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Abstract

Simulations of industrial-scale coal combustion systems often use simplifying
assumptions of gas-phase chemical reactions due to computational considerations and
complications of turbulence-chemistry interactions. One common method is to use a mixture
fraction approach combined with equilibrium chemistry, assuming that reactions are mixing-
limited. Other assumptions may be that the gas from the coal may be assumed to have the same
composition as the coal, or a simple compound like benzene, or that the char is assumed to have
the chemical composition and heating value of graphite. This paper shows that these simplifying
assumptions lead to inaccuracies in equilibrium temperature and gas-phase mole fractions, with
the peak CO and H20 mole fractions varying by up to 20 mol% and the peak equilibrium
temperature varying by 200 K, depending on the initial fuel chosen. In addition, this paper
explores the variability, accuracy, and utility of one-, two-, and three-fuel mixture fraction
approaches to treat char, tar, and light gases.
Keywords:
Coal; Pyrolysis; Multiple Mixture Fractions; Equilibrium Modeling; Cantera; NASA-CEA
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1. Introduction

Large-scale simulations of coal combustion systems have become very important both to
investigate new technologies and to increase understanding of coal combustion phenomena.
Flexible and accurate submodels are necessary for the overall accuracy and utility of the
simulation. Gas-phase reactions are an integral part of coal combustion simulations, and
influence the bulk gas composition, local gas temperature, and can have implications on fluid
flow, heat transfer, and mass transfer [1]. Simplifying assumptions are often used to decrease
computational complexity, especially if computational resources are limited. Advances in
computer technology allow for larger and more complex problems to be simulated, and larger
and more complex submodels are becoming increasingly used to decrease overall error and
uncertainty in these large-scale simulations [2, 3].

Coal is very complex, and the structure and composition change even in coals from the
same seam [4]. Because of this complexity, many of the simplifying assumptions in gas-phase
equilibrium of coal systems have dealt with simplifying coal-based fuel compositions,
particularly the compositions of pyrolysis products (char, tar, and light gases). Frequently coal
char is modeled as pure carbon with the thermochemical properties of either graphite [5-12] or of
the parent coal [13-16]. This is perhaps useful in heterogeneous char reactions since oxidation
and gasification reactions primarily target the carbon in the char. However, this approach falls
short in calculating other combustion products (i.e., H2O and other hydrogen-based products),
since the char retains some hydrogen and other atoms such as oxygen, nitrogen, and sulfur [17,
18].

Other simulations have simplified the compositions and energies of the volatile species,

often using one or more of several simple hydrocarbons in the place of the more complex tars
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and other volatile gases. Some simulations use methane in the place of the total volatiles [7, 12,
14, 19-29] or other simple C2 hydrocarbons [30]. Other approaches use a mix of common
pyrolysis gases (CH4, CeHs, CO, CO2, H2, N2, H2S, etc.) in variable quantities to ensure
elemental balance between the original coal and gaseous species [20, 23, 31, 32]. Some even use
constant generic hydrocarbon estimates (CxHyO:) to better approximate volatile species [10, 13,
15, 24, 29, 33-35], often approximated using the composition of the original coal. While these
simplified approaches may be appropriate for smaller-scale or simplified calculations, they may
be inadequate for accurate large-scale simulations, especially since inaccuracies in CO2 and H20
gas compositions greatly affect other parts of the coal combustion system like radiative heat
transfer [36]. Volatile gases released by coal pyrolysis reactions contain many of these simple
hydrocarbons, but the total volatiles tend to be much more complex, particularly the tar species
[18, 37]. This paper details attempts to quantify uncertainty and error in using these simplified
approaches by comparing several of the simple coal surrogate gases to measured coal-based
fuels.

Coal products change composition depending on a variety of conditions, including local
gas temperature, particle residence times, and heating rate [17, 38, 39]. Compositions and other
properties also change as a particle moves through the hot gas environment [40]. To help with
mixing and variable fuel compositions, large-scale simulations frequently use one of several
different modeling approaches, including flamelet and progress variables [11, 41-44], mixture
fractions [3, 45-50], full equilibrium [51], approximations to equilibrium such as the water-gas
shift reaction [52], detailed kinetic mechanisms of simpler hydrocarbon fuels such as GRI13.0
[21, 22, 41, 43, 53, 54], or even a combination of several different approaches [11, 27, 28, 44,

46].
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This paper compares three different levels of mixture fraction analyses, including one,
two, and three fuel mixture fractions for coal combustion scenarios. The one-mixture fraction
approach assumes all mass originating in the coal has the same elemental composition and
heating value as the parent coal and is the most common mixture fraction approach (e.g., [1, 3,
51, 55]). The two-mixture fraction approach treats volatiles and char compositions and heating
values separately, and was explored by Flores and Fletcher [50] in simulations of three
laboratory-scale coal combustors. In that study, the one- and two-mixture fraction approaches
showed differences in calculated temperatures and species concentrations near the burner,
especially with NO predictions. The three-mixture fraction approach treats light gas, tar, and char
separately. These three approaches are compared in this paper using equilibrium calculations,
rather than performing simulations of pilot- or industrial-scale furnaces. This simplified approach
allows focus on the chemical state spaces, which can be widely explored, and which would be

encompassed in specific furnace simulations.

1.1 Mixture Fractions

This section introduces the mixture fraction methods used in this analysis, beginning with
a brief discussion on mixture fractions in general. This discussion includes some of the
differences in applying mixture fractions to coal-based fuels as opposed to other simple
hydrocarbon fuels. Next, each level of mixture fraction comparison is detailed, starting with the
one-mixture fraction comparison, followed by the two-mixture fraction comparison. Finally, the
three-mixture fraction comparison is discussed.

At its most simple definition, a mixture fraction analysis involves defining a reacting

system (e.g., combustion of a hydrocarbon fuel with air) into two types of streams—one that
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includes all fuels and another that includes the oxidizing gases. In most gas-phase combustion
reactions of simple hydrocarbon fuels, mixture fractions can be considered “conserved scalars,”
which means that the mixture fraction does not change with reacting conditions. Conserved
scalars simplify reacting flow calculations and can be anything from elemental mass fractions to
enthalpies of the different reacting streams, as long as it is a stream property that remains the
same throughout the reacting system [56]. This approach is a simple way to track material when
it mixes and reacts to equilibrium.

Mixture fractions in coal-based systems are not usually considered conserved scalars
because the mixture fractions typically include a separate source term to describe the addition of
material into the gas phase from a solid coal particle [1, 50]. This source term is necessary
because coal combustion is not a homogeneous reaction that occurs only in the gas phase, but
instead involves a complex reaction between a solid coal particle and other background gases
[4]. While using a source term is helpful in describing the physical processes of a coal
combustion reaction, it can complicate transport and reaction equations, making a mixture
fraction description of coal combustion difficult to incorporate into large-scale simulations.

The mixture fraction comparisons used in this paper are slightly different from those used
traditionally in simple hydrocarbon reactions and from previous work on coal-gas mixture
fractions. For this reason, a detailed derivation of the mixture fraction and other necessary
equations is detailed here. While there are multiple ways of defining a mixture fraction,
including the widely used Bilger’s mixture fraction [57-59], this analysis explores two main
types of mixture fractions. The first is a more traditional form of mixture fraction (named here as
a “component” or “fuel” mixture fraction and labeled as f; to avoid confusion with other mixture

fractions) which is the mass fraction of material originating in each stream. This component
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mixture fraction, f;, is calculated by dividing the mass of one fuel stream by the total mass of the

mixture [56], shown in general form in Equation 1:

— M;
— Y _2vN ..
Mox+2i=1 M;

fi (1)

where f; is the component mixture fraction of component i (coal, char, tar, oxidizer, etc.), M; is

the total mass of component i, M, is the total mass of the oxidizer component (e.g., air), and N
indicates the total number of fuel components. The sum of all component mixture fractions adds
to one, and the total number of fuel mixture fractions to completely describe a reacting system is
N —1.

The component mixture fraction is commonly used to describe a system of one fuel
stream and one oxidizer stream—otherwise known as a one-mixture fraction system. While one-
mixture fraction systems are common with many types of gas-phase combustion applications,
this type of component mixture fraction can be extended to two, three, or even more [60].

The second type of mixture fraction is called the “elemental” mixture fraction and labeled
as Z; to distinguish from the component mixture fraction. This type of mixture fraction describes
the total mass fraction of each element in the reacting system [59, 61]. The elemental mixture

fraction is shown in Equation 2:

ijYi

=1 w;

where Z; is the elemental mixture fraction of element j (i.e. carbon, hydrogen, etc.), W; is the

molecular weight of element j, W; is the molecular weight of component i (including oxidizer
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and all fuels), Y; is the mass fraction of component i (the component mixture fraction), and a;; is
the number of atoms of element j in component i (for example, a sample fuel of benzene, CsHe
would have an a;; of 6 for both carbon and hydrogen). In most simple hydrocarbon combustion
systems, the total number of primary elements is four (CHON), however, in coal combustion
applications, sulfur is present, leading to five total elemental mixture fractions to describe the
primary organic elements (CHONS) present in the fuel and oxidizer streams. Like the component
mixture fraction, the elemental mixture fractions sum to one.

