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4.1

COMBUSTION MODELING

There are many reasons to model a combustion system. The most obvious is to
gain insight into a particular conﬁguration in order to optimize it. Optimization
means diﬀerent things to diﬀerent people. It may mean maximizing thermal
eﬃciency, minimizing pollutant emissions, maximizing throughput, minimizing
operating costs, or some combination of these. Another reason to model is in
the development of new technologies. New geometries can be tested relatively
quickly compared to building an entire combustion system. Ideally, modeling
is done in conjunction with experimentation to validate a particular new
design. Doing modeling ﬁrst can save considerably on prototype development
time and costs by eliminating particular designs without having actually to test
them. However, in most cases it is not possible to eliminate prototype testing
completely because of the uncertainty and limitations of combustion modeling,
especially when it comes to new conﬁgurations that may never have been tried
before.
Another reason for modeling is to aid in scaling systems to either larger or
smaller throughputs. Simple velocity or residence time-scaling laws often do not
apply to complicated combustion problems [1]. Modeling can be used for predictive
purposes to test different scenarios that may be too risky or expensive to try in an
existing operational industrial combustion system. For example, a glass producer
may want to evaluate the impact of replacing an existing air preheat system with
pure oxygen.
Another reason to do combustion modeling is to help determine the location
for instrumentation. For example, models can be used to help decide where to locate
thermocouples in a furnace wall at potential hot spots in order to prevent refractory
damage. Although experiments are normally used to validate modeling results, the
opposite may also be true. In industrial combustion systems, large-scale probes
may be necessary due to water-cooling requirements for survivability. These large
probes can cause significant disturbances in the process, which can be simulated
with models. The model results can then be used to determine the relevance of
experimental measurements. Models can also be used to simulate potentially
dangerous conditions to assess the consequences in order to design the proper safety
equipment and procedures.
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A more recent use of computer modeling is for control of processes where the
models are used to predict the results under the given conditions and then adjust the
operating parameters to produce the desired results. This includes the use of artificial
intelligence where the control system has a large database of past operating
conditions and the associated results so that the system can then predict and adjust
itself to meet new operating conditions. Examples include making adjustments as
equipment ages and deteriorates as well as for new materials being processed. In the
past, these adjustments would have been based on the knowledge and experience of
the operators and were often trial-and-error. Newer control systems promise more
sophisticated and systematic evaluation of the given operating conditions and
desired results.
One of the risks of computer modeling is that too much faith may be placed in
the results. Some tend to believe anything generated by a computer. However, if the
computer models have not been properly validated, then the results may be highly
suspect. For the foreseeable future, it is likely that models will continue to use
various approximations (e.g., turbulence) in order to obtain solutions in a reasonable
amount of time. Therefore, the user must exercise good judgment and not try to
overextend the results beyond what is warranted. For example, in many cases models
are very useful in predicting pollutant emission trends but are often very inaccurate
in predicting the actual emissions. Knowledge of the model’s capabilities helps one
understand which results are more reliable and which ones are less reliable. The bulk
fluid flow and heat transfer in a combustion system can usually be predicted with a
high degree of accuracy, while the small-scale turbulence and trace species
predictions may be less reliable. Therefore, it is recommended that computer
modeling of combustion systems only be done by those who have been properly
trained in that area.
Patankar and Spalding [2] note some of the important aspects of the problem
statement for industrial combustion modeling problems:
.
.
.
.
.

Geometry of the combustion chamber
Fuel and air input conditions
Thermal boundary conditions
Thermodynamic, transport, radiative, and chemical–kinetic properties
The desired outputs of models:
velocity, temperature, composition, etc. throughout the chamber
heat ﬂux and temperature at the wall

Figure 4.1 shows a schematic of the elements of computational fluid dynamics
(CFD) modeling [3].
A number of books have been written on the subject of modeling combustion
processes. However, very few have specifically concerned large-scale industrial
combustion systems. Khalil [4] presented modeling results for six large-scale industrial
furnaces with published experimental data for comparison. These six studies involved
burners with and without quarls (burner tiles); methane, natural gas, and propane
fuels; firing rates ranging from 0.74 to 13 MW (2.5–44  106 Btu/hr); furnace
lengths ranging from 4.5 to 11 m (15–36 ft); and swirl numbers ranging from 0 to
5.0. The modeling results using the k–" turbulence model were in good agreement with
the published experimental data. Oran and Boris [5] have edited a large book on
combustion modeling. Part 1 of the book concerns modeling the chemistry of
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Elements of CFD modeling. (From Ref. 3. Courtesy of John Zink.)

combustion. Part 2 contains information on flames and flame structure. Part 3 is on
high-speed reacting flows. Part 4 is humorously entitled ‘‘(Even More) Complex
Combustion Systems’’ and has chapters on liquid and solid fuel combustion, as well
as on pulse combustion. This book is more theoretical in nature and is intended
for aerospace combustion. However, it does have some useful information
pertinent to industrial combustion, which is referred to later in this chapter.
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A book edited by Larrouturou [6] looks at modeling of some fundamental
processes in combustion science, but does not specifically consider large-scale
industrial flames. The papers have significant discussions of flame chemistry and fluid
dynamics, but very little on heat transfer from the flames. Chung [7] has edited a book
that contains chapters on the various techniques used to model combustion processes,
but without any specific applications to industrial combustion problems. In a
handbook on fluid dynamics, Lilley [8] has a brief treatment of combustion modeling
with only very brief discussions of industrial applications. Baukal et al. [9] have edited
a book specifically on modeling industrial combustion processes. Poinsot and
Veynante [10] discuss the theory and fundamentals of computational combustion
modeling, but have no discussions of industrial combustion applications. Some books
have been written on the subject of environmental computer modeling [11–15].

4.2

MODELING APPROACHES

A complete combustion system may be extremely complex and can include a wide
range of physical processes that are often highly interactive and interdependent. A
given combustion system may include:
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Turbulent fluid dynamics in the flame with laminar fluid dynamics in the
bulk of the combustor.
Multidimensional flows which could include swirl.
Multiple phases that could include gases, liquids, and solids, depending on
the fuel composition.
Very high temperature, velocity, and species gradients in the flame region
with much lower gradients in the bulk of the combustor.
Large material property variations caused by the wide range of
temperatures, species, and solids present in the system.
Multiple modes of heat transfer, especially radiation which is highly
nonlinear and may include wavelength dependence.
Complex chemistry involving numerous reactions and many species, most
of which are in trace amounts.
Porous media.
Catalytic chemical reactions in some limited applications.
Complex, nonsymmetrical furnace geometries.
Multiple flame zones produced by burners that may be operated under
different conditions and whose flames interact with each other.
A heat load that may be moving and interacting with the combustion space
above it in a nonlinear manner.
A heat load that may produce volatile species during the heating process.
A heat load whose properties may vary greatly with temperature, physical
state, and even wavelength for radiation.
A transient heating and melting process that may include discrete material
additions and withdrawals.

There are many challenges caused by this complexity, which include
inadequate physics to model the problem properly, large numbers of grid points
requiring large amounts of computer memory, and long computation times.
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The simulation results may be difficult to validate as many of the experimental
measurements are difficult, time consuming, and costly to make in industrial
combustors. Therefore, in most combustion simulations, simplifying assumptions
must be made to obtain cost-effective solutions in the amount of time available for a
given problem. The actual simplifications depend on many factors including the level
of accuracy required, the available amount of computing power, the skill and
knowledge of the modeler, the experience with the given system being simulated, and
the time available to attain a solution. These simplifying approaches are briefly
discussed here. More detailed information on each aspect of the modeling is given
later in this chapter. Spalding [16] discussed simplifying approaches to combustion
modeling and noted that the main concern is which modeling rules can be ignored to
simplify the problem and then to estimate the errors in the resulting predictions. He
also noted the difficulty in matching all the dimensionless groups in a large-scale
problem with small-scale experiments. Weber et al. [17] classified models for
designing industrial burners into three categories. First-order methods give rough
qualitative estimates of heat fluxes and flame shapes. Second-order methods give
results of higher accuracy than those of first-order methods for temperature, oxygen
concentration, and heat flux. Third-order methods further improve accuracy over
second-order methods and give detailed species predictions in the flame, which are
useful for pollutant formation rates. The order used will in large part depend on the
information and accuracy that are needed.

4.2.1

Fluid Dynamics

There are a variety of methods available to simulate the ﬂuid ﬂow in a combustion
system. The Navier–Stokes equations are generally accepted as providing an ‘‘exact’’
model for turbulent ﬂuid-ﬂow systems [18]. Unfortunately, these equations for
systems of practical interest are too complicated to solve exactly either analytically
or numerically. Therefore, diﬀerent types of approximations have been suggested for
solving these equations. These are very brieﬂy discussed next with appropriate
references for the reader interested in more detail.
4.2.1.1

Moment Averaging

This has been by far the most popular method used in simulating large-scale
industrial combustion problems, primarily because of the ready availability of
commercial software programs like PHOENICS, FLUENT, FLOW-3D, TEACH,
PCGC-3 [19], Harwell-3D, GENMIX, and others to solve these problems. Nikolova
[20] discusses the use of a code called MOSCOW 78 to study pollution emissions
from industrial combustion processes. Figure 4.2 shows the outline of a glass furnace
modeled with PCGC-3. In this method, the turbulent velocity components are
decomposed into average and ﬂuctuating terms and solved using the famous k–"
closure equations [21]. Despite the well-known limitations of this approach, it
remains the most popular choice for solving practical combustion problems. This
may be because it has been around for decades and therefore the software has been
highly developed. Finite diﬀerence [22,23], ﬁnite element [24,25], ﬁnite volume
[26,27], and spectral element [28] techniques have been used to simulate ﬂuid ﬂows,
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Figure 4.2 Schematic representation of a single portneck in an industrial glass furnace
modeled using PCGC-3. (From Ref. 9. Courtesy of CRC Press.)

some including turbulent combustion. The commercial codes today are very userfriendly and have excellent pre- and post-processing packages to make setting up the
problem and viewing the results relatively simple and straightforward. Because of the
popularity and widespread use of this method, it is discussed in more detail later in
this chapter.
4.2.1.2

Vortex Methods

Most numerical approaches for solving ﬂuid-ﬂow problems use a Eulerian scheme
with a ﬁxed coordinate system that is discretized into small parts. One problem with
this approach is that there may often be areas in the ﬂow where the gradients are
very high and require very ﬁne discretization, while in nearby areas the gradients
may be much lower and need much less discretization. To complicate this disparity
further, these areas may be moving. Finite diﬀerence solution convergence problems
result from having ﬁne cells next to coarse cells. Therefore, the choice is to use either
ﬁner or coarser cells for both areas. If ﬁner cells are used, then accuracy is improved,
but with a signiﬁcant penalty in solution times. If coarser cells are used, then solution
times are improved, but accuracy is sacriﬁced. An alternative approach is to use a
Lagrangian system with a moving coordinate system that can keep track of the ﬁner
details of high gradient areas, without the burden of unnecessary detail in areas that
do not require it. Some Lagrangian methods use grid points that are transported
along ﬂow trajectories while other Lagrangian methods are grid free [29]. The
Navier–Stokes equations are set up and solved in terms of vorticity:
@!~
þ u~ r!~ ¼ !~ ru~
@t

ð4:1Þ

where ! ¼ r  u~, r ¼ ð@=@x,@=@y,@=@zÞ, u~ ¼ ðu,v,wÞ and x~ ¼ ðx,y,zÞ. Velocities are
then calculated from the vorticity solutions. This method has been applied to
industrial combustion simulations [30]. Variations of this method have also been
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referred to as large-eddy simulations (LES) [31,32]. Dahm and co-workers have
developed a method known as the local integral moment (LIM), which is based on
large-eddy simulation concepts [32–37].
4.2.1.3

Spectral Methods

This is an approximation method where the solutions for the scalar variables in the
partial diﬀerential equations are simulated as a truncated series expansion [38]:
C ðx,tÞ ¼

N
X

ck ðtÞðxÞ

ð4:2Þ

k¼0

where C(x, t) is a scalar variable like temperature, N is the ﬁnite wave-number
truncation cutoﬀ, ck(t) are the expansion coeﬃcients, and k(x) are the basis
functions that are chosen to best represent the ﬂow. This solution approach is more
global than ﬁnite diﬀerence discretization approaches, which tend to be more local.
Therefore, spectral methods can provide more accurate approximations of the
solution compared to moment methods, although this is not always the case.
Solution times may be longer and the selection of the proper basis functions is
critical to the success of this approach, which has been used in combustion problems
[39,40] but has not been a popular method for solving industrial combustion
problems. This method could become more popular if the appropriate user-friendly
software were developed and commercialized.
4.2.1.4

Direct Numerical Simulation

In this method, usually referred to as DNS [41–45], no assumptions are made
regarding the turbulent behavior of the ﬂow. The exact Navier–Stokes equations are
solved at small enough length and time scales that the complete physics of the
problem can be captured. This approach obviously requires tremendous computing
power and is not currently used for solving industrial combustion problems.
However, as rapid advance in computers continue including parallel processing,
large memories, and fast computing speeds, this method may become more prevalent
in the future. The method is currently being used to solve fundamental combustion
[46] and aerospace propulsion problems using supercomputers where the simulation
costs are not a signiﬁcant portion of the overall cost of new developments. At
present, the economics of DNS are not justiﬁed for most industrial combustion
equipment manufacturers and end-users where the cost of these calculations could
dwarf the actual cost of the combustion system itself.

