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Abstract

Flameless combustion technology has been developed over the past twenty years achieving low-
NOx emissions and high energy efficiency for industrial applications. In the present work, three
aspects of flameless combustion were examined based on a burner employing the Strong-

Jet/'Weak-Jet (SJ/W1J) configuration.

In the first part of the work, a 3-D SJ/WJ physical model was developed in the Lagrangian
perspective for an isothermal pair of free jets. The model was used to predict the W] trajectory,
identify important design/operation factors, and estimate the extent of mixing in the main
combustion region (confluence region). The model was also validated with experimental data

and showed excellent agreement over a wide range of flow conditions.

In the second part of the work, a simplified chemical kinetic model was developed for the
flameless combustion of natural gas. A detailed chemical reaction mechanism (GRI Mech 3.0)
was successfully reduced to a skeletal chemical reaction mechanism under flameless combustion
conditions by Principal Component Analysis, sensitivity analysis and reaction flow analysis. The
skeletal mechanism was further simplified to a set of 2-D manifolds by Trajectory-Generated
Low-Dimensional Manifolds (TGLDM) method. The set of 2-D manifolds was tested by the
Batch Reactor (BR) and Perfect Stirred Reactor (PSR) models. From the BR model test, it was
found that the chemical reaction rates were well represented by the 2-D manifolds. The effect of
the physical perturbation, tested by PSR model, could be handled by the perpendicular projection
instead of the orthogonal projection because both showed similar discrepancies with the skeletal

mechanism.

In the final part of the work, the steady-state Reynolds-Averaged Navier-Stokes (RANS)

simulation was conducted for the turbulent flameless combustion in the SJ/W1J furnace, based on
ii



the Probability Density Function (PDF)/Mixing approach. The set of 2-D manifolds and
Conditional Source-term Estimate (CSE) method were used for the combustion reaction and the
estimation of the mean production/destruction rate, respectively. This CSE-TGLDM model
provided good predictions of major species concentrations. However, the gas temperatures and

CO concentrations were highly over-predicted.
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Chapter 1

Introduction

1.1 Motivation

Flameless combustion is a recent technology developed for control of nitrogen oxides in the field
of combustion engineering. Various names and acronyms have been used to describe this
technology including Fuel/Oxidant Direct Injection (FODI) [1], flameless oxidation-FLOX [2],
MILD or diluted combustion [3] and High Temperature Air Combustion (HiTAC) [4]. The
nitrogen oxides, or NOx, of interest in this subject include NO and NO, — N,O is placed in the
category of a Greenhouse Gas and isn’t usually categorized as NOx. Flameless combustion
provides lower NOx emissions based on in-furnace control of the mixing and reaction
mechanisms rather than post treatment methods such as Selective Catalytic Reduction (SCR) [5]
or Selective Non-Catalytic Reduction (SNCR) [6] in combustion facilities. Side benefits of
flameless combustion include lower peak gas temperatures, uniform heat transfer to furnace loads

and compatibility with energy saving strategies such as air preheat and oxy-fuel combustion.

Combustion-generated NOx is formed by three mechanisms [7]: thermal-NOx, prompt-NOx, and
fuel-NOx. Thermal-NOx, normally produced from the reaction of oxygen and nitrogen in the
combustion air, is considered the dominant mechanism and is closely related to the reaction
temperature in the combustion environment. Methods to reduce thermal-NOx formation include
lowering the peak combustion temperature, shortening the residence time of combustion air

within the high peak temperature region, and lowering the concentration of nitrogen in the



combustion air. With flameless combustion, the reaction product gases are mixed with the fuel
and oxidant reactants producing a very diffuse reaction zone — the combustion products (e.g. CO,,
H,0O, CO) are entrained into the reactant feed streams before the main combustion reaction occurs.
The diluted reactants cause a small amount of heat release (small temperature variance) and
relatively slow combustion reaction (fast energy diffusion). Accordingly, there is a relatively low
and uniform gas temperature profile in the furnace environment with a significant reduction in

thermal-NOx production.
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Figure 1.1. A schematic diagram of CGRI burner showing the locations for the air/oxidant

and fuel nozzles [8].

The Canadian Gas Research Institute (CGRI) initially developed an ultra-low NOx burner (~310
kW, nonpremixed, natural gas-fired, multiple-jet burner), called the CGRI burner (see Figure 1.1),
by adopting the flameless combustion technology. This burner was further studied and improved

at the Centre for Advanced Gas Combustion Technology (CAGCT) at Queen’s University [1,8,9,



10,11]. A key configuration of the geometry of the CGRI burner, called the ‘Strong-Jet/Weak-
Jet” (SJ/WJ]) configuration, was also studied to understand fundamental characteristics of
flameless combustion in the CGRI burner[12,13]. The SJ/WJ system includes a single pair of jets
simulating the fuel and oxidant feed streams. The jets have a similar diameter leading to a higher
momentum (the Strong Jet) for the oxidant feed and a lower momentum (the Weak Jet) for the
fuel feed. The jet feed streams are separated by a specified distance and angle as shown in Figure

1.2.
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Figure 1.2. Flow visualization photograph of the SJ/WJ interaction under isothermal

conditions[12].



Several subjects such as the aerodynamic interaction for the SJ/WJ [12,13], chemical kinetics and
reduction of reaction mechanisms for flameless combustion [14], and Computational Fluid
Dynamics (CFD) simulation of the flameless combustion in the SJ/WIJ furnace [15] were
previously studied. Although this previous work made significant contributions in many respects,
they have several limitations. This study was, therefore, motivated to improve previous studies

and to understand the flameless combustion in the context of SJ/WJ configuration.

1.2 Objectives

The objectives of this present study consist of three parts: (a) a development of 3-D SJ/WJ
physical model for an isothermal, free SJ/WJ system, (b) a simplification of a detailed chemical
reaction mechanism for flameless combustion, and (c¢) Reynolds-Averaged Navier-Stokes
(RANS) simulation of the turbulent, flameless combustion combined with the simplified

chemical kinetics in the SJ/W]J furnace.

A 2-D integral model [13] was previously developed to predict the WIJ trajectory for the
isothermal, free SJ/W1J system and showed good agreement with experimental data. But, the 2-D
integral model has a number of limitations: it can be applied only to a 2-D configuration, i.e. the
SJ and the W1J should be coplanar, and the prediction of the WJ behavior is only possible from the
nozzle exit to the maximum curved point of the WJ trajectory. Hence, a 3-D SJ/WJ physical
model was developed in the present work to overcome the limitations. In addition, important

design/operation factors were identified from the 3-D physical model.



The chemical reaction kinetics of flameless combustion is considered to be different from that of
typical conventional combustion because of distinct differences in the reaction rates.
Accordingly the current reduced chemical kinetic models or those based on few reaction steps,
while useful in CFD simulation, have limitations for flameless combustion because they are
normally suitable only for typical, conventional combustion systems. Gokulakrishnan [14]
attempted to reduce a detailed chemical reaction mechanism for flameless combustion by using
Principal Component Analysis (PCA) and sensitivity analysis, but the resulting reduced
mechanism contains too many species and reactions to be used in CFD simulation. In this study a
significant simplification of a detailed chemical reaction mechanism was made for flameless

combustion.

For simplicity many researchers have conducted CFD simulation of flameless combustion with a
fast-chemistry assumption [16,17,18,19] and global multi-step reaction mechanisms [2,11,15,17,
18,19,20]. However, some researchers have considered the effects of the detailed chemical
kinetics on flameless combustion through the flamelet model [21,22,23,24], the Eddy Dissipation
Concept (EDC) [23] and the Conditional Moment Closure (CMC) method [25]. In this work,
steady-state RANS simulation of the turbulent flameless combustion in the SJ/WJ furnace was
conducted using the Conditional Source-term Estimate (CSE) method [26] associated with the
Trajectory-Generated Low-Dimensional Manifolds (TGLDM) method [27] to examine the effects

of detailed chemical kinetics.



1.3 Outline of the thesis

This thesis is presented in the form similar to the manuscript format prescribed by the School of
Graduate Studies and Research at Queen’s University. Chapter 1 presents the motivation and
objectives as an introduction to this thesis. Relevant literature for three subjects examined in this
work is reviewed in Chapter 2. A 3-D physical model for the SJ/WJ problem is developed in
Chapter 3. Chapter 4 covers simplification of a detailed chemical reaction mechanism for the
chemical kinetics of flameless combustion. In Chapter 5, steady-state RANS simulation of the
flameless combustion in the SJ/WJ furnace is described using the simplified chemical kinetics
results from Chapter 4. Finally, conclusions of this work are summarized and future work is

recommended in Chapter 6.



Chapter 2

Literature Review

2.1 Introduction

In this chapter, relevant theoretical background is reviewed for three subject areas:
e jet entrainment flow for the SJ/WJ physical model,
e reduction methods for chemical reaction mechanisms, and

e CFD modeling of turbulent combustion.

2.2 Physical model for the Strong-Jet/Weak-Jet system

An appreciation of the primary features of the fuel and oxidant mixing streams is important to
understand flameless combustion based on the SJ/WJ technology. Two separate and complex
entrainment processes along with merging of the jet streams should be studied. A physical model,
describing only basic key features of the system, can be a useful tool to obtain critical information
for many engineering applications. This approach can complement CFD simulation and
experimental testing in the identification of design/operation controlling factors and the

systematic effect analysis of the controlling factors on the system.

Grandmaison et al. [13] developed a 2-D integral model to predict the WIJ trajectory for the

isothermal free SJ/WJ system. Although the 2-D integral model showed good agreement with

7



experimental data, it was limited to coplanar jets (2-D SJ/WIJ configuration) and prediction of the
weak jet trajectory up to the point where the jet path has a maximum displacement from the
strong jet. In this work an improved 3-D SJ/WIJ physical model was developed for the 3-D
isothermal free SJ/WJ configuration. The following subsections present a review of the
characteristics of a free, circular jet for application in the derivation of the 3-D SJ/WJ physical

model.

2.2.1 Entrainment flow

A schematic diagram of a circular (or axisymmetric) free jet is shown in Figure 2.1. On the basis

of the self-preservation assumption, supported by experimental data, it is well established that the

centerline velocity (u, ) of a circular free jet is inversely proportional to the downstream distance

(z), location far enough from the nozzle.

r ur‘

[)0 do So
m, T
U,

ne

Figure 2.1. A schematic diagram for a circular free jet.
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(z-2z)
S —-C for z/d,> threshold value (2.1)

The source velocity, u,, is defined by the ratio of momentum and mass flow rate at the nozzle
exit, u, = G,/ m, where G, and 1, is the momentum and the mass flow rate at the nozzle exit,

respectively. The location of virtual origin, z,, can be ahead or behind the nozzle plane,
depending on the boundary layer details at the nozzle. The virtual origin and the centerline
velocity decay constant, C_, are obtained experimentally, using Eq.(2.1). For the high Reynolds
number turbulent, free jet, the centerline velocity constant is typically in the range of 0.17 ~ 0.19

as noted by Hussein ef al. [28]. However, George and Arndt [29] point out that for low Reynolds

number, it may not be a constant, but rather a function of the jet source conditions.

A key feature of the circular jet flow is entrainment of ambient fluid, characterized by the mass
flow ratio (#2/m,). Ricou and Spalding [30] used a novel experimental method to characterize

the entrainment rate of free jets by the relationship:

1
- 2
m _|C M(&j +1 forz > z, 2.2)

=1 ° d o,

1, 0
1 for0<z<z

where 1 is mass flow rate at a downstream distance z , expressed as n1 =, +m,, p, and p,
are densities of the ambient fluid and the jet fluid, respectively and C, is the entrainment

coefficient. A value of C, =0.32 for Re >2.5x 10* was suggested by Ricou and Spalding [30]

and later verified by Hussein et al. [28]. However, for low Reynolds number jets, since there is
little data in the open literature [31], we introduced an estimate based on the centerline velocity
decay constant, C.,,, as a function of jet Reynolds number and the ratio of entrainment

9



coefficient, C,;q, and the centerline velocity decay constant, C,jg, for the high Reynolds

number jet:
Cc’ low Re el
Ce,low = e,high % (23)

c,high

In the present work, the linear relation between the centerline velocity decay constant and the jet

Reynolds number were obtained from preliminary experimental tests.

2.2.2 Radial entrainment velocity

The radial entrainment velocity of the circular free jet, u, , plays an important role in deriving the

governing equations for the 3-D SJ/WJ physical model. Using the definition of the circular free

jet mass flow rate,

m= I 2pu, (7, 2)fd? - for 3> b(z) (2.4)
0
where p is density inside jet flow, u_ is axial velocity of jet flow and 7 should be located well

outside the jet boundary, b(z), where u_ = 0. By differentiating Eq.(2.4) with respect to z and

substituting the continuity equation (axisymmetric case), we can obtain

dm

d r
—=—| 2nou.rdr
dz dz.[o P

o
=2mp| = (u.)idr
w L oz (v )y (2.5)

—2mp I O (Fuydf
0o or
=-2mpru, for r > b(z)
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From Eq.(2.2) and (2.5), the radial velocity can be expressed as

u =

r

{—Cl/” forz > z,, r2b(z) (2.6)

0 for0 < z <z, r2b(z)

C, m, 1 2
where C, = —*—— 3 . Due to the entrainment process, the density inside jet flow
2 d, p\ p,

rapidly becomes equal to the density of the surrounding fluid.

2.3 Reduction methods for detailed chemical reaction mechanisms

An important research topic in the field of combustion is the treatment of elementary chemical
reactions for combustion chemistry. The objective is to determine credible reaction mechanisms,
parameters and validation of the reaction models for various fuels of industrial interest. Work in
this field has led to detailed mechanisms through modeling systems such as GRI-Mech 3.0 [32]
which provides reliable information for natural gas combustion. The current version of this
mechanism consists of 53 species and 325 reversible reactions. Heavier hydrocarbon fuels
involve larger numbers of species and reactions. These mechanisms can lead to more precise
predictions of pollutant emissions, and ignition and extinction conditions. But the large number
of species creates computational problems when the reaction mechanisms are coupled with the
energy and momentum conservation equations in CFD models. Conservation equations must be
solved for each species, leading to solution procedures that are impractical in most applications of
industrial interest. This has led to the use of and need for reduced chemical reaction mechanisms,
describing the essential features of the reaction process with more feasible computational

requirements. In this section, several reduction methods will be reviewed.

11



Global one-step (occasionally two-step), Arrhenius-based reaction mechanisms, developed by
fitting experimental and/or numerical data for a certain range of combustion conditions have been
widely used for asymptotic studies of hydrocarbon combustion simulation [33,34,35]. For some
applications, this approach can provide significant savings in computational time for multi-
dimensional combustion simulations. However, the over-simplification of the reaction system
leads to poor prediction of important minor species and low confidence in the results for
unconventional combustion conditions such as flameless combustion. Some of these drawbacks
can be alleviated by using multi-step mechanisms [36,37,38,39] (sometimes called semi-global
mechanisms) derived from skeletal chemical reaction mechanisms. With this approach only
those species and reactions considered absolutely necessary are included through traditional
reduction methods such as the Quasi-Steady State Approximation (QSSA) and Partial
Equilibrium Assumption (PEA) [39,40]. However, these methods are generally applicable only
to a subset of species and reactions selected with a good understanding of the chemical process

making it very difficult to reduce the targeted mechanism into a reliable kinetic model.

Another widely used reduction method is sensitivity analysis [41]. In this procedure, the relative
importance of reactions in a targeted mechanism can be assessed by evaluating the derivatives of
dependent variables with respect to reaction rate constants. With this information, more
important reactions can be more highly ranked relative to less significant ones. Reaction flow
analysis [40,42] is commonly used as a complementary reduction method with sensitivity
analysis. Like sensitivity analysis, reaction flow analysis can also identify the order of
importance of reactions based on the chemical production/destruction rate of species for each
reaction. In addition, it can provide quantitative information about the structure of reaction

pathways for a targeted chemical reaction mechanism. Results from these two reduction methods

12



can be interpreted by Principal Component Analysis (PCA) [43,44,45]. Any reduction size can
be obtained based on criteria for the sensitivity analysis and the reaction flow analysis. However,
excessive reductions usually lead to unrealistic reduced chemical reaction mechanism. From the
author’s experience, about 30% reduction in the number of species may be normally expected for
a feasible reduced chemical reaction mechanism while more than 60% reduction in the number of

reactions can be expected.

Other important reduction methods include Computational Singular Perturbation (CSP) [46,47,48,
49,50], Intrinsic Low-Dimensional Manifolds (ILDM) [51,52,53,54], Trajectory-Generated Low-
Dimensional Manifolds (TGLDM) [27] and the Rate-Controlled Constrained-Equilibrium

(RCCE) method [55,56,57,58,59].

The CSP method proposed by Lam and Goussis [46,47] analyzes the chemical time-scale of a
targeted chemical reaction mechanism and separates it into fast and slow subspaces to remove the
stiffness of the ODEs transformed from the targeted chemical reaction mechanism. Although the
CSP method can save computational time, the number of dependent variables, i.e. the number of
species in the targeted chemical reaction mechanism, remains the same in the reduced system.
Accordingly, while the evaluation time for the production/destruction of chemical species
(reaction rates) is shortened, we cannot reduce the number of partial differential equation (PDE)
in the multi-dimensional combustion simulation (computational times for CFD simulations is

more strongly influenced by the number of species rather than the number of reactions).
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The ILDM method proposed by Maas and Pope [51] is conceptually similar to the CSP method,
but uses a different approach for the reduction process. ILDM identifies a user-defined
dimensional slow subspace (manifolds) within the composition space of a targeted chemical
reaction mechanism. Properties such as density, temperature and mass fraction are tabulated in a
lookup table for the user-defined lower dimension subspace. The most attractive advantage of
this manifold approach is that only a small number of dependent variables (the dimension of
manifolds) need to be solved in combustion simulation, and other properties can be interpolated
from the lookup table. However, with the ILDM method, it is extremely difficult to identify the
slow subspace for relatively large chemical reaction mechanisms. In addition, the matrix making
the perturbations due to chemical reaction and physical mixing projected into the slow subspace

may need to be tabulated, and this requires considerable amount of computer memory.

To avoid these difficulties, Pope and Maas [27] proposed the TGLDM method where the
manifolds are defined by a group of reaction trajectories in composition space. The resulting
manifolds can be easily constructed because trajectories are easily obtained from an ODE system
representing a targeted chemical reaction mechanism. The projection matrix due to chemical
reaction might be unnecessary because the reaction rate vector is always in the tangent plane of

the manifolds.

The RCCE method transforms a targeted chemical reaction mechanism into a more manageable
Differential-Algebraic Equation (DAE) system developed from a set of constraints (a linear
combination of species concentration) and using the relationship between the constraints and the
so-called constrained equilibrium state obtained by maximizing entropy under the constraints.

The constrained equilibrium state has the same meaning as the reaction trajectory in the
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composition space. Although several issues in the application of RCCE method such as choosing
the constraints, finding initial, boundary conditions are not well settled yet, the basic concepts

show promise for future work.

In the following subsections, sensitivity analysis, reaction flow analysis, PCA, ILDM and
TGLDM will be described in more detail. Although the ILDM method is not used in this study, it

will be reviewed to provide a better understanding of manifold concepts.

2.3.1 Sensitivity analysis

Sensitivity analysis is a method to impartially evaluate the sensitivity of dependent variables in
terms of parameters for a dynamic system such as a detailed chemical reaction mechanism. This
permits a reduction in the number of reactions allowing us to remove less important reactions

from the detailed chemical reaction mechanism.

A dynamic system can be written in parametric form as:

dy - - -

o SX5k) (2.7)
o z . . Tz . .
where ¢ is time, Y is a dependent variable vector, [Yl,Yz,,Yn] , f is an arbitrary continuous
smooth function vector for the production/destruction rate of the dependent variables,

[fis foreees fn]T , k is a parameter vector, [k, ks, ]T , n is the number of dependent variables

(e.g. the number of species in chemical reaction mechanism) and m is the number of parameters
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(e.g. the number of reactions in chemical reaction mechanism). A first-order sensitivity

coefficient matrix (or simply the sensitivity coefficient matrix), f, ;, is defined as

_oy,

==L 2.8
P = o, (238)

where i = 1,2,...,n, j = 1,2,...,m. The sensitivity equation obtained from differentiating Eq.(2.7)
with respect to the parameters can be expressed in the form:

dp., _ o (9,
oo i L , 2.9
dt ok, +(6Yljﬂl” 29

where (i is the Jacobian matrix. The sensitivity equation, Eq.(2.9), is simultaneously solved
1
with Eq.(2.7). The solution of the sensitivity equation is a set of local nxm sensitivity
coefficient matrices. The set of the local sensitivity coefficient matrices from an initial condition

can be manipulated to obtain a total sensitivity coefficient matrix for the PCA process.

