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1. Introduction

Energy efficiency and clean combustion are two
main challenging issues in recent fuel utilization. Flame-
less Oxidation (FLOX), also known as High Temperature
Air Combustion - (HTAC), or Moderate and Intensive
Low oxygen Dilution (MILD) combustion is a promising
combustion technology among various techniques [1, 2]
capable of accomplishing high efficiency and low emis-
sions. It is based on delayed mixing of fuel and oxidizer
and high flue gas recirculation in the flame zone [3].

A combustion process is named mild when the
inlet temperature of the reactant mixture is higher than
mixture auto-ignition temperature (T reactant > Tignition)s
whereas the maximum allowable temperature increase
during combustion is lower than mixture auto-ignition
temperature, due to dilution (47 ¢ombustion < Tignition) [4]-

Flameless combustion was first developed to
suppress thermal NO, formation, which plays a key role in
ozone depletion and the generation of photochemical
smog, in burners for heating industrial furnaces using
preheated combustion air [5]. After accounting as an ad-
vanced combustion technique designed to reduce NOy
emissions, it is also known as a means which increases
energy efficiency of high temperature furnaces. The use of
a recuperative or regenerative system in a burner allows
the optimization of the energy efficiency thanks to the
heat transfer from hot exhaust gases to inlet combusting
air [6].

Many studies on HTAC have been done in the
recent years, and it has been proved that HTAC technolo-
gy has many features that are superior to that in conven-
tional combustion [7-11]. A comprehensive review paper
summarizing both the development and current status of
this technology can be found in [12]. High temperature air
combustion technology was first applied in gaseous fuel
combustion. When this idea is applied to combustion of
pulverized coal, the same advantages as for gaseous fuels
can be expected, including the enhancement of combus-
tion stability and increase of combustion efficiency, the
ability to use low-volatile coal like anthracite, and also
lower pollution emissions [13-16]. Kiga et al. [13] pre-
sented the experimental results of pulverized coal combus-
tion in high temperature and low-oxygen condition. The
results indicated that increasing air preheat results in in-
creased combustion efficiency and reduced NO, emission,
whereas decreasing the oxygen content of the combustion
air leads to large reduction in combustion efficiency, ac-
companied with a slight decrease or increase in NO,. Suda

et al. [14] conducted experiments by injecting pulverized
coal from a nozzle co-axially placed at the preheated air
inlet. The results showed that for both bituminous and
anthracite coals, release rate of volatile contents were
remarkably enhanced and flame front distances from coal
nozzle became less when air temperature increased. NO,
emission also became less with temperature increasing.
The corresponding numerical studies were performed
later. Numerical simulation results were of great con-
sistency with experimental results [15]. Hannes et al. [16]
carried out a set of experiment to investigate the NOy
emission of high temperature air combustion under Ar/O,
as well as CO,/O, atmospheres in order to quantify the
ratio of fuel NO, to thermal NO,. This investigation
showed a high reduction of thermal NO as well as an in-
crease of fuel-NO which was primarily related to the de-
crease of the peak flame temperature.

Within a decade or two, it has been developed
from laboratory tests to industrial applications which cer-
tainly are an extraordinary progress as for an energy tech-
nology. Some of industrial applications are heat treating
and heating furnaces in the steel industry, gas turbines, bio
gas burners, glass industry, chemical industry, combined
heat and power, burners for hydrogen reformers and burn-
ers for combined heat and power (CHP) units. From
viewpoints of the environment and fuel cost reduction,
small scale biomass CHP plants are in demand, especially
waste-fueled system, which are simple to operate and
maintenance with high thermal efficiency similar to oil
fired units. To meet these requirements, Stirling engine
CHP systems combined with simplified biomass combus-
tion process has been developed in which powder of less
than 500 pm is mainly used, and a combustion chamber
length of 3m is applied [17].

