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Abstract—We have established the instantaneous governing equations for NO release during char combustion of non-
spherical particles theoretically. The instantaneous released NO mass variations, the instantaneous char oxidation reac-
tion rates, and the instantaneous NO reduction reaction rates of char particles were computed numerically under dif-
ferent fluctuation amplitudes of gas temperature, kinetic parameters of char oxidation reaction and NO reduction reac-
tion, and particle aspect ratios. The gas temperature fluctuation results in a faster NO release rate, a faster char oxida-
tion reaction rate, and a faster NO reduction reaction rate during the whole char combustion processes. The activation
energy of char oxidation reaction has obvious influence on the NO release and char combustion processes. The kinetic
parameters of NO reduction reaction have no contribution to the conversion time. Under the same particle surface
area, the conversion rate of char nitrogen to NO increases with the increase in the particle aspect ratio.
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INTRODUCTION

The combustion of solid fuel in a furnace will accompany pol-
lutant emissions [1,2]. As one of the primary industrial gaseous
wastes, nitrogen oxides (NO,) with high concentration usually lead
to photochemical smog, acid rain, ozone depletion, and diseases of
respiratory system [3]. A number of control techniques, such as
catalytic reduction, staged combustion, reburn combustion, and
co-firing with renewable fuels, have been proposed to reduce gas-
eous emissions [4]. The operating costs and maintenance costs of
some control methods are relatively high, and therefore develop-
ment of new combustion technologies is driven continuously. A
better understanding of the pollution behaviors will be helpful in the
development of combustion technology with low pollutant emission.

The majority of NO, originates from the fuel nitrogen, which
includes the volatile nitrogen and the char nitrogen. The heteroge-
neous reaction rates of the char nitrogen relate directly to the instan-
taneous particle temperature, and that is influenced by the gas tem-
perature, which exhibits turbulent fluctuations in the flow field [5].
Zhang et al. explored the effects of gas temperature fluctuation on
the instantaneous NO release from pulverized coal particles during
the char combustion [6]. The instantaneous NO release mass vari-
ations were numerically computed. The results showed that the gas
temperature fluctuation led to a faster NO release rate and a shorter
char burning time Similarly, the influences of fluctuating tempera-
ture on the instantaneous char reaction of pulverized coal particles,
the instantaneous devolatilization of pulverized coal particles, and
the instantaneous pyrolysis of biomass particles have been studied
[7-9]. It was found that the particle diameter, the time-averaged
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gas temperature, and the particle Reynolds number have obvious
influences on the instantaneous combustion processes [6-9]. Note
that the kinetic parameters (activation energy and pre-exponen-
tial factor) of char oxidation reaction and NO reduction reaction
vary over a wide range, depending on the fuel type and the meas-
urement precision. Thus it is necessary to further explore the effects
of kinetic parameters on the NO release.

Most previous studies treated the fuel particles as spherical par-
tidles in the theoretical models [10-13]. However, the studies of micro-
structure of the solid fuel observed by the scanning electron mi-
croscope showed that the particles generally are irregular-shaped
[14,15]. Pulverized coal particles tend to be near-spherical or prolate
spheroidal particles with sphericity around 0.6-0.9, while straw and
switchgrass particles are approximately described as cylinder particles
[16,17]. The various particle shapes make it unreasonable to directly
borrow the previous theoretical knowledge for non-spherical particles.

We used the ellipsoidal coordinate system to establish theoreti-
cally the energy equations for NO release during char combustion of
prolate spheroidal particles. To further explore the transient responses
of the fluctuation amplitude of the gas temperature and the kinetic
parameters to the NO release during the char oxidation processes of
ellipsoidal particles, the instantaneous released NO mass variations,
the instantaneous char oxidation reaction rates, and the instantaneous
NO reduction reaction rates were numerically computed. The gas
flow was assumed to have a uniform but fluctuating temperature.