Another useful parameter in combustion modeling is the equivalence ratio [56] (shown in
Equation 3), which relates the fuel-to-oxidizer ratio of a mixture to the fuel’s stoichiometric fuel-

to-oxidizer ratio.

;= n‘nox 3
¢ ) ©)

Mox/ stoich

where ¢; is the equivalence ratio of fuel i, n; is the number of moles of fuel i, n,, is the moles
of oxidizer (i.e., air), and the subscript stoich is the oxidizer-to-fuel ratio at stoichiometric
proportions. The equivalence ratio or component mixture fraction can be used to determine the

total moles of oxidizer in the system if the amount of fuel is fixed to a constant value.

1.1.1 One-Mixture Fraction Comparison
A one-mixture fraction method divides a combustion mixture into two streams—one fuel
stream and one oxidizer stream. This is a common method used in simple hydrocarbon

combustion applications and has also been applied to coal-gas mixtures [1]. The one-mixture
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fraction comparison is the simplest of the three detailed here. In coal systems, one mixture
fraction is used to describe all gas from a raw coal mixing with the oxidizing gas. Coal gas is a
mixture of a large number of different species with a wide variety of composition and energy
properties. The fuel mixture fraction (as shown generally in Equation 1) of a one-mixture

fraction system is shown in Equation 4:

= @

where f is the fuel mixture fraction (coal or any number of coal surrogate gases), M, is the mass
of the oxidizer stream, and M, is the mass of the fuel stream. The mass fraction of any element in
the system can be found using the elemental mass fractions (shown generally in Equation 2), as

shown in the Equations 5 to 9 (in order of CHONS):

71 = (aC1f aco(1- f)) (5)
71 = w, (a 1f A (1= f)) (6)
75 = (ao if | G00(1- f)) @)
7 =w, (aN f | ano(i- f)) ®)
74 = Wy (252 4 20 0) (©)

where Z} is the elemental mixture fraction of carbon in a one-mixture fraction system (denoted

by superscript 1), W, is the molecular weight of carbon, a ; is the number of atoms of carbon in
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the fuel stream (estimated using the mole fraction of carbon in the case of coal-based fuels), f is
the fuel mixture fraction (mass fraction of fuel), and W, is the molecular weight of the fuel
stream. Similar variables are used for each element, with a subscript of zero used to denote
properties of the oxidizer stream added to the elemental mixture fractions of oxygen and nitrogen
(the two elements that are in the oxidizer stream). These are generalized equations, but for a
typical coal combustion application, the elemental mixture fractions would be simpler. Air does
not typically include any carbon, hydrogen, or sulfur, so the a; o values (e.g., ac o) for each of
those elements would be zero. These values would be different if different oxidizer gases were
used (e.g., oxy-fuel combustion). Because there is only one fuel stream, only one equivalence
ratio (shown generally in Equation 3) is needed to describe this system. The one-mixture fraction

equivalence ratio is shown in Equation 10.

=_—Jo 10
¢ ™) (10)

0/ stoich
where subscripts of zero and one are again used to denote the moles of the oxidizer and fuel

streams, respectively.

1.1.2 Two-Mixture Fraction Comparison

A two-mixture fraction system is a little more complex than a one-mixture fraction
system. Instead of only using a single fuel stream, a two-mixture fraction system includes two
fuel streams. While a two-mixture fraction method does not usually provide any benefit for
simple hydrocarbon combustion reactions, these methods can benefit coal combustion reactions

since pyrolysis and char combustion occur on different time scales. Coal reaction products can
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therefore be treated as volatile gases (named the total volatiles) and the solid that remains after
pyrolysis (named the char). These two general categories of pyrolysis products comprise the two
fuel streams of a two-mixture fraction system. These two fuel mixture fractions are described in

Equations 11 and 12.

My

h= Mo+M;+M, (11)
_ M,
f2 = Mo+M;+M, (12)

where the oxidizer stream is again denoted with a zero subscript, and subscripts of 1 and 2 are
used to denote the mass and mixture fractions of the char and volatiles streams, respectively.
Like all mixture fractions here, f; and f, sum to one minus the oxidizer mixture fraction (f;).
The mass fractions of the major elements in the combustion system can again be calculated using

the elemental mixture fractions in Equations 13 to 17.

2 _ acifr | aczfz | aco(l—fi—f2)
Zg = We (== + =2 = ) (13)
Z}z{ = W, ay1f1 aHZfZ aH,o(lm;ﬁ—fz)) (14)
wy ()
Z(Z) =w, aop1f1 aozfz ao,o(lw—/ﬁ—fz)) (15)
Wy ()
ZI%I — aN1f1 aszz aN,o(l—fl—fz)) (16)
Wo
2 _ asafi |, asz2fz | aso(l—fi—f2)
ZS—WS( Rk — ) 17)

10
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where ZZ is the elemental mixture fraction of carbon in a two-mixture fraction system (note, the
superscript 2 does not indicate a squared value, only that the elemental mixture fraction describes
that of a two-mixture fraction system), and the other variables are extensions of those previously
described. Like the one-mixture fraction comparison, the five elemental mixture fractions sum to
one and would simplify based on the oxidizer gases used. In addition to the two fuel mixture
fractions, there are also two independent equivalence ratios that can be used to determine the

amount of oxidizer in the system, shown in Equations 18 and 19.

1:% 18
¢ @ (18)

0/ stoich

=__Jo 19
b2 &) (19)

0/ stoich

with subscripts of 0, 1, and 2 describing the moles of oxidizer, char, and volatiles, respectively.

1.1.3 Three-Mixture Fraction Comparison

The three-mixture fraction comparison adds a third fuel mixture fraction. Like the two-
mixture fraction comparison, three mixture fractions generally are not useful in most simple
hydrocarbon combustion applications. Coal combustion systems, however, might benefit from
three mixture fractions. When coal reacts, the total volatiles can be further divided into two
additional categories: tars (volatile gases that condense to a sticky liquid at room temperature)
and light gases (volatile gases that remain as gas at room temperature). This leads to three total
fuel streams—one for the char, one for the tar, and a third for the light gases. The three fuel

streams are described by three fuel mixture fractions, shown in Equations 20 to 22:

11



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

fi=

fa=

fz =

My

M

M3
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(20)

(21)

(22)

where a subscript of zero again describes the oxidizer stream values, a subscript of 1 corresponds

to the char stream, a subscript of 2 details the tar stream, and a subscript of 3 indicates the light

gas stream. All three fuel mixture fractions and the oxidizer mixture fraction (f,) again sumto 1.

The mass fractions of each element in the mixture can again be found by calculating the

elemental mixture fractions, in Equations 23 to 27:

)

)

-W (ac1f1 aczfz ac,3f3 + ac,o(l—f1—f2—f3))
¢ W Wo
=W, (a H1/1 aH 2/2 aI;I,/zf3 4 aH,o(l—]ﬁ—fz—fﬂ
wy 3 ()
_ (a 1f1 ao 2f2 ao,3f3 n ao,o(l—f1—f2—f3))
Wo Wy W3 Wo
— (aN 1f1 aN 2f2 aN,3f3 + ano(1-fi—fo—f3)
W Wo
= W, (as,1f1 + as2f2 + asz/f3 + as,o(l—f1—fz—f3))
Wy W, W3 Wo

(23)

(24)

(25)

(26)

(27)

where Z¢ describes the elemental mixture fraction of carbon in a three-mixture fraction system

(denoted by a superscript 3, note that this does not indicate a cubed value), and the remaining

variables are likewise extensions of those described in the one- and two-mixture fraction

comparisons. Additionally, there are three independent equivalence ratios in a three-mixture

fraction system:

12
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1.2 Equilibrium Programs

Two widely-used chemical equilibrium programs for combustion systems are used here:
the stand-alone version of the NASA-CEA program [62, 63] and the Python interface of Cantera
[64]. Both programs calculate equilibrium states based on an input of initial conditions, including
chemical and thermodynamic properties of reactants, relying primarily on Gibbs free energy
minimization. Both programs also use similar thermodynamic property models with polynomial
representations of heat capacity, enthalpy, and entropy states of chemical species. Additionally,
both programs calculate an adiabatic equilibrium temperature, which can be used as a
comparison between fuels, however, real combustion systems are never truly adiabatic. Large-
scale simulations would take this into account by including a heat loss term. The NASA code is
not set up to deal with any heat loss in a real system, however, Cantera is flexible enough that it
could be used in conjunction with stand-alone research codes that adequately address heat loss
concerns.

