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A relatively precise kinetic mechanism of NO, reduction using N>H,-H>0 in a selective non-catalytic reduction process
was proposed and verified by experiment in this study. The dominant radicals and reactions were confirmed, and the
proper ranges of key parameters were determined through sensitivity analysis. Both experimental and simulation results
show that the effective temperatures exhibit a bimodal distribution with the optimum temperatures being approximately
893 and 1248 K and the lower temperature window falling in the range of 848-973 K. The optimum residence time of
the reaction was 0.2-0.35 s under the research conditions, and a longer residence time would lead to the regeneration
of NO.. The normalized stoichiometric ratio (NSR) of 3.0 corresponded to the lowest temperature window, and a higher
NSR value would make the temperature window shift to a higher temperature range. This kinetic mechanism model for
the N,H,;H,0-based De-NO, process will serve its precise application. © 2014 American Institute of Chemical
Engineers AIChE J, 61: 904-912, 2015
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Introduction

Selective noncatalytic reduction (SNCR) De-NO, technol-
ogy has been used to reduce nitrogen oxide (NO,) emissions
from flue gas for nearly 30 years.1 In the SNCR process, a
gaseous or dissolved reagent (ammonia, urea, isocyanic acid,
etc.) is injected into the hot exhaust gases of stationary com-
bustion systems in the presence of a certain level of oxygen
to initiate a sequence of reactions that converts NO, to
molecular nitrogen (N2).2 However, the traditional SNCR
De-NO, reagents only work in a narrow temperature window
roughly between 1100 and 1400 K, during which the O,
level is around 4-8 V/V% for coal-fired boilers. This narrow
temperature window reduces the effective reaction range,
and the averaged De-NO, efficiency is only approximately
30% according to the practical operation log, which cannot
meet the rigid emission limitations.>™ In addition, the tradi-
tional reagents such as ammonia and urea are not suitable
for SNCR NO, removal from flue gas of lower temperatures
and higher O, contents, which is occurring widely in prac-
tice, for example, the temperature of flue gas exhausted from
iron ore sintering bed may not higher than 500°C while its
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O, level could be higher than 10 V/V %.° yet its NO, emis-
sion is strictly controlled’; another example is the flue gas
from incinerators, it often contains more extra O, but is of
lower temperature than that from coal-fired boilers yet its
NO, emission limits become similarly stricter.® To meet the
emission limitations,9 selective catalytic reduction De-NO,
technology is widely used in a much lower temperature
range (250-400°C),'!2 put NO, reduction based on an
SNCR process at lower temperatures is more desirable due
to its much lower cost and more convenient operation.'?
Hydrazine hydrate (N;H4-H,O) is a type of strong reducing
agent that is widely used as a rocket propellant, pesticide
material, an oxygen scavenger in boiler water, and so
forth. The compound N,H,;-H,O has been tentatively used as
a De-NO, reagent at moderate temperatures in bench-scale
experiments conducted by Azuhata et al.'’ The results
showed that NO was reduced to N, and H,O by N,H, in the
temperature range of 773-873 K and that the presence of O,
prohibited the reduction of NO,. Lee and Kim'* tested the
NO, reduction with hydrazine in a pilot-scale reactor and
found that hydrazine had an effective De-NO, effect in the
temperature range of 800-950 K, which was approximately
300 K lower than that of ammonia. Diesen et al.'” found that
the NH, radical plays the most important role in the SNCR
process, and the generation of the NH, radical is the key ele-
mentary reaction, which is similar to the thermal De-NO,
mechanism with ammonia and the NO, OUT mechanism
with urea. The differences are that the NH, radical is
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generated by a cleavage reaction of the N—N bond in the
N,H, molecule, instead of the N—H bond in ammonia and of
the C—N bond in urea."'® The average bond energy of the
N—N bond (251.04 kJ/mol) is lower than that of the N—H
bond (368.19 kJ/mol) and the C—N bond (338.90 kJ/mol),"’
which means that the activation energy for the N,H, decom-
position reaction is lower than that of ammonia and urea
molecules, indicating that this reaction can occur at a lower
temperature. Consequently, the De-NO, mechanism of hydra-
zine hydrate can be divided into two steps: the production of
NH, radicals by thermal decomposition and oxidation of
N,H; molecules, and the De-NO, mechanism between the
NH, radical and NO,.