4.2.2

Geometry

There are several diﬀerent levels of complexity concerning the geometry of a given
combustion system, ranging from zero-dimensional up to fully three-dimensional.
These levels are brieﬂy discussed here and have been discussed in more detail by
Khalil [4].
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Zero-Dimensional

Numerous modeling approaches to handling the complexity of large-scale
combustors are possible and have been used. Before the advent of CFD codes, a
common modeling approach was to do an overall heat and material balance on the
system. This is often referred to as zero-dimensional modeling because it does not
give any spatial resolution. This type of zero-dimensional modeling does not involve
any analysis of the ﬂuid dynamics. It can, however, include detailed analysis of the
chemical reactions and is often referred to as a stirred reactor or stirred vessel. This
type of modeling was made easier with the advent of electronic spreadsheets, but still
requires numerous assumptions and simpliﬁcations. A more recent type of zerodimensional model may include very detailed chemistry but still no ﬂuid ﬂow. In that
type, the reactor is assumed to be typically either constant pressure or constant
volume. The main variable then becomes time, which may be ﬁnite or inﬁnite
(equilibrium). Zero-dimensional models give a reasonable approximation of the
overall performance of the system, but give very little information on the
detailed performance, such as, for example, where potential hot spots in the furnace
wall might be. Despite the obvious disadvantages, there are some advantages of
zero-dimensional modeling. One is that solutions can be obtained very quickly.
This is important in parameter studies where a large number of variables are to
be investigated and where fast results are needed. Another advantage is that
these models can be very helpful in developing an understanding of the system
performance, which can sometimes be lost when detailed analyses are done. One
can see the forest, before looking at the individual trees in the forest. Another
advantage is that this type of modeling does not require the same level of training as
with complicated modeling, so it can be done by a wider group of personnel. One
example is the zero-dimensional model of furnaces for rapidly heating cylindrical
metal billets [47]. Another example of a zero-dimensional model is given by Kuo [48]
to simulate a batch-fed solid-waste incineration process.

4.2.2.2

One-Dimensional

The next level of complexity involves one-dimensional modeling. This is where only
one spatial dimension is considered. Although this greatly simpliﬁes the number of
equations, these models may still be fairly complicated and provide many details on
the spatial changes of a given parameter. One-dimensional modeling is often used to
examine the detailed chemistry in a combustion process, which may be simulated as
a plug-ﬂow reactor.
Despite the limitations, there are advantages in using this type of geometrical
simplification. In certain applications, these models are particularly relevant, with
little or no sacrifice in accuracy and resolution. An example is in porous radiant
burners and flat flames, which are both essentially one-dimensional in nature.
Another obvious advantage is that faster results are possible, compared to
multidimensional modeling. One-dimensional models also greatly simplify the task
of radiation modeling, which can become very complicated in multidimensional
geometries. However, it should be noted that one-dimensional models may still be
fairly complicated and may include very detailed chemistry, multiple phases, porous
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media, and radiation. As an example, Singh et al. [49] report on a one-dimensional
model used to simulate ceramic radiant burners. For that type of burner, the onedimensional model is generally very adequate.
4.2.2.3

Multidimensional

The highest level of geometrical complexity involves multidimensional modeling,
both two- and three-dimensional geometries. Geometry simpliﬁcations are often
used to reduce the computing requirements for simulating combustion systems.
Wherever possible, three-dimensional (3D) problems are simulated by twodimensional (2D) models or by axisymmetric geometries, which are 3D problems
that can be solved in two spatial variables. In the early days of CFD, it was not
uncommon to simulate a rectangular furnace as a cylindrical axisymmetric geometry
to reduce the problem from 3D to 2D. Smooke and Bennett [50] discuss 2D
axisymmetric modeling of laminar ﬂames, as shown in Fig. 4.3. A related
simpliﬁcation is modeling certain types of cylindrical problems as angular slices,
instead of modeling the entire cylinder. For example, if a burner has four injectors
equally spaced angularly and radially from the centerpoint, then this can be modeled
as a 90 slice of a cylinder by using symmetric boundary conditions.
Another type of geometric simplification in multidimensional modeling
involves limiting the number of grid points due to the limitations of the computer
speed and memory. It may not always be possible to model the entire combustion
system, so an approach that has often been taken is to simulate separately the flame
region where small-scale effects are important and the combustor where large-scale
effects are predominant. The results of the flame simulation may then be used as
inputs to the large-scale modeling of the combustor itself. For example, a single
flame can be more accurately input as a heat source using the detailed modeling
results for that flame. Another common method for minimizing the number of grid
points is to model only a small portion or section of a combustor. For example, most

Figure 4.3

Schematic of an axisymmetric coflow burner. (From Ref. 50. Courtesy of CRC

Press.)
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glass furnaces have multiple burners symmetrically firing parallel to the molten-glass
bath. Often, only a single slice of the furnace containing one burner is modeled.
Although this precludes simulating the flame-to-flame interactions, it is a reasonable
assumption to make in order to achieve timely and cost-effective solutions of
acceptable accuracy.
The obvious advantage of multidimensional modeling is that much higher
spatial resolution is possible. This can provide important insight into the problem,
which is not possible with simpler geometrical models. This resolution is particularly
important in simulating burner performance since the burner geometry is normally
too complicated to model as a one-dimensional problem. However, there are some
obvious disadvantages to multidimensional modeling including longer computational times, difficulties in visualizing and interpreting the results, and more
difficulty in separating the effects of individual parameters. Gillis and Smith [51]
evaluated a 3D model for industrial furnaces and compared modeling results against
experimental data for two pilot-scale furnaces.

4.2.3

Reaction Chemistry

The reaction chemistry is the second important aspect of most industrial
combustion problems. Modeling approaches for this chemistry ranges from
nonreacting up to multiple reactions with multiple species, and ﬁnite-rate kinetics.
The diﬀerent approaches commonly used in modeling combustion problems are
brieﬂy discussed next. Note that Gardiner [52] has edited a book on combustion
chemistry speciﬁcally designed for those who are relatively new to the ﬁeld of
combustion modeling.

4.2.3.1

Nonreacting Flows

When CFD codes ﬁrst became commercially available, the chemistry submodels
were very primitive and greatly increased the computation time, often beyond the
capability of the available hardware. Therefore, a common approach to simulating
combustion problems was to model them as nonreacting ﬂows. This has sometimes
been referred to as ‘‘cold-ﬂow’’ modeling, which is really a misnomer as the ﬂame
was often simulated as a ﬂow input of hot inert gases to the combustor. A variation
of this approach is to use a nonreacting gas which has the thermophysical properties,
like viscosity, thermal conductivity, and speciﬁc heat, of the combustion products as
a function of temperature. Those properties are separately calculated, typically using
some type of equilibrium chemistry calculation. The properties are then curve ﬁt with
temperature and included in the CFD codes. In many cases, this type of nonreacting
ﬂow model can give fairly accurate predictions for the overall energy transfer in a
large-scale combustor.
Nonreacting flow modeling may grossly oversimplify a problem, but it can give
considerable insight into the flow patterns inside the combustor. The flame can also
be simplified to be a heat source, in order to avoid modeling the chemical reactions
in the flame zone. The difficulty is how to specify the heat-release profile of the
flame, especially since that is something usually desired of the modeling itself.
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Although there are some advantages in using nonreacting chemistry, such as
simplicity and speed, this approach is rarely used in most types of combustion
modeling today because it is too limited and unrealistic.
4.2.3.2

Simplified Chemistry

The term ‘‘simpliﬁed’’ chemistry is a somewhat relative term, but generally refers to
reducing the number of chemical equations used to represent a system, reducing the
complexity of the reaction mechanism, or a combination of both. In the ﬁrst
approach, a very limited number of reactions and species are used to represent the
actual combustion reaction system, which may involve hundreds of reactions and
dozens of species. In this approach, a greatly reduced set of reactions are used [53].
Often the goal of this approach is to predict ﬂow and heat-transfer information, but
not detailed species such as pollutant emissions like NOx. Simpliﬁed chemistry was
often used in the early days of CFD modeling because of the limitations of the
submodels and computer memory and because the main interest of the modeler were
things like the heat transfer to the load and the walls and the bulk gas ﬂow in the
system. For example, the earliest models for simulating the combustion of methane
used a single-step reaction such as the following:
CH4 þ O2 þ N2 ! CO2 þ H2 O þ O2 þ N2

ð4:3Þ

Inﬁnite-rate kinetics were used and no minor species were included. This simpliﬁed
chemistry could obviously not be used to predict pollutant emissions like NOx, but
was useful for simulating the ﬂow patterns and heat transfer in the combustor.
An example of a slightly more complicated reaction set is given by Westbrook and
Dryer [54]:
CH4 þ 1:5O2 ! CO þ 2H2 O

ð4:4aÞ

CO þ 0:5O2 ! CO2

ð4:4bÞ

A more popular approach in recent years is to use slightly more complicated reduced
sets. An example of a four-step reduced mechanism set for methane ﬂames is given
by [55]
CH4 þ 2H þ H2 O ! CO þ 4H2

ð4:5aÞ

CO þ H2 O ! CO2 þ H2

ð4:5bÞ

H þ H þ M ! H2 þ M

ð4:5cÞ

O2 þ 3H2 ! þ2H þ 2H2 O

ð4:5dÞ

Another aspect to simplified chemistry models involves not only the number of
equations used, but also the type of chemical kinetics that are being simulated. This
second approach to simplifying the chemistry is sometimes referred to as reaction
mechanism simplification, or mechanism reduction. Infinite-rate kinetics, or
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equilibrium chemistry, is an example of this type of approach, which is often used in
combustion modeling. This means that the chemical reactions are assumed to be
infinitely fast and therefore independent of time. This is often a reasonable
assumption to make but is again dependent on the specific problem and required
level of accuracy. Another variation of this approach is an empirical correlation for
the chemistry of a given system.
Brouwer et al. [56] developed a seven-step reduced reaction mechanism for the
selective catalytic reduction process to reduce NOx emissions, compared to the
complete chemical mechanism of 327 reactions. Good agreement for the conditions
studied was found for the reduced reaction set compared to the full set. Hewson and
Bollig [57] developed a five-step reduced reaction mechanism set for methane flames
and a six-step reduced reaction set for nitrogen chemistry, both to be used together
to predict NOx emissions from nonpremixed hydrocarbon diffusion flames. Xiao
et al. [58] discuss the use of an automatic method for reducing chemical kinetics in
combustion modeling using a technique of intrinsic low-dimensional manifolds or
ILDM. Sung et al. [59] developed a reduced mechanism for methane oxidation
consisting of 16 species and 12 lumped reaction steps, which yielded better results
than those of typical four- or five-step reduced mechanisms. Lovas et al. [60] discuss
a reduced reaction set for the combustion of fuels containing nitrogen. Cremer et al.
[61] proposed an automated method for determining a reduced set of reactions with
only 10 species for selective noncatalytic reduction of NOx for use in CFD modeling.
Linan et al. [62] developed a reduced kinetic mechanism for simulating lean premixed
combustion.
Brink et al. [63] describe the use of the eddy break-up model for turbulence and
a four-step reaction to model gas-fired combustion processes. The numerical
temperature predictions were in good agreement with published experimental data.
Zhou et al. [64] have developed a unified second-order moment (USM) turbulencechemistry model for simulating NOx formation under turbulent combustion
conditions. Simulations of a methane–air jet flame compared favorably with a
pure probability density function (PDF) model. This simplified model converged in
less than 1 h on a Pentium 2 computer.
Giral and Alzueta [65] discuss a reduced chemical mechanism for simulating
the reburning process, which is an established technique for reducing NOx emissions
in industrial combustion processes. The full chemistry consists of 438 reactions and
65 chemical species compared to the reduced mechanism consisting of 15 reactions
and 19 species. Results for the reduced mechanism model compared favorably to
those for the full reaction chemistry set.
4.2.3.3

Complex Chemistry

Another approach to modeling of combustion systems is to use very detailed
chemistry. This approach is commonly used if detailed information on gas species
is required, such as when, e.g., NOx emissions need to be predicted. Again,
‘‘complex’’ chemistry is a somewhat vague and relative term, but here refers to
multistep reactions with multiple species. The actual numbers of reactions and
species depends on a given problem and the level of detail required. Complex
chemistry also concerns ﬁnite-rate kinetics where the reaction rates are time
dependent. Gardiner et al. [66] describe the use of GRI-MechTM in detailed
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chemical modeling of the formation and destruction of NO in natural gas ﬂames.
Han et al. [67] discuss the use of the two-stage Lagrangian model to predict NOx
control in gas reburning using chemistry consisting of 50 species and 315 reaction
mechanisms. Hill and Smoot [68] have written a detailed article on modeling the
chemistry of the formation and destruction of NOx in combustion systems. Schwer
et al. [69] discuss an automated technique for upgrading the numerical solving
routines in older codes where complex chemistry is included with numerous species
and reaction mechanisms.

4.2.4

Radiation

Kocaefe et al. [70] give a brief review of some of the methods used for radiation
modeling. They conclude that the imaginary planes and discrete transfer methods
have good accuracy and low computation times while the zone method has the
lowest computation time if the interchange factors are known or only calculated
once. Some of the approaches used to handle radiation are discussed in this section.
Malalasekera et al. [71] discuss the various methods to model radiative heat transfer
in combustion systems.

