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Prediction of NOx Emissionsin Recovery Boilers

— An Introduction to NOx Module

1. Introduction

In laminar flames, and at the molecular level within turbulent flames, the formation of
NOx can be attributed to three distinct chemical kinetic processes. The NOx formed by
these three processes is described as therma NOx, prompt NOx, and fuel NOx. Thermal
NOx is formed by the oxidation of atmospheric nitrogen present in the combustion air.
Prompt NOx is produced by high-speed reactions at the flame front, and fuel NOx is

produced by oxidation of nitrogen contained in the fuel.

Thermal NOx

The formation of thermal NOx is determined by a set of highly temperature-dependent
chemical reactions known as the extended Zeldovich mechanism. The principal
reactions governing the formation of thermal NOx from molecular nitrogen are as

follows:

O+N,«*—>N+NO

N +0,«*2 50+ NO

A third reaction has been shown to contribute, particularly at near-stoichiometric

conditions and in fuel-rich mixtures:

N +OH «*2 5sH + NO

The rate of formation of thermal NOx is significant only at high temperatures (greater
than 1800 K) because fixation of nitrogen requires the breaking of the strong N, triple
bond.

Prompt NOx
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Prompt NOx is most prevalent in rich flames. The actual formation involved a complex
series of reactions and many possible intermediate species. The route now accepted is as

follows:

CH+ N,«——HCN +N
N+0O,«——NO+O

HCN +OH «——CN + H,0
CN+0O,«—NO+CO

Many investigations have shown that the prompt NOx contribution to total NOx from

stationary combustors is small.

Fuel NOx

It is well known that nitrogen-containing organic compounds present in liquid or solid
fuel can contribute to the total NOx formed during the combustion process. The extent
of conversion of fuel nitrogen to NOx is dependent on the local combustion
characteristics and the initial concentration of nitrogen-bound compounds. Fuel-bound
nitrogen-containing compounds are released into the gas phase when the fuel droplets or
particles are heated during the devolatilization stage. From the therma decomposition
of these compounds, in the reaction zone, radicals such as HCN, N, CN, and NH can be

formed and converted to NOX.

2. NOx Formation and Destruction in Recovery Boilers

As mentioned above, thermal NOx is significant only at the temperature higher than
1800 K. Normally in recovery boilers, fuelled by black liquor, bark, or hogfuels, the
maximum gas temperature is lower than 1800 K. Prompt NOx aso contributes less to
the total NOx emission from recovery boilers because the flame is less rich comparing
with the normal gas flames. Therefore, both thermal NOx and prompt NOx can be
neglected in the NOx emission prediction at present. However, the NOx emission from
recovery boilersisin alower level comparing with utility boilers fuelled by fossil fuels.

The relative importance of thermal NOx and prompt NOx may increase. Tao et al. [1]
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predicted the NOx emission from a Kraft recovery boiler, and found that 19 ppm is from
thermal-NOx among the total NOx emission of about 48 ppm. For further study, both
thermal NOx and prompt NOx should be included in the NOx prediction.

Fuel NOx makes the greatest contribution to the total NOx emission from recovery
boilers, especially when the nitrogen content in the fuel is high. The nitrogen-containing
compounds in the fuel may release into gas phase at both devolatilization stage and char
burning stage. We name the nitrogen-containing compounds released during the
devolatilization stage as volatile-N, while those released during the char burning stage
as char-N. The distribution of fuel nitrogen in volatile-N and char-N depends on the fuel
properties, and may vary from fuel to fuel. As a normal treatment, it is acceptable to
assume that the mass fractions of volatile-N and char-N are proportional to the mass
fractions of volatile and fixed carbon respectively if no related experimental data are
available.

The volatile-N may appear as different forms of chemical species, such as HCN, NHg,
CN and so on, when it is released into the gas phase. According to the investigation by
Forssenet al. [2] and lisa et al. [3], the volatile-N mainly releases into gas phase in the
form of NH; in the case of black liquor combustion in the recovery boiler. In this model,
therefore, we assume the form of volatile-N to be NH3 only. It is also assumed that the
volatile-N evolution has the same rate as the devolatilization. In the gas phase, NHz will
be oxidized by O, into NO, or reduced by NO into No.

The char-N may be oxidized into NO if oxygen can reach the surface of the char
particle. It may also release into gas phase in the form of N, if oxygen cannot reach the
surface of the char particle [2, 3]. It is possible to simulate this process, but it needs to
make improvements on the existing black liquor combustion program. As an aternative
way, it is assumed in this model that the char-N releases out during the char burning
stage in the form of HCN. In the gas phase, HCN will be oxidized by G, into NO, or
reduced by NO into Nb. The release rate of char-N is assumed as the same as char

burning rate.

The heterogeneous reaction of NO reduction on the char particle surface has been found

in our experiment [4], and also by lisa et al. [3]. The reduction rate determined by lisa et
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al. has been adopted in this mode.