Although N,H4-H,O can work well at moderate tempera-
tures, to date it has not been widely used in industrial proc-
esses. One of the main reasons is that the mechanism of the
reaction kinetics for the reductive reactions has not been suffi-
ciently clarified. To study the chemical kinetic mechanism of
the N,H4-H,O-based De-NO, process, many researchers have
conducted experimental studies,'*'* but the detailed mechanism
of SNCR De-NO, reactions has not yet been obtained.

To understand the behaviors of N,H4-H,O decomposition,
some simple models for describing its thermal decomposition
process were proposed based on experimental data obtained
from certain temperature ranges,ls’lg’19 but none of those
models can describe the whole reaction process and match
the experimental data well. In 2011, Konnov and De
Ruyck20 proposed a detailed decomposition mechanism of
hydrazine in inert gases that includes 11 species and 51 ele-
mentary reactions; the authors surmised that the initial
decomposition reaction of hydrazine into two NH, radicals
and the subsequent reactions between hydrazine and NH,
radical govern the hydrazine decomposition reactions and
that the NH, radical plays the most important role in the
decomposition process of hydrazine. Considering the influ-
ence of oxygen, Shen’' proposed a model with 21 species
and 125 elementary reactions for the N/H/O reaction system
to describe the decomposition process of hydrazine.

To investigate the De-NO, mechanism between the NH,
radical and NO,, a so-called Miller and Bowman (M&B)
model with 53 reactant species and 251 reactions was pro-
posed by Miller and Bowman' to describe the SNCR process
based on ammonia, this system includes the reactions
between NH; and NO in the SNCR process and the NO for-
mation reactions in the combustion process. Several reaction
rate coefficients of this model were later modified by Miller
and Glarborg.22

Taking into account both the thermal decomposition of
N,H4-H>,O and the reaction between NH, radical and NO,,
some rough models for predicting NO, reduction with hydra-
zine were proposed, but the SNCR De-NO, efficiencies pre-
dicted by these models were much greater than the
experimental data.®*>* Later a more detailed model for
hydrazine-based SNCR process with 24 species and 113 ele-
mentary reactions was proposed by Hong et al.,® by which
NO reduction trends as a function of temperature was pre-
dicted and matched the pilot-scale experimental data well,
but there was a distinct gap between the computational
results and the experimental data because the operational con-
ditions of the experimental reactor were far from a perfectly
stirred reactor (PSR), which neglects the influence of the
mixing process of the flue gas and reductants. Moreover,
some of the elementary reactions adopted in this model
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directly taken from the thermal De-NO, mechanism of
ammonia in the temperature range from 1100 to 1400 K,
which is quite different from the De-NO, temperature win-
dow of hydrazine hydrate (750-1050 K). Therefore, to
develop a more precise model, some reaction rate coefficients
of the elementary reactions in the model had to be modified.

Here, a more precise model describing the N,H,—NO,—O,
reactions was proposed, and the model was used to simulate
the actual N H4-H,O-based De-NO, process in a bench scale
experiment setup with help of Chemkin/Fluent. The simula-
tion results were compared with the experimental data. Addi-
tionally, critical influencing factors (residence time,
normalized stoichiometric ratio [NSR], etc.) were investigated
through a sensitivity analysis. The flue gas produced in the
experimental setup was characterized with high O, contents
varying in the range of 9.8-15.8 V/V%. The influence of O,
content in the flue gas on N,H,-H,O-based De-NO, efficiency
has been studied in previous work, which showed that the
decrease in O, content would move the effective De-NO,
temperature window to the higher temperature region, but the
De-NO efficiency is almost unaffected.” In this research, the
O, contents in the flue gas were remained in its natural
values to investigate the De-NO, behaviors under higher O,
contents.