INSTANTANEOUS ENERGY EQUATIONS

The char oxidation reaction, the char nitrogen oxidation reac-
tion, and the NO, reduction reaction are considered during the
char combustion processes. It is assumed that the primary NO, on
the particle surface is NO. The following global surface reactions
were adopted:
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C(s)+1/20,(g)>CO(g) (1a)
N(s)+1/20,(g)—>NO(g) (1b)
C(s)+NO(g)—>CO(g)+1/2N,(g) (Ic)

The instantaneous energy equation for a single char particle can
be expressed as [10]

dh
mkd—tk =04+ Qu+ Qo )]

where Qg, Q. Qco denote the convective heat transfer between
the char particle and gas, the radiative heat transfer between the
char particle and the combustor wall, and the heat generation due
to the heterogeneous char oxidation reaction, respectively. hy is the
particle enthalpy. The heat of char nitrogen oxidation reaction and
the heat of NO reduction reaction were not considered, as the char
oxidation reaction rate is far greater than both the oxidation reac-
tion rate of char nitrogen and the NO reduction reaction rate. In
addition, the heat release of the heterogeneous oxidation reaction
of char nitrogen has the same order of magnitude as the heat absorp-
tion of the NO reduction reaction.

Considering the geometry of the ellipsoidal particle, the above
four terms are further expressed as

mk% ;Lﬂ*ab2 Pkcpk%‘ (3a)
By

Qu= ”dkg;mNuM(T*Tk) (3b)

Q= 7d;5,04(T,~ T) (30)

Qco=Geodco (3d)

where a and b are the semi-axes of ellipsoidal particle (a>b=c), B,
is the nondimensional variation rate of particle mass given by B,=
~G/(7dNwA/C,), qoo represents the heat of char oxidation reac-
tion, & denotes the particle emissivity, and T,, represents the combus-
tor wall temperature. Go, and G are the char oxidation reaction
rate and the total mass flow rate on the particle surface, respectively.
d; is the diameter of a spherical particle having the same external
surface area, which is written as

) T2
dk=[2b2+ 2ab arcsin®2 —b 4)
b2 a

Nu, denotes the particle Nusselt number [18]:

2
Nu, = 2 IM? l(ar coth |4

M*-1

-1/2
( 24M> Mz—lj ®)
1+ arcsin

JM* -1 M

where M=a/b is the aspect ratio of the ellipsoidal particle.

-1

INSTANTANEOUS REACTION RATES

1. Char Oxidation Reaction Rate
The instantaneous char oxidation reaction rate is governed by
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the diffusion-kinetic controlled regime. The heterogeneous chemi-
cal kinetics gives [19]

1
ﬂCO

where [, is the stoichiometric ratio for reaction (1a). p, My, Moy,
Yox ; are the gas pressure, the mixed gas molecular weight, the oxy-
gen molecular weight, and the oxygen mass fraction on the particle
surface, respectively. Boo, Eco, R are the pre-exponential factor, the
activation energy of char oxidation reaction, and the universal gas
constant, respectively.

The ellipsoidal coordinate system is introduced to derive the oxy-
gen mass fraction on the particle surface. The surface of an ellip-
soid is a quadric surface which satisfies the equation x*/a’+y*/b’+
7/*=1. The ellipsoidal coordinates (& 7, &) are defined as the solu-
tions of the equation x’/(a’+s)+y"/(b’+s)+7’/(c*+s)=1. Appendix
A describes the ellipsoidal coordinate system in detail. The oxygen
mass conservation in steady flow in terms of ellipsoidal coordinates
can be expressed as (see Appendix A)

» M, E
Ggo=- ﬂ'dszM_OXYox, sBcoeXP(_ ﬁ])) ©)

%(gYongH 2=pD 6%‘(R
where g denotes the mass flux on the ellipsoid surface. R and H;
are scale factors defined in the ellipsoidal coordinate system. p and
D are the gas density and the diffusion coefficient. The boundary
conditions for Eq. (7) are Yox(&=0)=Yx ; and OY ox/0H E=0)=(0Y o/
09),. Using this knowledge, Eq. (7) is integrated to yield:

g(YoxRs—Yox Rep)
= pDRH'0Y x/0&— pDRo_o(H; 0Y 5/ 0E), ®)

6Y0X) @)

s‘ag

The theory of Stefan flow is associated with FicKs law of diffu-
sion and the mass flux [19], which yields:

gox=8Yox, s~ PD(9Y ox/On); ©

where gox denotes the oxygen mass flux on the ellipsoid surface,
and n is the unit vector outward normal to the ellipsoid surface.
The relationship between 0Y,x/0n and 0Y,x/0& is proposed by Grow
[20]:

Y ox/On=H; 0Y 5,/ 0& (10)
Substituting Eqgs. (9) (10) into Eq. (8) and rearranging yields:
abegoy=YoxR.g— pDRH; 0Y 5/ 0& (11)