The object of this research is to study the mild
combustion mode of particulate reactive flow in which
biomass particles are used as a main fuel. This can be
applied in the combustion chamber used in a Stirling en-
gine system. An analytical approach is presented to evalu-
ate the flame characteristics and their variations with re-
spect to the percent of recirculated products. Here, Soret
and Dufour effects which are described as a flow of matter
caused by temperature gradient and flow of heat caused by
concentration gradients, respectively, are ignored. Also,
diffusion caused by pressure gradient is negligible and all
external forces including gravitational effects are assumed
to be negligible.
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2. Formulation
2.1. Mathematical model

In the present model, a steady state and planar
laminar flame propagates in a combustible mixture in one
dimension. In this mixture, volatile fuel particles are uni-
formly distributed in the air and then they vaporize com-
pletely to create a gaseous fuel with a definite chemical
structure. The combustion air is diluted with a large
amount of recirculated exhaust gasses; the oxygen concen-
tration in the main reaction region is reduced to a lower
concentration with respect to the case of undiluted air,
allowing for a better control of the reactants kinetic and
average temperature. Since oxidization of fuel takes place
in the gas phase, surface reactions can be neglected.

The reaction model between fuel and oxidizer is
described through an overall one-step reaction as:

Up [F]+z)oZ [0, ]+ BUprog [P] = (14 B) Uproa [P] -

Also, reaction rate is obtained from Arrhenius
formula:

_ a

)

K =Bexp

f
where the symbols F, O,, P denote the fuel, oxygen and
product, respectively; also, the quantities Ug,Up ,Uprog

denote their respective stoichiometric coefficients, B de-
notes the frequency factor, E, is the activation energy of
the reaction, is the gas constant and f is a percentage of
exhaust gas which is recirculated.

Fig. 1 shows the schematic illustration of the
flame structure.
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Fig. 1 Schematic illustration of the flame propagation
structure

As it can be seen in this figure, there are three
zones:

1- broad preheat vaporization zone,

2- thin reaction zone,

3- broad convection zone,
where in the preheat zone the temperature of particles is
lower than the ignition temperature; therefore, particles
start to heat up until mixture temperature reaches to the
ignition temperature. Afterwards, the chemical reaction
zone is started where the particles burn, and temperature
remains approximately constant. It is assumed that some
exhaust gases recirculate to the preheat vaporization zone,
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and the rest of them go to the convection zone. In the con-
vection zone, the temperature of the combustion products
falls to the ambient temperature at infinity. This division
helps us to solve governing equations in each zone sepa-
rately. To do so, firstly, Zeldovich number is defined as:

E(T,-T,)
—ar

7 =

e >

where f, U denote the conditions related to flame and am-
bient reactant stream, respectively. From this equation, it
can be inferred that when Zeldovich number is sufficiently
large, the activation energy is large too, and the combus-
tion is instantaneous, which leads to have a thin reaction
zone as opposed to the preheat zone.

2.2. Governing equations

To linearize the governing equations, the follow-
ing procedure is used:

x=| de’.

o
0(

Therefore, the governing equations for mild
combustion of organic dust particles can be written as
follow.

£
Py

Mass conservation:

pV =Const. (1)
Energy conservation:
dT dT d’T P,
VC —+ foVC — =4, —+wW —Q -
e Bo o /%dxz FpQ
—w, 2q, +24q, 2)
P P
Gaseous fuel conservation:
ay, dy d?y, ye) ye)
V —E+ BV —F = p,D, Eowe w2 3
A pp PP et (3)
Mass fraction of particles:
Y, Y,
s sy P @)
dx dx P
Equation of state:
pT =cte, (5)

where £ is the effect of recirculated mass; p, Yg and v
stand for mixture density, mass fraction of gaseous fuel
and superficial flow velocity, respectively. Also, A denotes
thermal conductivity coefficient which is proportional to
T, while D (diffusion coefficient) is proportional to TZ.
Moreover, W is the reaction rate defined as a gaseous fuel
mass consumed per unit volume per second; Q is the heat
released per unit mass of a fuel burned; Qy is related to the
heat of vaporization per unit mass of fuel; C is the heat



capacity defined as a combined heat capacity of the gas,
Cp, and of the particles, C;, which can be calculated from
the formula:

