not been vali-
dated by experiments and the results show only the reduction of gas
turbulence, even for large particles with St = 50, indicating the limitation
of the PDNS.

In conclusion, although different PDNS results have been used to vali-
date the LES and RANS models, as mentioned above, unlike the DNS of
single-phase flows, which can give an exact database for validating the
LES and RANS models, the results of PDNS for gas-particle flows are
questionable, since it cannot fully reflect the real situation due to the rela-
tionships between the particle size and the Kolmogorov scale. As for
FDNS, many studies give only qualitative results and more detailed
results, such as the turbulence modulation by the particle wake effect, still
remain to be studied.



176 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

0.04

0.035

77 _.._.. r
W\ mhm
S ok

P M g
,n___n.._r.f._,an,.ﬂp,.....r..l..:._L

¥

. = -y = 1
0.03

l.

ﬁﬁm
_w%m 2

1

.....ﬁ.._ﬂ.. B -m
x{.%..__.“ me.htff .,..ﬂ_..._-:...“”....“na
_ T - ha N~
m..me__. Juah&hh.l .}.mm ...e..m.w.I %,
Hﬂmu?:%ﬁ Jj‘ wwi Eh .ﬂm.ﬂf T
e 7 A2, NE w9 AT .._______“_1,;_
- % 4

b

’ i, .
LT _,.ﬂ. . .ux#mtum *.T”.; 2l
P T e % ,. l.{a 2o A TR AN .43

7 7 IR P

oz e ”h&w: s R\ NS

Ii....u_.ﬂr.ﬁuu-.u. .,.._r...___..._..lmnlui.x..,__...____xm....w__ . i%llfm ﬁ”l-ﬁ!.‘h-.xx.u_mukﬁ._ .
R e g R .

D.D

0.005

0.06
0.055}
0.05f
0.045
0
0

0.035 0.04

0.03

0.025

0.02

0.015
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Chapter 7

Modeling of Turbulent
Combustion

7.1 INTRODUCTION

Turbulent combustion and reaction are widely encountered in air and water
pollution, chemical reactors, iron- and steel-making furnaces, industrial and
utility furnaces, gas-turbines, rocket engines, ramjet engines, and internal
engine combustors, plasma chemical reactors, and reentry of spacecraft. There
are strong turbulence—chemistry interactions. The chemical reaction may
affect turbulence by the density variation due to heat release. In the 1940s,
Landau, based on the theory of nonviscous gas dynamics, analyzed the insta-
bility caused by a combustion wave [1]. Hence, many investigators thought
that the flame induces turbulence. However, subsequent laser Doppler mea-
surements and numerical simulation show that, in contrast, combustion or the
gas expansion due to compressibility frequently reduce but do not increase tur-
bulence. The turbulence, whether increased or reduced, is determined by the
temperature gradient. For the effect of turbulence on combustion, in laminar
flows, the chemical reaction rate 1s determined by the intermolecular collision,
or mixing on the molecular level. In turbulent flows, the chemical reaction
rate 1s determined not only by molecular-level mixing, but also by mixing due
to the collision between the randomly moved turbulent eddies. The turbulence
not only enhances heat and mass transfer, but also increases the time-averaged
reaction rate by intensifying the mixing among different reactants and combus-
tion products. Turbulence causes species and temperature fluctuations, increas-
ing the time-averaged reaction rate. To simulate turbulent combustion, the key
problem is that the reaction rate in terms of averaged variables is not equal to
the time-averaged value of the reaction rate.

7.2 THE TIME-AVERAGED REACTION RATE

The instantaneous global/elementary reaction rate can be expressed by the
Arrhenius expression

ws = Bp"exp(—E/RT) | | Y™ (7.1a)
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In the simplest case of second-order reactions, the reaction rate can be
expressed by

ws = Bp*Y Y, exp(—E /RT) = kp* Y, Y, (7.1b)

Using the Reynolds expansion, taking
k=k+k, Y=Y, +Y], h=Y,+Y,

When neglecting the density fluctuation and the third-order correlation,
after taking the time averaging, we have

Wy = kp2Y 1Yo = p*(kY Y + kY'Y, + Y (K'Y, + Yok'Y")

or ws = p°kY,1Y»(1 + F) (7.2)

— Y'Y, kY. kY
where k = Bexp(— E/RT), F==22+—L+—2>0

1Y kY, kY,

obviously, in the case of turbulent flows, the time-averaged reaction rate,
namely the time-averaged value of the reaction rate, is not equal to the reac-

tion rate in terms of the time-averaged values, namely

Wy 75 f)ZE?1?2

The function F 1s composed of correlations due to temperature and concen-
tration fluctuations. The physical meaning i1s enhancing the time-averaged
reaction rate by correlations of Y—Y fluctuations and k—Y fluctuations. If we
take the reaction rate in terms of the time-averaged values, corresponding to
taking F = 0, obviously underpredict the time-averaged reaction rate in turbu-
lent flows. The simplest 1dea 1s the so-called “moment method,” 1.e., making a
Reynolds expansion and then taking an average, like that in turbulence model-
ing. However, the difficulty in Reynolds expansion is the highly nonlinear
exponential function of temperature k (T). In the following text we will go
back to this treatment.

7.3 THE EDDY-BREAK-UP (EBU) MODEL/EDDY DISSIPATION
MODEL (EDM)

Due to the difficulty in the moment method, turbulent combustion modeling
was developed based on different physical mechanistic understandings. The
simplest turbulent combustion model i1s the so-called “Eddy-Break-Up”
(EBU) model, proposed by Spalding in the 1970s [2], and based on an intui-
tive concept, similar to the mixing-length model for turbulent flows. Assume
that the turbulent reaction rate i1s determined by two mechanisms: the
Arrhenius reaction mechanism and the turbulent fluctuation mechanism.
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There are two time scales: the reaction time and the diffusion time. In the
case of turbulent flows the latter 1s the fluctuation time. The reaction time 1is

Te — KE/WSA (73)

where w,4 1S the reaction rate due to the laminar reaction mechanism,
namely, the reaction rate in terms of the time-averaged values. For a one-
step second-order reaction, the Arrhenius expression 1s

W = p°kY Y, = Bp°Y Yexp(— E/RT) (7.4)
The fluctuation time 1s
Tr = crk/e (7.5)

Assume W, = fi(7¢,77), or Wy = fo(Wua,Wsr), wWhere wyy 1s given by
Eq. (7.4). The problem is how to determine wyr. Spalding supposed that it is
proportional to the mean square value of concentration g = Y’? and the fluc-
tuation frequency c/k, this 1s the concept of “Eddy Break Up” (EBU), hence
it gives wyr ~ ge/k.

The dimensional analysis gives

WST — fiE,OSE/k (76)

where the empirical constant cg 1s taken as 0.35—0.4. The value of g is
determined by solving a transport equation or by an algebraic expression.
Alternatively, we may take g ~ Y; or g ~ Y, A modification given by
Magnussen and Hjertager [3] is

g . Yo Yp
_"? - = A P Y u- : ) B 7,7
Wst EBUPkmln{ F 3 EBU1+ﬁ} (7.7)
This modified EBU model is called “Eddy Dissipation model” (EDM) in
the commercial software FLUENT [4]. Finally the time-averaged reaction
rate can be determined by

Wy = min[wsﬂ , WST] (78)

Eq. (7.8) 1s called the EBU-Arrhenius (E-A) model, or a “finite-rate-chemis-
try/eddy dissipation model” (FRCM/EDM) in the FLUENT code. The E-A
model 1s widely adopted in much commercial software, like FLUENT, CFX,
STAR-CD, etc. Its advantage 1s that it is simple, intuitive, and robust.
However, in practical turbulent combustion, in most regions of the flow
field, the temperature is sufficiently high, wsr 1s frequently much smaller
than W4, so only Wgr plays an important role, and in fact the chemical kinet-
ics are not taken into account, or the turbulence—chemistry interaction is not
taken into account. This problem will be analyzed in more detail in the fol-
lowing text. In the FLUENT code, there is a model called the “Eddy dissipa-
tion concept (EDC) model” [4], it 1s claimed that the detailed chemical
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mechanism can be incorporated in this model. However, it is assumed that
the reactions take place on small scales, so the time-averaged reaction rate is
affected only by small-scale fluctuations. In fact, the time-averaged reaction
rate 1s affected mainly by large-scale structures.

7.4 THE PRESUMED PDF MODELS

Other kinds of combustion models, different from the 1dea of the EBU model,
are related to the statistic description—the “‘probability density distribution
function (PDF).” Originally, the presumed or simplified PDF methods were
proposed to simulate the fast-chemistry diffusion-controlled turbulent flames.
Subsequently, for simulating a multiple-species turbulent reaction in coal com-
bustion, a presumed PDF-local instantaneous equilibrium model was proposed.
However, it was found that this model could only simulate hydrogen—air non-
premixed combustion well with very fast reactions. For hydrocarbon—air,
CO—air combustion, and NO, formation in turbulent flows, the finite-rate
chemical kinetics must be taken into account. Therefore, a model of finite-rate
chemistry with presumed PDF was later proposed to simulate NO, formation
in turbulent flows. It is difficult to simulate detailed chemistry in the presumed
PDF models. Subsequently, in the 1980s, a PDF transport equation model was
proposed. In this section, only the presumed PDF models will at first be
discussed.

7.4.1 The Probability Density Distribution Function

Assume a random function f changing in the range of 0 to 1 with time
(Fig. 7.1). The probability of this function in the interval of “f” to “f + df” is

p(Hdf. Then p(f) 1s called the probability density distribution function (PDF).
Obviously, there should be

1
| prwar=1 79
§ p(f)
1
0 0 1 f

FIGURE 7.1 The probability density distribution function.
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p(f)

1Rk

e . e s

FIGURE 7.2 The PDF of a top-hat fluctuation.

For a given PDF the statistically averaged value and mean square value
of the fluctuation of f are determined by

1
f—Jﬁ@#
! (7.10)

3 1 1 2
ﬁ—ﬂ—vf—hﬁﬁwu(Lﬁm#)

The statistically averaged and mean square fluctuation values of any
function ¢(f) are

1 o I 2
Em—LﬁWNMf(W—Lﬁ%wm#—(LMMﬁw) (7.11)

The simplest method 1s to assume a top-hat fluctuation, as shown in
Fig. 7.2. In this case there are two peaks of p(f) at f=f_ and f=/f,. When
f#f_ and f#£f, p(f) = 0. The expression of this PDF is

p(f) = ad(f-) + (1 — a)8(f+) (7.12)

When taking o = 0.5, we have
F=(-+f))2 (7.13)
g=f?=F~f)=—f) (7.14)
f-=F—=g" fr=Ff+g' (7.15)

7.4.2 The Simplified PDF-Local Instantaneous Nonpremixed
Fast-Chemistry Model

This model was first proposed by Spalding [5]. For a one-step reaction of
fuel with oxygen, the stoichiometric relationship 1s

Fuel + Oxygen — Combustion Products

WFE wnx/ ﬁ o Wpr/ (1 + ﬁ )
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Using the Zeldovich transformation, a combined mass fraction i1s obtained
as

X=Yr—Yu/b

X 18 a conservative scalar, since there are no source terms in the conser-
vation equation of X. For the nonpremixed or diffusion-controlled combus-
tion, the so-called “mixture fraction” can be defined as

f=X—X)/(X; —Xo)

where X; and X, denote the values of X at the fuel side and the oxygen side
of an instantaneous laminar diffusion flame (Burk—Shuman flame), respec-
tively. There should be

Xi=Yn=1, Xo=—-Y,mu/B=—-1/0,
h=1L f£=0
In general, the mixture fraction expresses the degree of mixing of two or
more species in space or time. Its conservation equation 1s:

5 o o/ of
P o) (pvif) = a—%<DPa—%) (7.16)

Assume a local instantaneous nonpremixed flame with fast chemistry,
i.e., the fuel and oxygen do not coexist at the same time, but their time-
averaged value may coexist at the same location. Therefore, the relationship
among the mass fraction spatial distributions of fuel, oxygen, and combustion
products 1n a laminar diffusion flame 1s taken as the possibly realizable instan-
taneous relationships between Yy and Y,,, or Y, and Y, in the turbulent diffu-
sion flame (Fig. 7.3). When [>f>fr there 1s no oxygen,

Yr=(f —fr)/(1 —fr). When 0<f<fr there is no fuel, Y,, =1—f/fp. It
should be noticed that these relationships cannot be taken as time-averaged

values, namely for all the time, Yy % (f —fr)/(1 —fr), Yor # 1 —f/fF,
because these instantaneous relationships do not hold all the time, and the

occurrence of these instantaneous values has different probabilities. Therefore,

FIGURE 7.3 The relationships among different
instantaneous species mass fractions.

f=1 f=1/(1+p) f=0



Modeling of Turbulent Combustion Chapter | 7 189

the assumption of instantaneous nonpremixing gives the instantaneous species
mass fractions and temperature in terms of the same conservative scalar—the
mixture fraction f.

The time-averaged values are determined by solving the following
equations:

% + ﬁixj(pvj) =0 (7.17)

%(,va) + a% (pvivj) = a% (ﬂez_;;) + Sy (7.18)
%(pk) + a%(pvjk) = ai (5 k ‘;z) + G — pe (7.19)
20+ L2 (BE) sEaci-eps 0
%(w_‘) +a%(pvjf) = ai (gf SD (7.21)

-2
0 0 0 (1, Og oF
1 (pg) + P (pvig) = (,u ) + Co1 fbp <—) — cgngg/k (7.22)
j

a)fj O'g 5)@ ﬁxj

where g = 2. By solving these equations, the time-averaged velocity, turbu-
lent kinetic energy its dissipation rate, and the mixture fraction and its mean
square fluctuation value can be obtained. Hence, this is called ak—<c —f— g
model. Using Egs. (7.14) and (7.15), from the time-averaged values of f and
g, the values of f, and f_ at each location of the flow field can be found.
Finally, using Egs. (7.11) and (7.12) the time-averaged species mass fraction
and temperature can be found as

¢ =(f-)/2+ &(f+)/2 (7.23)

&2 =[o(f-)—F — [o(f+)— B (7.24)

Other kinds of PDF, such as the clipped Gaussian PDF, can also be used,
but its computation time 1s much greater than that for the top-hat PDF. The
predicted axial velocity profiles and the velocity change along the axial
direction for a coaxial sudden-expansion diffusion combustion using the k-
e-f-g model and the EBU model [6] are shown in Figs. 7.4 and 7.5, respec-
tively. It can be seen that the results obtained by both the k —¢—f—g¢g
model and the EBU model are close to the experimental results, and there 1s
only a slight difference between the top-hat PDF and the clipped Gaussian
PDF predictions.
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FIGURE 7.4 The axial velocity profiles.
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FIGURE 7.5 The change of axial velocity along the axial direction.
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7.4.3 The Simplified PDF-Local Instantaneous Equilibrium
Model

The above-discussed model is appropriate for only two-component reactions,
such as gaseous fuel—oxygen diffusion combustion. For more complicated
diffusion combustion, such as coal-volatile combustion, a model of simpli-
fied PDF with local instantaneous equilibrium was proposed by Smoot and
Smith [7]. For a sudden-expansion combustor with a coaxial jet inlet, the
central primary jet is gas fuel plus air, and the annular secondary jet is pure
air, the mixture fraction 1s defined as

f':

mp

(7.25)

my, + m

where m,, 1s the atom mass coming from the primary gas stream, and m; is
the atom mass coming from the secondary gas stream. In this case the mix-
ture fraction f expresses the degree of mixing at any instant in time and any
location, namely the local instantaneous stoichiometric ratio. Any other con-
servative scalar (not including the species mass fraction Y, since Y is not a
conservative scalar) can be expressed as

o=f¢, + (1 =f)o, (7.26)

where ¢, and ¢, are the values of ¢ in the primary and secondary gas
streams, respectively. Since in ordinary reactions any element cannot be pro-
duced or destroyed, the local instantaneous mass fraction of the element “b5,”
is also a conservative scalar. For equal diffusivities of elements, we have

by :fbkp + (1 = f)bis (7.27)

For an adiabatic system with no radiative and heat conductive losses, the
gas enthalpy is also a conservative scalar, thus, we have

h=fhy + (1= f)h, (7.28)

The time-averaged mixture fraction f and the mean square fluctuation g
still can be obtained by solving Eqs. (7.21) and (7.22). From the obtained f
and g and the assumed form of PDEF, the PDF at each location can be found.
For any scalar function ¢(f), its time-averaged value 1s

o 1
¢=J@®#
0

1—
w5=%%+a@ﬁ¢;@wmf (7.29)

where ), and «; are the values of p(f) at f=1 and f = 0, respectively. ¢, and
¢y are the values of ¢ in the primary and secondary gas streams, respec-
tively. Now, the relationships among the instantaneous temperature, species
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concentration, and density are obtained by using the concept of local instan-
taneous equilibrium, based on the given enthalpy and element kinds (for neg-
ligible pressure change)

T =T(bx,h), p=plbi,h), Ys=7Y(by,h)

The above-stated functions can be found by the calculation of chemical
equilibrium, using the Newton—Rapson iteration, or the method of equilib-
rium constants, or the Gibbs minimum energy method can be used. For an
adiabatic system, the enthalpy and element mass fraction are only the func-
tion of the mixture fraction, 1.e.,

b = bi(f); h= h(f)

Hence, T=T1(f) p=p (f) Y=Y f) and the time-averaged temperature,
density, and species concentration can be found directly by using the p(f)

T(); p(f); Y(f)

For the nonadiabatic system, it 1s necessary to solve the energy equation
to find the enthalpy. In this case we have

T = T(f: h): rF = r(f: h): I}S — I]S(f: h)

The time-averaged temperature, density, and species mass fraction are
obtained by the integration of their instantaneous values over PDF. For a
given clipped Gaussian PDF plus two 6 functions at f=0 and f= I, the
time-averaged value is

1_
5=y + sty + | op(f N (7.30)

However, the joint PDF p(f, h) 1s difficult to be presumed in advance. An
approximate approach is to assume p(f, h) = p(f)p(h). Another approximate
approach 1s to assume

h = hf + h,; hf = hf(h); h, = Er

Hence, p(f,h) = p(h). The prediction results for hydrogen—air diffusion
combustion 1n a coaxial jet sudden-expansion combustor [6] using the sim-
plified PDF-local instantaneous equilibrium model are shown in Fig. 7.6.
Except for the RMS fluctuation velocity, the predicted time-averaged
velocity, temperature, H, O,, and H,O mass fractions are in good agree-
ment with the experimental results. These results imply that the mechanism
of hydrogen—air combustion i1s approaching the local instantaneous equilib-
rium model. However, the predicted species mass fractions for metha-
ne—air diffusion combustion (Fig. 7.7) [6] are far from the experimental
results; there 1s qualitative discrepancy. These results indicate that the
hydrocarbon—air combustion is not in the local instantaneous equilibrium
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FIGURE 7.6 Hydrogen—air diffusion combustion.
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FIGURE 7.7 Methane—air diffusion combustion.
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state. As regards the nitric oxide formation, due to high activation energy,
the chemical reaction rate 1s low. The finite-rate chemical kinetics must be
taken 1into account.