The above equation is integrated over the ellipsoid surface:

“abcgoxds:achox (12a)
T

“YOXRé,-gds = achOX”gds =abcY 4G (12b)
T Ti

[[PDRH'0Y /0 2ds
17
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=8abc(a’+&) (b +8) P+ &) P apDoY /08 (120)

where /7 denotes the surface of the concentric ellipsoidal particle,
and Gy is the oxygen mass flow rate on the particle surface. Sub-
stituting Eq. (12) into Eq. (11) yields:
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Gox=YoxG—8(a’+8)"“(b™+ 9"+ mpDY ox/0E (13)

The boundary conditions for oxygen mass fraction are Yx(&=0)=
Yox . and Y (E—0)=Yx ... Yox o is the oxygen mass fraction in
the surrounding environment. Then Eq. (13) is solved for the pro-
late spheroidal particle (a>b=c) as

-1
2 ] -
G:47rpDA/a2—b2(ar coth za 5 lnYOX’” Gox/G (14)
a-b

YOX, s GOX/G

The oxygen mass fraction on the particle surface can be further
obtained as

Yox, s=Gox/G+(Yox, — Gox/G)

{exp{(ﬁlﬂpDa/az—bz)lar coth Zaz 2G:|} (15)
a’-b

The model verification on the char oxidation reaction rate of
ellipsoidal particles is difficult to do, because there is no relevant
experimental study on the char combustion characteristics of rigid
ellipsoidal particles and few investigations provided particle shape
information (like aspect ratio or particle sphericity). The experi-
mental results on the burning of a single wooden particle are used
in this paper as a reference [21,22]. The time for char burning was
estimated using a charge-coupled device (CCD) camera. The par-
ticle size in the experiment was a=3.3 mm and b=0.825 mm. Fig. 1
compares the measured char burning time and the computed char
burning time in the regime of controlled diffusion-limited com-
bustion due to the lack of measured particle temperature. It shows
that the model predictions are in better agreement with the meas-
urements as the temperature of the ambient gas stream is 1,873 K.
The char combustion rate in the regime of controlled diffusion-
limited combustion leads to different prediction effects. The ratio
of the diffusional mass transfer resistance and the kinetical mass
transfer resistance was calculated. It was shown that the kinetical
mass transfer resistance can be neglected as the temperature was
1,873 K [21]. Thus the absence of the kinetical mass transfer resis-
tance resulted in a higher char combustion rate and a shorter char
burning time. Besides the inevitable experimental errors, the pri-
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Fig. 1. Comparison of computed char burning times with experi-
mental data.

mary cause that affects the prediction precision is the different par-
ticle shapes. The biomass fuels used in the experiment were cy-
lindrical particles while the burning particles are considered as rigid
ellipsoids in the computations.
2. Oxygen and Total Mass Flow Rates

As can be seen from Eq. (15), the oxygen mass fraction on the
particle surface is associated with the oxygen and total mass flow
rates on the particle surface. The mass flow rates relate to the rates
of the heterogeneous reactions (1b) and (1c¢).

Similarly, the instantaneous NO reduction reaction rate is gov-
erned by the controlled diffusion-kinetic regime. The rate of NO
reduction reaction (1¢) is determined by [23]

Go,2=— 1dipM,Y o, Byo, 2eXP(_ ERN{.« 2) (16)
k
where By, and Ey, are the pre-exponential factor and the acti-
vation energy of NO reduction reaction, respectively. Yy, is the
nitric oxide mass fraction on the particle surface, which can be ex-
pressed as

Yo, s=Gno/ G+ (Yno, o= Gno/G)

B 2
{exp{(%rpDA/az—bz) 'ar coth f—z-a———zG}}
a“—b

where Gy, is the nitric oxide mass flow rate, and Yy, is the nitric
oxide mass fraction in the surrounding environment.

The instantaneous char nitrogen oxidation reaction rate is as-
sumed to be proportional to the instantaneous char oxidation reac-
tion rate. The rate of heterogeneous reaction (1b) can be written as
(24]

-1 (17)

Y
Gyo, 1=—(1+ Byo, I)Y_NGCO (18)
c

where Yy and Y, are the nitrogen mass fraction and the carbon
mass fraction in the fixed char, respectively. By, is the stoichio-
metric ratio for reaction (1b).