4.2.4.1

Nonradiating

Another type of simpliﬁcation involves using known empirical relationships for the
problem at hand. These empirical correlations normally only apply to a speciﬁc set
of conditions and problems, but can be very useful for reducing the size and
complexity of the problem. For example, it may be possible to simulate the nonlinear
radiation from the ﬂame to the load and combustor walls as a type of radiation heattransfer coeﬃcient in order to make the radiation linear with temperature and
therefore much easier to solve:
 4

4
 Tsink
hrad ¼ f Tsource

f ðTsource  Tsink Þ

ð4:6Þ

This approach should be used with caution only after careful examination and
understanding of the system under investigation. Although this may limit the
generality of the problem, this type of simpliﬁcation may greatly reduce the time to
obtain solutions. This makes it possible to do more simulations of the problem and
may be especially useful for ﬁnding optimized conditions.
The key to using any simplifications is to understand the resulting
inaccuracies they introduce. Therefore, it is usually prudent to have experimental
data to compare against any simplified numerical simulations. It is also advisable
to use the most complicated possible model for at least a base case problem, which
can then be used to compare against the simplified results. If the simplified results
compare favorably to the full-blown simulation, there is some justification for
using the simplifications. However, if the simplifications do not compare favorably
with comprehensive model results, then further analysis is warranted to understand
the discrepancies.
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As computer power continues to improve, fewer and fewer simplifications will
be necessary. Eventually it will be possible to do direct numerical simulations (DNS)
so that even the turbulent fluid flow will not need to be approximated because it will
be possible and practical to model the small length scales present in such flows.
4.2.4.2

Participating Media

Participating media includes nonluminous gasesous radiation and luminous
radiation from particle-laden ﬂows. Bhattacharjee and Grosshandler [72] note
three factors that complicate gaseous radiation modeling: (1) the spectral variation
of the properties requires calculations over the spectrum, (2) the gaseous
composition is not homogeneous over the entire space, which means that
integrations must be done over every line of sight, and (3) the asymmetry of most
real problems means integration over all solid angles. Sivathanu et al. [73] noted that
there are accurate methods for calculating weakly radiating turbulent diﬀusion
ﬂames, but that it is much more diﬃcult to model the strongly radiating turbulent
diﬀusion ﬂames that are used in many industrial combustion systems. Turbulence
can signiﬁcantly increase the mean radiation levels from diﬀusion ﬂames [74–79].
Hoogendoorn et al. [80] used a 15-band gas radiation model in a well-stirred
furnace zone method to simulate the nonluminous radiation in a natural gas fired
regenerative glass melter. The results showed that as much as 99% of the heat
transfer to the melt was by radiation. They compared the axial heat-flux distribution
using both a simplified plug-flow model and a more complete model. The plug-flow
model gave both unrealistically high fluxes in the middle of the melter and low fluxes
near the ends of the melter. The addition of additives to the combustion products
was shown to increase slightly the heat flux to the glass. However, this would lead to
lower flue gas outlet temperatures, which reduces the performance of the regenerative
air preheater so that the overall effect of the additive in this process would be
minimal. Increasing the roof emissivity from 0.4 to 1 was shown to increase the heat
transfer to the glass melt by 8%.
Zhenghua and Holmstedt [81] present a fast narrow-band computer model
(FASTNB) for predicting the radiation intensity in a general nonisothermal and
nonhomogeneous combustion environment. The model is used to calculate the
spectral absorption coefficients for CO2, H2O, and soot. It is claimed to be as much
as 20 times faster than a benchmark model called RADCAL [82–84] with only a 1%
deviation from that model. Further development was proposed for inclusion of other
gases like carbon monoxide, methane, propylene, and acetylene. Liu et al. [85]
present a new approximate method for nongray gas radiative heat transfer using a
statistical narrow-band model that utilizes a local absorption coefficient, which is
calculated using local properties rather than global properties. The main advantage
of the proposed approximate method is considerable savings in computational time,
up to two orders of magnitude reduction. The method also improves the accuracy of
the calculations compared to methods using global properties.
Gritzo and Strickland [86] present a gridless, integral method for solving the
radiative transport equations for use in combustion calculations using Lagrangian
techniques to solve the fluid dynamics. Their approach is particularly compatible
with parallel computing. It is shown that this method compares favorably with other
popular methods used in grid-based solution techniques, which can have significant
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errors when adapted to gridless solution schemes. Previous methods to solve for
radiation have relied on grid-based calculations and are not optimal for transport
element methods.
For some combustion processes, primarily those involving solid and liquid
fuels, spectral radiation from particulates may be significant. Ahluwalia and Im [87]
present a three-dimensional spectral radiation model that they used to model the
burning of deeply cleaned coals in a pulverized coal furnace. Spectroscopic data were
used to calculate the absorption coefficients of the gases. The extinction and
scattering efficiencies of the particulates were calculated using Mie theory. The
optical properties of the char, ash, and soot were determined from reflectivity,
transmissivity, and extinction measurements. The radiation from the char was as
much as 30% of the nonluminous gaseous radiation. The heat transfer in the furnace
ranged from 168 to 221 MW (5.73–7.54  108 Btu/hr) depending on the specific fuel
used. It is noted that ashes rich in iron enhance radiative heat transfer and fine
grinding of the coal improves furnace heat absorption. In a later paper, Ahluwalia
and Im [88] used a hybrid technique to solve spectral radiation involving gases and
particulates in coal furnaces. To optimize computational speed and accuracy, the
discrete ordinate method (S4), modified differential approximation (MDA), and P1
approximation were combined and used in different ranges of optical thicknesses.
The MDA method has been shown to be sufficiently accurate for all optical
thicknesses but computationally slow for the optically thin and thick limits [89].
There were significant discrepancies between the predicted and calculated heat
fluxes. This was explained by the difficulty in making heat flux measurements in
industrial furnaces. The soot, char, and ash contributions to heat transfer were
approximately 15%, 3%, and up to 14%, respectively.

4.2.5

Time Dependence

Another critical aspect of combustion modeling is whether or not the solution is time
dependent. Nearly all industrial combustion processes are time dependent at small
length scales due to turbulence. However, these processes are normally modeled as
steady-state systems because of the limitations of the turbulent submodels, the large
increase in computer time required to simulate transient combustion, and the lack of
need for such detailed information in most industrial combustion systems.
4.2.5.1

Steady State

In steady-state simulations, there is no time dependence of the solution. The problem
with turbulent combustion problems is that the time scale, especially in the nearﬂame region, is very small. To simulate accurately an entire system using such a
small time scale is normally computationally prohibitive. However, this is not
usually a problem in most cases because that type of detail is not required. The
standard approach has been to simulate the average properties. There is considerable
debate about averaging turbulent properties, but the reality is that virtually all
commercial codes have some type of turbulence averaging (discussed in more detail
below). For many continuous industrial applications, the heating process is
essentially steady state with ﬁxed and usually know combustion chamber wall
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temperatures, fuel ﬁring rates, and material feed rates. Processes that are truly
varying with time, such as batch heating processes, may be simulated using average
conditions over the entire cycle or by making a series of steady-state calculations to
simulate various steps in the process.
4.2.5.2

Transient

Transient or time-varying calculations are rarely made for large-scale industrial
combustion processes due to the large computational time required, which usually
exceeds the amount of time allowed for the needed simulations. As computer speeds
continue to increase, this type of computation will increase in popularity for those
applications that have signiﬁcant variations during a given cycle. A good example of
such an application is scrap-metal melting. Initially, a charge of cold solid scrap
metal is charged into a colder furnace. Then, the burners begin to heat up and melt
down the metal, as well as heat up the furnace. At any given time there may be a
mixture of solid and liquid metal. When the charge is at or nearly fully molten, a
second charge of cold scrap may be added to the ﬁrst melted charge. Several more
charges are possible, depending on the application. An accurate simulation of this
process should include a fully transient computation.

4.3

SIMPLIFIED MODELS

Wilson [90] presents a new and more eﬃcient technique for simulating the ﬁrst-order
dependence of a ﬂame in a furnace. The technique is called the moving-boundary
ﬂame model. Dynamic state variables are created to keep track of the size of the
ﬂame in the furnace. The technique is claimed to be a considerable improvement
over point reactor models, but is not intended to replace detailed multidimensional
CFD models. Its accuracy depends on data from either experimental results or from
more detailed combustion simulations. This reduced model for the ﬂame makes it
possible to do on-line dynamic simulations that may be used for burner diagnostics
and controls.
Gray et al. [91] developed a simplified model called COMBUST for use on a
personal computer to solve the radiant heat transfer in gas-fired furnaces. The model
was capable of solving for either direct- or indirect-fired furnaces and used the
Hottel zone model for solving for the radiation heat transfer. Rumminger et al. [92]
used a one-dimensional model to simulate a porous radiant burner. The bilayered
reticulated ceramic burner consisted of an outer layer, known as the flame support,
with large pores (4 pores/cm2) that extracts heat from the postflame gases and an
inner layer, known as the diffuser, with small pores (25 pores/cm2), that prevents the
flame from flashing back. The flame was assumed to be one-dimensional, laminar,
and steady-state. The gas was assumed to be optically thin and the solid was taken to
be spectrally gray. Detailed chemical kinetics were used with the assumption that the
gases were adiabatic at the gas outlet. Radiation was simulated as a gray gas. The
surface temperature of the porous radiant burner was computed where the radiant
losses from the burner were equivalent to the convective heat loss from the gases.
The following properties were used for the outer-layer porous medium: radiation
extinction coefficient of 115 m1 (35 ft1), scattering albedo of 0.72, pore diameter of
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0.22 cm (0.087 in.), porosity of 0.8, and bulk thermal conductivity of 1.0 W/m-K
(0.58 Btu/hr-ft- F). For the inner-layer porous medium the following properties were
used: radiation extinction coefficient of 1000 m1 (300 ft1), scattering albedo of
0.77, pore diameter of 0.022 cm (0.0087 in.), porosity of 0.65, and bulk thermal
conductivity of 1.0 W/m-K (0.58 Btu/hr-ft- F). The convection correlation for gas
flow in reticulated ceramics was taken from Younis and Viskanta [93]. Kendall and
Sullivan [94] presented a one-dimensional model, similar to that of Rumminger et al.
[92], where the flow was simplified but the chemistry was detailed, using a code called
PROF (premixed one-dimensional flame). A sample result is given in Fig. 4.4. The
figure shows that the calculated radiant output has little dependence on emissivity in
the range 0.4–1.0.

Figure 4.4 Calculated radiant output for a porous radiant burner using the PROF code.
(From Ref. 94. Courtesy of GTI.)
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COMPUTATIONAL FLUID DYNAMIC MODELING

Although the term computational ﬂuid dynamics (CFD) may be applied to a wide
range of simulations; here, CFD represents multidimensional (2D and 3D) modeling
of the ﬂuid ﬂow including chemistry and heat transfer. Any of these three
components (ﬂuid ﬂow, chemistry, and heat transfer) may range from simpliﬁed to
highly complex. The simulations may be computed by any number of diﬀerent types
of schemes (e.g., ﬁnite diﬀerence, ﬁnite volume).

4.4.1

Increasing Popularity of CFD

Computational ﬂuid dynamics is a numerical tool for simulating the complicated
ﬂuid ﬂow, heat transfer, and chemical reactions in a combustor. This tool has been
gaining in popularity in recent years because of a number of factors. One obvious
change is the dramatic increase in computer power that is available at a cost that is
aﬀordable for virtually all businesses. Each new generation of computer hardware
continues to have more speed and more memory at a lower cost. The personal
computers of today are more powerful than the workstations of only a few years ago.
Another reason for the growing popularity of CFD codes is that they are now
available at a reasonable cost, which usually includes some type of support to aid the
user both in the general use of the code as well as the application of the code to the
speciﬁc needs of the user. Another change is that the CFD computer codes now have
very easy-to-use front ends for setting up problems and viewing the results. Before
the days of the commercial CFD codes, data had to be input in a certain format,
which generally required detailed knowledge of both the code and of the computer.
The results were generally only available in tabular form, which made it diﬃcult and
unwieldy to visualize the predictions. Now the data can be input without any
knowledge of the details inside the code and without regard for the speciﬁc computer
operating system. The graphical user interfaces are much more powerful and can be
used to set up quickly very complicated ﬂow geometries including smoothly
contoured walls, which had to modeled using a stairstep type of approach in the
past. The results of the modeling can be quickly and easily viewed in visually
appealing and useful formats. One researcher has renamed ‘‘CFD’’ to be ‘‘colorized
ﬂuid dynamics’’ because of the explosion of color and pretty pictures that can be
generated with the codes that are available today [95].
Another important factor in the adoption of CFD is the improvements in the
physics and number of submodels that are available to the user. It is now possible to
model compressible and incompressible, viscous and nonviscous, laminar and
turbulent, high and low pressure, reacting and nonreacting, multiphase, and many
other types of flows. The user often has a choice of several submodels for thermal
radiation, turbulence, soot, and pollution chemistry, for example. Another
important factor that has accelerated the use of CFD is experimental validation
where experimental data have been compared against numerical predictions to show
the validity of the predictions. Where the correlation between the predictions and the
experimental data was poor, changes were made to the code to improve its
weaknesses. As with most tools of this type, increased adoption of the codes has led
to greater acceptance by the engineering community. This growth in popularity is
expected to continue to increase as more and more engineers are trained in its use.
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Potential Problems of CFD