Materials and Methods
Experimental setup

The experimental reactor system for N,Hy-H,O-based
NO, reduction is shown in Figure 1. The reactor wall is
insulated to maintain a nearly stable temperature distribu-
tion in the reactor. The total flow rate of the flue gas varied
from 62.8 to 98.2 Nm>/h. A solution of N,H,-H,O was
sprayed into the stream of combustion products through
two atomizing nozzles installed in a pilot-scale pipe flow
reactor. To measure the dosage of the De-NO, reagent, the
NSR was defined as

actual amount of De-NO, reagent

NSR= 1
stoichiometrically required reagent for De-NO, M

The flue gas contained approximately 150 ppmv CO, 10
V/V% H50 and 3 V/V% CO,. The N, was added into the
chamber of the furnace to regulate the O, level in the flue
gas. A group of thermocouples were installed at intervals of
1 m along the reactor pipe to measure the temperature distri-
bution of the flue gas in the reactor. The O, content in the
flue gas increased from 9.8 to 15.8 V/V% as the temperature
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Table 1. Modified Kinetic Parameters of Elementary

Reactions
Reaction A (ecm*mols) n  E (kJ/mol)
R32. NH,+OH = NH+H,0 5.0E11 0.50 8.32
R33. NH,+NO = NNH+OH 8.9E12 -0.35 0
R58. NH,+0, = HNO+OH 2.0E12 0.00 62.36
R114. NO+OH+M = HONO+M 5.1E23 —2.51 —0.28

decreased from 1271 to 780 K. Within this temperature
range, more than 90% of the NO, exists in form of NO;
therefore, NO was used to replace NO, in later discussions.
The inlet concentration of NO varied from 320 to 580 ppmv
and increased with the increase in temperature. Considering
the incomplete contact between the flue gas and the De-NO,
reagent, the NSR value used in the experiment varied from
1.5 to 4.0. The variation of NSR value is realized by chang-
ing the concentration of N,H4-H,O in the solution while the
flow rate of the reagent solution is controlled to be constant
to avoid the disturbance of the temperature field in the reac-
tor caused by difference in NSR values. A GASMET
DX4000 type FT/IR gas analyzer (Temet, Finland) and a
KMO9106 type gas analyzer (Kane, UK) were used to measure
the concentrations of NO, NO,, O,, and so forth along the
reactor. A PGM-7800 multiple gas analyzer (RAE Systems,
USA) was used to monitor the concentration of NH; to detect
the “ammonia slip,” and a PGM-7240 VOC analyzer (RAE
Systems, USA) was used to monitor the N,Hy slip.

Mathematical model

Sensitivity analysis is used to consider the impact of varia-
bles on the dependent variables.” It is defined as
S— ki OF(ki) _0lIn(F(k;))
' F(kl) 8k, Oln (k,)

(@)

where S; is the local sensitivity coefficient of the ith reaction
to the target function, F is the target function (NO concen-
tration in this research study), and k; is the rate coefficient of
the ith reaction. The absolute value of §; represents the
degree of impact. The larger the absolute value is, the
greater the effect on the target function is. If S; is negative,
the reaction will promote NO reduction; on the contrary, if
S; is positive, the reaction will enhance NO formation.

In this study, sensitivity analysis was used to study the influ-
ences of the reactions on the De-NO, efficiency to determine
elementary reactions composing the model, and 25 species and
114 reactions (which are listed in Supporting Information,

Appendix) were embodied in the final model to describe the
SNCR process based on hydrazine hydrate. According to the
local sensitivity analysis, the reactions of R32, R33, and R58
are the most sensitive reactions to NO concentration in the
classical SNCR mechanism, but the reaction rate coefficients of
R32, R33, and R58 applied in the classical SNCR process
could not match the N,H,-H,O-based SNCR process as they
have different temperature windows.""?? So, the reaction rate
coefficients of R32, R33, and R58 were modified based on a
kinetic model of the NH, + NO reactions as shown in Table 1.
Meanwhile, OH radical plays a key role in the N,H,-H,O-
based reaction process, the reaction between OH and NO,
which was not included in the classical kinetic reaction mecha-
nism, should be considered here. Therefore, a new reaction,
R114 was introduced based on the previous model.”7