The mass flows of oxygen and nitric oxide on the particle sur-
face can be obtained as

Y
Gox=Gox, 1+ Gox, 2= BcoGeot Bro, 2§ACIGCO (19)
Gno=Gno,1+Gno, 2 (19b)

The total mass flow rate on the particle surface is then

-1

1
7 Geot7—Co, (20)
C

ﬂNO, 2

where [y, is the stoichiometric ratio for reaction (1c).

G

CALCULATION CONDITIONS

The effect of gas temperature fluctuation on the instantaneous
particle temperature is mainly reflected in the convective heat trans-
fer term. The instantaneous gas temperature with a uniform spa-
tial distribution is assumed in order to investigate the influence of
gas temperature fluctuation on the NO release during the char com-

Korean J. Chem. Eng.(Vol. 32, No. 9)



1752 J. Li and J. Zhang

bustion. The instantaneous gas temperature is given by the follow-
ing sine function as

T=T,,[1+A, sin(27 ft) (21)

where T,, A, f represent the time-averaged gas temperature, the
fluctuation amplitude of the gas temperature, and the fluctuation
frequency, respectively.

We numerically solved the instantaneous energy equations for
the char combustion by the finite difference method. The first-order
explicit scheme is used for the discretization of the instantaneous
energy equation. The oxygen mass fraction and the nitric oxide
mass fraction on the particle surface are calculated in an iterative
way by utilizing Egs. (14)-(20). The underrelaxation method is uti-
lized in the computations of the oxygen mass fraction and the
nitric oxide mass fraction on the particle surface.

A pulverized bituminous coal is chosen for the calculations. The
char combustion is assumed to take place after the moisture and
the volatile matter have evolved completely. Considering the solid
fuel as a gray body, the radiation emission coefficient is taken as
&=0.8. The specific heat and the initial material density are taken
as C;=1090]J/(kg-K) and p,,=828 kg/m’. The proximate analysis
of the air dry basis is: moisture 1.4%, volatiles 31.08%, fixed char
56.22%, and ash 11.3%. The carbon and the nitrogen content in
the fixed char are 80% and 0.4%, respectively. The char particles
are considered to have an initial equivalent diameter of 50 pm. The
initial aspect ratios are set to be 1, 3.25, and 4.6, respectively. We
assumed the kinetic parameters of char oxidation reaction and NO
reduction reaction are constants during the char combustion pro-
cesses. The reference values of the kinetic parameters are given in
the literature [23,25,26]. The gas thermal conductivity and the gas
specific heat are calculated from the empirical correlations [19].
The oxygen and the nitric oxide mass fractions in the surround-
ing environment are set to be 0.1 and 1.058x10* (1,000 ppm), re-
spectively. The particle initial temperature and the combustor wall
temperature are set at 300 K. The time-averaged gas temperature
is set to be 1,200 K. The typical value of the fluctuation frequency
of the gas temperature is 100 Hz. The fluctuation amplitude of the
gas temperature has typical values of approximately 0.1-0.2 in a com-
bustion chamber [5]. The fluctuation amplitude of the gas tem-
perature was chosen as 0, 0.1, and 0.2 in this study. The time step
in all the computations is taken as 10 °s.

RESULTS AND DISCUSSION

Figs. 2-7 present the effects of gas temperature fluctuation and
kinetic parameters on the NO release during the char combustion
processes. The aspect ratio is taken as M=1 in the computations.
Fig. 2 shows the instantaneous released NO mass variations under
the activation energy of char oxidation reaction of 77 kJ/mol, 80
kJ/mol, and 84 kJ/mol, respectively. The other kinetic parameters
are given as Bu,=600kg/(m’-s-atm), By, ,=40 kmol/(m’-s-atm),
and Ey, ,=140 kJ/mol. For each calculation condition, the instanta-
neous released NO mass increases with time during the char com-
bustion processes. The gas temperature fluctuation has evident in-
fluences on the instantaneous released NO mass variations. Com-
pared with the results without the gas temperature fluctuation, the
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Fig. 2. Instantaneous released NO mass variations under different
activation energies of char oxidation reaction.