As with most things, CFD modeling is not a panacea which can be used to solve all
problems. As the saying goes, ‘‘garbage in ¼ garbage out,’’ or the results are only as
good as the input data. It is incumbent on the user to input the relevant geometry
and boundary conditions into the simulation and to select the appropriate
submodels for a given problem. Because of the ease of use of the codes available
today, it is possible for someone with little or no training in ﬂuid dynamics, heat
transfer, and chemical reactions to make predictions that may or may not be
credible. It is often observed that anything predicted by a computer must by
deﬁnition be correct. Those who are skilled in this art know that this is far from the
truth and tend to use the codes to predict trends, rather than to guarantee absolute
numbers, unless they have a great deal of experience with a particular type of
problem and have experimental data to validate the code under those conditions. It
is very easy for the CFD codes to be misapplied to problems that are beyond the
range of their validity. Therefore, it is appropriate to use the caveat ‘‘let the user
beware.’’
There are still many limitations of the physical models in the codes. One
example, which is of considerable importance in most combustion problems, is
turbulence. The empirical k–" model has been around for many years and has been
widely used despite the many known limitations. Two other submodels of great
importance in combustion modeling are radiation and chemical reactions. These are
all discussed in some detail later. Suffice it to say that further research is required and
is ongoing to improve those submodels.
Combustion problems are among the most complex that CFD codes are used
to solve because they usually involve complicated geometries and fluid dynamics,
heat transfer including nonlinear thermal radiation, and chemically reacting flows,
which may include many species and literally hundreds of chemicals reactions. Many
industrial combustors have two very different length scales because the combustor
itself may be relatively large, while the length scale required to simulate properly the
individual flames in the combustor may be several orders of magnitude smaller.
Therefore, large-scale problems may require hundreds of thousands, if not millions,
of grid points. As the complexity of the problem increases, so does the number of
iterations required to reach a converged solution. The large number of grid points
and complicated physics often equate to long computation times, depending on the
available hardware. A calculation for a large industrial furnace with multiple burners
and the full set of physics, modeled on a typical workstation, can take literally weeks
to get a converged solution. Normally, multiple simulations of a given problem are
required to find the optimum set of operating conditions. However, it is rare that
weeks are available to obtain those solutions. This means that some simplification of
the problem is required. This usually involves fairly intimate knowledge of the
physics of the problem and preferably some prior knowledge of typical results. It is
usually desirable to have some base case against which the model results can be
compared to determine the validity of the numerical predictions. Sometimes, the
time, experience with related problems, and base case data are lacking so that the
modeler is left to use his or her best judgment in how to simplify a given problem.
Experienced users know the inherent dangers in blindly simplifying a problem in
order to get a ‘‘solution’’ within the time available.
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It is tempting to use only CFD to design new combustion equipment because it
is often much cheaper and faster than building prototypes, which are usually tested
first under controlled laboratory conditions before trying them out in actual field
installations. Further, it is also tempting to use CFD to guarantee the performance
of combustion equipment because it may be difficult, if not impossible, to test the
equipment in every conceivable type of application. Too much confidence in CFD
codes is potentially dangerous without proper experimental validation. A more
logical approach is to use a combination of numerical modeling in conjunction with
experimental measurements. CFD modeling can be used to dramatically reduce the
cycle times for developing new products by rapidly simulating and wide range of
configurations which would be both time-consuming and expensive to do with prototypes. CFD modeling can also be used to scale-up laboratory or field results from
one specific application to another type of application. Only proper experimental
validation can assure the user of the usefulness of the modeling results. Unfortunately, this step is often overlooked or ignored and can result in spurious predictions.

4.4.3

Equations

In this section, the equations are given without derivation for ﬂows in rectangular
coordinates. Equations for cylindrical and spherical coordinate systems are given in
Appendix E. A more complete discussion of these equations and there derivation is
given in many other places (e.g., [96]) and has not been repeated here for the sake of
brevity.
4.4.3.1

Fluid Dynamics

The unsteady equations of motion for an incompressible Newtonian ﬂuid with
constant viscosity in rectangular coordinates (x, y, z) are given as follows:
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where fi is some type of body force such as buoyancy.
In industrial combustion, it is normally assumed that the flows are of low
Mach number, which simplifies the fluid dynamics where the flow is incompressible
[97]. One of the earliest and still widely used algorithms was developed by Patankar
and Spalding [98,99]. The algorithm is known by the acronym SIMPLE, which
stands for semi-implicit pressure-linked equation.
A discussion of turbulence modeling has been adequately treated in many other
places and is only briefly considered here [100–124]. Spalding [125] discussed the
eddy break-up model for turbulent combustion. Prudnikov [126], Spalding [127],
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Bray [128,129], Pope [130], and Ashurst [131] have provided reviews of combustion
in turbulent flames. Jones and Whitelaw [132] compared some of the available
turbulence models against experimental data. Faeth [133] reviewed the interactions
between turbulence and heat and mass transfer processes in flames. Arpaci [134]
discussed a method for including the interaction between turbulence and radiation.
Yoshimoto et al. [135] gave a typical example of modeling a furnace using the k–"
turbulence model. A comparison of the numerical results against experimental
measurements is shown in Fig. 4.5. Lindstedt and Váos [136] gave a good discussion
of the closure problem using the Reynolds stress equations to solve turbulent flame
models. Swaminathan and Bilger [137] discussed the stationary laminar flamelet and
conditional moment closure submodels used for simulating turbulent combustion.
Bilger [138] modeled turbulent diffusion flames using cylindrical coordinates and the
following generalized governing equation:
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where x is the streamwise direction, u is the streamwise velocity, r is the radial
direction, v is the radial velocity,  is the density, eﬀ, and S are given in Table 4.1,
and  is the variable under consideration: 1, u~ , f~ (mixture fraction), k (turbulent
kinetic energy), " (eddy dissipation rate), or g (mixture fraction ﬂuctuations). The
formulation is based on Favre (mass-weighted) averaged quantities:

~ ¼


ð4:11Þ

where the overbar represents a conventional time average. The constants in Table 4.1
are empirical and were determined by matching predictions and measurements for
constant-density round jets.

Figure 4.5 Calculated heat flux rates to a furnace wall compared with experimental
measurements. (From Ref. 135. Courtesy of Taylor & Francis.)
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Table 4.1

Turbulence Model Parameters
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Source: Ref. 138. Courtesy of CRC Press.

Turbulence is very important in most industrial combustion applications that
involve high speed flows. Therefore, this phenomenon must be included in most
types of models if representative results are expected. Some examples of modeling of
swirling flows, which may be important in certain types of combustors, are given in
Sec. 4.5.1.
4.4.3.2

Heat Transfer

The energy equation for an incompressible ﬂuid can be written as
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The source term q_ contains the terms for calculating radiation which are dependent
on the absolute temperatures raised to the fourth power, which makes the system
highly nonlinear and much more diﬃcult to solve. One technique that is often
employed in numerical solution schemes is to ‘‘turn oﬀ’’ the radiation terms for some
of the calculations to allow the solution to stabilize and for the iterations to be
completed more quickly. For example, a particular solution scheme may only solve
for the radiation source term every 10 iterations.
The neglect of radiation cannot be justified in combustion system modeling
[78]. Nonluminous and luminous radiation can greatly complicate a problem because
of the spectral dependence of the solution. Cess and Tiwari [139] and Ludwig et al.
[140] gave a very extensive treatment of gaseous radiation, including the methods
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available at that time for analyzing those types of problems. They give different
techniques used for computing nonluminous radiation and both experimental and
computational data on a wide variety of gases, including CO, CO2, H2O, HCl, HF,
NO, and OH. Beér and coworkers [141,142] presented a discussion of some of the
early methods used for radiation analysis including the zone method and some of the
flux methods. Lowes et al. [143] reviewed some of the methods used to analyze
radiation in furnaces, including two flux and multi-flux models. Buckius and Tien
[144] showed that computations using nongray homogeneous and nonhomogeneous
radiation models for infrared flame radiation compared favorably with experimental
measurements. Crosbie and Dougherty [145] gave an extensive review of exact
methods for solving the radiative transport equation. However, it is noted that exact
solutions are not practical for engineering problems [78].
Wall et al. [146] used a simple zoned model using the Monte Carlo technique
for the radiative heat transfer in a pilot-scale furnace for oil and gas flames. They
used a convective coefficient of 5.8 W/m2-K (1.0 Btu/hr-ft2- F) for the transfer from
the gas to the furnace walls. Predictions showed good agreement with experimental
measurements. Hayasaka [147] described a method called radiative heat ray (RHR)
which is intended to model the actual radiation phenomenon from an atom, which is
claimed to be more computationally efficient than either the Hottel zone or Monte
Carlo methods. Bhattacharjee and Grosshandler [72,148] developed a model termed
the effective angle model (EAM), which promises computer storage and computational time savings compared to other models. The EAM should be effective for
calculating radiation in two-dimensional or cylindrical combustors with black walls
that have either a specified temperature or heat-flux condition. Viskanta and
Mengüç [149] gave an extensive review of radiative heat transfer in combustion
systems, including some simple examples. They note that the following characteristics are needed from a radiation model:
.
.
.

Capability of handling inhomogeneous and spectrally dependent properties.
Capability of handling highly anisotropic radiation fields due to large
temperature gradients and anisotropically scattering particles present in the
medium.
Compatibility with finite difference/finite element algorithms for solving
transport equations.

They also compared the different techniques for modeling radiative heat
transfer as shown in Table 4.2. Komornicki and Tomeczek [150] developed a
modification of the wide-band gas model for use in calculating flame radiation. The
model compared well against experimental data and both a narrow-band model and
an unmodified wide-band model. Soufiani and Djavdan [151] compared the
weighted sum of gray gases (WSGG) and the statistical narrow-band (SNB)
radiation models. The WSGG model is much less computationally intensive than the
SNB model. They found that the WSGG only introduced small errors when the gas
mixture was nearly isothermal and surrounded by cold walls. However, significant
inaccuracies were found when using the WSGG where large temperature gradients
existed. Lallemant et al. [152] compared nine popular total emissivity models used in
CFD modeling for H2O–CO2 homogenous mixtures with the exponential wide-band
model (EWBM) [153,154]. They recommended the use of the EWBM in conjunction
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Table 4.2

Comparison of Techniques for Modeling Radiative Heat Transfer

Method
Mean beam length

Remarks

Diﬀerential spherical harmonics,
moment

Approximation of RTE in terms
of the moments of intensity

Flux and discrete ordinates

Approximation of angular intensity distribution along discrete
directions and solutions of these
equations numerically

Simple, possible to include
detailed spectral information
Nonhomogeneities in temperature
and concentration of gases can
be accounted for

RTE is recast into a system of
diﬀerential equations; absorption and scattering can be
accounted for; compatible with
numerical algorithms for
solving transport equation
Flexible; higher order approximations are accurate; can account
for spectral absorption by gases
and scattering by particles;
compatible with numerical
algorithms for solving transport
equations

Disadvantages
Isothermal system; uncertain
accuracy; insuﬃcient detail;
diﬃcult to generalize
Cumbersome; restricted to
relatively simple geometries;
diﬃcult to account for scattering and spectral information of
gases; not compatible with
numerical algorithms for solving transport equations
Unknown accuracy as the
relationship between RTE and
the ﬂux equations is not always
explicit

Time consuming; requires iterative
solution of ﬁnite-diﬀerence
equations; simple ﬂux approximations are not accurate

Chapter 4

Zone

Approximation of radiation heat
ﬂux using concept of gas emissivity
Approximation of system by
ﬁnite-size zones containing
uniform temperature and
composition gases

Advantages

Solves RTE approximately along
a long-of-sight

Can use spectral information;
ﬂexible; compatible with
numerical algorithms

Monte Carlo

Simulation of physical process
using purely statistical techniques and following individual
photons
New procedures, relatively
untested, which use a combination of two or more methods

Flexibility for application to
complex geometries; absorption
and scattering by particles can
be accounted for
Diﬀerent methods can be developed to account for geometric
eﬀects; ﬂexible; may be compatible with the numerical
algorithm

Hybrid

Time consuming if scattering by
particles is to be accounted for;
accuracy is poor if few rays are
considered in scattering media
Can be time consuming; not
compatible with numerical
algorithms for solving transport
equations
Relatively untested; cannot be
generalized to all system
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Discrete transfer, ray tracing,
numerical

RTE ¼ radiation transport equation.
Source: Ref. 149. Courtesy of Gulf Publishing.
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with WSGG models. A more recent review by Carvalho and Farias [155] presents the
various models that have been used to simulate radiation in combustion systems.
These methods include:
.
.
.
.
.
.
.
.

The zone method, usually referred to as Hottel’s zonal method [156].
The Monte Carlo method, which is a statistical method [157].
Schuster–Hamaker-type flux models [2,158,159].
Schuster–Schwarzschild-type flux models [160–163].
Spherical harmonic flux models (P–N approximations) [164].
Discrete ordinates approximations [165–169].
Finite volume method [170,171].
Discrete transfer method [172–174].

A schematic of some of the popular radiation models is shown in Fig. 4.6 [77].
The discrete exchange factor (DEF) method has been used by Naraghi and
coworkers [175–177]. Denison and Webb [178] presented a spectral radiation
approach for generating WSGG models. Unlike some other methods, the absorption
coefficient is the modeled radiative property, which permits arbitrary solution of the
radiative transfer equation.

