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THE REDUCTION OF NITROGEN MONOXIDE
CONCENTRATION TO THE COALS HAVING A HIGH
CONTENT OF ASH

I. PISA, C. NEAGA™

In lucrare autorii si-au propus studierea formdrii de NOy la cdrbunii cu
continut ridicat de cenusd. In primul rdnd s-a determinat timpul de uscare functie de
masa minerald externd si de diametrul inifial al particulei de cdrbune. In al doilea
rdand a fost cuantificatd influenta masei minerale asupra concentratiei de oxizi de
azot.

In this paper, the authors analyse the generation of NOx in the coals having
a high content of ash. On the one hand, the drying time has been determined,
depending of the external mineral mass and the initial diameter of the coal particle.
On the other hand, the influence of the mineral mass over the concentration of
nitrogen oxides has been quantified.
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Introduction

The authors study the burning of the coals having a high content of ash which
derives from the mineral mass. The mineral mass of the coal consists of:

e the internal mineral mass which derives from the mineral mass of the genetic
material (the combustion of the particles leads to the appearance of the
internal ash which is carried from the particles surface and included in the
corresponding gas phase.)

e the external mineral mass which derives from the sterile drawn in the coal
extraction (after the combustion it transforms into the external ash and it
represents about 90% from the total mineral mass.)

The methods of approaching the elementary analysis of a test carried from the
raw coal bunker do not make evident the existence of such fully inert particles.
The mineral mass of the initial particle having the diameter d,. is composed of the
internal mineral mass and of the external mineral mass. The extraction technology
of lignite (by uncovering) leads to the idea that the external mineral mass consists
of separate mineral particles (after grinding). These accompany the rest of the
particle which is burning and which contains only the internal mineral mass. This
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is uniformly distributed and after burning it passed into the combustion gases. If
the fraction corresponding to the external mineral mass is noted by x. (usually
Xe £0.90 [1]) and those mentioned above are taken into consideration, one can
reach the conclusion that after the external mineral mass (the ash) is removed, the
coal is enriched and will have the following elementary analysis:

C'=foC° % H' =fo ,H®, %; Si=fy.S!, % N'=f,N°, %; O'=f,,0°, %;

A= fo (L= x)A°, %, W] = fo W7, %, (1)
where the transformation factor f;; is given by the expression:
100
= 2
fo 100 x, - A° @

Taking into account the transformation factor, the values of the imbibition
and hygroscopic moistures (together form the total humidity) modify, as follows:
W= fo W, % Wi =fo Wy s % 3)
The technical (immediate) analysis of the coal (the content of volatile and
of fix coal) is also influenced by the transformation factor fy.; :
Vi=foV° , %; lf :fofic})' , 703 4)

The removed mineral mass, after the combustion of the remaining
combustible, leads to the formation of n, particles of ash. The jet of dust
introduced into the furnace consists of plenty of such independent “units” (Fig. 1).
A “unit” is formed by a particle which burns accompanied by the “cloud” of ash
particles. If the combustion process includes the drying phase, the total burning
time is divided into four areas (Fig. 2), compared with three zones [6], as follows:
the drying area, the ignition area, the area of combustion of volatile substances
and the zone of finishing the combustion.

The drying area Z, corresponding to the interval 0<t<t; where 1, is the
time when the dust humidity, w, = 0. (it is also named drying time).

The ignition area Z; corresponding to the interval 1,< 1 < 1,, where 1, is the
moment when the introduction of the secondary air begins. The processes from
this area consist mainly of the emission of the volatile substances. This moment is
situated after the moment T, corresponding to the moment of the ignition of the
volatile substances. This is the moment of the beginning of formation of the
monoxide nitrogen from coal NO,.

The area of combustion of volatile substances corresponding to the
interval 1, < T < 13. Zone Z, 1is characterized by the introduction only of the
secondary air or the secondary air together with the recirculated combustion gas
from furnace end-part (.,), after a time imposed law (in case of the paper a linear
law). The generation of NO, continues, being dragged by the introduction of the
secondary air in a succession of stages. Now, the nitrogen monoxide from the
combustion air appears; it is essentially depending on the temperature. There is
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also present the burning of base of coke, a process carried on both in parallel with
the combustion of the volatiles and after that. Z; and Z, zones unfold either
simultaneous or they succeed one another.

