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5.1 INTRODUCTION

Computational fluid dynamics (CFD) has become an accepted tool to help in the design and operation
of aerodynamic equipment. More recently, CFD has also found tremendous application in the
analysis of combustion equipment, such as industrial burners. Widespread acceptance is limited
due to the nonlinear relationship between reaction chemistry and turbulent fluid mechanics. Smith
et al." list several related issues that tend to limit the application of CFD to industrial problems,
which include the following:
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e Limited understanding of the physics involved in reactive flow systems. This includes
uncertainty in fundamental chemical reaction kinetics for complex fuels, the chaotic
nature of turbulent mixing, the heterogeneous chemistry related to solids (e.g., soot
formation, catalysis, etc.), thermophoretic transport of solids to walls and the associated
deposition mechanisms, and the radiative properties of complex multiphase systems.

e The large disparity in both spatial and temporal time scales in typical reacting flow
systems. To capture the flow characteristics responsible for momentum transfer, one needs
to resolve the flow to the smallest characteristic size (i.e., Kolmogorov scale). To capture
the associated reaction kinetics, it is believed that one must further resolve the spatial
features to the Batchelor scale. Pitts* points out that traditionally it was argued that one
should resolve spatial features on the order of size of the Batchelor scale (product of
Kolmogorov scale and inverse square root of Schmidt number), typically a few hundred
micrometers for most laboratory flows. More recently, however, it has been suggested
that the required spatial resolution may be 12 to 25 times larger than the Batchelor scale.
Unfortunately, recent experiments, including scalar dissipation measurements along a
line in an axisymmetric jet of propane into air at the National Institute of Standards and
Technology, have shown that the larger estimates for the required spatial resolution will
result in partial averaging of the scalar dissipation. Taken together, the studies suggest
that to fully capture scalar dissipation fluctuations, the spatial resolution must be no
larger than two to three times the Batchelor scale. The computational difficulty of
coupling the many important aspects of chemistry and physics in a way that is efficient
enough to be achievable for computations simulating practical furnaces, which have such
a wide disparity of spatial and temporal scales.

e Full-scale verification of actual CFD codes in real furnaces is difficult and costly. In
addition, local, detailed data for model validation is also expensive and tedious to obtain.
This dearth of “realistic” data for evaluation of predictions brings with it uncertainty
about both the numerical error in the predictions and the experimental error in the data.

e Typical computational combustion tools have not been designed to optimize combustion
equipment such as industrial burners.

This leaves an engineer uncertain as to how to effectively use CFD predictions to address constrained
design or operational problems. However, current trends in environmental and operational costs are
making it increasingly necessary to explore operating conditions that are beyond the current empirical
database of industrial burners. Recent work by Smith et al.* and Henneke et al.* have demonstrated the
basic fact that CFD-based tools hold great promise for economically exploring new burner designs.

This chapter begins with a brief discussion of how these commercial codes are used to analyze
a typical industrial burner. Attention focuses on producing an “appropriate” computational mesh. It
also discusses different issues related to computational meshes. Next, it discusses in some detail the
multi-physics involved in combustion modeling. In particular, it describes the necessary physical
sub-models inherent in a typical CFD-based combustion simulation package. Finally, it provides
three examples of how these types of tools have been used recently to address various issues related
to industrial burners. In conclusion, the chapter summarizes key issues related to using CFD in
industrial burner design, evaluation, and optimization. It also provides recommendations for future
work needed to advance this science.

5.2 SOLVING BURNER PROBLEMS WITH CFD

Computational fluid dynamics (CFD) has been successfully used for many years in a number of
industries, beginning with aerospace and expanding into aeronautics, automotive, electronics, and
electric power generation. More recently, CFD has found application in the chemical process and the
hydrocarbon process industries (HPI/CPI) where it has gained a foothold as a tested, validated, and
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now regularly accepted, problem-solving tool. Engineers involved in designing and building advanced
combustion equipment for the HPI and CPI industries routinely use CFD to advance new burner
technology.

The science and technology of CFD has matured to the point where performance predictions are
made with a degree of confidence from models covering a wide range of complex furnace, burner,
and reactor geometries. CFD allows the engineer to explore operational parameters previously con-
sidered impossible or prohibitively expensive using normal testing procedures. Combustion-based
CFD has become an extremely valuable tool in providing direction to the timely execution of industrial
experiments, which further reduces the impact that retrofits and other equipment changes may have
on an organization’s bottom line.

Although a proven tool in modeling equipment behavior and performance, CFD is not without
limitations. Most notable are the current limitations with respect to modeling turbulent reacting
flow. Commercial CFD codes utilize a standard approach to simulate chemical kinetics, which
approximate the consumption and production of chemical species. This causes the engineer to use
simplifying assumptions about the chemistry considered in the simulation. While this simplified
chemistry includes adequate information to predict flow patterns and local heat transfer, these
models lack sufficient information to accurately predict NOx and CO production. Alternatively, the
NOx chemistry is decoupled from the main calculation and obtained using post-processing tech-
niques. However, for species more closely related to the base fuel, such as CO, a similar, abridged
treatment is not currently available.

Recent efforts to include more complex chemical kinetics, such as those used by StarCD™ with
the Chemkin "* suite of programs, are helping push CFD technology closer to more fundamentally
based mechanistic solutions. However, correctly coupling detailed kinetics with turbulent fluid
mechanics is very difficult and, with the enhancement of mesh generation techniques, stands as
one of the biggest areas for potential growth in the next five years.

Computer simulations are also only as good as the data with which they are validated. In many
cases, sufficient data are not available to accurately calibrate a CFD model. Physical or scaled-flow
modeling has traditionally been used to generate baseline data to help validate flow predictions. In
addition, well-controlled, full-scale burner tests have been used to verify predictions of burner per-
formance. CFD coupled with cold-flow physical modeling and hot-flow burner tests provides a
powerful analytical tool to develop accurate, timely, and cost-effective burner designs.

5.2.1 Key INGReDIENTS OF CFD

At its roots, CFD relies on three worlds (see Figure 5.1).° First, CFD requires a comprehensive
understanding of the physical phenomena involved in any process. Second, the physics of the phe-
nomena must be translated into mathematical relationships. Third, due to the complexity of nonlinear
mathematics (see Table 5.1), the governing equations must be solved using numerical algorithms.
Effective use of CFD relies equally on each of these worlds. Error in any one translates into erroneous
predictions, and failing to understand the limitations of each can lead to incorrect conclusions and
potentially catastrophic results. For optimal use, the engineer must understand the physics, mathe-
matics, and numerics to determine when simulation results represent reality.

When used appropriately, CFD helps reduce burner development cycle time, improves burner
efficiency, and extends burner lifetime. This is due to reduced computer costs, increased computer
power, and better and more detailed physics in commercially available CFD codes. CFD also helps
reduce operating costs, improves product yield, and increases product quality through system opti-
mization. In some instances, CFD helps the engineer evaluate various design options that otherwise

* Chemkin is a software tool for incorporating complex chemical kinetics into simulations of reacting flow. This commercial
tool is supplied by Reaction Design, currently located in San Diego, CA.
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FIGURE 5.1 Three worlds of CFD.

TABLE 5.1
Cartesian Set of Differential Equations Solved in CFD
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would not be possible to evaluate experimentally because of safety constraints. Thus, CFD has also

led to improvements in safe operations.

Because a model is only as good as the data it represents, CFD is best conducted hand-in-hand
with experiments. CFD can help identify the key experiments needed instead of performing all tests
required in a complete factorial design. This allows the researcher to spend more time on the tests
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that will lead him or her closer to a determination or solution. In this way, CFD helps expand traditional
methods instead of replacing them. While many plants have been designed and built using rules-of-
thumb, empirical correlations, and spreadsheets, CFD bridges the gap between theory and practice
by increasing the practical use of fundamentals in process design, operation, and optimization.

Today, engineers use commercially available, advanced CFD-based combustion packages,
including Fluent and Star-CD. Other software tools such as Chemkin™ are used to simulate the
chemical kinetics responsible for NOx and CO emissions. The rapid expansion of computer power
has led to more comprehensive CFD simulations that require large numbers of calculations. A
typical burner simulation may require in excess of 10° computational cells or nodes points. Based
on current computer power, these simulations require between 24 and 72 hours each. As CPU
power increases, more and more complex physics are added to the simulation, which improves an
engineer’s ability to solve “real” problems with CFD-based tools.

Today’s challenge continues to be simulating fully three-dimensional, turbulent, reacting com-
pressible flows inside very complex burner/furnace geometries. With recent advances in parallel
computing, however, highly parallel workstation clusters are now used to solve problems with more
than 107 nodes with transient behavior.