The NASA-CEA program has been used to calculate equilibrium states of all types of
fuels, including solid fuels. In order to equilibrate coal systems, some novel subroutines were
developed to create Cantera mechanism files for coal-like fuels. These subroutines use the

elemental composition, enthalpy of formation, and the reference temperature at which the

13
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enthalpy of formation is calculated. These inputs were used to develop coefficients for the
polynomial thermodynamic property models. Finally, the thermodynamic coefficients and other
relevant information were included in a mechanism file. These subroutines can be applied to
calculate the Cantera mechanism files for any coal-based fuels. Some instabilities were observed
in Cantera equilibrium calculations when just the coal mechanism files were used. To eliminate
these instabilities, the Cantera mechanism for solid carbon (graphite) had to be introduced along
with mechanism files for the unreacted coal (or other solid fuel) and combustion/background
gases. Additional mechanism files were created for the coal surrogate and combustion gases.

A second subroutine was created around the Cantera solver to iterate over the range of
equivalence ratios for each fuel stream. The mixture fractions were calculated at each
equivalence ratio and for each equilibrium state. The additional subroutine made the Cantera

calculations more convenient, especially for the two- and three-mixture fraction comparisons.

1.3 Experimental Data

Experimental data were gathered from several sources based on the following criteria:
(a) reported elemental compositions must be reported on a dry, ash-free (DAF) basis or enough
information provided to calculate the elemental compositions on a DAF basis; (b) heating values
(enthalpies of combustion) must be reported on a DAF basis, or enough information provided to
calculate them on a DAF basis; (c) comparisons using two mixture fractions must have average
elemental compositions and heating values for both char and either tar or total volatiles; and (d)
data for the three-mixture fraction comparison must have enough information to calculate
elemental compositions and heating values for coal char, tar, and light gas. A review of a large

set of experimental heating values was reported by Richards, et al. [65], and all coal-based fuels

14
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are taken from that data set. Some common coal surrogate gases are also used here. All fuels

used, along with their respective sources, are described in Table 1.

Table 1. Fuels used in this analysis

Fuel No. | Fuel Name Source Coal Rank

F-1 Graphite Perry’s Handbook [66] | N/A

F-2 Benzene Perry’s Handbook [66] | N/A

F-3 Methane Perry’s Handbook [66] | N/A

F-4 Ethane Perry’s Handbook [66] | N/A

F-5 Ethylene Perry’s Handbook [66] | N/A

F-6 Pittsburgh #8 (Pitt 8) Coal | Proscia et al. [67] HVA

F-7 Lower Kittanning Coal Proscia et al. [67] LVB

F-8 Millmerran Coal Edwards et al. [68] Subbituminous
F-9 Liddell Coal Edwards et al. [68] Bituminous
F-10 Mammoth Seam Coal Miller [69] Anthracite
F-11 Beulah Zap Coal Miller [69] Lignite

F-12 Buck Mountain Coal Miller [69] Anthracite
F-13 #8 Leader Seam Coal Miller [69] Anthracite
F-14 #8 Seam Coal Miller [69] Semi-anthracite
F-15 Gunnison Coal Miller [69] Semi-anthracite
F-16 L. Spadra Seam Coal Miller [69] Semi-anthracite

15
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All 16 fuels were used in the one-mixture fraction comparison, with fewer in the two-
mixture fraction comparison, and only one used (F-6, Pitt 8) in the three-mixture fraction

comparison. The fuel cases for each mixture fraction analysis are described in the Results and

Discussion section.

While the elemental compositions and heating values of most of the fuels listed in Table
1 can be found in Richards, et al [65], a brief summary of some of the compositional differences
between the fuels used here is warranted. Table 2 shows the DAF wt% of carbon, hydrogen,
oxygen, nitrogen, and sulfur for a few of the coal-based fuels. This table is to illustrate some of
the compositional differences that occur between different coal-based fuels, including different

coals, chars, and tars.

Table 2. Summary of Elemental Composition of Some Coal-Based Fuels

Fuel No. | Fuel Name C H 0] N S

F-6 Pitt 8 Coal 82.36 | 551 |856 |[1.65 |1.92
F-6a Pitt 8 Char 83.01 524 |823 |168 |184
F-6b Pitt 8 Tar 85.02 | 6.40 |568 |1.63 |1.27
F-6¢ Pitt 8 Volatiles 78.65 | 7.05 |10.47 |1.48 |235
F-6d Pitt 8 Light Gases 49.18 | 10.06 | 32.66 | 0.78 | 7.32
F-8 Millmerran Coal 78.40 | 6.70 |13.10 [1.20 | 0.60
F-11 Beulah Zap Coal 73.10 | 450 |20.60 |1.00 |0.80
F-12 Buck Mountain Coal | 90.80 | 2.60 |5.20 |0.80 |0.60
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Different coals and coal-based fuels have very different compositions, and this affects the
compositions of combustion gases at equilibrium. The coal surrogate gases vary even more, with

none having any oxygen, nitrogen, or sulfur as part of the fuel.

2. Approach

The one-mixture fraction analysis used both the Cantera and NASA-CEA programs. The
NASA code is trusted in the coal community for evaluating equilibrium states of coal-based
fuels, so it is used to evaluate Cantera as a viable alternative for calculating equilibrium states.
Both equilibrium programs require similar inputs depending on if the fuel is included in the
program data or is user-defined. Simple fuels are included in the NASA-CEA code and are
directly available to Cantera via provided mechanism files; these include all five of the surrogate
gases: graphite (carbon solid), benzene, methane, ethane, and ethylene. These simple fuels
include all the composition and thermochemical properties required for the respective
equilibrium programs. User-defined compounds need two main parameters for both programs:
elemental composition (CHONS, on either a mass or mole basis) and an enthalpy (or heat) of
formation. For most coal-based fuels, elemental compositions and heats of combustion (also
called heating values) are reported for each fuel. Heats of formation can then be calculated for
each fuel by converting from heating values by assuming complete combustion, as shown in

Equations 31-33.

CalyOcNGS, = a0, - aC0; + 2 H,0 + 5N, + €S0, (31)
b c

a=a+-—-+e (32)
2 2

AH, = (Z?zlviAHi'f)pmd — (ZavidHyp) (33)
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where a, b, c, d, and e are average molar compositions of the fuel, « is the stoichiometric
amount of oxygen needed for complete combustion, AH,. is the enthalpy of reaction (also called
heating value), v; is a generic stoichiometric coefficient of compound i, AH; ¢ is the enthalpy of
formation of compound i, subscripts prod and react designate properties of the products (COz,
H20, etc.) and reactants (fuel and O2), respectively.

In addition to supplying the equilibrium programs with the properties of each fuel, the
mass or moles of each stream is necessary to complete equilibrium calculations. The NASA-
CEA code allows the input of a list of equivalence ratios, which makes calculating the
equilibrium states using NASA-CEA more convenient. Cantera needs the total amount of
oxidizer, which can be calculated either using the equivalence ratio or fuel mixture fraction.
Equilibrium calculations using the one-mixture fraction approach were performed for a range of
equivalence ratios from 0.1 (fuel-lean) to 3 (fuel-rich), with a greater number of points around
the stoichiometric point (equivalence ratio of 1). The one-mixture fraction comparison used this
equivalence ratio range to calculate the total air necessary to calculate equilibrium states for each
fuel.

The procedure became more complicated with the two- and three-mixture fraction
analyses. Because the analysis used a range of equivalence ratios rather than mixture fractions to
determine the appropriate amounts of air for each fuel, a separate “mixing condition” was needed
to determine the ratio of the fuel streams and fully define the system. If the fuel mixture fraction
was used instead of the equivalence ratio, this fuel mixing condition would not be necessary.
This fuel mixing condition is simply how much of each fuel stream is present prior to mixing
with the oxidizer stream. The fuel mixing condition is allowed to vary between 0 and 1, with the

sum of the fuel stream percentages not exceeding one.
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In a two-mixture fraction system, there are two extremes in defining the fuel streams: (a)
pure fuel 1 (char) with no fuel 2 (volatiles) and (b) pure fuel 2 (volatiles) with no fuel 1 (char).
The first extreme would be defined as a fuel mixing condition of 0, which means that the fuel in
the fuel mixture would only consist of fuel 1 (char) and the other extreme would correspond to a
fuel mixing condition of 1, or 100 percent volatiles in the fuel. To span this fuel mixing space,
five main fuel mixing cases were created with fuel ratios corresponding to 0, 25, 50, 75, or 100%
volatiles (called Y,,,;). This means that at 0% volatiles, the fuel is 100% char and vice-versa.
Additionally, the reported pyrolysis yield for each fuel was used as a sixth fuel mixing ratio
(between 10 and 60% depending on the fuel and pyrolysis conditions). Air was added to each
fuel stream to vary the equivalence ratio independently between 0.1 and 3, with the total amount
of oxidizer being a combination of the two equivalence ratios. This procedure was followed for
all six fuel mixing ratios.