1 — coal particles; 2 — cloud of ash particles; 3 — diameter of gas cover of “one unit”, @

The finishing zone of the combustion corresponding to the interval
T3 < 1 < 1,. This area noted Z; is the area when the combustion process is finished.
The combustion air has been completely introduced. The particle burns fully up to
the ash particle which, practically, derives from the internal mineral mass.

1. The mathematical model for Z,

The equations characterizing the area Z, are:
e for the drying dynamics:

de B 6

[achO(T_; _T4)+agC(Tg _T)l% (5)

dr _ré'opap
where W, is the current humidity of the coal dust, [kgnumidity/K8coal]; 7 — the latent
vaporizing heat, r = 2258 kl/kg; p., — the apparent density, p,, = 900 kg/m’;
do — the diameter of the burning particle, m (constant in this area); as, — the
energetic coefficient of coal emission (it can be imposed acp, = 0.8); 0, — the gas
convection coefficient — particle, kW/(m?-K); the convection coefficient oy is

calculated by using the relationship [2]:

2 } ]
a, =5—(0.8805-10 T, -0.124-10°) ©6)
0
At the initial moment,
0.0,
TS0, =W, =W = —— )
oA
“100

After t = 1 (1 is the drying time) W, = 0.
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Fig.2. The structure of the pulverized jet coal
e for the variation of the temperature of the gas phase:
dT, Vo aw
—L=i—n(E+ 4 -1 ‘”””+1242 2T, -273) -
dr { { (¢ ) T, dr }( ¢ )
6a d w, PO
— (T, )—— Ltr (&4 —1)=um (T, -273) - (3)
50pap g g d'Z' 7’—a
naaga a ol O,d, 4 4
6 5o (T, ~T)+6: 5—(T —T )tV
0/ap~g

where V_, is the gas Volume with reference to one kilogram of drying coal ; it is
calculated with the relation :

v, —/1pV;j,m+1.242VV,"+[¢,.(§+/1]—) rop (E+ A, —1)+

. o ©)
+r (E+ 4, —1)— }Va‘f{m +1.2420 -

Tll

kg
where /, is the excess coefficient of primary air; A

; — the coefficient of air excess
in the furnace at the level of burners; 4.,

— the coefficient of air excess at the
evacuation; r; ,ry — the recirculating degree from the burning inlet and from

furnace end-part, respectively; #; — the imbibition humidity (it is calculated with
the relation 3); Voaum — the theoretical volume of wet air that is corrected with the
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transformation factor, fy.i; To — the total time of combustion, initially admitted
between 0.5+1.5 seconds, lately its value being checked up; ¢, — the heat specific
to the burning gases (it is admitted constant, c,=, =1.35 kJ/(m} -K)); i’- the
enthalpy of the saturated steam, 1’=2676 kJ/kg; ag.-the convectlon coefficient
from gases to the ash particles; 0g,=2A,/0,, Where 6,=20- 10°m (the diameter of the
ash particle); T, — the temperature of the ash, K; a, — the energetic coefficient of
the gas emission inside the cover, at the temperature Ty, a; = 0.3+0.4 [5]; T — the
temperature of the particle (373 K); ®@ — the diameter of the cover [3], m; this
diameter is calculated by the relation:

1/3
® = 50[pap 87, TJ H (10)

where Ty is the reference temperature, To=273 K and the number of ash particles,
n, is calculated by the relation:

0 3
n, =LeXe A O | (11)
100-p, (&

where p,, is the ash density, p,= 1500 kg/m’.
e for the variation of the temperature of the ash particles:

dT, 60

¢, 1s the specific heat of ash, kJ/(kg'K); it is admitted the constant, c, = 1
kJ/(kg'K); a, — the energetic emission coefficient of ash, a,=0.7; a., the blackness
coefficient of the system particle-ash [4], a,,=0.7; @can — the mutual radiation
coefficient between the particle and the ash, @¢an= 0.2 [5].