. 47z(r3C5p5nS) ’
3p

c=C

p

(6)

where ps is the density of fuel particles presumed to be
constant. Vaporization kinetics is also presumed to be
calculated by the following expression:
W, = Ang4zr’T", @)
where r is radius of fuel particle and ns is local number
density of particles (number of particles per unit volume)

The general equation of radiation transfer is:

di K
— =K, I +K JI-K I, —— | I (Q)P(6,2)d02 (8
d a+s a'b 4”4£()(’) ’()

L) () (V)

where the terms (I), (II), (IIT) and (IV) are radiation inten-
sity caused by absorption, scattering, emission, and in-
coming scattering brought by other particles, respectively.
Ks, Kq and | are scattering coefficient, absorption coeffi-
cient, and radiation intensity, respectively. P(6,®) is pha-
sic function of scattering.

Since absorption coefficients of gases and parti-
cles are strongly related to the particles size and particles
density, the following expressions for these parameters
can be written. The absorption coefficient for particles is:

)

By considering the light scattering which is only
caused by particles, it yields:

K, = (10)

3 o
EQsp_d’

K, +K, =K. (11)

By solving Eq.(8) with respect to required
boundary conditions, the following general expression for
the radiation transfer is obtained:

Q =K,le", (12)
where

| _Ka oT?

K oz

t

The boundary conditions for the model are con-

sidered as:
At x=—00, Y =0, T=T, : .YS:YFU; (13)
At X=00, T=T,, Y ="Finite,
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where T, denotes the final adiabatic flame temperature
and Yg, is the mass fraction of the fuel available in the
particles.

2.3. Nondimensionalization

In order to simplify the governing equations, fol-
lowing dimensionless parameters are defined:

T-T Y
QZM, yF ——F, m= pV ;
(Tf _Tu) YFC puVu (14)
pUVUC YS
:—X’ s = ,
ﬂU YFC

where Ty, V, represent maximum temperature and the
burning velocity of the propagated flame in a combustible
mixture of organic fuel particles, respectively. Using fol-
lowing parameters which are defined as:

-2

o YeeQ=C(T,-T,): w

Kaledu
pp,C* (T, -T,)

!

(15)
)

4.836An," (T, -

y =

T

)
5

Non-dimensionalized governing equations are
obtained as follow:

3
_ 4zrn o’
S >

3pYec

4 1

Vuzpu(ngYFC[g) Ps

do_d0 p 3)
m(1 —=—+WL—qyo"y, "’
(+ﬁ)OIZ Rl G
+£’EX C—'Z ;
V2 P v, )
o 8 1o
Ve Ye Pu n,, \3
1+ 8)2E == JF _whu g :
m( +ﬁ) dZ d22 Wp +7/ yS
d Nt
m(l+ﬁ)§=—;f6’ ys[3].

For simplicity, Lewis number which is defined as
a ratio of diffusion of heat to diffusion of mass is assumed
to be unity:

A

Le=——=
pCD

1. (17)

Dimensionless forms of the boundary conditions
are:

At z=-0—>y ="

=a,
FC

At z =00 — y. = Finite,

Since ¢ (i.e. as a ratio of the required heat for va-
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porizing the fuel particles to the overall released heat in
the flame) has a small amount, it can be neglected (q = 0).

By considering above explanation and m =1, #°denotes
the nondimensionalized temperature. Thus, governing
equations can be rewritten as:

do°  d*¢ p, B c’
I+ fB)—=—+—+W—L+—exp| —2 |;
(1+7) dz dz’ p V7’ p[V J

u

(1+p) 2= - —wPery(o ) WL ag)

dz’ el

(em)2 o)yl

In order to obtain solutions for these differential
equations, in the limit of Ze-—>oco with assumption

7 =0(1), the asymptotic approach is utilized. Now, the

conservation equations governing in each zone are solved
separately.