7.4.4 The Simplified-PDF Finite-Rate Model

For many cases the reactions are not infinitively fast or not in local instanta-
neous equilibrium. A typical case is nitric oxide formation in turbulent flows.
When using the simplified PDF, the finite reaction rate has to be incorpo-
rated. A review for modeling the NOy turbulent reaction rate has been given
by the present author [8]. In the FLUENT code, a simplified PDF with
finite-rate reaction model is taken to simulate NO, formation [4]. The reac-
tion mechanism for thermal NO formation is determined by the Zeldovich
formula

wyo = 1.35 X 10"°T 7 pYu, Yo exp(— 69160 /T)

7.31
Wy = 22.6T! ijf,z Yazﬂ'sexp(— 47355/T) (7:31)

To simulate the NO turbulent reaction rate, different forms of PDF can
be used. One approach is using the product of the PDF for temperature
fluctuation with the PDF for the mixture fraction instead of the joint PDF
p (f, T). The time-averaged NO reaction rate 1s

T (f2 12
o= | | o ppmpater /| e 0.3

Ty

The other approach i1s using the product of the PDF for the dimensionless
temperature fluctuation with PDF for the oxygen mass fraction fluctuation.
The time-averaged reaction rate 1s

1 ¢l
o = JD JU wno(6, Yo, )3/ ) O)p(Yo,)d6dY o, (7.33)

where 0 = (T — Tin)/(Tmax — Tmin)- Alternatively, only the PDF for the mix-
ture fraction fluctuation 1s used, 1.e.,

1
o = JU wno(Hp(F)df (7.34)

=X —X)/(X) —X3); X=Y,—Y,/B

For all of the above-stated versions, the (3 function PDF is used

|
0

p(d) =" (1- aﬁ)”“]/[J o (1—-¢) " dd (7.35)
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where ¢ may be temperature, oxygen mass fraction, or mixture fraction. For
the RMS values, three models [9,10] can be used. The PDF-1 model i1s an
empirical algebraic expression

&2 =s56(1 — P) (7.36)

where s=0.6. The PDF-2 model is an algebraic second-order moment
expression

_\ 2
P2 = C1 by <%) /(cape/k) (7.37)

5x j

The PDF-3 model is a transport equation of the second-order moment

0 0 (g @ 09\ —
 (pvig) = (’T 3)+¢-,;LT<£) —copeg/k+ 2P, g=

OX; Oxj \ 04 OX; i

(7.38)

where the last term on the right-hand side of Eq. (7.38) is the source term
due to radiation and reaction. The presumed PDEF-finite-rate model was used
to simulate the NO formation in methane—air diffusion combustion [9,10].
The prediction results are given in Figs. 7.8 and 7.9 [6]. It can be seen that
in most cases the NO and HCN concentration is underpredicted, and the
PDF-3 model is somewhat better. The reason is that the product of separate
PDFs, instead of a joint PDF, neglects the correlation between the tempera-
ture and concentration fluctuations, hence certainly underpredicting the reac-
tion rate. Fetting et al. adopted a presumed joint PDF [11] for two species
concentrations and temperature to simulate CO—air diffusion combustion.
The instantaneous CO—QO, reaction rate 1s

Weo = 3.98 X 10" p" Y o (Yi,0 /Mu,0)"> (Yo, /Mo,)*exp(— E/RT) (7.39)

The species mass fraction and temperature in terms of the mixture frac-
tion and enthalpy are

Yn,o=(1 —f)Ymoin Yo, =1 —f)Yo,in — B(fYcoin — Yco)
T — (h — thCO)/Cp

and Weo — WCD(YCO:f: h)
The time-averaged reaction rate 1s obtained by using a joint PDF

I pl phon
o —J J J weo(Yco. f, p(Yeo, fo )dYcodfdh  (7.40)
0JO hl,in
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FIGURE 7.8 NO formation in methane—air diffusion combustion (e, () Exp; — Pred.).

The joint PDF i1s presumed to be a Gaussian distribution as

p(Y.f,h) = Cexp(— Q/2)

Xx=.39m
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where C and Q are the functions of variance, covariance, and the time-
averaged Y, f, h. The variance and covariance are determined by their trans-
port equations. This model was compared with other three models
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wco = weo(Yco.f,h)

1 ¢l phoin
0 JO Jhyq

weoP(Yco)p(f)p(h)dhdfdYco

weo = weo(Yco,frh)[1 + f(¢2, ¢/, .. )]

Fig. 7.10 gives the predicted CO molar fraction in a CO—-0, jet diffu-
sion flame [6], where different models, including the reaction rate in
terms of time-averaged values, the model using a product of three 1-D
PDFs and the model using a joint PDF, are adopted. It can be seen that
these four models do not give the results in agreement with the experi-

mental results.
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FIGURE 7.10 The CO concentration in a CO—0, jet diffusion flame.

7.5 THE PDF TRANSPORT EQUATION MODEL

The shortcomings of the presumed PDF models are: (1) the PDF in the
whole flow field is changeable, e.g., it approaches to a two-0 PDF at the
outer boundary of a jet, and approaches a Gaussian PDF at the axis of a jet;
(2) the detailed chemical kinetics cannot be incorporated into the presumed
PDF models. Hence the PDF transport equation model was proposed by
Pope [12]. There are different versions of this model. One is called the
“composition PDF equation model,” in which the velocity field i1s obtained
by using the ordinary turbulence models—the statistic moment models—and
the temperature and species concentrations are obtained using the PDF equa-
tions. The transport equation of joint PDF in the phase space of geometric,

species, and enthalpy coordinates is
a !
(1 P) — — (p <V

o o o 19 oJ; 1
— (pP) + — (pv;P) + —(pS;P) = — |p<—L=
S0P+ 5 () + oS Qa 5

Oy Oy pOX;

¢>p)
(7.42)

where the first two terms on the left-hand side are the time-changing rate
and the convection of PDF in the geometrical space, the third term on the
left-hand side 1s the source term due to chemical reactions, S, 1s the reaction
rate of species k, and the symbol 1) denotes the composition space coordi-
nate. v"; 18 the velocity fluctuation, the notation < > denotes expectations,
and <AIB> 1s the conditionally averaged value of event A, given that event
B occurs. All the terms on the left-hand side are exact, and do not need mod-
els. The advantage of the PDF equation model is that the highly nonlinear
reaction term 1S the exact one, and does not need models. The two terms on
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the right-hand side represent the molecular mixing/diffusion and the scalar
convection by turbulence (turbulent scalar flux) in the geometrical space,
respectively, and need models. The turbulent scalar flux 1s modeled by gradi-
ent diffusion assumption

J .
_5_xj [p<vj

O ( prp OP
>P|=— 7.4
/Qb ] ﬁxj (pSCT a}:j) ( 3)

The weakest point of the PDF equation model 1s the modeling of the mix-
ing term. Pope gave a simple description of the PDF method [13]. This
method can be considered as a grid “particle” method, or a generalized
Lagrangian method in the phase space. There 1s a large amount of computa-
tional “particles” (fluid elements) in each grid of the flow field. Each “parti-
cle” has a different location X* (7), velocity U* (¢), species composition ¢*
(1), and fluctuation frequency w (¢). Its mass 1s unchanged, and other vari-
ables change in time. The “particle” random position in the stochastic trajec-
tories of the phase space i1s

dX*(7)

— 14 7.4
—= = U1 (7.43)
The particle random species composition equation 1is
do (¢) 1 * *
P =—§C¢<w>[¢(1)—<¢>]+5(¢) (7.44)

where the first term on the right-hand side 1s the molecular mixing term
closed by the IEM (Interaction by Exchange with the Mean) model, reflect-
ing the random value of the species composition relaxed to its local averaged
value, and 1s proportional to the local averaged fluctuation frequency. The
second term on the right-hand side 1s the reaction term, which 1s exact and
does not need models. For the stochastic velocity, a simplified Langevin
equation model (SLM) 1s used as
dU; (1) 1 Op (l

3 "
_ —+—C) | <w>(U, —<U; >
dr <p>og \2 4 “) w=(, )

(7.45)
+(Co <w>k)1/2%
ds

The first term on the right-hand side of Eq. (7.45) 1s the averaged pres-
sure gradient, the second term, like the IEM model, expresses the “particle”
velocity relaxed to its local averaged value, and the last term includes the
Wiener process, causing the diffusion in the velocity space. k 1s the turbulent
kinetic energy, <w >k 1s the time-averaged dissipation rate €. Cye 1s the dif-
fusion coefficient. Eqgs. (7.43)—(7.45) are solved by the Monte-Carlo method.
Smoot et al. [14] simulated a bluff-body stabilized premixed methane—air

flame using the composition PDF equation model together with a kK —¢
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FIGURE 7.11 RMS value of temperature fluctuation.

turbulence model, IEM mixing model, and a five-step reduced chemistry
mechanism. The predicted methane concentration and temperature are in
general agreement with the measurement results, but there 1s some discrep-
ancy in some locations due to either the overprediction of mixing by the
k — ¢ turbulence model, or the simplified five-step chemistry. Wang and
Zhou et al. [15] used the composition PDF equation model together with the
Reynolds stress turbulence model to simulate the Sandia methane—air
piloted jet Flame C, the predicted RMS value of temperature fluctuation

(Fig. 7.11) 1s in good agreement with the measured results. The ASOM
model in this figure 1s explained in the following text.

7.6 THE BRAY—MOSS—LIBBY (BML) MODEL

The so-called “Bray—Moss—Libby (BML) model” was proposed [16] based
on the concept of Damkoher—Shelkin’s winkled flame surface for a pre-

mixed turbulent flame [17]. In this model, a premixed combustion progress
variable 1s defined as

¢c=(T—T,)/(Ty—T,) = Yr/Yrs (7.46)

The Favre-averaged transport equation for ¢, when neglecting the molec-
ular transport, 1s

_dc | _=0C 0 (== o —
P— —l—puja—xj = —a—xj(pu ic ) + W, (7.47)

where the superscript double bars denote the Favre-averaged values, and the
two primes symbols denote the fluctuation values in the Favre averaging, w
is the reaction rate, which 1s closed by

W, = pus(glg Z (748)
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where [, is the local strain (stretch) factor of the laminar flame velocity, Sg
is the unstretched laminar flame velocity, and ) _ is the flame surface density
(flame area per volume), determined either by an algebraic expression, or by
a transport equation.

7.7 THE CONDITIONAL MOMENT CLOSURE (CMC) MODEL

The conditional moment closure (CMC) model was proposed by Bilger and
Klimenko [18]. The conditional averaged value of a scalar 1s defined as

Q=IE=mn) (7.49)

The time-averaged value of mass fraction is obtained by integration over PDF

= mie= e (7.50)
The transport equation of the conditional moment Q 1s
aQP;rJ)f)” + div(p, (VY 1n)P(1) = (win)P(n)p, .
+ a% ((N I“r/)P(“r})ﬂ-nz—g - awl?g:(mp” Q) |

where 7) 1s the mixture fraction, and P(7) i1s the PDF. The scalar dissipation
rate 1S modeled as N = D(V&)(VE).

It was found by experiment that the second-order conditional moment 1s
negligible; hence the conditionally averaged reaction rate in the conditionally
averaged species equation can be solved without closure models. To find the
time-averaged value from the conditionally averaged value can be done by
using either a presumed PDF, or solving the P(7) equation. Fig. 7.12 shows

m EXPERIMENT —— CMC(RAD) ----- CMC(AD)
8 _
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FIGURE 7.12 Temperature profiles.
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the predicted temperature profiles of the Sandia methane—air jet diffusion
flame using the CMC model with a transport equation of P(n) [19]. The pre-
dictions are in good agreement with the experimental results. Fig. 7.13 gives
the predicted NO mass fraction. It can be seen that the agreement with
experiments 1s not good, and that the NO formation 1s overpredicted. The
reason for this 1s that for NO formation the second-order conditional moment
cannot be neglected, and besides it 1s necessary to close the scalar dissipation
rate equation, and the model 1s too complex.

7.8 THE LAMINAR-FLAMELET MODEL

The laminar-flamelet model was proposed by Peters [20] to simulate nonpre-
mixed flames. Its basic idea is to assume that there are laminar diffusion fla-
melets in a turbulent diffusion flame. By using the mixture fraction and
flamelet equations the modeling of turbulence effect and finite-rate chemical
kinetics can be decoupled. For a hydrocarbon—oxygen reaction,

/ " "
CH,HH + L’DZOQ —> U/ COECOZ + v HZOHZO

a mixture fraction (a dimensionless combined mass fraction) can be defined
as

& /(mM) + &/ (nMy) + 2Yor2 — £,)/(Vy Mo,)
Eel /(mM.) + fﬂ,l/(”MH) + 2YDz,2/(VLZMDz)

where the subscripts 1 and 2 denote the fuel and oxidizer inlet parameters,
¢ &y, and &, denote the mass fractions of the elements C, H, and O,

Z

(7.52)
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FIGURE 7.14 The isosurface of the mixture fraction in a turbulent jet diffusion flame.

respectively, M., My, and M, express their atom weights, respectively, and
Voo denotes the stoichiometric coefficient. The scheme of the concept of lam-
inar flamelets 1s shown in Fig. 7.14.

The value of Z indicates the position of the flamelet. When taking the
equal diffusivity of each species, the transport equation of Z can be obtained

dS
oz oz o[ oz
b2t e =2 ppt 7
o Mo axj< 5}:') (7.53)

From Eq. (7.53), the averaged and RMS fluctuation value of Z in the
whole flow field can be obtained by solving their transport equations, which
reflect the effect of turbulence on the distribution of Z. For a presumed PDF
of Z, the averaged species mass fraction and temperature can be obtained by

7 = JY<z>p(z>dz;f— JT(z>p(Z)dz (7.54)

where Y(Z) and 7T(Z) are the instantaneous functional relationships between Y
and Z or T and Z, obtained by solving the following flamelet equations,
including the effect of finite-rate chemistry.

oY, 0Ya 0 [ oY,
o TP T o (“’ 5){1) P (7:55)
oT o & oT
C o= = L pE) 4 s 7.56
o P ox;  0Ox (p 5x1) a (750
o7 AN 0z
2 o= 2 (p& 7.57
Por MM T oy (’O 5}:1) (7.57)

where the source terms on the right-hand side of these equations are exact
reaction terms, so the detailed chemistry can be incorporated into the
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flamelet model. The (3-PDF is frequently taken as the presumed p(Z). The
laminar-flamelet model works well for simulating diffusion flames, such as
the Sandia piloted methane—air jet diffusion flame.