2. The mathematical model for Z;
The equations characterizing this area are:

e for the dynamics of volatiles emission:
8900

W 150000 (7 ~v)-e T ,[ke/(kg.s)l; (13)
T
e for the dynamics of volatile substances combustion:
4650
dav.
W o0-(7-w)-cp e '+ LA ko)), (14)
dr oz, AT

where the gases volume of this zone is given by the relation:
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0 =2y Vo, 12400 {rf (§+/If —1)+r[(§+/1, —l)Tl+;;W (E+4, —I)Jme +(V-W)v, +
‘ (15)
3

3
{1—;}(1{;’— m—1.2421/1{){[1—;]V—W}(SﬁHv+O.8M,+0.7Q,), [m, / kg]

0
where v, is the specific volume of the volatiles, v,=1.307 m,f, / kg [6].

For the volatiles with medium composition (Hy, Ny, O, — mass fractions of
hydrogen, nitrogen and oxygen from volatiles), the factor 5.6H, + 0.8N, + 0.70,
= 0.86 — represents the volume growth of the combustion gases at the volatiles
burning [3]. The value of derivate dV,, /dr is given by the following relation:

dv, 2 .
ngZr}(é"i_/li_l)l’Va?‘m""(dV_Wj'vv_si’(VO—V;lm—l.242VV,Z)d§_
dr T, dr dr s, ¢ T (16)
2 3 3 ’
—0.86 —%Vﬁ—i— 1_573 dl_dl , My
o, dr o, Jdr dr | kg-s
and the concentration of oxygen in this zone is :
C, =124, +r (A =)+ 1, (A, 1) 47 (4 -1) =~ -9,
i ‘D g f evp evp i i Ta 603 ( 1 7)

3 M M
+|:[1—53JV—W} O {0 ,{kg(ﬂ
S, A/[()2 ng, my
where the mass of oxygen for burning one kilo of ennobled coal, M, and the

mass of oxygen for burning the volatiles, M, will be corrected with the

transformation factor fj.;

dar ={[c.(T-273)+0, E——{(Vi ~V)[e,(T-273)+0, ]+

dr 5

_ . ds 6
C T-273 A(T =213V 28y 2 .
o[, (T-2m)r0, Jred (r-2m) 20

dav 3

e for the variation of the temperature of the coal particle:
.{Joac (T3 -T*)+a, (T, -T)+k-C % [coz (1, —273) —%coz (T - 273)} -

rZ T

. (T“—Tf)}}/[c"(w_m Hﬂ

+c,, C;‘ +c, A

(18)
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where £ is the constant of the kinetic coal combustion speed and the concentration
of oxygen on the surface of coke particle which burn in Z; is:
C

C, = 4 (19)
pZ, 2 2
1+@_0_75ﬁ
D D-®

where D is the diffusion coefficient, [mz/s]; the diameter of the cover @ in this
area results from the relation 10, in which v, is replaced with v, .

o for the variation of the temperature of the gas phase:

dT v, dv  dw 65°a,,
—£= {_cg (Tg _273) ng _(dZ'_dTJQV - 5333 (7; _T)_

0 Map

5p, sip, AT, (20)

0/~ ap

uf, o, ) s

0
.[coz (Tg —273)—;ch0z (T—273)}+r,.cg (§+,1i _1)(Tﬂ _273)%+

a

3 g’ gz
0/~ ap

+ 60° agao(T;—T;)}/(c V. ),[K/s]

e for the variation of the temperature of external ash particles (around the

burning particle):
£ -J—c (T —273) 8% _(dV_deQV_ Bagc (T —T)—
dr Eve dr dr dr 8 Loy g
657 5 -5 aAi 2
e ”ﬁ( - 3)pp (1, -1,)--22kc,, 2 21
50pap é‘azloa 50pap T;g ( )
L eo, (T —273)—ﬁc (T-273) | +rc, (£+ 4 -1)(T —273)@+
0, g 32 0, i~g i f Ta
6P’
+53p a,0, (T;; _T;)}/(chgz, ),[K/S]
0 Map

o for the variation of the diameter of the coal particle:

a6 _|8dr 2 0 Nl L ey v ed) i), (22)
dr | 3dr p, "Ty\ Mo, —vM oy,
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3. The mathematical model for Z,

This area is characterized by the introduction only of the secondary air or
the secondary air together with the recirculated gases from the end-part of the
steam generator (Teys). This zone corresponds to the interval 1, < t < t3. The
secondary air introduction period is At (At = T3 - T2).