2.3.2 Reaction flow analysis

For a reaction mechanism, we can quantitatively evaluate the production/destruction rate of each
species associated with each reaction. Hence, less significant reactions, contributing less
production/destruction rates can be identified and removed. In addition, with the information
obtained from the reaction flow analysis, we can construct a reaction flow structure. For a

chemical reaction mechanism, Eq.(2.7) can be reformulated in terms of each reaction rate as
m

ay, _
E‘ZFW‘ (2.10)

J=1
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where £ ; is the reaction rate of i-th species due to j-th reaction. Thus, we can obtain a set of the

local nxm reaction rate matrices. Similar to the sensitivity analysis, the set of the local reaction
rate matrices can be used to obtain a total reaction rate matrix for the PCA process. Also, we can
find total reaction pathways by integrating the local 7 xm reaction rate matrix with respect to

time.

2.3.3 Principal Component Analysis

PCA is basically a method to reduce the dimension of an information matrix without significant
loss of accuracy, based on the orthogonal linear transformation. This can be done by finding a set
of orthonormal basis vectors (called Principal Component (PC) and interpreted as coordinates of
the system) of the information matrix and only considering the elements within several important
basis that correspond to larger magnitude eigenvalues. For the reduction of chemical reaction
mechanisms, we can obtain the information matrix from sensitivity analysis and reaction flow

analysis.

As mentioned in the previous subsection, the total sensitivity coefficient matrix is obtained from

the set of the local sensitivity coefficient matrices by adding each local sensitivity coefficient
matrix in the row and multiplying it by its transpose matrix, that is, B'B where

B,@) ]

B.,(t,)
. (2.11)

_lBi,j (tf)_
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Since the mxm total sensitivity coefficient matrix, B'B , 1s a real symmetric and positive-
semidefinite matrix, the resulting normalized eigenvectors are orthonormal basis and all
corresponding eigenvalues are non-negative. For the reduction, instead of using only several
important PCs, all the components can be used by considering the eigenvalue as the weighting

factor as

m

§= abs(g))4, 2.12)

J=1
where /1]. is the j-th eigenvalue, ¢  1s the j-th orthonormal basis vector having m elements, and
therefore, 5 is called the overall sensitivity vector. Therefore, by comparing the magnitude of

the elements in the overall sensitivity vector, we can identify the relative importance of reactions.

Note that the symbol abs(V) is used here for the application of the absolute value for each

element of the vector, not the vector itself.

Finally, the important reactions that remain in a reduced mechanism are determined by choosing

a criterion for the overall sensitivity vector, i.e.

[

> criterion value (2.13)

M

Similarly, the set of the local reaction rate matrices can be manipulated to the total reaction

matrix, F'F where

18



(F, (1) ]

F (1)
F=| (2.14)

()
Thus, the mxm total reaction rate matrix and a specified criterion are also used to obtain
additional information for the reduction of the chemical reaction mechanism through PCA

process.

2.3.4 Intrinsic Low-Dimensional Manifolds

Using ILDM method, we can construct user-defined dimensional manifolds of chemical reaction
mechanisms. This is based on the separation of fast time scales and slow time scales by
investigating eigenvalues in the Jacobian of the reaction rate vector in terms of the dependent

variable.

Like Eq.(2.7) (but with an implicit expression of the parameters), a set of stiff ODEs representing

chemical reaction mechanism can be expressed as

vy - -
— =/ (2.15)

Time scales of the stiff ODEs system are identified by multiplicatively inversing the eigenvalues

a9

k

of the Jacobian, J = where i=1,...,n and k=1,...,n. Eigenvectors corresponding to the

eigenvalues indicate the movement directions of the thermodynamic state in the composition

19



space. Hence, we can identify fast and slow movements in the composition space and ignore fast
movements by assuming all the thermodynamic states lie in the slow subspace. The eigenvalues
and eigenvectors of the Jacobian can be obtained by the eigen-decomposition

J=VAV (2.16)
where A is diagonal matrix in the form of 2x2 complex eigenvalue blocks, whose diagonal
element is the real part of eigenvalue in the descending order, V is the right eigenvector matrix

consisting of the column-wise eigenvectors of J in the order of the corresponding eigenvalues,

and V is inverse matrix of V. The eigenvalues and eigenvectors can be separated into m slow
and n—m fast coordinates (where m is a user-defined dimension of manifolds plus the number
of conserved variables in the ODE system such as element mass fractions, not the number of

reactions, Eq.(2.7)):

V=(v, v, [V, v,)=(V, V) (2.17)
i’,1

V| Yo || Ys (2.18)
Vm+1 f
“"’f'[
pl 0| 0 0
0 - 410 - 0

A= “ 2.19
0 - O0[A, - 0 (2.19)
0 -« 0]0 - 4

Note that for simplicity the imaginary part of the eigenvalue is not indicated in Eq.(2.19).
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Therefore, if we assume that the fast reactions are quickly equilibrated (exhausted), Eq.(2.15) can

be approximated as

Vv, ay _ V£ (2.20-a)
dt
0=V{ (2.20-b)

The n—m algebraic equations, Eq.(2.20-b), are used to construct the ILDM together with the
parameter equations expressing the conserved variables of the ODE systems and user-specified

variables.

While the ILDM method appears to have theoretical simplicity, many issues arise in the
application of this method to relatively large chemical reaction mechanisms. Since the Jacobian
matrix is often ill-conditioned, Schur-decomposition is usually used, instead of eigen-
decomposition, to separate fast and slow time scale processes, and later more numerical steps are
added to obtain invariant slow and fast subspaces. Also, since the production/destruction rate
vector, f, is not in the tangent plane of the ILDM, a projection matrix needs to be tabulated — this
projects the reaction rate vector into the manifolds. The greatest difficulty is typically the
convergence problem in finding points of the ILDM and this problem increases with larger

chemical reaction mechanisms.

2.3.5 Trajectory-Generated Low-Dimensional Manifolds

Because the difficulties in the application of the ILDM method to relatively large size of chemical
reaction mechanism are severe, TGLDM method was proposed as alternative method to obtain

the low dimensional manifolds in easy way. In the TGLDM method the manifolds are defined by
21



a group of reaction trajectories in the composition space at an adiabatic, closed system under

constant pressure.

For an adiabatic, closed system, mass balance equation for each species can be expressed as

Wy (2.21)
dt o,

where ¢ is time, 7 is the number of species, Y, is the mass fraction of i species, W, is the molar

production/destruction rate of i species, /¥, is the molecular weight of i species and p is the

density of system. And, energy balance equation can be expressed as

n T n
> v +I {Z Yl.cp’l.]dT— h=0 (2.22-)
i-1 Ty \ 0

ref

or

Zo= (2.22-b)

where T is the temperature of system, 7, is the reference temperature (298 K), h is the

specific enthalpy of mixture (4 = ZY,h, = constant ), 4, is the specific enthalpy of i species,

i=1
h{ is the standard specific enthalpy of formation of i species (at 1 atm, 298 K), c,; 1s the

specific heat of i species at constant pressure. In addition, the ideal gas law is

o Y,
p= pRT(ZW’] (2.23)

i=1 i
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where p is the pressure of system and R is the gas constant (8.31447 J/mol K). For each

reaction trajectory, the governing equations are solved with an initial condition obtained from the
‘extreme values of major species’ concept [27] in which the values of selected major species are
obtained by setting other minor species zero, based on the mass balance of participating elements.
Then, the solutions from the reasonably-assumed initial conditions are tabulated in a function of

user-selected parameters, u, v, w,..., that can be naturally selected from major species. Therefore,

we can construct the manifolds mathematically expressed as Ci)(u,v, w,...) where D is

thermodynamic property vector like (,0, 1,Y,Y,..Y W, Ww,,....,w )T .

n

Now, we will discuss an important issue occurring in the application of the manifolds with
physical mixing process (convection and/or diffusion). A general mass transport equation can be
expressed as

oY (%,1)

P S(Y(%,0)+ F(%,1) (2.24)

where Y (X,?) is the state vector in the composition space at a certain time and location, ¢ and ¥ ,
S is the chemical production/destruction rate vector and F is the physical mixing vector due to
convection and/or diffusion. The R.H.S. in Eq.(2.24) is a continuous, smooth vector function.
Since every state vector is supposed to lie on manifolds in the TGLDM (and ILDM) method, a

linear projection of the time derivative in Eq.(2.24) onto the manifolds can be approximately

equated to the time derivative of the manifolds,

oD oY
— = proj| — 2.25
a M 225)
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If we consider 2-D manifolds, Ci)(u, v), the time derivative of the manifolds can be

D - u - W = s =
=0, T4 d, T A BS+F) (2.26)
ot ot t
- 0D - 0D = - L
where @ = ® =— and P is the projection matrix projecting a vector onto the

“Tou " ov
manifolds. This projection matrix can be defined in several ways such as geometrically
orthogonal projection on the manifold, the ILDM-derived projection [52] or simple perpendicular

projection in the direction of parameter space.

A remarkable benefit of TGLDM method is that PS =S because the chemical

production/destruction rate vector is always in the tangent plane of manifolds. Also, we can select
the parameters so that Ci)u and CTDV are orthonormal relation such as u =Y¢p,, v =Yp0. Therefore,
by algebraically manipulating Eq.(2.26), transport equations for the parameters (u,v) can be

obtained as

ou

M _S +(@ P)F (2.27-a)
ot

ov N

= =S H@P)F (2.27-b)

where S and S are the chemical production/destruction rate of u and v, respectively, obtained

—

from the chemical production/destruction rate vector, S .

While the chemical production/destruction rate term in the parameter transport equation does not
include any projection matrix, the physical mixing term still does. Since the projection matrix in
the application of TGLDM to CFD simulation usually demands huge computation resources
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(computational time and data storage space), practically we assume the simple perpendicular

projection that is to project the physical mixing force, F , onto the manifolds in the perpendicular

direction of the parameter space. Hence, Eq.(2.27) can be greatly simplified into

HM_siF (2.28-a)
ot
Y _s+F (2.28-b)
ot

where /7 and F| is the physical mixing of u and v, respectively, caused by only each parameter.

In conclusion, mass transport equations for all species like Eq.(2.24) can be represented by only

few parameter transport equations like Eq.(2.28).

2.4 Modeling of turbulent combustion

In Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy Simulation (LES) of nonpremixed
turbulent combustion, one of essential issues is to adequately estimate the mean (time-averaged)
chemical production/destruction rate term in the Favre-averaged (or filtered) species mass
balance equations. Since chemical reaction rate is normally expressed as a highly nonlinear
function of temperature and mass fractions such as the Arrhenius expression, its Favre-averaged
(or filtered) value cannot be simply described by the averaged temperature and mass fractions [60,
61]. The Probability Density Function (PDF)/Mixing or Eddy Dissipation Concept (EDC)
approach is widely used to deal with this mean production/destruction rate estimation problem.
In this section, several methods classified in the PDF/Mixing approach will be reviewed with the

governing RANS simulation equations for nonpremixed turbulent reacting flow.
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2.4.1 Favre-averaged governing equations for turbulent reacting flow

The RANS turbulence model is predominantly used for steady-state, nonpremixed, turbulent
reacting flow. Under several assumptions of no gravity effect, Fick’s law, Fourier’s law, single
diffusivity, single Schmidt number, unity Lewis number, and gradient closure hypothesis, the
steady-state Favre-averaged governing equations can be expressed in the form described below.

(Note that Favre-averaged and time-averaged values are expressed with a tilda and bar, over the

respective symbols such as ¢ = ¢ +¢' = ¢ +¢" where @ is defined as @/ 0.)

Continuity equation

0 [
——(pi)=0 (2.29)
X

where x, is spatial variable in the k-coordinate, p is time-averaged density and u, is Favre-

averaged velocity in the k-direction.

Momentum equation

. (pin)=~ 2 + L )

—\r, - ul 2.30
axk ik ki ( )

_a_x,. ox,

where p is time-averaged static pressure, 7, is stress tensor for laminar flow in the i-coordinate

direction on a surface whose outward normal is in the k-coordinate direction, u, is Favre-

"

averaged velocity fluctuation in the i-coordinate direction, and —pu,u; is the Reynolds stress

tensor. These two tensors can be modeled by the Newtonian fluid [62] and Boussinesq hypothesis

[60], respectively, as
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. ou .
rl.lkz,u,(%+%J—z,u s (2.31)

ox, ox ) 37" ox; "
— 7 O - i,
—puu! =—pulu] =7, =, %—k% 2 ok + p, —= |0, (2.32)
ox, ox, ) 3 Ox;

where 4, and g, are the laminar and turbulent viscosity, respectively, k is turbulence kinetic

energy, and 0, is Kronecker delta.

Standard k-& model

kZ
u=Cp— (2.33)
0 .~ O ok | ——oii 4 0p P _.
(P k)= || gy + 2 | |- puu S - £ 2P 5 (2.34)
ox, ox, o, )ox, ox, p° Ox, Ox,
o ... o oz | . &(—=oi u 0p op _&
O )| 2|28 | B[ ¥ B DB o 5B o)
ox, o | o, )ox, k ox, p° Ox, Ox, k
. - 1 pulu! . .
where k is the Favre-averaged turbulence Kinetic energy (=E+ ), € is the Favre-averaged
o 1 ,or,
turbulence dissipation rate (=—juia—’), C,=009, C,=144,C,=192, 0, =1.0 and
P O0x

o, =1.30 [63]. The second term on the right side of Eq.(2.34) and (2.35) can be modeled by

R 8~.
—puu! =y §? (2.36)
ox,

where S is the modulus of the mean rate-of-strain tensor (=,/2S . S ; )» and the third term,

op Op op
_f‘_rz_p_p:_gk M 9P (2.37)
p- Ox, Ox, pPr ox,
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where Pr, is the turbulent Prandtl number (= 0.85) and g; is gravity in the A-direction, can be

negligible under the assumption of no gravity effect [64].

Energy equation

The chemical heat release term can be expressed explicitly or implicitly in the energy equation:

8 —~ N7 I;Zil;zi 8 con rad - 7 eff - 0o+
8_(puk(Ah+TD=8_ -q." +q, —Zthj+ri,; u, _Zhjijj (2.38-a)

Xy Xy
T n
with A= [ | Y e, lar
Ty | 4
or
i(—ﬁ,ﬁ) _ O | i, Oh | (2.38-b)
ox, ox,\ Pr ox,

ref

T n n

with h= b7 = | [E chp,j}dT-i-E Y e
T, . y
J J

where 7 is the involved species number, T is the temperature, 7, . is the reference temperature

(298 K), Ah is the specific sensible enthalpy of mixture, /4 is the specific enthalpy of mixture,
h ; 1s the specific enthalpy of j species, h° is the standard specific enthalpy of mixture (at 1 atm,

con

298 K), h;.) is the standard specific enthalpy of formation of j species (at 1 atm, 298 K), ¢, is

rad

the heat flux due to conduction in the k -direction, ¢, is the heat flux due to radiation in the & -

direction, J ; 1s the diffusion flux vector of j species that can be expressed by Fick’s law, Tscﬁ u,

1

is the viscous dissipation heat that is often negligible, vij is the mean (time-averaged) molar

production/destruction rate of j species, ¥, is the molecular weight of j species, Y, is the

28



mass fraction of j species, ¢, ; is the specific heat of j species at constant pressure, and Pr, is

Psj
turbulent Prandtl number (= 0.85). Eq.(2.38-a) is the explicit form and Eq.(2.38-b) is the implicit

form.

The conduction heat flux term can be modeled by Fourier’s law of heat conduction:

con af
q;" =—(k+k)—— (2.39)
X

where k, and k, is the thermal conductivity for laminar and turbulence, respectively. The

radiation heat flux, q,:“d , is expressed in vector form [65] as

4r © 4
7 (%) = J' §I /(%,5) dida :I i(3.5)5 do (2.40)
0 0 0
where i/% is the directional spectral intensity, i " is the directional total intensity, X is the position

vector, § is the directional vector, A is the wavelength, @ is the solid angle. Thus, we need to
know the directional spectral intensity passing in some direction (5 ) at a certain point (X) to
calculate the radiation heat flux. However, since using the direction spectral intensity requires
significant computational resources, by assuming gray medium and surface, the directional total
intensity is used instead. In order to obtain the directional total intensity the radiative transfer
equation (RTE) is derived by a radiation balance. With the additional assumption of negligible

scatter effects, we can significantly simplify the RTE to the form,

Sro = 4
4i(x,5) =—ai'(¥,5)+an’ of
ds

(2.41)
where S is path length, a is absorption coefficient, n_ is refractive index and o is Stefan-

Boltzmann constant (5.672x 10™* W/m?K*).

29



Several radiation models are currently available in the commercial CFD software FLUENT [64]
used in this work. The Discrete Ordinates (DO) radiation model [66,67,68] and Discrete Transfer
Radiation Model (DTRM) [69] are applicable for a wide range of optical thickness, the
absorption coefficient times characteristic length of CFD simulation domain, while other
radiation models such as P-1 model and Rosseland radiation model [65] are only suitable for
thick optical thickness cases (>> 1). And, because the DTRM is not currently available for the
parallel computation environment, the DO radiation model is a proper choice for the thin optical
thickness and parallel computation. Also, the weighted-sum-of-gray-gases model (WSGGM)
along with proper coefficients [65,70,71] is used to evaluate the absorption coefficient for the gas

medium.

Favre-averaged mixture faction and mixture fraction variance

The mixing field of the nonpremixed combustion simulation is normally described by the mixture

fraction and its variance:

i(ﬁgkg):i My 98 (2.42)
ox, ox, \ o, Ox;

— ~\2
0 (—~ Zm 0 | p 0&" o0& _&m
_ = |t 2 |+C — | -C —= 243
Ox, (puké‘ ) o, (ag ox, a1l x, 2P ¢ -

where 5 is the Favre-averaged mixture fraction, "> is the Favre-averaged mixture fraction
variance [72], o, = 1.0, o, = 1.0, Cg1 =2.86 and ng =2.0. In two-stream nonpremixed

system, the Favre-averaged mixture fraction is defined as

2 for adiabatic conditionj (2.44)

LS}
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where Z, is Favre-averaged mass fraction of i element, Z, and Z, are Favre-averaged mass

fraction of i element in the stream of 1 and 2, respectively.

The mixing field described by the mixture fraction and mixture fraction variance depicts the
mixing phenomenon in the multi-component system. The mixture fraction transport equation is
derived under the assumption that the diffusivities of all species of the mixture are the same.
Otherwise, all the species mass transport equations must be solved for the mixing field. Also, the
mixture fraction and mixture fraction variance are widely used to determine the shape of a

presumed PDF that will play an important role in estimating averaged scalar values.

Mass transport equation

The mass transport equation can be expressed in the form:

i(—gljj):i oD @Jr&a_ff

+WwW., j=1,..,1 2.45
ox, ox, l@xk Sec, ox, i (245)

where / is the number of mass transport equations, D, is the representative diffusivity in laminar
flow and Sc, is turbulent Schmidt number (= 0.7). The number of the mass transport equations

is basically the total number of species minus one (/=n—1). Note that one species mass fraction
can be obtained by subtracting the summation of other species from unity. For the CFD
simulation with a detailed chemical reaction mechanism, 7 is too large to be handled with
present computational resources. In addition we are faced with the problem of estimating the
mean production/destruction rate. Therefore, various assumptions have been used to decrease the

number of the mass transport equations, as well as to deal with the estimation problem of the

31



mean production/destruction rate, so that / is zero or a small number (e.g. / =2 for 2-D

manifolds).

2.4.2 Fast-chemistry approaches

The simplest technique to reduce the number of mass transport equations and avoid the estimation
problem for the mean production/destruction rate is the fast-chemistry approach [40,60,61,73] in
which the mixture state is assumed to be in the equilibrium state. The mixture state normally is
described as the mixture fraction and mixture fraction variance. As a result, the mass transport

equation, Eq.(2.45), becomes unnecessary for combustion CFD simulation.

Due to the statistical characteristics (randomness) of the turbulence, the probability approach is

suggested to estimate averaged scalar values:

~ 1 1 0 o0 ~
G=[ [ [ [ [Tt s Y NP(P, Tty ¥ os Y Yd pdTdu_-+-dY,---dY.  (2.46)
0 0 00

where ¢3 is the Favre-averaged scalar value, ¢ is a function of the involved scalars and P is the

Favre-averaged joint PDF of the involved scalars. However, since it is impossible to integrate
Eq.(2.46) with respect to this many variables as well as to form the multi-dimensional joint PDF
and the multi-dimensional scalar value function, a simple one-dimensional PDF is often used in

practice.

For a closed system the equilibrium state is uniquely determined by only three variables: pressure,

enthalpy and mixture fraction. Among these, pressure is not seen as an important independent
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variable because mild pressure change usually gives negligible effect on the equilibrium state.

Thus, only enthalpy and mixture fraction are considered as key independent variables.

For adiabatic conditions, because enthalpy is determined by mixture fraction, see Eq.(2.44), the

estimation of averaged scalar values can be simplified as

j =j0 (0 By (2.47)

pf D) oy P (2.48)

where ¢; and ¢7 are, respectively, the Favre-averaged and time-averaged scalar value, 77 is
mixture fraction, p(77) is density function of the mixture fraction and 13(77) is an one-
dimensional Favre-averaged PDF of the mixture fraction. Note that the symbol 77 is used to
express the mixture fraction as an independent variable and the symbol &, in the previous

section, Eq.(2.42)~Eq.(2.44), as a dependent variable.