7.9 THE SECOND-ORDER MOMENT COMBUSTION MODEL

As discussed above, in a simple model, like the EBU or EDM model, the
effect of turbulence is usually dominant and the effect of chemical kinetics
is significantly weakened. In the simplified PDF models, including the fast-
chemistry, finite-rate, and local-equilibrium models, either the effect of
chemical kinetics 1s still not taken into account, or the assumed PDF is fre-
quently a product of several one-variable PDFs instead of the joint PDF,
leading to underprediction of the time-averaged reaction rate. More advanced
models, like the conditional moment closure (CMC) model and the flamelet
model, may be a good choice, but they give good results only for certain
flame types (e.g., nonpremixed flames) and flame structures (wrinkled flame-
lets, corrugated flamelets, broken reaction zones, etc.). The BML model and
the G-equation model are limited to premixed flames and are good for cer-
tain flame structures. A general model for all flame types and flame struc-
tures 1s the PDF transport equation model, where the reaction term is an
exact one and does not need closure models. However, its small-scale mixing
closure still has some uncertainty, and due to using the Monte-Carlo method
to solve the PDF equations, it 1s computationally very expensive, needs a
computation time about two orders of magnitude greater than that for simple
models, in particular when using in LES, and hence 1s not convenient for
solving engineering problems. Therefore, engineers are still seeking an eco-
nomical and reasonable turbulent combustion model. One choice is to return
to the moment method.

7.9.1 The Early Developed Second-Order Moment Model

The idea of an early developed second-order moment combustion model is
using an approximation of series expansion of the exponential term in the
reaction rate expression, assuming (E/RT)-T'/T < <1 and neglecting
higher-order terms [21]. For a one-step second-order reaction, the instanta-
neous reaction rate 1s

ws = Bp*Y, Yaexp(— E/RT) = Bp*kY, Y, (7.58)

After taking Reynolds decomposition k=k +k, Y1 =Y, +Y,, Y» =
Y, +Y, T=T+T, the averaged reaction rate becomes
Ws = Bp2Y 1 Yaexp(— E/RT) = Bp*kY Y, = Bp*(k + k') (Y, +Y})(Y2 + Y5)

or
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_ = E
W, = sz(Yl + Y ))(Y, + Yz)exp[ — R T’)} (7.59)

where k = exp(— E/RT)
The early developed second-order model uses a series expansion for the
nonlinear exponential term as

E E E( T\
EXp|——= | =exp| ——= =exp|——| |l +=
RT R(T+T) RT T

Assuming 7" /T << 1, it becomes

E E( _T E E_,
cX — | = eX — — e — X —— | EX —_—
PATRT PI"RT\ 7 P\URT )P\ 2

Expanding the exponential term by a series

E ET 1/ETY
cXp _TQT =]l t == = == +
RT {?TT 2\RT T

After a further assumption —=—= << 1 and neglecting the higher-order
terms KT T
E ET 1(ETY
CXp _TZT; Nt —== t = ==
RT RTT 2\RTT

the time-averaged reaction rate becomes

_ _ E
w, = Bp* (Y, + Y ) (Y, + Y’Z)exp(—ﬁ) 1 +

or

_ — — E Y'Y, E (TY TY,\ 1/E\ [T\
ws=Bp Y1Yexpl——= |||l t=—=zF T —=|—=— T =—— | T=| —= —
RT Y\Y» RT\TY, TY,) 2\RT) \T

_ (7.60)

However, in practical combustion processes E/RT 1s the order of 5—10
and the relative temperature fluctuation 1s not much less than unity, so this
approximation leads to remarkably underpredicting the time-averaged reac-
tion rate. This early developed model was adopted to predict methane—air
diffusion combustion, taking 50 species and 300 elementary reactions into
account [6]. Although the predicted temperature and main species concentra-
tion are close to the experimental results, the predicted NO concentration 1s
much lower than the experimental results (Fig. 7.15), showing the serious
shortcomings of this model.
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FIGURE 7.15 NO mass fraction in a methane—air diffusion flame (A, () Exp; — Pred.).

An attempt was made by the present author to use only the concentra-
tion—concentration correlation Y'Y,, combined with the presumed PDF for
the concentration-reaction rate coefficient correlation k'Y’ [22,23], i.e.,

KY =kY —kY = JJkYp(T)p(Y)deY -Y J kp(T)dT
Wy = Bp*[(Y\ Y2 + Y[ Y}) [ kp(T)dT + Y ([[kYop(T)p(Y>)dTdY, =Y, [ kp(T)dT)
+ Yo (JJkY1p(T)p(Y,)dTdY; — Y, | kp(T)dT)]

When taking the top-hat PDFs for p(7), p(Y;), and p(Y,), the time-
averaged reaction rate becomes

ws = Bp*Y Y exp(— E/RT)Z (7.61)
E o2\ [ VY 1/2 1/2 £ o2\
Z=ch| —=8L_||1+222 + [SXL 4802 |y [ ZL8L (7.62)
RT T Y,Y> Y, Y, RT T
where
sh(x)

gr =172, gy = Y72 ch(x) = (¢' + e )2, th(x)= sh(x)=(e* —e ¥)/2

ch(x)

Subsequently, it was found that this is not a good closure for K'Y’. An
updated second-order moment (SOM) combustion model, also called a uni-
fied second-order moment (USM) model, was proposed by the present author
[24,25]. This 1s an unconditional second-order moment model, based fully on
the i1dea of a second-order moment turbulence model (Reynolds stress equa-
titon model).
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7.9.2 An Updated Second-Order Moment (SOM) Model

As mentioned above, when neglecting the density fluctuation and the third-
order correlation, the time-averaged reaction rate is

W = Bp? [(Yl Y, + Y{YZ/)E + Y kY, + ?lk/Y{]

where k =exp(— E/RT) 1S the  reaction  rate coefficient,
k= | exp(— E/RT)p(T)dT is the time-averaged value of k, and p(T) is the
probability density distribution function of temperature. The basic idea of
constructing a second-order moment turbulent combustion model 1s to close
the second-order moment terms using an approach like that in the turbulence
modeling of Reynolds stresses [25]. The instantaneous conservation equa-
tions for two species mass fractions are

0 0 oY
—(le) + —(pvJ,Yl) = — | pD— L) —wy
Ox; OxX;

0 0 0Y>
= (pY + — Y))= — | pD —
(ﬁ 2) (ﬁvj 2) = o, (ﬁ axj) Bwi
where 3 is the stoichiometric ratio. The instantaneous energy equation for
low Mach-number constant-specific heat, when neglecting the pressure
change in time and the work done by body forces, 1s

0 0 0 oT
a(,()CPT) + — ox; — (pvic,T) = . (Aﬁ_xj) — w10
where X 1s the heat conductivity, and Q 1s the heat of reaction. Starting from

these equations, the exact transport equations of second-order moments
Y| Y, and k' Y| can be obtained as:

0 o, _ 0 oYY, oY, oY,
Yf % Y Y. )= D 1 ©2 J"YJ" Yy, ——
Ot (IO ) O j(f)‘{r 1 2) a.l:, (p axj ) (IOV a f)v 2 axj )
oY Y oY’ oY’ .
j o1 *2 1 9 .
—p — 2pD — Y, +3Y;) — Y, +3Y
F Ox; F Ox; Ox; [Wl( 2 1) Wl( 2 1)]
(7.63)
Opk' Yy oK K'Y, 0 oK' Y| e h Y1  — = ok  OVik'Y
;i — — P Y% WV, -
o P T\ ey )T e TP N o T T
—2pD -2z = — K wr +
a)[j 8xj CpR TZ axj 8xj Ccp T an an C‘pR TZ

(7.64)
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The left-hand-side terms in Egs. (7.63) and (7.64) are exact time-
changing rates and convection terms, and do not need to be closed. The first
terms on the right-hand side of Egs. (7.63) and (7.64) are molecular diffusion
terms, which also do not need to be closed. The physical meanings of the
other terms on the right-hand side of these equations are production due to
mean flows, turbulent diffusion, and viscous dissipation and reaction termes,
that need to be closed. By taking the gradient modeling for the production
and diffusion terms, assuming that the scalar dissipation rates and reaction
terms are proportional to the dissipation rate of turbulent kinetic energy with
a two-times scale, the generalized form of the closed transport equations of
the second-order moments can be obtained as

O O o0 (1, O Y/ op\ (O
— (pd ') + — (pvi¢ V) = ( : ) + Co1 iy (—) (—)
ot ﬁxj aXJ; (765)

g g axj 5xj Sx j
b
S ng f) (i + _) Q‘sa" ,-(/Ja"
Tc T

where ¢ and v denote the mass fractions Y,,Y, or the reaction-rate coeffi-
cient k, and c¢,y, ¢4 are empirical constants, 7., 77 denote the reaction time
scale and turbulence time scale, defined as 77 = k/¢;

-1
T.= [Bp(?g—i—S?])exp(—%)} .

Usually we have c,; = 0.01, ¢po =14, a= 0.9, b =0.05. The second-order
moment (SOM) combustion model 1s thus closed. Its physical meanings are:
(1) the time-averaged reaction rate depends on reaction Kinetics (preexponen-
tial factor B and activation energy E) and turbulence properties (second-order
moments); (2) turbulence enhances the reaction rate; and (3) the transport of
scalar correlation moments likes that of Reynolds stresses. For strongly shear
flows, neglecting the convection and diffusion terms in Eq. (7.65), an algebraic
second-order moment (ASOM) model can be obtained as

. (00\ (%) [ (b, a
oy IT<5XJ) (5XJ)/[[)<’TT+%)} {1:59)

7.9.3 Application of the SOM Model in RANS Modeling

For RANS modeling, a basic version of the Reynolds stress model is used
for modeling turbulence. For turbulent combustion models beside the above-

stated SOM model, an EBU-Arrhenius (E-A) model and a presumed PDF
model are adopted as:

wj — min[wsﬂn WST]

where Wy =p°kY Y> = Bp*Y Yrexp(— E /RT)
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FIGURE 7.16 A swirl combustor for methane—air diffusion combustion.
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The time-averaged reaction rate for the simplified PDF model of NO for-
mation 1s:

WNO = ”WNO(T: Yo, )p1(T)p2(Yo,)dTdYo,

Assuming a PDF of 3-function gives:

a—1lsq1 _ n\b—1
p(o) = -2 U9
JD o (1- ) dd
Wherea—EF(%g)} b:a[lé—.g],W: Clﬁt,g%_})%(g%)

The empirical constants C; and C, are taken as 2.86 and 2.0, respectively.
The first case of RANS modeling was conducted for turbulent methane—air
swirling diffusion combustion in a swirl combustor with a central fuel inlet
[26], as shown in Fig. 7.16. The predicted and measured temperature profiles
are shown 1n Fig. 7.17. Clearly, in most regions the SOM model predictions
are in good agreement with the experimental results, while the predicted
temperature profiles using the E-A model show a noticeable qualitative dif-
ference from the experimental results, particularly in the upstream region.
The E-A model overpredicts the temperature. Since the E-A model exagge-
rates the turbulence effect and neglects or underestimates the chemical
kinetic effect.

Fig. 7.18 gives the predicted thermal NO profiles using the SOM model
and the E-A + simplified PDF model and their comparison with the mea-
surement results. Generally speaking, the E-A + simplified PDF model
remarkably underpredicts the thermal NO formation and the predicted NO
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concentration 1s nearly one order of magnitude lower than that measured. As
indicated above, the simplified PDF model uses a product of two PDFs to
approximate the joint PDF, hence underpredicting the reaction rate.
Comparatively, the predictions using the SOM model are much better and
are close to the experimental results. There is still some discrepancy between
predictions using the SOM model and experiments, because the simplified
chemical mechanism was used.

The second case of RANS modeling is the piloted jet methane—air non-
premixed flame measured in the Sandia Laboratory, as shown in Fig. 7.19.

The pilot jet methane—air nonpremixed flame was simulated simulta-
neously using the alegebraic SOM (ASOM) model and the composition PDF
equation model [15,27]. The composition PDF equation model is one of dif-
ferent versions of the PDF transport equation models, where the flow 1s sim-
ulated using the Reynolds stress model, and all scalars are simulated by
solving the scalar PDF equations using the Monte-Carlo method. For the
composition PDF equation model, an IEM mixing model and a detailed
chemistry mechanism of 23 species with 102 elementary reactions are
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FIGURE 7.20 Time-averaged temperature for Sandia Flame C.

adopted. Fig. 7.20 gives the predicted time-averaged temperature. The PDF
equation modeling results are in good agreement with the experimental data;
while the ASOM modeling results are also in general agreement with the
experimental data, except at cross-sections of x =7.5d and x = 15d, where
the temperature 1s overpredicted. So, generally speaking, both models give
good results and the PDF model 1s somewhat better. Fig. 7.21 shows the
time-averaged methane concentration. At all cross-sections both models give
results close to the experimental data. Again, the PDF equation modeling
results are somewhat better at some cross-sections. Considering that the PDF
equation model uses detailed reaction mechanism and solves Lagrangian
equations using the Monte-Carlo algorithm, free of numerical diffusion;
whereas the ASOM model uses a one-step global reaction mechanism and
finite difference method with numerical diffusion, but the average discrepan-
cies between experimental data and PDF equation model results are about
10%, and are about 17% for the ASOM model, and the ASOM model needs

only 1/300 of the computation time that 1s needed by the PDF model, we can
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FIGURE 7.21 Time-averaged methane concentration for Sandia Flame C [16].
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conclude, that the ASOM model 1s a reasonable and economical one and it 1s
suggested to be used in simulating practical large-size engineering facilities.
Fig. 7.22 gives the NO concentration predicted by both the SOM model and
the presumed PDF model [24]. It can be seen that the SOM model gives
much better results than the presumed PDF model, which is in qualitative
disagreement with the experimental results.

7.9.4 Validation of the SOM Model by DNS

In order to validate the SOM model, the isothermal fully developed turbulent
reacting channel flows were simulated by direct numerical simulation (DNS)
[28]. The adopted numerical method 1s a spectral method. Fig. 7.23 shows
the comparison between the exact values given by DNS and modeled values
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FIGURE 7.24 Exact and modeled values of K’ Y ’1 for the ASOM model.

of production, diffusion, dissipation, and reaction terms in the K'Y’ equation.
It 1s seen that in most regions the modeled values of the production and dif-
fusion terms are in good agreement with the exact values, except in the near-
wall region, where some modification should be made. The closure models
for the dissipation and reaction terms are not good. This implies that the
modeling of dissipation and reaction terms remains to be 1mproved.
However, in general, the SOM combustion model for RANS modeling 1s val-
idated by the DNS of isothermal turbulent reacting flows. The DNS data can
be used to validate the ASOM combustion model. Fig. 7.24 shows the exact
value of K'Y’given by DNS and the modeled value given by the ASOM
model. It 1s interesting to note that the agreement 1s sufficiently good.
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Recently, the SOM model was also validated by DNS of heptane—air tur-
bulent combustion [29]. Figs. 7.25 and 7.26 show the DNS obtained and
SOM modeled production terms and diffusion terms, respectively. The agree-
ment 1s fairly good. Fig. 7.27 shows that after taking some dynamically
determined coefficients, the agreement between the DNS obtained and SOM
modeled reaction terms 1s in sufficiently good agreement.
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7.10 MODELING OF TURBULENT TWO-PHASE
COMBUSTION

Turbulent two-phase combustion (spray combustion and solid-fuel combus-
tion) 1s widely encountered in gas-turbine combustors, ramjet and rocket
engine combustors, internal engine combustors, and utility and industrial fur-
naces. Two approaches—Eulerian—Lagrangian and Eulerian—Eulerian (two-
fluild) modeling—have been developed for simulating turbulent two-phase
combustion. Currently, two-fluid modeling has been developed mainly for
dense gas-particle flows and combustion in fluidized beds, where the
particle-flow behavior, like the particle stress, 1s determined only by interpar-
ticle collision based on the kinetic theory or its modified form [30,31]. For
spray and pulverized solid-fuel combustion, where the droplet/particle con-
centration 1s low and the droplet/particle dispersion i1s determined only by its
turbulent fluctuation, the most commonly used approach is the Lagrangian
treatment of the dispersed phase—trajectory models [7,32]—which needs
large computational effort to give detailed information of the droplet/particle
flow field in the three-dimensional space, and has some difficulty in treating
combusting droplets/particles entering or leaving recirculation zones. An
alternative approach is two-fluid modeling of turbulent two-phase combus-
tion. However, to take this approach it i1s necessary to solve the problems of
modeling the particle turbulence (particle dispersion) and the particle history
effect. As discussed 1n Chapter 6, Modeling of Turbulent Dispersed
Multiphase Flows, a k—¢ —k, and a USM two-phase turbulence model
were proposed by the present author to simulate the particle turbulence. To
simulate the particle history effect, a two-fluid-trajectory (TFT) model
[33,34,35] and a full two-fluid model (FTF model) [36,37] were developed
by the present author. Both TFT and FTF models use Eulerian partial differ-
ential equations of the particle phase to give the particle number density and
particle velocity. The FTF model uses Eulerian partial differential equations
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to describe all particle history effects—the particle mass change due to mois-
ture evaporation, devolatilization, and char combustion, and the particle tem-
perature change due to convection, diffusion, and heat transfer between two
phases; whereas the TFT model uses Lagrangian ordinary differential equa-
tions to describe these effects.