Figure 4.6 Common approaches to radiation modeling. (From Ref. 77. Courtesy of The
Combustion Institute.)
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Some examples of the application of various radiation models to industrial
combustion processes are given next. Siddall and Selcuk [179] describe the
application of the two-flux method to a process gas heater. Docherty and
Fairweather [174] showed that their predictions using the discrete-transfer method
for radiation from nonhomogeneous combustion products compared favorably with
narrow-band calculations, as shown in Fig. 4.7. Cloutman and Brookshaw [180]
described a numerical algorithm for solving radiative heat losses from an
experimental burner. Abdullin and Vafin [181] modeled the radiative properties of
a waterwall combustor to determine their effects on the heat transfer in a tube
furnace. They modeled downfired burners bounded by rows of vertical tubes with
the exhaust at the bottom of the furnace. The results showed peak heat fluxes at
about 20% of the distance from the ceiling and the floor, with radiation far
exceeding convection. As expected the tube emissivity was an important parameter
in the heat flux in the combustor. The partial pressure of the combustion products
also had an interesting effect because it affected the gas radiation and absorptivity.
The peak radiation to the waterwall was predicted for a gas partial pressure of the
combination of CO2 and H2O of 0.27 atm (0.27 barg).
Ahluwalia and Im [182] presented an improved technique for modeling the
radiative heat transfer in coal furnaces. Coal furnaces differ from gas-fired
combustion processes because of the presence of char and ash, which produce
significant quantities of luminous radiation. This improved technique was developed
to help solve three-dimensional spectral radiation transport equations for the case of
absorbing, emitting, and anisotropically scattering media, which are present in coal
systems. The incorporation of spectral radiation can significantly increase the
computational time and complexity, depending on how the spectra are discretized.

Figure 4.7 Predicted radiation intensity as a function of path length for narrow-band and
discrete transfer radiation models. (From Ref. 174. Courtesy of The Combustion Institute.)
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The technique is a hybrid combination of the discrete ordinate method (S4) [183],
modified differential approximation (MDA) [184], and P1 approximation for use in
different ranges of optical thicknesses. It combines a char burnout model and
spectroscopic data for H2O, CO2, CO, char, soot, and ash. It is used to determine the
influence of ash composition, ash content, and coal preparation on heat absorption
by the furnace. In the simulation of an 80 MWe corner-fired coal boiler, predicted
wall heat fluxes ranging from approximately 100 to 600 kW/m2 (32,000–190,000 Btu/
hr-ft2) compared favorably with experimental measurements.
Song and Viskanta [185] discuss the modeling of radiation and turbulence as
applied to combustion. Figure 4.8 shows the predicted heat flux for models with and
without turbulence/radiation interactions. Köylü and Faeth [186] discuss modeling
the properties of flame-generated soot. They evaluated approximate methods for
calculating the following properties for both individual aggregates and polydisperse
aggregate populations: the Rayleigh scattering approximation [187], Mie scattering
for an equivalent sphere [188], and Rayleigh–Debye–Gans (R-D-G) scattering [189]
for both given and fractal aggregates. Available measurements and computer
simulations were not adequate to evaluate the approximate prediction methods
properly. Given those limitations, Rayleigh scattering generally underestimated
scattering, Mie scattering for an equivalent sphere was unreliable, and R-D-G
scattering gave the most reliable results. Bressloff et al. [190] presented a coupled
strategy for predicting soot and gas species concentrations, and radiative exchange in
turbulent combustion. Good agreement was found with experimental data on
temperature, mixture fraction, and soot volume fraction. Bai et al. [191] discuss soot
modeling in turbulent jet diffusion flames. Brookes and Moss [192] showed the
intimate connection between soot production and flame radiation, which must be
accurately accounted for in modeling.

Figure 4.8 Heat flux distributions along the sink: comparison of the total (convective þ
radiative) with and without turbulence/radiation interactions. (From Ref. 23. Courtesy of
CRC Press.)
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Numerous methods exist for modeling the nonluminous spectral radiation
from combustion products like H2O, CO2, and CO. Wide-band models were the
first to be used because they are the simplest to implement [193,194]. More
advanced models incorporated narrow-band approximations. Taine [195] and
Hartmann et al. [196] have computed line-by-line calculations for single absorption
bands of CO2 and H2O, respectively. Goody [197] developed a statistical narrowband model. Properties used in the band models are often taken from Ludwig et al.
[140]. Song et al. [198] used a statistical narrow-band hybrid model to calculate the
gaseous radiation heat transfer in a side-port-fired glass furnace firing on natural
gas. This study showed the need to include spectral calculations because a graymedium assumption overestimates the heat transfer and produces inconsistent
results [199].
4.4.3.3

Chemistry

Many schemes have been proposed for the number of equations and reaction rates
that may be used to simulate combustion reactions. One that has commonly been
used is known as CHEMKINTM, which was developed at Sandia National Labs
[200]. Another source of chemical kinetic data is a database, formed through
funding by the Gas Research Institute (Chicago, IL), known as GRI-Mech [201].
The National Institute of Standards and Technology or NIST (Washington, DC)
has also assembled and maintains a very extensive database (over 37,000 separate
reactions for over 11,400 distinct reactant pairs) of chemical kinetic data taken
from over 11,000 papers [202]. The CEC Group on Evaluation of Kinetic Data for
Combustion Modeling was established by the European Energy Research and
Development Programme to compile a database of critically evaluated chemical
kinetic data [203,204]. Gaz de France has sponsored research towards improving
the chemical kinetic modeling of natural gas combustion [205]. Gardiner [206],
Sloane [207], and Libby and Williams [208] have edited books concerning
combustion chemistry. Golden [209] reviewed the rate parameters used in
combustion chemistry modeling. A number of papers have been written which
discuss chemistry in combustion processes [210–219]. Some papers speciﬁcally
consider the interaction of turbulence with chemical reactions [220], and some
other papers speciﬁcally consider the interaction between radiation and
chemistry [221].
One approach that has been used to simplify the chemistry in combustion
modeling is to use a statistical approach referred to as the probability density
function (PDF) approach [222,223]. This is coupled with the solution of the energy
and momentum equations along with the species equations. The PDF approach is
most suited to turbulent, reactive flows since the complex chemical reactions can be
treated without modeling assumptions [224]. However, some simplifications are
usually required because of the excess computer time requirement for complete PDF
modeling.
Modeling soot formation in flames is also a challenging aspect of the
simulation. Coelho and Carvalho [225] compared different soot formation models
for turbulent diffusion propane flames with 500 C (930 F) air preheat. They used the
soot formation models given by Khan and Greeves [226] and Stewart et al. [227].
They used soot oxidation models given by Magnussen and Hjertager [228], Lee et al.
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[229], and Nagle and Strickland-Constable [230]. By comparing with available soot
data, it was found that the Stewart et al. model gave better predictions than the
Khan and Greeves model, once the constants were properly tuned. There were not
enough data to determine which soot oxidation model gave the best predictions.
Delichatsios and Orloff [231] studied the interaction between luminous flame
radiation and turbulence. They concluded that soot formation was determined by
the straining rate of the small (Kolmogorov) scales. Boerstoel et al. [232] found that
experimental data compared favorably with several different soot formation and
oxidation models for a high-temperature furnace. Said et al. [233] proposed a simple
two-equation model for soot formation and oxidation in turbulent flames. Xu et al.
[234] studied the soot produced by fuel-rich, oxygen/methane, atmospheric pressure
laminar premixed flames. Their measurements showed good agreement with the soot
computational models proposed by Frenklach and Wang [235] and Leung and
Lindstedt [236].
In certain industrial heating processes, there may be additional chemical
reactions besides those involved in the combustion. The additional reactions may
come from the material processing in the combustor or they may also come from
downstream processing of the exhaust gases, especially in the case of many of the
post-treatment pollutant-reduction technologies such as selective noncatalytic
reduction (SNCR) or methane reburn for NOx reduction. In the latter case, it
may be argued that the downstream treatment technologies involving combustion
are a part of the overall combustion system. Several examples will suffice to illustrate
these ‘‘other’’ chemical reactions. In the glass-melting process, there are many
chemical reactions produced during the melt-in of the incoming batch materials
including the production of CO2 and some corrosive species. In the flash smelting
process used for the processing of copper, there are many chemical reactions
involving copper, sulfur, and iron, which are separate from the combustion
reactions. In the methane reburn NOx reduction technology, methane is injected
downstream of the main combustion zone where it chemically reduces much of the
NO generated in the flame region back to N2 and O2. It is not the purpose here to
detail the noncombustion reactions, but merely to point out that they may need to be
included in the model as they are directly or indirectly coupled with the combustion
system.

4.4.3.4

Multiple Phases

In some combustion systems, multiple phases are present. The most notable
involve the combustion of liquid and solid fuels. In the case of a liquid fuel, the
fuel is atomized or vaporized into a ﬁne spray which can then be combusted. In the
case of a solid fuel, the fuel normally must be ﬁnely ground so that complete
combustion can be achieved. In both cases, the modeling eﬀort is signiﬁcantly
complicated. In the United States, the vast majority of industrial combustion
processes use gaseous fuels. Therefore, modeling the combustion of liquid or solid
fuels will not be treated here. It is recommended that the interested reader should
consult some of the numerous references that are available for liquid and solid fuel
combustion modelling, which are given throughout this chapter and in the general
references cited in Chap. 1.
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Boundary and Initial Conditions

There are several types of boundary condition that may be applicable to a particular
problem, depending on the speciﬁc conditions. For the sake of argument, a twodimensional rectangular coordinate system (x, y) will be used for illustration
purposes. A boundary condition of the ﬁrst kind is where a variable is speciﬁed as
a function along a given boundary:
 ¼ f ðx, y,  Þ

ð4:14Þ

where  is the variable and  is time. Examples include a constant-temperature wall
t(x, y ¼ 0, ) ¼ 2000 F or a constant inlet velocity u(x ¼ 0, y, ) ¼ 100 ft/sec. If the
scalar is zero everywhere on a given boundary, this is referred to as a homogeneous
boundary condition of the ﬁrst kind.
A boundary condition of the second kind is when the gradient of a variable is
a function of the position and time:
@
¼ f ðx, y,  Þ
@n

ð4:15Þ

where n is the normal to a surface. An example would be a constant-heat ﬂux at
a horizontal wall: @t=@yðy ¼ 0Þ ¼ 100 Btu/ft2-hr. If the gradient is equal to zero
everywhere on a boundary, this is known as a homogeneous boundary condition of
the second kind.
A boundary condition of the third kind is a linear combination of the first and
second kinds:
a þ b

@
¼ f ðx, y,  Þ
@n

ð4:16Þ

where a and b are functions not dependent on , and n is the normal to a surface. An
example would be where the convection to a surface is equal to the conduction into
the surface: k@t=@yðy ¼ 0Þ þ ht1 ¼ ht0 , where k is the thermal conductivity of the
solid and h is the convection coeﬃcient. If the function is equal to zero everywhere
on a boundary, this is known as a homogeneous boundary condition of the third
kind.
These three types cover many common boundary conditions. There are also
other types of boundary conditions that do not fit those types. For example, a
radiative boundary condition is a function of a fourth-power temperature law, which
makes it highly nonlinear. These types of boundary condition are sometimes
approximated by boundary conditions of the third kind where it is possible to
simplify the solution to the problem.
Each type of equation (conservation of mass, momentum, species, etc.) must
have a sufficient number of boundary conditions to yield a unique solution. A simple
example will illustrate this. The steady-state, one-dimensional heat conduction
through an infinitely long slab of finite width can be written as
q ¼ k

@t
@x
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This equation can be integrated to ﬁnd the heat ﬂux through the slab:
Z

x¼b

Z
qdx ¼ 

x¼a

x¼b
x¼a

@t
dx ¼ k½tðx ¼ bÞ  tðx ¼ aÞ
@x

ð4:18Þ

where it has been assumed that the thermal conductivity k is a constant. Boundary
conditions of the ﬁrst kind are needed at each side of the slab to obtain a unique
solution.
Initial conditions refer to the conditions which exist at time ¼ zero. If the
problem is steady-state, then no initial conditions are required. However, for
transient problems, the initial conditions must be specified for all variables, prior to
initiating the computations for obtaining unique solution.
4.4.4.1

Inlets and Outlets

The simplest type of inlet condition is to have uniform scalar and vector properties,
such as a ﬂuid ﬂowing into a chamber at constant temperature, pressure, and
velocity, with a single species. This applies to many problems, but there are many
more that are not quite so simple. Many problems have some type of velocity proﬁle
at the inlet, for example, gases ﬂowing through a pipe entering a burner. A blended
fuel with multiple constituents needs the capability of having multiple species in a
single inlet stream. These nonuniform inlet conditions are available in commercial
codes.
In older commercial software packages, outlet cells were specified as such but
no other conditions could be assigned to them. Newer packages now have the
capability of specifying outlet conditions. For many problems where the fluids flow
strictly out of the system, this is not necessary. However, for problems with
recirculating flows, it is often possible that gases may be drawn into the system
through some of the ‘‘outlet’’ cells. This can be useful for including, for example,
ambient air infiltration into a furnace.
4.4.4.2

Surfaces

The primary variables used most often for surfaces are constant temperature or
constant heat ﬂux. It is also possible to put in temperature and heat ﬂux proﬁles.
Newer codes also have provisions to put in the thermal conductivity as a function of
temperature for the wall to calculate conduction through the walls. Radiation
characteristics such as emissivity can also be speciﬁed for surfaces. This is important
for virtually all industrial combustion problems. Many codes also have the provision
to put in porous surfaces for gases to ﬂow through. These are especially relevant for
simulating porous refractory burners.
4.4.4.3

Symmetry

There are many problems having some type of symmetry which can be used to
reduce the number of computations needed to simulate a combustion system. One
type of symmetry is where, for example, the left half of a furnace is a mirror image
of the right half. In that case, only one of the halves needs to be modeled, with
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a symmetry boundary condition along the axis of symmetry in the middle of the
furnace. Another type of symmetry is slice symmetry where only a single slice of a
furnace is modeled to reduce the computation time. For example, a furnace with
multiple burners symmetrically located on both sides would be time consuming to
model accurately. A single burner in the middle of a side could be modeled with
symmetry boundary conditions on both sides and on one end (the middle of the
furnace). Although the symmetry is not strictly correct as the exhaust is typically at
one of the furnace ends, the symmetry model may have suﬃcient accuracy for the
problem under consideration, for example, the heat ﬂux rates to the wall or to the
load. Another example of where a symmetry boundary condition can be used is in a
cylindrical furnace that has burners located symmetrically located on one end of the
furnace. For example, assume that the furnace has six burners located on one end of
the cylinder and ﬁring into the cylinder. Assuming that these burners are located
symmetrically every 60 around the wall, only one-sixth of the furnace needs to be
simulated where periodic symmetric boundary conditions are used to simulate a
single slice. The beauty of the codes available today is that the results for the entire
furnace can be displayed if desired even though only a fraction was actually modeled.