During the simulation process, the gas flow field, heat
transfer, and reactions were considered simultaneously, and
the general form of the governing equation is defined as

div(pu¢g)=div(I'grad¢)+S 3)

where ¢ represents different variables in different equations,
p is the density in kg/m’, u is the velocity in m/s, and S is
the source term. The specific forms of ¢, I', and S in the dif-
ferent governing equations are listed in Table 2. The stand-
ard k—e¢ model was applied to describe the influence of
turbulence on the flow field of the gas in the reactor, and the
P-1 model was adopted to describe the radiation heat transfer
of the flue gas.?*~°
The constants in the governing equations are as follows

C1.=1.44,C5,=1.92,C,=0.09,0,=1.0,5,=1.3 (4

The parameter S, in the energy conservation equation is
the source term resulting from the following reaction

SC=Z w;Ah; 5)

where w; is the ith reaction rate and Ah; is the enthalpy
change of the ith reaction.

The NH,—NO reactions, thermal decomposition and oxidation
mechanism of hydrazine hydrate are integrated in this study, as
shown in the Supporting Information, Appendix. The reaction
rate of the ith elementary reaction can be calculated by

wi=k]] c7 ©)
J=1

ki=A.TPexp (—E./RT) (7

Table 2. Equations Governing the Standard k—& Model

Equation ® r
Continuity 1 0
X-momentum U Mo = HF 1 - %’3 + 2 (pesy %) + % (Merr %:) + 2 (bee %‘:)
Y-momentum v B =t 1y - %’ +5& <:ueff %) +& <:ueff %) +8 (ﬂefr %_?)
Z-momentum W Herr =+ 1y — B (b )+ & (e 52) + 2 (b 52)
Turbulent Kinetic energy K u+ ’G‘—: Gi+pe
Rate of viscous dissipation £ u+ % £(C1:Gr—Coepe)
Energy T Bt Se
Species Ya Dy+ S‘T“ s,
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Figure 2. Structure scheme and reactor grid.

(a) Three-dimensional model and vertical section sketch
of the flue-pipe reactor (unit: mm), (b) tetrahedral
meshes of the inlet section of the flue-pipe reactor.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

where C; is the molar concentration of the reactants in mol/m°,
n is the number of the reactants species, k; is the reaction rate
coefficient of the ith reaction, o; is the exponent of reactant. In the
Chemkin software, the default value of o is the stoichiometric
number of the reactant in simple reactions,”’ ™ A, is the pre-
exponential factor in cm®/mol s, f3, is the temperature exponent,
E, is the activation energy of the reaction in kJ/mol, and R is the
gas constant. The detailed values of the aforementioned parame-
ters are listed in the Supporting Information, Appendix.

Chembkin/Fluent coupled model

The PSR model in Chemkin was used to simulate the reac-
tion under ideal mixing conditions. Considering the influence
of the diffusion process of the reductant in the flue gas, Com-
putational fluid dynamics (CFD) simulations were used to
simulate the flow field inside the reactor. The Chemkin/Fluent
model was used to simulate the actual De-NO, process based
on the experimental reactor. The structure scheme and grid of
the reactor are shown in Figure 2. The initial and boundary
conditions were set according to the experimental conditions.

The simulation study was conducted by importing the reac-
tion mechanism file and the operating conditions of the
experiments, including the composition and flux of the flue
gas, the initial concentration of the reductants, the reaction
temperature, and so forth into the chemical kinetics software
Chemkin and the CFD software Fluent to start the simulation.

Results and Discussion
Experimental results and discussion
The De-NO efficiency n was calculated by
[NOJ

-l ®

where [NOJ;, and [NO],, are the volume fractions of NO at
the inlet and outlet, respectively. In the experiments it was
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Figure 3. De-NO efficiency of SNCR experiments as a
function of temperature.

Initial condition: O, content, 9.8% (higher temperature)
to 15.8% (lower temperature); NSR = 4.0.

found more than 95% of the NO, existed in the form of NO;
therefore Eq. (8) also gave the De-NO, efficiencies.