For non-adiabatic conditions where enthalpy cannot be determined by the mixture fraction, the

averaged scalar values should be integrated,

~ © 1 ~
o= | etr.mParmana (249
This equation is difficult to integrate because of the unknown two-dimensional joint PDF. Thus,

it is generally assumed that the two-dimensional joint PDF is represented by two independent
PDFs, 15,7(77)15,1 (h), and further the independent PDF for enthalpy, Ph(h) , is the Dirac delta

function. Then, Eq.(2.49) can be simplified to
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$= L #(17,h)P()dn (2.50)

where the Favre-averaged enthalpy (}; ) can be obtained from the energy equation, Eq.(2.38-b).

According to the fast-chemistry assumption, the scalar values (@(77) and ¢(77,ﬁ)) are replaced
by the values at the equilibrium state (¢°(77) and ¢°(7, h)). In order to save computation time,

because of the estimation of the equilibrium state with enthalpy (¢°(7, h~) ), a further assumption

is often made that the non-adiabatic, Favre-averaged species composition is not far from that for
adiabatic conditions. Based on this averaged species composition, the averaged temperature and
density are calculated by the relation between enthalpy and temperature, and ideal gas law,
respectively:

~ 1 ~

Y, = J.O Y (m)P(n)dn, j=1,...,n, and then,

2.51)

f:ﬁl(ﬁahaﬁafza---ag)a ﬁ:fT(ﬁ7f7Y17)727"'721)

The steady laminar flamelet model, a well known fast chemistry approach, is widely used to treat
the effect of detailed chemical reaction mechanisms on CFD simulation. Basically the steady
laminar flamelet model can be considered as an extension of the above method. Scalar
dissipation is added as a key independent variable affecting the equilibrium state. The resulting

averaged scalar values are described by

5[ [ [ wn.n 0P b poinanaz )

where y is scalar dissipation,
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oEY (&Y (agY
x=2D —SZ + —SZ + —SZ (2.53)
OX, ox, ox,
and D is a representative diffusion coefficient. Similar to previous procedure, this three-
dimensional joint PDF, ]3(77,}1, ¥) , is treated as the product of three independent PDFs,

}3,7 (77)]5,1 (h)IBZ( ), and the two PDFs for enthalpy and scalar dissipation, Ph (h) and }31 (y),are

modeled as the Dirac delta function. Then, Eq.(2.52) is simplified to

~ 1 ~ ~
¢ = L P(n,h, )P(m)dn (2.54)
where } is Favre-averaged scalar dissipation that can be obtained from a modeled transport

equation or from a modeled algebraic equation. The algebraic relationship commonly used is

i

where C, =2.0. According to the fast-chemistry assumption, the scalar values in the function

7=C, (2.55)

¢(77,h~, 7) are replaced by the equilibrium state values, ¢e(77,h~, 7). The equilibrium state is

usually calculated from the adiabatic laminar flame model, 1-D transient PDE derived from the
opposed diffusion flame. Once again, for simplification, the adiabatic average species
compositions are used and averaged temperature and density are calculated based on this species
composition:

~ 1 ~

7 =I Ye (. 7)P(p)dn, j=1.....n, and then,

0 (2.56)

T=f(p,h,Y,Y,,....Y,), p=fr(D,T,Y,1,,....,Y,)

In combustion simulation the one-dimensional PDF is commonly modeled as the S-PDF [40,60,

61,74,75 ,76], i.e.,
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J,a.8)

P(n) = beta(ar, f) (2.57)
f, e, B)y=n""1-n)"" (2.58)
beta(a, B) = Iln”‘l(l -n)dn (2.59)

where @ and S are non-negative parameters of the S-PDF, which are calculated from the

mixture fraction and the mixture fraction variance in Eq.(2.42) and (2.43) [76],

=£ ((1—_3)5 - 1} (2.60-a)
Sgnz
B=(1- 5)((1;% 1] (2.60-b)

Theoretically the fast-chemistry approaches are valid when the physical mixing time scale is an
order of magnitude larger than the chemical time scale. Unfortunately, in typical flameless
combustion conditions, some chemical time scales are believed to be similar to or larger than the
mixing time scale. This time scale problem is being addressed in studies on unsteady flamelet

modeling, a topic of interest among a number of researchers [22,77,78,79].

2.4.3 Conditional Moment Closure

Conditional Moment Closure (CMC) methods [80,81,82], proposed independently by Klimenko
and Bilger, suggest alternative forms of the transport equations for reactive scalars (mass

fractions and enthalpy) to accurately estimate the mean (time-averaged) production/destruction
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rate term. It is based on experimental observations [83] that the reactive scalars are strongly

dependent on the mixture fraction in nonpremixed combustion.

According to the CMC method, the mass transport equation can be replaced by the first-order

unclosed equation for the mass fraction of i species,

8<K|77>+<~|;7)-V<Y| >+ (<p|77>< HP(”)) <N|,7>M (@|n) @6

o) (oln) T

where (@|n7) is conditional averaged value of the scalar ¢, i.e. V' =v—(¥V|n), ¥'=Y, —<Y. |77>

W,

l

and @, =—. N ED|V§| is the conserved scalar dissipation rate (that is, the mixture
P

fraction dissipation rate in nonpremixed combustion) and P(77) is a presumed PDF. As seen in
this CMC equation, the conditional mean production/destruction rate, <zbl. |77> , 1s substituted for
the (unconditional) mean production/destruction rate, @, . And, based on experimental

observation [83] that the conditional variance, ¢"2 , the square of the fluctuation about conditional

averaged value, is negligible when compared with the square of the conditional averaged value,

2 .. . . . .
<¢|77> , the conditional mean production/destruction rate can be written in the form,

1)

(& ((rlm).(F[n)|m) 2.62)
(k). (¥|n).m)

where Y is species vector, ¥ = (Y,.Y,,....,Y ). Note that the effect of pressure on the reaction

(@(h,1)|n) =@ (h|n)+h"(¥|n)+7")

Q

rate is ignored. Hence, the conditional mean production/destruction rate term needs to be
described only by the mixture fraction and corresponding conditional mean value of enthalpy and

mass fractions.
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From the CMC method and the statistical approach we can derive an important relation between
the conditional mean production/destruction rate and the (unconditional) mean
production/destruction rate:

w_,.:,sj WD by (2.63)
o P(17)

where ¢ = <¢> L= @ and @¢(n) = <¢|77> . Note that W, and @, have a linear relation.

Although the CMC method handles the mean production/destruction rate estimation problem very
well, it may not be practical for 3-D combustion CFD simulation with detailed chemical reactions
because of the additional independent variable, i.e. the mixture fraction, which demands

considerable additional computational resources. For simplification, we often adopt some
reasonable assumptions, for example, the conditional scalars for the mixture fraction, <¢| 77> , are

same in the radial direction for jet flow combustion (based on experimental observation [82,84]).
Accordingly, Eq.(2.61) (basically 3-D spatial, transient PDEs) can be reduced to 1-D spatial,

transient PDEs.

2.4.4 Conditional Source-Term Estimation

The Conditional Source-term Estimate (CSE) method was proposed by Bushe and Steiner [26] to
estimate the mean production/destruction rate term in a practical way by using the conditional

mean scalar concept in the CMC method. In the CSE method, we can obtain the conditional
mean scalars, <¢|77> =¢@(n7), by solving a set of algebraic equations instead of solving the PDEs,

Eq.(2.61), directly. The set of algebraic equations is derived from a key assumption that the
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conditional mean scalar values in the radial direction for a jet flow are the same [26,82,85,86].
The (unconditional) mean production/destruction rate term is then estimated by using the

resulting conditional mean scalars and a proper chemical reaction expression.

The (unconditional) mean scalars (¢Z or ¢7 ) can be described by using Eq.(2.47) or (2.48). Note

that basically this integration equation could be Eq.(2.50) or (2.54). According to the key
assumption in the CSE method, we can split the simulation domain into many groups sharing the
same conditional mean scalar values (sometimes the group is just called an ensemble) in the

radial direction of a jet flow. Thus, the conditional mean scalar can be expressed as

()= (1) (2.64)

where @(77), is the conditional mean scalar in the split group, and Eq.(2.47) is then expressed as

} =f0 H1)o By 2.65)

By inverting this integral equation with the given unconditional mean scalar values and a

presumed PDF, we can derive a set of algebraic equations to obtain the conditional mean scalar

values in each group, #(77).. In CFD simulation, the unconditional mean (Favre-averaged)

scalar (mass fraction) value and the presumed PDF (S-PDF) are obtained from the mass transport
equation, Eq.(2.45), and the mixing field, Eq.(2.42) and (2.43), respectively. Hence the

unconditional mean production/destruction rate term in Eq.(2.45) can be estimated by

w_,.:,sj ¥ie ppyay (2.66)
o P(Mg
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2.4.5 A few numerical techniques

When the numerical integration related to the S-PDF (i.e. for Eq.(2.47) or (2.48)) is carried out,

numerical difficulties often occur due to the singularity of the S-PDF at 7=0 or 7 =1 and

numerical overflow at large S-PDF parameters. Liu et al. [74] suggested an improved technique

to handle these numerical difficulties:

N — §¢<0)+j“' J 1, (.. B+ (1) (2.67)
beta(a, f)\ s PR Vi '
beta(a, p) =~ £+ JAM Sf,(n.a, B)dn +£ (2.68)

a Je B
f, e, B)y=n""1-n)"" (2.69)

where £ =1.0x107°. The integration is divided into three parts: [0,&], [€,1—&] and [1—¢&,1],
and the integration values in the first and last parts (around at 77 =0 or 77 =1) are estimated as a
simple power function. Hence, the remaining integral term can be estimated with no singularity
at 7=0 and 7=1. In addition, the numerical overflow problem is avoided by limiting the
parameters to a certain maximum value (a value of 500 was used in the present work) while the
shape of the S-PDF is preserved qualitatively. Note that for proper spacing of the mixture

fraction in the numerical quadrature, the shape of the other integrand function like @(77) in

Eq.(2.47) should be also considered as well as that of the S-PDF.

Eq.(2.65) is called the inhomogeneous Fredholm equation of the first kind and needs to be solved
to obtain the conditional mean scalar values for each group, ¢(77); , in the CSE method, which is

called the inverse problem [87]. This inverse problem is known to be extremely ill-posed, and the

regularization method [87,88] which uses certain a priori information as a stabilizing functional,
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(regularizing operator) is usually adopted in the solution procedure. The symbolized

regularization method can be expressed as a minimization problem:

min{A + 15} (2.70)

where A is a functional formulated from the original integration equation, /& is a functional
obtained from a priori information (called stabilizing functional), and A is Lagrange multiplier
(weighting coefficient). Depending on the specific inverse problem, the a priori information can
be specified such as constant, linear or quadratic, etc. Huang and Bushe [89] specified the a
priori information from the linear combination of the previous time solution and the effect of
convection in their CSE application. While the Lagrange multiplier can assume any value in the
range of 0 ~ oo, in practice, the ratio of the trace of the matrices representing A and / has been

suggested [87,90] for this parameter.
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Chapter 3
3-D physical model for the Strong-Jet/Weak-Jet problem

3.1 Introduction

A 3-D SJ/W1J physical model was developed to understand key characteristics of the jet mixing
process for flameless combustion in the SJ/WJ burner. The governing equations of the physical
model were formulated under isothermal, free jet conditions by using a Lagrangian perspective.
The 3-D SJ/WJ physical model was validated by cold model experiment and compared with CFD
simulation. Important design/operation controlling factors of the SJ/WJ configuration were
identified from the 3-D SJ/WJ physical model and the effect of the controlling factors on the

SJ/WJ system was investigated.

3.2 The 3-D SJ/WJ physical model

3.2.1 General equations for the isothermal, free multi-jet flow system

Since the SJ/WIJ configuration is a special case of a multi-jet flow system, general equations are
first derived and then by putting constraints of the SJ/WJ configuration on these general equations
a 3-D SJ/WJ physical model is developed. The general equations for an isothermal, free multi-jet
flow system were derived based on the Lagrangian reference frame, following a fluid element
issued from i-th nozzle during a short time interval, &. These equations are valid before the jets

are merged, as shown in Figure 1.2.
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A momentum balance equation on the fluid element issued from i-th nozzle during & can be

expressed as

(ijlvdVJ > F, G.0)

I#i

where subscript i represents the fluid element issued from i-th nozzle during the time, o, D/Dt is

substantial (material) derivative, ¥ is the volume of the fluid element, v is velocity vector, p is
density andF;.J is the external force vector acting on the fluid element due to the entrainment

effect of /-th jet flow. Since viscosity, gravity and pressure gradient terms can be ignored under
the assumption of an isothermal, free jet and since the pressure field is nearly uniform, the

external force arises only from the entrainment effects of other jets.

By employing the Favre space-averaging concept, we can define a representative velocity vector

(\3 ) for a fluid element as follows:

M
T

where .m- p,dV =m_ is the mass of the fluid element issued from i-th nozzle during ot. It can be

=

(3.2)

Vi
expressed as m; = m, ,0t +m, ,0f =m0t by definition. Note that the time derivative of m; is

d . d . .
also expressed as % = E(nge&) = E(mié‘t) . Therefore, Eq.(3.1) can be expressed as

L), =

1#i
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Explicit expressions for the external force vector elements must next be specified for the SJ/WJ

problem.

Position and velocity of the tracked element are defined by position vector (¢ ) and its time

derivative
dg. =
—l:V‘ 34
o (3.4)

where g, =r.e +zé_, €, being the unit vector in the k-direction. The time derivative of the arc

length, s;, of a fluid element trajectory issued from i-th nozzle (i.e. its velocity magnitude) is

d_[d_qd_qj

3.5
dt dt dt -2

When there is no reaction and diffusion term, that is an inactive convection-dominated flow, the

mass balance equation of the j-th species along with i-th jet flow can be expressed as

D j j
E j!j P:; dv | = Je,i (3.6)
where a)l:i is the mass fraction of the j species in the fluid element issued from i-th nozzle during

ot and J e] . is the mass flow of the j species into the fluid element issued from the i-th nozzle
. . ] d ] . o, .
during ot due to the entrainment effect. It can be expressed as J/, = Z (w)m, ,0t) by definition.
: 2 :

Here, @’ is the mass fraction of the j species in the surrounding fluid. Similar to Eq.(3.2), a

representative mass fraction of the j species for the fluid element issued from i-th nozzle during ot

can be expressed as
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H P&’ dV

-/

V;

& = (3.7
I
V‘.

Hence, Eq.(3.6) can be expressed as

d ., d .

—\@/m.ot ) =—(w’m, ot 3.8

dl(,l)dtu,,e) (3.8)

Also, the mass balance equation for the entire fluid element issued from the i-th nozzle during ot

can be expressed as

D

2 [ |-, 69
where J; is the mass flow into the fluid element issued from the i-th nozzle during & due to the

d . -
entrainment effect and by definition can be expressed as J,, zz(ml.eé’t). Similarly, a
: A

representative density for the fluid element issued from the i-th nozzle during &t is

[
— Vi
, = — e (3.10)
P av
l/;.
Therefore, Eq.(3.9) can be expressed as
d d
—(pV.)=—(m, ot 3.11
—(PV)=— (i, 1) (3.11)

A supplementary equation is required for ¥, to complete Eq.(3.11). It can be obtained from the

ideal gas law and the assumption of constant pressure and temperature fields.
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~J
V; = E(mzé‘t)za)_l =
D; J Wf

RT @&’
= (m,5) Y —- (3.12)
P.. Z,: w,

where R is the gas constant, W, is the molecular weight of the j species, 7, and p. are

temperature and pressure of the free multi-jet flow system, respectively.

3.2.2 Governing equations of the 3-D SJ/WJ physical model

The governing equations of the 3-D SJ/WJ physical model can be derived by applying constraints
of the SJ/WIJ problem to the general equations for the isothermal, free, multi-jet flow system,

using a cylindrical coordinate system. A sketch of the 3-D SJ/WJ problem is shown in Figure 3.1.

Since the SJ has considerably larger momentum than the WJ, the SJ trajectory (s,) can be

assumed to be a straight line along the z -coordinate. On the other hand, the W] trajectory (s, ) is
curved toward the SJ because of the entrainment flow effect of the SJ. The origin of the
coordinate system is located at the SJ nozzle and the open circle symbol in Figure 3.1 represents
the fluid element issued from the WJ nozzle during the time of. The WIJ fluid element is
directed at an angle ¢ relative to the r-direction vector in the 78 plane and at an inclination angle

@ from that plane.
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X

Figure 3.1. A 3-D schematic diagram of the SJ/WJ problem.

The external forces in Eq.(3.1) must first be specified. According to the definition of the SJ/WJ

problem, the external force vectors of SJ and W are, respectively,

151,2=\171z\(—é) and F, =0 (3.13)

The norm of the external force vector can be derived by using the expression for the radial

velocity (u,, ) as the entrainment flow occurring due to the effect of the SJ flow, see Eq.(2.6) in

Chapter 2.
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p d d
F,|=l—0mu,, )| =|—0mdtu,, )=
|7, ‘dt( i,) ‘dt( St u,,)
C, C,d 3.14
mot—35—+—=—@mot) forz, > z,,, 1, 2b,(z) 314
= nooondt ’
0 for0 <z <z, 1r2b(z)
Ce 2 mZ 0 1 poo E . . . . . .
where C, =— —— assuming the jet density equal to the ambient fluid density
272— d2,o poo p2,0

and z,  is the virtual origin of the SJ. The jet width boundary, b, is approximated at the position
of 50% intermittency, Becker et al. [91] suggested b(z) =0.194z, based on experimental

data. In the following equations the interface continuity rule is applied for the

discontinuity caused by the virtual origin.

With this background, we can now obtain an ordinary differential equation (ODE) for the SJ and

three ODEs for the WJ from Eq.(3.4). The condition that 7, > b, (z 1) will be assumed implicitly

in subsequent analysis.

Ziog o i=12 3.15
a G139
ﬁ:vl_ﬂ (3.16)
dt n

dn .

— =Y 3.17
e " 3-17)

where v, is velocity component in the k-th direction of the fluid element issued from the i-th

nozzle during ox.
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By substituting Eq.(3.13) and (3.14) into Eq.(3.3), we can derive one ODE for the SJ and three

ODE:s for the WJ. Note that of cancels out in these equations.

z direction:

~ ~ 2 .
dvi,z _ vi,z dm,‘

di G, di’

i=12 (3.18)

where C,, =m, v, , and v, is the velocity component in the k -th direction of the fluid

i,0"i,z0

element at the i -th nozzle exit.

r direction:

~ 2 2 o~ .
% C % B C, | dm
2 {vl " }—l forz, >z,
~ : dt ’
av,, | h h 21 d (3.19)
d |52 v.5 i |
Lo _ Lzl 7 for0<z <z,
n Cz,1 dt ’
@ direction:
Dy _ WV VoV diiy (3.20)
dt n Cz,1 dt

The time derivative of the mass flow rate of both jets is derived from Eq.(2.2) in Chapter 2:

1
. . m, C, . * ds,
dmi —%— = (poo J : for S > S

— 3.21
dr — dt bo \Pu) dt (32D
0 for0<s,<s,,
The time derivative of arc length is obtained from Eq.(3.5):
dS1 SN 15
— =y, +V ) +V 3.22
i ( Lr 1.6 I,z ) 3.22)
and
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ds, .
—= =y, . 3.23
dt 2,z ( )

Since s, = z,, Eq.(3.23) is identical to Eq.(3.15).