3. Solutions

3.1. Preheat zone (—o0o <X <07)

It is assumed that the reaction zone is located at
z=0; thus, z<0 represents the preheat zone, and z> 0
represents the convection zone. In the preheat zone, the
chemical reaction between fuel and oxidizer is small; as a
result of which the conservation equations for this zone
are obtained by balancing between the convective, diffu-
sive, and vaporization terms. Hence, it yields:

do° d’¢ B C'
(1+ﬂ)E=d7+\?eXp(\/—ZJ. (20)

u

Since T is the flame temperature in the reaction
zone, the boundary conditions for above equation is:

z2=0->6 =1; z=—0—>6 =0. 201

The dimensionless temperature in preheat zone is
obtained as:

YRR

0 =1+

u

B//VUZ

_ (C'z (1+,3)C'J exp(\c/:—z], z<0. (22)

E Y

u

Regarding the following boundary conditions:

2=0" VY =Yg

Z=—0 —Y¢ =%§

dz

(23)
ys =a.

It yields:

13 a
ys =1a'” ————exp|(1+ B)nz |} , z2<0;
{ A) [(+5) ]}

(1+
[ ” (24)
' 2
a:l 1+ B/V“ ;
3n c”? _(1+ﬂ)C'
L Vu2 Vu
2 1
[d 3a® 3a’a? a’
- £j| = a - “ 3 + 5 _YFf > (25)
Ldz - (1+8) (1+p) (1+p)

where the superscript — (0™ ) denotes the conditions on the
interface between the preheat zone and the reaction zone.

3.2. Reaction zone (0~ <x<0")

Since the reaction zone is very narrow, as a result
of large value of Zeldovich number, the convective and
vaporization terms are small in comparison with diffusive
and reactive terms. In this zone, particles are oxidized and
burnt, and the burning velocity is obtained by analyzing
this zone. Thus, the governing equations are followed as:

2
d 62? __W&;

2 p

2
DYe _whe, 26)
dz P
(1+8) % —o.

dz

In order to solve the equations in the reaction

. . . 1).
zone, the following expansion variable (—j is defined:

&
1 Z 1-0
8=Z—;77=—;t= ;
(] & & (27)
y= YF_ny; b:y_Ff.
& &

Here, it is needed to define boundary conditions.
Boundary conditions can be obtained by matching this
zone with the solutions obtained in the preheat

zone (77 - —OO) and with the convection zone (77 - 00) :

n— 40w E:ﬂ:O;
dn dn
dt @8)
—— —=—(1+ 7).
e (1+5)
It yields:
t=y. (29)



Since, the analysis is restricted to the cases where
fuel is the limiting reactant in the reaction zone and oxy-
gen is in excess, the reaction rate Wg can be written

as: Wy =0 W KC; K= Bexp(—%},

where C, W and v are the molar concentration, molecular
weight and stoichiometric coefficient of the fuel compo-
nents. K is the rate constant of the overall reaction, respec-
tively:

o AV
(pu Vu )2 CYFC

w= Fu 0 We CB V\ZF CeB exp [—EJ . (30)
(pu Vu ) CYFC RT

From above equations, it is concluded that:

It A(b+y)exp(t). G31)
dn?
2
where A= % exp[—iJ .
Pu Vu C RTf
It yields:
2(1+b)A=(1+ ). (32)

Now, the burning velocity can be evaluated as:

exp(—%] . (33)
f

If the values of parameters b and T; are known,
V, which is defined as a burning velocity calculated by
neglecting vaporization heat of fuel particles can be eval-
uated. Since the thickness of reaction zone is too small, it
is justifiable to set y. =0; it means b=0. For calculat-

V2 _2(1-1—b)uFﬂ~U Be’
’ p,C(1+BY

ing the burning velocity (V, ), the following equation is
used:

v, =V, exp(—queJ. (34)

In order to obtain T; in the reaction zone, the fol-
lowing condition is used:

0 0
|:%jl + di = |:%jl + di ) (3 5)
dz |, o | dz | dz |, | dz | -

where the superscript + (0") denotes the conditions on the
interface between the convection zone and the reaction

zone. By considering O(¢) for gradients at 0", and sub-
stituting Eqgs. (25) and (28) into Eq. (35) with respect to
Yee =0, it yields:

3aa§ 3a2a% a’
- 4 ——(1+8)=0. (36)
(1+8) (1+8) (1+p) (1+7)

4. Results

It is assumed that the gas released from vaporiza-
tion of fuel is methane. Therefore, products are CO,, H,O,
N,. Here, the values of parameters used in calculations are
summarized as below:

A, =14.644x107 j/(msk) ; p, =1.135 kg/m’; Q, =0.8;

p. =1000 kg/m’.
Parameters of the appropriate overall chemical
kinetics rate are E =96.23kj/mole and

B =3.5x10° mol's™. Calculations of flame characteris-

tics based on present model have been done, and the
following results are derived.

The variations of burning velocity (Vy) versus
equivalence ratio (¢,) for different values of r, are
shown in Fig. 2. It can be seen, for given value of ¢, the
burning velocity increases with decreasing the value of
ry. In Fig. 3 flame temperature as a function of equiva-
lence ratio for different values of particle radius is plot-
ted.

i2
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Fig. 2 Variation of the burning velocity as a function of
@, for different values of r
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Fig. 3 Variation of the flame temperature as a function of
@, for different values of r,

As shown in Figs. 2 and 3, the smaller particles
are, the higher flame temperature and burning velocity
will be. By decreasing the radius of particles, the ratio of
the surface to the volume of heat transfer increases, which
is led to enhancement of heat transfer rate to particles;



therefore, the particles vaporize and reach to the ignition
temperature sooner; finally, burning velocity and flame
temperature increase with decreasing the particles radius.

Later studies have shown that in combustion
problem due to high level of temperature, radiation plays
an important role in flame structure and its characteristics
such as flame temperature and burning velocity. This ef-
fect becomes more obvious in combustion of solid parti-
cles. Since the absorption coefficient of particles is higher
than absorption coefficient of gasses, the radiation should
be taken into account in combustion of particles. In the
present study, the radiation emitted from the reaction zone
to the preheat zone has been considered. We can infer
from the Fig. 4 that the radiation results in temperature
rise of the particles and gas mixture. In Fig. 5 the varia-
tions of the burning velocity versus equivalence ratio by
considering radiation effect are plotted.

18

—4—r, =100, without radiation r, =100, with radiation

16 | —k—r, =50, without radiation —m—r, =50, with radiation

19 | —Fr.=20, without radiation I, =20, with radiation

5

6

Pu

Fig. 4 Effect of radiation on burning velocity for different
values of r,
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Tr®
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Fig. 5 Effect of radiation on flame temperature for differ-
ent values of

Since the modeling of radiation term in the com-
bustion of fine particles is complicated, some simplifica-
tions were made in order to find the influence of radiation
on flame velocity and flame temperature. Not only a
source term is needed to be considered in the preheat
zone, leading to increase in flame velocity, but also an
additional sink term neglected in this study is required to
be taken into account in the flame zone. Thus, the flame
velocity and temperature presented here is somewhat
overestimated, but it is more reliable than the case in
which radiation effect is ignored; higher flame velocity is
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gained when the radiation term is considered.

In Figs. 6 and 7 the variations of the burning ve-
locity and flame temperature versus equivalence ratio for
different amounts of recirculated products are reported.
By increasing the recirculation amount of hot exhaust
gases, the combustion air is diluted more, as a result of
which flame temperature and burning velocity are re-
duced. As combustion proceeds in lower temperature
through increase in recirculated mass, lower level of NOy
emission is gained, which is very important in control of
pollutants.