Figure 3 shows the De-NO efficiency as a function of tempera-
ture for different concentrations of the inlet NO. The results show
that the De-NO efficiency shows a bimodal behavior with temper-
ature: the lower temperature window is from 820 to 960 K, and
this window corresponds to higher efficiencies than those found
for the higher temperature zone. When the initial NO concentra-
tion increased from 360 to 811 ppmv, the temperature windows
shows little change, which indicates that the NO concentration has
little effect on the De-NO efficiency. Additionally, it is worth men-
tioning that no “ammonia slip” (ammonia emission from the reac-
tor) or “N,Hy slip” (N,H4 emission from the reactor) was detected
throughout hydrazine-based SNCR experiments.

Simulation results and discussion

Comparison of the De-NO, Efficiency Between the
Simulations and Experiments. Figure 4 shows the variations
of the De-NO, efficiency # as a function of the reaction temper-
ature and depicts the comparison of the experimental data with
the simulation results based on the Chemkin/Fluent coupled
model. The De-NO, efficiency was calculated using Eq. 8.

The solid line in Figure 4 shows the simulation result for
a PSR model in Chemkin. The two dashed lines refer to the

100 -
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80 =--= CHEMKIN/FLUENT (previous)
Experiments
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Figure 4. Comparison of De-NO, efficiency between
simulations and experiments.

Initial conditions: NO;, =450 ppmv (900 K), NSR = 4.0,
O, content: 9.8% (1271 K) to 15.8% (780 K).
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Figure 5. Distributions of temperature and molar fractions of gas species (adiabatic wall).

Initial conditions: Tf =923 K, Tr =300 K, NSR = 4.0, adiabatic wall. (a) Distribution of temperature in the reactor, (b) concentra-
tion of NO, (c) concentration of N,Hy, (d) concentration of NH, radical. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

simulation results of the Chemkin/Fluent coupling simula-
tions obtained by embedding the previous and improved De-
NO, mechanism into Fluent. As illustrated by the data
shown in Figure 4, the results of the kinetics calculations
using only the PSR model in Chemkin showed bimodal tem-
perature behaviors for SNCR De-NO, with hydrazine
hydrate, and the trend in the De-NO efficiency as a function
of the temperature distributions is in well agreement with the
trend obtained from the experiment data. However, there is a
large gap between the simulation results and the experimen-
tal data due to the mixing and heat transfer process in the
reactor was ignored in the PSR model. In contrast, the
results from the Chemkin/Fluent coupling simulations adopt-
ing both the previous model (marked previous) and the new
model in this research (marked new) are very close to the
experimental data. The new model proposed here is more
precise and matched perfectly with the experimental data,
especially at the lower temperature window of 837-961 K,
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Y

|
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Figure 6. Distributions of temperature and molar frac-
tions of gas species (nonadiabatic wall).

Initial conditions: Tf=923 K, Tr =300 K, NSR =4.0,
nonadiabatic wall (qw =950 W/m?). (a) Distribution of
temperature in the reactor, (b) concentration of NO, (c)
concentration of N Hy, (d) Concentration of NH, radi-
cal. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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where the peak value of the De-NO efficiency reached
47.8%. However, the simulation results based on the previ-
ous mechanism shifted the temperature window to a higher
temperature by approximately 30 K. Compared with the PSR
model adopted in Chemkin, the CFD simulation with the
De-NO, mechanism embedded could predict the actual
SNCR De-NO, process more precisely. Meanwhile, as
shown in Figures 5 and 6, the Chemkin/Fluent coupled mod-
els could also describe the mixing and heat transfer proc-
esses between the flue gas and the reductants in the reactor
precisely; therefore, the improved De-NO, mechanism pro-
posed in the new model in this research is applicable to the
N,H,4-H,0O-based De-NO, process.