5.2.2 MaIN GoaL oF CFD MODELING

The main goal for performing CFD related to industrial burners is to reduce the cost of developing
new technology. When a new industrial burner is designed to meet certain performance standards,
including heat release, reduced emissions levels, flame shape, and operational stability, an iterative
testing process is common. Past experience shows that this process may require upward of 2 years
and a minimum of $1 million. Once the final prototype design is determined and installed in the field,
the burner may undergo several subsequent modifications. A good example of this is the John Zink
PSMR burner. Developed in the early 1990s as a low NOx round-flame burner, it has become the
industrial standard of today. However, the basic design has undergone several iterations to get to
where it is today. During this development period, CFD has also become a common tool used to
evaluate and optimize burner design.

Today, CFD is routinely used to investigate potential burner designs in conjunction with
experimental testing. Using CFD to expand and understand test results, as well as using CFD to
direct future testing to focus on key issues, is the most productive way of shortening the design
cycle. Taken together, testing and CFD modeling have helped shorten the development cycle by
an estimated 20%. In addition, CFD modeling has helped reduce warranty work once a new burner
is installed in the field. This helps reduce expensive rework at the customer’s facility, which helps
maintain good will with customers.

5.2.3 CHOOSING THE DOMAIN

One of the key issues in developing a CFD model for an industrial burner is to select the appropriate
domain for the analysis. A full-process furnace used in the hydrocarbon refining industry may
include hundreds of burners of various designs and configurations (see Figure 5.2, Reference 6).
To reduce the computational demand for analyzing such a system in sufficient detail (see below),
the recommended approach utilizes symmetry planes to reduce the overall computational domain.
An example would be to use the natural symmetry in the furnace shown and only analyze half of
the complete volume (see Figure 5.3°).

A simplified burner model can be used to reduce the overall complexity of the CFD model.
Here, experience has shown that a model must resolve each fuel jet to capture the governing physics
that result in flame shape and spread inside a furnace. Figure 5.4° shows a typical burner model for
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FIGURE 5.2 Outside view of a typical industrial furnace geometry with existing burners installed on furnace
side with convection section and stack on top.

one of John Zink’s multi-fuel burners used in the furnace shown in Figures 5.3 and 5.4. Note that
enough detail is included in each fuel tip to accurately approximate the respective flow dynamics
around the refractory tile. In all cases, experience is required to understand what level of detail is
required for a specific burner/furnace system. In some cases, one can avoid analyzing the full system
geometry. On the other hand, one should include as much of the domain as is practically reasonable
given available computer resources.

5.2.4 SeLECTING BoOUNDARY CONDITIONS

Before a CFD simulation is possible, the user must define the conditions around the entire boundary
of the system. This means one must define what goes into and out of the system, as well as what
conditions exist at the system walls. In general, these “boundary conditions” must provide adequate
information to solve the governing second-order, elliptic partial differential equations describing the
conservation of mass, momentum, and energy. This form of equation requires one boundary condition
per order per equation. Thus, for the three momentum equations, one would need to specify two
boundary conditions per equation. Typically, this would include inlet velocity and either the velocity
at the wall or the centerline velocity (for axisymmetric geometries). The inlet velocity is a fixed or
“Dirichlet”-type boundary condition. The wall condition would also be a fixed boundary condition
while the centerline condition would be a flux or “Neumann”-type boundary condition. The same is
true for the mass and energy equations. In general, the following boundary conditions are required
to fully specify a system:
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FIGURE 5.3 After applying natural symmetry planes, this view shows the actual section (1/4 entire furnace/
burner system) to be modeled.

Fuel-gas tips

Flex-gas tips

FIGURE 5.4 Detailed front view of one of John Zink’s multi-fuel burners. Note the fuel-gas tips shown adjacent
to the flex-gas tips. Note the local detail included in the fuel tips of this burner model.
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1. All inlet streams must be characterized. Specific information should include mass flow rates,
compositions, pressures, and temperatures. When a stream is composed of gas/liquid (as in
atomization) or gas/solid (as in pulverized coal combustion), the relative percentage of each
phase would also be required, as would information on droplet or particle size distribution.

2. Standard operating conditions for the reactor or furnace should be specified. This includes
the system pressure, wall thermal properties such as thermal conductivity, construction
materials (e.g., refractory, bare steel, water wall), refractory thickness, external wall tem-
peratures, and internal wall radiative properties (e.g., surface emissivity and in some cases
surface roughness).

3. Outlet conditions can also be set, including a flux condition for velocity (parallel exit flow,
which means no velocity gradients at the exit). An exit pressure condition may be set as well.

5.2.5 NUMERICAL ANALYSIS AND COMPUTATIONAL MESHES

Closed-form mathematical relationships (either of a partial differential or integral form) that
describe the general conservation equations are central to the simulation of engineering problems.
These systems of nonlinear equations may have bifurcated solutions for a particular domain and
set of boundary conditions. Simple analytical solutions to these theoretical relationships are
most often intractable for anything other than very simple geometries and, therefore, offer very
little practical value. To obtain a solution, the mathematical expressions must be reduced to
simplified but analogous discrete algebraic equations that require solution at discrete points
representing specific sub-volumes of the overall computational domain.” This replacement of
“continuum” equations with those utilizing discrete numbers is referred to as discretization.
Hence, the simulation becomes possible with the associated computational load related to the
number of discrete points where values of conserved scalars are calculated in the general domain.
These discrete points are referred to as grid points and the collection of grid points represents
a computational mesh. Once the calculation within the domain is broken down into these discrete
points, the closed-form of the mathematical expressions can be expressed as a series of algebraic
equations. This allows for numerical solution of the various flow-field variables at each of the
grid points. For definition, if the partial differential equation form of the conservation relation-
ships is used, the resulting methodology is known as a finite difference scheme. If the integral
form of the equations is used, the resulting technique is known as the finite volume method. A
third form of discretization, known as finite elements, also exists but is not part of this discussion.

The arrangement of the discrete points mentioned above is referred to as the computational mesh
or grid and provides a segmented approximation of the system geometry to be analyzed or simulated
by a CFD model. The density or number of grid points in any one portion of the computational
domain should be sufficient to resolve the important geometric features, as well as capture the
significant physics (e.g., boundary layer, shear layer, recirculation zone, reaction layer, etc.). The
density of grid points typically varies from one region of the domain to another to help resolve these
features. However, care must be taken to not take too large a jump in grid spacing from one section
to another to maintain numerical stability. Typical expansion/contraction ratios for cells are in the
range of 0.8 to 1.2. Too large a difference in neighboring grid spatial dimensions can lead to
computational inaccuracy and numerical instability.

A couple of approaches are available to describe the geometry of a particular domain:®

1. Use regularly spaced or structured grid points with an orthogonal coordinate system.
2. Use an unstructured mesh with a boundary or body-fitted coordinate system.

Each approach handles the presence of curved surfaces differently. In the structured grid
approach, the mesh is composed of hexahedral elements that simulate curved surfaces by allowing
for a series of stair-steps to approximate the curve. Resolution of the curved surface depends on the
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number of cells in this region. The three-dimensional elements retain their hexahedral shape but
result in a curved, jagged surface. Increasing the refinement of the grid along these surfaces can
reduce the impact this might have on the overall flow-field calculations; however, this will subse-
quently increase the computational load as cell refinements in one region of the grid are propagated
into regions away from the curved surface. Another structured grid-based technique allows regularly
shaped hexahedral cells to be “sliced” or “trimmed” at curved boundaries, resulting in element faces
at the boundary that are irregularly shaped. Special algorithms then treat communication of flow-
field information across these faces.

The use of body-fitted or unstructured grids allows for regularly shaped boundary surfaces to be
more closely approximated by the grid elements that follow the curved surface using elliptic curvature.
This approach reduces to a structured grid when all the domain elements are hexahedral and the edges
of elements form continuous mesh lines. Unstructured grids allow the combined use of a wide variety
of element shapes (e.g., tetrahedrons, pyramids, prisms, hexahedrons, and polyhedrons). This allows
for the greatest amount of flexibility in approximating complex geometries.

Generally, it is acknowledged that greater grid densities (i.e., larger number of elements describ-
ing the domain) produce more accurate simulation results. However, in the particular case of
unstructured grids, the quality of the mesh, which is directly related to the ability of a particular
mesh to provide a reliable, robust solution, is also related to the shape of individual elements. Long,
thin elements, as well as single faces with highly skewed angles or a high degree of curvature, can
result in substantial errors in the calculation and cause the overall model to diverge in regions where
these “bad” elements are used.

5.3 BUILDING BLOCKS OF CFD-BASED COMBUSTION MODELS

The mathematical simulation of turbulent combustion in industrial burners has been recognized as
a difficult problem not only due to the numerical challenges associated with solving the differential
equation set, but also the challenge of physically describing the important chemical and physical
processes, such as chemistry—turbulence interactions, turbulent mixing, etc. Commercial CFD codes
rely on available mathematical technology to combine knowledge of fluid mechanics with a
reasonable approach to the reaction (combustion) processes. Care must be taken to maintain the
scope of the simplifying approximations on an equivalent level.