7.10.1 Two-Fluid Modeling of Turbulent Two-Phase
Combustion

In the framework of two-fluild modeling of two-phase combustion, the
volume-averaged and time-averaged gas-phase continuity, momentum,
energy, and species equations should be

op 0 B .
E + a—xj (pvj) — —; npn, = S (767)
0 op v, Ovi
+ — = —— +/ + + pg;
(m) ax P = T 5y (axf axj) Pei
. ’ (7.68)
= [y (v = vi) + vy + S+ Fg = =— (p7%7)
r J
0 0 (0T
L9 oy _
(f)h) Ox Xj (f)vjh) axj (A a}:j) qr
_ (7.69)
£ Q= > iy Cop T + W0, = = (o)
p k ’

0 0 0 oY , 0
a(f)yg) + — (f)VjYS) - (Dp—s) — WS — (§ Z nymy, — 87 ([)Y:.;Vj)

8}.} 8}.} 8 Jr P 7
(7.70)

In order to simulate the particle history effect due to moisture evapora-
tion, devolatilization, and char combustion and heat transfer between two
phases, four particle-phase continuity equations, one momentum, and one
energy equations should be used in the FTF model [36,37]

on o O
T ox; (mpvei) = = % (7)) (7.71)

o(n, m,) 0 5 |
gt P + a_}g (Hp my ij) - mpa—}:j (Hp vpj) + n, m, (772)
a(Hpmc) + = 0 (n m.v ) = —m 0 (n v ) + n,m (773)

Ot 8}: p P ﬁxj pYpj P
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The particle mass changing rate m, due to moisture evaporation, pyroliza-
tion, and char combustion 1s determined by the following equations

1ty = tity, + 1ty + 1ty (7.77)

Yios — Yy
n'f.tw—i'rdequln<l+ : g),

1= Yy
E. (7.78)
Yws = By, exp| —
RT,
E,
m, = m. aB, exp(—RT ) (7.79)
p
E,
m, = — m, B, exp(—RT ) (7.80)
p
. m'i/mp o Ys
m, = md,NuDp In o (7.81)
§ P SS
L 5 E
My = de meBSeXp<_ﬁ) (782)
p
I’f’th — Z I’f’t,; (783)

In the TFT model, the particle number density and velocity are determined by
continuity and momentum equations in Eulerian coordinates (continuum descrip-
tion), but the particle mass and temperature changes due to evaporation, devolati-
lization, char combustion, and particle heat transfer are determined by ordinary
differential equations together with a set of algebraic expressions, and a particle
energy equation in Lagrangian coordinate is used instead of Eq. (7.76) [33— 35].
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dT _
myC—L = rdea(T* = T) +1ity Gy (T = T,) [exp (i, Cp / (wdyNuA) ) =1]

— my,L,, — m,q, + m,Q,
(7.84)

For volatile and CO combustion, the conventional EBU-Arrhenius model
is used. The time-averaged reaction rate 1s determined by:

W'; — II]iIl(WE, WA)

where
Wi = cg pomin(¥;, Yo /B8); Wa = Bop” Y, Y, exp(—E/RT)

For NOx formation, the Zel’dovich mechanism of thermal NO and the
DeSoete mechanism of fuel NO are considered, and an algebraic second-
order moment model 1s used for the turbulence-chemistry model of NO for-
mation [38].

W,=Bp (N "a+Y, Y, ) K+Y K'Y, + Y, K' Y]]

7.85
K =exp (— E/RT) (7.85)
KoK oY; KoY, 07, K¥oY,0K
K'Y =C Y Y, =C Y, K =C
L 2% a1 2o axg 2 22 o) ox;
(7.86)

For the numerical procedure, both gas-phase equations and Eulerian
particle-phase equations in the FTF model and the TFT model are integrated
in the computational cell using the upwind scheme to obtain finite difference
equations. The gas-phase equations are solved using the SIMPLE algorithm.
The Eulerian particle-phase equations are solved in a similar way, but with-
out p — v corrections. For the TFT model the Lagrangian particle equations
are solved to predict particle temperature and mass along the trajectories,
obtained from Eulerian predictions. Therefore, multiple iterations have been
made based on a two-way coupling (Eulerian gas—Eulerian particle) for the
FITF model, and a four-way coupling (Eulerian gas—Eulerian
particle—Lagrangian particle) for the TFT model. The algorithm 1s discussed
in detail in Chapter 8.

7.10.2 Two-Fluid-Simulation of Coal Combustion in a
Combustor with High-Velocity Jets

A sudden-expansion coal combustor with high-velocity jets discharged from
two holes at the front surface, as shown in Fig. 7.28, 1s used to stabilize the
coal flame 1n the boiler furnace.
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FIGURE 7.28 A coal combustor with high-velocity jets.
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FIGURE 7.29 Two-phase velocities in the coal combustor (e gas, exp; + particle, exp; — gas,
pred., -.-particle, pred.).

The coal combustion in this combustor was simulated using both TFT
and FTF models [34,37]. The predicted and measured two-phase velocities
are shown in Fig. 7.29. It can be seen that the predictions are in agreement
with the measured results. A large-size recirculation zone, connecting the
corner and near-axis zones 1s induced by the high-velocity jets. The predicted
and measured particle mass flux i1s given in Fig. 7.30. Good agreement is
obtained. High particle concentration exists in the recirculation zone, and 1is
favorable to flame stabilization.

The predicted gas temperature by the FTF model and the TFT model is
given 1n Figs. 7.31 and 7.32, respectively. Both prediction results show that
the high temperature develops right at the stagnation point of the recircula-
tion zone, indicating the important role of the high-velocity jets. It can be
seen that there are some differences between these two modeling results. The
FTF model gives higher gas temperature and more rapid temperature change
along the radial direction than those given by the TFT model.
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FIGURE 7.32 Gas temperature (TFT model).
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7.10.3 Two-Fluid Modeling of Coal Combustion and NO
Formation in a Swirl Combustor

The swirl burners are widely adopted in the utility boilers of power stations.
Different techniques have been used to improve flame stabilization, reduce
NO formation, and simultaneously keep the high combustion efficiency in
operating these burners. To simulate the coal combustion and NO formation
in these burners, the FTF model for coal combustion and ASOM turbulence-
chemistry model for NO formation were adopted [38]. The simulated swirl
combustor was measured by Abbas et al. [39]. Its geometrical configuration
is shown in Fig. 7.33. The predicted and measured gas and particle velocities
are given in Figs. 7.34 and 7.35, respectively. Good agreement is obtained.
The predicted and measured gas temperature and NO concentration are
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FIGURE 7.36 Gas temperature (— Pred., l Exp.).

shown in Figs. 7.36 and 7.37, respectively. The agreement here is also good.
The effect of swirl number on the averaged NO emission at the exit 1s shown
in Fig. 7.38. Both predictions and measurements indicate that as the swirl
number increases, the NO emission at the exit at first decreases, and then
increases. There 1s an optimal swirl number, at which the NO emission is
lowest.



Modeling of Turbulent Combustion Chapter | 7 223

1 X=0.123m X=0285m ] X=0.426m X =0.582m
0.304 0.30 , 0.30- ¥ 0.30
0.254 0.25 0.25 0.25
_ " | T
0.20+ 0.20 0.20 » 0.20
l
= a
£ 0.15+ 0.15 0.154 | 0.15
L.
- ’ .
0.104 0.10 0.10 0.10
/ | /°
0.05- 0.05 ' 0.054 - 0.05
- B
] / | 7 I
re !
0.00 a—{ .00 4~—p-t—— 0.00 0.00
1200 600 600 600

Concentration (ppm)

FIGURE 7.37 NO concentration (— — ASOM; — original SOM; Bl exp.).

1000

800

200

0.4 0.6 0.8 1.0 1.2 1.4
Swirl number

FIGURE 7.38 Averaged NO concentration at the exit (Il Exp., — Pred.).

7.10.4 Eulerian—Lagrangian Modeling of Two-Phase
Combustion

The above-discussed two-fluid modeling of two-phase combustion was
developed by the author. Most existing simulations of spray and pulverized-
coal combustion take the Eulerian—Lagrangian (E-L) approach. The E—L
two-phase flow equations have already been given in Chapter 6, and the
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submodels, as droplet evaporation, coal-particle devolatilization, and char
combustion models are the same as those in two-fluid modeling. The appli-
cation of these E—L simulations for two-phase combustion will be given in

Chapter 9.

7.11 LARGE-EDDY SIMULATION OF TURBULENT
COMBUSTION

Large-eddy simulation (LES) of single-phase and two-phase turbulent com-
bustion has attracted more and more attention, as it can give instantaneous
flow and flame structures leading to a better understanding of the turbulen-
ce—chemistry interaction and give statistical results, better than Reynolds-
averaged N-S (RANS) modeling results. As stated in Chapter 5, Modeling of
Single-Phase Turbulence and Chapter 6, Modeling of Turbulent Dispersed
Multiphase Flows, LES is used to solve filtered 3-D instantaneous continuity,
momentum, energy, and species equations, using subgrid scale (SGS) models
for unresolved scales. The SGS stress models can be the Smagorinsky model,
dynamic Smagorinsky model, and SGS k-equation model. Presently, the
adopted SGS combustion models are: filtered PDF equation model, G-
equation model; linear-eddy model, laminar-flamelet (LFM) model; EBU
(EDM) model, the general tendency is extending RANS models to SGS mod-
els. The most popular are the laminar-flamelet model and the EDM (or
EBU) model [40,41]. However, these combustion models either do not
always give satisfactory results, or are insufficiently validated by experi-
ments. In this section, large-eddy simulation (LES) of swirling diffusion
combustion, jet diffusion combustion, bluff-body stabilized premixed com-
bustion, and liquid-spray combustion are presented. In addition, more
recently, LES of pulverized-coal combustion was studied by some investiga-
tors [42,43]. However, either the LES statistical results of temperature and
species concentration are of less experimental validation [42], or both LES
and RANS modeling methods remarkably overpredict the temperature and
LES results are not better than RANS modeling results [43]. In this section,
a LES of swirling coal combustion made by the author and his colleagues 1s
also reported.

7.11.1 LES Equations and Closure Models for Simulating Gas
Turbulent Combustion

The filtered continuity, momentum, energy, and species equations for LES
of turbulent gas combustion are:

op 0 , _
_ + _ L) = .
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In these equations, the subgrid stress, heat flux, mass flux, and reaction
rate need closure models. The subgrid scale stress 7;; 1s defined by

Tij = pruj — pﬁfﬁj (791)

For the SGS stress, the Smagorinsky—Lilly (SL) eddy-viscosity model is
adopted as
1 | (Eﬁ; ou;
2

_ __ _ PANY
Tij =3 Tk = = 24,8y, Sij = ox; + 8_x;)’ p = pL;[S

S| = (25,55) "

b

(7.92)

where L; = min(kd, c,vY 3)
The subgrid scale mass flux and heat flux are closed by gradient model-
ing as

B =\ M oY,
Sjsgs — P(Hjn - qus) - (}'; 8}@ (7.93)
=y oT
qjsgs — p(T —wT) = J—Ta—% (7.94)

where oy and o7 are model constants, oy = or = 1.0. Ws, wye, are the filtered
reaction rate and the SGS reaction rate of s species, respectively. Two com-
bustion models are used in LES. The first is the second-order moment (SOM)
combustion model, proposed by the author. The SOM-SGS combustion model,
using a gradient modeling and expressing the effect of small-scale temperature
and species fluctuations on the SGS reaction rate, 1s given by

Wsas — }02 [K (Ym: qu o ?nx?fu) + ?ox(K qu o ?fuf) + ?fu (K Yf}x o ?nxﬁ)]
(7.95)

and the subgrid scale correlation terms are given by the algebraic

expressions
— D\ (oW 1—
ST — BV = cp, (a_) (a_)/ lp (i 4 “))} (7.96)
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where @ and ¥ denote Y, or Y, or K, 7¢ 1s the chemical reaction time, 77 1S
the turbulent diffusion time, and a and ¢ are model constants. The reaction
time and fluctuation time are given by

_ _ ENT' _
TC — B,(J(Ygz+ﬁYCH4)exp(—ﬁ)] . ’TT:1/|S|

where (5 1s the stoichiometric coefficient. The second combustion model is
the LES version of EBU model, where the reaction rate is given by

_ Yo, Yp
Wy + Wses = C1 [)lSlII]iIl{YCH“ gz , C2 1 —:)ﬁ } (797)

where (3 =4. For the methane—air and propane—air reaction mechanisms,
the global one-step reaction rates are given as:

w = 2.119 X 10" Y2 Yp?exp(— 2.027 X 10° /RT) (7.98)

0X

wh = 1.0 X 10" p?Y,, Ysexp(— 1.84 X 10%/T) (7.99)

7.11.2  LES of Swirling Diffusion Combustion, Jet Diffusion
Combustion, and Bluff-Body Premixed Combustion

Fig. 7.39 gives the LES-obtained time-averaged temperature for the swirling
methane—air diffusion combustion in Fig. 7.16, using both the LES-SOM
model and LES-EBU model and also RANS-SOM modeling results [44]. It
can be seen that both LES-SOM and RANS-SOM results are in good agree-
ment with the experimental results, and the LES-SOM results are better than
the RANS-SOM results at the cross-sections of x =35 and x = 10. Obviously,
in most regions the LES-SOM model i1s much better than the LES-EBU
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FIGURE 7.39 Time-averaged temperature for the swirling diffusion combustion.
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FIGURE 7.40 The Sidney swirl burner.

model, which remarkably overpredicts the temperature. There is still some
discrepancy between the modeling results and the experiments near the inlet,
which 1s caused by the oversimplified one-step global chemical kinetics.

A bluff-body stabilized swirling diffusion flame in a Sydney swirl burner,
measured in Reference [45], shown in Fig. 7.40, was simulated using LES
with different SGS stress and combustion models [46]. The predicted time-
averaged temperature is shown in Fig. 7.41. It can be seen that in this case
the difference between different models is not obvious.

The propane—air diffusion flame, as shown in Fig. 7.42, was studied by
LES [47] using a SOM-SGS combustion model. Figs. 7.43 and 7.44 give the
time-averaged axial velocity and temperature, respectively. In most regions
the predictions are in good agreement with the experimental results. This is
another example indicating the feasibility of the SOM-SGS model. The dis-
crepancy between predictions and experiments in some regions may be
caused by the oversimplified global chemical kinetics.

The methane—air jet flame shown in Fig. 7.19 was also studied using
large-eddy simulation with an SOM combustion model (LES-SOM) and
Reynolds-averaged modeling with SOM combustion model (RANS-SOM)
[48]. The predicted statistically averaged temperature is given in Fig. 7.45. It
can be seen that better agreement is obtained between LES-SOM results and
experiments. At the first five cross-sections the RANS-SOM modeling
results are close to the LES-SOM and experimental results, but in the down-
stream region, the LES-SOM results are better than the RANS-SOM results.
RANS-SOM modeling gives more uniform distribution and faster tempera-
ture reduction than the measurement does, while the LES-SOM modeling
gives obviously better results.
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FIGURE 7.42 A propane—air swirl combustor.
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The predicted time-averaged temperature for the propane—air premixed
combustion behind a bluff body (Fig. 7.46) using the LES-SOM model [49]
is given in Fig. 7.47. One can make the judgment that even for the premixed
combustion behind a bluff body the LES-SOM model can still work very
well.

Fig. 7.48 shows the instantaneous vorticity and temperature maps for the
methane—air swirling combustion. It can be seen that the oncoming flow
from the central and annular inlets forms a strong shear layer. Many small
vortices are formed around this shear layer. The shear layer diffuses quickly;
the vorticity 1s largest near the inlet and the large vortex structures formed in
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(B)

FIGURE 7.48 Instantaneous vorticity (A) and temperature maps (B) for swirling diffusion
combustion.

the upstream region are quickly broken up. Comparison of the instantaneous
temperature maps with the vortex structures shows that the flame 1s located
in the region of high shear. Obviously, the chemical reaction is intensified
by the large-eddy structures in swirling flows. However, no distinct thin
flame surface i1s observed. This implies that swirl thickens the flame front.
Fig. 7.49 gives the instantaneous vorticity surface and temperature map for
the methane—air piloted jet combustion. The typical strong coherent struc-
tures of jet flows are observed. For jet combustion, unlike swirling combus-
tion, a thin flame-front structure is obvious. In the upstream region, there is
a thin flame front, whereas the vortices are rather small, and in the down-
stream region the large vortices are formed where the reaction 1s completed.
All of the above-stated examples of experimental validation of LES
statistical results convince us that, generally speaking, the SOM
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FIGURE 7.49 Instantaneous vorticity surface (A) and temperature maps (B) for jet diffusion
combustion.

combustion model can always give better results in LES of both nonpre-
mixed and premixed combustion, while the traditional EBU combustion
model cannot do so.