The three-mixture fraction comparison was slightly more complex, but a similar
procedure to the two-mixture fraction comparison was followed to span the three-mixture
fraction fuel mixing space. The three fuel streams (char, tar, and light gas) were allowed to vary
among the same six values as the two-mixture fraction comparison (i.e., 0, 25, 50, 75, and 100%,
and the reported pyrolysis yield of char, tar, and light gas). There are, however, two constraints
placed on these fractions: (a) the three fuel fractions sum to one and (b) all fuel fractions must be
between 0 and 1 (no negative numbers). Air was added to each fuel stream to vary the
equivalence ratio between 0.1 and 3 for each fuel stream independently. The total amount of air
is calculated for each fuel mixing condition and equivalence ratio. This procedure generated six
total fuel mixing conditions for each two-mixture fraction comparison and 21 for each three-

mixture fraction comparison.
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Using the elemental compositions and enthalpies of formation for each fuel, and setting
the pressure to one atmosphere, the equilibrium programs calculate the compositions of a large
number of combustion gases for each equilibrium state. This analysis used six key variables from
each equilibrium state to compare between fuels and mixture fraction methods: temperature and
the mole fractions of O2, CO2, CO, H20, and graphite (i.e., solid carbon). This equilibrium
temperature is an adiabatic temperature and does not account for any heat loss that might be
observed in any real-world combustion applications.

Several statistical parameters [40, 65] were used to quantify error between the
equilibrium states calculated by both NASA-CEA and Cantera, however, only one is presented
here: the root-mean-square error (RMSE), found in Equation 7. The remainder of the statistical

parameters and their results are discussed in Richards [70].

1

RMSE = (5 281G = y)? ) (34)

where y,, is the “true” value, ¥, is the “questioned value”, N is the total number of points in the
comparison set. The equation for RMSE is a statistical parameter where experimentally observed
and model prediction values are generally used in place of the “true” and “questioned” values,
respectively. Both NASA and Cantera give predicted values for equilibrium states, so in order to
adequately compare NASA to Cantera, in this analysis the NASA values are considered to be the
“true” values and the Cantera are the “questioned” values. This distinction is not as important
with the RMSE, however, it does make a slight difference in other statistical parameters (see

Richards [70].
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3. Results and Discussion

The results are discussed based on the number of fuel mixture fractions considered,
starting with the one-mixture fraction comparison, followed by the two-mixture fraction
comparison, and finally the three-mixture fraction approach compared to the one- and two-
mixture fraction approaches. Each section consists of a description of the fuels used for each
case. After the results are presented and discussed, a final section summarizes the key findings
and discusses application to physical processes. Additional details and discussion are found in

Richards [70].

3.1 One Mixture Fraction

The one-mixture fraction approach breaks the components into one fuel stream (e.g.,
coal) and one oxidizer stream (air). These two streams are mixed in different proportions
according to the equivalence ratio. The fuels used in the one-mixture fraction analysis are listed

in Table 3.

Table 3. One-Mixture Fraction Fuel Cases

Case Number | Fuel Number | Fuel Name Coal Rank
1-1 F-1 Graphite N/A

1-2 F-2 Benzene N/A

1-3 F-3 Methane N/A

1-4 F-4 Ethane N/A

1-5 F-5 Ethylene N/A

1-6 F-6 Pitt 8 Coal HVA
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443

444

445

446

447

1-7 F-6a Pitt 8 Char HVA, char

1-8 F-6b Pitt 8 Tar HVA, tar

1-9 F-7 Lower Kittanning Coal | LVB

1-10 F-8 Millmerran Coal Subbituminous
1-11 F-9 Liddell Coal Bituminous
1-12 F-10 Mammoth Coal Anthracite

1-13 F-11 Beulah Zap Coal Lignite

1-14 F-12 Buck Mountain Coal Anthracite

1-15 F-13 #8 Leader Seam Coal Anthracite

1-16 F-14 #8 Seam Coal Semi-anthracite
1-17 F-15 Gunnison Coal Semi-anthracite
1-18 F-16 L. Spadra Seam Coal Semi-anthracite

Two main questions were addressed in the one-mixture fraction comparison: (1) how
closely do the results from the NASA-CEA and Cantera programs compare to each other; and (2)
what is the difference between the various coal surrogates and several different coal types? The
comparison between the NASA and Cantera programs is briefly discussed first followed by a

comparison of the different cases from Table 3.

3.1.1 NASA-CEA vs Cantera

The NASA equilibrium code has been widely used in the coal community over the years

and is considered a standard in coal equilibrium calculations, but Cantera offers flexibility that
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makes its integration into existing codes beneficial for large-scale simulations. This study was
therefore performed to determine how closely the Cantera results align with the NASA results.

Both Cantera and NASA-CEA were used to calculate equilibrium states for all fuel cases
listed in Table 3, comparing temperature and the mole fractions of Oz, CO2, CO, H20, and
graphite (solid carbon). Figure 1 shows the root-mean-square error (RMSE) between the NASA
and Cantera results (additional error analysis is given by Richards [70]). Note that this is the

RMSE over the entire range of equivalence ratio ranging from 0.1 to 3.0.
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Figure 1. Root-mean-square error between NASA and Cantera Results

For the most part, there is good agreement between the NASA and Cantera results,
however, a few of the highest rank coals (anthracites and semi-anthracites), the RMSE is quite

high. From the statistical summary in Figure 1, it is unclear if those spikes in RMSE are a result
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462  of the deviation of a single point or multiple points in the equivalence ratio range. Results from
463  NASA and Cantera were plotted against each other for each fuel over the range of equivalence
464  ratios to determine where the deviations occur. Figure 2 shows an example of good agreement
465  between NASA and Cantera (Pitt 8 coal, case number 1-6) and poor agreement (Mammoth seam
466  coal, case number 1-12) for equilibrium temperature and the mole fractions of H20 and graphite.
467  These parameters help to illustrate the reason for the deviation between NASA and Cantera and
468  in which conditions the deviations occur. The lines are from NASA-CEA and the points are from
469  Cantera. More detail on these equilibrium comparisons are found in Richards [70].
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472  Figure 2. Comparison of NASA (lines) to Cantera (markers) results: (a) Temperature, (b) H20
473  mole fraction, and (c) graphite mole fraction.

474

475 The statistical results shown in Figure 1 give an overall picture as to which fuels exhibit
476  poor agreement. However, the poor agreement occurs only in fuel-rich conditions where ¢ >
477 1.5, as illustrated in Figure 2. NASA converts all unreacted fuel to graphite (indicated by the
478 higher graphite mole fractions at higher equivalence ratios) whereas Cantera tends to leave some

479  portion of the higher rank coals as unreacted fuel with the same composition and energy
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properties. This is likely because of the way the Cantera equilibrium solver was set up to reduce
numerical instabilities, which included separate mechanisms for the combustion gases, graphite,
and the solid fuel. Because Cantera leaves some of the material as unreacted coal instead of
converting it to graphite, the amount of graphite present at the highest equivalence ratios as well
as the amounts of the other equilibrium products are decreased. The unreacted coal “species”
contains higher amounts of hydrogen, oxygen, and other atoms than graphite. The disparity
between NASA and Cantera only seems to occur with some higher rank coals. Most modern
applications of coal combustion will fall outside of these extreme conditions when looking at the
system as a whole, save for gasification or other specialized processes. However, there will
likely be regions that are locally very fuel rich, especially in regions of coal pyrolysis where
there are typically low concentrations of oxidizing gases close to the coal. Even with these few
cases of deviation between NASA and Cantera, there is a low instance of disparity overall, which
means Cantera can be used to adequately calculate the equilibrium states of multiple mixture
fraction systems (with the exception of a few of the highest rank coals), which is more difficult

to do with the stand-alone NASA code.

3.1.2 Full Fuel Comparison

The second question addressed by the one-mixture fraction comparison was to ascertain
the difference is between coal types and various coal surrogate gases. Coal surrogate gases such
as graphite, benzene, methane, ethylene and others have been used in the place of coal and coal-
based fuels [39]. While these can be used in a combination to reach the correct atomic ratios,
reaction and bond energies are harder to get correct, leading to inaccuracies in temperature and

other important equilibrium factors. Surrogate gas enthalpies can be adequately matched to coal-
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specific values by changing the surrogate gas temperature to obtain the correct enthalpy,
however, this can result in gas temperatures that are outside the bounds of the curve fits for the
polynomial thermodynamic models, leading to inaccurate thermodynamic property predictions.
The surrogates used in this analysis do not have adjusted enthalpies but are instead used as a
direct substitute for coal-based fuels.

To address these inaccuracies and to get an idea of how much error might be introduced
into a large-scale simulation by using these simplifying assumptions, all fuel cases from Table 3
were directly compared against each other using equilibrium temperature and the mole fractions
of O2, CO2, CO, H20, and graphite. Figure 3 shows the NASA results for equilibrium
temperature, plotted using both the equivalence ratio and fuel mixture fraction. While this figure

shows the results from the NASA code, the results from Cantera were virtually identical.
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Figure 3. Equilibrium temperature calculations by the NASA-CEA code for all fuel cases: (a) vs.

equivalence ratio and (b) vs. fuel mixture fraction.