CFD codes have been developed to address nonreacting flow systems, gaseous diffusion com-
bustion, pulverized coal-fired systems, entrained flow gasification, droplet combustion, and slurry
combustion or gasification. These codes typically utilize general coordinate systems to capture com-
plex geometries common in industrial burner designs. Variation of properties can be included when
deemed necessary. Symmetry planes can be used to simplify large-scale systems to reduce the
computational demands required to simulate full furnaces. Models predict mean gas field properties
for general three-dimensional, steady-state (and unsteady in special cases) turbulent flames (i.e., local
velocity, temperature, density, and species composition). For special cases, multiphase combustion
(e.g., gas/particle, gas/oil, etc.) is required. In these cases, particle/droplet properties are also computed,
such as coal burnout, particle or droplet velocity, and temperature. Figure 5.5 illustrates the various
sub-models incorporated into a comprehensive CFD-based computer code used to simulate the relevant
processes occurring inside industrial burners.

5.3.1 TurBULENT FLUID MECHANICS

5.3.1.1 Problem of Closure

The governing equations of fluid mechanics are derived from three physical laws: conservation of
mass, conservation of momentum, and conservation of energy. If solving for additional species, such
as required for a combustion model, conservation equations for the additional species are also required.
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FIGURE 5.5 Typical sub-model components in comprehensive CFD code. Physical sub-models simulate
specific physics involved in combustion processes that occur in industrial burners.

A conservation equation for each specie can be derived by performing a mass balance for that
specie. Equations 5.1, 5.2a, 5.2b, and 5.3 show the continuity (conservation of mass), momentum
equations, and species transport equations in Cartesian tensor form, respectively.

%zo (5.1)
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where:
T = viscous stress tensor
8,.1. = Kronecker delta (61‘/‘: 0, when i # )
W = molecular viscosity of the fluid
A = coefficient of bulk viscosity of the fluid
® = transported variable (chemical species, enthalpy, etc.)
I', = molecular diffusion coefficient for ®
S(D
p = density of the fluid
P = static pressure
g = acceleration of gravity

[
= source term for ®
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White® provides background information on the coefficient of bulk viscosity, and it remains a
controversial quantity. Wilcox'? advises setting A = -2 W, which he says has been proven correct
for monatomic gases, but White states that the kinetic theory actually assumes rather than proves
this. Whatever the case, Wilcox states that the bulk viscosity of A = -2 | is generally used in

. . . 3
standard computational fluid dynamic (CFD) codes.

There are several characteristics that can be used to describe turbulence, as given by Tennekes
and Lumley."' Turbulence flows are random and irregular, which makes deterministic methods very
difficult. Turbulent diffusivity is almost always much larger than molecular diffusivity. This results
in much higher rates of momentum, heat, and mass transfer for turbulent flows, as opposed to
laminar flows. Turbulence is characterized by three-dimensional vorticity fluctuations. Turbulent
vorticity fluctuations could not be maintained without vortex stretching, and vortex stretching does not
occur in two-dimensional flows. Therefore, by nature, all turbulent flows are three-dimensional —
turbulence is dissipative. Viscous shear stresses convert the turbulent kinetic energy of the fluid
into internal energy. Therefore, turbulence needs a continuous supply of energy to replace the losses
of viscous dissipation. Finally, turbulence occurs over a continuum and is governed by the contin-
uum equations of fluid mechanics. The smallest turbulent scales are ordinarily much larger than
molecular scales.

As mentioned, randomness and irregularity characterize turbulence. To characterize turbulence
mathematically, quantities such as velocities, pressures, temperatures, etc. are expressed as having
mean and fluctuating components. From a computational point of view, it is desirable to compute
averaged quantities and, therefore, it is desirable to express the governing equations (Equations 5.1
through 5.3) in terms of average quantities. To do this, instantaneous values of quantities are put into
the governing equations, and then the governing equations are averaged in some fashion. Because
Equations 5.2 and 5.3 are nonlinear, averaging the equations results in unknown quantities
(u u’, and u'd)') These unknown quantities must then be modeled. For most engineering applications,
a semi- empirical turbulence model is used to compute the unknown quantities.

5.3.1.2 Favre and Reynolds Averaging

Turbulent transport occurs in the momentum, energy, and specie transport equations, and a turbulence
closure model is required to correctly model the turbulent transport terms in each equation. At this
point, the governing equations (Equations 5.1 through 5.3) plus any additional transport equations
should be averaged in some fashion to determine the transport terms resulting from turbulence. It
is assumed that the dependent variables in the governing equations are comprised of an average term
plus a fluctuating term. There are two methods for averaging the equations: Reynolds averaging and
Favre averaging. Wilcox” provides a good review of both methods. Favre averaging is applicable
when compressibility is an important issue. Morkovin'> hypothesized that the effects of density
fluctuations on turbulence are insignificant, provided that the fluctuations are small relative to the
mean dens1ty, = << 1. It is clear that for flows with combustion and/or significant heat transfer, the
density ﬂuctuatlons are not small relative to the mean density. Therefore, for modeling flows with
combustion, Favre averaging is clearly preferable, as confirmed by Wilcox. Favre averaging of
velocity is defined by Equation 5.4:

—hmj pu, dt 5.4

p T—e

Averaging of other transported variables, such as enthalpy or a chemical species, is done in a
similar fashion to Equation 5.4. It should be noted for Favre averaging that the fluctuating velocities
are denoted by double primes, u, =i, +u;’; and, because products of velocity and density are
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averaged, uT” #0, but p71” =0. The Favre averaged mean continuity and momentum equations are
given by Equations 5.5 and 5.6.

W) _, (5.5)
ox,
opuiu,) 9P 9 _
e e u'.'u.")+7 5.6
o axj(,, puji7 )+ pg (5.6)
The Favre-averaged Reynolds stress tensor is given by T, =—puu"

5.3.1.3 Turbulence Models
There are generally four types of turbulence models commonly used in engineering practice:

Algebraic models
One-equation models
Two-equation models
Second-order closure models

e

Wilcox? and Rodi"? provide good reviews of various methods of turbulence modeling. Most of
the models that fall into one of the first three categories have an underlying commonality; that is,
the Boussinesq approximation. The Boussinesq approximation assumes that the Reynolds-stress
tensor is proportional to the mean strain-rate tensor for every location in a turbulent flow. The
constant of proportionality between the Reynolds-stress tensor and the mean strain-rate tensor is
the eddy viscosity (W,).

5.3.1.3.1 Algebraic Models

Many algebraic models calculate an eddy viscosity from the Prandtl mixing-length hypothesis,
given by Equation 5.7.

oU

% (5.7)

w,=p(L2)

where:
[ = mixing length
U = mean velocity

Algebraic models are not very general because the mixing length depends on the flow scenario
(i.e., jet, boundary layer, pipe flow, etc.). Therefore, an expression for the mixing length must be
obtained for each type of flow when using an algebraic model.

5.3.1.3.2 One- and Two-Equation Models

One-equation and two-equation models attempt to overcome the difficulties with the Prandtl mixing-
length hypothesis by solving transport equations for quantities that are related to the type of flow. In
the above-mentioned algebraic model, there is a direct link between the fluctuating velocity scale
and the mean velocity gradients, as shown by Equation 5.7. In one-equation and two-equation
models, the link between the fluctuating velocity scale and the mean velocity gradients is found
by solving one or more transport equations. Wilcox> describes two, more recent one-equation
turbulence models that appear to show promise. The Baldwin-Barth'* model employs a transport
equation for the turbulent Reynolds number and the Spalart-Allmaras” model employs a transport
equation for the eddy viscosity.
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Prandtl chose the turbulent kinetic energy as the basis for a turbulent velocity scale shown in
Equation 5.8. The eddy viscosity can be computed using the Kolmogorov-Prandtl expression given
by Equation 5.9.

k:%ﬁ':%(?+?+ﬁ) (5.8)

W, =Cpkl (5.9)

where:
k = turbulent kinetic energy
[ = turbulence length scale
C, = constant of proportionality

Wilcox® provides a derivation of the Reynolds-stress equation, obtained by taking moments of
the Navier-Stokes equation. The Reynolds-stress equation is a tensor equation and, by taking the trace
of it, a transport equation is obtained for turbulence kinetic energy. This transport equation for the
turbulence kinetic energy forms the basis for a number of one- and two-equation turbulence models.
The turbulence kinetic energy transport equation has various terms that have been given physical
interpretations. Included in the terms is a dissipation term (g), which represents the rate at which
turbulence kinetic energy is converted to thermal internal energy. From the turbulence kinetic energy
equation, € is the product of the viscosity and the square of the fluctuating vorticity. Therefore, based
on dimensional arguments, the dissipation (€) should be related to the turbulence kinetic energy and
length scale as shown in Equation 5.10:

.o C, JER

l (5.10)

where C, = constant of proportionality.
5.3.1.3.3 k- Turbulence Model

Perhaps the most commonly used turbulence model for practical flow problems is the k-& model.
The earliest developments related to the k- model were by Chou,'® Davidov,'” and Harlow and
Nakayama.'® The most well-known paper on the k-&€ model is that of Jones and Launder,' which
according to Wilcox® has almost reached the status of the Boussinesq and Reynolds papers within
the turbulence modeling community. The k-& model is based on the turbulence kinetic energy
transport equation discussed above, and a second transport equation for the dissipation rate. The
equation for the dissipation rate (€) is derived by taking a moment of the Navier-Stokes equation
using the fluctuating vorticity. The resulting equation is a relatively complicated equation, which
Wilcox” states needs “drastic surgery” to make it practical. The Standard k-& model is shown below
by Equations 5.11 through 5.13:

pU. a—k =T, Y, —p£+i s +h a—k : Turbulence Kinetic Energy (5.11)
Tox, Y oox, 0x; o, )ox;

oe e _ dU, e 9 w, ) de o
U,izc —T.. ’_C R + T | X% . D t Rt 512
pPY; ox, ety i ox, 2P [ KM GJ ij} issipation Rate (5.12)

2
C.pk™

W, = Eddy Viscosity (5.13)
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The eddy viscosity relationship (Equation 5.13) follows from combining Equations 5.9 and
5.10. The empirical closure coefficients given by Wilcox” are shown below:

C,=144, C,=192, C,=0.09, 6,=10, o, =13 (5.14)

The optimal closure coefficients will vary somewhat, depending on the application and what
investigators have found the coefficients should be to agree with experimental results. Therefore,
the coefficients shown in Equation 5.14 are not universally optimal, and any CFD results obtained
using the k- turbulence model should be closely scrutinized.