instantaneous released NO mass displays fluctuating variations
with time. The gas temperature fluctuation leads to a faster increase
in the released NO mass and a shorter char burning time. The in-
crease in the fluctuation amplitude of the gas temperature from
0.1 to 0.2 further enhances the NO release rate and shortens the
char burning time. The activation energy of char oxidation reac-
tion has distinct effects on the instantaneous released NO mass varia-
tions. The NO release rate increases as the activation energy of char
oxidation reaction decreases. With the increasing activation energy
of char oxidation reaction, the conversion time varies from 0.253 s



NO release from ellipsoidal particles with fluctuating gas temperature 1753

0 0.025 0.05 0.075 0.1
t(s)
----- A=0.0 —A=0.1 o A=0.2

(a} E(‘() = 77kJ/mol

NAAN

-G o(kg/s)
&

0.9}

VRVAVAVAVA
00 0.025 0.05 0.075 0.1
t(s)
————— At=0.0 —At=0.1 ---------- At=0.2
{b) E{_‘() = 80kJ/mol
-10
3.6X 10
2.7

-G olka/s)
&

b W kv

0 0.025 0.05 0.075 0.1
t(s)
weeee AZ0.0 —— A=0.1 o A=0.2

{C) E('() = 84kJ/mol

Fig. 3. Instantaneous char oxidation reaction rate under different
activation energies of char oxidation reaction.

to 0.583 s. The relative variation of the char burning time without
the gas temperature fluctuation is 44.66% as the relative variation
of the activation energy is 3.9%, and the relative variation of that is
130.43% as the relative variation of the activation energy is 9.09%.
The corresponding instantaneous char oxidation reaction rates can
be found in Fig. 3. The char oxidation reaction rates with the gas
temperature fluctuation are greatly different from those without
the gas temperature fluctuation. The instantaneous char oxidation
reaction rate without the gas temperature fluctuation varies smoothly;
while the gas temperature fluctuation leads to the fluctuation in
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Fig. 4. Instantaneous released NO mass under different pre-expo-
nential factors of char oxidation reaction.

the char oxidation reaction rate. The fluctuating variation of the char
oxidation reaction rate exhibits more strongly as the fluctuation
amplitude of the gas temperature increases. The increased values
of the fluctuation peak are greater than the decreased values of the
fluctuation trough. As a result, the average char oxidation reaction
rate with the gas temperature fluctuation is greater than that with-
out the gas temperature fluctuation. Also, the char oxidation reac-
tion rate becomes greater as the activation energy of char oxidation
reaction decreases, which directly leads to a faster NO release rate
and a shorter char burning time.

Korean J. Chem. Eng.(Vol. 32, No. 9)
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Fig. 5. Instantaneous char oxidation reaction rate under different
pre-exponential factors of char oxidation reaction.

Fig. 4 presents the instantaneous released NO mass under the
pre-exponential factor of char oxidation reaction of 400 kg/(m’-
s-atm), 600 kg/(m’-s-atm), and 800 kg/(m’-s-atm), respectively. The
other kinetic parameters are given as Eq,=80kJ/mol, Ey,,=140
kJ/mol, and By, ,=40 kmol/(m”-s-atm). The effect of the gas tem-
perature fluctuation on the released NO mass under different pre-
exponential factors of char oxidation reaction is the same as that
under different activation energies of char oxidation reaction. With
the increasing pre-exponential factor of char oxidation reaction,
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Fig. 6. Instantaneous NO reduction reaction rate under different
activation energies of NO reduction reaction.

the released NO mass increases faster and the time for char burn-
ing is shorter. Compared with the char burning time under the pre-
exponential factor of 400 kg/(m’-s-atm), the relative variation of the
conversion time without the gas temperature fluctuation is 37.44%
as the relative variation of the pre-exponential factor is 50%, and
the relative time variation is 56.41% as the relative variation of the
pre-exponential factor is 100%. This is because the instantaneous
char oxidation reaction rate increases with the increasing pre-expo-
nential factor of char oxidation reaction, as can be seen from Fig. 5.
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Fig. 7. Instantaneous NO reduction reaction rate under different
pre-exponential factors of NO reduction reaction.

The effect of the kinetic parameters of NO reduction reaction
on the char combustion processes can be found in Figs. 6-7. Fig. 6
shows the instantaneous NO reduction reaction rate under the acti-
vation energy of NO reduction reaction of 138 kJ/mol, 140 kJ/mol,
and 142 kJ/mol, respectively. The other kinetic parameters are given
as E¢,=80 kJ/mol, and B,=600 kg/(m*s-atm), and By, ,=40 kmol/
(m’-s-atm). Fig, 7 shows the instantaneous NO reduction reaction
rate under the pre-exponential factor of NO reduction reaction of
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Fig. 8. Instantaneous released NO mass under different aspect ratios.