Equilibrium temperature is strongly influenced by fuel type used, especially at or above

stoichiometric mixtures. The peak temperature usually occurs at a mixture just fuel rich of the
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stoichiometric point and the difference is around 400 to 500 K between the highest temperature
fuel (ethylene) and the lowest temperature fuel (Mammoth seam anthracite). The temperature
difference is even greater in the fuel-rich conditions (¢ > 1). For most fuels, the difference is
minimal at very fuel lean conditions (¢ < 0.5), likely due to fuel being very dilute compared to
the oxidizer. Using the fuel mixture fraction complicates the comparison slightly, shifting the
peak temperatures to the left and right while keeping the peak temperature value the same. The
comparison vs. equivalence ratio therefore makes more sense and will be used in the remainder
of this paper. See Richards [70] for the remainder of the comparison vs. fuel mixture fraction.

The O2 mole fraction comparisons did not show a lot of variability between fuels, and are
not shown here (see Richards [70]). This lack of variability in equilibrium Oz between the fuels
is because most of the oxygen comes from the air with little to none from the fuel.

Figure 4 shows the CO2 and CO mole fractions vs. equivalence ratio for the different
fuels. There is wide variability in the equilibrium CO2 mole fraction depending on which fuel is
used, especially around stoichiometric conditions, which is where most industrial coal furnaces
operate. Many of the coals fall in the middle range of the peak CO2 mole fraction, with the coal
surrogates lying toward both the top and bottom. The fraction of CO2 would depend on the
carbon content of the original fuel, with fuels enriched in carbon (high rank coals and graphite)
generally having an increased CO2 and CO content. The COz2 content greatly influences the
overall heat transfer properties of a coal boiler since CO2 blocks a lot of radiative heat transfer in
the gaseous environment. Generally, the ratio between CO2 and CO are dependent on local gas

temperature and local oxygen content.
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Figure 4. Equilibrium CO2 and CO mole fraction calculations by the NASA-CEA code for all
fuel cases: (a) CO2 mole fraction vs. equivalence ratio and (b) CO mole fraction vs. equivalence

ratio.

The CO mole fraction only becomes significant near stoichiometric conditions and
moving into fuel rich conditions. This makes sense from a combustion perspective because there
is less oxygen to completely oxidize the carbon in fuel rich conditions. The difference in
calculated CO between fuels also increases at higher equivalence ratios. The decrease in CO (and
increase in CO2) at ¢ > 2 is thought to be due to lower temperatures as well as the presence of
graphite and unreacted fuel.

The H20 and graphite mole fraction comparisons are shown in Figure 5. The H20 mole
fraction varies widely based on what fuel is used, from no H20 with graphite to almost 20 mol%
at the peak with methane. The amount will vary based solely on the amount of hydrogen in the
original fuel since there is no additional hydrogen in the air. Also like the CO2 mole fraction, the
amount of water in a gaseous environment greatly influences the radiative heat transfer of the
system. The equilibrium H20 compositions for most coals again fall in the middle range of all

fuels, with several surrogate gases lying to the extreme highs and lows of H20 compositions.
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Figure 5. Equilibrium H20 and graphite mole fraction calculations by the NASA-CEA code for
all fuel cases: (a) H20 mole fraction vs. equivalence ratio and (b) graphite mole fraction vs.

equivalence ratio.

Graphite only shows up in the most fuel rich conditions, acting as a surrogate for
“unreacted” fuel, char, and soot, with most fuel cases only showing graphite formation at
equivalence ratios of 2 and higher. Unreacted fuel is almost always a problem if it is present at
the end of combustion, especially when attempting to obtain the maximum amount of energy
from a fuel.

Using simple hydrocarbons as surrogate gases for coal and coal-based fuels (char, tar,
light gases, etc.) makes equilibrium calculations simpler and faster. However, using these
surrogates as a direct replacement for coal-based fuels introduces a large amount of variability,
especially at higher equivalence ratios (extreme fuel-rich conditions). This is particularly the
case for CO2 and H20 content, and to a lesser degree equilibrium temperature and CO content.
The majority of the inconsistencies between real coal values and surrogate gases could perhaps

be mitigated to a degree by dialing in the enthalpy of the surrogates by changing the reference
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temperature at which the enthalpy is calculated, however, this could potentially lead to
improbable or even impossible temperatures. For these reasons, it is much better to use the actual
physical and chemical properties of the coal (when available) instead of simplifying it with a

surrogate gas.

3.2 Two Mixture Fractions

The two-mixture fraction comparison breaks the fuel stream into two separate streams,
one for mass originating in the char and one for the volatiles. Like the one-mixture fraction
comparison, there are two main questions addressed by the two-mixture fraction comparison: (1)
how close are the results using the reported tar properties rather than full volatiles (by combining
tar and light gas properties) and (2) can char and volatile surrogate gases be used in the place of
real char and volatiles properties? The first question is raised because some pyrolysis
experiments report only tar yields, compositions, and heating values but not light gas properties
with which to calculate values for the total volatiles. Table 4 shows the fuel cases tested in the
two-mixture fraction comparison. Note that Cantera was the only equilibrium program used in

this comparison as a matter of convenience.

Table 4. Two-Mixture Fraction Fuel Cases

Case Number | Char Volatiles Reported
Volatiles Yield

2-1 Graphite Benzene

2-2 Graphite Methane

2-3 Graphite Ethane
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2-4 Graphite Ethylene

2-5 Pitt 8 Char (Low Pitt 8 TAR (Low 0.1491
Temperature) Temperature)

2-6 Pitt 8 Char (High Pitt 8 TAR (Low 0.4102
Temperature) Temperature)

2-7 Pitt 8 Char (Low Pitt 8 VOLATILES (Low | 0.1491
Temperature) Temperature)

2-8 Pitt 8 Char (High Pitt 8 VOLATILES (High | 0.4102
Temperature) Temperature)

2-9 Millmerran Char Millmerran TAR (High 0.545
(High Temperature) | Temperature)

2-10 Millmerran Char Millmerran VOLATILES | 0.545
(High Temperature) | (High Temperature

2-11 Millmerran Char Millmerran TAR (Low 0.313
(Low Temperature) Temperature)

2-12 Millmerran Char Millmerran VOLATILES | 0.313
(Low Temperature) (Low Temperature)

To get the whole range of fuel mixing conditions, equilibrium states for each case were
calculated in the equivalence ratio range of 0.1 to 3 for each of 5 or 6 fuel mixing conditions
ranging from no volatiles to all volatiles (Yvol = 0, 25, 50, 75, and 100% of the fuel, and the
reported volatiles yield for each of the coals, which is an intermediate percentage between 10 and

60% of the DAF coal depending on pyrolysis conditions and coal type). The same variables of
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interest used in the one-mixture fraction comparison (temperature and the mole fractions of Oz,
COz2, CO, H20, and graphite) were compared for all cases listed in Table 4. To illustrate the
temperature profiles for each fuel mixing condition, Figure 6 shows contour plots of the
equilibrium temperature for two fuel cases (2-1, graphite and 2-8, Pitt 8 coal) for all fuel mixing
conditions. The columns represent the percent of the fuel that was volatiles (vs. char) and the

rows represent the given fuel considered.
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Figure 6. Equilibrium temperature calculations by Cantera. Note that all plots have the same

color range, as shown in the color bar in the upper right corner of the plot.

Only two cases were used here to demonstrate the trends between cases and fuel mixing
ratios. The plots for the other cases listed in Table 4 are found in Richards [70]. A given column
in Fig. 6 shows a given fuel mixing condition for each type of fuel. The general shapes are
similar, however, there are slight differences, especially with a higher volatiles mixture (Y vol 2
75%). The difference in shape of the temperature curves is more pronounced between the coal-
based fuels and the simpler surrogate gas fuels (not shown) but is less pronounced among the

coal-based fuels, which is similar to the trends observed in the one-mixture fraction comparison.
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621 In addition, the simpler fuels tend to have higher temperatures than the coal-based fuels,

622  particularly around stoichiometric conditions. Figure 7 shows the peak temperature ranges of all
623  fuel cases listed in Table 4. The circles for each case represent the peak equilibrium temperature
624  for each value of Yvol. For example, the peak temperatures in each of the subplots in Fig. 6 for
625  Case 2-8 range from 2250 K for Yvoi = 0 to almost 2400 K for Yvo = 1. These temperature

626  differences, even small differences, can potentially impact the accuracy of large-scale

627  simulations, especially in fuel-rich conditions where the difference is more pronounced.
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630  Figure 7. Peak temperature range for all fuel cases. Dashed lines correspond to simple surrogate
631  gases and the circles correspond to each fuel mixing condition. The color of the lines and dots
632  depends on the fuel mixing ratio (Yvol ranging from 0 to 100% volatiles).
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The first part of this analysis was to determine if measured tar properties could
reasonably be used as a surrogate for the total volatiles. There were four comparisons between
tar and total volatiles: 1) cases 2-5 and 2-7, 2) cases 2-6 and 2-8, 3) cases 2-9 and 2-10, and 4)
cases 2-11 and 2-12. Figure 7 shows that there is enough variability between the tar and volatiles
cases that it is not a good idea to use tar instead of total volatiles. For example, the temperature
range for case 2-6 spans less than 50 K while that for case 2-8 spans almost 150 K. Most of the
similarity in the calculated temperatures comes from the char-only fuel mixtures (black circles,
where Yvol = 0). The extremes of char-only (black circles) and volatiles-only (yellow circles, Yvol
= 1) fuel mixtures would fall directly in line with the one-mixture fraction results using char-only
or volatiles-only fuels. The one-mixture fraction results using the original coal properties of fuel
would likely be better compared to the two-mixture fraction results where the char and volatiles
are more evenly split (close to a Yvol 0f 0.5) or the pyrolysis yield results (e.g., Yvol 0f 0.4102).