5.3.1.3.4  k-e Turbulence Model Boundary Conditions

Establishing boundary conditions for the k-€ turbulence model results from an order of magnitude
analysis of the boundary layer momentum equation in the log layer. The log layer is an overlap
region between the viscous sublayer and the defect layer, where the law of the wall applies. An
order of magnitude analysis of the boundary layer momentum equation suggests that convection,
pressure gradient, and molecular diffusion terms can be neglected. Applying these simplifications
to the transport equations for k and € (Equations 5.13 and 5.14) results in relations for k and € at
the boundaries, which are referred to as wall functions. The standard wall functions are given by
Equations 5.17 and 5.18:

2
u

k= \/C% :  Standard Wall Functions for k (5.17)
u
k3/ 2 C 3/4
e= " Standard Wall Functions for € (5.18)
Ky

where:
u_ = friction velocity

—

T, = wall shear stress

Kk = Karman constant (x = 0.4)
y = distance measured normal from the wall

The wall functions (Equations 5.15 and 5.16) are applied to the node adjacent to the wall,
which should lie within the log layer region. The law of the wall equation (Equation 5.19) is used
to find the friction velocity (u,) at the node adjacent to the wall, and then the wall functions are

used to specify k and €:
U= uf[lln[uTyj+ Bl} (5.19)
K %

where:
U = mean velocity
v = kinematic viscosity
B, = constant

If the surface is smooth, Equation 5.19 should be used; however, if the surface is not smooth,
an equation equivalent to Equation 5.19 is given by Equation 5.20, and was developed by Nikuradse.
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Equations 5.19 and 5.20 are given in most engineering fluid mechanics texts, such as Roberson

and Crowe.?
L[y
U=u, Eln . + B, (5.20)

where:
k_ = surface roughness height

B, = constant

Wilcox” notes that numerical solutions are sensitive to the location of the node adjacent to the
surface and recommends using near-wall grids. Another potential problem with using wall functions
is that theoretically they do not apply for flows that separate from the wall. Finally, Wilcox points
out that the standard k-¢ model with standard wall functions does not perform well for boundary
layers with adverse pressure gradients. Kim and Choudhury®' have proposed modifications to the
standard k-€ wall functions to account for adverse pressure gradient.

5.3.1.4 Other Turbulence Modeling Approaches

The vorticity that characterizes turbulent flow has a large range of length and time scales that can
exist in relatively close proximity to one another. When Reynolds-averaged Navier-Stokes (RANS)
equations are utilized to simulate turbulent flow, all of the turbulent fluctuations are modeled using
algebraic approximations rather than directly calculated, which results in a significant reduction in
computational requirements. Various other approaches exist that are used to compute the turbulent
relationships that exist in flowing systems. Two of the more popular methodologies are known as
direct numerical simulation (DNS) and large-eddy simulation (LES).”

DNS looks at solving the Navier-Stokes equations over the complete range of time and length
scales present in a particular system. Perhaps the greatest issue with DNS is that the computational
domain must be large enough to accommodate the largest length scales present, with a grid small
enough to allow for resolution of the smallest scales where kinetic energy dissipation occurs. This
criterion ensures that the number of grid points required to solve a problem of practical size will be
quite large as compared to more conventional RANS-type calculations. By way of example, the
number of grid points required in each direction of a three-dimensional calculation is proportional to
Re*, the Reynolds Number based upon the magnitude of the velocity fluctuations and the integral
scale. Hence, for Re = 10° (which is not unusual for flows in typical engineering systems), the resulting
grid requirement for a three-dimensional simulation would be on the order of 10". While the results
of such calculations would contain very useful information, the current limits of available computer
hardware make routine use of this approach to solve practical engineering problems prohibitive. In
addition to the large grid requirements, the time scales required for this approach are constrained to
very small time steps to capture the fluctuations at the very small end of the range, which further
increases the computational load. Currently, DNS is used to solve small, low-Reynolds number flow
circumstances based upon simple geometries.

Large-eddy simulation (LES) is positioned between DNS and the RANS approaches. This
approach separates the range of length scales (eddies) into two groups. The first consists of relatively
large eddies that can be numerically simulated and represent the majority of the turbulent energy.
These are generally constrained more by boundary conditions and domain geometries. The second
group is comprised of small eddies, which are more influenced by molecular viscous forces. The
second group tends to be more isotropic and, therefore, it is easier to justify the use of numerical
approximations to model them. Hence, the simulation rationale focuses on the direct resolution of
the large eddies and filtering out eddies smaller than some lower limit or smaller than the local grid
resolution and allowing them to be modeled. A significant issue related to the utilization of the LES
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approach is the “communication” that must occur between the simulation of the two groups as large
eddies degrade into smaller ones. The impact this has on grid requirements is that much coarser grids
than are required by DNS can be used, although the grid requirements for LES are still much greater
than for the Reynolds-/Favre-averaged approaches. Recent improvements in computer hardware
performance have allowed this approach to be considered for engineering analysis.

5.3.2 HoMOGENEOUS CHEMISTRY

In general, the mathematical modeling of combustion processes includes the simulation of several
physical and chemical processes in reacting flows. The modeling of any reacting or combustion
process in a turbulent flow field can, at the very least, be called challenging. What can be observed
as a flame is the result from interaction of convection and molecular diffusion with many chemical
reactions and very small length and time scales. In general, a differentiation has to be made for
types of flames as there are:

e Premixed flames
e Partially premixed flames
* Nonpremixed or diffusion flames

Depending on the Reynolds, Damkoehler, and Karlovitz numbers, a further separation has to
be made in laminar, turbulent, wrinkled, corrugated flames, and homogeneous reaction zones.”
Because almost every flow regime in a technical combustion application is highly turbulent, the
laminar flame modeling will not be included in this discussion. Further information on laminar
reaction systems can be found in Kee,*** Glarborg,”® and Rogg.””*

The type of turbulent flame determines the combustion sub-model to be used. For premixed
flames, the models available include:

e Progress variable C

e Transport equation for the flame front G

e Eddy breakup (EBU), eddy dissipation combustion model (EDX), and the eddy dissipation
concept (EDC)

 Partially premixed presumed pdf model with equilibrium chemistry

For nonpremixed combustion, the models available include:

* Presumed pdf with equilibrium chemistry (adiabatic and nonadiabatic)
* Presumed pdf with finite rate chemistry (flamelet model)
» Eddy dissipation and eddy dissipation combustion model

The general form for a reaction with educts A and B and the products C and D can be written as:
Vi A+ VB & viC+ VD, (5.21)

where v is the stoichiometric coefficient.
For example, in methane combustion, the global one-step formulation would be:

xCH, +2x0, = xCO, +2xH,0 (5.22)

The reaction rate can formally be written as the product of the reaction rate coefficient and all
participating species:

dc.
nz(;’jzkcl‘”c;zc?...cﬁv (5.23)
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with the reaction coefficient , the reaction order a, and the species c,, where the concentration of
each species i is defined as:

¢ =Pidi (5.24)

with M as the mean molar mass of the mixture. The rate coefficient k can be written in general
form as:

E

A), (5.25)

k= AT”’e(—
RT

with R as the gas constant (8.3143 kJ/mole-K). The parameters here are the pre-exponential
Arrhenius factor A, the temperature exponent m, and the activation energy E,.
The final formulation for a concentration change of species i, over all elementary reactions £,

can be formulated as:
v’/‘k
pY, )"
—L 5.26
(W}] (526)

J

hzi(v” -V, )AT®), ex (— E, jﬂ
o A ik~ Vik « €XP) RT

J=1

or written as reaction rate:

dc, . =
—W=Y=W>» v r 5.27
at i i l; ik"k ( )

And, finally, the additional source term for the equation for energy conservation. The total
released energy can be written as the sum of the product of reaction enthalpy H and the concentration
change of species i:

q =iq 221(:—[%]([16’) =—ih.(o, (5.28)
' k=1 ' k=1 Vik dt )y i=1 -
The equation governing species transport is:
p) ~ .
ngi+V-(puYi)=V-(pDiVYi)+Yi, (5.29)

where Yl is the source term of the species i. The determination of that source term can be done
according to aforementioned equations, or due to the complexity and number of involved species
using approaches, which reduce the computational effort — as, for example, the EBU, EDX, and
EDC models.