In addition to the main set of governing equations, we can develop the other equations describing

mass fraction and density evolution along the SJ and W1 trajectory. Assuming that the ambient
mass fraction is constant, a); =const., from Eq.(3.8), (3.11) and (3.12) the mass fraction evolution

can be expressed as

diy (@ -&)) 1 & fors, >s,,
dtl = (s, =5, +1/C3,l.) dt ’ (3.24)
0 for 0<s,<s,,
C 1/2
where C;, =—* Lo |
di,o pi,o

Similarly, the density evolution can be expressed as

1 da/
7. =W,  dt i
dp. P 1 — dm’—ﬁl. ey _/_%-.L% fors, > s,
t i J—
7 W, T W
0 for 0<s,<s,,

For all the relations above, the initial conditions (at the nozzle exit) can be set up in the following

way (cf. Figure 3.1):

zl.| =0; 6’1| =0,; 7”1|

=0



=0 = ‘Vl,u ‘ sin ¢ = Vl,zu 5 VZ,Z

oo = ‘vl’o ‘ CosSQCosp=v,, ;

=0 _‘

Vl,z

cospsing =7, ; @/

vl,o

V. =
LO];=0

3.2.3 Dimensionless governing equations for the 3-D SJ/WJ physical model

Dimensionless governing equations of the SJ/WJ problem can be formed by introducing the

following dimensionless variables,

* zZ * 1 s % % 1% * 1%
_“i _ " _ ~* iz ~% ~ 1,0
Zz_d > h R 6 =0, Vi:=7= 7> Vir =72 7 Vie=7= 1>
12 12 vi,o Lo Lo
‘;- —
* ‘ i0 * N o ik -~ _— P,
t,=—"—t, 5 =—1, & =&/ and S=L
d 1 1 1
12 12 i,0

We can also define the momentum flow ratio of the WJ to the SJ as a useful design/operation
dimensionless parameter, as suggested by Grandmaison et al. [13]. If the velocity profile at the

exit of the jet nozzle is uniform, we can define the momentum flow ratio as:

,0 0 dl,u ‘_7.1,0
v, =| 2 _ (3.26)
pz,o dz,u V2,o
Then
dz. ..
- 3.27
” , (3.27)
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drn_ (3.28)

e’
= (329)
dt, n
v, e o ds
o2 (3.30)
dr R
o Fl( oV F I
* i0 2,0 1,0
where C,, = C,, =2 (pw] , ——=1and — =—
dlu vz,zo pi,u VZ zo Vl zo Sln@

* %3 1,r 1,z *
dv n I 3 7, ’
dtl;r _ ~*1 2 1 * 1 1 (3.31)
1 1% EE S 3 dS * *
=G, . —+ for0<z <z,,
h dr,
c i 172 . i
* m . . . .
where C), = 2 _ | Ps 20 = . Using Eq.(3.26), this dimensionless parameter
27[ poo p2,o d2,o Vl,o 12

1/2 1/2
. C d 1
can be transformed to C,, = ﬁ(&j i(—j .
8 \ p. dp Vi

av’ Vv o ds,
R Co VgV, = (3:32)
dt, n U
ds’ » i e o172
— = (V1,r2 + Vl,az + vl,zz) (3.33)
dt,
and
ds. .
&5, _ 7 (3.34)
dt, ’
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Note that Eq.(3.34) is identical to Eq.(3.27) for i =2.

The set of governing equations for the WJ can be divided into 4 different regions, shown in

Figure 3.2, in order to account for the positions of the virtual origins of the SJ and W1J.

Figure 3.2. A schematic diagram for the different regions due to virtual origin positions in
the SJ and WJ: Region 1: (z2, > 57, and 0 <z, < s;,) or (22, <81, and 0 < z; < 7,,); Region 2:
220> 81,0 and 57, < 771 < 2,,,; Region 3: z,,<s;, and z,, <z; < s;, ; Region 4: (z;,> s;, and z;>

220) OF (220 < 57, and z; > 5;,).

Depending on the region, the constants in Eq.(3.30), (3.31) and (3.32) are set as follows:
Region 1: Cl*,2 =0 and C;l =0
Region 2: C;z =0 and C;l #0
Region 3: sz # (0 and C;,l =0

Region 4: C; # (0 and C;’l #0
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The other equations are transformed into dimensionless forms as follows:

*

sk ~ % 1 ds- * *
do (@, @ )——— ——L  fors, >,
dl‘l* = (s; “Sio +1/C3,i) dr, ’ (3.35)
i for 0< sl.* < SZO
d 1/2 ‘6 ‘
* * * . 2,0
where C;, =C,, —1= P | and C;, =C,, since — =1.
di,u pi,o vz,zu
: 1 V| ds
C4l Sz _Sz 0 + * z; ;
C3,z J I/V] dtl
dp. _| (e« <« 1dd) (. . 1 Yds| . o g
dr — P z : — S S, T = - fors >s, (3.36)
é TW, ) T, cha,) d |
0 for 0<s; <s,,
where C:l. — P
’ i,uRToo

*

. s l. =0;
4 =0 4 =0

~k
Vl,z *

=sin; v
=0 5 2,z

~
=1, v *Ozcosgocos¢;
t =

=1.

5 - o ot
Vlﬂ‘t*—o =cosgsing; @’ |. .
1= ;=
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From this main set of the dimensionless governing equations, Eq.(3.27) with i =1, (3.28), (3.29),
(3.30) with i=1, (3.31), (3.32) and (3.33), we can obtain the important design/operation

controlling factors for the SJ/WJ problem. Note that the SJ trajectory is already defined.

We can first analyze the two parameters, C;i , and C;)l in the governing equations. They depend
on the momentum ratio, ¥, , the distance between the SJ and WJ nozzles, d,, , the W injection

angle, ¢, the WJ nozzle diameter, d, ,, the WJ and SJ entrainment coefficients, C,, and C.,»

1,0 °

and the density of the WJ and the surrounding fluid. The WJ nozzle diameter, dl,u (along with
the SJ nozzle diameter, dz)o) is usually determined by the desired firing rate or energy output

level for the furnace, fuel equivalence ratio and the momentum flow ratio, ¥, . The

corresponding entrainment coefficients and related densities are pre-determined. Therefore, we

are essentially setting the value of the two controlling parameters by selecting the values of the

momentum flow ratio, ¥, , the distance between nozzles, d,,, and the WJ injection angle, ¢ .
We can next note that from the initial conditions, the WJ injection angles (¢ ,¢) are easily
recognized as controlling factors. Finally, the two virtual origins, si , and S;O , are also

controlling factors because they determine the calculation regions. They cannot be chosen in

advance, but should be determined experimentally for each particular burner design. In summary,
the two model parameters, C: , and C;,l , do not bear physical meaning per se, but are rather

governed by four physical parameters: the momentum flow ratio, the WJ injection angle, the
nozzle distance and the positions of the SJ and WJ virtual origins. The first three of these can be

selected prior to design/operation while the fourth has to be obtained experimentally.
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To estimate species mass fractions such as oxygen and hydrocarbon at the merging point where

the center of the WJ touches the boundary of the SJ, we define a dilution index,

~
+w, m,

~j*.
. oy m

a)]

merging

merging (3 ) 3 7)

merging

merging

m| . +m,
merging

3.2.4 Solution of the dimensionless governing equations

An analytical solution can be obtained for all ODEs of the SJ flow (when i =2 ) and some ODEs
for the WJ flow — the mass fraction, Eq.(3.35), and density, Eq.(3.36), because they can be

decoupled when the time independent variable is replaced by the arc length independent variable,

Eq.(3.30) for i =2 (note that s, = z, ):

dv: -C, \7*22 forz, >z, .
2;2 _ 2,272, 2 *2, * (3.38)
dz, |0 for0<z, <z,
Using the chain rule, Eq.(3.35) and (3.36) can be transformed into
de’ (@ —a") ! fors >s’
. C(s, =S, +1/C)) Lo (3.39)
ds, . .
0 for 0<s; <s,,
L owa |
* * * [0k
C,.1(s, =5, +— —
4,i {( i i,0 C3’l. )Z VV] }
dp; ) < 1 da) 1
=1 =Pl . — oo +(s, =5, , +——)"'t fors >s, (3.40)
ds, 7 W, 7w, ds, CG ’
0 for 0<s, <s,,
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leading to the following analytical solution.

* * * -1 * *
~ * C22(22_220)+1 fOI‘Zz >220
v,.(2,)= G O+ 0 (3.41)
1 for0 <z,<z,,
a)j* _ ,..,j*
~ %, W£* - * * ¥ 520 fOI‘ S: > S:u
@] (s;)= G,(s; —s,,)+1 ’ (3.42)
0317* - for 0< sl.* < SZO
and
C* i * * * A
e C3,i (s; — Si,u) +(1--)
e B y B fors, >s;,
PUSD=Y (st s+ (=20 (3.43)
’ ’ B
1 for 0<s; <s,,
ol -d|. . o
where A4, = z “— and B= Z ~
J J J j

By substituting Eq.(3.41) into Eq.(3.27) for i =2, we can obtain a dimensionless transit time, t; ,

for the fluid element of the SJ at the location z, :

* * C* * * * * *
(22—220) —22(zy—z, )+1t+z,, forz, >z,
2 ’ ’ ’ (3.44)

* *
z, for0 <z,<z,,

The other seven ODEs, Eq.(3.27) for i =1, (3.28), (3.29), (3.30) for i =1, (3.31), (3.32) and
(3.33), can be solved numerically.
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3.3 Cold model experiment

Cold model experiments were performed to obtain data for the validation of the 3-D SJ/WJ
physical model and later CFD simulation in this work. A dual jet arrangement, Figure 3.3,
simulating the SJ/WJ model was used for this purpose. The jet nozzles were manufactured from
25.4 mm diameter aluminum bar stock with exit port diameters of 11.9 mm and 6.35 mm for SJ
and WJ respectively. Each nozzle was bored with a 7° taper from an internal diameter of 20.5
mm at one end of a 70 mm bar to the final exit diameter as shown in Figure 3.4. These nozzles

were mounted in support blocks at the different separation distances, d,,, and angles, ¢ and ¢,

noted in Table 3.1.

Injection Angle of A
weak jet : @, ¢ <
di;

d>
Loy wan L Wall

\

Weak jet  Strong jet

Wall

Figure 3.3. A schematic diagram of the cold model experiment system.
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Figure 3.4. Nozzle geometries for (a) the strong jet and (b) the weak jet (Unit: mm).

Table 3.1. Cold model experiment conditions.

Injection angle of Momentum flow Distance between
WI, (,9) ratio nozzles, m

(80°,0°)

(70°,0°) 0.02 0.127
(75.89°,44.56°) 0.01 0.0635
(62.01°,43.22°) 0.005
(67.73°,62.73°)

The air supply for the jets was provided by independent sources, a high-pressure blower for the
SJ and a compressor system for the WJ. The SJ flow rate was controlled by a gate valve and
monitored by an orifice meter. The WJ flow rate was controlled by a pressure regulator, using a
previously obtained calibration curve. The SJ air temperature was about 45°C, the WI
temperature was about 29°C and the ambient temperature was about 27°C. This experiment
system was operated in a large room with precautions and tests taken to verify that the impact of

external drafts on the jet flow field was negligible.
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Velocity measurements were obtained with a 1.59 mm diameter Kiel probe and an impact probe
constructed from stainless steel hypodermic tubing (0.90 mm O.D. and 0.50 mm L.D.). These
probes were calibrated against a standard Pitot probe in a wind tunnel over the velocity range of 3
~ 30 m/s. The coefficients for both probes were 0.99 ~ 1.00 over this velocity range. The Kiel
probe provides accurate estimates of the velocity field over a wide range of pitch and yaw angles
(typically £ 40°). The impact probe was used to provide estimates of the mean velocity field at
the exit of the two nozzles as well as the primary data for the centerline velocity measurements.
The Kiel probe was used to estimate the magnitude of the velocity vector and trajectory for the
WI. Pressure readings were obtained with Datametric Inc. Barocell pressure transducers with
ranges of 0 ~ 2.5 and 0 ~ 10 kPa. The transducer output was processed with a Hewlett Packard
5328A Universal Counter adapted to provide time averaged voltage readings over 10s and 100s

time periods.

Velocity profiles at the exits of SJ and WJ nozzles were obtained and found to exhibit flat profiles
within £1.5% of the source velocity over 85% of the inner area of each port. A typical velocity
profile is shown in Figure 3.5. The larger spread in the data near the wall was due to positioning
error of the probe. The centerline mean velocity decay for the SJ and the WJ was also measured,
Figure 3.6. The virtual origin and the centerline velocity decay constant were determined from

these results.
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Figure 3.5. Velocity profile at the exit of the SJ and the WJ nozzles.
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Figure 3.6. Centerline mean velocity with measurement variance indicated by error bars.

The experimental conditions and jet flow properties during the trajectory testing runs are shown
in Table 3.2. The SJ was kept at a constant flow rate of around 0.0178 kg/s (source velocity of

137 m/s), corresponding to a Reynolds number of 93,800 while the WJ was varied with flow rates

of 0.669 ~ 1.33x107 kg/s (source velocity of 18.2 ~ 36.4 m/s), corresponding to Reynolds

numbers of about 7,400 ~ 14,500.
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Table 3.2. Initial jet flow properties used to estimate the WJ trajectory (cold model

experiments).
Diameter,  Density, = Source velocity, Mass flow rate, Jet Reynolds
mm kg/m’ m/s kg/s number
SJ
11.91 1.1150 137.2 0.01783 93885
(45 °C)
36.2 0.001325 14532
Wl
6.35 1.1746 25.5 0.000949 10421
(29 °C)
18.5 0.000669 7378

Ambient temperature is 27 °C

The W] trajectory was initially tracked by a simple flow visualization method, a fine thread
mounted on a wire holder just above the nozzle exit, Figure 3.7. These observations helped to
select feasible locations for more detailed mean velocity measurements with the Kiel probe. In
most cases a total of 5 downstream measurement locations were chosen for trajectory mapping.
At each of these downstream locations detailed traverses were made in the xy plane. Two profiles
around the expected velocity maximum were obtained, one along the x- and the other along the y-
axis, 9 points each. A Gaussian curve fit was passed through these data. An example of the two
velocity profiles of WJ at a certain plane and the fitted Gaussian curve are shown in Figure 3.8.
The location of the maximum velocity was identified as the trajectory of the WJ and the distance
between the points where the local velocity was 50% of the maximum was used as a measure of

the jet width.
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Figure 3.7. Visual indication of the SJ and the WJ trajectories traced by light threads

suspended above the nozzles.
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Figure 3.8. Velocity profiles of WJ along x- and y-axis at a certain selected plane and fitted
Gaussian curve. Error bars represent the standard deviation of the measurement at each

point.
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3.4 Reynolds-Averaged Navier-Stokes simulation

The SJ/W1J problem was simulated with the standard &-¢ turbulence model as an isothermal flow,
using the FLUENT 6.0 CFD package. The geometry of the simulation domain is described in

Table 3.3 and Figure 3.9.

X
/
N
‘Weak-jet y
(Dw = 0.00635 m) Pressure inlet
N ]
\
\, .
Y [—— Pressure inlet
B~ o M fo 67D P 1
Y w z ~10.67 Ds or ~5.33 Ds . ressure oulet
<9 = 2 T | _Mass flow inlet VA
E -] Lol
0 2 y .
] = "\ Strong-jet [ Wall
~1067Ds  (Ds=0.011906 m)
Pressure inlet A
= 83.15 Ds Pressure inlet
v

~166.29 Ds =209.97 Ds

Figure 3.9. Schematic diagrams of the simulation domain.

Table 3.3. Geometric size of the simulation domain.

Diagonal of the upper face: 2.8 m
Chamber Diagonal of the lower face: 1.4 m
Height: 2.5 m
Strong jet nozzle Radius: 0.005953 m
Weak jet nozzle Radius: 0.003175 m
Bottom supporting block 0.127m x 0.381 m
Distance between nozzles 0.127 m or 0.0635 m
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The domain is defined as a four-sided truncated pyramid, with the face magnification ratio of 2:1.
The domain is meshed by a Cooper mesh scheme, with the source faces paved by triangular mesh
with appropriate node concentration around the jet nozzles, Figure 3.10. The preliminary grid
dependency test was performed for three mesh sizes: 583,320, 270,960 and 187,080 cells and for
first-order and second-order upwind discretization. As indicated by the z-velocity profile along
the SJ axis in Figure 3.11, there is only a marginal difference between the profiles for these mesh
sizes and discretization schemes. Although the coarsest mesh and a first-order upwind scheme

would suffice, all simulations were conducted by using the finest mesh (583,320 cells) and the

second-order upwind scheme.
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Figure 3.10. Mesh scheme for the simulation domain.
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(c) At the finest grid; 583,320 cells
Figure 3.11. Comparisons of z-velocity decay along the SJ axis for different grid sizes and
differencing schemes: (a) First-order upwind differencing; (b) Second-order upwind
differencing; (c) results at the finest grid (583,320 cells). Other parameters: injection angles
(@, ¢) = (80°, 0°), the momentum ratio, y;, = 0.02 and the nozzle distance, d;, = 0.127 m.

Boundary conditions were used to mimic the experimental conditions as close as possible. There
is a rectangular "wall" block surrounding the two jet nozzles, matching the solid block surface in
the experimental setup. The entrainment conditions at the open boundaries were set with 1%
turbulence intensity and 1 m hydraulic diameter in order to simulate entrained stagnant fluid.

Inlets turbulent conditions for the SJ and the WJ were set at 5% turbulence intensity and
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hydraulic diameters of 0.012 and 0.006 m, respectively. Mass flow rates of each jet, density and

viscosity were obtained from the corresponding experimental data.

The validity of the RANS simulation setup was tested by comparing the entrainment flow of the
SJ with that calculated from Eq.(2.2) in Chapter 2. The average difference was 1.22%, the
maximum was 1.77%, through all RANS simulations. Figure 3.12 shows a typical WJ trajectory
identified by a velocity magnitude contour plot on the symmetry plane (for the case of 2-D SJI/WJ
system). The trajectory of the W] was traced from the velocity magnitude contour plot on many

selected xy planes along the z-axis.

Figure 3.12. A typical velocity magnitude contour (m/s) on the symmetry plane (2-D SJ/WJ

case).
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3.5 Results and discussion

3.5.1 Virtual origin and entrainment coefficient for the low jet Reynolds number flow

The virtual origin and the centerline velocity decay constant in Eq.(2.1) in Chapter 2 were
measured for the SJ and the WJ in a preliminary experiment. The results for different jet

Reynolds numbers are shown in Table 3.4.

Table 3.4. The virtual origin and the centerline velocity decay constant for the SJ and the
WJ.

Rej; C. z,/d, R
SJ 89376.5 0.1725 3.46 0.9995
13542.6 0.1543 -0.87 0.9999
WJ 9821.0 0.1470 -2.67 0.9980
6244.3 0.1342 -1.68 0.9983

By fitting the above values into Eq.(2.3), we can estimate the entrainment coefficient for the WJ:

032
' 0.1725

(2.749x10°° -Re ,,+0.118) with R* ~0.972 (3.45)

The virtual origin of the WJ was negative in all cases, thus it has no effect on the 3-D SJ/WJ
physical model. From the RANS simulations, the centerline mean velocity decay constant and

the virtual origin for the SJ were 0.170 and 0.290, respectively.
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3.5.2 The comparison of the 3-D SJ/WJ physical model, cold model experiment and RANS

simulation

The system of the seven coupled ODEs, Eq.(3.27) for i =1, (3.28), (3.29), (3.30) for i =1, (3.31),
(3.32) and (3.33), comprising the main set of the 3-D SJ/WJ physical model, was solved by the

Rosenbrock method [92] and compared with the experimental data and RANS simulation results.

The W1 trajectories for the momentum ratios of y,,= 0.005, 0.01 and 0.02 are shown in Figure
3.13 for d,= 0.127 m, (@, @) = (80°,0°), Figure 3.14 for d,,= 0.0635 m, (¢,¢) = (80°,0°),
Figure 3.15 for d,, = 0.127 m, (¢, ¢) = (70°,0°), Figure 3.16 for d,= 0.127 m, (@ ,¢) =
(75.89°,44.56°), Figure 3.17 for d,,= 0.127 m, (¢,¢) = (62.01°,43.22°), and Figure 3.18 for
d,=0.127 m, (¢,9) = (67.73°,62.73°). These cases fall into two categories: the 2-D SJ/WJ

system with (@, @) = (80°,0°), (70°,0°) and the 3-D SJ/WJ system with (¢, ) = (75.89°,44.56°),

(62.01°,43.22°) and (67.73°,62.73°). The error bars in Figure 3.13 ~ Figure 3.15 indicate the WJ
width defined as the half maximum velocity location, obtained from the Gaussian curve fit. The
experimental data in Figure 3.16 ~ Figure 3.18 (3-D plots) have similar WJ width scales although

not shown in the 3-D graphs.

As seen in Figure 3.13 ~ Figure 3.15 (2-D SJ/WIJ system), this 3-D SJ/WJ physical model
predicts the W1J trajectory quite well even though trajectories from this model are slightly shorter
than those obtained experimentally. On the other hand, the WJ trajectories predicted from the
RANS simulation are more curved, leading to lower estimates for the position of confluence for

the jets. Similar observations are also found in Figure 3.16 ~ Figure 3.18 (3-D SJ/WIJ system).
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This under-prediction of RANS simulation may be attributed to the small differences of the
entrainment flow mentioned in section 3.4 and limitations of standard k-& model that is a semi-
empirical model with adjustable parameters for fully-developed, isotropic turbulence. Jet flow is
an anisotropic flow. Also, note that the original parameters of the standard k-& model (see section

2.4.1) were used in this RANS simulation.
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Figure 3.13. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental
data and RANS simulations with various momentum ratios at the injection angle of (@, @) =
(80°,0°) and the nozzle distance of d;,= 0.127 m (error bars represent the WJ width at the

half centerline velocity).
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Figure 3.14. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental
data and RANS simulations with various momentum ratios at the injection angle of (¢, ) =
(80°,0°) and the nozzle distance of d;,= 0.0635 m (error bars represent the WJ width at the

half centerline velocity).
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Figure 3.15. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental
data and RANS simulations with various momentum ratios at the injection angle of (@, @) =
(70°,0°) and the nozzle distance of d;,= 0.127 m (error bars represent the WJ width at the

half centerline velocity).
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Figure 3.16. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental

data and RANS simulations with various momentum ratios at the injection angle of (@, @) =

(75.89°, 44.56°) and the nozzle distance of d;,=0.127 m.
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Figure 3.17. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental
data and RANS simulations with various momentum ratios at the injection angle of (@, @) =

(62.01°, 43.22°) and the nozzle distance of d;,=0.127 m.
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Figure 3.18. WJ trajectories from the 3-D SJ/WJ physical model, cold model experimental
data and RANS simulations with various momentum ratios at the injection angle of (@, @) =

(67.73°, 62.73°) and the nozzle distance of d;,=0.127 m.
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3.5.3 The effects of the design/operation controlling factors on the SJ/WJ system

As noted above, four design/operation controlling factors were identified for the SJ/WJ system:

the momentum flow ratio, ¥, ; the injection angle of WJ, (¢, ¢); the distance between SJ and
WI nozzle, d12 , and the virtual origins of SJ and W], Zy, and 8- The effect of the momentum

ratio and the injection angle of WJ on the SJ/W1J system was noted in the previous subsection, i.e.
the WJ trajectory is longer at larger momentum ratios and when the WJ injection angle is more

divergent (as expected).