The dynamics of emission of volatiles, the dynamics of combustion of
volatiles and the variation of the temperature of coal particle have the same
expression as relations 13, 14, respectively 18. The values of the gas volume, of
the oxygen concentration in the gas stage and of the oxygen concentration on the
surface of the coke particle have the following calculation formulae:

- for the volume of the gas phase in Z,:

0o T—T
Vg22 = Vng + [;tt - ;tp t Vs (é: + ;tev - 1) aum ATI 5 (23)
- for the average concentration of oxygen in the gas cover:
T—T 1
Ca, =1Co Vg, + Vs =2y + 1y (s ~DE— M, } : (24)
=7 Vez,

- for the diameter of the cover @ (which enters into the relation of calculation
of C,, )

3 3
nd” _ 76, T,

pa Z> m . 25
6 6 pngO ()

Other relations characterizing this area are:
o for the variation of the temperature of the gas phase:

I _ {_Cg (7, —273)%—(611/—”] 0, - 5% (1, -T)-

dr dr \dr dr 52 P
652 53 _53 A,‘ )
- ;aga "a+( — Jo (7.-7,)- 635 kcpzvﬁ.
50 pap 5” p‘l 50 p ap } T:g
0 26
'[Coz (7. —273)‘%% (T—273)}+V,-(§+&- -1)(T, —273)ch;ﬂ+ (26)

T-1,

(A =2, ) ully + 1o (£ A =)t [V p—

6v%a,0,
+53a/§(T; —7"84)}/(08Vg23),[1</s]
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dv. dv. y0

j:-74 gz

— 5% Lilr (E+4, —1)| — 27
e for the variation of the temperature of the external ash the relation 21;

o for the variation of the diameter of the particle which burns the relation 22,

with the remark that C,, is replaced with C,, and in the equation of the

where

kinetic of nitrogen volatilization is introduced 7,, . The rest of the

equations of the mathematical model remain unchanged.
4. The mathematical model for Z;

This area is a zone where the finishing of combustion takes place At the
moment of start, the entire quantity of air for combustion has been introduced and
all the volatiles have been released and burnt. Under these circumstances, the
relations are much simplified in this area comparison with the previous zone,
because:

d_V:();d_W—o; T—n :1;V=W=Vi (28)

dr dr T, -1,

The volume of the gas stage of area Zs, the concentration of oxygen in this zone
and the concentration of oxygen on the surface of the coke particle are given by
the relations:

Ve, ={ﬂi +7, (.§+/1,. —1)+rl.(§+/1f —1)i+(rwp +rm)(.§+ﬂw —1)]
i ’ ’ T

a

3
VO +1.242Wf+(V—W)vv+£1—5—3j(V°—V° —~1.242] ) - ; (29)
5,

aum g aum
0

—0.86[[1 - g—zjv - W} [m’, / kg]

0

R R s (3
g A\ T

a

3 M ’
o, ng3 my,

(30)
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C,,

C, = : 31
rh ko k-5 Gh

1+—-0.75
D D-©

where the diameter of the gas cover in this area is calculated by the expression:

/ T,
O = 503 papVgZ3 Tg (32)
0

In these circumstances the equations of the mathematical model are:
e for the variation of the temperature of the gas phase:

dT dv, 606*a 65°a
£ =l (T, -273) =L - (T, - T) - ——=-
dT dz— 5Opap 5Opap
5, -6 )p, A 2 T
na+(0 3) p (g_Ta)_ 635 kazz_O'
§apu §Opap - Tvg

0
. {coz (Tg ~273)- %coz (r- 273)} +r(E+ A - 1)(Tﬂ - 273)Cg VTJ +

’ [K/s ] (33)

. 6d%a,0
+ [ﬂscaumtp t Tous (5 + j'ev - 1)Cgtev }/a?lm + 53pg . (T;‘Z - T; )} /(CngZ3 )
0Fap

o for the variation of the temperature of the external ash, the relation 21;
e for the variation of the diameter of the coal particle which burns, the
relation 22 (C,,, 1s replaced by C,, and in the equation of the kinetic of nitrogen

volatilization is introduced V, ).