The peak temperature depends highly on the fuels used in the two-mixture fraction
system. Some mixtures have larger ranges (2-8, which uses the measured properties of high
temperature Pitt 8 pyrolysis products), while many others have much smaller ranges. Some of the
surrogate gas cases are encompassed by the measured coal-based fuel cases, but others have no
overlap. There is a large variability in the range and limits of equilibrium temperature depending
highly on the fuels used. While these are peak adiabatic temperatures, which occur near ¢t = 1,
the discrepancies due to the fuel assumption would likely be very similar when used in real, non-
adiabatic systems.

The mole fractions of the key combustion-related species at equilibrium were also
compared in graphs like Figs. 6 and 7. Like the one-mixture fraction comparison, the O2 mole

fraction does not differ much between fuel cases, so the contour plots are not shown here, but
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657  can instead be found in Richards [70]. Because of the similarity of the equilibrium O2 mole

658  fractions between fuels, the shapes and ranges are all very similar. This is understandable

659  because the majority of the oxygen content comes from the air, even with coal-based fuels that
660  have oxygen bound in the organic matrix. The peak O2 mole fractions for each fuel case and fuel

661  mixing condition are shown in Figure 8.
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664  Figure 8. Peak O2 mole fraction range for all fuel cases. Dashed lines correspond to simple
665  surrogate gases and the circles correspond to each fuel mixing condition. The color of the lines
666  and dots depends on the fuel mixing ratio (Yvol ranging from 0 to 100% volatiles).

667

668 While Figure 8 seems to show a large variability in oxygen mole fraction, especially in
669 the ranges between the simple coal gas surrogates (first four lines from the left) and the coal-

670  Dbased fuels, the axis range makes it seem larger. The peak Oz mole fraction only ranges between
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0.187 and 0.189. In addition, these peak O2 mole fractions only occur at the lowest equivalence
ratios, in extreme fuel-lean conditions. This shows that the equilibrium oxygen content is not
highly dependent on the fuel used in equilibrium calculations, but more dependent on the fuel-to-
oxidizer ratio used in the combustion process.

In the one-mixture fraction comparison, the CO2 mole fraction varied highly depending
on the fuel type used. A representative CO2 mole fraction comparison of contour plots for the
two-mixture fraction calculations are shown in Figure 9 (a complete series of plots are given in

Richards [70]).
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Figure 9. Equilibrium CO2 mole fraction calculations by Cantera. Note that all plots have the

same color range, as shown in the color bar in the upper right corner of the plot.

Like the one-mixture fraction comparison, CO2 follows the same general trend as the
temperature curves. However, like the temperature curves, the range of peak CO2 mole fractions
are very different for each fuel. There are major differences when comparing the coal-based
mixtures to the coal surrogate gas mixtures. The four surrogate gas mixtures approximate the

char as pure carbon (graphite) and the volatiles surrogate changes with each case. With more
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689  char (graphite), the CO2 fraction is much greater than for the coal-based mixtures at the same
690  fuel mixing conditions, whereas when the volatiles are more favored in the mixture, the CO2

691  mole fraction is a lot lower than the coal-based mixtures. This is because of the large discrepancy
692 in the carbon content of the coals and coal surrogate gases. Graphite is pure carbon (much higher
693 in carbon than any of the coal-based fuels) and the other simple hydrocarbon fuels have a lower
694  carbon fraction than the coal-based fuels. The ranges of peak CO2 mole fractions for each fuel

695  case are shown in Figure 10.
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698  Figure 10. Peak CO2 mole fraction range for all fuel cases. Dashed lines correspond to simple
699  surrogate gases and the circles correspond to each fuel mixing condition. The color of the lines
700 and dots depends on the fuel mixing ratio (Yvo ranging from 0 to 100% volatiles).
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The CO2 mole fraction increases when more oxygen is present for complete combustion
to occur. However, the peak CO2 mole fraction differs from the Oz mole fraction in the overall
range of values. The peak CO2 range is largest with the coal surrogate gases and smaller in the
coal-based fuels, with a maximum range between 8 and 19%. Note that the coal-based fuels
include some fuel-bound oxygen while the surrogates contain no additional oxygen.

The ratio between the CO2 and CO mole fractions is dependent on both local temperature
and Oz content. Because of this, the CO/COz ratio increases as ¢ increases until graphite starts to

form. The CO mole fraction contours for cases 2-1 and 2-8 are shown in Figure 11.
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Figure 11. Equilibrium CO mole fraction calculations by Cantera. Note that all plots have the

same color range, as shown in the color bar in the upper right corner of the plot.

Because of the lower oxygen content, CO becomes more prevalent in fuel rich
conditions. There is very little difference in the shape of these contours between the CO mole
fraction from tar properties compared to the CO mole fraction of total volatiles properties. Like
the CO2 mole fractions, the differences become slightly more pronounced with higher volatiles

mixtures, particularly in the gradient, or how fast CO increases with increasing equivalence ratio.
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720 There is a significant difference between the calculated CO of the coal-based fuels and
721  the simplified surrogate gases, as seen for the CO2 mole fractions. In mixtures that are almost all
722  graphite, there is a larger range of very high CO mole fractions. However, with mostly volatile
723  surrogates, the CO mole fraction is much smaller than with coal-based fuels. The peak CO mole

724 fraction ranges for each fuel case are shown in Figure 12.
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727  Figure 12. Peak CO mole fraction ranges for all fuel cases listed in Table 4. Dashed lines

728  correspond to simple surrogate gases and the circles correspond to each fuel mixing condition.
729  The color of the lines and dots depends on the fuel mixing ratio (Yvol ranging from 0 to 100%
730  volatiles).

731

732 The peak CO mole fraction ranges follow a very similar trend as the CO2 mole fractions,

733  although with even greater ranges, from 15 to 35 mol%. The peak CO mole fractions, however,
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occur only in extreme fuel-rich conditions. This trade-off between the locations of greatest CO
and CO2 mole fractions is because the ratio of carbon dioxide and carbon monoxide are based on
the available oxygen and temperature of the gas environment.

In the one-mixture fraction comparison, the H20 mole fraction was very different
depending on what fuel was used in the equilibrium calculations. The H20 mole fraction

contours for the two-mixture fraction comparison are given in Figure 13.
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Figure 13. Equilibrium H20 mole fractions as calculated by Cantera. Note that the plots for pure

graphite show as a blank plot (top left) because graphite has no hydrogen to form H20.

There is a significant difference in the H20 mole fraction when using tar properties
compared to total volatiles, and an even greater difference when using surrogate gases. It is
worth noting in the “char only” (first column) mixtures of the surrogate fuels, the plots appear to
be blank. This is not a mistake, rather, the fuel mixture is entirely graphite in those equilibrium
states, and therefore there is no fuel hydrogen to contribute to an equilibrium moisture content.
There is no additional hydrogen in the air, so the H20 mole fraction at equilibrium is entirely

dependent on the hydrogen content of the original fuel. In addition, the moisture content of the
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752  equilibrated mixture highly influences both gasification reactions and radiative heat transfer in
753  the combustion system.

754 The peak H20 mole fraction ranges are shown in Figure 14. The peak H20 mole fraction
755 is highly dependent on the fuel chosen (similar to the one-mixture fraction results) and can range
756  from no H20 produced (graphite) to almost 20 mol% produced (methane). Fuels with a higher
757  hydrogen fraction end up with a higher equilibrium moisture content than fuels with less

758  hydrogen. In coal pyrolysis, the volatiles tend to become enriched in hydrogen, especially in the
759  light gas species that include compounds like methane (CHa4), ethane (C2Hs), ethylene (C2H4)
760  and other simple hydrocarbons. Accurately determining where fuel hydrogen is and when it is
761  accessible to gas-phase chemistry is very important in determining other heterogeneous reactions
762  as well as radiative heat transfer. This is not as important with a one-mixture fraction system but

763  becomes more important in two- or three-mixture fraction systems.
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Figure 14. Peak H20 mole fraction ranges for all two-mixture fraction fuel cases listed in Table
4. Dashed lines correspond to simple surrogate gases and the circles correspond to each fuel
mixing condition. The color of the lines and dots depends on the fuel mixing ratio (Yvol ranging

from 0 to 100% volatiles).