In addition, the 3-D SJ/WJ physical model helps us understand the effect of the virtual origin and

the nozzle separation distance. The W1J trajectory in Figure 3.19 and Figure 3.20 was calculated

for the “Virtual origin’ case (z,, / d,,=3.46 and s, / d,,= 0) and ‘No virtual origin’ case
(z,, / d,,=0and s, / d,,, = 0) at various momentum ratios, the WJ injection angle of (¢ ,¢) =

(80°,0°) and the nozzle distance of d,,= 0.127 and 0.0635 m, respectively. Clearly, the positive

virtual origin value of the SJ makes the W1J trajectory longer because the WJ fluid element in the
region below SJ virtual origin is not affected by the entrainment flow of the SJ (the region 1 and
region 2 in Figure 3.2). For the lack of a better term, we call this region the ‘offset region’.
Comparing the WIJ trajectories in Figure 3.19 to those in Figure 3.20, the effect of a positive

virtual origin of SJ flow is inversely proportional to the nozzle distance, when the SJ virtual

origin position in physical units is kept constant (z, ,= 0.0412 m). This is because the nozzle

distance, d,,, is used as a characteristic length of the dimensionless governing equation in the

SJ/WI system.
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Figure 3.19. The effect of virtual origin on the SJ/WJ system at various momentum ratios
when the WJ injection angle of (¢, ¢) = (80°,0°) and the nozzle distance of d;;= 0.127 m;

‘Virtual origin’ indicates that z,,/d,, = 3.46 and s;,/d;, = 0 and ‘No virtual origin’ indicates
that z2’/d2’0 =0 and sI,o/dI,a =0.
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Figure 3.20. The effect of virtual origin on the SJ/WJ system at various momentum ratios
when the WJ injection angle of (@, ¢) = (80°,0°) and the nozzle distance of d;,= 0.0635 m;

‘Virtual origin’ indicates that z, ,/d,, = 3.46 and s, ,/d;, = 0 and ‘No virtual origin’ indicates

that z, ,/d,,=0 and s, ,/d; ,= 0.
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To see the effect of the nozzle distance, the WJ trajectory calculated from the 3-D SJ/WJ physical

model was plotted for the case of the ‘No virtual origin’ (z,, / d,,= 0 and s, / d,=0)in
Figure 3.21 and ‘Virtual origin’ (ZZ,o/dZ,o = 3.46 and Sl,o/dl,o = 0) in Figure 3.22 at various

momentum ratios and various nozzle distances with the WJ injection angle of (¢, @) = (80°,0°).

The effect of the nozzle distance on the SJ/WJ system is minimal in the 'No virtual origin' case
(Figure 3.21), however, when the SJ virtual origin is included (Figure 3.22), the nozzle distance
has considerable impact on the WIJ trajectory. This effect can be explained by the change of the
offset region length, relative to the nozzle distance. The length of the WJ trajectory, above the
offset region, is proportional to the nozzle distance, as sketched in Figure 3.23. Since, in many jet
flow cases, the virtual origin is positive finite, the nozzle distance should be considered as

important design/operation controlling factor in the SJ/W1J system.
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Figure 3.21. The effect of the nozzle distance on the SJ/WJ system at various momentum
ratios for the WJ injection angle of (@, @) = (80°,0°) and the ‘No virtual origin’ case (z;,/d>,
=0 and s; /d;,=0).
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Figure 3.22. The effect of the nozzle distance on the SJ/WJ system at various momentum
ratios for the WJ injection angle of (¢, @) = (80°,0°) and the ‘Virtual origin’ case (z,,/d,, =
3.46 and s,,/d,, = 0).
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Figure 3.23. A schematic diagram of the WJ trajectories for different nozzle distances.

3.5.4 Characteristics of the confluence in the SJ/WJ system

Averaged mass fraction and density of a WJ fluid element was calculated along with the arc

length. To eliminate the nozzle distance factor in C;’i of Eq.(3.42) and (3.43), we can rewrite

. . . oy ~ it ~ — —
them with another dimensionless definition; s, = s, / d,,o =& and p’ =p, / Pio:

i,0 2 i
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e o —————— fors >s
@] (s7) = G (s, —s.,)+1 (3.46)
@l . for 0<s' <5/,

§; =

1/2
where C;, = Cei(&] , and
, , pi,o

C,. A"
HLC(s =)+ (=0
. B y +B fors; >Si+,u
p;(s))= Cyi(sy —s7,)+(1="1) (3.47)
B
1 for 0<s <s;,
a)£+ CZ)I:/Jr . j+
where C;, :L’ A :Z—S"ZO and B :za)‘ﬁ
’ pioRToc 7 VV; J j

Using Eq.(3.46) and (3.47) instead of Eq.(3.42) and (3.43), we can plot the average mass fraction
and average density of the WJ fluid element along the arc length at several levels of C; , as
shown in Figure 3.24 and Figure 3.25, respectively. In this analysis a realistic range of
0.24< C; , <0.32 was used. Other conditions are listed in the figure captions. The plots

demonstrate that the jet flow is quickly dominated by the surrounding fluid, i.e. the mass fraction

and density of the issued fluid element very quickly approaches values of the surrounding fluid

after the virtual origin. As the parameter, C; , Increases, so does the entrainment coefficient,

resulting in faster decay of the concentration and density, although this change is small compared

to the overall pattern.
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Figure 3.24. Average mass fraction of CH, of WJ fluid element along the arc length for

024<C, (p,/p,) " <032,5, =4, 3| =1and @™ =0.0001 in Eq.(3.46).
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Figure 3.25. Average density of WJ fluid element along the arc length for

=1, & =0.0001, 0% =002,

57=0

0.24<C, (p./p.,) > <032, 5, =4, &

@) =0.9799, p,, =1.1750kg/m’, p, =latm, T, =298 K in Eq.(3.47).

Mass fractions in the confluence region of the SJ/WIJ system, defined by Eq.(3.37), were

calculated with respect to the WJ injection angle, ¢ (at ¢ =0), the momentum ratio, y,,, and

the nozzle distance, d,,. The contours of the merging location, mass fraction of fuel and oxygen

at the merging location (confluence location) are respectively plotted in Figure 3.26 in terms of

the WJ injection angle, @ (at ¢ =0), and the momentum ratio, y,,, at d;, = 0.127 m and in

Figure 3.27 in terms of the WJ injection angle, ¢ (at ¢ =0), and the nozzle distance, d,,, at
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v, = 0.01190. Through this kind of mapping, we may determine feasible ranges of the
design/operation controlling factors corresponding to certain target mass fractions in the
confluence zone. For example, if the mass fractions of O, = 0.03 and CH,4 = 0.003 are desired in
the confluence, we can highlight the target area from Figure 3.26 and Figure 3.27, and identify
corresponding values of the controlling factors. Note that the confluence zone could be

considered as the main combustion reaction zone.
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Figure 3.26. Contours of the merging location (...), mass fraction of fuel (- ——) and mass

fraction of oxygen (

) at the merging location with respect to the WJ injection angle, ¢
(at $=0), and the momentum ratio, ¥, . Other conditions: d;, = 0.127 m, zero virtual origin,
P,=1 atm, T, =298 °K, mass fractions of CH,=0.0001, O,=0.02, N,=0.9799 for surrounding

fluid, mass fractions of O, = 0.233, N, = 0.767 at the SJ nozzle exit, mass fraction of CH, =
1.0 and Re;,,=13,819 at the WJ nozzle exit.
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Figure 3.27. Contours of the merging location (...), mass fraction of fuel (- ——) and mass

fraction of oxygen ( ) at the merging location with respect to the WJ injection angle, ¢

(at ¢ =0), and the nozzle distance, d;;. Other conditions: v/, =0.01190, zero virtual origin,
P,=1atm, T, =298 °K, mass fractions of CH,=0.0001, O,=0.02, N,=0.9799 for surrounding

fluid, mass fractions of O, = 0.233, N, = 0.767 at the SJ nozzle exit, mass fraction of CH, =
1.0 and Re;,~13,819 at the WJ nozzle exit.
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3.6 Conclusion

A set of the general governing equations for the isothermal, free multi-jet flow system was
developed, based on the momentum and mass balance in a Lagrangian reference frame. From this
analysis, the 3-D SJ/WJ physical model was derived for the SJ/WJ system. It showed good
agreement with the cold model experiment results while RANS simulations considerably under-

predicted the W1J trajectory length.

The four important design/operation controlling factors of the SJ/WJ system were extracted from
the main set of the governing equations: the momentum flow ratio of the WIJ to the SJ at the
nozzle exits, the injection angle of the WJ, the nozzle separation distance and the virtual origins
of the SJ and the WIJ. By the analysis of the 3-D SJ/WIJ physical model solution, using the
dilution index defined in this study, we can propose feasible ranges for the controlling factors for

certain desired concentrations of fuel and oxidant in the confluence region of the jets.

In this work the entrainment coefficient for a jet with low Reynolds number was estimated by

using the centerline decay constant obtained from the experiment results.

This 3-D SJ/WIJ physical model can be used to help design and operate the flameless combustion
burner adopting this SJ/WJ configuration. This model may also serve as a validation tool for

RANS simulation (turbulence model) of this type of multi-jet system.
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Chapter 4

Simplification of detailed chemical reaction mechanism

4.1 Introduction

In this chapter, a detailed chemical reaction mechanism of natural gas combustion was simplified
into 2-D manifolds system for flameless combustion. This was done in two steps. The detailed
chemical reaction mechanism was first reduced to a skeletal mechanism by removing irrelevant
sub-mechanisms and less important reactions. Principal Component Analysis (PCA) combined
with sensitivity analysis and reaction flow analysis was used to identify the less important
reactions in the detailed chemical reaction mechanism. In the second step, the skeletal
mechanism was further simplified into a set of 2-D manifolds system (each 2-D manifolds system
is represented by one mixture fraction defined for a two-stream system: natural gas and air) by
using the TGLDM method. For validation, the set of 2-D manifolds system was compared with
the skeletal chemical reaction mechanism through the Batch Reactor (BR) model and the Perfect

Stirred Reactor (PSR) model.

GRI-Mech 3.0 was used as the detailed chemical reaction mechanism and mole composition of
the natural gas was simulated as 95% of CHy, 2.8% of C,Hg, 0.6% of CO,, and 1.6% of N,, based
on product specification provided by local natural gas supplier, Utilities Kingston. CHEMKIN
[93] was used to estimate thermodynamic properties such as the chemical reaction rates.
QSHEP2D [94] or TRIPACK/SRFPACK [95,96] was used to interpolate the 2-D manifolds:
these two algorithms show nearly equivalent performance, but TRIPACK/SRFPACK needs
around 2.4 times more storage space than QSHEP2D. DVODE [97] and the Newton-Raphson

method [87] were used to solve a set of stiff ODEs and algebraic equations, respectively.
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4.2 Reduced chemical reaction mechanism

Reduced chemical reaction mechanisms for natural gas combustion were derived from GRI-Mech
3.0 to simulate flameless combustion conditions. The initial gas composition was selected based
on mixing the natural gas/air mixture (fuel equivalence ratio of 0.77 ~ 1.1) with the product gas
(the equilibrium composition corresponding to the fuel equivalence ratio of the natural gas/air
mixture) so that the initial mole fraction of O, was controlled at a target value (mole fraction =
0.04 ~ 0.06), a temperature range of 1120 ~ 1373 K, and a pressure of 1 atm. Under these
conditions, the total sensitivity coefficient and total reaction rate matrices were obtained. These
matrices were then processed through PCA using four different orders of criteria, Eq.(2.13), to
obtain four different reduced chemical reaction mechanisms. From these four mechanisms, one
was selected (the skeletal mechanism) which had the least number of species and reactions while

still exhibiting the least discrepancy from the GRI-Mech 3.0 calculations.

4.2.1 Candidates for the reduced chemical reaction mechanism

The chemical reaction flow structure of a chemical reaction mechanism can be described by
important pathways that are identified through reaction flow analysis. In this work, total
pathways for typical conventional and flameless combustion conditions were identified, shown in
Figure 4.1 and Figure 4.2 respectively. In these diagrams, the relative contributions associated
with each reaction are shown by the numerical values depicted in the individual reactions. For
example, the CH; — C,Hg pathway is strengthened in flameless combustion (Figure 4.2)
compared to the conventional combustion case (Figure 4.1). In contrast, some minor pathways

such as CH;O — CH;0H were weakened. However, the overall differences between these two
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mechanisms may not be too large and existing reduced chemical reaction mechanisms for natural
gas combustion (methane oxidation) in the literature, developed under conventional combustion
conditions by various reduction methods, may be justified for the flameless combustion case.
These pathways also suggest that the C, hydrocarbon oxidation mechanism plays a more
important role in flameless combustion compared to conventional combustion. In this study, a
new reduced chemical reaction mechanism for flameless combustion was developed by using

PCA sensitivity analysis and reaction flow analysis.
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Figure 4.1.

Total chemical reaction flow structure for typical conventional combustion:

stoichiometric natural gas/air mixture at a constant pressure of 1 atm and a constant

temperature of 1300 K.
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Figure 4.2. Total chemical reaction flow structure for typical flameless combustion:
mixture of stoichiometric natural gas/air and the product gas to be O, mole fraction of 0.05

at a constant pressure of 1 atm and a constant temperature of 1300 K.

For an example of this procedure, several results of the PCA with sensitivity analysis and reaction
flow analysis under a typical condition for flameless combustion — a constant pressure of latm, a
constant temperature of 1300 K, an initial mixture of stoichiometric natural gas/air and the
equilibrium composition for initial O, mole fraction of 0.05 — are plotted in Figure 4.3. Figure
4.3(a) shows the magnitude of eigenvalues for each PC from the total sensitivity coefficient
matrix. In this case, only the first PC seems meaningful because other eigenvalues are very small
compared with the first eigenvalue. However, all the PCs are involved in obtaining the overall
vector, Eq.(2.12), by using all eigenvalues as the corresponding weighing factor. The overall
sensitivity vector, which indicates the relative importance of reactions, is described in Figure
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4.3(b) — the results are shown with an arbitrary user-defined criteria value depicted by the dashed
vertical line in this graph (elements above or below this level are deemed important or not).
Similarly, this procedure was carried out for the total reaction rate matrix. In Figure 4.3(c), the
magnitudes of the eigenvalues are plotted for each PC. In contrast to the results in Figure 4.3(a),
there are no highly dominant eigenvalues and use of only a few PCs would lead to a loss of
information of the matrix. Hence use of all the eigenvalues as weighting factors is highly
recommended in evaluating the overall vector. Comparing Figure 4.3(d) with Figure 4.3(b), we
can see that the important reactions, respectively identified from the total sensitivity coefficient
matrix and the total reaction rate matrix, are considerably different from each other. This means
that using only one of them will easily lead to an inadequate reduced chemical reaction
mechanism. Accordingly, we develop the reduced chemical reaction mechanism by summing the

important reactions identified from both.
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Figure 4.3. PCA results calculated under the conditions of a constant pressure of latm, a
constant temperature of 1300K, initial mixture of stoichiometric natural gas/air and the

equilibrium composition for initial O, mole fraction of 0.05.
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Four candidates for the reduced chemical reaction mechanism were proposed based on different
criteria in the above PCA reduction procedure conducted under various specific flameless
combustion conditions. In addition, the total chemical reaction flow structure produced by the
reaction flow analysis was used to double-check the validity of the proposed reduced chemical

reaction mechanisms.

The reduction was made, first, by subtracting the subset reaction mechanism related to NOx and
Ar reactions from GRI-Mech 3.0. In subsequent discussion, this subtracted chemical reaction
mechanism will be called the “GRI-without-NOx” mechanism — it contains 35 species and 217
reversible reactions. Unimportant reactions determined by the PCA procedure were removed
from the “GRI-without-NOx” mechanism. Several reactions, although found to be unimportant,
were not removed because they were necessary to maintain the consistency in the chemical
reaction flow structure. The number of species and reversible reactions involved in the proposed
reduced chemical reaction mechanisms, which were named Reduced mech-1 ~ Reduced mech-4,
are described in Table 4.1, and the corresponding chemical reaction flow structures are shown in

Figure 4.4 ~ Figure 4.8.

A limitation for this sensitivity and flow reaction analysis can be observed — for the imposed
criteria, the number of reactions is significantly decreased but the reduction in the number of
species is not as large. This is because this analysis basically identifies unimportant reactions, not
species. We can also note that while the Reduced mech-4 model, Figure 4.8, seems remarkably
simple, the number of species and reactions are not significantly reduced compared to the other

reduced models.
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Table 4.1. Four reduced chemical reaction mechanisms for the flameless combustion.

Reduced mech-1

Reduced mech-2

Reduced mech-3

Reduced mech-4

29 species,

94 reversible reactions

26 species,

84 reversible reactions

25 species,

61 reversible reactions

21 species,

43 reversible reactions
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Figure 4.4. Chemical reaction flow structure from the “GRI-without-NOx”.
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Figure 4.5. Chemical reaction flow structure from the Reduced mech-1.
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Figure 4.6. Chemical reaction flow structure from the Reduced mech-2.
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4.2.2 Comparison of the reduced mechanisms

One of the four proposed reduced chemical reaction mechanisms was selected for the flameless
combustion by comparison with the “GRI-without-NOx” mechanism in the BR model simulation.
Typical comparison results are plotted with respect to the mole fraction of CH4, CO,, H,0O, CO,
H,, OH, H and O in Figure 4.9 ~ Figure 4.11. All the reduced chemical reaction mechanisms
except for the Reduced mech-4 show very good agreement with the “GRI-without-NOx”

mechanism with some discrepancies evident for the minor species.

For the ignition time, indicated by the peak concentration of OH, the Reduced mech-4 shows

unacceptable delay while others are similar. In conclusion, the Reduced mech-3 was selected as
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the best reduced chemical reaction mechanism for the flameless combustion because it maintains
the principle characteristics of the “GRI-without-NOx” mechanism, while requiring the least
number of species and reactions among the other possible proposed candidates. The reactions of
the Reduced mech-3 are listed in Appendix A. In subsequent sections, the Reduced mech-3 will
be called the skeletal chemical reaction mechanism and it will be used for further simplification

1n next section.
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Figure 4.11. Comparison of the reduced chemical mechanisms: a constant pressure of 1atm,

a constant temperature of 1323K, excess air of 0% and O, mole fraction of 0.06.
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4.3 Two-dimensional manifolds by TGLDM method

By using the TGLDM method, two-dimensional manifolds were constructed from the skeletal
chemical reaction mechanism at various mixture fractions. For validation, the set of the 2-D
manifolds whose element 2-D manifolds was represented by one mixture fraction value was

tested by the BR and PSR models.

4.3.1 Construction of 2-D manifolds

In natural gas combustion, the 2-D manifolds can be naturally parameterized by the mass
fractions of CO, and H,O because both have similar and relatively long time scales of evolution.
In addition using a single species as a parameter is much easier than using a combination of

species as a parameter.

The 2-D manifolds were independently constructed for 83 mixture fractions defined at the non-
premixed two-stream system: CH, fuel stream and air stream at the exit condition of 1 atm and
300 K. For adiabatic conditions, specific enthalpy of the mixture can be calculated from the
mixture fraction, see Eq.(2.44). The 83 mixture fractions were densely distributed around the
stoichiometric mixture fraction, &, =0.05516. Figure 4.12 shows the distribution of the 83
mixture fractions by plotting density, temperature and mass fractions of CO, and H,O of the

corresponding equilibrium state.
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Figure 4.12. Profiles of density, temperature and mass fractions of CO, and H,O with the

mixture fraction at equilibrium state: CH, fuel stream and air stream at the exit condition
of 1 atm and 300 K.