4.4.5

Discretization

As CFD initially developed, the physical space being modeled was discretized into
many smaller spaces in order to convert the partial diﬀerential equations into
algebraic equations. In general, the more grids used the higher the accuracy.
Unfortunately, this often meant that solutions were grid dependent. That is, diﬀerent
solutions were computed for diﬀerent size grids. Therefore, it was often necessary to
run many simulations with diﬀerent size grids in order to ﬁnd the relationship
between the grid and the solution so that a truly grid-independent solution could be
found. This was very computationally intensive. Early codes only had the capability
of a uniform grid everywhere. Later codes had provisions for varying grid sizes so
that only ﬁne gridding was used in areas of high gradients while a coarser grid could
be used where variables were only changing slowly. The newest codes have adaptive
grid capability where the grid is automatically adjusted by the code to achieve the
optimal mesh for a given problem under the constraints given by the user. Another
grid improvement over early codes is known as boundary-ﬁtted coordinates (BFC),
where smooth curving surfaces can be simulated as such without having to do a stairstep approximation that was previously necessary for orthogonal gridding methods.
This section brieﬂy discusses the various approaches that are commonly used for
discretizing CFD problems.
4.4.5.1

Finite Difference

Özisik [237] discusses the general use of the ﬁnite diﬀerence technique in heat transfer
and ﬂuid ﬂow problems, but without reactions. Figure 4.9 shows a typical grid for
the ﬁnite diﬀerence method. The ﬁnite diﬀerence technique is one of the oldest
methods for numerically solving ﬂuid-ﬂow problems and dates back to at least 1910
[23]. In the ﬁnite diﬀerence method, the diﬀerential ﬂuid-ﬂow equations are replaced
by discrete diﬀerence approximations. The gridwork of points used to compute these
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Figure 4.9

Finite difference grid with boundary condition. (From Ref. 23. Courtesy of

CRC Press.)

approximations is known as the ﬁnite diﬀerence grid, which is regularly spaced for
optimal problem convergence. The regular spacing is one of the largest constraints
for using this method. It is possible for some problems to convert irregularly spaced
grid points into regular spacing by means of a transformation, but it is often diﬃcult
to determine the transformation for complicated problems. Forward, centered, and
backward diﬀerencing schemes may be used. To illustrate this, assume that there is
a two-dimensional curve with the function y ¼ f(x). Take three points on the curve:
[x0, f (x0)], [x1, f (x1)], and [x2, f (x2)], where x1 is spaced at x from x0 and x2 is
spaced x from x1. Then the slope (m) of the line f (x) at x1 may be approximated
with diﬀerence equations using a forward diﬀerence technique:
mforward ¼

f ðx2 Þ  f ðx1 Þ f ðx1 þ xÞ  f ðx1 Þ
¼
x2  x1
x

ð4:19Þ

The slope of the line may be estimated using a backward diﬀerence technique:
mbackward ¼

f ðx1 Þ  f ðx0 Þ f ðx1 Þ  f ðx1  xÞ
¼
x1  x0
x

ð4:20Þ

Or the slope of the line may be estimated using a centered diﬀerence technique:
mcentered ¼

f ðx2 Þ  f ðx0 Þ f ðx1 þ xÞ  f ðx1  xÞ
¼
x2  x 0
2x

ð4:21Þ

This same type of discretization is used to solve the ﬂuid-ﬂow equations in diﬀerence
form. The centered diﬀerence technique often produces the fastest rate of
convergence in most problems.
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Finite Volume

The ﬁnite volume technique is probably the most popular in commercial codes,
possibly because it has been used since the earliest days of commercial CFD codes.
Figure 4.10 shows a typical two-dimensional grid for the ﬁnite volume method. This
technique developed from a modiﬁcation of the ﬁnite diﬀerence technique, in order
to solve more complicated ﬂow geometries [23]. In this method, ﬁnite volumes are
used around each grid point to calculate the discretized ﬂuid-ﬂow equations, along
with neighboring grid points. In the ﬁgure, the point of interest is (i, j), which
communicates with its neighboring grid points (i + 1, j), (i, j + 1), (i1, j), and
(i, j1) through the four faces of the hatched volume around (i, j). In this method,
the spacing between points does not need to be equal, nor does the size of the control
volumes. The diﬀerential equations are then discretized in terms of control volumes
and ﬂuxes through the faces (see Ref. 99 for the discretized ﬁnite volume equations).
Murthy and Mathur [238] discuss the use of unstructured mesh (see Fig. 4.11) ﬁnite
volume methods for combustion problems.
4.4.5.3

Finite Element

Reddy and Gartling [239] present the general use of the ﬁnite diﬀerence technique in
heat transfer and ﬂuid-ﬂow problems, but without reactions. This technique is well
known for solving solid modeling problems to predict, for example, stresses in a
deformed solid body. It has only relatively recently been applied to ﬂuid-ﬂow
problems. The fundamental diﬀerence between the ﬁnite element, ﬁnite diﬀerence,
and ﬁnite volume techniques is that the ﬁnite element technique uses the integral
equations for ﬂuid ﬂow, rather than the diﬀerential equations. The ﬂuid-ﬂow
equations are discretized in terms of ﬂux vectors. Some functional form is assumed
for the approximation that will be used to solve the integral equations, where the
time and space independent variables are separated. Various solution techniques are
then used to solve the resulting integral equations with the assumed approximation

Figure 4.10

Finite volume grid and control volumes. (From Ref. 27. Courtesy of CRC

Press.)
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Figure 4.11

Nonconformal mesh adaptation. (From Ref. 9. Courtesy of CRC Press.)

form. A common method is to assume that the solution is in the form of a
polynomial, where the coeﬃcients in the polynomial are then solved numerically to
obtain the best approximation for the assumed form. The reader should consult the
relevant references for more details on this technique [23,24,238].
4.4.5.4

Mixed

Pember et al. [97] used a hybrid discretization scheme to simulate an industrial
burner. Their grid consisted of uniform rectangular cells everywhere except at the
furnace walls for which they used ﬁnite elements to solve what they called mixed cells
where the cells contained some ﬂuid and some solid boundary. This method was
termed an ‘‘embedded boundary method’’ and was oﬀered as an alternative to using
body-ﬁtted coordinates.
4.4.5.5

None

As discussed for the vortex methods of solution (see Sec. 4.2.1.2), no discretization of
the space is used to simulate the ﬂuid ﬂow. Instead, the properties of the vortices are
tracked as they evolve and dissipate, without regard to any grid system. This is
a more accurate way of simulating the space as it eliminates the problems of how
to discretize the space. There are also no problems with the numerical errors associated with discretization.
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Solution Methods

Shyy and Mittal [240] give a number of common methods used to solve the Navier–
Stokes equations. In most cases, the objective is to reduce integro-diﬀerential
equations into algebraic equations, usually by discretization, that can then be solved
in a variety of ways. The choice for the solution method depends on the type of
problem, especially as to whether the problem can be linearized or not. Linearized
equations are commonly put into matrix form and then solved using a variety of
available matrix reduction techniques, such as the Gauss elimination method, the
Thomas algorithm, Gauss–Seidel iteration, successive over-relaxation, red and black
ordering scheme, or LU (lower/upper triangular) decomposition. Nonlinear systems
may be solved with other techniques such as Newton–Raphson Iteration.
Bilger [241] describes the use of the conditional moment closure (CMC)
method for modeling nonpremixed turbulent combustion, including pollution
emissions. This is a relatively new technique, which has shown promising results
compared to experimental measurements and direct numerical simulations. One
advantage is that it is not as computationally intensive as some other methods, which
makes it attractive for use in combustion pollution modeling. Larroya et al. [242]
describe a new Monte Carlo method for solving the PDF equations in turbulent
combustion modeling. The CPU time and memory requirements are too high to use
the method for simulating actual combustors at this time.

4.4.7

Model Validation

Roache [243] has written an entire book about veriﬁcation and validation of
computation ﬂuid dynamics modeling. He notes the distinction between veriﬁcation
(‘‘solving the equations right’’) and validation (‘‘solving the right equations’’). Here,
no discussion will be given on veriﬁcation as this is available in any good CFD book
(including the book by Roache), which as Roache notes is a more mathematical
issue. For the purposes of this section, it will be assumed that the mathematical
models in a given code have been properly debugged and produce reliable results
within a given accuracy range. Of more concern in combustion modeling is
validation, to make sure the appropriate physics are being used for the problem
under consideration and that those physics are properly simulated. Validation is a
much more diﬃcult problem than veriﬁcation, especially in combustion simulations,
due to the diﬃculties of making relevant and accurate measurements in harsh
environments.
One of the seductive aspects of computer modeling is that virtually any type of
problem can be simulated. How a problem is modeled depends on many things, but
if enough assumptions are made it is possible to generate computational ‘‘results.’’
For the naı̈ve and inexperienced, the tendency may be to believe anything that is
generated on a computer, because how can a computer be wrong. The caveat
‘‘garbage in, garbage out’’ definitely applies to computer modeling of complex
industrial combustion problems. Any given problem may have many assumptions
that need to be made, so the results are only as good as the model and the
accompanying assumptions. Paraphrasing an anonymous researcher: ‘‘Everyone
believes a computer analysis except the one who did it, and no one believes
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experimental results except the one who made them.’’ This is to say that most people
inherently realize the difficulties of making experimental measurements in complex
geometries, but most naturally believe the results generated by a computer.
As any good modeler knows, a model is only as good as its validation. Models
must be constantly be tested against experimental measurements when they are
applied to new problems. Model validation is particularly difficult for industrial
combustion problems because of the difficulty in making measurements in harsh
environments and because of the cost involved in making those measurements. Most
measurements made in industrial combustors are with intrusive water-cooled probes
because many of the nonintrusive laser-based techniques have not been developed
yet for large scales, are not rugged enough for the environments, or are too costly to
use outside the laboratory. These intrusive probes are often larger than those used in
laboratories because more water cooling is required in high-temperature combustors.
Therefore, the flow is disturbed by the probes, which makes it more difficult to
compare the measurements with the modeling results. In general, there are relatively
few experimental data available for industrial combustors with sufficient information to do a complete model validation. This is an important research need for the
future to generate comprehensive data sets in a wide range of industrial combustion
systems which can be used for model validation. Some typical model validation cases
are given next that are representative of those available to date.
Fiveland et al. [244] presented four validation cases for comparison against
codes developed by Babcock and Wilcox (Alliance, OH). Although the codes are
primarily directed at large-scale boilers, the validations were done for a broader
range of cases including flow in a curved duct, nonreacting flow and natural gas
combustion in a swirl-stabilized flame, and swirling-flow coal combustion in a onesixth scale model of a utility boiler. Kaufman and Fiveland [245] generated a large
set of experimental data for the swirl-stabilized natural gas flame case in the Burner
Engineering Research Laboratory at Sandia National Laboratories (Livermore, CA)
as part of a program partially funded by the Gas Research Institute (Chicago, IL).
These data were used for the model validation. The model results were generally very
good, except in the recirculation zones. Further work was recommended to improve
the chemistry and turbulence models.

4.5

INDUSTRIAL COMBUSTION EXAMPLES

The two major parts of industrial combustion problems include the burners and
the combustors. Often these are modeled separately for a variety of reasons as
previously discussed. Examples of modeling diﬀerent types of burners and combustors are given next.

4.5.1

Burner Modeling

There have been numerous papers on modeling industrial burners. A sampling of
references are given for modeling such burners:
.
.

Radiant tube burners [246–248]
Tubular burners [249]
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Swirl burners [250,251]
Pulse combustion burner [252]
Porous radiant burners [253–258]
Industrial hydrogen sulfide burner [259]

Butler et al. [260] gave a general discussion of modeling burners using the finite
volume techniques. Schmücker and Leyens [261] described the use of CFD to design
a new nozzle-mix burner referred to as the Delta Burner. Schmidt et al. [262]
described the use of CFD to redesign a burner, originally firing on coal, to fire on
natural gas for use in a rotary kiln. Gershtein and Baukal [263] discuss the use of
CFD to develop new burner designs. Figure 4.12 shows an oxy/fuel burner designed
to produce flat-shaped flames for melting glass. Figure 4.13 shows the predicted flow
field inside the burner using FLUENT.
Modeling radiant burners poses the additional challenge of simulating a
porous medium [264]. Perrin et al. [265] discuss the use of a numerical model for the
design of a single-ended radiant tube for immersion in and heating of a bath of
molten zinc. A sample result of the temperature and heat flux distribution from the
tube is shown in Fig. 4.14. As can be seen, most of the heat transfer is by radiation.
Hackert et al. [266] simulated the combustion and heat transfer in two-dimensional
porous burners. Two different porous geometries were simulated: a honeycomb
consisting of parallel nonconnecting passages and a separated plate geometry
consisting of parallel but broken walls where there was no continuous solid path,
which minimized the importance of solid conduction. Spatial calculated temperatures compared favorably with measured values. The radiant efficiency in the stable
region of the flame ranged from 15 to 17 and 22% for the two geometries,

Photo of CleanfireÕ ; flat flame burner body without the burner block. (From
Ref. 9. Courtesy of CRC Press.)