Graphite (solid carbon) was shown in the one-mixture fraction approach to only matter in
fuel-rich conditions. Industrial combustion applications usually do not operate in such conditions
because it usually means some of the original fuel is not being completely burned, which can
greatly impact many aspects of a combustion apparatus. The graphite mole fraction contours for

cases 2-1 and 2-8 are shown in Figure 15.
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Figure 15. Equilibrium graphite mole fractions as calculated by Cantera. Note that all plots have

the same color range, as shown in the color bar in the upper right corner of the plot.

Like the one-mixture fraction comparison, many of the fuel mixtures in the two-mixture

fraction comparison have very little graphite formation and only in the extreme fuel-rich
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783  locations. The peak graphite mole fraction ranges for each two-mixture fraction case are shown

784  in Figure 16.
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787  Figure 16. Peak graphite mole fraction ranges for all two-mixture fraction fuel cases listed in
788  Table 4. Dashed lines correspond to simple surrogate gases and the circles correspond to each
789  fuel mixing condition. The color of the lines and dots depends on the fuel mixing ratio (Y vol

790 ranging from 0 to 100% volatiles).

791

792 The ranges of peak graphite mole fractions are quite varied, with the largest ranges in the
793  surrogate gases, ranging between no equilibrium graphite to 15 mol% in the pure graphite fuel
794  mixtures. None of the coal-based fuels exceed 9 mol% graphite at equilibrium, and many of the

795  fuel cases fall well below that percentage. Incorrectly calculating solid carbon at equilibrium
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could cause major errors in large-scale simulations, particularly in deciding how much over-fire
air might be needed to completely burn out the original fuel.

A two-mixture fraction approach seems to be more appropriate for coal-based fuels than
a one-mixture fraction approach. In an industrial coal boiler, the coal particles enter the hot
environment (typically in slightly fuel rich conditions) and almost immediately begin to
pyrolyze. The whole pyrolysis process typically lasts milliseconds with the high particle heating
rates of pulverized coal particles. This means that the local gas composition is a mix of oxidizer
and volatile gases from the coal. The char remains a solid until the reactive gases can make it to
the char surface and begin to react, adding mass from the char into the gas mixture. This means
that coal pyrolysis and char conversion can be easily described using separate mixture fractions.
Care must be taken when choosing the compositions and heating values of the volatiles and char.
The results here indicate that choosing a simple volatile or char surrogate gas as a direct
replacement for measured coal properties results in large differences in the equilibrium mole
fractions of CO2, CO, and H20. Much of this difference in equilibrium composition can be traced
back to the difference in elemental compositions between fuels, as illustrated in Table 2. This is
one of the key reasons why more than one mixture fraction is needed to accurately describe coal

combustion reactions.

3.3 Three Mixture Fractions

Because coal pyrolysis results in three main products (char, tar, and light gas), coal
pyrolysis can be easily divided into a three-mixture fraction approach. There was only one coal
that included enough information to calculate an average light gas composition and heating

value—the Pitt 8 coal, specifically with low temperature pyrolysis products (char, tar, and light
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gases). Because only one fuel was used to calculate equilibrium states based on a three-mixture
fraction system, the results for this fuel were compared against the results for the same fuel using
both one and two mixture fractions.

The procedure used to set up the three-mixture fraction comparison is described in
greater detail in the introduction and approach sections; however, it is similar to the approach
used in the two-mixture fraction comparisons, with the fuel mixing conditions being slightly
more complex. In this case, the fractions of char and tar were allowed to vary between 0 and 1,
including the fractions of each at the reported pyrolysis conditions. The fraction of light gas was
the remainder of the fuel mixture, and the sum of the three fuel fractions was constrained to sum
to one. The oxidizer was handled the same way here as in the one- and two-mixture fraction
approaches. The oxidizer contribution for each fuel stream was allowed to vary independently in
an equivalence ratio between 0.1 and 3, with all stream contributions weighted by the fractions
of each fuel stream.

The one-mixture fraction approach calculated at about 20 different equilibrium states
over the whole range of equivalence ratios for each fuel; the two-mixture fraction approach
calculated around 2,000 equilibrium states for each fuel; and the three-mixture fraction approach
calculated almost 150,000 equilibrium states for a single fuel. The one-mixture fraction approach
finished in generally under a minute for each fuel; the two-mixture fraction approach took
anywhere from an hour to a couple of days in Cantera; and the three-mixture fraction approach
took four or more days on a single processor.

Because of the large amount of data generated in the three-mixture fraction comparison,
it would be difficult to compare the results of the coal-based fuels to the simple surrogate gases

in any meaningful way. A more meaningful approach compares the results of all three mixture
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fraction approaches for one fuel. The same key variables were used to compare all three mixture
fractions together, starting with the equilibrium temperature and H20 mole fraction shown in
Figure 17. To compare similar values, all of these comparison plots are made with respect to the
carbon mixture fraction (Z.) rather than any of the component mixture fractions (f;) or
equivalence ratios. For comparisons using the same parent fuel, any individual elemental mixture
fraction, Z;, would have the same range regardless of the number of component mixture fractions
used, while allowing for a comparison of all mixture fraction approaches on one figure in one
mixture fraction dimension. In this comparison, the carbon mixture fraction seemed to be the

most appropriate to use since the bulk of the fuel is comprised of carbon.
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Figure 17. (a) Equilibrium temperature and (b) H20 mole fraction calculations by Cantera for the
Pitt 8 coal using one (case 1-6), two (case 2-7), and three mixture fractions. Note that the two-
and three-mixture fraction results are shown as “viable” and “full.” The viable results only
including results for mixtures of fuels with the maximum char yield based on pyrolysis

measurements.
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Two sets of results are displayed for both the two- and three-mixture fraction approaches.
The “full” results include all equilibrium states over the full range of fuel mixing conditions and
the “viable” results limit the fuel mixing conditions to have a maximum char yield based on
pyrolysis measurements. In combustion applications, the other pyrolysis products (tar and light
gas) enter the gas phase before the solid char begins to react with the gas phase. For this reason,
there are situations where there might be equilibrium between the volatile gases (tar and light
gases) before any material from the char mixes in with the gas phase, but the reverse situation
(i.e., all char and no pyrolysis gases) would not occur unless the starting fuel was only char.

The peak temperature changes with the fuel mixing condition, especially in the three-
mixture fraction approach. Each distinct “line” of data points in the three-mixture fraction results
corresponds to a different fuel mixing condition (i.e., a different set of f;’s). The temperatures for
the one- and two-mixture fraction approaches (Figure 17a) are very close to each other, with the
two-mixture fraction temperatures having a slightly increased range (shown here as a wider
temperature band). The three-mixture fraction approach, however, allows for much hotter
temperatures (up to almost 3,000 K) in addition to some fuel mixtures with similar temperatures
to both the one- and two-mixture fraction approaches. The hotter temperatures achieved by the
three-mixture fraction approach correspond to mixtures with greater percentages of the light gas
species, which would include some of the same simple hydrocarbon surrogates with much higher
temperatures shown in the one-mixture fraction comparison. Both the two- and three-mixture
fraction results include many more equilibrium states than the one-mixture fraction results.

In the one- and two-mixture fraction approaches, the H20 mole fraction was highly
dependent on the fuel used. This result was also seen in the three-mixture fraction approach (see

Richards [70]), although the only case shown in Figure 17 is for a coal with realistic
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compositions and heating values of char, tar, and light gas. Note that this set of data was from a
low temperature pyrolysis experiment. The H20 mole fraction is highly dependent on the fuel
mixing conditions (how much of char, tar, and light gases are mixed into the overall reactant
mix). The peak H20 mole fraction in Figure 17 varies between 6 and 13 mol% for the three-
mixture fraction approach and between 6 and 8 mol% using two mixture fractions. This large
variability might be enough to cause large errors in large-scale simulations if fewer mixture
fractions or even simple coal surrogate gases are used in the place of more complex mixture
fraction approaches.

Moisture can play a large role in large-scale combustion simulations, contributing to
additional chemical reactions (mainly gasification) and impacting radiative heat transfer
calculations. This was discussed to some extent in the two-mixture fraction comparison,
however, in a three-mixture fraction system, knowing where hydrogen is in a system is even
more important. The light gas components tend to be much more enriched in hydrogen than
either the char or the tar. This is one of the reasons for the large variability in the equilibrium
H20 mole fraction in a three-mixture fraction system as opposed to a one- or two-mixture
fraction system.