If the fuel staging technique is adopted in the recovery boiler, the NO reduction by
reburning mechanism will be significant. When the secondary fud is injected into the
furnace to form a fuel rich zone, named reburning zone, the hydrocarbon radicals CH;
will react with the formed NO from the main combustion zone to produce HCN. Under
the reducing atmosphere, HCN is mainly reduced by NO into N,. Many investigations
have proved that the NO reduction rate can be as high as 60 % by using reburning
technique. In this model, the global reaction rate between CH; and NO derived by Chen
[5] is adopted.

The NOx formation and reduction in recovery boilers, as discussed above, can be

summarized by the reaction pathway as follows:

6. CH; 5:NO

Char-N —» HCN

/ 4: O
S

Fuel-N

VolatileN—p| NHz | »| NO |3 Char "

1: O,
2:NO l

N>

The reaction rates of above six reactions are as follows;

R = Aﬁ.XNHg,X(a)Z exp(—E, /RT)

R, = AZXNH3XNO exp(_Ez | RT)

R, =[Ay exp(-E; / RT) + ApXco &XP(—Ey, / RT)] XNo
R, = AXion ng exp(-E,/RT)

Rs = AsXiion Xno €XP(—E5 / RT)

Rs = AXpcXno &XP(—E¢ / RT)

where R, R, = conversion rate of NH3 (1/s)

R, =NO reduction rate by char particle (m?/s/mger?)
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R,, R, = conversion rates of HCN (1/s)

R, = NO reduction rate by reburning (1/s)

T = instantaneous temperature (K)
T = mean temperature (K)

X = mole fractions

A =4.0x10° Us

E, =32,000 ca/mol
A =1.8x10%1/s
E, =27,000ca/mol
A, =0.204 nt/meer?/s(if T < 923 K)
= 1.26x10° mP/meer?/s (if T > 923 K)
E,, = 16,000 cal/mol (if T < 923 K)
= 57,300 cal/mol (if T > 923 K)
A, =378 n/meger?/s(if T < 923 K)
= 7.12x10™° ni/meer?/s (if T > 923 K)
E,, =18,160cal/mol (if T < 923K)
= 57,300 cal/mol (if T > 923 K)
A, =35x10"° 1s
E, =67,000cal/mol
A =3.0x10"1/s
E. =60,000 cal/mol

A =272x10° /s




Prediction of NOx Emissions in Recovery Boilers Dr. Jerry JW. Yuan

E, = 18,800 cal/mol

R = universal gas constant equal to 1.986 cal/(mol-K)
The oxygen reaction order ais calculated from the following equation:

1.0, %,, <4.1x10°°

~3.95-0.9Inx, 4.1x10™° < X, <1.11x10°?
~0.35-0.1InX,,,1.11x10? < X,, < 0.03
0,%,, =003

3. Turbulence-Chemistry Interaction M odel

The flow in recovery boiler is fully three-dimensional and turbulent. There are
interactions between turbulence and chemistry. Additional effort is necessary in order to
calculate the mean reaction rate correctly. The influence of turbulence on the reaction is
taken into account by employing combined Arrhenius and eddy breakup model. In the
eddy breakup model, the rate of reaction Rk (kg/nT/s) is given by the smallest of the

two expressions below:

€ m
:1)'. M — R
R,k ik IAp k’UIR’kMR
m
R,k:UIi,kMiABpE 2:3 -
kzpDP,kMP

where v'; | = molar stoichiometric coefficient for species i in reaction k
M; = molecular weight of species i (kg/kmol)
e = dissipation rate of turbulent kinetic energy (nf/s®)
k = turbulent kinetic energy (nf/s?)
mgr = the mass fraction of a particular reactant, R, giving the smallest value of R
mp = the mass fraction of any product species, P

A =anempirica constant equal to 4.0
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B =anempirical constant equal to 0.5

In the combined Arrhenius and eddy breakup model, the reaction rates are calculated
from the Arrhenius expression (the chemical reaction rate shown above) and the eddy
breakup modedl. The limiting (Sowest) rate is used as the reaction rate, and the
contribution to the source terms in the species conservation equations are calculated

from this reaction rate.

According to the above models, the source terms of species NHz, HCN and NO

conservation equations can be arranged as follows.

Source terms for NHz (kg/s/n?)

SNH3—V :S/MNVMNHg,/MN/V

P e P M e P
NH
=—mi Hy AL __ M, — "Ny ABZ__
S\IH n{ Rl NH NH k RT NH3 M o + M o NO k RT}
P e P M e P
NH N
= Xy A——,M,,, ———2—X%, AB——
3\1 mn{ R, NH3 i RT NH: 1 o+ MHZO N, K RT}
Source terms for HCN (kg/s/nT)
Sicn-c = SIMeM ey /MN v
. M, P € P M e P
=—-mn{ R, —<— M Xy A— M —No____x AB-—
S—|CN—1 n{ 4 RT HCN “*HCN k RT HCN M o + MHCO NO k RT}
P e P My e P
Xy A— .M _— ——
S—iCN—Z n{ R) HCN HCN k RT HCN M " + M oo N, k RT}
P e P M e P
S—|CN 3~ mn{ Re HCN XNOAk R.T M HCN MHCN ‘H"CR/IHZO Xien E RT
Source terms for NO (kg/g/nT)
. M P € P M e P
=mi 0 M Xy A= — N x AB- —
SNO—l n{ Rl RT NO NH k R NO M " + M "o NO k RT}
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Siors = =M R, 21227 M X AT MNOWXNZABER—F;}
SNO—3