4

V, (emss)

—8— EGR=30%
EGR=15%

—d— EGR=0%

Fig. 6 Variation of the burning velocity versus ¢, for dif-
ferent amounts of recirculated products
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Fig. 7 Variation of the flame temperature versus ¢, for
different amounts of recirculated products

5. Conclusions

The mild combustion mode of particulate reac-
tive flow in which biomass particles are used as a main
fuel has been investigated. An analytical approach has
been used to evaluate the flame characteristics and their
variations with respect to the percent of recirculated prod-
ucts. The radiation and particle size effects have been also
studied. It has shown that the radiation effect causes flame
temperature to increase and smaller particle to culminate
to higher flame temperature. Utilizing exhausted gases
recirculated leads to a lower flame temperature, thereby
hazardous emissions are reduced. Furthermore, there is a
limitation in recirculated gases amount.
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NESMARKUS DEGIMAS ORGANINIUY
MIKRODALELIU DULKIU DEBESYJE

Reziumé

Siame darbe nagrin¢jamas kietyjy daleliy masés
judéjimo poveikis nusistovéjusiam liepsnos plitimui toly-
giai pasiskirsc¢iusiy lakiy organiniy daleliy debesyje. At-
likta asimptotiné analizé pagrjsta dideliu Zeldoviciaus
skaigiumi arba aukstu degimo reakcijos lygiu. Si 1D lami-
nariné liepsna suskirstyta i tris zonas: paSildymo zona,
kurioje cheminés reakcijos greitis yra nedidelis ir garavi-
mas turi didele jtaka temperattry ir masiy pasiskirstymui,
reakcijos zong, kurioje daleliy konvekcijos ir garavimo
grei¢iai yra mazi, ir konvekcijos zona, kurioje difuzijos
dedamoji tvarumo lygtyje yra nezymi. Siame modelyje
daroma prielaida, kad i§garavusios dalelés uzleidzia vieta
degioms dujoms; iSmetamosios dujos sugrizta i pasildymo
zong, kur susimai$o su pirminémis dalelémis ir degiomis
dujomis arba neleidzia orui labai jkaisti ir taip palaiko
palyginti Zema liepsnos temperatiirg. Tiriant liepsnos cha-
rakteristikas, esant jvairiems kietojo miSinio santykiams,
atsizvelgiama | spinduliavimo ir masés judéjimo veiks-
nius. Spinduliavimas i§ reakcijos zonos i daleliy ir dujy
misinj, vykstantis paSildymo zonoje, didina liepsnos tem-
peratiira ir degimo greiti. Kadangi kar$tos iSmetamosios
dujos nukreipiamos j tiekiamo oro srautg, degimo oras
atskiedziamas, todél liepsnos temperatiira, o atitinkamai ir
NOx emisija, mazéja.
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MILD COMBUSTION IN MICRO ORGANIC DUST
CLOUD CONSIDERING RADIATION EFFECT

Summary

This paper presents the effect of mass recircula-
tion on the structure of steady state flame propagation in a
uniform cloud of volatile organic particles. Based on large
Zeldovich number or high reaction rate of combustion,
asymptotic analysis is used. This one-dimensional laminar
flame structure is divided into three zones. The first zone
is a preheat zone in which the rate of chemical reaction is
small, and evaporation plays a significant role in tempera-
ture and mass distribution. The second zone is a reaction
zone in which convection and vaporization rates of parti-
cles are small. The third zone is a convection zone in
which diffusive terms in the conservation equations are
negligible. In this model, it is assumed that particles va-
porize to yield a gaseous fuel; also, a massive exhaust gas
recirculates to the preheat zone where it mixes with pri-
mary particles and gases either to dilute the combustion
air and to generate relatively low flame temperature. At
last, the flame characteristics for different equivalence
ratios of the solid mixture are studied by considering the
effects of radiation and mass recirculation. Radiations
from reaction zone to the mixture of particles and gases
existed in the preheat zone increase flame temperature and
burning velocity. As the hot exhaust gases are recirculated
to the inlet combustion air, the combustion air is diluted;
thus, flame temperature and consequently NO, emission
are decreased.

Keywords: flameless combustion, analytical model, or-
ganic particle, laminar premixed flame, radiation effect.

Received January 28, 2012
Accepted June 17,2013