The eddy breakup model (EBU) was developed by Spalding™ for the calculation of turbulent,
premixed flame with irreversible one-step reaction. The assumption was that the rate of reaction is
totally controlled by dissipation of eddies either containing unburned fuel or burned hot gases. The
reaction rate of the unburned mixture Y, as used in Equation 5.29, is determined by the decay rate
of these eddies:

Yp,eddy =C(1-1)p|— | (5.30)

du
dy
following the mixing length hypothesis.
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To estimate the actual rate of fuel consumption, we have to take into account the kinetically
controlled reaction rate as defined by:

Y AY.Y

Fxin — Mrlo

, exp(—E,/RT), (5.31)

where A is the pre-exponential factor, E, is the activation energy, and R is the universal gas constant.
The actual rate of fuel consumption can be determined by:

1

YF,actual = 1 + 1 (532)
TYkin Yeddy

The major drawback of this approach is the assumption of homogeneous distribution and perfect
mixing of fuel and oxidant. The formulation would only be valid for a turbulent, premixed flame
with homogeneous distribution of fuel/air and flue gas pockets.

A development of the EBU model is the eddy dissipation combustion model (EDX) formulated
by Magnussen.”’ He takes into account the unmixedness of fuel and oxidizer and postulates that
the rate of combustion will be determined by the turbulent intermixing of fuel and oxygen eddies
on a molecular scale; or, in other words, by dissipation of these eddies. The reaction rate can be
written in general form as:

Y =CY -, (5.33)

where C is a constant depending on the structure of the flame, and 171 is the time-averaged
concentration. This approach acknowledges the distribution and unmixedness of fuel oxidizer and
hot products, and is therefore also valid for the calculation of nonpremixed flames. The actual
reaction rate is determined by the minimum of the following criteria:

1. The reaction rate is determined by the concentration of fuel:

g = €
Y, =AY, P (5.34)
where A = 4.0 and Y, is the time-averaged fuel concentration.
2. The reaction rate is determined by the concentration of oxygen:
: Y,
Y, =A% (5.35)
2 T,k
O,
with ¥, the local mean oxygen concentration and o, the stoichiometric oxygen

requirement.
3. The reaction rate is limited by the presence of hot products:
Yo
o 1+

€
-, 5.36
p (5.36)

7‘02

withA =4.0, B=0.5,Y,, the local mean product concentration, and T, the stoichiometric
oxygen requirement.
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The disadvantage of this approach is the fact that global reactions still have to be used. An
extension of these models is the eddy dissipation concept (EDC).* This model is still based on eddy
dissipation along the turbulent energy cascade, but differentiates between areas of chemical reaction,
the so-called fine structure region, and their surrounding nonreactive regions. These fine structures
are situated at the end of the turbulent energy cascade. There length scale is that of eddies in the
Kolmogorov scale, where the species are mixed on a molecular level and react as the energy level
meets their respective activation energy. The chemistry inside these fine structures can be treated as
a perfectly stirred reactor.

This model takes into account that the dissipation is not homogeneously distributed in the
computational domain, but takes place mainly in strained areas, the separating area from the reacting
and nonreacting volumes. Magnussen proposes the following definition for the mass fraction
contained in these fine structures:

Y=y, (5.37)

where u” is the characteristic velocity of the fine structure and u” is the turbulent velocity. Any mass
transfer from surrounding nonreacting fluid into these fine structures follows the expression:

m=2—v", (5.38)
where the characteristic velocity #~ and the characteristic length L can be expressed by:
u' =1.74(ve)"* (5.39)
and
L =1.43v¥"*/e"*, (5.40)

where v is the kinematic viscosity and € is the rate of dissipation of turbulent energy. Assuming
isotropic turbulence, the mass fraction of the fine structure and the mass transfer between the fine
structure and the surrounding can be written as:

Ve 3/4
Y= 9-7(?j (5.41)
and for the mass transfer:
VE 1/4 €
n=23.6— | — 5.42
" (kzj k 642

If we assume that the reactions inside the fine structures are infinitely fast, the mass transfer
between the surrounding fluid and the fine structure itself limits the reaction rate. Thus, the rate of
reaction can be written as depending on the mass transfer:

(5.43)
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where Y . is the smallest concentration of Y. or 0 , limiting the reaction rate. It cannot be assumed
that all fine structures are on the same temperature level, so the concentration of hot products must

be taken into account. A correction factor:

Y, /(1+7, )
I (5.44)
Y S+, )+
is introduced and the final expression for the reaction rate becomes:
1/4
Y, = 23.6(%) . (5.45)

The main advantage of this approach is the possibility of including elementary reactions to
describe the kinetics within the fine structures. Because any given set of reactions has only to be
solved within these small regions, the computational time can be reduced significantly. Another method
for the calculation of reacting flows is the mixture fraction approach.

5.3.2.1 Mixture Fraction Approach for Equilibrium
or Nonequilibrium Chemistry

For nonpremixed or diffusion flames, one approach is using the presumed probability density function
(ppdf) model, with or without equilibrium chemistry. Assuming that the chemistry is one-step,
infinitely fast and irreversible (equilibrium chemistry), with equal diffusivities, this model can be
interpreted as a zero-dimensional, perfectly stirred reactor with infinity residence time. The input for
the PSR is given by the local value of the mixture fraction. Because the enthalpy is fixed by the
mixture fraction, the temperature can be obtained using:

,
h = h}{ . +J‘ cp,(T)dT, (5.46)
Ty

and

h=> Y (5.47)

with T, as reference temperature and h0 the enthalpy of formation of species i. Values for h ; can
be found in Table 5.2. The results of these calculations can be stored in look-up tables and used
afterward from the CFD code to determine the concentration distribution within the computational
domain. This approach is often applied to turbulent flames using a presumed pdf for the mixture
fraction. The schematics for an adiabatic calculation are shown in Figure 5.6.**

The mixture fraction Z is defined as an element mass fraction of matter originating from the
fuel stream. It is a so-called conserved scalar because elements are conserved during combustion
and it is not directly influencing the underlying fluid mechanics. The element mass fraction of an
element i in an N-species mixture is:

N
M?tom
2= ay, i, (5.48)
j=1

where a;; is the number of atoms I in species j, M; is the molecular weight of species j, and M™" is
the atomic mass of atom i. The mixture fraction Z is defined as linear combination of Z, where it is 0
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TABLE 5.2
Standard State Values at T = 298.15K

AH? S° AG?

Species (kJ/mol) (J/K-mol) (kJ/mol)
Carbon

C(s, graphite) 0 5.74 0
C(s, diamond) 1.895 2.377 2.9
C(g) 716.682 158.096 671.257
CH, (g, methane) -74.81 186.264 -50.72
C,H, (g, ethyne) 226.73 200.94 209.2
C,H, (g, ethene) 52.26 219.56 68.15
C,H, (g, ethane) —84.68 229.6 -32.82
C,H, (g, propane) —-103.8 269.9 -23.49
C,H,, (g, butane) —888
C H, (1, benzene) 49.03 172.8 124.5
CH,,() —-198.782 296.018 —-4.035
CH () —249.952 361.205 6.707
CH,OH(1, methanol) —238.66 126.8 -166.27
CH,0H(g, methanol) —200.66 239.81 -161.96
C,H,OH(, ethanol) —277.69 160.7 —-174.78
C,H,OH(g, ethanol) -235.1 282.7 —168.49
CH,COOH(1) —276.981 160.666 —-173.991
CO(NH,),(s, urea) —333.5 104.6 -197.4
CO(g) —-110.525 197.674 —-137.168
CO,(g) —-393.509 213.74 —394.359
CS,(g) 117.36 237.84 67.12

Hydrogen
H,(g) 0 130.684 0
H(g) 217.965 114.713 203.247
H'(g) 1536.202 — —
H,0() —285.83 69.91 —237.129
H,0(g) —241.818 188.825 —228.572
H,0,(1) —187.78 109.6 -120.35

Nitrogen
N,(2) 0 191.61 0
N(g) 472.704 153.298 455.563
NH,(g) —46.11 192.45 —-16.45
N,H,D 50.63 121.21 149.34
NO(g) 90.25 210.76 86.55
NO,(g) 33.18 240.06 51.31
(Continued)
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TABLE 5.2
Standard State Values at T = 298.15K (Continued)