Both experiment and simulation results showed bimodal
temperature behaviors of N,H4-H,O-based SNCR De-NO,
process, this is because different elementary reactions domi-
nate the SNCR process in different temperature ranges. In
the lower temperature window (820-960 K), the dominant
reactions of De-NO, mainly includes branching reactions of
NH,+NO such as R33 and R34, the competition reactions
of NNH such as R37 and R39, and decomposition of N,H,,
that is, R87 and so forth (see the Supporting Information,
Appendix). According to the expression of reaction rate
coefficient in Eq. 7, as the temperature increases, the reac-
tion rate of R&7 increases, but those of R33 and R34
decrease, and those of R37 and R39 remain constants. Con-
sequently, the optimal temperature for De-NO, appears in
the lower temperature window 820-960 K. In the higher
temperature window (1250-1330 K), the reactions R88, R90,
and R93 producing NHj are activated; and the De-NO, reac-
tion mechanism is fairly similar to that of the classical NH3-
based SNCR process, except that the De-NO, efficiency is
lower at the same NSR value, due to the fact that only part
of N,H4-H,O could transform into NHj successfully through
reactions R88, R90, and R93; while the rest of N,H,4-H>O is
oxidized to produce N,, NO, and so forth at higher
temperatures.”-*!

Distributions of Temperature and NO Inside the Reactor.
Figure 5 shows the distributions of the temperature and con-
centration of several dominant reactants in the reactor. The
initial temperatures of the flue gas and reagents are 923 and
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Figure 7. Influence of the residence time on the sensi-
tivity coefficients of NO.

Initial conditions: Tf=923 K, NSR =4.0, PSR model
(Chemkin).

300 K, respectively, the velocity of the flue gas and reagent
are 9.48 and 11.47 m/s, respectively, the NSR value is 4.0,
and the wall of the reactor was set to be adiabatic.

As shown in Figure 5a, the spraying of a reagent only
slightly affects the temperature distribution near the reagent
inlet region; the temperature distribution of the reactor
appears relatively stable. Figures 5b, ¢, d show the concen-
trations of NO, N,H,, and NH, radicals in the reactor,
respectively. These figures show that the reagent N,H,
decomposes rapidly after being sprayed into the reactor; a
large number of NH, radicals are generated in the middle
region of the reactor and then take part in the De-NO, reac-
tion. The NO concentration decreases rapidly from 450
ppmv at the inlet to approximately 100 ppmv at the outlet.
Near the outlet, the NO concentration increases slightly
because the NH, radicals have disappeared, as shown in Fig-
ure 5d; and other nitrogenous radicals such as N,O and
HNO would generate NO through reactions R25 and R43
under oxidizing conditions.

Combining the length of the reactor with the velocity of
the flue gas, the time to complete the De-NO, reaction was
estimated to be approximately 0.4 s at 923 K. If the resi-
dence time is too long, additional NO will generate through
reactions R25 and R43 under the temperature of 923 K. Due
to heat loss, the temperature of the tubular reactor actually
decreases with the flow of flue gas, when the boundary con-
ditions adopted for the simulations are in total agreement
with the actual conditions in the experiments, the following
parameters should be adopted for the reactor wall based on
the heat loss measured in the experiments

0=0.053,2=0.127,4,,=950 ©)]

where ¢ is the thickness of the reactor wall in m; A is the
thermal conductivity of the reactor wall in W/m K; and ¢, is
the thermal flux through the reactor wall in W/m?. The new
distributions of temperature and NO, N,H,, NH, concentra-
tions in the reactor are illustrated in Figure 6.

As shown in Figure 6a, the temperature of the flue gas in
the reactor decreases gradually with the flow of flue gas
from 923 K at the inlet to 800 K at the outlet when the wall
was set to be nonadiabatic, which is identical to the meas-
ured results. Figure 6b shows that the distribution of the NO
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concentration in the reactor is a little different from that in
Figure 5b, and that the NO concentration is less than 150
ppmv in the middle of reactor but increased to 230 ppmv at
the outlet, showing a distinct NO reformation near the outlet
of the reactor. This is due to the further decease of NH, rad-
icals at the outlet, as shown in Figures 6¢c and d, N,H,
decomposes rapidly after being sprayed into the reactor; at
the same time a large number of NH, radicals are generated
in the middle region of the reactor and exhausted at the out-
let, and the concentrations of N,H, and NH, were 1.91 and
0.45 ppmv at the outlet of reactor, respectively; which are
even lower than those outlet concentrations in Figures Sc
and d (4.35 and 1.18 ppmv, respectively). Compared to tem-
perature distribution shown in Figure 6a, temperature distri-
bution shown in Figure 5a is closer to the optimal De-NO,
temperature, which is around 900 K as shown in Figure 4;
therefore, to maintain the temperature of the reactor around
the optimal De-NO, temperature is important to obtain a
lower NO, emission.