Figure 4.12
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Figure 4.13 Predicted flow field inside a burner used to produce a flat flame for glass
melting. (From Ref. 263. Courtesy of CRC Press.)

Figure 4.14 Predicted temperature and heat flux on the shell of a single-ended radiant tube
immersed in molten zinc. (From Ref. 265. Courtesy of the Amer. Society of Metals.)
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respectively. They determined a volumetric Nu of 5.4  0.3, regardless of burning
rate or pore size, for the separated plates geometry, which compares favorably with
other values reported in the literature. Fu et al. [267] used a one-dimensional model
to simulate the performance of a porous radiant burner. The model accounted for
the interaction of convection, conduction, radiation and chemical reaction in the
burner, which consisted of two layers of reticulated ceramics having different
porosities. The model showed that the radiant efficiency increased with the
volumetric heat-transfer coefficient and the effective thermal conductivity of the
solid matrix and decreased when the firing rate increased and the equivalence ratio
decreased.

4.5.2

Combustor Modeling

Numerous papers have been presented over the past few decades on modeling of
industrial combustors. Some of the earliest work was done at Imperial College
(U.K.) [2,268,269]. A sampling of references are given for modeling industrial
combustors:
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

General combustors and boilers [270–285]
Pulse combustion system [286–289]
Glass furnaces [290–296]
Aluminum reverberatory furnaces (see Fig. 4.15) [263,297]
Metal reheat furnaces [47,298–302]
Radiant tube batch furnace [303]
Flash smelting furnaces [304,305]
Cokeless natural gas-fired cupola metal-melting furnace [306]
Industrial coal combustors [307–311]
Steam reformers for liquefied petroleum gas conversion [312]
Fluid catalytic crackers [313,314]
Furnace for carbon black production [315]
Rotary hearth calciners [316]
Rotary kilns [319]
Cement rotary kiln [319]
Vertical lime kilns [320]
Roller kiln for ceramics production [321]
Generic oxy/fuel-fired furnace [322]
Rotary kiln incinerator [323–325]
Municipal solid-waste incinerator [326,327]
Hazardous waste incineration furnace [328]
Even baking ovens [329].

Carvalho and Nogueira [330] modeled glass-melting furnaces, cement kilns,
and baking ovens. Song and Viskanta [331] did a parametric study of the thermal
performance of a generic natural gas-fired furnace. Some papers have specifically
focused on radiation modeling in combustors [332], and some other papers have
considered swirling flows in furnaces [333,334].
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Figure 4.15 Horizontal temperature distribution through the burner level in an aluminum
furnace: (a) air/fuel case; (b) air–oxy/fuel case; and (c) oxy/fuel case. (From Ref. 263. Courtesy
of CRC Press.)
Carvalho and Nogueira [335] reviewed the modeling of industrial glass-melting
processes. They noted that modeling glass melting is especially important because of
the difficulty in making measurements due to the very high temperatures and
corrosive environment. The models are useful for improving glass quality, increasing
Copyright © 2004 Marcel Dekker, Inc.

Computer Modeling

179

thermal efficiency, reducing pollution emissions, and improving equipment
reliability. They recommended further research in simulating flow modeling, batch
melting, fining and refining, foam formation/elimination, homogenizing, refractories, radiative transfer, and the mass transfer between the glass melt and the
combustion chamber. Glass modeling is particularly difficult if the combustion
space and molten glass are coupled together because of the large disparity in flow
types. The combustion space may have turbulent gas flow while the molten glass
is very low-speed flow of a highly viscous material. The system is further
complicated by the transparent radiative characteristic of the glass and by the
chemical reactions occurring in both the gas space and liquid glass phase. In many
cases, electrodes are located in the liquid glass and gases may be bubbled through the
glass to stimulate stirring and circulation patterns in the glass. The load consists of
fine solid materials at the inlet of the tank and liquid glass at the outlet of the tank.
Despite this complexity, models have been successfully used to further the
understanding of and improve the glass production process. Paarhuis et al. [336]
modeled the coupling of the molten glass and the combustion space above the
molten glass in a typical glass furnace. Numerical predictions were in good
agreement with experimental data. The primary emphases of the study were
temperatures and heat fluxes in the furnace.
Viskanta and coworkers did parametric computational studies of both directand indirect-fired furnaces [337–340]. Chapman et al. [337] presented the results of
parametric studies of a direct-fired continuous reheating furnace. They developed
a simplified mathematical model that accurately calculated the heat balance
throughout the furnace. The combustion space was divided into zones that were
considered to be well-stirred reactors. The load in each zone was further subdivided
into smaller control volumes. Radiation was modeled using Hottel’s zone method.
A primary objective of the study was to compute the furnace thermal efficiency as
a function of a variety of parameters including the load velocity, load emissivity,
furnace combustion space height, and refractory emissivity. The furnace efficiency
increased rapidly with the initial increase in load velocity and then leveled off with
further increases in velocity. The load heat flux was relatively insensitive to the load
velocity, except for the lowest speed where the flux was considerably lower. The heat
flux to the load was most sensitive to the load emissivity, but was relatively
insensitive to the height of the combustion space. Although the model used in the
study was fairly simple, with no detailed fluid-flow calculations, it was useful for
studying a wide range of values for different parameters, which makes it a valuable
design tool for studying other configurations. In a companion study, Chapman et al.
[338] also did a parametric modeling study of direct-fired batch reheating furnaces.
Again it was shown that the heat flux to the load was very sensitive to the emissivity
of the load. Chapman et al. [340] modeled a direct-fired metal reheat furnace with
impinging flame jets. The model simulated an actual steel reheat furnace at an Inland
Steel Co. plant in East Chicago, IN.
Henneke et al. [3] modeled an ethylene cracking furnace containing radiant
wall burners and tubes to carry the hydrocarbons being processed in the furnace.
Fig. 4.16 shows a view inside the furnace including gas flow patterns near the
burners. Fig. 4.17 shows the geometry of half a xylene reboiler furnace being
modeled. Fig. 4.18 shows predicted oxygen concentrations in a thermal oxidizer
designed to destroy chlorinated hydrocarbons.
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Figure 4.16 Flow patterns inside a simulated ethylene cracking furnace containing radiant
wall burners. (From Ref. 3. Courtesy of John Zink Co.)

Figure 4.17 Geometry of a xylene reboiler showing half of the furnace and three of the six
burners in the bottom of the furnace. (From Ref. 3. Courtesy of John Zink Co.)
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Figure 4.18 Oxygen mass fraction contours in a thermal oxidizer for destroying chlorinated
hydrocarbons. (From Ref. 3. Courtesy of John Zink Co.)

4.5.3

Combustion Pollution Modeling

Some glass furnace combustion models have included only the thermal NOx
mechanism [341], while others (typically based on FLUENT [342]) have included all
of the mechanisms [343–345]. May et al. [346] used CFD to model high-temperature
processes in glass furnaces to study the eﬀect of furnace design on NOx formation.
The model included turbulent-chemistry interactions and spectral radiation eﬀects. It
also included air preheating, which is commonly used in glass furnaces. Both thermal
and prompt NOx reactions were included. A parametric study of the geometry
showed that increasing the inside height of the furnace reduced NOx emissions.
Further parametric studies were recommended to optimize the furnace design for
both low emissions and high thermal eﬃciency.
Droesbeke et al. [347] modeled the NOx emissions from an industrial burner;
NOx reductions using flue gas recirculation were numerically shown. Yamashita
et al. [348] numerically modeled steam injection in counterflow diffusion flames as
a technique for reducing NOx emissions. Holmes [349] used CFD to model a newly
developed burner designed for use in a variety of industrial applications including
continuous reheating and aluminum melting that incorporated dilution, staging, and
flameless combustion to minimize NOx emissions. Zakaria et al. [350] have modeled
NOx emissions from a municipal solid-waste incinerator. This is a particularly
challenging modeling problem because of the added complexities of volatilization,
pyrolysis, and gasification of the solid-waste materials.
Johnson et al. [351] described the use of optimization software used in
conjunction with CFD to find the best design according to preset criteria. The
optimization was successfully demonstrated to find the optimum shape of a
combustor to minimize CO emissions in the exhaust. Only a relatively minor change
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in geometry significantly reduced the CO emissions. The combustor internal
diameter was slightly increased and the geometry near the burner was modified to
eliminate a recirculation region.
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289. E Lundgren, U Marksten, S-I Möller. The Enhancement of Heat Transfer in the Tail
Pipe of a Pulse Combustor. Twenty-Seventh Symposium (International) on Combustion.
The Combustion Institute, Pittsburgh, PA, pp. 3215–3220, 1998.

Copyright © 2004 Marcel Dekker, Inc.

Computer Modeling
290.

291.
292.
293.
294.

295.
296.

297.

298.

299.
300.

301.

302.

303.

304.

305.

306.

197

AD Gosman, FC Lockwood, IEA Megahed, NG Shah. The Prediction of
the Flow, Reaction and Heat Transfer in the Combustion Chamber of a Glass
Furnace. In AIAA 18th Aerospace Sciences Meeting, Pasadena, CA, pp. 14–46,
Jan. 1980.
L Post, CJ Hoogendoorn. Heat transfer in gas-fired glass furnaces. VDI, Berichte, No.
645, pp. 457–466, 1987.
CJ Hoogendoorn, L Post, JA Wieringa. Modelling of combustion and heat transfer in
glass furnaces, Glastech. Ber. Vol. 63, No. 1, pp. 7–12, 1990.
VB Kut’in, SN Gushchin, VG Lisienko. Heat transfer in the cross-fired glass furnace.
Glass Ceramics, Vol. 54, Nos. 5–6, pp. 135–138, 1997.
MG Carvalho, M Nogueira, J Wang. Mathematical Modelling of the Glass Melting
Industrial Process. In Proceedings of XVII International Congress on Glass. Beijing:
International Academic Publishers, Vol. 6, pp. 69–74, 1995.
VB Kut’in, SN Gushchin, VG Lisienko. Heat exchange in the cross-fired glass furnace.
Glass Ceramics, Vol. 54, Nos. 5–6, pp. 172–174, 1997.
BC Hoke, P Schill. CFD Modeling for the Glass Industry. In Computational Fluid
Dynamics in Industrial Combustion, ed. CE Baukal, VY Gershtein, X Li. Boca Raton,
FL: CRC Press, 2001.
VY Gershtein, CE Baukal. Model Prediction Comparison for Aluminum Reverberatory Furnace Firing on Air-, Air-Oxy-, and Oxy/Fuel. Presented at the 1999 Minerals,
Metals & Materials Society Annual Meeting & Exhibition, San Diego, CA, Feb. 28–
Mar. 4, 1999.
YK Lee, HS Park, KW Cho. Effect of Fuel Gas Preheating on Combustion and Heat
Transfer in Reheating Furnace. Proceedings of the 13th Energy Engineering World
Congress, Energy & Environmental Strategies for the 1990s, Atlanta, GA, Chap. 78,
pp. 461–466, Oct. 1990, 1991.
R Klima. Improved knowledge of gas flow and heat transfer in reheating furnaces.
Scandi. J. Metall. (Suppl.), Vol. 26, pp. 25–32, 1997.
JM Blanco, JM Sala. Improvement of the efficiency and working conditions for
reheating furnaces through computational fluid dynamics. Indust. Heat., Vol. LXVI,
No. 5, pp. 63–67, 1999.
CE Baukal. Modeling Impinging Flame Jets. In Computational Fluid Dynamics in
Industrial Combustion. ed. CE Baukal, VY Gershtein, X Li. Boca Raton, FL: CRC
Press, 2001.
P Marino. Numerical Modeling of Steel Tube Reheating in Walking Beam Furnaces.
Proceedings of 5th European Conference on Industrial Furnaces and Boilers, Portugal,
Vol. II, pp. 237–247, 2000.
H Ramamurthy, S Ramadhyani, R Viskanta. Thermal System Model for a Radiant
Tube Batch Reheating Furnace. Proceedings of 1992 International Gas Research
Conference, ed. HA Thompson. Goverenment Institutes, Rockville, MD, pp. 2205–2216,
1993.
NDH Munroe. Experimental and Numerical Modeling of Transport Phenomena in a
Particulate Reacting System. In Heat Transfer in Fire and Combustion Systems – 1993,
ed. by B Farouk, MP Menguc, R Viskanta, C Presser, S Chellaiah. ASME HTD-Vol.
250, pp. 69–78, New York, 1993.
T Ahokainen, A Jokilaakso, O Teppo, Y Yang. Flow and Heat Transfer Simulation in
a Flash Smelting Furnace. NTIS Rep. DE95779247, U.S. Dept. of Commerce,
Springfield, VA, 1994.
M Davies, C Weichert, R Scholz. Energetic Process Model for the Description of the
Melting Behaviour [sic] of a Natural Gas Fired Cokeless Cupola Furnace (CLCF).
Proceedings of 5th European Conference on Industrial Furnaces and Boilers, Portugal,
Vol. II, pp. 415–426, 2000.