AH? s° AG?
Species (k)/mol) (J/K-mol) (kJ/mol)
Nitrogen
N,O(g) 82.05 219.85 104.2
N,0,(2) 9.16 304.29 97.89
HNO,(1) ~174.1 155.6 -80.71
HNO,(g) ~135.06 266.38 ~74.72
HNO,(aq) —207.36 146.4 ~111.25
Oxygen
0,(2) 0 205.138 0
0(g) 249.17 161.055 231731
04(2) 142.7 238.93 163.2
Sulfur
S(s, rhombic) 0 31.8 0
S(g) 278.805 167.821 238.25
S,Cl(g) -18.4 331.5 -31.8
H,S(g) ~20.63 205.79 -33.56
SO,(2) —296.83 248.22 ~300.194
SO,(2) -395.72 256.76 ~371.06
H,S0,(1) ~813.989 156.904 ~690.003
H,SO,(aq) -909.27 20.1 ~744.53
Y(Z,2"2) PDF - Integration
T(z,2",2) V=IP@z.z) Y(@) dz
4 v T=[ P(Z,2”) T(2) dz
@ &
. : Z” |_: |_.,
Momentum conservation variance N| N
>

continuity
mixture fraction Z

Flamelet - Library

Conserveation equations of mixture Strain-Rate a YT =f(Za)

fraction Z and its variance Z”

st s e
yorg PSR model

FIGURE 5.6 Application of a presumed pdf approach.
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FIGURE 5.7 Illustration showing mixing process between fuel and oxidizer with resulting reaction zone.

in the oxidizer stream and 1 in the fuel stream (see Figure 5.7). In a two-feed system with a fuel
stream mass flow m, and an oxidizer stream mass flow n'zz, the mixture fraction represents the mass
fraction of the fuel stream locally in the unburned mixture:

] Z Z
z="—"TH__“%r_1_ % (5.49)
my+m, Y, Y,

with ¥, the mass fraction of fuel in the fuel stream and ¥, , the mass fraction of oxygen in the
oxidizer stream. Z,. and Z, are the fuel element mass fraction coming from the fuel and from the
oxidizer stream, respectively. The fuel element mass fraction Z, is equivalent to the sum of fuel
atoms. In the case of hydrocarbon combustion, it is equal to:

Z,=72.+2, (5.50)

The mixture fraction in the presence of combustion can be written as:

VY. -Y +Y
7- V"0, T 0,0 (5.51)
VY -Y, ,

For the case of a stoichiometric mixture with vY,. = YOz’ the stoichiometric mixture fraction Z, can
be calculated from:

Zst = YOZ,Z =1+ VYF’I
vy, -

F1~ 10,2 Y02,2

(5.52)

To include this approach in a CFD model, two additional equations must be solved. The first one
is the conservation equation for the mixture fraction Z; the second one is the conservation equation
for the mixture fraction variance Z”.
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The transport equation for the mixture fraction Z as it is represented in a flow simulation

a(puZ)+B(va)+B(pr) _p M azz+azz 9’z
ox dy 0z !

—+ 5.53
Sc, ox* 9y’ 97’ (>53)
and the transport equation for the mixture fraction variance Z”
” ” ” 2r7m 27m 2r7m
o(puz )+8(va )+a(pr ) D+ M 8Z2 +8 Z2 +822
ox dy 0z ¢ Se, \ ox dy 0z
2

W (0Z 0Z oZ €

=t | T4 T4 T ) —
Se, (ax dy 0z P K8 (3:54)

The pdf integration as shown in the preceding figure is commonly done using the B-pdf. The
B-function is defined as:

B(o = FTC)

T+ s (5.55)
where;
Z(1-7Z
o= Z( (Z”2 ) _ lj (5.56)
and
x=(- Z)( 2l ;Z) - 1) (5.57)
Z
where:

r'(¢)= f e dt (5.58)

The shape of the B-function is shown in Figure 5.8. This graph shows the distribution for a
mixture fraction Z = 0.6 and several values for the mixture fraction variance Z”.

The concentration and temperature distribution after integration over B-function can be determined
from:

Y(Z,2”) = J Y(Z)P(Z,Z")dz (5.59)
and

17(Z,Z") = J' T(Z)P(Z,Z2")dz (5.60)
The result for Equation 5.60 is shown in Figure 5.9. The graph shows the calculated temperatures of
a methane/air flame for different variances Z”.***
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FIGURE 5.8 B-Function distribution for mixture fraction Z = 0.6 with several values for mixture fraction
variance, Z”.
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FIGURE 5.9 Temperature profile after integration over f3-function for several values of mixture fraction
variance Z”.
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5.3.3 WAaLL HeaT TRANSFER

Heat transfer between a burner flame and the furnace walls or tubes is a critical issue that must be
resolved by a CFD simulation for the model to be useful for optimizing furnace efficiency. Thermal
efficiency, defined as the total energy transferred to the furnace divided by the total available energy
of the fuel, is largely dependent on radiative heat transfer within the industrial furnace and continues
to be the focus of considerable research.

Radiative transfer theory deals with the propagation of intensity. Shuster’® and Hamaker’’ were
two of the first workers to describe the radiation process by writing equations for the rate of change
of positive radiation fluxes in the positive and negative coordinate directions. Basic radiation transfer
is governed by an integro-differential equation that accounts for the scattering and absorption of
radiation by participating media:

K -
(SeV)I,=—(K, +K ) +K I (T)+ 45“ J P(S — S, (8)dQ (5.61)
v v v T Jo=4n

Figure 5.10 depicts the radiant energy balance in a specified direction. The term on the left-hand
side of Equation 5.61 represents the net change in the intensity of radiation. The first term on right-
hand side of the equation accounts for attenuation due to absorption and scattering while the second
term on the right-hand side represents the addition due to emission. Finally, the integral term accounts
for addition due to “in-scattering.” In-scattering is the radiation scattered by surrounding particles
in the direction of travel of the radiation beam under consideration. This term, also known as the
source term, is the most difficult to resolve given its integral nature of summing all incident radiation
on a hemispherical section at a point. To simplify this equation, the source term is reduced to a
differential form using various approaches.

5.3.3.1 Thermal Radiation Heat Transfer

Radiative heat transfer models for gas- or oil-fired** and pulverized coal-fired furnaces*’ have been

developed using the zoning method*** and the flux method.”™ These approaches used simple
empirical assumptions for flow characteristics, temperatures, heat release rates, and gas composition.
However, they suffered from a lack of coupling between the individual directional fluxes. Other
computational techniques developed to minimize this effect included the Monte Carlo method,*® the
diffusional method,"” and, more recently, the discrete-ordinates method.**

A~

S S;
7

‘T L+dr,
Transmitted

/ Emitter

Out-scattered

Incident \

FIGURE 5.10 Radiant energy balance in a specificed direction. (From Field, 1981.)
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Zonal methods were first developed by Hottel and Cohen in 1958°' to simulate radiation exchange
within a furnace chamber.’' Later, Hottel and Sarofim® refined the zone method to include non-
ideality of the furnace and gases. This method is more rigorous on radiative transfer and combustion
in industrial furnaces than the related flux methods.

Flux-based radiation models developed by Gosman and Lockwood** and by Varma® described
geometrically simple systems that accounted for radiative transport via flux equations in two, four,
or six flux directions. The derivation of the flux equations describing radiation transfer is relatively
straightforward, and the computational demands for such an approach are far less than the compar-
ative zonal approach. However, both the flux and zonal methods’ inability to address coupling
between directional fluxes makes them less popular today.

One method that captures the coupling between directional fluxes is the Monto Carlo method.*
This method generates a “bundle” of intensities within a control volume and fires them in all
directions and then traces the resulting rays throughout their lifetime as they undergo simulated
absorption, emission, and scattering. This method provides a powerful and flexible solution to the
nongray gas problem as well as the directional dependence of radiation. However, it suffers from
poor economy in computer time. The discrete ordinates method attempts to address coupling between
directional fluxes in a more efficient fashion.

Discrete ordinates (DO) solutions of the radiative transfer equation in multi-dimensional enclo-
sures containing absorbing-emitting-scattering media have been developed for S,, S,, S, and S
approximations (see Figure 5.11 for the S, and S, configurations). The S, approximation solves the
radiative transport equation in 24 directions, the angular integral being discretized through the assump-
tion of nonvariance of radiative intensities in prescribed solid angles surrounding representative
directions. This discrete ordinates method has been tested in two-dimensional axisymmetric

a)

! Ak

FIGURE 5.11 Directional intensities reaching a volume element: (a) S, and (b) S,.
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geometries,” two-dimensional Cartesian geometries,” three-dimensional rectangular geometries,”'
and three-dimensional geometries with generalized shapes.’® It has also been tested in nonscattering
and scattering media. Comparison to exact solutions, the S, approximation is shown to have
significant error while the S, approximation has been shown to be adequate. Today’s CFD-based
combustion models use this formulation of the DO method to approximate radiative transport in
general furnaces and burners.

5.3.3.2 Properties of Radiating Gases

To carry out radiation calculations, information is needed on the absorption and scattering cross
sections for particulates, as well as the scattering phase functions. These can be calculated using
Mie theory”” if the particle size, the wavelength of the radiation, and the complex refractive index
of the particle are known.