For each mixture fraction, Eq.(2.21), (2.22) and (2.23) were numerically solved with the initial
conditions that were defined by the ‘extreme values of major species’ concept [27]. In addition,
the initial conditions were, if necessary, determined by adding the corresponding equilibrium
composition so that the initial temperature was high enough to ensure that the reaction occurred.

The reaction trajectories obtained were used to construct 2-D manifolds.
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In constructing the 2-D manifolds, an overlap region where trajectories crossed each other on the
low-dimensional parameter space, that is, the Ycoy-Ymoo plane, can appear because the dimension
of the original system (25-dimension) was much higher. The overlap region caused manifolds
not to be uniquely mapped from the parameter space to the original composition space. To avoid
this manifold mapping problem, selection of alternative parameters to represent such low-
dimensional manifolds can be difficult. In this work the overlapped data were deleted to maintain

the shape of lower manifolds, here a 1-D manifold.

Density, temperature, reaction rates of CO, and H,O, and mass fractions of all species were

tabulated with respect to the mass fractions of CO, and H,O. In addition, the total formation

enthalpy release rate (Zh;ij; ) was also tabulated to be used in the form of the energy

J
equation explicitly containing the heat of chemical reaction term such as Eq.(2.38-a). It was
tested in the PSR model when this kind of energy equation was included. The projection matrix
was not tabulated. Instead, when the orthogonal projection was applied in the PSR model test, it

was conducted by the geometry of 2-D manifolds during run-time calculation.

In Figure 4.13, distributions of the reaction rates of CO, and H,O and the total formation enthalpy
release rate for the stoichiometric mixture fraction of 0.05516 are plotted on the Ycoy-Ymoo plane.
Red dots and mesh plots represent the TGLDM data and the interpolated values, respectively. For

each mixture fraction, the interpolated mesh seemed to follow the TGLDM data well.
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Reaction rate of H,O (kg/m" sec)

Total formation enthalpy release rate (joule/m” sec)

Figure 4.13. Distributions of reaction rates of CO, and H,O and total formation enthalpy
release rate on the Yco,-Ymo plane at the stoichiometric mixture fraction of 0.05516: red

dot - TGLDM data, mesh plot - the interpolated value, and white area - negative values.
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4.3.2 Test of the 2-D manifolds by batch reactor and perfect stirred reactor model

The BR and PSR model were used to test the constructed TGLDM for each mixture fraction. The
BR model tests were used to test the validation of the chemical reaction rates and the mapping of
parameters into the original space of the TGLDM while the PSR model was used to test the
additional effect, i.e. the physical perturbation (convection effect). In both models, the energy
equation explicitly containing the total formation enthalpy release rate term was examined. Also,

in the PSR model, the orthogonal and perpendicular projections were tested.

The governing equations of PSR model for single phase system can be expressed as

ay, q" . W,

e p p

yi=1,.,1 4.1)

d(Ah) g™ . IO, S
T —Ah)—;Zhjijj +0,, with J.T D Ye,, [dT-ah=0 @2)
j=1 Jj=1

ref
where n is the number of the involved species, [ is the dimension of the system, i.e. [=n for the

skeletal chemical reaction mechanism and /=2 for the 2-D manifolds, p is the density of the

system, Y, is the mass fraction of ¢ species, IV, is the molecular weight of ¢ species, W, is the
molar production rate of i species, ¢” is inflow rate per unit reactor volume, Yl.m is the mass

fraction of 4 species at inflow, Ak is the sensible enthalpy(=h—Ah°), Ah™ is the sensible

enthalpy at inflow, h;’ is the standard specific enthalpy of formation of j species (at 1 atm, 298

K) and Q,, is the external heat supply. In addition, when the energy equation is included, the

ideal gas equation of state is used to calculate the density. Note that for adiabatic conditions, the
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temperature and density can be obtained from the TGLDM without solving the energy equation

and the ideal gas law.

The governing equations of the BR model can be easily derived from the PSR model by setting
g" =0.0 in Eq.(4.1) and (4.2). Note that in this BR model, the outflow is not zero to keep the

pressure and volume of the reactor constant.

BR model test

Using the 2-D manifolds, the BR model was solved under a constant pressure of 1 atm and
adiabatic conditions, i.e. O, = 0.0, for the 83 mixture fractions, and the results were compared

with those from the skeletal chemical reaction mechanism. Temperature and density were
obtained by directly interpolating the TGLDM (without the energy equation) or from solving the
energy equation and the ideal gas law (with the energy equation). As an example, Figure 4.14,
the calculated trajectories from the 2-D manifolds for the stoichiometric mixture fraction of
0.05516 were plotted on the Yco-Ymo plane along with the corresponding TGLDM data,
indicating trajectories from the skeletal chemical reaction mechanism (black points). The
trajectories obtained from the TGLDM with or without the energy equation are very consistent
with those from the skeletal chemical reaction mechanism. This indicates that the skeletal
chemical reaction mechanism is well represented by the 2-D TGLDM. Additional detail in terms
of the time evolution of several important scalars from an initial state to the equilibrium state is

plotted in Figure 4.15.
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On the other hand, from the tests for the BR model (all 83 mixture fractions) it was found that for
the high fuel-rich range (mixture fraction above 0.0800), the results from the TGLDM did not
agree well with the skeletal reaction mechanism. This discrepancy appears to arise because the
reaction rates of CO, and H,O in the high fuel-rich range are not distinctly large enough to ignore
the influence of the error caused by the nature of interpolation. Hence, the TGLDMs in the range
of the mixture fraction above 0.0800 were discarded and the remaining 57 TGLDMs in the
mixture fraction range of 0 ~ 0.0800 were used in subsequent calculations such as the PSR model

test and CFD simulation.
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Figure 4.14. Trajectories from the TGLDM with and without the energy equation at the
stoichiometric mixture fraction of 0.05516 and the constant pressure of 1 atm in BR model:

large black circle is equilibrium point.
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PSR model test

Unlike the BR model, the PSR model contains the physical perturbation term (the first term on
the right side in Eq.(4.1)). The physical perturbation causes the state of the system to be off the
manifolds. Thus, a projection matrix forcing the off-state onto the manifolds may be needed, as
discussed in Chapter 2. Application of the projection matrix generally requires a significant
additional amount of computational time and data storage space for the tabulation. In this PSR
model test, the orthogonal and perpendicular projections were tested, and the orthogonal

projection matrix was obtained during the run-time calculation by using TRIPACK/SRFPACK.

The PSR model was tested for the 57 mixture fractions. Two inflow rates of 600 and 1200
kg/m’sec with a given inflow composition with density ~0.516 kg/m® and temperature ~643.0 K
were set and the equilibrium state corresponding to the mixture fraction was set as the initial state
of the PSR system. The PSR pressure was 1 atm. In this PSR system the blow-out inflow rate
was about 2053.3 kg/m’sec which is the maximum inflow rate to sustain reaction. Like the BR
model test, temperature and density were calculated by directly interpolating the TGLDM
(without the energy equation) or from solving the energy equation and ideal gas law (with the

energy equation).

In Figure 4.16 the trajectories in the Ycoo-Ymo plane from the skeletal chemical reaction
mechanism for the stoichiometric mixture fraction of 0.05516 and the TGLDM adopting the
orthogonal projection with or without the energy equation are plotted for the inflow rates of 600,
1200 kg/m’sec. The corresponding time evolution of several important scalars is also plotted for
each inflow rate in Figure 4.17 and Figure 4.18. Similarly, results when adopting the

perpendicular projection are plotted in Figure 4.19 ~ Figure 4.21. Based on these results it is
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difficult to say whether the orthogonal projection is more suitable for the treatment of the
physical perturbation than the perpendicular projection (it needs more computational time).
Some of the results from the perpendicular projection appeared to be better in some respects, e.g.
the early stage of the trajectory progress in Figure 4.19 when compared to that in Figure 4.16.
The trajectories calculated from the TGLDM with and without the energy equation were quite
similar in the perspective of the Ycor-Ymo plane, Figure 4.16 and Figure 4.19. But the time
evolution of the temperature and density data, with and without the energy equation, showed
some differences over the complete time period displayed in Figure 4.17 and Figure 4.18, and
Figure 4.20 and Figure 4.21. This difference appears to arise because the change of the total
formation enthalpy release rate with respect to the mass fraction of CO, and H,O is too steep to
be properly projected on the 2-D manifolds. Therefore, in cases when an energy equation needs to
be solved, other forms of the energy equation, i.e. one implicitly containing the chemical reaction
heat term such as Eq.(2.38-b), may be preferable to evaluate the temperature. A similar tendency

was observed for all mixture fractions.
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Figure 4.21. Comparisons of the TGLDM with and without the energy equation and the

skeletal mechanism with time evolution at ¢” =1200 kg/m’sec, the stoichiometric mixture

fraction of 0.05516 and the constant pressure of 1 atm by adopting perpendicular projection

in PSR model.
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4.4 Conclusion

For the flameless combustion of natural gas the skeletal chemical reaction mechanism (25 species
and 61 reversible reactions) was developed from GRI-Mech 3.0 by removing the NOx sub-
mechanism and using PCA combined with sensitivity analysis and reaction flow analysis. The
TGLDM method was applied to the skeletal reaction mechanism to provide a simplified set of 2-

D manifolds corresponding to 57 mixture fractions.

The set of 2-D manifolds was tested in the BR and PSR model. The chemical perturbation related
to the chemical reaction rates and total formation enthalpy release rate were satisfactorily handled

by the 2-D manifolds.

For the treatment of the physical perturbation, the perpendicular projection assumption that can
provide great benefits like the considerable saving of computational time and data storage space

seemed acceptable compared with the orthogonal projection assumption.

The energy equation implicitly describing chemical reaction heat effects, such as Eq.(2.38-b),
may be preferable to evaluate the temperature instead of the energy equation explicitly containing

the total formation enthalpy release rate term.

126



Chapter 5

RANS simulation of flameless combustion

5.1 Introduction

He[15] performed numerical simulation of the flameless combustion process in the SJ/W1J furnace
using the Eddy-Dissipation Model (EDM) [64,98] with a 2-step methane-air reaction model. The
CFD simulation of turbulent reacting flows with a global few-step chemical reaction model is
practical and successful in some respects and offers a relatively inexpensive computational
resource and easy solution convergence. However, it is often criticized because of the
oversimplification of the chemical kinetics and the limited application of the associated reaction
parameters only to typical conventional combustion conditions. Hence, various attempts to link

detailed chemical reaction mechanism to CFD simulation have been made.

In this chapter the set of the 2-D TGLDM representing detailed chemical reaction kinetics was
combined with RANS simulation for flameless combustion in the SJ/WJ furnace. For the
estimation of the unconditional mean production/destruction rate of reaction progress variables
(the parameters of the 2-D TGLDM) in the transport equation, Eq.(2.45), the Conditional Source-

term Estimation (CSE) method was used.
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5.2 Experiment of flameless combustion in the SJ/WJ furnace

The experimental data reported by He [15] serves to provide a good database for validating some
of the numerical work presented in the present study. The present author was involved with these
tests which were carried out to investigate flameless combustion with the SJ/WJ furnace. This
test facility is a 48 kW, nonpremixed furnace fired with natural gas and non-preheated air through
a single pair of jets providing the mixing field that is characteristic of this low NOx burner
technology. Figure 5.1 shows a schematic diagram of the SJ/WJ furnace. The pair of jets
constituting the SJ/WJ burner was installed in the burner plate at the base of the furnace and
combustion product gas is through the outer gap in the bottom plate. This internal gas flow
pattern ensures that the jets entrain the product gas. Probes can be inserted through the furnace
wall, into the jet mixing region to monitor local gas temperature and gas composition. The
sampling location can be changed by moving the furnace burner plate and/or the location of the

modular section furnace wall fitted with the sampling port.

For the measurement of temperature and gas concentrations, a water-cooled sampling probe
consisting of a gas sampling tip (inner diameter = 0.63 mm, outer diameter = 1.27 mm) and a
thin-wire type-K thermocouple (diameter = 0.254 mm) was mounted in a traversable support that
could be moved in the xy plane, Figure 5.1. Sampled gas was delivered to a gas analyzer system
at a constant flow rate of about 0.75 L/min: a chemiluminescence NOx analyzer for NO and NOx
(Rosemount, Model 951C), three infrared analyzers for CH,, CO and CO, (California Analytical,
Model ZRH) and a flue gas analyzer for O, (Nova Analytical Systems, Model 7550P5B). The

sampling line was heated to 80°C to prevent condensation of water vapor inside tube, and water
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vapor was removed in a pre-conditioner upstream from the gas analyzer system. Measured gas

concentrations reported in this work are expressed on a dry volume basis.
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Figure 5.1. A schematic diagram of the SJ/WJ furnace.

5.2.1 Experimental conditions

As shown in Figure 5.1 (a) and (b), the SJ/WJ nozzles supplying the fuel and air to the furnace
were mounted with the air jet at the centre of the furnace axis and the fuel jet located 50 mm from
the air jet. The fuel jet (the Weak Jet or WJ) was set at angles of 0° and 10° relative to the air jet

(the Strong Jet or SJ) and axis of the furnace (xz plane). Natural gas (CH4: 95%, C,Hg: 2.8%,
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CO;: 0.6%, and N,: 1.6% in mole basis) was injected through the fuel nozzle (5.41 mm diameter)
at the mass flow rate of about 0.000871 kg/s, about 20°C. Air was injected through the air nozzle
(two cases were used: 12.7 and 15.14 mm diameter) at a mass flow rate of about 0.0162 kg/s and
~50°C (excess air of about 15%). The fuel/air momentum flow ratio, Eq.(3.26), was about
0.0275 or 0.0390 for the SJ nozzle diameter of 12.7 or 15.14 mm, respectively. Four different

experimental conditions used for these tests are described in Table 5.1.

Table 5.1. Experimental conditions for flameless combustion.

Case A Case B Case C Case D
W1 injection angle 0° 10° 0° 10°
Momentum flow ratio | 0.0275 0.0275 0.0390 0.0390
Diameter of SJ nozzle | 12.7 mm 12.7 mm 15.14 mm 15.14 mm
Diameter of WJ nozzle | 5.41 mm 5.41 mm 5.41 mm 5.41 mm

Distance of SJ and WJ: 50 mm
Mass flow rate of combustion air and temperature at SJ nozzle: 0.0162 kg/s, 50°C

Mass flow rate of natural gas and temperature at WJ nozzle: 0.000871 kg/s, 20°C

In order to sustain flameless combustion, the temperature inside furnace must be kept above a
threshold temperature to prevent reaction extinction. Although this threshold temperature
depends strongly on fuel properties and various combustion conditions (scalar dissipation rate,
etc.), it is usually known to be in the range of 740 ~ 850°C [2,15,99]. A premixed pilot flame
burner was used to preheat the furnace and in this work, it was found that a preheat temperature
of about 800°C was sufficient to maintain stable combustion before switching into the flameless
combustion mode. After that, the pilot flame was turned off, and the furnace combustion was

stabilized for about 2 hours to ensure steady-state conditions for experimental measurements.
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Measurements of gas concentration and temperature inside the furnace were obtained in two
planes, 104 mm and 182 mm downstream from the burner plate. At each sampling plane,
temperature and gas concentrations were measured along three characteristic lines shown in
Figure 5.2 and labeled 1, 2, and 3. The locations for lines 1 and 2 were fixed, intersecting the
locations of the SJ and WJ nozzles. Line 3 was determined during the experimental runs so that
the intersection of lines 1 and 3 was aligned with the locus of the fuel jet stream (having the
maximum velocity) at the sampling point. Flue gas concentrations were also measured with gas

samples withdrawn from the furnace exhaust line.
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Figure 5.2. Three measuring lines in the sampling plane.
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5.2.2 Results and discussion

A picture of the near field region of the SI/WJ combustor in full operation, showing the features
of flameless combustion, is depicted in Figure 5.3. This picture provides clear evidence that there

isn’t a discernible flame front typical of conventional combustion processes.

Figure 5.3. A typical appearance of the flameless combustion.

Flue gas concentrations for the four experimental cases examined in this work are shown in Table
5.2. The low concentrations of NOx, 7 ~ 13 ppm, corresponding to the low in-furnace

temperature, 955 ~ 966 °C, are evident in all cases. The current emission limits for NOx (as
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NO,) for natural gas fired facilities in Canada are 49.6 ppm (3% O,, dry basis, for a capacity of

10.5 ~ 105 GJ/hr); the regulations in Europe are even more stringent, e.g. about 28 ppm (3% O,,

dry basis) in the Netherlands [100]. The CO,, CO, CH, and O, concentrations are consistent with

typical flue gas concentrations in the air/natural gas combustion.

Table 5.2. Flue gas concentrations for four experiment cases.

Case A Case B Case C Case D

CO, (%) 10.4 9.8 10.4 10.4
CO (ppm) 74.5 101.2 110.1 147.3
CH, (%) 0.0" 0.0" 0.0" 0.0"
0, (%) 2.3 3.3 2.4 2.6

NO (ppm) 4.5 7.4 5.0 6.7

NOx (ppm) 6.7 13.0 7.7 10.9
In-furnace temperature” (°C) ~966 ~955 ~966 ~962

Measurement is in dry basis
ppm: parts per million by volume
*: Not detectable

**: Averaged temperature from the in-furnace measurements excluding the jet stream temperatures

Data for the gas composition and temperature for Cases A ~ D, measured along the three
sampling lines are shown in Figure 5.4 ~ Figure 5.7. It should be noted that CH, concentrations
in the fuel-rich regions could not be obtained because these results were outside the composition
range for our gas analyzer (0 ~ 20% CH,). Mistakenly the NOx (as NO+NO,) concentration was
not measured in some samplings of Case B (line 1 at z =104 and 182 mm, line 2 at z =182 mm

and line 3 at z =182 mm) while the NO concentration was measured for all samplings.
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These figures show typical concentration and temperature profiles for the SJ/WJ configuration.
At each jet core, the CO, concentration and temperature decreases. The CH, and O,
concentrations showed their maximum value at each corresponding jet core, the fuel and air jets,
respectively. The peak in the CO concentration, considered as an indicator of intense combustion
reaction, along with the OH concentration (not measured in this work), tended to be formed
around the edges of the jets. It should be noted that the CO data have significant uncertainty
because the concentration readings exhibited very large fluctuations. As expected, the NOx
concentration profiles followed a pattern similar to the temperature profile with higher NOx
readings occurring at higher temperatures. More detail analyses for these experimental data can

be found in a previous study [15].
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Figure 5.4. In-furnace measurements for the Case A.
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Figure 5.5. In-furnace measurements for the Case B.
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Figure 5.6. In-furnace measurements for the Case C.
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Figure 5.7. In-furnace measurements for the Case D.
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5.3 RANS model for flameless combustion in the SJ/WJ furnace

Flameless combustion in the SJ/WJ furnace was simulated by the steady-state RANS turbulence
model based on Favre-averaged governing equations as described in Chapter 2. The simulation
was carried out for four combustion models that are in the category of PDF/Mixing approach: the
adiabatic equilibrium chemistry model, the adiabatic CSE-TGLDM model, the non-adiabatic

steady flamelet model, and the non-adiabatic CSE-TGLDM model.

For non-adiabatic simulations, the energy equation in terms of Favre-averaged specific enthalpy,
Eq.(2.38-b), was always solved with radiation heat transfer. Accordingly, the Favre-averaged
temperature was estimated from the Favre-averaged specific enthalpy and the Favre-averaged
mass fractions that can be calculated by the steady flamelet (see Eq.(2.56)) or the CSE-TGLDM
model, and the time-averaged density was then calculated by using the ideal gas law for
compressible flow. The pressure was obtained from the continuity equation. Details of CSE-

TGLDM model will be explained in the following subsections.

The Sunfire 25000 server with dual-core UltraSPARC-IV+ 1.5GHz or 1.8GHz processors,
operated by the High Performance Computing Virtual Laboratory(HPCVL) at Queen’s University
[101], was used for the flameless combustion simulations. Ten CPUs were used simultaneously
for each simulation. FLUENT 6.3.26 was used for the CFD code and our own in-house CSE-

TGLDM code (including S-PDF) was written in the C programming language.
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5.3.1 Interaction of CFD, CSE and TGLDM

Two transport equations, Eq.(2.45), were used for the combustion progress variables, YCO2 , Y, 0>
in the CSE-TGLDM model. In Figure 5.8, the interaction of CFD, CSE, and the TGLDM lookup
table is described. The unconditional mean scalar values of the mixing field (gg , ?5 ) and the
progress variables (Ycoz , Y, Hzo) were obtained from the CFD calculation (Eq.(2.42), (2.43) and

(2.45)). And then, through the CSE code associated with the presumed PDF (S-PDF), the

conditional mean scalar values of the progress variables (<YCO2 ‘77> , <YH20‘77>) that are the

parameters of the 2-D TGLDM lookup table were estimated. From the estimated conditional

mean progress variables, the conditional mean mass fractions (<Y/ ‘77> , j=1,...,n, j#CO,, H,0)

were interpolated by the set of TGLDM lookup tables (corresponding to 57 mixture fractions).