7.11.3 LES of Ethanol—Air Spray Combustion

The ethanol—air spray combustion was studied by LES with an algebraic
SOM-SGS combustion model [50]. The filtered gas-phase equations for LES
of two-phase combustion are

op 0 — |
+ — 17-) = .
PPl (pu;) =S (7.100)
0 0 0 ou;  Ou; 2 O,
81 (f)u ) 8}.} ([)u uj) 8xj (“< axj 8}{,.; ) 3 (Pﬂ an) j)

(7.101)

op  OTj ) _
2 b+ ST (g — i) +uiS

0pYs 0, _—. 0 [udv, 081,
L+ —(pwY,) = (H ) ST g L S (7.102)

ot OX; ox; \ Sc 0x; OX;
Oph 0 , —_ O (1 Oh Ou;h |
_|_ — h L) = — / — + 7.1
o+ ) = 5 (Pr axj) ox, ok (7.105)

The SGS stress 1s closed using a SGS k-equation model. The SGS mass
flux and heat flux are closed using the gradient modeling. For the SGS
combustion model, two options were taken. One choice is the algebraic
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SOM-SGS model, the other is w,,, = O (finite-rate model). For ethanol—oxygen

combustion, a finite-rate global reaction rate is taken into account
2C>,HsOH + 30, -4CO,; + 6H,0O (7.104)

The Arrhenius expression of the one-step global reaction kinetics forwy 1s
wy = 8.345 X 10”7 p* Yy, Y,exp[ — 1.26 X 10° /(RT)] (7.105)

For droplet motion and evaporation, the Lagrangian approach was used.
The LES was made for a spray combustor measured at UC Berkeley [51], as
shown in Fig. 7.50.

Fig. 7.51 gives the LES statistically averaged gas temperature distribution
for ethanol spray combustion, given by LES-SOM, LES-FA (finite-rate com-
bustion model), and RANS modeling using the PDF equation model reported
in the literature, and its comparison with the measurement results. It can be
seen that the LES-SOM results are better than the LES-FA results, indicating
that the small-scale temperature and concentration fluctuations do have an
obvious effect on combustion. In particular, the LES-SOM results give the
temperature peak at r =0.016 m observed in experiments, which cannot be
given by the LES-FA results. Furthermore, the LES results are in much bet-
ter agreement with the experiments than those obtained by RANS modeling
using the most complex PDF equation model. Therefore, in general, LES can
give more exact statistical results than RANS modeling, even when using
very simple one-step global kinetics.
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Fig. 7.52 shows the statistically averaged droplet temperature and its
comparison with the measurement results. The agreement i1s good, with
only some minor differences, possibly owing to inaccurately specified
spray inlet conditions due to the uncertainty given in experimental condi-
tions. Fig. 7.53 gives the predicted instantaneous vorticity map. The coher-
ent structures initially are produced in the near-inlet shear region of fuel jet
flows, then are intensified to become large vortices, and finally are weak-
ened in the downstream region. The instantaneous gas temperature map 1is
shown 1n Fig. 7.54. It can be seen that the high temperature is developed in

the high shear region and some flame islands are observed, indicating
droplet-group combustion.
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FIGURE 7.53 Instantaneous vorticity map.

FIGURE 7.54 Instantaneous
gas temperature (K).

7.11.4 LES of Swirling Coal Combustion

Large-eddy simulation of coal combustion has been reported recently. Some
investigators reported a LES of coal-air jet combustion, but LES statistical
results are less of detailed experimental validation. Up to now, no studies on
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LES of swirling coal combustion have been reported. To use LES for coal
combustion, a  Eulerian—Lagrangian large-eddy simulation with
Smagorinsky—Lilly’s subgrid scale stress model, presumed-PDF fast-chemis-
try and EBU gas combustion models, particle devolatilization and combus-
tion models are used to study swirling coal combustion [52]. The LES
statistical results are validated by the measurement results for swirling coal
combustion made by us and those from the literature. The instantaneous LES
results are used to study the turbulence and flame structures and their
interaction.

The filtered gas continuity, momentum, energy, and species equations for
Eulerian—Lagrangian LES of reacting gas-particle flows and combustion are
the same as those listed in the previous section. For the subgrid scale stress
model, the Smagorinsky—Lilly model i1s adopted as

1 —_— e 1 55; aﬁ 21 —_ _— =
Ty T 3 TkkOG = T 245y, Sy =7 (ax; i a_;) Hy = L[S, |S] = 1/ 25,5y
L, = min(xd, C,V'/?) (7.106)

The gradient modeling is taken for the subgrid scale heat flux and mass
flux. Two gas combustion models are used. One is the eddy-break-up (EBU)

model
Wy + Wyos = clplglmin{?f, Y;x €23 }—Eﬁ } (7.107)
where ¢; =4.0, ¢» = 0.5
The gas-phase combustion includes two reactions:
CH4 + 20, - CO, + 2H, 0 (reaction 1) (7.108)
2CO + Oy = 2CO, (reaction 2) (7.109)

Alternatively, a presumed-PDF fast-chemistry gas combustion model 1is
used. In the latter case a mixture fraction equation should be solved

0 - o - 0 [ 5]_” OMjs s
Ot () OX; (ptif) OX; (Sc 5{;) OX; ( )
— A _wd . TT =2
where mjse; = p(uf —uf) = L2k 5 Jf —FF = 1L |VF|
For radiative heat transfer for the P1 model 1s used as:
—ﬁ,.:aG—4aJT4 (7.111)

For comparison, simultaneously, an RANS modeling using a Reynolds
stress equation model (RSM) and the same combustion model as that used in
LES are used to simulate swirling gas combustion. For particle combustion,
neglecting moisture evaporation and taking the submodels of two-equation
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devolatilization and diffusion-kinetic particle oxidation model with total for-
mation of CO are used. The Lagrangian particle continuity, momentum, and
energy equations are similar to those used in spray combustion. The simula-
tion was made in a swirl coal combustor, as shown in Fig. 7.55.
Figs. 7.56—7.59 are LES-predicted time-averaged velocity, temperature, oxy-
gen, and CO concentrations, respectively, for coal combustion using the sim-
plified PDF and fast-chemistry model. The agreement between prediction
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and measurement is not good. The temperature is underpredicted and CO
concentration 1s overpredicted. This discrepancy may be caused by the short-
comings of the simplified PDF fast-chemistry model.

Alternatively, the LES of coal combustion was also made in a 1/10 model
of the swirl coal combustor measured by Abbas et al. [39] as shown in
Fig. 7.60.

Figs. 7.61 to 7.63 are LES-predicted temperature, CO,, and oxygen con-
centrations, respectively, for coal combustion using the EBU combustion
model. It can be seen that except in the near-axis region of upstream cross-
sections where the temperature and species concentrations are overpredicted,
in most regions the agreement is good. The reason for this 1s that in the case
of coal combustion, char oxidation plays a dominant role, and the gas com-
bustion model has a minor effect. The discrepancy between predictions and
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experiments may be caused by the subgrid scale stress model, the gas com-
bustion model, as well as the particle devolatilization and char oxidation
models.

Fig. 7.64 gives the LES-obtained instantaneous vorticity map for swirling
coal combustion and swirling gas combustion in the same combustor. The
vorticity 1s higher at the near-inlet region and shows its strip structures. In
the downstream region the vorticity lowers. In the near-wall zone there are
wavy coherent structures. It i1s unexpected that the vorticity in the case of
coal combustion develops faster than that in the case of gas combustion,
showing the effect of combusting particles on the gas turbulence. Fig. 7.65
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shows the LES-predicted instantaneous particle concentration map.
Obviously, in the near-axis inlet region the vorticity is low and the particle
concentration 1s also low. Near the inlet the particles show strip-shaped
structures. A large amount of particles 1s concentrated in the periphery of
gas coherent structures. In the downstream region the particle concentration
tends to become more uniform and subsequently somewhat higher in the
near-wall region. Fig. 7.66 gives the LES-predicted instantaneous tempera-
ture map for swirling coal and gas combustion. There are close interactions
between the coherent structures and combustion. The high-temperature flame
zone 1s located at the near-inlet high particle concentration and high vorticity
region with strip-shaped coherent structures. In the downstream region,
where the vorticity and particle concentration are low, the temperature
becomes lower. The high-temperature zone for coal combustion develops
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earlier than that for the cases of gas combustion. Here a question may arise,
why 1s the coal combustion faster than the gas combustion? This is because,
in the present case, the vorticity i1s stronger in the near-inlet region than that
in the case of gas combustion and the particle-released volatile and CO
intensively burn in this region.

7.12  DIRECT NUMERICAL SIMULATION OF TURBULENT
COMBUSTION

As discussed in Chapter 5, Modeling of Single-Phase Turbulence and
Chapter 6, Modeling of Turbulent Dispersed Multiphase Flows the direct
numerical simulation (DNS) 1s used to solve 3-D instantaneous equations
in Kolmogorov dissipation scales, and hence can give the information
for all scales without using any models. Its accuracy is determined by
numerical methods and periodic boundary conditions. The spectral methods
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FIGURE 7.65 Instantaneous particle concentration map for swirling coal combustion.
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FIGURE 7.66 Instantaneous temperature map for swirling combustion (A, coal; B, gas).

(for time-developing flows) and higher-order finite difference methods (for
space-developing flows) can be used. It is recognized that the DNS of turbu-
lent combustion 1s a breakthrough in the history of combustion science. The
DNS of turbulent combustion aims to solve three kinds of problems: (1) the
detailed structure of turbulent flames, such as nonpremixed or premixed
flames, wrinkled or broken flames; (2) the effect of combustion on turbu-
lence, e.g., flame induces or reduced turbulence; (3) to validate the RANS
and SGS combustion models using the DNS database. Many DNS studies
give the flame structures, and told us that the flame structure 1s very com-
plex; there are no pure nonpremixed or premixed flames. DNS gives new
findings in the flame structures of gas and two-phase combustion. The struc-
ture of a lifted Hpy—air nonpremixed flame was obtained by Takeno et al.
[53] using DNS. It is interesting to note that in fact it is not a pure diffusion
flame, but consists of a rich premixed flame, many diffusion flame islands
and an edge flame. Domingo et al. give the instantaneous vorticity and tem-
perature isosurfaces of a partially premixed swirling flame using DNS [54],
showing the complex structures of turbulence and flame. It was found that in
the upstream regions the flame is mainly premixed, in the downstream region
the flame is partially premixed, and there i1s a local diffusion flame in the
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FIGURE 7.67 Temperature and
heat release maps.

FIGURE 7.68 Vorticity (green)
and temperature (red)
isosurfaces.

core region. Luo et al. studied the swirling hydrogen—air premixed flame
using DNS [55]. The temperature and heat release maps are shown in
Fig. 7.67, and the vorticity and temperature isosurfaces are shown in
Fig. 7.68. The flame front 1s affected by the local turbulent eddies and
becomes wrinkled. The contour of high heat release rate exhibits a bowl
shape, which suggests that the flame front is stabilized around the recircula-
tion zone in the swirling flame. As the flow traverses downstream, the
effects of forcing diminish, while instabilities such as Kalvin—Helmholtz
instability, centrifugal instability, and diffusive-thermal instability develop.
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The mixture fraction and temperature isosurfaces (Fig. 7.69) of a
heptane—air flame in homogeneous and isotropic turbulence obtained
by Luo et al. using DNS [56], show many flame islands, instead of a
continuous flame surface.

Luo et al. used DNS to study a swirling spray flame [57]. The results
give the instantaneous vorticity and temperature isosurfaces, shown in
Fig. 7.70. The effect of different inlet conditions, including lean coswirling,
rich coswirling, lean counterswirling, and rich counterswirling, was studied.
It was found that the spray flame consists of both premixed and diffusion
flames.
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FIGURE 7.72 The heat release rate isosurface.

For DNS of coal combustion, Luo et al. studied the coal-jet flame by
DNS [38]. Figs. 7.71 and 7.72 give the instantaneous temperature 1sosurface
with the heat release rate superimposed and the heat release rate isosurface,
respectively. It 1s seen that the jet flame has fully developed and has a com-
plicated flame structures. Some high heat release rate regions are scattered
on the flame surface. The reaction zones have different structures from
upstream to downstream regions.

The flame index map is given in Fig. 7.73. It indicates that in different
axial positions the premixed and nonpremixed flames coexist but occupy dif-
ferent parts.
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28 FIGURE 7.73 The Flame Index.

In the validation of RANS and SGS combustion models using DNS, in
the 1990s, Pope et al. [5S9] used DNS of isothermal reacting flows to validate
the mixing model in the PDF equation, the CMC model, and the flamelet
model. Subsequently, Domingo et al. [60] proposed a flame-surface density-
simplified PDF (FSD-PDF) SGS combustion model using DNS of a
methane-air V-shaped flame. Hawkes and Chen [61] validated the flamelet
model using DNS of a methane—air flame. Poinsot et al. [62] used DNS of a
propane—air flame to validate the flamelet model and the CMC model.
Recently, Minamoto et al. [63] used the DNS of a swirling hydrogen—air
premixed flame to validate the flamelet and EDC models, and show that the
combination of these two models gives better results. Chan et al. [64] used
DNS to access the model assumptions and budget terms of the unsteady fla-
melet equations. A typical example is using DNS to validate the mixing
models in the PDF transport equation by Krisman et al. [65]. The previous
section discussed the second-order moment combustion model being vali-
dated by DNS of both isothermal reacting flows. A recent review of combus-
tion model development using DNS was given by Trisjono and Pitsch [66],
showing different methods of validation and error analysis and giving some
representative examples.
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As for the effect of combustion on turbulence, Zhang and Rutland [67] used
DNS of a premixed flame to study the effect of combustion on several terms in
the Reynolds stress equation. In general, the validation of RANS models using
DNS is limited mainly to the flamelet, CMC, and PDF transport equation mod-
els. The future development in DNS of turbulent combustion should be studies
on fully resolved DNS (FDNS) of spray/coal two-phase combustion.
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Chapter 8

The Solution Procedure
for Modeling Multiphase
Turbulent Reacting Flows

In the preceding chapters, the fundamentals, basic equations, closure models,
and their validation are discussed. In general, the equations are simultaneous
nonlinear partial differential equations, and these equations must be solved
numerically, and discretized using finite element or finite difference meth-
ods. For computational fluid dynamics, the finite difference method is pre-
dominant. For single-phase flows the numerical method is described in many
books, for example in Reference [1]. For simulating fluid flows, heat trans-
fer, and combustion, the most widely used is the so-called SIMPLE (semi-
implicit pressure-linked) algorithm. In this chapter, only a brief introduction
1s given to the specific problems in some numerical procedures for simulat-
ing multiphase turbulent reacting flows.

8.1 THE PSIC ALGORITHM FOR
EULERIAN—LAGRANGIAN MODELS

The numerical method for Eulerian—Lagrangian simulation of dispersed
multiphase flows is the PSIC (Particle Source in Cell) method, first proposed
by Crowe et al. [2]. It 1s now widely used and included in commercial soft-
ware, such as ANSYS-FLUENT, STAR-CD, etc. In the PSIC method, for
the gas flow field, the usual SIMPLE algorithm (SIMPLE, SIMPLER,
SIMPLEC) may be adopted, 1.e., the p — v correction, line-by-line or plane-
by plane TDMA, and under-relaxation iterations. The particle source term in
the computational cell for the gas continuity can be written as

_ .\ Amy\ AV - ny
—AV-§ = —AV(anmk) = —AV(ZH;( A ) = — Z ~ Amy

k k k

=) ) Nig(m; — my )

ke j.

where the first term on the far right-hand side is the summation of the mass
of all particle-size trajectories crossing this cell, and the second term 1s the
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summation of the mass of the same-size particles with different initial posi-
tions and directions of trajectories. Ny ; 1s the total number flux of k-group
particles, which keeps constant along the j-th trajectory. Similarly, the parti-
cle source terms in the momentum and energy equations are

AV Sy = E E Nij(my e Vik e — My iVik ;)

ke Jc

AV Sop= > > NijleT(mye — my) — O]

kc J,c

where the subscripts i and e express the values at the entrances and exits of tra-
jectories 1n the gas computational cell, respectively, and Q; 1s the convective
heat transfer between the gas and particles. For the particle boundary condi-
tions, the inlet particle concentration distribution, particle size, and velocity
distribution, particle initial position and particle-wall collision conditions must
be given. The gas pressure correction equation must be based on the gas conti-
nuity equation with particle source terms. To predict the particle trajectories
and particle history along the trajectories, it is necessary to select an appropri-
ate integral method for determining the crossing positions of trajectories with
the walls of gas cells, including determining which wall to cross with, when
the particle trajectory leaves a gas cell, and promptly stopping the particle
trajectory computation in that cell. The particle trajectories can be obtained by
solving the particle momentum equation using the Rung—Kutta method:

t ! t
X — J wdt, 1= J Vi dr, 9;( = J (Wk/rk)dt
0 0 0

The problem is how to choose At. At first we may take
A)Cf Ve — F f:|

2

U Vki

AfY = min [

and use the Rung—Kutta method to calculate the particle position x; and r
in this time interval. If the point (x;, r;) cannot fall into the anticipated
region in Fig. 8.1, then we should take

Ax; Fe — T }
(ki — uke)/z ’ (Vii — Vke)/z
and repeat the trajectory computation, until the point (x;, r;) falls into the

anticipated region in Fig. 8.1. Crowe et al. assume a constant gas velocity
and a constant particle relaxation time in the gas cell, namely,

At? = min [

v; =const, T, = const
hence they give an analytical solution as

Uge = u — (. — ug;)exp(— At/ 7 )
Vie =V — (v — vig)exp(— At/ 1)
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FIGURE 8.1 Method 1 for computing particle trajectories.
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FIGURE 8.2 Method 2 for computing particle trajectories.