32 kmol/(m®-s-atm), 40 kmol/(m>-s-atm), and 48 kmol/(m®-s-atm),
respectively. The other kinetic parameters are given as E,=80Kk]J/
mol, Bo,=600 kg/(m’-s-atm), and Ey, ,=140 kJ/mol. The gas tem-
perature fluctuation has a similar effect on the instantaneous NO
reduction reaction rate. The increase of the activation energy of
NO reduction reaction or the decrease of the pre-exponential fac-
tor of NO reduction reaction leads to an obvious decrease in the
instantaneous NO reduction reaction rate. It is observed that the
order of magnitude of the instantaneous NO reduction reaction
rate in this computation is 10~"*, while the order of magnitude of
the char oxidation reaction rate is 10™". As a result, the variations

Korean J. Chem. Eng.(Vol. 32, No. 9)
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of the kinetic parameters of NO reduction reaction have little effect
on the instantaneous released NO mass variations and the time
for char burning,

Fig. 8 presents the instantaneous released NO mass under the
particle aspect ratio of 1, 3.25, and 4.6, respectively. The kinetic param-
eters are given as E¢,=80 kJ/mol, B,=600 kg/(m”s-atm), Ey,,=140
kJ/mol, and By, ,=40 kmol/(m”-s-atm). The increasing aspect ratio
results in a faster released NO mass rate and a shorter char burn-
ing time. The time for char burning is 0.366 s, 0.276 s, 0.238 s, respec-
tively. The relative variation of the conversion time without the gas
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Fig. 9. Instantaneous char oxidation reaction rate under different
aspect ratios.
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temperature fluctuation is 24.59% as the relative variation of the
aspect ratio is 225%, and the relative variation of that is 34.97% as
the relative variation of the aspect ratio is 360%. This is because
the primary influencing factor, the instantaneous char oxidation
reaction rate, increases with the increasing aspect ratio, as indicated
by Fig. 9. Clearly, the effect of the activation energy of char oxida-
tion reaction on the char combustion processes is most significant.
The pre-exponential factor of char oxidation reaction and the aspect
ratio have distinct influences on the chemical conversion processes,
while the kinetic parameters of NO reduction reaction have no obvi-
ous effect on the conversion time.

CONCLUSION

We have investigated, numerically, the instantaneous heteroge-
neous reactions that involve the char oxidation reaction, the char
nitrogen oxidation reaction, and the NO, reduction reaction pro-
cesses of prolate spheroidal particles suspended in a hot air flow
with temperature fluctuation. The effects of the gas temperature
fluctuation, the kinetic parameters (activation energy and pre-expo-
nential factor) of char oxidation reaction and NO reduction reac-
tion, and the particle aspect ratio on the NO release from ellipsoidal
particles during char combustion were studied and the following
conclusions reached:

(a) The gas temperature fluctuation has vital effects on the instan-
taneous NO release variation, the char oxidation reaction rate, and
the NO reduction reaction rate during the char combustion pro-
cesses. The gas temperature fluctuation leads to a faster conver-
sion of char nitrogen to NO, a faster char oxidation reaction rate,
and a faster NO reduction reaction rate. An increase in the fluctu-
ation amplitude of the gas temperature will further promote the
NO release and the char oxidation reaction processes.

(b) An increase in the activation energy of char oxidation reac-
tion or a decrease in the pre-exponential factor of char oxidation
reaction results in a shorter NO release rate and a shorter char oxida-
tion reaction rate. Compared with the kinetic parameters of NO
reduction reaction and the particle aspect ratio, the influence of
the activation energy of char oxidation reaction on the char com-
bustion processes is most prominent.

(c) The NO reduction reaction rate decreases with the increas-
ing activation energy or the decreasing pre-exponential factor of
NO reduction reaction. The activation energy and the pre-expo-
nential factor of NO reduction reaction exhibit little effects on the
NO release rate.