We remark that for the values of the gas volume, for the oxygen concentration in
the gas stage and for the oxygen concentration on the surface of the coke particle
the relations 29, 30 and 31 are used.

The mathematical model is completed by the equations of generation of
NO (thermal and from combustible) as follows:

e the equation of the kinetic of nitrogen volatilization:
dN"

. 4500
1500l N vl 3
- =1500 [7100ngz N ] e J[kg/(my -s)] (34)

e the dynamics of generation of molecular nitrogen:
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. . 2 1000

dﬂ:mo”[N—J e 't [kg/(my -s)] (35)

dr T,

o the formation speed of the nitrogen monoxide from the nitrogen from
combustible:
. L5 3750

d]f ) I'IOHANC[Q] e ', [kg/(my-s)] (36)

T g

e the generation of the nitrogen monoxide from the combustion air
(according to Zeldovici):

dNoa C 0,5 64500 43000
=3-34'10”N{—J e T -1558.10 (NOf(Co T, e T

T Tg
KgNOY/(mj, -5 )] 37)

The equations system formed by the four zones has been solved (in Turbo
Pascal) by the Runge — Kutta method.

Results and conclusions.

Based on the model from the area Z, there have been made calculation in
order to determine the drying time, obviously dependent on the initial diameter of
the coal particle and on x.. For x,=0.9 and diameters of the coal particle between
40+160um, the drying time alternates between 0.01+0.030 seconds, according to
Fig. 3.

The dependence of NO® concentration on the main parameters is expressed
by a relation of the form:

NOmax=F(80 , Xe» Ap » AT, Tevp Tevs ) (38)
where 7.y, 7. — recirculating degree of the combustion gas from the steam
generator end-part which are introduced with the primary air and with the
secondary air, respectively.

The system was solved using an inferior fuel (lignite) having the low
heating value, Q' = 7.100 kJ/kg and the concentration of the atomic nitrogen
existing in fuel, N' = 0.9 %.

In the Figs 4-6 the variation of the concentration of NOy is presented,
depending on the initial diameter of the coal particle, on the coefficient of
excessive primary air and on the time interval in which the secondary air is
introduced (following the linear law of time presented in the paper) for the two
cases analyzed: for x, = 1 and x. = 0.9. The other variables interfering in the
mathematical model (for example, the degree of recirculating of the combustion
gases) have been kept constant for all cases taken into consideration.
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Fig.3. The variation of the drying time as function of &y
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Fig.4. The variation of the concentration of NOx as function of d,
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Fig. 5. The variation of the concentration of NOx as function of A,
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Fig.6. The variation of the concentration of NOx as function of A,

Conclusions

In the proposed physical model the secondary air linear introduction
divides the combustion time into four areas: the drying area, the ignition
area, the area of combustion of volatile substance and the fourth area when
the combustion process is finished;

The secondary air introduction by an infinite number of air injections
(continuous access) led to nitrogen monoxide from fuel concentration
decreases up to 40-50% comparing to initial variant (air divided in two
parts — primary and secondary air). If one takes into account the
heterogeneous reduction of NO, in presence of residual coke (due to
carbon monoxide reaction on coke basis surface) it is possible to obtain a
total reduction of the nitrogen monoxide concentration greater than 60% -
80%;

NO value diminishes when the fuel particle initial diameter increases
while primary air excess coefficient decreases. It is underlined that this
dynamics has a minimum NO concentration value obtained for a A, value
which is function of initial volatiles content from coal;

The results obtained demonstrated that the influence of the mineral mass
over the nitrogen monoxide means, practically, a reducing of its total
concentration, by an average, of 7-15 percents.
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