The conditional mean production/destruction rates of the progress variables (<WCO2 ‘77> ,

<WH20 ‘77>) were integrated during the calculation of the conditional mean progress variables in

the next time step (for example, the smallest retention time among the CFD cells) by setting the

estimated conditional mean progress variables as the initial condition. If necessary (for adiabatic

conditions), the conditional mean density (<p|77>) and the conditional mean temperature
(<T |77>) were also interpolated. By using the presumed PDF again these conditional mean

values were converted into the unconditional mean values (We, , Wy, T, p, Y; where

j=1,...,n, j#CO,, H,0) that enter into the CFD calculation.
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Figure 5.8. A schematic diagram of the interaction of CFD, CSE, and TGLDM lookup table.

5.3.2 Mathematical formulas for CSE method

As described in Chapter 2, in the CSE method a set of algebraic equations (inverse problem) is
solved instead of a set of PDEs (Eq.(2.61)), to obtain the conditional mean scalar values (<¢| 77> ).

The set of algebraic equations is formulated by using the integration technique of the S-PDF
suggested by Liu ef al. [74] and the regularization method with a proper stabilizing functional

suggested by Huang and Bushe [89].

By using a trapezoidal quadrature and user-divided mixture fraction points the integral part in

Eq.(2.67) can be approximated as
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[ s0ns, @0 = ap)+ Y b,9&)+ o 5.1

j=

where 7, is the number of the user-divided mixture fraction points. In this work, they were 83

mixture fraction points as described in section 4.3.1. Among them, 57 mixture fraction points

correspond to the set of TGLDM lookup tables and the other 26 mixture fraction points, above

0.0800, correspond to their equilibrium state. The parameters a , bj and ¢ are quadrature

coefficients. Note that more finely split mixture fractions are required for the appropriate
evaluation of the S-PDF. Thus, we split the mixture fraction into about 600 points, and the
quadrature coefficients corresponding to the user-dividing mixture fractions are obtained by using
a linear interpolation between them. By substituting Eq.(5.1) into Eq.(2.67), a linear system of
algebraic equations is obtained for the group (ensemble) sharing the same conditional mean scalar

value:

Monf

D Byp(E)+ a0 +E gD —F, =0, k=12,...m, (52)

Jj=1
@ B b.
~ E/a+ ~ & + ~
akz—/ a ,ckz—/'g ¢ and b, =| ———
beta(a, B) ), beta(e, ) ), ' beta(e, B) ),
where 7, is the number of cells within the ensemble. This linear algebraic system is known as an

ill-posed problem, called the inverse problem, and a regularization method is commonly used to

Nie o A = — ~ =
solve it by adding a priori information. By letting ZZbkj =B, a¢0)+c,o()=d, ¢ =¢

k=1 j1
and ¢($)) 25({:) , and applying a priori information, Eq.(5.2) can be transformed into a

minimization problem:

min {

B(&)+d—¢

g —&(5)\\2} 5:3)
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where the second term is a stabilizing functional, (Ii(é‘) is a priori information and A is the
regularization parameter determined from preliminary tests for a given problem. In this

—

simulation, the regularization parameter was set as A =5xT: F(ETE ) / T r(l ) Following the

suggestion of Huang and Bushe [89], a priori information was obtained from a combination of
the previous iteration step solution (or previous time step solution in an unsteady simulation) and

the convection effect of the conditional mean scalar,

aﬂ@jl 5

&@f=ﬂ@J¥A{n -
Z

where J is the sequence number in the iteration steps (or time step in an unsteady simulation),

V_ is a representative velocity in the main convection flow direction (jet flow direction), which

can be expressed as J.J. pui_dxdy / II pdxdy , and At can be an arbitrary time value related to

the retention time of cells in the CFD domain for steady-state simulation. Note that Af would be
just the consecutive time period for a transient simulation. In this case, Af was set as the

smallest retention time among the CFD cells.

By differentiating Eq.(5.3) in terms of the unknown conditional mean scalar variable, ¢? (&), the

minimization problem can be transformed into a linear algebraic system:

(ET1§+H)¢3(§) :ET(& —ci)m;zz(g) (5.5)
This system was solved by Singular Value Decomposition (SVD) methods [87]. By applying
Eq.(5.5) for the two progress variables (Ycoz , Y, 1,0)> We can obtain the conditional mean mass

fractions of the progress variables (Ycoz &), YHZO (£)) at each ensemble that is divided along
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with the jet flow direction. From them, we can obtain other necessary conditional mean scalar
values such as the production/destruction rates of progress variables, mass fractions, temperature
and density. The QSHEP2D algorithm was used for the interpolation of the set of TGLDM

lookup tables.

5.3.3 Time-averaged production/destruction rate of progress variables

To prevent numerical overflow which frequently takes place in combustion calculations due to
the stiffness of the chemical kinetic mechanism, the averaged production/destruction rate value

over time is usually used instead of the instantaneous value, i.e.

T T 1 .
W= w_jdr=1j ﬁj D gy s (5.6)
TJo TJdo o P(7)

where 7 is an arbitrary time value related to the retention time of cells for steady-state simulation

or one step time period for transient simulation. Since the numerical evaluation of Eq.(5.6) is

time-consuming, an alternate estimation was used:
1 T .
- w. ~
W~ ’5,[ 1 j WD 4 Bdn (5.7)
o [7do P(M)

In this RANS simulation the upper time limit in the integration, 7, was set as the smallest
retention time among those of CFD cells like the time value in Eq.(5.4). The time integration of
Eq.(5.7) was done along with the integration of the progress variables from their initial values

obtained from Eq.(5.5). CVODE [102] was used for the integration. Note that other simpler stiff
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ODE solvers, for instance the Rosenbrock method [87,92], would work properly because only

two dependent variables are involved.

5.3.4 Favre-averaged mass fractions, temperature and time-averaged density

For the adiabatic simulation Favre-averaged mass fractions (}i , i=1,...,n, i#CO,, H,0),
temperature (f ) and time-averaged density ( o) were directly calculated from the calculated

coefficients (a,, bk/ , ¢, ) and the interpolated conditional mean values from the conditional

mean mass fractions of the progress variables such as

Ny

7 = j Y,(n)B(r)dn = &(Y,-(0>)+Zf% (X)) +e(rm)

J=1

when i =1,...,n, i#CO,,H,0 (5.8)
7 =j TanPUdn =a(TO)+ Y b, (1)) +&(T) (59)

(- 1) O 1
Lo Y ponan—al 1 b ; 5.10
5 Lp(n) o “b«»%},z -’{mé»]”(an 10

1

Note that, unlike the case for the unconditional time-averaged production/destruction rates, these

unconditional scalar values do not need the time integration procedure.

For non-adiabatic simulation, like Eq.(2.51), the Favre-averaged temperature (f ) and the time-

averaged density (0 ) were calculated by solving the energy equation and the ideal gas law. The

Favre-averaged mass fractions were first calculated from Eq.(5.8) by assuming that the mass
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fractions for non-adiabatic conditions were similar to those for adiabatic conditions. The Favre-
averaged temperature was then calculated by using these Favre-averaged mass fractions and

Favre-averaged specific enthalpy from Eq.(2.38-b), i.e.

i‘ n - n - ~
J.TW, [Z);cp,deTJFZthj ~hi=0 (5.11)

The time-averaged density ( p ) was calculated by using the Favre-averaged mass fractions and

the Favre-averaged temperature, i.e.

p=—P _ (5.12)

Note that the meanings of the symbols can be found in Chapter 2.

5.3.5 Mesh and simulation setup for RANS simulation

For the RANS simulation, a wedge shape of meshing was applied to half of the SJ/WJ furnace as
shown in Figure 5.9. This domain was split into 60 slices in z-direction and each slice had 2843
cells (when Case A and B in Table 5.1) or 2831 cells (when Case C and E in Table 5.1). This
meshing scheme was carefully assessed by a preliminary grid independence test. The ensemble
sharing the same conditional mean scalar values was set up as a rectangle with dimensions of
0.30 m in the x-direction, 0.15 m in the y-direction and each of the 60-slice elements for the z-

direction, as shown in Figure 5.9 (b).
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(a) 3-Dimensional view of the mesh

Outlet

(b) Mesh and ensemble in the bottom view

Figure 5.9. Mesh and ensemble in the simulation domain of the SJ/WJ furnace.

For the

All boundary conditions were set up to be consistent with the experimental conditions.

2

non-adiabatic simulation, heat flux from a wall towards its surroundings was set as 2000 W/m".

This estimate was based on the wall refractory (insulation board of 1 inch thickness) with thermal

conductivity of ~0.05 W/mK, and the approximate temperature difference of ~1000 K.
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For the selection of a radiation model, the optical thickness was first estimated as based on the
characteristic length of this SJ/WJ furnace (0.4m) and a typical combustion product gas
compositions (mass fractions of H,O = 0.12, O, = 0.05, CO, = 0.11 and N, = 0.72). The DO
radiation model was used for thermal radiation heat flux because this estimated value, ~0.15,
indicated a very thin optical thickness and this RANS simulation was conducted in parallel
computation environment. Also, the mean beam path length that was used to obtain the
absorption coefficient of the gas medium from the weighted-sum-of-gray-gases model (WSGGM)
was set as 0.4 m, based on the geometry of the SJ/WJ furnace. The internal emissivity of the

walls was 0.8 and the refractive index was 1.0.

5.4 Results and discussion

In this section the RANS simulation results from the four combustion models (the adiabatic
equilibrium chemistry, the adiabatic CSE-TGLDM, the non-adiabatic steady flamelet and the
non-adiabatic CSE-TGLDM) for the four cases in Table 5.1 are presented and compared with

experimental data.

In Figure 5.10 ~ Figure 5.13, contour maps of z-velocity, temperature, mass fractions of CO,,
H,0O, CO, OH on the symmetric and exit planes for the non-adiabatic CSE-TGLDM model are
presented for the four cases. The fuel jet stream (WJ) impinged the furnace wall in Case B and D
(Figure 5.11, Figure 5.13) while in Case A and C (Figure 5.10, Figure 5.12) the fuel jet stream
was merged into the air jet stream (SJ). With the injection angle of 10°, the momentum flow

ratios for Case B (0.0275) and Case D (0.0390) were too high for the fuel jet stream to merge into
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the air jet stream before reaching the furnace wall. In addition, the reverse flow of the exhaust
gases through the gap in the burner plate seems to have a somewhat negative influence on the
merging of the fuel jet and air jet streams. An interesting phenomenon is displayed for the z-
velocity contours in these figures. The darker blue shading represents a negative z-velocity,
which corresponds to a reverse flow or a primary recirculation zone for the general flow pattern
in the furnace. The formation of this recirculation zone was more evident on the fuel jet side of
the furnace for Cases A and C (Figure 5.10(a) and Figure 5.12(a)) and on the opposite wall for

Cases B and D (Figure 5.11(a) and Figure 5.13(a)).

The temperature contour maps show that the temperature field is quite uniform throughout the
furnace except for high momentum regions of both the fuel and air jet streams. This uniformity
characteristic can be also found in the contour maps of OH concentration. The OH concentration
field is also uniformly distributed throughout the furnace because this radical is a representative
intermediate reactive species produced by the principal combustion reactions. As expected, the
CO concentration was high within the fuel jet stream because this is a major stable species under
fuel-rich conditions. Contour maps from the other three combustion models were quite similar to

these results.

149



114.2088 2156.0955 1508
106.0060 2063.2005 1433
101.7171 1870.4B57 1357
95.4263 1677.6609 1262
BO.1355 1764.B760 1207
B2.B447 1692.0712 1131
76.5530 1509.2662 1056
70.2621 1506.4614 0980
£3.8722 1413.6565 1905
57.BR14 1320.8517 B30
£1.3906 1226.0466 0754
45,0096 1125.24109 AB79
36.8090 1042.4370 0603
32,5182 949.6322 0526
26.2273 B5E.6273 0452
19.9365 764.0225 0377
13.6457 B71.2176 0302
7.3540 £78.4127 0226
10641 4656073 151
-5.2268 302.6030 1075
-11.5176 209.0961 0000

(a) z-velocity(m/s) (b) Temperature(K) (c) Mass fraction of CO,
1621 717 0028
1540 1632 0027
1450 1546 0025
1378 1460 0024
1297 1374 0022
1216 1286 0021
1135 1202 0020
1054 1116 0018
0873 1020 0017
0892 0945 0015
611 0859 0014
0729 0773 0013
{0B4B ABB7 001t
{567 0601 0010
A 4BB 515 0006
0405 04209 0007
0324 0343 0006
0243 0256 0004
0162 0172 0003
0061 0086 a0t
0000 000 000

(d) Mass fraction of H,O (e) Mass fraction of CO (f) Mass fraction of OH

Figure 5.10. Contour maps from the non-adiabatic CSE-TGLDM model for the Case A.

150



114.4228 2277.8381 D.1508
108.1392 2178.8501 D.1433
101.8557 2079.8621 D.1357
955722 1980.8740D D.1282
89.2887 1881.886D D.1207
83.0052 1782.8979 D.1131
7B.7218 1683.9100 D.1058
70.4383 1584.9220 D.D9BD
B4.1548 1485.9340 0.0905
57.8713 1386.9459 D.0830
51.5878 1287.9579 D.0754
15.3044 1188.9898 D.0679
39.0209 1089.9818 D.06D3
32.7374 990.9938 0.0528
26.4539 892.0057 D.0452
20.1705 793.0178 D.0377
13.8870 £94.0297 0.0302
76025 595.0417 D.0228
1.3200 496.0536 D.0151
-4.9635 397.0656 0.0075
-11.24B9 298.0776 D.0DDD
(a) z-velocity(m/s) (b) Temperature(K) (c) Mass fraction of CO,
D.1621 D.1957 .nozz2
D.1540 D.1859 0021
D.1459 D.1761 .00zo
D.1378 D.1683 0019
D.1297 D.15B6 0018
D.1218 D.1488 017
D.1135 D.1370 D015
D.1054 D.1272 D014
0.0973 D.1174 0013
D.0892 D.1076 o012
D.0811 D.0978 0011
D.0729 D.0881 010
D.0648 D.0783 .00og
D.0567 D.0685 .nooa
D.048E D.0587 ooy
D.0405 D.0489 Rilifils
D.0324 0.0391 0004
D.0243 D.0294 0003
D.01B2 D.0198 Rilifik
0.0D81 D.0038 0001
D.0DDD D.0DDD .0ooD
(d) Mass fraction of H,O (e) Mass fraction of CO (f) Mass fraction of OH

Figure 5.11. Contour maps from the non-adiabatic CSE-TGLDM model for the Case B.
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Figure 5.12. Contour maps from the non-adiabatic CSE-TGLDM model for the Case C.
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Figure 5.13. Contour maps from the non-adiabatic CSE-TGLDM model for the Case D.
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The temperature and concentration profiles for CO,, O,, CH; and CO based on the four
combustion models are compared with experimental data for each sampling line and downstream

position for the four cases in Figure 5.14 ~ Figure 5.25.

The temperature field for the recirculated combustion products was highly over-predicted with all
four combustion models. This was also true for two non-adiabatic simulations, although there
was less discrepancy for the non-adiabatic CSE-TGLDM model. A few of reasons for this
discrepancy can be discussed. Firstly, the wall heat loss of 2000 W/m” used in the simulation
might be poorly estimated, inconsistent with the experimental running condition. Secondly, it
might be an over-simplified assumption that the non-adiabatic temperature in the CSE-TGLDM
and flamelet models was estimated based on the adiabatic mixture composition, described in
sections 2.4.2 and 5.3.4. In other words, the original statistical equation to estimate temperature

in the non-adiabatic CSE-TGLDM model,

- 0 1 pl pl B
T= j L L L T(,h Yoo, s Yy o) P11, Yoy, s Yy )Y, dY, odndh (5.13)

was simplified into the working equations,

~ 1 ~
7 = L Y00, Yo, Yoo PODAR, =10,

f:ﬁ(ﬁﬂﬁﬂﬁafzy---,g)

(5.14)

Lastly, it might be inappropriate that the equilibrium state be assigned, for the 26 mixture fraction
points, above 0.0800 (see subsection 5.3.2) because there were no reliable TGLDM lookup tables

for this fuel-rich range (see Chapter 4). That is, in Eq.(5.14),

Y,(1,Yeo,, Yy 0)=Y; () for 17>0.0800 (5.15)
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The predicted CH,4 concentration profiles along sampling lines 1 and 3 show that the fuel jet
stream for Case A and C has merged into the air jet stream before the downstream position z =
182 mm. This effect can also be observed in the contour plots, Figure 5.10 and Figure 5.12.
However, at z = 182 mm, the experimental data show a distinct CH4 peak indicating that the fuel
jet is longer than the predicted results. These results also show that the non-adiabatic steady
flamelet model predicted higher CH, concentrations than other the combustion models. This may
be because the scalar dissipation that is used as important variable in the flamelet model was

relatively high inside the jets, so a relatively incomplete combustion state was achieved.

The RANS simulations provided expected trends and reasonable predictions for the
concentrations of the major species, CO,, O, and CHy. However, the predictions for the CO

concentrations were much higher than the in-furnace measurement data.

The higher CO concentration predictions seem to arise from the nature of the PDF/Mixing
approach where the mixture fraction is employed as an important progress variable. Usually, the
mixture fraction in a certain fuel-rich range is connected to high CO concentration in most
hydrocarbon combustion systems. For instance, the CO concentration profile obtained from the
adiabatic equilibrium state of methane-air combustion was plotted in terms of mixture fraction in
Figure 5.26. The CO concentration rapidly increases as soon as the mixture fraction passes the
stoichiometric value (0.05516) and maintains a high concentration level over a wide range of
rich-fuel mixture fractions (maximum CO mass fraction of about 0.225 at a mixture fraction of
about 0.16). As mentioned earlier, in this study the equilibrium state was assumed as the
conditional mean scalar values for the mixture fraction of above 0.08000. As another example,

the 2-D TGLDM corresponding to the mixture fraction of 0.07789 (below 0.0800, but still in
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fuel-rich range) is plotted showing the CO concentrations in Figure 5.27 — the CO concentration
values in most regions are still high. This over-prediction of the CO concentration was not
evident when the EDM with a global 2-step methane-air chemical kinetic model was applied for
this flameless combustion simulation [15]. The global 2-step chemical kinetic model predicted
the CO concentration within a similar order of magnitude as the experimental data but it failed to

predict the trend of CO concentration profile.
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Figure 5.14. Comparisons of in-furnace measurements and RANS simulations at the

sampling line 1 for Case A.
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Figure 5.15. Comparisons of in-furnace measurements

sampling line 2 for Case A.

Concentration of O, in dry basis (vol %) Concentration of CO, in dry basis (vol %)

Concentration of CO in dry basis
(experiment: ppm, simulation: X50 ppm)

159

L] Experiment data

Adiabatic eq

Adiabatic CSE-TGLDM
Mon-adiabatic steady-flamelet
Mon-adiabatic CSE-TGLDM

[ JEY o
————y

T
-100 0 100 200

y-axis (mm): line-2 at z=182mm

Experiment data

Adiabatic CSE-TGLDM
Mon-adiabatic steady-famelat
Meon-adiabatic CSE-TGLOM

g

-100 0 100 200

y-axis (mm): line-2 at z=182mm

g
|

:

:

= Mon-adiabatic CSE-TGLDM

Experment data

Adiabatic equilbium
Adiabatic CSE-TGLDM
MNon-adiabatic steady-flam elet

y-axis (mm): line-2 at z=182mm

and RANS simulations at the



Temperature (°C)

Concentration of CO, in dry basis (vol %)

L] Experiment data

Adiabatic equikbrium
Adiabatic CSE-TGLDM
Non-adiabatic steady-flam elet
Non-adiabatic CSE-TGLDM

- Experiment data
2500 Adiabatic equikbrium 2500
Adiabafic CSE-TGLDM
Non-adisbatic steady-flamelet
MNon-adiabatic CSE-TGLDM _
2000 [3) 2000
L
e
1500 2 1500
o
pied
@
j= N
1000 £ 1000
@
[l
500 500
0 T t T 0
-200 -100 1) 100 200 -200

y-axis (mm}: line-3 at z=104mm

- Experimant data

Adiabatic CSE-TGLDM
Mon-adiabahc steady-flamelet
Mon-adiabatic CSE-TGLDM

-100 1) 100 200

y-axis (mm}: line-3 at z=182mm

. Experiment data

Adiabatic equilibri
Adiabafic CSE-TGLOM
Mon-adiabatic steady-flam elet
Mon-adiabatic CSE-TGLDM

Concentration of CO, in dry basis (vol %)

160

24 24
0 T T T 0 T T T
-200 -100 0 100 200 -200 -100 0 100 200
y-axis (mm): line-3 at z=104mm y-axis (mm): line-3 at z=182mm
R w0 R w0
o Experment data ©° . Experiment data
3 A Ala bt T 3 A Al T
] Adiabatic CSE-TGLDM [ Adigbatic CSE-TGLDM
n Non-Adiabatic steady-flam elet 0 Non-Adiabatic steady-flamelet
g Non-Adabatic CSE-TGLDM g o Non-Adiabatic CSE-TGELDM
2 404 & 40 4
- -
= =
I‘t 30 4 I‘* 30 4
o o
e e
4 4 . 5
c c .
2 2
= = L] L]
g 10 4 g 10 4
=4 =4 -
@ @ L]
2 2 STl e
o 0 i - ’ o Rt E ey Eass me S e
O 2w -100 100 0 O 2w -100 0 100 200
y-axis (mm): line-3 at z=104mm y-axis (mm): line-3 at z=182mm
(continued)



§

;

Concentration of CO in dry basis

Experiment data

Adiabatic CSE-TGLDM

Mon-adiabatic steady-flamelet
Mon-adiabatic CSE-TGLOM

(experiment: ppm, simulation: X50 ppm)

Figure 5.16. Comparisons of in-furnace measurements

y-axis (mmy): line-3 at 2=104mm

sampling line 3 for Case A.