(d) An increase in the particle aspect ratio leads to an increase
in the NO release rate and reaction rates under the same particle
surface area.
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NOMENCLATURE

a, b, ¢ : semi-axes of ellipsoidal particle [m]
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A, :fluctuation amplitude of gas temperature

By :pre-exponential factor for char oxidation reaction [kg/(m*
s-atm)]

B,  :nondimensional variation rate of particle mass

Byo,» :pre-exponential factor for NO reduction reaction [kg/(m”*-
s-atm)]

C,  :gas specific heat [J/(kg-K)]

Cy  :particle specific heat [J/(kg-K)]

d,  :diameter of spherical particle with the same surface area [m]

D :diffusion coefficient of gas species [m’/s]

Eco  :activation energy for char oxidation reaction [kJ/mol]

Eno.» :activation energy for NO reduction reaction [kJ/mol]

f : fluctuation frequency of gas temperature [Hz]

g :total mass flux on the ellipsoid surface [kg/(m’-s)]

gox  :oxygen mass flux on the ellipsoid surface [kg/(m*s)]

G :total mass flow rate [kg/s]

Geo :char oxidation reaction rate [kg/s]

Gyo : total nitricoxide mass flow rate [kg/s]

Gyo,1 : char nitrogen oxidation reaction rate [kg/s]

Gyo,2 : NO reduction reaction rate [kg/s]

Gox :oxygen mass flow rate [kg/s]

H; H,, H,: scale factors

m; :particle mass [kg]

M :particle aspect ratio

Nu, : particle Nusselt number

t : time [s]

T  :gastemperature [K]

T, :time-averaged gas temperature [K]

Ts R, S, scale factors

T,  :particle temperature [K]

T, :wall temperature [K]

X, ¥, 2 : cartesian coordinates [m]

Yyo :NO mass fraction

Yox :0xygen mass fraction

Greek Letter

Poo  :mass stoichiometric ratio for char oxidation reaction

Pro, :mass stoichiometric ratio for char nitrogen oxidation reac-
tion

Po., :mass stoichiometric ratio for NO reduction reaction

&  :particle emissivity

& 1, ¢ ellipsoidal coordinates [m]

11 :surface of concentric ellipsoid

A :gas thermal conductivity [W/(m-K)]

p  :gasdensity [kg/m’]

Py particle material density [kg/m’]

Subscript
s : particle surface
oc  :surrounding environment
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APPENDIX A

The purpose of this appendix is to provide the species mass con-
servation in steady flow in terms of ellipsoidal coordinates.

The ellipsoidal coordinates (& 7, ) can be transformed from
the Cartesian coordinates (x, y; z) using the expressions as [27]

Lo (a2+ §)(a2+ n)(a2+ 9) (Ala)
(a2 B bz)(az _ Cz)

2_(b’+ f)(bzz - z)(b22+ 9 (ALD)
(b"—a)(b"~¢c)

Ao (cz+cf)(c2+ 77)(c2+ 19 (Al0)

(c2 B az)(cz — bz)
The formula x/(a’+&+y/(b*+H+7/(+H=1 gives concentric
ellipsoids when &=constant. It corresponds to the ellipsoid surface
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for £=0. The metric distance is written as
(ds)’=HYd&H’+H (dn)"+ HAdY’ (A2)
The scale factors Hy, H,, and H, can be expressed as

H.= %W (A3a)

= %A/i%) (A3b)

H,= 1% (A30)
where R;, S,, T are defined as

Re=A@" + O+ O+ (Ada)

$,=A-@+ (b + ) +7) (Adb)

T=J@ + 90+ +9) (Add)

The general vector form for species mass conservation in steady
flow is expressed as [19]

September, 2015

V-(puY,,)=pDV’Y,, (A5)

spe
where u and Y, are velocity vector and species mass fraction, re-
spectively. It is assumed that all the vectors involved are functions

of the single coordinate & The convection term and the diffusion
term in ellipsoidal coordinates can be respectively written as [27]

V-(puYy,)= m 3 CJ‘g(Puﬁ(speH,7H:) (A6a)
4pDR;. 5

DV’Y =—+f < O9[R e A6b

POV = AR E) (AGD)

Substituting Egs. (A3) (A4) (A6) into Eq. (A5) and rearranging
yields

o ge
S8 uRH)=pD g(RH 5 (a7)
where g=pu. denotes the mass flux on the ellipsoid surface. Eq.
(A7) is the species mass conservation in terms of the ellipsoidal
coordinate system.
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