The equilibrium O2 mole fraction was very similar over all fuel mixing conditions even in
the three-mixture fraction calculations, and are not shown here (see Richards [70]). The CO2
mole fraction had a wide range in both the one- and two-mixture fraction comparisons,
depending on the fuel choice. Figure 18 shows the comparison of the one-, two-, and three-
mixture fraction calculations of the mole fractions of CO2 and CO for the Pitt 8 coal. The carbon
in the fuel is the only source of carbon in these equilibrium calculations, so small changes in the

total amount of each fuel component greatly influence the overall amount of CO2 formed at
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equilibrium. Including light gases as a separate fuel stream changes the amount of CO2 even
more since the carbon content is greatly reduced in light gas components that tend to be enriched
in hydrogen (e.g., methane) or oxygen (like CO or CO2). The three-mixture fraction calculations
show that CO becomes more prominent in fuel-rich conditions where the carbon cannot fully
oxidize to CO2. This result is similar to the findings from the one- and two-mixture fraction
calculations. However, the CO mole fraction also tends to be a little more spread out in the three-

mixture fraction approach for Z, values ranging from 0.04 to 0.09.
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Figure 18. (a) Equilibrium CO2 and (b) CO mole fraction calculations by Cantera for the Pitt 8

coal using one, two, and three mixture fractions.

In summary, the three-mixture fraction approach results in much more variety in
equilibrium states than a simpler one- or two-mixture fraction approach, which would likely
increase overall accuracy of coal combustor simulations using gas-phase equilibrium
calculations. However, this greater variety would of necessity include significantly greater

computational time and complexity. A two-mixture fraction approach that combines the tar and
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light gases into a single “volatiles” mixture fraction would give greater variability and accuracy

than a single coal mixture fraction while not greatly increasing computational complexity.

3.4 Implications for Large Simulations

Carbon dioxide and water are two gases that greatly impact radiative heat transfer. Both
of these gases are highly influenced by both the original fuel used and the number of mixture
fractions used. The equilibrium H20 mole fraction in particular varies widely from zero with
pure graphite in the one- and two-mixture fraction approaches to almost 20 mol% when using
only methane as a surrogate gas in place of coal. Even when using measured values from coal
and coal-based fuels there is a moderate amount of variability in both CO2 and H20 mole
fractions, regardless of the number of mixture fractions used.

While a three-mixture fraction approach increases the variability of equilibrium states, it
also greatly increases the computational time and complexity, often more than is desirable for
large-scale simulations. In large-scale simulations, equilibrium calculations are often used to
generate lookup tables to use in calculating the gas chemistry reactions, which means most of the
time spent on equilibrium calculations would be incurred at the beginning of a simulation. When
parallelized, the equilibrium calculations likely would not be significant compared to the overall
simulation time, potentially only being an issue in smaller simulations. A two-mixture fraction
approach that splits coal fuels into char and total volatiles can strike a better compromise
between increased variability and accuracy while keeping the computational complexity low. In
industrial applications, pyrolysis often occurs so fast that it is hard to distinguish a difference in

when tars and light gases enter the gas phase.
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One of the conclusions from Flores and Fletcher [50] was that their two-mixture fraction
approach would be better than a one-mixture fraction analysis in accurately accounting for soot
precursors. Tar was modeled as a constant fraction of the volatiles. In coal combustion systems,
the primary source of soot precursors is the tar [71, 72]. A two-mixture fraction approach would
be much better than a one-mixture fraction approach for modeling tar precursors, but a three-
mixture fraction approach that models tar separately from light gases would seem to be most
beneficial in calculating soot precursors. Hybrid approaches have been used where a mixture
fraction of tar is solved for soot formation purposes but not fully integrated into the gas-phase
chemistry calculations [71, 72].

The use of two or three fuel mixture fractions would not affect the outlet equilibrium
composition of a combustor or gasifier if the coal achieved 100% conversion. The region of the
combustor that would be most affected would be near the burner after pyrolysis but before
significant char combustion or gasification occurred. This near-burner region plays a significant
role in the formation of pollutants such as NOx and soot, and therefore accurate calculations in
this region are very important.

All mixture fraction methods used here were based on complete equilibrium. While
equilibrium can be a useful assumption in combustion systems, it might not be the best
assumption to use in coal-based systems. Other such assumptions might include only products of
complete combustion, or by substituting the water-gas shift reaction in place of complete
equilibrium. It would be appropriate to test these different reaction assumptions using the
mixture fraction methods discussed here in order to quantify any uncertainty in reaction

assumptions, especially when applied to coal-based fuels.
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4. Conclusions and Recommendations

The one-mixture fraction comparison showed that the NASA-CEA and Cantera
equilibrium programs generally agree when using both simple hydrocarbon surrogate gases and
more complex coal-based fuels. However, there was some significant deviation between the two
programs with some of the high-rank coals (some anthracites and semi-anthracites) in very fuel-
rich conditions (¢ > 2). These deviations occur due to the way Cantera was set up to handle
unreacted fuel in order to minimize numerical instabilities in the equilibrium calculations. Both
NASA and most of the Cantera equilibrium states convert the unreacted fuel to graphite, but in
the few cases where deviation occurred, Cantera instead left the unreacted fuel with the same
composition and properties of the original fuel. These deviations might be made smaller with
improvements to the solid coal Cantera mechanism subroutine to better account for higher rank
coals. While most industrial combustion applications do not use either high rank coals or such
fuel-rich conditions on an overall basis, the local stoichiometry likely will fall to the fuel-rich
extreme, especially in pyrolysis or gasification conditions. This means that more accurate
modeling of fuel-rich conditions will be necessary for highly detailed, large-scale simulations of
coal combustion systems.

In addition, the one-mixture fraction comparison showed that the equilibrium temperature
and mole fractions of CO2 and H20 are highly dependent on the fuel used, and the CO mole
fraction is highly dependent on the fuel only in fuel-rich conditions. In a one-mixture fraction
system, this difference is nothing more than the difference in the elemental compositions of the
original fuels, and this might be largely mitigated by using a combination of different surrogate
gases and reference temperatures to match both composition and enthalpy of measured coal-

based fuels. This procedure might cause the gas temperature to be out of the range of normal
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combustion conditions or even to be an impossible temperature. However, using the surrogate
gases individually as direct replacements for coal-based fuels will make large-scale simulations
inaccurate for any combination of mixture fractions. This is especially true when trying to
accurately model gas compositions for radiative heat transfer calculations, which are greatly
influenced by both CO2 and H20 compositions. Not only do the gas compositions greatly affect
the heat transfer processes, but also impact many heterogeneous and homogenous reaction rates,
both in terms of actual reaction speed and diffusion speed. As a final note on the one-mixture
fraction analysis, the equilibrium oxygen content was not significantly influenced by fuel choice,
but more by the ratio of air to fuel. The oxygen content did not significantly change even for
coal-based fuels that can include a moderate amount of oxygen bound in the organic matrix.

The two-mixture fraction comparison showed similar results to the one-mixture fraction
approach for equilibrium temperature and mole fractions of CO2, H20, and CO, especially in the
limiting cases of using only one fuel. Both the CO and H20 peak mole fractions varied by up to
20 mol% based on fuel type, while the peak CO2 mole fraction varied by closer to 10 mol%. The
peak temperature varied between 2,200 and 2,400 K, depending on the fuel. In addition, the two-
mixture fraction approach offers a broader range of values for the equilibrium temperature and
mole fractions for the different combinations of component mixture fractions than the one-
mixture fraction approach. While the two-mixture fraction approach does take more time, this
approach is closer to what occurs in a real coal combustion system during devolatilization. The
total volatiles enter the gas phase earlier than gases from the char reactions, and the tar and the
light gases seem to be released at similar times in the pyrolysis process which is consistent with a
two-mixture fraction approach. The O2 mole fraction at equilibrium did not change much with

respect to fuel choice in a manner similar to the one-mixture fraction approach. The peak O2
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mole fraction only varied by just over 0.2 mol% across all fuels in the two-mixture fraction
comparison, with most of that variability in the coal surrogate fuels.

Both the one- and two-mixture fraction calculations showed that using measured coal-
based fuel properties will always be more accurate than using coal surrogate gases (like graphite,
benzene, methane, or other simple hydrocarbons or their combinations) as a direct substitution
for coal-based fuels, especially in accurately modeling the CO2, CO and H20 mole fractions.

While the three-mixture fraction method offers a broader range of values in equilibrium
temperatures and gas compositions than either the one- or two-mixture fraction methods, it is
unclear whether a three-mixture fraction system is more realistic than a well-designed two-
mixture fraction method. The two-mixture fraction method, if well designed, will allow for
enough variability in fuel properties to come close to real coal reactions without adding too much
complexity. Since the tar and light gases are released at similar times during coal pyrolysis, it is
easy to justify a two-mixture fraction method, especially in simulations that do not have small
enough time steps to differentiate between tar and light gas release. There is potential benefit,
however, in using a three-mixture fraction approach in modeling coal combustion when trying to
accurately model soot and soot precursors, since most of the soot in coal systems comes from the

tar.
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