Copyright © 2004 Marcel Dekker, Inc.

198

Chapter 4

307. DL Smoot. Pulverized Coal Diffusion Flames: a Perspective Through Modelling. In
18th Symposium (International) on Combustion. The Combustion Institute, Pittsburgh,
PA, pp. 1185–1202, 1981.
308. WA Fiveland, RA Wessel. Numerical model for predicting performance of threedimensional pulverized-fuel fired furnaces, ASME J. Eng. Gas Turbines Power, Vol. 110,
pp. 117–126, 1988.
309. S Li, B Yu, W Yao, W Song. Numerical Modelling for Pulverised Coal Combustion in
Large Furnace. Proceedings of 2nd International Symposium on Coal Combustion.
Beijing, Report ed. X Xu, L Zhou, W. Fu. Beijing, China: China Machine Press,
pp. 167–173, 1991.
310. R Boyd, A Lowe. Three-Dimensional Modelling of a Pulverised Coal Fired Utility
Furnace. In Coal Combustion. New York: Hemisphere, pp. 165–172, 1988.
311. BS Brewster, SC Hill, PT Radulovic, LD Smoot. Comprehensive Modeling. In
Fundamentals of Coal Combustion for Clean and Efficient Use, Chap. 8, ed. LD Smoot.
Amsterdam: Elsevier, 1993.
312. K Kudo, H Taniguchi, K Guo. Heat-transfer simulation in a furnace for
steam reformer. Heat Transfer – Japanese Research, Vol. 20, No. 8, pp. 750–764,
1992.
313. KN Theologos, NC Markatos. Advanced modeling of fluid catalytic cracking riser-type
reactors. AIChE J., Vol. 36, No. 6, pp. 1007–1017, 1993.
314. SL Chang, CQ Zhou, SA Lottes, B Golchert, M Petrick. A Numerical Investigation of
the Scaled-Up Effects on Flow, Heat Transfer, and Kinetics Processes of FCC Units.
In Combustion and Radiation Heat Transfer, ed. RA Nelson, KS Ball, ZM Zhang.
Proceedings of the ASME Heat Transfer Division – 1998, Vol. 2, ASME HTD-Vol.
361–2, pp. 73–81, New York, 1998.
315. TM Gruenberger, M Moghiman, PJ Bowen, N Syred. Improving Mixing Behaviour
[sic] in New Design of Carbon Black Gas Furnace Using 3D CFD Modelling.
Proceedings of 5th European Conference on Industrial Furnaces and Boilers, Portugal,
Vol. II, pp. 465–473, 2000.
316. HC Meisingset, JG Balchen, R Fernandez. Mathematical Modelling of a Rotary
Hearth Calciner, Light Metals 1996, ed. W Hale. Warren, PA: The Minerals, Metals
& Materials Society, pp. 491–497, 1996.
317. JR Ferron, DK Singh. Rotary kiln transport processes. AIChE J., Vol. 37, No. 5,
pp. 747–758, 1991.
318. AA Boateng. On Flow Induced Kinetic Diffusion and Rotary Kiln Bed Burden Heat
Transport. ASME Proceedings of the 32nd National Heat Transfer Conference, Vol. 3:
Fire and Combustion, ed. L Gritzo, J-P Delplanque. ASME, New York, pp. 183–191,
1997.
319. PS Ghoshdastidar, VK Anandan Unni. Heat Transfer in the Non-Reacting
Zone of a Cement Rotary Kiln. In Heat Transfer Phenomena in Radiation,
Combustion, and Fires, ed. RK Shah. ASME HTD-Vol. 106, pp. 113–122, New York,
1989.
320. EE Khalil. Flow and Combustion Modeling of Vertical Lime Kiln Chambers. In
Industrial Combustion Technologies, ed. MA Lukasiewicz. Warren, PA: American
Society of Metals, pp. 99–107, 1986.
321. J Uche, JM Marin. Simulation and Optimization of a Single-Deck Roller Kiln for
Ceramic Products. Proceedings of 5th European Conference on Industrial Furnaces and
Boilers, Portugal, Vol. II, pp. 445–453, 2000.
322. B Farouk, MM Sidawi. Effects of Nitrogen Removal in a Natural Gas Fired Industrial
Furnace: A Three Dimensional Study. in Heat Transfer in Fire and Combustion
Systems – 1993, ed. B Farouk, MP Menguc, R Viskanta, C Presser, S Chellaiah. ASME
HTD-Vol. 250, pp. 173–183, New York, 1993.

Copyright © 2004 Marcel Dekker, Inc.

Computer Modeling
323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.
336.

199

WD Owens, GD Silcox, JS Lighty, XX Deng, DW Pershing, VA Cundy, CB Leger,
AL Jakway. Thermal analysis of rotary kiln incineration: comparison of theory
and experiment. Combust. Flame, Vol. 86, pp. 101–114, 1991.
D Pal, JA Khan, JS Morse. Computational Modelling of an Industrial Rotary Kiln
Incinerator. In Heat Transfer in Fire and Combustion Systems, ed. AM Kanury,
MQ Brewster. ASME HTD-Vol. 199, pp. 167–173, New York, 1992.
FC Chang, CA Rhodes. Computer Modeling of Radiation and Combustion in a Rotary
Solid-Waste Incinerator, Argonne National Laboratory, U.S. Dept. of Energy Rep.
ANL/ET/CP-85778, 1995.
N Machii, K Nishimura, D Liu, K Shibata. Development of CAE for MSWI Ash
Melting Furnace. Proceedings of the 1998 International Gas Research Conference,
Vol. V: Industrial Utilization, ed. DA Dolenc. Gas Research Institute, Chicago,
pp. 696–704, 1998.
T Klasen, K Gorner. The Use of CFD for the Prediction of Problem Areas Inside
a Waste Incinerator with Regard to Slagging, Fouling and Corrosion. Proceedings
of 5th European Conference on Industrial Furnaces and Boilers, Portugal, Vol. II,
pp. 393–402, 2000.
SE Bayley, RT Bailey, DC Smith. Heat Transfer Analysis of Hazardous Waste
Containers Within a Furnace. In Combustion and Fire, ed. MQ McQuay, W Schreiber,
E Bigzadeh, K Annamalai, D Choudhury, A Runchal. ASME Proceedings of the 31st
National Heat Transfer Conference, Vol. 6, ASME HTD-Vol. 328, pp. 61–69,
New York, 1996.
MG Carvalho, N Martins. Mathematical Modelling of Heat and Mass Transfer
Phenomena in Baking Ovens. 5th International Conference On Computational Methods
and Experimental Measurements, in Computational Methods and Experimental
Measurements V ed. A Sousa, CA Brebbia, GM Carlomagno. The Netherlands:
Elsevier, pp. 359–370, 1991.
M Carvalho, M Nogueira. Improvement of energy efficiency in glass-melting furnaces,
cement kilns and baking ovens. Appl. Therm. Eng., Vol. 17, Nos. 8–10, pp. 921–933,
1997.
TH Song, R Viskanta. Parametric Study of the Thermal Performance of a Natural
Gas-Fired Furnace. In Industrial Combustion Technologies, ed. MA Lukasiewicz.
Warren, PA: Amer. Society of Metals, 1989.
JA Wieringa, JJ Elich, CJ Hoogendoorn. Spectral Radiation Modelling of Gas-Fired
Furnaces. In Proceedings of 2nd European Conference on Industrial Furnaces and Boilers,
Portugal, ed. R Collin, W Leuckel, A Reis, J Ward. pp. 36–53, Apr. 1991.
M.J.S. de Lemos. Computation of Heated Swirling Flows with a Fully-Coupled
Numerical Scheme. In Combustion and Fire, ed. MQ McQuay, W Schreiber,
E Bigzadeh, K Annamalai, D Choudhury, A Runchal. ASME Proceedings of the
31st National Heat Transfer Conference, Vol. 6, ASME HTD-Vol. 328, pp. 139–145,
New York, 1996.
M.J.S. de Lemos. Simulation of Vertical Swirling Flows in a Model Furnace
with a High Performance Numerical Method. In Combustion and Radiation Heat
Transfer, ed. RA Nelson, KS Ball, ZM Zhang. Proceedings of the ASME Heat
Transfer Division – 1998, Vol. 2, ASME HTD-Vol. 361–2, pp. 21–28, New York,
1998.
MG Carvalho, M Nogueira. Modelling of glass melting industrial process, J. Phys.,
Vol. 3, Part 7.2, pp. 1357–1366, 1993.
BD Paarhuis, AM Lankhorst, M Riepen, JFM Velthuis. A Rapid Simulation Model of
the Combustion Space of Glass Melting Furnaces. Fifth International Conference on
Technologies and Combustion for a Clean Environment, Lisbon, Portugal, Vol. 2, The
Combustion Institute – Portuguese Section, pp. 697–703, 1999.

Copyright © 2004 Marcel Dekker, Inc.

200

Chapter 4

337. KS Chapman, S Ramadhyani, R Viskanta. Modeling and Analysis of Heat Transfer in
a Direct-Fired Continuous Reheating Furnace. In Heat Transfer in Combustion
Systems, ed. N Ashgriz, JG Quintiere, HG Semerjian, SE Slezak. ASME HTD-Vol.
122, pp. 35–43, New York, 1989.
338. KS Chapman, S Ramadhyani, R Viskanta. Modeling and Analysis of Heat Transfer in
a Direct-Fired Batch Reheating Furnace. In Heat Transfer Phenomena in Radiation,
Combustion, and Fires, ed. RK Shah, ASME HTD-Vol. 106, pp. 265–274, New York,
1989.
339. R Viskanta, KS Chapman, S Ramadhyani. Mathematical Modeling of Heat Transfer
in High-Temperature Industrial Furnaces. In Advanced Computational Methods in
Heat Transfer, Vol. 3: Phase Change and Combustion Simulation, ed. LC Wrobel,
CA Brebbia, AJ Nowak, Berlin: Springer-Verlag, pp. 117–131, 1990.
340. KS Chapman, S Ramadhyani, R Viskanta. Two-dimensional modeling and parametric
studies in a direct-fired furnace with impinging jets. Combust. Sci. Technol., Vol. 97,
pp. 99–120, 1994.
341. MG Carvalho, N Speranskaia, J Wang, M Nogueira. Modeling of Glass Melting
Furnaces: Applications to Control, Design and Operation Optimization. Advances in
Fusion and Processing of Glass II, Westerville, OH: The American Ceramic Society,
pp. 109–135, 1998.
342. FLUENT User’s Guide, Fluent, Inc., Lebanon, NH, July, 1998.
343. MK Choudhary. A modelling study of flows and heat transfer in an electric melter.
J. Non-Cryst. Solids, Vol. 101, pp. 41–53, 1988.
344. X Li. Effect of Oxygen Enriched Air Staging on CO Emission for an Owens-Brockway
Side-Port Regenerative Container Glass Furnace. In Final Report – Demonstration of
Oxygen-Enriched Air Staging at Owens-Brockway Glass Containers, GRI-97/0292, Gas
Research Institute, Chicago, Oct. 1997.
345. J Wang, BW Webb, MQ McQuay, K Bhatia, Numerical Simulation of an Oxy-FuelFired Float Glass Furnace by Means of a Model Coupling the Combustion Space and
the Glass Tank. In Collected Papers from the 60th Conference on Glass Problems. The
American Ceramic Society, Westerville, OH, 1999.
346. F May, S Linka, H Kremer, S Wirtz. The Influence of Furnace Design on the
NO-Formation in High Temperature Processes. Fifth Inernational Conference on
Technologies and Combustion for a Clean Environment, Lisbon, Portugal, Vol. 2,
The Combustion Institute – Portuguese Section, pp. 691–696, 1999.
347. A Droesbeke, F Missaire, O Berten, B Leduc, M Vansnick. Numerical Simulation of
NOx Emissions Reductions of an Industrial Burner. Proceedings of 5th European
Conference on Industrial Furnaces and Boilers, Portugal, Vol. 1, pp. 235–244, 2000.
348. H Yamashita, D Zhao, SN Danov, T Furuhata, N Arai. A numerical study on NOx
Reduction by Steam Addition in Counterflow Diffusion Flame Using Detailed
Chemical Kinetics. In MA Abraham, RP Hesketh (eds.). Reaction Engineering for
Pollution Prevention. Amsterdam: Elsevier, 2000.
349. M Holmes. Process-Friendly NOx Reduction Techniques. Proceedings of 5th European
Conference on Industrial Furnaces and Boilers, Portugal, Vol. 1, pp. 447–453, 2000.
350. R Zakaria, YR Goh, YB Yang, CN Lim, J Goodfellow, KH Chan, G Reynolds,
D Ward, RG Siddall, V Nasserzadeh, J Swithenbank. Fundamentals Aspects of
Emissions from the Burning Bed in a Municipal Solid Waste Incinerator. Proceedings
of 5th European Conference on Industrial Furnaces and Boilers, Portugal, Vol. II,
pp. 287–300, 2000.
351. RW Johnson, MD Landon, EC Perry. Design Optimization. In Computational Fluid
Dynamics in Industrial Combustion, ed. CE Baukal, VY Gershtein, X Li. Boca Raton,
FL: CRC Press, 2001.

Copyright © 2004 Marcel Dekker, Inc.