Soot particles absorb but do not scatter radiation significantly due to their size. For this reason,
soot radiation is typically ignored in most CFD codes.

Absorption coefficients for combustion gases are evaluated from gas emissivity data as:

k,, = Gj[ln(l —¢,)] (5.62)

where:

€, =Cqo,€co, T Cpy,08n,0 ~AE (5.63)
where ¢ is the mean beam length evaluated as:
=35V /A;) (5.64)

and CC02 and CHzo represent the pressure corrections to the gas emissivities, A€ represents the spectral
overlap correction, and V,, and A, represent the averaged volume and cross-sectional area of the
reactor. The gas emissivity data are taken from Hottel and Sarofim.*’

5.3.3.3 Radiative Boundary Conditions

In a well-controlled test furnace, the thermal boundary conditions along the wall, required by the
radiation model, are well defined and can be supplied for the simulation. In most industrial furnaces,
this is not the case. Instead, a wall heat transfer model is typically used that incorporates the local
radiative fluxes (incident and emitted), local net convective heat flux, and a thermal resistance through
the furnace wall (including any surface scaling or deposits). This model allows for specification of
the boundary condition to be the local temperature outside the furnace wall. This requires specifi-
cation of both a local temperature and the local thermal resistance of the wall.

Previous work has shown that the local radiation and temperature field is strongly dependent on
this boundary condition. To improve accuracy, one can use measured external temperatures of the
wall or ambient fluid or one can use the measured exit gas temperature to check this boundary
condition. In the absence of local furnace data, a common assumption is that the wall resistance is
uniform throughout the furnace. Although this is probably a weak assumption, the resistance is
adjusted until the predicted and measured exit gas temperatures agree.

This definition of the boundary condition for the wall heat transfer also affects the reaction
chemistry and the fluid dynamics. This assumption is believed to be the limiting assumption in
the modeling of large industrial furnaces. Thus, more measurements and theoretical development
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are needed to better resolve these boundary conditions for more thorough model definition and
evaluation.

5.4 ILLUSTRATIVE EXAMPLES
5.4.1 FLAME SHAPE ANALYSIS CASE STUDY

CFD is commonly used to address customers’ concerns directly related to thermal equipment perfor-
mance in their individual applications. For example, our company used CFD to essentially duplicate
conditions observed in an ethylene pyrolysis furnace, then devise a solution that was successfully
implemented in the field.

Ethylene pyrolysis (“cracking”) furnaces are found in many olefin plants and produce ethylene
and propylene from feedstock containing ethane, propane, butane, and hydrocarbons through naptha.
The physical phenomena involved in this process include radiant heat transfer, gaseous combustion,
convective heating of the process fluid in the process tubes, and convective cooling of the furnace
effluent gases in the convection section of the furnace. In summary, the process entails rapidly heating
the feedstock for a short time (less than 1 second is typical) to a temperature of about 1600°F
(870°C). The feed gases are then quickly cooled and subjected to a number of separation processes.
These phenomena are represented by the respective mathematical equations. The numerics required
to solve these equations involve algorithms that solve large systems of nonlinear equations. As
pointed out, successful application of CFD requires that all key physics are included in the simulation,
that these physics are correctly captured in comprehensive mathematical expressions, and that the
numerics accurately provide a reproducible solution to this nonlinear system of equations. If weak-
ness exists in any of these three worlds, inaccurate CFD results are likely to occur.

Figure 5.12 is a photograph of burners operating in a cracking furnace. These burners are wall-
fired and produce a flat flame. In this study, the installed flat flame burners produced a flame that
“rolled off” the wall of the furnace and into the process tubes. Because flame impingement on the
tubes can cause premature coking and tube failure, the furnace operators were forced to operate the
furnace at only 50% capacity to avoid damaging the tubes.

In single burner tests at the lab, the flame shape observed in the furnace could not be reproduced,
which required a CFD study of the burners in the actual furnace geometry.

Figure 5.13 illustrates three views of the CFD model of the burner. This model includes all the
critical geometric features. The multiple jets created by the drillings in the primary and staged tips
must be modeled in enough detail to simulate the individual jets. This requires significant experience
with meshing tools as well as some knowledge of the fluid dynamic processes and resolution require-
ments. As observed in practical systems, the direction and size of these jets are critical to burner
performance, and must be modeled in the CFD simulation to capture the correct flame shape and
resultant heat flux profile.

Figure 5.14 shows a plan view of the furnace layout. The CFD model used to study the flame
rollover problem assumed symmetry about certain planes to reduce the computational demands of
the calculations, which allowed for rapidly generated solutions to the various burner changes.
Figure 5.14 illustrates the symmetry planes used as dashed lines. This assumption allowed for study
of flame interaction from adjacent burners while only including a “half-burner” in the model. This
assumption greatly reduces the cell count to facilitate making several calculations to optimize the
system.

5.4.1.1 Combustion Modeling and Boundary Conditions

The per-burner airflow is 5886 lbm/hr of ambient temperature air. The per-burner fuel flow is 325.3
Ibm/hr. The fuel composition is given in Table 5.3. The lower heating value (LHV) of the fuel is 973
Btu/scf and its molecular weight is 18.5. The heat release per burner is 6.4 MMBtu/hr based on LHV.
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FIGURE 5.12 Closeup of burners firing in a cracking furnace.

Throat baffle

Primary and
staged tips

FIGURE 5.13 Closeup of CFD geometry for a flat-flame burner.
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TABLE 5.3
Mole Fractions of Chemical Species
in Fuel and Combustion Air

Species Fuel Fraction Air Fraction
0, 0 0.206
N, 0.017 0.78
H,0 0 0.014
CO, 0.0145 0.0003
CH, 0.861 0.0
C,H, 0.0865 0.0
C.H, 0.0166 0.0
CH,, 0.0037 0.0
Tubes
(approximate locations) FIoorIIayout of ethylene furnace
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FIGURE 5.14 Plan view of furnace layout showing burner locations, tube locations, and symmetry planes
used in CFD model (dashed lines).

Because these burners produce a nonpremixed flame, the presumed probability density function
(PPDF) combustion model* was used to simulate combustion. This model assumes that the combustion
process is limited by fluid mixing rather than by chemical kinetics, a valid assumption for most
hydrocarbon fuels in many combustion devices.

The CFD simulation used the realizable k- (RKE) turbulence model to simulate the effect of
turbulence of the flow and mixing.***> Thermal radiation was simulated using the discrete ordinates
model.”® Thermal radiation is the most significant heat transfer mechanism in the radiant section of
the furnace, and a significant fraction of the radiant flux to the tubes is directly from the gas, requiring
amodel capable of simulating optically thin gas radiation. The Weighted-Sum-of-Gray-Gases model’’
was used to compute the gas-phase absorption coefficients using an assumed surface emissivity of
0.85 on the tubes and 0.65 on refractory surfaces.

5.4.1.2 Predicted Flame Shapes and Modifications to Burner Geometry

Figure 5.15 shows the predicted flame shape (visualized by showing a constant mixture fraction
isosurface) for the as-installed burners. The predicted flame shape is consistent with the observation
that the flame rolls over into the tubes. The predicted flame shape also shows large “wings” of flame
coming from the sides of the burner. These are consistent with the fuel placement in the burner,
although the size of these wings is disconcerting. This burner was designed with an unusual constraint
so that the burner could be easily operated when the furnace is in its “hot-standby” condition, which
occurs regularly when the tubes undergo steam decoking.
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FIGURE 5.15 Flame shape (f = 0.0575 stoichio-
metric isosurface) predicted with initial burner geom- 1120
etry and tip drilling. The isosurface is colored by 1000
temperature (°F).

After reviewing this predicted flame shape with burner engineers and furnace engineers, the
conclusion was made that the combination of burner spacing in the furnace and the design constraint
for hot-standby operation led to the flame rollover problem. This problem was not observed in single-
burner tests or even in dual-burner tests, but the CFD model did reveal the problem. In a long row
of burners as in the operating furnace, the combustion air will be “pinned” against the fired wall
and unable to flow freely around the fuel. In a single- or dual-burner test, the air can flow around
the flame and oxidize the fuel stream from both sides of the flame.

As a result of these discussions, seven additional CFD simulations were performed, each with
a different fuel distribution around the tile. Figure 5.16 shows the flame selected as having the most
optimal shape. This conclusion was reached by reviewing the predicted flame shapes for all seven
tip-drilling changes with combustion engineers and furnace engineers.

Figure 5.17 shows the normalized heat flux profiles for the seven tip drillings considered. These
are the heat fluxes to the process tube directly in front of the burner centerline.

Heat flux profiles are very important in ethylene pyrolysis furnaces because the tube metallurgy
usually limits capacity. The furnaces are frequently operated with some portion of the tubes near
the metallurgical temperature limit. For this reason, the more uniform the heat flux profile on the
tubes, the higher the furnace capacity.