Finally, the particle trajectory is obtained by linear interpolation as

Xke = X T+ 0.5(uy; + ug, ) At
e = Tii + 0.5 + vie ) At

In fact, the particle mass, size, drag, and relative velocity change along
the trajectories, therefore the present author suggests using an analytical
solution of trajectories of particles with mass change [3]

Ax=x—x; = ti[ufi(d) — (u — u;)f>(d)]
Ar=r—r;=1fi(d) — (v —v)fr(d)]

where (x;,r;) 1s the 1nitial position of trajectories entering the gas call
(Fig. 8.2)
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| _
— d —
fild) = JE g UD.S(_m+1)dd
_ 1 E(_mﬂ) B
fd) = JE |+ UD.S(_m+1)dd

t = p,dz. /[4Dpln(1 + B)]

= pydiicp/[4AIn(1 + B)]
d=d/du, m=324/B
17 = 0.25(Re;,;) "/

For the given particle inlet position, velocity and size in a certain gas cell

Xi, Uki.Vii, dyi, at first take the value 3('1) near unity, then calculate f; (d), f>(d),
and compare the predicted Ax'", Ar" with the sizes of the gas cell Ax,,
Ar,. If AX" is smaller than Ax, and A" is smaller than Ar,, may take

3(2) to be smaller than 3('1), and calculate AX{Q), Ax(z), until AX" at first
reaches AX, or Ax"™ at first reaches Ax,. Using such a method, the position
of trajectories in the gas cell 1s determined. The flow chart of the PSIC
method is shown in Fig. 8.3.

8.2 THE LEAGAP ALGORITHM FOR E—E—L MODELING

In simulating multiphase turbulent reacting flows, for example, pulverized-
coal combustion, a two-fluid-trajectory (gas FEulerian and particle

Start

}

Solve single-phase velocity, temperature, species concentration and turbulence properties without particles

!

Calculate particle trajectories and particle velocity, mass and temperature change along their trajectories

!

Calculate particle source terms in the gas-phase equations

!

Add the particle source terms to the gas-phase equations and solve them again

|

Repeat the third step [«—No<—| Converged ?

FIGURE 8.3 The flow chart of the PSIC method.
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Start

!

Solve 1sothermal gas flow field

!

Solve gas combustion field [«

!

» Solve Eulerian particle flow field

!

Solve Lagrangian particle equations to obtain particle trajectories,

particle mass and temperature change and particle source terms in gas-phase equations

'

Gas-phase equations convergent? | No

Yes Jy
Solve Eulerian particle equations again with particle mass change

!

No «— Particle equations converged?

Yes Jy
Two-phase equations converged ?

Yes Jv
Stop

FIGURE 8.4 The LEAGAP flow chart.

Eulerian—Lagrangian, E—E—L) model was proposed by the author [4]; its
algorithm 1s called LEAGAP (Lagrangian—FEulerian—Eulerian Algorithm of
Gas-Particle Flows). In this algorithm, in addition to the iteration inside the
gas phase, there are coupling and iterations among the gas Eulerian, particle
Eulerian, and particle Lagrangian computations. The LEAGAP flow chart is
shown in Fig. 8.4.

8.3 THE PERT ALGORITHM FOR
EULERIAN—EULERIAN MODELING

A PERT algorithm (Pure Eulerian Algorithm of Reacting Two-phase Flows)
was proposed by the author [4] for pure two-fluid or Eulerian—Eulerian
modeling of multiphase turbulent reacting flows. In this algorithm, in addi-
tion to the iteration inside the gas phase, there are coupling and iterations

between the Eulerian gas and Eulerian particle computations. The flow chart
of the PERT algorithm is shown in Fig. 8.5.

8.4 THE GENMIX-2P AND IPSA ALGORITHMS FOR
EULERIAN—EULERIAN MODELING

Spalding extended the SIMPLE algorithm to two-fluid modeling of two-
phase flows [5]. At first the diffusion terms in each equation of each phase
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Start

|

Solve isothermal gas flow field

|

Solve gas combustion field |«

|

—| Solve Eulerian particle velocity, temperature and concentration without mass change

!

Solve particle mass change and obtain particle source terms in gas-phase equations

and solve gas-phase equations again

|

Gas-phase equations convergent? |No

Yes l
Solve Eulerian particle equations again with particle mass change

|

No <«—( Particle equations converged?
Yes l
Stop

FIGURE 8.5 The flow chart of the PERT algorithm.

are modeled in the form of volume fraction gradient. So, the conservation
equations of all the dependent variables of each phase are expressed in the
following form:

%(@kﬂk%) + ﬁi;j (ke prvii o) = ai;j (F wk%) T oSk

where o4 1s the volume fraction of phase &, ¢ 1s a property of phase k, Iy 1s
the transport coefficient inside phase k, and S, 1s the source term, including
the source term inside phase k& and the source term of interaction between
phase k and other phases. Hence the original numerical methods, like
GENMIX and SIMPLE algorithms, can be extended to two-phase flows,
called GENMIX-2P and IPSA algorithms. The specific features of solving
two-phase flows are: (1) each phase has a volume fraction (or mass fraction,
apparent density); (2) need to give the turbulence properties of each phase
and the interactions between two phases, like drag force and heat transfer
between two phases; (3) the partial pressures of two phases and their pres-
sure correction. The basic steps of the GENMIX-2P algorithm for two-
dimensional parabolic flows (jets, boundary layers, pipe flows) are:

1. Introduce a stream function ), and transform the x—y coordinate system
into an x—w coordinate system, where w 1s a relative stream function;

2. Presume or guess the two-phase volume fractions;

3. Solve the gas momentum equation in the x direction and energy equation

using the TDMA method;
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-

Find the position in the y-coordinate of the boundary grid nodes;

Solve gas continuity equation to find the velocity v;

Solve the gas momentum equation in the y direction to find the pressure

distribution 1n the y direction;

7. Solve particle-phase equations to find the particle velocity, temperature,
and volume fraction;

8. Compare the predicted particle volume fraction with the initially pre-

sumed value and make corrections, and repeat the computation until the

correction is smaller than a certain value.

AN

For the IPSA algorithm in modeling of two-dimensional elliptic two-
phase flows, at first the two-phase differential equations are discretized into
finite difference equations

Or = (ZA?@5+5)/ZA;0

Let g = pva = density X velocity X cross-sectional surface be the mass
flux across the wall of a cell, and the subscripts and e denote the inlet and
outlet values, respectively, then the continuity equation of the first phase is

= [(Z%gl)f + AVS]/ZSLE

To avoid divergence, the denominator of this equation can be timed by

> (p141); +AVS ) (282); + AVS
s srran] Rl e 1)

In general this term is unity, hence we have

O = > 82D (p181); + AVS]
LY g2 2 (018t X g1e D (9282)i H (X0 820 — D 81)AVS

where )~ expresses the summation over the walls of the cell. This expression
is called the equation of volume fraction. The pressure correction accounts
for two phases. If

ouy Our Ovy Ova

op Op Op Op
1s known, the error of u; and u, 1s ¢, and the error of v, and v, 1S e,, then
Oe, Oe L
we can find p 1 3 2, and the pressure correction 1s
P

oe oe- ) (81 82)

/

p —/P T/ =~ |— T—

<5p Loopl P P

where p; and p, are the material density of two phases, respectively.
The flow chart of the IPSA algorithm is shown in Fig. 8.6.
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Presume initial two-phase velocity field

!

»| Solve two-phase energy equations to find the source terms in the volume fraction equation

!

Solve the volume fraction equation to find ¢; and ¢, = 1- ¢, l

!

Solve the two-phase mixture momentum equation to find the pressure p

!

Solve momentum equations for each phase

!

Establish pressure correction equations to find the corrected pressure, velocity and volume fraction

!

Solve other equations

!

«—No «— Converged?

|

Yes

|

Stop

FIGURE 8.6 The flow chart of the [PSA algorithm.

The IPSA algorithm has been applied to simulate two-phase flows with
large variation of two-phase volume fractions. However, due to lack
of the dispersed-phase turbulence models it is not widely used in practical
engineering applications.
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Chapter 9

Simulation of Flows and
Combustion in Practical
Fluid Machines, Combustors,
and Furnaces

The numerical simulation of multiphase turbulent reacting flows has made
more and more progress and now has been widely applied in the design of
flow, heat, and mass transfer and combustion/reaction equipment in power
engineering, acronautical and astronautical engineering, chemical and metal-
lurgical engineering, petroleum engineering, hydraulic engineering, and
nuclear engineering. Some examples have already been given in Chapter 7:
e.g., the two-fluid modeling of pulverized coal—air two-phase combustion.
In this chapter, more examples will be given to further illustrate the state of
the art and the development of numerical simulation.

9.1 AN OIL-WATER HYDROCYCLONE

In petroleum pipelines the transport of oil, water, and sands are frequently
encountered. Oil-water separation, including separation of water from the oil
and separation of oil from the wasted water, is one of the important problems
in petroleum engineering. Hydrocyclones, similar to gas-solid cyclones, are
adopted for this purpose. However, due to the smaller difference between the
o1l and water densities and in order to give higher collection efficiency, stron-
ger centrifugal forces and longer residence time are required for the hydrocy-
clones than for gas-solid cyclones. The predicted gas velocities in original and
improved hydrocyclones [1] using the Reynolds-stress equation model are
given in Figs. 9.1 and 9.2, respectively. It 1s seen that the two peaks of tangen-
tial velocity indicate a higher centrifugal force in the improved hydrocyclone
than do those in the original hydrocyclone, and axial velocities are lower in
the improved hydrocyclone than in the original hydrocyclone, indicating that
the oil-droplet residence time in the former is longer than in the latter.

Further, the Eulerian-Lagrangian simulation of oil-water two-phase flows
in these hydrocyclones was made using the Reynolds-stress turbulence model
and the particle stochastic trajectory (ST) model. Figs. 9.3 and 9.4 give the
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FIGURE 9.1 The velocity field in an original hydrocyclone.

predicted droplet trajectories in these hydrocyclones, respectively.
Obviously, more droplets impinged on the walls of the improved hydrocy-
clone than in the original hydrocyclone, implying that the collection effi-
ciency of the former is higher than that of the latter.

9.2 A GAS-SOLID CYCLONE SEPARATOR

Gas-solid cyclones are widely used for particle separation and collection in
utility boiler furnaces, industrial furnaces, cement kilns, etc. Cyclonic flows
are very strongly swirling flows, with swirl numbers much greater than unity,
where the tangential velocity 1s an order of magnitude higher than the axial
velocity, and the axial velocity 1s also higher than the radial velocity by an
order of magnitude. The main problems are how to reduce the pressure drop
and increase the collection efficiency. The geometrical configuration of a
cyclone separator in our early studies [2] 1s shown 1n Fig. 9.5. The gas flow
field was simulated using a k-¢ turbulence model and measured using LDV
(laser Doppler velocimetry). Fig. 9.6 gives the simulation results in compari-
son with the simplified analytical solution by S.L.. Soo and the measurement
results. The solid lines denote numerical results, the dashed lines express the
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FIGURE 9.4 Oil-droplet trajectories in the improved hydrocyclone (Left: 10—30 pm; Right:
30—100 pm).

FIGURE 9.5 A cyclone separator.
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FIGURE 9.6 Axial (left) and Tangential (right) Velocities (eéExp, —Numerical, --Analytical).

analytical solution, and the dots are measurement data. It is seen that in most
regions the numerically predicted velocity distribution agrees well with that
given by the analytical solution, in particular for the zero-velocity positions.
However, due to the shortcomings of the k-€ model for simulating strongly
swirling flows in overestimating the turbulent mixing, the low axial velocity
in the near-axis region and the peak of tangential velocity cannot be well
predicted. According to the axial velocity distribution, there is a near-axis
up-flow region and a near-wall down-flow region. The maximal up-flow
velocity 1s much greater than the maximal down-flow velocity. The tangen-
tial velocity distribution shows the near-axis solid-body rotation zone and the
near-wall potential vortex zone. At three cross sections of the conic part, the
tangential velocity 1s almost unchanged. The large tangential velocity gradi-
ent in the near-axis region is the main source of turbulence production and
mean energy dissipation, and hence is responsible for the pressure drop. The
particles are concentrated mainly in the near-wall region, so the peak of tan-
gential velocity does not play an important role in particle separation. Hence
a central fin-cross-sectional body was mounted to make a more uniform tan-
gential velocity distribution. The result 1s that when the inlet velocity is 21
m/s, the pressure drop 1s reduced by 37%, and simultaneously the collection
efficiency is increased by 5%.



266 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

9.3 A NONSLAGGING VORTEX COAL COMBUSTOR

A nonslagging cyclone coal combustor, called a “vortex combustor,” was
studied cooperatively by the Catholic University of America and Tsinghua
University, Beijing, China [3]. The geometrical configuration is shown in
Fig. 9.7. Its special features are multiple tangential inlets and a central exit
tube of reverse flows. The purposes of this design are to form more uniform
tangential velocity distribution and multiple pulverized-coal suspension
layers in the annular space and to prolong the particle residence time and
increase the radiative heat transfer. The tested fuel 1s fine ash-free pulverized
coal with averaged size of 40 pm. Gas-particle flows and combustion in this
combustor were simulated using the algebraic stress turbulence model, parti-
cle ST model, EBU-Arrhenius CO and volatile combustion model, coal-
particle moisture evaporation, devolatilization, and diffusion-kinetic char
combustion model and four-flux radiation model.

Fig. 9.8 gives the predicted gas temperature fields of two cases for coal
combustion. Fig. 9.9 shows the predicted gas temperature, and the volatile
(simulated by ethylene) concentration and oxygen concentration fields. Due to
strong mixing in the annular space, a high temperature of 1600K is formed
near the tangential inlets; the coal particles are immediately ignited and burn,
but in most regions the gas temperature is in the range of 1200—1400K, or

FIGURE 9.7 A vortex coal combustor.
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900—1100°C, lower than the ash melting point, so it is nonslagging. Owing to
lower temperature and high coal concentration, in experiments the nitric oxide
formation 1s low, the oxygen consumption is exhausted at the top of the com-
bustor, and the combustion efficiency reaches more than 95%. Therefore
highly efficient and low pollutant combustion was obtained.

9.4 A SPOUTING-CYCLONE COAL COMBUSTOR

The spouting-cyclone combustor, proposed by the present author and his collea-
gues [4], 1s a two-staged nonslagging cyclone combustor, combining two perpen-
dicularly rotating (vortex) flows, as shown in Fig. 9.10. Strongly recirculating
gas-particle flows and swirling gas-particle flows with air staging in the combus-
tor are expected to achieve highly efficient and clean combustion of ungrounded
coal in domestic furnaces and small-size industrial combustors. The lower part
of the combustor 1s a “spouting zone” as the main combustion zone, where an
opposed-jet system of primary-air and bottom-air i1s used to induce large-size
strongly recirculating flows (vortex flows with a horizontal axis) of gas and par-
ticles, allowing larger coal particles to circulate many times for increasing their
residence time and burn-out rate. The combustion in this zone 1s fuel-rich to
decrease the temperature and to provide nonslagging conditions for reducing
NO, emission. The upper part is a cyclone combustor (vortex flows with a verti-
cal axis), which allows completion of the combustion of small-size particles
coming from the lower zone and for the collection of particles. A tangential
main stream and multiple tangential secondary-air jets are used to create strongly
swirling flows, increasing the residence time of smaller particles and of particles
that do not yet have complete combustion in the spouting zone. The air

(A) Type-1 (B) Type-2 (C) Photo of type-2

FIGURE 9.10 Two types of spouting-cyclone combustors (nonslagging two-staged cyclone
combustors).
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distribution and the heat exchangers can be arranged to control the temperature
in this zone within a specified range. Collected particles can be sent back to the
spouting zone to continue their burning. In order to develop these kinds of com-
bustors, measurements and numerical simulation of gas-particle flows were car-
ried out to make an optimal design, and coal combustion tests were conducted to
measure the combustion temperature, efficiency and NO emission.

The i1sothermal gas-particle flows in the spouting zone and the cyclone
zone were numerically simulated using a two-fluid modeling with both k-¢-
A, and k-e-k, two-phase turbulence models. Fig. 9.11 gives the longitudinal
gas velocity in the spouting zone of the type-2 combustor, measured by the
hot-ball probe. Fig. 9.12 show the velocity vectors in this zone obtained by
numerical simulation. The predictions are in qualitative agreement with the
measurement results. The large-size recirculating flow can be seen.