SNO—4 = 4 M NOP NO XHCNAgk le' NO M NOM+N|S/| o EE}
Svo-s = —mir{ Rs NOXHCNAT( :. Mo ﬁ XNZAB%%}
Siors = =M R Mo XoAZ I\/IMTX 8L )

where Syna.v = source of NHs from volatiles (kg/s/nT)
Sicn-c = source of HCN from char (kg/s/nT)
Sy = source of volatiles originating from fuel droplets into the gas phase (kg/s)
My = mass fraction of nitrogen in the volatiles
S = char burnout rate (kg/s)
Mnc = mass fraction of nitrogen in char
V = cell volume (nT)
P = the pressure of combustion system (atm)
R = universal gas constant equal to 8.206x10°2 nr-atm/(kmol-K)
Ager = BET surface area of char particle (mf/kg)

Cs = concentration of particles (kg/nT)

4. NOx Module

NOx concentrations generated in the combustion process in recovery boilers are
generally low. As aresult, NOx chemistry has negligible influence on the predicted flow

field, temperature, and major combustion product concentrations. It follows that the
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most efficient way to use the NOx module is as a postprocessor to the main combustion
calculation.

In the NOx module, the species conservation equations of NHz, HCN and NO will be
solved in iteration. The procedure to calculate these three equations will be the same as
to other scalar equations except the diffusion coefficient and the source terms as
discussed above. The calculated data from the main combustion simulation will be used
in the module, such as velocities, temperature, density, turbulent kinetics, and so on.
Also the calculated values of fuel droplet combustion process, such as volatile releasing
rate, char burnout rate, and particle concentration, are very important for the NOx

simulation.

4.1 Input Data

The necessary input data for NOx module are listed as follows:
fne — mass fraction of nitrogen in fuel
fwm — mass fraction of volatile in fuel
frc — mass fraction of fixed carbon in fuel

S/ — mass rate of volatile released into gas phase at each cell (kg/s), calculated
from droplet combustion program

S — consumption rate of fixed carbon at each cell (kg/s), calculated from droplet

combustion program

cs — concentration of particles at each cell (kg/nt), calculated from droplet

combustion program

Ager — BET surface area of char particle (nf/kg). According to the measurement
by lisa et al. [3], the BET area has a vaue of 14,000 nf/kg at the
temperature of 1023 K, and 1,000 nf/kg at the temperature of 1173 K.

Mnv — mass fraction of nitrogen in volatile. According to the assumption in this

moddl, it can be calculated as

fy,

M, =—"
W fVM + fFC
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Mnc — mass fraction of nitrogen in char. It is the same as Myy because of the

assumption in this model.

fy,

My =—"
e fVM + fFC

4.2 Linearization of Source Terms

To ensure the convergence of the iteration, the source terms of NHz, HCN and NO
should be linearized as

S=5+ S0

Here, S can not be positive. The linearized source terms of NHz, HCN and NO are as

follows:
St -nH, = S, v
Se -, = (S Si,2) [ X,
SHen = Shen-c T Suen-s
Seton = (Shen-1  Stion-2) / Xron
Sno = Svo1t Shos
Sono = (Svo2 T Shos T Swos T Swos) / Xno
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Appendix: Calculation of Thermal NOx and Prompt NOx
Thermal NOx

The NO source term due to thermal NOx mechanismsis

d[NO]
SthermaI—NOx =M NO T

Here d[ NOJ/dt can be calculated as

d[NQO] _ 20](kk,[O,][N,] —k_k_,[NOJ*)
dt k,[0,] +k_[NO]

Using partia equilibrium [O] approach, [O] isformulated as

[O] = 36.64T72[0,]”% exp(~27123/ T)

The rate coefficients in above formulates are as follows (in unit of n? mol s%).

k, =1.8x10° exp(—38370/T)
k, =3.8x10" exp(—425/T)
k, =1.8x10"T exp(—4680/T)

k_, = 3.8x10°T exp(—20820/T)

All concentrations are in unit of mol mi°.

Prompt NOx
The NO source term due to prompt NOx mechanismsis
d[NO
Sprompt—NOx =M NO %
Here d[NO]/dt can be calculated as
dINO] a E.
= =k [0 [N, ][ Fuel ep(——2)

where
— 7 +1 3 atl -1
K, =12x10"(RT/P)**  (m®-mol)**.s
E, =60kcal - mol
R=1.986x103kcal - mol™-K * =8.206x10"°m?* - atm- mol *- K ™

P is pressure in unit of atm. If the main combustible species released from bark or wood

chip is CHa, [Fuel] in the above equation can be replaced by the concentration of CHa.

12
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Here all concentrations are also in unit of mol nis.
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