Upon completion of the CFD modeling study and test furnace evaluation of the selected tip
drilling, new fuel tips were fabricated and delivered to the site. These tips were installed online.
Upon installation, the flame impingement problem disappeared.

5.4.2 THerRMAL OxiDIZER BURNER/REACTOR CASE STUDY

This case study considers the incineration of a dilute gas stream consisting of small amounts of
sulfur-containing species (i.e., H,S, COS, CS,) and aromatic hydrocarbons. The thermal oxidizer
had been operating for a period of time with a lower than desired destruction efficiency and this
was developing into a regulatory compliance issue. It was suspected that mixing of the fuel, waste,
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FIGURE 5.17 Normalized heat flux profiles for the various tip drillings studied.

and oxidant streams within the unit was less than optimal and a different style of burner was suggested
to help improve this important parameter. Timing and the cost of renovation restricted the user to
utilizing the existing reactor shell rather than make major modifications. The study was then designed
to simulate the existing unit and then evaluate the effects related to the their replacement with the
new, proposed burners.
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FIGURE 5.18 Overview of the modeled reactor.

The existing thermal oxidizer is a horizontal cylindrical furnace with two identical burners
positioned at the head of the reactor perpendicular to one another on the reactor’s horizontal mid-
plane (see Figure 5.18). The original burners consisted of a single, center fuel gas riser, capped with
a cone to help stabilize the flame. Air entered the burner by the gap around the center riser. Waste
vent gas enters the burner assembly via a cylindrical gap concentric to the fuel gas riser’s axis located
outside of the burner tile. The fuel gas tip had drillings such that gas was allowed to enter in a
conical pattern. The proposed burner modifications consisted of changing the fuel gas injection
pattern by placing a number of individual tips around the interior burner periphery and providing
drillings allowing for more tangential spin. Reducing the available concentric flow area slightly
increased the pressure drop for the waste gas stream across the burner. A riser with a cone was added
to allow for future fuel additions, but did not serve as an inlet to this particular burner simulation.
The intent behind the new burner configuration was to increase local mixing sooner in the burner
assembly, thereby helping to improve the potential for complete burnout of waste components. The
two fuel gas tip arrangements are shown in Figure 5.19.

The fluid density was based on an ideal gas assumption, using a fixed value of system pressure.
This approach is reasonable when large fractions of the pressure field fluctuations in the domain are
expected to differ only slightly (<1%) from the user-input nominal system pressure. This approxi-
mation reduces the computational load per iteration. The RANS equations were used to account for
momentum conservation and the “realizable k-€” model was used to account for turbulent fluctua-
tions. The combustion processes in these studies were modeled using the beta form of an assumed
PDF (probability density function) of mixture fraction model. Heat loss from the reactor walls was
assumed to be 1000 Btu/(hr-ft?).

The components that made up the fuel and waste gas streams are shown in Table 5.4. The air
composition assumed to be at 94°F and 65% relative humidity.

Velocity profiles for the two different types of burners, shown along a plane perpendicular to
the axis of the burner’s centerline, are shown in Figure 5.20. The figures show the proximity of the
plane to the burner’s cone. The differences between the two are immediately obvious. The gas tip
arrangement used in the older, existing burner was intended to provide a conical distribution of fuel
gas with no swirl induced by the drilled pattern. The contours representing the calculation for the
existing burner support this and show little to no rotation. The color map is shown to the left and
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TABLE 5.4
Fuel and Waste Acid Gas Composition

Fuel Gas Waste Acid Gas
Specie  %Vol Specie  %Vol Specie % Vol
CH, 8.5  CH, 016  HO 20.65
C,H, 83  CH, 006  H,S 0.5
C,H, 39 €O 171 N, 41.61
N, 53 CO, 3466 SO, 0.25
H, 0.4

Waste gas

FIGURE 5.19 Existing and proposed burner modifications.

is in units of feet/second. The figure to the right shows the calculated result from the new burner
configuration. The flow field now shows a swirling velocity pattern and seems to have a greater
percentage of the flow area at a higher velocity.

Figure 5.21 shows the velocity profiles along the vertical mid-plane of the furnace, looking down
from the top. The first profile (Figure 5.21a) shows the result from the existing burners. The velocity
fields from the two burners combine and seem to form a “jet” that continues out toward the exit of
the reactor. The implication is that the full reactor volume is not being utilized. The second profile
(Figure 5.21b) shows the effect of the new burners. The overall magnitude of the combined jet is
reduced; however, the slip that was occurring in the first case still seems to persist. This result
prompted an additional study, with the addition of a choke ring to the reactor downstream of the
burners. This addition could be made without major changes to the reactor as it currently existed.

As is shown, the addition of the choke ring significantly modified the flow fields in the reactor.
Figure 5.22 shows the calculated temperature profiles from these three cases, and also the increase
in field uniformity with the use of the new burners and more so with the choke ring.

The true impact this improvement in mixing has is best demonstrated by the contours shown in
Figure 5.23. These represent H,S mass fractions along the vertical mid-plane of the furnace, looking
down from the top. The first, again, is from the simulation of the existing burner/reactor configuration.
The second shows the impact of the new burners and indicates, for this particular metric, the addition
of the new burners would make little improvement in the reactor’s effectiveness. There appears to
be significant slip of the waste gas stream toward the exit. The case with the addition of the choke
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FIGURE 5.20 Velocity profiles near the burner face: (a) current burner and (b) modified burner design.
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FIGURE 5.21 Velocity magnitude profiles along the reactor’s vertical mid-plane (ft/sec): (a) existing burners,
(b) new burners, no choke, and (c) new burners with choke.

ring shows the elimination of this slip, due to the increased utilization of the whole reactor volume.
As can be seen, the improvement in mixing in the system utilizing the new burners and the choke
seems to noticeably reduce the mass fraction of H,S leaving the reactor. The improvement in mixing
in the downstream section of the reactor also results in a more uniform temperature profile along
the reactor walls, as shown in Figure 5.24. Figure 5.24a shows the expected temperature profiles
from the existing burner configuration. The profiles seem to corroborate data taken during a site
visit. Figure 5.24b and Figure 5.24c show that the temperature profiles along the reactor walls, with
the addition of the new burners, becomes much more uniform, which should help improve the
maintenance of the reactor as a whole.

The conclusion reached from this case study was that the addition of new burners in the existing
reactor configuration should greatly improve the localized mixing, thereby helping with the inciner-
ator’s overall destruction efficiency. This was based on the calculated temperature and velocity fields
from the CFD analysis. The addition of a choke seems to encourage better utilization of the reactor’s
available volume and subsequently improve the downstream uniformity of the resulting flow and
temperature fields, as well as reduce the slip of waste gas from the side burner annulus. Temperature
uniformity at the exit was considered important due to the presence of a waste heat boiler immediately
downstream from the reactor exit. This improvement in mixing also appears to result in lower H,S
mass fractions leaving the oxidizer section. It was suggested that this addition should be considered
an essential portion of the furnace upgrade.
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FIGURE 5.22 Temperature contour slices along the reactor axis (K): (a) existing burners, (b) modified burners without choke,
(c) modified burners with choke.
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FIGURE 5.23 H,S mass fraction profiles along the reactor’s vertical mid-plane: (a) existing burners, (b) new
burners, without choke, and (c) new burners with choke.

5.5 CONCLUSIONS AND SUMMARY

Time and experience in CFD-based combustion analysis have revealed their critical importance to
the design and development of next-generation burners for the CPI/HPI. Recent advances in computer
architecture, more comprehensive physics, and improved CFD solver algorithms have allowed
engineers to address issues such as pollutant generation and equipment reliability. While tomorrow’s
supercomputers promise to open exciting new doors in the CFD field, today’s challenge continues
to be simulating fully three-dimensional turbulent reacting compressible flows inside very complex
burner/furnace geometries.

Modeling continues to play a vital role in identifying complex problems. This approach provides
a foundation to solve difficult problems, which in years past would have been intractable or exor-
bitantly expensive to address. In the examples presented in this chapter, the goals were to reduce
fuel consumption without increasing combustion emissions or compromising burner turndown and
carbon burnout at all loads. In each situation, operational improvements enabled the system to
function at reduced excess air rates and higher efficiency, which translated into real savings.

Advanced modeling along with experimentation have also been used to address problems related
to the thermal performance of ethylene pyrolysis furnaces. CFD has successfully identified and
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FIGURE 5.24 Temperature contour profiles along the reactor wall (K): (a) existing burners, (b) new burners, without
choke, and (c) new burners with choke.
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resolved the flame impingement/flame rollover problems in this specific furnace, which was imple-
mented in the field quickly and cost-effectively. This same approach has been used on other similar
furnaces with similar success. Solving these types of problems translates into significant cost savings
in terms of higher online production rates for the operating unit.

Perhaps most importantly, advanced problem-solving techniques using CFD are making ultra-
low emission burner design routine in today’s ever-stringent economic and operating environment.
This new tool has proven its ability to effectively help industry meet evermore stringent air quality
regulations at acceptable costs.
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