Concentration of CO in dry basis
(experiment: ppm, simulation: X50 ppm)

L] Experiment data
2500 Adiabatic equikbrium
——r—— Adiabatic CSE-TGLDM
Non-adiabatic steady-flam elet
i [ Non-adiabatic CSE-TGLDM
8 2000 8
Q Q
— —
o S @
-
2 1500 2
o o
pied pied
g g
g 1000 - . g
[ [
500
0 T T T
-200 -100 1) 100 200
x-axis (mmj: line-1 at z=104mm
16 4 L] Experiment data
Adizbafic equilbrium
14 4 Adiabafic CSE-TGLDM
0 Mon-adiabatic steady-flamelet
—— Mon-adiabatic CSE-TGLDM
12

Concentration of CO, in dry basis (vol %)

-100

x-axis (mm): line-1 at z=104mm

(continued)

200

Concentration of CO, in dry basis (vol %)

161

4000
- Experiment data
Adiabatie squiibrum
Adiabatic CSE-TGLDM
Mon-adiabatic steady-flamelet
3000 4 — —— Mon-adiabatic CSE-TGLOM

:

:

y-axis (mmy): line-3 at 2=182mm

and RANS simulations at the

- Experiment data
2500 Adiabatic equilbrum
— ——— Adiabatic CSE-TGLDM
Nor-adiabatic steady-flam elet
e MNoreadiabatic CSE-TGLOM
2000
1500
1000
500
0 T T T
-200 -100 1) 100 200
x-axis (mmj: line-1 at z=182mm
16 4 . Experiment data
Adiabatic ibri
14 4 — —— — Adiabatic CSE-TGLDMW
-e+ MNoreadiabalic steady-flamelet
i i Noreadiabatic CSE-TGLDM
12 4

-100 200

x-axis (mm): line-1 at z=182mm



Concentration of CO in dry basis
(experiment: ppm, simulation: X50 ppm)

Concentration of O, in dry basis (vol %)

30 30
. Experiment data - Experiment data
Adigbatic equilibrium Adiabatic ibri
Adigbatic CSE-TGLDM Adiabatic CSE-TGLOM
Meon-adiabatic steady-flamelst MNon-adiabatic steady-flamelet
ot Saat Meon-adiabatic CSE-TGLOM HNonp-adiabatic CSE-TGLDM

Concentration of O, in dry basis (vol %)

x-axis (mm): line-1 at z=104mm

x-axis (mm): line-1 at z=182mm

.. S|
T
-100 200
x-axis (mm): line-1 at z=104mm x-axis (mm): line-1 at z=182mm

—_ —_
F e F e
o . Exprerim ent data o . Experiment data
= Adiabatic equillbium = Adiabatic equilibrium

0 50 ———— Adiabatic CSE-TGLDM 0 sy ———— Adiabatic CSE-TGLDM
0 weee Non-Adiabatic steady-flamelet 0 Non-Adiabatic steady-flam elet
B —-— —  HNomAdiabatic CSE-TGLDM B — — —  Non-Adiabatic CSE-TGLDM
& 40 4 & 40
k] k]
£ £

= 4 b 4
T ¥ T ¥ .
o o =
‘G ‘G B
e e LR
2 2 ;
- -
g 10 4 g 10 4
=4 c ]
@ @
2 2
Q 0 * T8 o 0 - ! +—a000
O amw -100 w O 2w -100 0 200

5000 5000
L ] Experment data - Experiment data
Adiabatic equilbium A I i
—— —— Adiabatic CSE-TGLDM ———— Adiabatlc CSE-TGLDM
4000 ==~ Non-adabatic steady-flamelet 4000 -+ Mon-adiabates steady-famalet

Mon-adiabatic CSE-TGLDM

Concentration of CO in dry basis

-100 o

x-axis (mm): line-1 at z=104mm

(experiment: ppm, simulation: X50 ppm)

— MNon-adiabatic CSE-TGLDM

x-axis (mm): line-1 at z=182mm

Figure 5.17. Comparisons of in-furnace measurements and RANS simulations at the

sampling line 1 for Case B.

162



- Experiment data L] Experiment data
2500 ——  Adiabatic equikbrium 2500 ————  Adabatic equlibrium
Adiabatic CSE-TGLDM Adiabatic CSE-TGLDM
Non-adiabatic steady-flam elet Non-adiabalic steady-flamelet
— MNon-adiabatic CSE-TGLDM — Mon-adiabatic CSE-TGLOM
[3) 2000 [3) 2000
Q Q
— —
e e
2 1500 2 1500
o o
=4 =4
£ 1000 £ 1000
@ @
[ [
500 500
.
1] T T T 1] T T T
-200 -100 1) 100 200 -200 -100 1) 100 200
y-axis (mm}: line-2 at z=104mm y-axis (mm}: line-2 at z=182mm
16 4 . Experiment data 18 4 L] Expenment data
————— Adiabatic equilibrium Adiabatic eq
o ———— Adiabatic CSE-TGLOM i — —— —  Adiabatic CSE-TGLDM
. +++« MNon-adiabatic steady-flam elet e =+ Mon-adiababic steady-fiamelet
—_—— Mon-adiabatic CSE-TGLDM e Mon-adiabatic CSE-TGLDM

Concentration of CO, in dry basis (vol %)
Concentration of CO, in dry basis (vol %)

24
0 T T T 0 T T T
-200 -100 0 100 200 -200 -100 0 100 200
y-axis (mm): line-2 at z=104mm y-axis (mm): line-2 at z=182mm
30 30
- Experiment data L] Experiment data

Adigbatic equilibrium Ad | m
Adighatic CSE-TGLDM a5 | —=——— Adiabatic CSE-TGLDM
Mon-adiabatic steady-flamelet sesrereseeses Nof-adiabatic steady-flamelet
Mon-adiabatic CSE-TGLDM - Mon-adiabatic CSE-TGLDM

Concentration of O, in dry basis (vol %)

Concentration of O, in dry basis (vol %)

T
-200 -100 0 100 200

y-axis (mm): line-2 at z=104mm y-axis (mm): line-2 at z=182mm

(continued)

163



Concentration of CO in dry basis

3
@ & Experiment data
T o Adigbatic equilibrium
8 wn Adizbatic CSE-TGLDM
= Mon-adiabatic steady-flamalet
%‘ = Mon-adiabatic CSE-TGLOM
[=]
c =
£%
OS5 5004
OE
B ®
c e .
o E. 2000 4 «*
g0 *
b= e
g g
c E
o=
[F]
Ca
>
4]
—

-200 -100 1] 100

y-axis (mmy): line-2 at 2=104mm

Figure 5.18. Comparisons of in-furnace measurements

sampling line 2 for Case B.
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Figure 5.20. Comparisons of in-furnace measurements and RANS simulations at the

sampling line 1 for Case C.
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Figure 5.25. Comparisons of in-furnace measurements and RANS simulations at the

sampling line 3 for Case D.

0.25
§]
© — CG,
]
7] ——-HO
& 020 4 cssses CO
3
=
o
'S 015 -
O
(M)
.
©
72} ]
C 0.10
(@]
=
Q
o
“—  0.05 A
[1)]
)]
o kT T e e
=

ODD T T T T T T I.'. T

0.0 0.1 0.2 0.3 0.4 05 0.6 07 08 09

0.05516 Mixture fraction

Figure 5.26. Mass fractions at equilibrium state with the mixture fraction from methane-

air oxidation: stoichiometric mixture fraction is 0.05516.

174



0.14
012
Q 010
O ¢,
ALY,
5 et
’.;"éf%'g!' )
S 008 "‘“’5,&(’»3"\-. _
e AKX
©
£ 008
)]
5]
®
= 004
0.02
0.00
0.02
Y

Figure 5.27. Mass fraction of CO at the mixture fraction of 0.07789. Red dot: data points of

2-D manifolds, mesh: interpolated value from the 2-D manifolds.

5.5 Conclusion

RANS simulation at steady-state was conducted for the flameless combustion of natural gas in the
SJ/WJ furnace by using the novel CSE-TGLDM method, which enables us to include effects of
detailed chemical reaction mechanism for combustion simulation. Other combustion models (the

equilibrium chemistry model, the non-adiabatic steady flamelet model) were also used.

Experiments in the SJ/WJ furnace were conducted for flameless combustion with four different
conditions. The experimental results confirmed the ultra-low NOx emission level achieved by the

flameless combustion process.
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All combustion models used in the RANS simulation provided good predictions of major species
concentrations. However, the gas temperatures and CO concentrations were highly over-
predicted. The reason may be related to the poor estimation of the wall heat loss, the over-
simplified assumption for the non-adiabatic temperature, the assigned equilibrium state for the

fuel-rich range and the nature of PDF/Mixing approach.

176



Chapter 6

Conclusion

6.1 Summary

The principal contributions of this study are

e development of the 3-D SJ/WJ physical model explaining the aecrodynamic interaction of
the SJ and the WJ and identifying the important design/operation factors of the ‘Strong-

Jet/Weak-Jet’(SJ/WIJ) system,

e asignificant simplification of the detailed chemical reaction mechanism (GRI-Mech 3.0)

into the set of 2-D manifolds for the flameless combustion of natural gas, and

e the steady-state Reynolds-Averaged Navier-Stokes (RANS) simulation associated with

the simplified flameless combustion kinetics in the SJ/WJ furnace.

Based on the results of this work the following conclusions can be made:
Development of the 3-D SJ/WJ physical model:

1. A general 3-D physical model was formulated for the isothermal, free, multiple-jet system

by using the Lagrangian perspective.

2. The 3-D physical model was applied to the SJ/WJ configuration and validated by cold

model experimentation.
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3. From the 3-D SJ/WJ physical model, the WJ trajectory was predicted and four important
design/operation factors were identified: the momentum flow ratio of the jets, the injection

angle of the WJ, the nozzle separation distance, and the virtual origin of the SJ and the W1J.

4. The 3-D SJ/WIJ physical model showed good agreement with experimental data while
RANS simulation with standard k-& model under-predicted the WIJ trajectory. Thus, this

physical model might be used to validate CFD models.

A simplification of the detailed chemical reaction mechanism into the set of 2-D manifolds:

1. A skeletal chemical reaction mechanism for flameless combustion of natural gas was
reduced from GRI-Mech 3.0 by using Principal Component Analysis (PCA) combined with

sensitivity analysis and reaction flow analysis.

2. The set of 2-D manifolds corresponding to 57 mixture fractions was constructed from the
skeletal chemical reaction mechanism, and tested in Batch Reactor (BR) and Perfect Stirred

Reactor (PSR) models.

3. For the treatment of the physical perturbation on the surface of the manifolds, the
perpendicular projection assumption provided a reasonable prediction compared with the
orthogonal projection. This also provided significant benefits for computational time and

computer storage requirements.

4. The energy equation expressed in terms of specific enthalpy (implicit heat release rate
term) may be preferable for CFD simulation rather than the energy equation expressed in

terms of temperature or specific sensible enthalpy (explicit heat release rate term).
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The steady-state RANS simulation associated with the simplified flameless combustion kinetics:

1. Based on experimental data, it was confirmed that the flameless combustion is a

competitive technology to achieve ultra-low NOx emission levels in combustion facilities.

2. The CSE-TGLDM combustion model was used to simulate flameless combustion for the
SJ/WJ furnace. These results were compared with other combustion models (the

equilibrium chemistry model, the steady flamelet model) and experimental data.

3. All combustion models (PDF/Mixing approach) provided good predictions of major
species concentrations. However the gas temperatures and CO concentrations were highly

over-predicted.

6.2 Recommendations for future work

Based on the results of this study, the following recommendations are proposed for future work:

e An extension of the 3-D SJ/WIJ physical model for a non-isothermal, confined SJ/WJ
system can be developed so that the chemical kinetics can be linked together with the
physical model. The extension of the current model will require a reliable relationship

explaining the entrainment flow for the system.

e A higher-dimensional TGLDM may be necessary to minimize the overlapping problem
and to weaken the effect of the physical perturbation. This will require strong

computational resources.
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The steady-state RANS simulation of turbulent flameless combustion using the CSE-
TGLDM model needs to be improved to show better agreement with the current set of
experimental data. Some improvements can be achieved by employing additional
independent variables such as the enthalpy and the scalar dissipation rate when estimating

the conditional averaged value. This will also require strong computational resources.
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Appendix A

Reduced Mechanism-3 (Skeletal chemical reaction mechanism)

Table Al. List of species and elements in the reduced mechanism-3.

H2, H, O, 02, OH, H20, HO2, H202, CH2, CH2(S), CH3, CH4, CO,

Species C0O2, HCO, CH20, CH30, C2H3, C2H4, C2H5, C2H6, HCCO,

CH2CO, CH2CHO, N2

Elements H,C,O, N

Table A2. List of reactions of the reduced mechanism-3 in the CHEMKIN format.

-E
k = AT’ exp (R_Yf} , Units: mole-cm-sec-K, and cal/mole

No. Reaction A b Ea
1. O+H2<=>H+OH 3.87E+04 2.7 6260.0
2. O+HO2<=>0H+02 2.00E+13 0.0 0.0
3. 0O+CH3<=>H+CH20 5.06E+13 0.0 0.0
4. O+CH4<=>0H+CH3 1.02E+09 L5 8600.0
5. 0O+CH20<=>0H+HCO 3.90E+13 0.0 3540.0
6. 0O+C2H4<=>CH3+HCO 1.25E+07 1.8 220.0
7. O+C2H6<=>0OH+C2HS5 8.98E+07 1.9 5690.0
8. 02+CH20<=>HO2+HCO 1.00E+14 0.0 40000.0
9. H+O2+M<=>HO2+M 2.80E+18 -0.9 0.0

02 Enhanced by 0.000E+00

H20 Enhanced by 0.000E+00

CcO Enhanced by 7.500E-01

CO2 Enhanced by 1.500E+00

C2H6  Enhanced by 1.500E+00

N2 Enhanced by 0.000E+00
10.  H+0O2+H20<=>HO2+H20 1.13E+19 -0.8 0.0
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11.  H+O2+N2<=>HO2+N2

12.  H+02<=>0+OH

13. H+OH+M<=>H20+M

H2
H20
CH4
C2H6

Enhanced by
Enhanced by
Enhanced by
Enhanced by

14.  H+HO2<=>02+H2

15.  H+HO2<=>20H

16. H+CH3(+M)<=>CH4(+M)
Low pressure limit: 0.26200E+34 -0.47600E+01 0.24400E+04

2.60E+19 -1.2
2.65E+16 -0.7
2.20E+22 -2.0

7.300E-01

3.650E+00

2.000E+00

3.000E+00
4.48E+13 0.0
8.40E+13 0.0
1.39E+16 -0.5

TROE centering: ~ 0.78300E+00 0.74000E+02 0.29410E+04 0.69640E+04

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 3.000E+00

CcoO Enhanced by 1.500E+00

co2 Enhanced by 2.000E+00

C2H6  Enhanced by 3.000E+00
17.  H+CH4<=>CH3+H2 6.60E+08 1.6
18.  H+CH20(+M)<=>CH30(+M) 5.40E+11 0.5

Low pressure limit: 0.22000E+31 -0.48000E+01 0.55600E+04

TROE centering:

0.75800E+00 0.94000E+02 0.15550E+04 0.42000E+04

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

Cco Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6  Enhanced by 3.000E+00
19. H+CH20<=>HCO+H2 5.74E+07 1.9
20. H+C2H4(+M)<=>C2H5(+M) 5.40E+11 0.5

0.0
17041.0

0.0

1068.0
635.0

536.0

10840.0

2600.0

2742.0

1820.0
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21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Low pressure limit: 0.60000E+42 -0.76200E+01 0.69700E+04

TROE centering: ~ 0.97530E+00 0.21000E+03 0.98400E+03 0.43740E+04
H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CcO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6  Enhanced by 3.000E+00

H+C2H4<=>C2H3+H2 1.32E+06 2.5 12240.0
H+C2H6<=>C2H5+H2 1.15E+08 1.9 7530.0
H+CH2CO<=>HCCO+H2 5.00E+13 0.0 8000.0
H+CH2CO<=>CH3+CO 1.13E+13 0.0 3428.0
OH+H2<=>H+H20 2.16E+08 1.5 3430.0
20H(+M)<=>H202(+M) 7.40E+13 -0.4 0.0

Low pressure limit: 0.23000E+19 -0.90000E+00 -0.17000E+04

TROE centering: ~ 0.73460E+00 0.94000E+02 0.17560E+04 0.51820E+04
H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CcO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6  Enhanced by 3.000E+00

20H<=>0+H20 3.57E+04 24 -2110.0
OHTHO2==2027H20 145E+13 0.0 -500.0
Declared duplicate reaction

OH+H202<=>H02+H20 1.70E+18 0.0 29410.0
OH+CH3<=>CH2(S)+H20 6.44E+17 -1.3 1417.0
OH+CH4<=>CH3+H20 1.00E+08 1.6 3120.0
OH+CO<=>H+CO2 4.76E+07 1.2 70.0
OH+CH20<=>HCO+H20 3.43E+09 1.2 -447.0
OH+C2H4<=>C2H3+H20 3.60E+06 2.0 2500.0
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35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

OH+C2H6<=>C2H5+H20

OH+CH2CO<=>HCCO+H20

2HO2<=>02+H202

HO2+CH3<=>02+CH4

HO2+CH3<=>0OH+CH30

HO2+CH20<=>HCO+H202

CH2+02=>0H+H+CO

CH2(S)+N2<=>CH2+N2

CH3+02<=>0+CH30

CH3+02<=>0H+CH20

2CH3(+M)<=>C2H6(+M)

3.54E+06
7.50E+12
4.20E+14
1.00E+12
3.78E+13
5.60E+06
5.00E+12
1.50E+13
3.56E+13
2.31E+12

6.77E+16

Low pressure limit: 0.34000E+42 -0.70300E+01 0.27620E+04

TROE centering:

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
CcoO Enhanced by 1.500E+00
Cco2 Enhanced by 2.000E+00
C2H6  Enhanced by 3.000E+00

2CH3<=>H+C2H5

CH3+CH20<=>HCO+CH4

CH3+C2H6<=>C2H5+CH4

HCO+H20<=>H+CO+H20

HCO+M<=>H+CO+M

H2 Enhanced by 2.000E+00
H20 Enhanced by 0.000E+00
CH4 Enhanced by 2.000E+00
CcO Enhanced by 1.500E+00
Cco2 Enhanced by 2.000E+00
C2H6  Enhanced by 3.000E+00

HCO+02<=>HO02+CO

0.61900E+00 0.73200E+02 0.11800E+04 0.99990E+04

6.84E+12
3.32E+03
6.14E+06
1.50E+18

1.87E+17

1.34E+13

2.1

0.0

0.0

0.0

0.0

2.0

0.0

0.0

0.0

0.0

-1.2

0.1

2.8

-1.0

-1.0

0.0

870.0

2000.0

12000.0

0.0

0.0

12000.0

1500.0

600.0

30480.0

20315.0

654.0

10600.0

5860.0

10450.0

17000.0

17000.0

400.0
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52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

CH30+02<=>HO2+CH20

C2H3+02<=>HCO+CH20

C2H5+02<=>HO2+C2H4

HCCO+02<=>0OH+2CO

O+CH3=>H+H2+CO

O+C2H4<=>H+CH2CHO

OH+HO2<=>02+H20

Declared duplicate reaction

CH2+02=>2H+CO2

C2H3+02<=>0+CH2CHO

H+CH2CO(+M)<=>CH2CHO(+M)

4.28E-13

4.58E+16

8.40E+11

3.20E+12

3.37E+13

6.70E+06

5.00E+15

5.80E+12

3.03E+11

4.86E+11

Low pressure limit: 0.10120E+43 -0.76300E+01 0.38540E+04

TROE centering:

H2
H20
CH4
CcO
CO2
C2Hé6

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00

0.46500E+00 0.20100E+03 0.17730E+04 0.53330E+04

14
0.0
0.0

0.0

0.0

0.0
0.3

0.4

-3530.0

1015.0

3875.0

854.0

0.0

220.0

17330.0

1500.0

11.0

-1755.0
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