Fig. 9.13 shows the predicted gas and particle velocity vectors in the
spouting zone of a type-1 combustor. It is seen that both gas (arrow) and par-
ticles (dash) have large-size recirculating flows, but the two-phase velocities
are different in their magnitude and directions due to different inertia. By
adjusting the angles of bottom jets and the ratio of primary-air/bottom-air
velocity, the optimal recirculating flows can be obtained. Fig. 9.14 gives the
tangential gas and particle velocities in the cyclone zone, measured by LDV,
showing the features of strongly swirling flows—the Rankine-vortex struc-
ture, 1.e., solid-body rotation plus potential vortex. The particle velocity lags
behind the gas velocity due to larger inertia of particles. Fig. 9.15 shows the

80 1

701 4 4
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50 }

404
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0 10 20 30 40 50 60
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FIGURE 9.11 Longitudinal gas velocity in the spouting zone.
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FIGURE 9.15 Two-phase tangential velocity vectors ( — Gas; —Particle) (x =600, 665, 785,
935, 1015, 1200 mm from (A) to (F)).
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FIGURE 9.16 Temperature change in the coal combustor.
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FIGURE 9.17 NO, concentration in the coal combustor.

predicted tangential gas and particle velocity vectors at different cross sec-
tions of the cyclone zone. The strongly swirling flows look like 2-D axisym-
metrical. Therefore, by adjusting the position and numbers of the tangential
inlets, the optimal design of the cyclone part can be performed.

The coal combustion test was conducted in the combustor based on the
optimal design from the two-phase flow measurements and modeling, using
ungrounded Datong bituminous coal particles of 3- to 5S-mm sizes. The inlet
parameters are: bottom-air flow rate 30—45 m’/hour, primary-air flow rate
30—40 m’/hour, coal feeding rate 10—30 kg/hour, secondary-air flow rate
(for each inlet) 0—20 m’/hour. Fig. 9.16 shows the temperature change in the
combustor, showing stable coal combustion in the spouting zone and the
cyclone zone. The highest temperature 1s below the ash melting point, indi-
cating the combustion is in a nonslagging mode. The combustion efficiency
based on gas analysis reached 92%. Fig. 9.17 gives the measured NO,
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concentration, which i1s below 300 ppm. Therefore, it can be concluded that
there 1s highly efficient and low-pollutant coal-particle combustion in the
proposed nonslagging cyclone combustor.

9.5 PULVERIZED-COAL FURNACES

Some examples, such as the simulation of a coal combustor with high-
velocity jets using the two-fluid trajectory (TFT) model, have already been
discussed in Chapter 7. Here, more examples for the simulation of
pulverized-coal furnaces are discussed. Possibly the best-known research
center for coal combustion is the Advanced Combustion Engineering
Research Center (ACERC) at Provo, Utah, USA, led by L.D. Smoot. A com-
puter code named “PCGC3” was developed [S5] using the k- turbulence
model, the particle trajectory model, and the gas local instantaneous equilib-
rium combustion model, and it was used to simulate utility boiler furnaces.
Fig. 9.18 1s the grid system of a boiler furnace. Fig. 9.19 shows the predicted
gas velocity vectors in comparison with some measured results. Fig. 9.20
gives the particle trajectories. Figs. 9.21 and 9.22 show the predicted and
measured NO concentration. The agreement between predictions and mea-
surements 1s good at some locations

A tangentially fired utility furnace was simulated by the present author
and his colleagues using the TFT model [6]. The prediction results for
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FIGURE 9.20 Particle trajectories.
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FIGURE 9.21 NO concentration map.
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FIGURE 9.22 NO concentration profiles.

isothermal gas-particle flows in a cold model are validated by the PDPA
(phase Doppler particle anemometer) measurement results and also compared
with those obtained using the ST model in the conventional Eulerian-
Lagrangian approach. The predictions for the isothermal gas-particle flows
were made for a boiler cold model as shown in Figs. 9.23 and 9.24.

The predicted and measured particle concentration distribution in the 1so-
thermal cold model is shown in Fig. 9.25. It 1s seen that the TFT model gives
much better agreement with the experiments than the ST model, while the
ST model gives too high concentration in the near-wall region, which was
not observed in the experiments. This 1s because the ST model underpredicts
the particle turbulent dispersion. The predictions for the coal combustion
case using the TFT approach with a k-e-k;, two-phase turbulence model and
an eddy break-up (EBU) gas combustion model were made for the furnace
prototype shown in Fig. 9.26.

The grid nodes are 80 X 25X 25 for a domain of 40 X 12.6 X 12.6 m.
The pulverized-coal furnace is tangentially fired. It has four sets of burners
near the corners, where each burner set consists of eleven pulverized-coal
and air ports, including primary-air and secondary-air ports. The burner jets
are directed horizontally at 39 degrees and 51 degrees to the normal of the
wall to achieve a swirling flow. To reduce the numerical diffusion, the grid



Simulation of Flows and Combustion Chapter | 9 277

A [a]
46° 683 55

583 //_ 2
& \/
46°
55°
A 4
FIGURE 9.23 The lateral section of the furnace model.
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FIGURE 9.24 The longitudinal section of the furnace model.

system was rotated with an angle to be parallel with the direction of the inlet
jets (Fig. 9.27). Fig. 9.28 shows the v—w velocity vectors using three differ-
ent grid systems for a rectangular computation domain of a furnace model
with the sizes of 10 X2 X2 m. The grid nodes for the grid system (a) are
21 X21 X 21, and for the grid system (b) 21 X 42 X 42. The grid system (¢)
is a rotated one, with grid nodes of 21 X 31 X 31. The inlet-flow direction is
at an angle of 50° to the grid systems (a) and (b), and 0° to the grid system
(c). It can be seen that the numerical diffusion for case (a) is very large; the
inlet jet 1s soon immersed. Refining of the grid nodes, even twice, cannot
give better results (case (b)). In case (c), the rotated grid system gives very
good results, and the numerical diffusion is substantially reduced. Fig. 9.29
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FIGURE 9.29 I[sothermal two-phase velocity vectors (arrow—gas; dash—particle).

shows the predicted isothermal two-phase velocity vectors at each point of
the furnace space, which can be obtained only by the two-fluid modeling,
but 1s difficult to be obtained by Eulerian-Lagrangian modeling. It is seen
that the gas velocity and particle velocity are different both in their magni-
tudes and directions due to different inertia. So, the no-slip approach is not
appropriate. Fig. 9.30 gives the i1sothermal particle concentration isolines in
the furnace. The particle concentration i1s high in the regions of inlet-jet
impingement, and then gradually becomes more uniform and slightly higher

near the wall due to the effect of centrifugal force.
Fig. 9.31 gives the predicted v-w gas velocity vectors at two cross sec-

tions of the furnace during coal combustion, using the TFT approach. The jet
penetration 1s reasonable. Fig. 9.32 gives similar results using the Eulerian-
Lagrangian approach by FLUENT code. Obviously, the predictions show
that the burner jets have a very short penetration due to significant numerical
diffusion, not observed in experiments. Fig. 9.33 shows the predicted gas
temperature maps at a cross section of the furnace using both TFT and E-L
modeling. It is seen that the unbelievably low temperatures, near 1273K, in
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the center region were obtained using the E-L model, since the E-L model
results 1n too many particles moving in the near-wall region with very few
particles in the near-center region. The TFT model predictions show the tem-
perature near 1874K in the near-center region, which 1s reasonable in practi-

cal boiler furnaces.

Recently, Belosevic et al. [7] simulated a furnace tangentially fired by
eight jet burners, with four tiers each: two lower-stage burners (the main bur-
ners for combustion of larger particle size classes) and two upper-stage bur-
ners, using the Eulerian-Lagrangian approach, k-¢ turbulence model, coal-
particle pyrolization model and char combustion model. The gas combustion
model was not reported. The predicted gas temperature and oxygen concen-
tration maps are shown in Figs. 9.34 and 9.35. No experimental validation

was given.
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Fan et al. [8] simulated a 600 MW tangentially fired furnace (Fig. 9.36)
using a commercial code FLUENT with all models existing in it. The pre-
dicted gas temperature map is given in Fig. 9.37. The experimental valida-
tion was made only for a smaller down-fired combustor; no validation was
made for the simulation of this large-size furnace.
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Zhang et al. [9] simulated a 600 MW tangentially fired furnace
(Fig. 9.38), using the commercial software ANSYS-FLUENT 15.0 with an
Eulerian-Lagrangian approach. The predicted oxygen and NO, concentra-
tions at a cross section were validated by experiments, as shown in Fig. 9.39.
The agreement is fairly good. The particle trajectories, gas temperature and
species concentration are shown in Figs. 9.40 and 9.41, respectively.

Liu et al. [10] simulated a 200 MW oxygen-fuel tangentially fired furnace
(Fig. 9.42) using the commercial CFD code FLUENT 6.3. Figs. 9.43 and
9.44 give the predicted velocity vectors and gas temperature maps for differ-
ent oxygen/air ratio, respectively. No detailed experimental validation was
reported.
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Khaldi et al. [11] simulated a 300 MW tangentially fired furnace. Its geo-
metrical configuration and sizes are shown in Fig. 9.45. The commercial
software FLUENT was used, adopting the Eulerian-Lagrangian approach
with the standard k—e model, the RNG k- model, the Reynolds-stress model
and the EDC combustion model. The predicted isothermal tangential velocity
at a cross section is shown in Fig. 9.46. It was reported that the RNG k—=¢
model gives the best results. Figs. 9.47 and 9.48 show the predicted velocity
vectors and gas temperature maps at different cross sections. No experimen-
tal validation of the combustion cases was reported.
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Li et al. [12] simulated a down-fired furnace, shown in Fig. 9.49. The
predicted gas temperature along the distance to the primary-air nozzle is in
fairly good agreement with the measurement results (Fig. 9.50). Fig. 9.51
gives the predicted temperature isolines for different OFA (over-fire air)
ratios. It 1s seen that as the OFA ratio increases, the areas of the high-
temperature region in the bottom of the upper furnace gradually increase.

9.6 SPRAY COMBUSTORS

Earlier simulations of spray combustion were conducted by Banhawy and
Whitelaw [13] and Swithenbank et al. [14]. A sudden-expansion kerosene-
spray combustor was simulated by Banhawy and Whitelaw using the k-¢ tur-
bulence model, droplet deterministic trajectory model and presumed PDEF-
fast chemistry combustion model. The predicted gas temperature and veloc-
ity are shown in Fig. 9.52. The predicted temperature is much lower than
that measured, indicating the shortcomings of the deterministic trajectory
model neglecting the droplet turbulent diffusion.

A gas-turbine combustor was simulated by Swithenbank et al. [14] using
the k- turbulence model, droplet deterministic trajectory model and EBU-
Arrhenius combustion model. The predicted droplet trajectories, gas velocity
vectors and gas temperature are shown in Figs. 9.53—9.55. The droplet tra-
jectories are concentrated in the head zone (primary zone) where a strong
gas recirculation exists. The high temperature i1s developed in the head zone
and near the wall. No detailed experimental validation was made for the
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FIGURE 9.55 Gas temperature in a gas-turbine combustor.

predicted velocity, temperature and species concentration inside the combus-
tor, although some comparison was made for the exit velocity and tempera-
ture profiles.

The research group led by the present author is beginning work on the
simulation of spray-air flows caused by opposite injection of a swirl atomizer
into heated air flow [15] (Fig. 9.56) using the k-¢ turbulence model and drop-
let deterministic trajectory model. The predicted droplet trajectories, gas
velocity and droplet mass flux and their comparison with experimental
results are given in Figs.9.57—9.59. Predicted trajectories of 41.2—103 pm
droplets are in fairly good agreement with experimental results (Fig. 9.57).
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FIGURE 9.60 The diffuser in a turbofan afterburner.

The predicted gas velocity profiles are in good agreement with the experi-
mental results (Fig. 9.58), indicating that the dense liquid spray near the noz-
zle of the atomizer, like a bluff body, causes a wake in the gas velocity
profiles. The predicted liquid-spray mass flux at x =355 mm behind the
atomizer (Fig. 9.59) 1s in general agreement with the experimental results. In
the near-axis region, the mass flux is underpredicted, since in fact there is
turbulent diffusion of droplets, which is not taken into account in the deter-
ministic trajectory model.

The evaporating spray-air-to-phase flows in the diffuser of a turbofan
afterburner (Fig. 9.60) were simulated using a k-¢ turbulence model and
droplet deterministic trajectory model [16]. Predicted gas velocity (Fig. 9.61)
and temperature (Fig. 9.62) in the absence of liquid spray are in good agree-
ment with the experimental results. Predicted droplet trajectories (Fig. 9.63)
and fuel vapor concentration (Fig. 9.64) indicate higher fuel concentration in
the near-wall low-temperature zone, which i1s unfavorable to flame stabiliza-
tion and complete combustion.
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An annular gas-turbine spray combustor was simulated by Zhao et al.
[17] using a k-¢ turbulence model, a deterministic droplet trajectory model
and an EBU combustion model. The predicted gas velocity vectors and tem-
perature are given in Figs. 9.65 and 9.66, respectively. The recirculating
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FIGURE 9.67 A ram-jet combustor with a central tube in the dual inlet.
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FIGURE 9.68 The two-phase velocity vectors in the ram-jet combustor (arrow—gas;
dash—particle).

flows and high temperature in the near-wall region are seen clearly. No
detailed validation of the prediction results inside the combustor was
reported. There 1s only a comparison of the predicted temperature profile at
the exit with the measured results.

A dual-inlet sudden-expansion spray combustor for ram-jet engines was
simulated in the research group led by the present author [18, 19]. To
improve the flame stabilization in the ram-jet combustor, a central tube with
a tangential exit angle 1s mounted in the inlet tubes of the combustor for
inducing the large-size recirculation zone, as shown in Fig. 9.67.

The i1sothermal two-phase flow field was simulated using a k-e-A, two-
phase turbulence model. The predicted two-phase velocity vectors are given
in Fig. 9.68. It 1s seen that large-size recirculating flows are formed in the
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FIGURE 9.69 Gas tangential velocity in the ram-jet combustor (line—pred.; dots—exp.).
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FIGURE 9.70 Two-phase velocity vectors at two cross sections (arrow—gas; dash—particle).

head zone of the combustor. The predicted gas tangential velocity 1s in
agreement with the measurement results (Fig. 9.69). The predicted two-phase
velocity vectors in the cross sections (Fig. 9.70) show gas and particle veloc-
ities, different in both their magnitudes and directions. The predicted gas
velocity and droplet velocity during combustion, gas temperature, droplet
temperature, fuel vapor concentration, and oxygen concentration, using the
full two-tfluid model with a k-e-k,, two-phase turbulence model, a droplet
evaporation model, and an EBU combustion model, are shown in
Figs. 9.71-9.76, respectively. It 1s seen that the two-phase velocities are dif-
ferent in their directions and magnitudes. The gas temperature i1s much high-
er than the droplet temperature and reaches 1200—1400K in the recirculation
zone; the flame front 1s located at the boundary of the recirculation zone,
indicating that the recirculation zone in the head part 1s favorable to flame
stabilization. The fuel and oxygen concentrations are very low in the recircu-
lation zone, where the main species are the combustion products. In the
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near-axis region of the combustor the fuel concentration gradually increases
due to droplet evaporation. In the downstream region the fuel and oxygen
concentrations decrease due to gas-phase combustion.

A gas-turbine combustor burning biofuel (Fig. 9.77) was simulated by
Sallevelt et al. [20] using the commercial software ANSYS-FLUENT 14.5
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Fuel
FIGURE 9.77 A biofuel gas-turbine combustor.

FIGURE 9.78 Velocity vectors (top—ethanol, bottom—pyrolysis oil).

with the SST-k-w turbulence model, Lagrangian droplet motion and evapora-
tion models, and both a “relaxation-to-equilibrium (RTE)” combustion model
and a steady laminar flame-let combustion model.

The predicted velocity vectors and temperature maps for burning ethanol
and pyrolysis oil are shown in Figs. 9.78 and 9.79, respectively. The com-
bustion of pyrolysis fuel gives a smaller recirculation zone and lower tem-
perature. No detailed quantitative validation of modeling results was
reported.

The spray combustion in a diesel internal combustion engine was simu-
lated by Vujanovic et al. [21] using a coupled Eulerian-Eulerian and
Eulerian-Lagrangian method. The Eulerian-Eulerian (EE) method is used for
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FIGURE 9.79 Temperature maps (top—ethanol, bottom—pyrolysis oil).
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FIGURE 9.80 Simulated IC engine and computation domain.

spray modeling, including the fuel jet disintegration and droplet evaporation
processes. The combustion process 1s modeled by employing the Eulerian-
Lagrangian (EL) discrete droplet model. The simulated engine and computa-
tion domain are given in Fig. 9.80.

The predicted gas velocity map is shown in Fig. 9.81. The predicted tem-
perature and NO concentration maps are given in Fig. 9.82.

The comparison between predicted and measured pressure and temperature
changes with the crank angle is shown in Fig. 9.83. The agreement is good.

A NASA aircraft combustor was studied by Pitsch et al. [22] using LES
with a multiregime flame-let combustion model, detailed chemical mechanism,
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and droplet Lagrangian approach. Fig. 9.84 gives the predicted instantaneous
droplet position and temperature. Fig. 9.85 shows the instantaneous axial
velocity and temperature. The high temperature i1s developed near the corner
recirculation zone and at the downstream region. Fig. 9.86 gives the time-



Simulation of Flows and Combustion Chapter | 9 305
""'-l:'
- -
.o
¥
s
¥
%

Drop temperature (K)

315 340 365 390

290

FIGURE 9.84 Instantaneous droplet position and temperature.

Axial velocity (m/s)

Temperature (K)

1725 2200

775 1250

300

FIGURE 9.85 Instantaneous axial velocity (L) and temperature (R).



306 Theory and Modeling of Dispersed Multiphase Turbulent Reacting Flows

(A)

2000
1600

I~ —_—
o 00 I
o O O
o O O

Temp (K) temp (K) temp (K) temp (K) temp (K)

[
N
-
-

1200
800

-1.0

(€)

Ycon Ycon Ycon Ycon

Yeoo

0.00

FIGURE 9.86

-0.5 00 0.5
Radial coord., Z/D,

61° Spray cone

0 -05 0.0 0.5
Radial coord., Z/D,

61° Spray cone

different gas properties).

1.0

1.0

(B)

Temp (K) temp (K) temp (K) temp (K) temp (K)

(D)

Ycoo Ycor Ycoo Ycon

Yco2

2000
1600

o))
&
o

-1.0

0.5 00 0.5

Radial coord., Z/D,

44° Spray cone

0.00 =

-1.0 =05 0.0 0.5

1.0

Radial coord., Z/D,

44° Spray cone

Temperature (L) and CO, concentration (R) (dots—exp.; lines—pred.

using



Simulation of Flows and Combustion Chapter | 9 307

Temperature (K): 200 300 350 400 450 500 550 600

1 [
By A
1

Temperature (K): 100 700 1300 1900 2500 3400

FIGURE 9.87 Temperature map in a liquid rocket engine combustor.

averaged temperature and CO, concentration. It is seen that by choosing
appropriate gas thermodynamic properties the agreement between predictions
and experimental results is better.

A rocket engine combustor burning liquid oxygen/methane was simulated
by Song et al. [23] using the commercial software ANSYS-FLUENT, select-
ing the RANS modeling with the standard k-¢ turbulence model, steady fla-
melet combustion model, a reduced chemical mechanism. Fig. 9.87 shows
the predicted temperature map. However, no validation of the prediction
results was made in this study.

9.7 CONCLUDING REMARKS

From the whole text of this book, it can be concluded that tremendous strides
have been made in the theory and numerical modeling of multiphase turbu-
lent reacting flows and their validation and application. However, it must be
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pointed out that many problems in different submodels still remain to be
solved, such as the two-phase subgrid scale (SGS) stress models in two-fluid
large-eddy simulation (LES) of two-phase flows and combustion, a reason-
able and economic turbulence-chemistry model for simulating detailed reac-
tion mechanism, turbulence modulation in dense gas-particle flows, etc.
These models need validation by both DNS and experimental validation
using PDPA, particle image velocimetry (PIV), coherent anti-Stokes Raman
spectroscopy (CARS), and planar laser induced fluorescence (PLIF), etc.
Although there are many difficulties ahead, it 1s without doubt that the the-
ory and modeling of multiphase turbulent reacting flows will continue to
progress and more engineering applications will be found in the 21st century.
The phenomena involved are very complex; we sincerely hope that more

investigators can be involved and contribute their efforts to this research
field.
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Multiphase (two-phase) turbulence models,
15—16
Multiphase fluid dynamics, 16

N

Newton drag formula, 2

Newton’s second law, 22

Newton—Rapson iteration, 192

Nonlinear k—e—k, (NKP) two-phase
turbulence model, 146—150



Nonslagging vortex coal combustor,
266—268, 266f
Nonuniform flow field, forces acting on
particles in, 5—6
Magnus force, 5
particle thermophoresis, electrophoresis,
and photophoresis, 5—6
Saffman force, 5
No-slip model, 20
Numerical simulation of multiphase turbulent
reacting flows, 261

O

Oil droplet trajectories
in improved hydrocyclone, 264f
in oil—water hydrocyclone, 162f
in original hydrocyclone, 263f
Oil-water hydrocyclone, 261 —262
One-equation model, 91—92
One-way coupling, 18—19

P

Particle continuity equation, 77—78, 157—158
of no-slip/single-fluid model, 158—159
in two-fluid modeling, 158

Particle drag, heat, and mass transfer, 2—3

Particle drift force, 157—158

Particle drift velocity, 157—159

Particle energy equation, 78, 157, 217—218

Particle fluctuation velocity, 134—136,
159—160

Particle gravitational deposition,
4-—5

Particle image velocimetry (PIV), 130,
307—-308

Particle lateral velocity, 4

Particle mass flux, 2, 129—130, 131f, 219,
220f

Particle momentum equation, 4, 78, 157—159

Particle number density, 81, 130f, 136,
158—160, 215—-218

Particle Reynolds number, 2—3

Particle Reynolds stress equation, 122—123,
126—127, 141—142, 153—154

Particle tangential averaged velocity, 145f

Particle tangential fluctuation velocity, 136f,
1397, 141f, 145f

Particle trajectory model, 158—160, 273

Particle turbulent diffusion, modification for,
157—159
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Particle volume fraction, 2, 151—152, 152f,
154—155, 155f
Particle/spray basic properties, 1—2
apparent density and volume fraction, 2
particle/droplet size and distribution, 1
Particle-source-in cell (PSIC) method,
155—156
PCGC3, 273
PERT algorithm for Eulerian—Eulerian
modeling, 257
Phase Doppler particle anemometer (PDPA)
measurement, 130, 159—160,
307—308
Photophoresis, 5—6
Planar laser induced fluorescence (PLIF),
307—308
Point-particle DNS (PDNS), 20—-21, 121, 175
Probability density distribution function,
186—187, 186f
Probability density function (PDF), 10—12,
111, 123
top-hat PDF, 11f
transport equation model, 198—200
turbulent two-phase flows, PDF equations
for, 80—83
Propane—air swirl combustor, 228f
Pseudo-fluid (PF) model, 20, 80—81
Pseudo-Reynolds stress, 113
PSIC (Particle Source in Cell) algorithm for
Eulerian—Lagrangian models,
253-256, 256f
Pulverized-coal flame, 2, 77
Pulverized-coal furnaces, 273—290
furnace prototype, 278f
gas temperature map, 283f, 284f
at different cross sections, 289f
gas velocity vectors, 274f
grid systems and velocity vectors,
2779f
isothermal two-phase velocity vectors,
280f
NO concentration, 275f, 276f
oxygen concentration map, 283f
particle concentration distribution, 278f
particle concentration isolines, 281f
particle trajectories, 275f
in the furnace, 286f
rotated grid system, 279f
tangentially fired furnace, 288f
and grid system, 285f
v-w gas velocity vectors during coal
combustion, 281f, 282f
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R

Rankine-vortex structure, 103—104, 106—107,
269272

Ranz—Marshell formula, 3

Reaction time, 15, 184—185

Relaxation-to-equilibrium (RTE) combustion
model, 301—-302

Reynolds averaged modeling, 159, 227

Reynolds expansion, 9—10, 122, 184

Reynolds number, 2, 9, 96, 116—117

Reynolds stresses and heat fluxes, closed
model of, 99—101

Reynolds transport theorem, 20—22

Reynolds’ expansion, 9—10

Reynolds-averaged equations, 78—80

Reynolds-averaged Navier—Stokes (RANS)
modeling, 20—21, 89—-90, 112, 224

application of SOM model in, 208—212,

227

Reynolds-stress equation model,
261

Reynolds-stress model, 100—101, 210—-212,
286

Reynolds-stress turbulence model, 199—200,
261—-262

Richardson number, 100

RMS axial fluctuation velocity of swirling
sudden-expansion flows, 107f

RMS tangential fluctuation velocity of
swirling sudden-expansion flows,
107f

RMS temperature fluctuation, 99, 102

RNG-k-¢ model, 96

Rodi approximation, 102—103

Rosin—Rammler formula, 1

Rotta model, 98

Rung—Kutta method, 253—255

S

Saffman force, 5
Sauter diameter, 1
Second-order moment (SOM) combustion
model, 204—-214
application of, in RANS modeling,
208—212
early developed SOM model,
204—206
swirling gas-particle flows, SOM-MC
model of, 144—145
updated SOM model, 207—208
validation by DNS, 212—-214

Second-order moment closure of single-phase
turbulence, 96—98
Second-order moment two-phase turbulence
model, 134—136
Sidney swirl burner, 227f
SIMPLE (semi-implicit pressure-linked)
algorithm, 218, 253—-254
Simplified Langevin equation model (SLM),
199
Simplified PDF-local instantaneous
equilibrium model, 191—-194
Simplified PDF-local instantaneous
nonpremixed fast-chemistry model,
187—190
Simplified-PDF finite-rate model, 194—197
Simulated furnace, grid system of, 273f
Single-fluid model, 19—20, 158—159
Single-particle-dynamics (SPD) model, 3—7
forces acting on particles in nonuniform
flow field, 5—6
Magnus force, 5
particle thermophoresis, electrophoresis,
and photophoresis, 5—6
Saffman force, 5
generalized particle motion equation, 6
motion of a single particle in uniform flow
field, 4
particle gravitational deposition, 4—35
recent studies on, 6—7
single-particle motion equation, 3
Single-phase turbulence, modeling
of, 89
algebraic stress and flux models, 101—103
application of DSM and ASM models,

103—111
direct numerical simulation (DNS),
116—119

- two-equation model, 92—96
large-eddy simulation (LES), 112—115
filtration, 112—113
SGS stress models, 113—114
of swirling gas flows, 114—1135
Reynolds stresses and heat fluxes, closed
model of, 99—101
second-order moment closure of single-
phase turbulence, 96—98
single-phase turbulent kinetic energy
equation, closure of, 90—92
Single-phase turbulence, second-order
moment closure of, 96—98
Smagorinsky eddy viscosity model, 113—114,
163—164



Smagorinsky SGS eddy viscosity model,
167—169

Smagorinsky SGS stress model, 114, 165

Smagorinsky—Lilly model, 113—114,
166—167, 225, 235—-236

Soft-sphere model, 150

Solid fuel, 54—63

Solid-body rotation plus potential vortex,
269-272

Solution procedure for modeling multiphase
turbulent reacting flows, 253

GENMIX-2P and IPSA algorithms for

Eulerian—Eulerian modeling, 257—260
LEAGAP algorithm for E-E—L modeling,

256-257, 25°7f

PERT algorithm for Eulerian—Eulerian
modeling, 257

PSIC algorithm for Eulerian—Lagrangian
models, 253256, 256f

Spouting-cyclone coal combustor, 268—273

isothermal gas-particle flows in, 269

longitudinal gas velocity in the spouting
zone, 269f

NO, concentration in the coal combustor,
273f

temperature change in the coal combustor,
272f

two-phase tangential velocities, 271f

two-phase tangential velocity vectors, 271f

two-phase velocity vectors in the spouting
zone, 270f

types of, 268f
Spray combustion, 47, 290
in diesel internal combustion engine,
302—-303
droplet temperature for, 200—201
ethanol—air spray combustion, 232
gas temperature for, 234f
temperature and velocity in, 292f
Spray combustors, 290—307
diffuser in a turbofan afterburner, 295f

droplet velocity vectors during combustion,

300f
fuel vapor concentration, 301f
gas temperature, 300f
gas velocity profile, 294f
gas velocity vectors, 297f
during combustion, 300f
instantaneous axial velocity and
temperature, 3051
instantaneous droplet position and
temperature, 305f
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oxygen concentration, 301f
spray mass flux, 295f
temperature and CO, concentration, 306f
temperature 1solines, 297f
temperature map in liquid rocket engine
combustor, 307f
Stack smoke, 10f
Stagnant enthalpy, 18—19
Stagnant-film radius, 50—52
STAR-CD, 159—-160, 185—186, 253—254
Statistically averaged equations, 80—83
Stefan flux, 27—28, 52
Stefan-flux velocity, 74—75
Stochastic trajectory model, 159—161,
261—-262
Stoicheometric relationships, 19
Stokes drag formula, 2—3
Stokes’ drag law, 4
Subgrid scale (SGS), 89—-90, 112—-114, 163,
307—-308
SGS kinetic energy model, 164—165
Subgrid scale stress, 166—167, 225
Sudden-expansion flow, 9
axial velocity of, 104f, 105/, 106f
RMS axial fluctuation velocity of, 107f
tangential velocity of, 105f
vorticity map of, 10f
Surface oxidation reactions, 56
Swirl coal combustor, 2211, 237f, 240f
Swirling coal combustion
instantaneous particle concentration map
for, 244f
instantaneous temperature map for, 244f
large-eddy simulation of, 235—242
Swirling gas flows, large-eddy simulation of,
114—115
Swirling gas-particle flows, 134
Eulerian—Lagrangian LES of, 165
SOM-MC model of, 144—145
two-fluid LES of, 167—169

T

Tangential point, 32
Tangential velocity
for strongly swirling flows, 95f
of swirling sudden-expansion flows, 105f,
106f
Terminal velocity, 5
Thermal enthalpy, 18—19
Thermophoresis, 5—6
Time autocorrelation coefficient, 12
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Time averaging, 9—10
Time-averaged reaction rate, 183—184, 194
Trajectory approach, 18—19
Transport equation model, 123—124, 134
Turbulence models for single-phase flows,
89—90
Turbulence modification/modulation,
123
Turbulent CH4—air flame, 10f
Turbulent combustion, modeling of, 183
Bray—Moss—Libby (BML) model,
200—-201
conditional moment closure (CMC) model,
201-202
eddy-break-up (EBU) model/eddy
dissipation model (EDM), 184—186
laminar-flamelet model, 202—204
large-eddy simulation (LES), 224—242
and closure models for simulating gas
turbulent combustion, 224—226
direct numerical simulation of turbulent
combustion, 242—249
of ethanol—air spray combustion,
232-234
of swirling coal combustion, 235—242
of swirling diffusion combustion,
226—232
PDF transport equation model, 198—200
presumed PDF models, 186—197
probability density distribution function,
186—187
simplified-PDF finite-rate model,
194—197
simplified PDF-local instantaneous
equilibrium model, 191—194
simplified PDF-local instantaneous
nonpremixed fast-chemistry model,
187—190
second-order moment (SOM) combustion
model, 204—-214
application of the SOM model in RANS
modeling, 208—212
early developed SOM model, 204—206
updated SOM model, 207—208
validation of the SOM model by DNS,
212-214
time-averaged reaction rate, 183—184
turbulent two-phase combustion, modeling
of, 215—-224
Eulerian—Lagrangian modeling,
223-224
two-fluid modeling, 216—218

two-fluid modeling of coal combustion
and NO formation, 221—-222
two-fluid-simulation of coal combustion
1n a combustor, 218—220
Turbulent combustion and flame stabilization,
64—69
flame stabilization, 67—69
turbulent jet diffusion flame, 64—66
volume combustion model, 67
wrinkled-flame model, 66
Turbulent diffusion coefficient, 78—79
Turbulent diffusivity, 89—91
Turbulent dispersed multiphase
flows, 16—17
Turbulent kinetic energy (TKE), 90, 101
Turbulent premixed flame, 66
Turbulent scalar flux, 198—199
Turbulent two-phase combustion, modeling
of, 215-224
Eulerian—Lagrangian modeling, 223—224
two-fluid modeling, 216—218
two-fluid modeling of coal combustion and
NO formation in a swirl combustor,
221-222
two-fluid-simulation of coal combustion in
a combustor with high-velocity jets,
218—220
Turbulent viscosity, 89—90, 124
Two-dimensional wall jet, 109f
Two-equation model, 55—56
Two-flame-surface model, 60—62
Two-fluid approach, 123
Two-fluid modeling, 80—81, 122, 158
Two-fluid-trajectory (TFT) model, 215—-216,
218—-219, 220f, 273—-276
Two-phase Reynolds stress and scalar
transport equations, 83—86
Two-phase Reynolds stress equations, 83 —84,
86, 128, 134, 141—142
Two-phase turbulence models, 86
Two-zone approximate solution, 43—46

U

Unified second-order moment model (USM
model), 124—129, 150
application and validation of, 129—133
Uniform flow field
forces acting on particles in, 5—6
single particle motion in, 4
Unsteady RANS (URANS) modeling, 152
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\% W

Volume averaging, concept Wallis—Kliachko drag formula, 2—3
of, 72—73 Water evaporation, 27, 27f
Volume combustion model, 67, 67f White-noise filter, 112
Volume fraction, 2 Wrinkled-flame model, 66, 66f, 67f
Volume-averaged conservation equations,
7378
Volume-averaged particle momentum /
equation, 76 Zeldovich formula, 194

Vortex combustor, Zeldovich transformation, 50, 61—62, 65, 188
266 Zeldovich—Schwab form, 26, 30
Vulis model, 37—41 Zukosky—Marble’s ignition model, 67—68
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