Influence of Residence Time on De-NO, Efficiency. Since
NO formation reactions and De-NO, reactions occur simulta-
neously in the reactor, but the reaction rates of these two
types of reactions may change with the residence time and
temperature. To optimize the De-NO, process, the appropri-
ate residence time should be determined under certain condi-
tions (e.g., under a known temperature distribution). For this
purpose, the local sensitivity analysis was applied based on
PSR model in the Chemkin software, the PSR model of reac-
tor is set to be adiabatic to avoid the influence caused by the
variation of temperature. According to sensitivity to the NO
concentration, five elementary reactions were selected for
local sensitivity analysis. The results were given in Figure 7
at the temperature of 923 K.

As shown in Figure 7, the sensitivity coefficients of RS,
R34, and R87 decrease with an increase in the residence
time and reach their minimum values at approximately 0.2—
0.25 s. This means that the most vigorous De-NO, reactions
occur within this time period. At residence times rose from
0.25 to 0.35 s, the coefficients of R5, R34, and R87 to the
NO concentration remain negative but approach to zero;
while that of R33 decreased and R58 increased. Due to the
comprehensive influence of all of the reactions, the De-NO,
efficiency of the system becomes relatively stable. When the
residence time is longer than 0.35 s, the sensitivity
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Figure 8. Influence of NSR on De-NO, efficiency.

Initial conditions: NSR =1.54.0, O, content: 13.5%
(higher temperature) =16.9% (lower temperature).
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coefficients of reactions R58 remain very positive with the
o E E E ® % % absolute values higher than those of R34, which is the most
AN RE i important De-NO, reaction; while the sensitivity coefficients
of R87, the NH, formation reaction, increased slightly to
o o (&g g % 2& gpproach zero; therefore, the average concentration of NO
Sl @l Sam®en s increased at the outlet of the reactor as a consequence of
N,H, disappearing and preponderance of NH, oxidation at
o o © approximately 0.4 s of residence time. So the optimum resi-
n| 8 8S § § = dence time is the time of reaching the minimum NO concen-
TTV~<S7 tration; and for the reaction conditions in this research, the
optimum residence time was found to be about 0.2-0.35 s
S|S88ukd by the simulation results.
3|28858
LT Influence of NSR Value on De-NO. Efficiency. In the
SNCR De-NO, process, the NSR value greatly affects the
ol o|BETREE efficiency of NO reduction. To study the effect of the NSR
&| e T T T = < C‘S value on De-NO, efficiency, the SNCR processes with differ-
ent NSR values were simulated, and the results are shown in
SnALg® Figure 8.
2mIIzas It can be seen that when the NSR value increases from
LT 1.5 to 3.0, the peak value of De-NO, efficiency increases
" .
g cos_gx from 19.8 to 40.5%, .the temperature yvmdow expands
= SIS remarkably on both sides, and the optimal temperature
> TITTYSTT decreases from 906 to 850 K. When the NSR increases from
g 3.0 to 4.0, the peak value of De-NO, efficiency increases
< v 0| BES s8R from 40.5 to 45.8%, the temperature window shifts to the
§ S| = oS o w S higher temperature side, and the optimal temperature
& increases from 850 to 898 K. Therefore, the NSR value of
a AN Il 3.0 corresponds to the lowest temperature window. When
= nIx2gz=e the NSR value is 1.5, the De-NO, efficiency predicted by
% Err T the simulation is slightly lower than experimental data. The
— v o e reason is that, when the gas phase heat-transfer model was
; o| ¥ § K § S applied for the flow field simulation, the latent heat of vapor-
s TNTSTS9T ization of the reagent solutions was neglected by some
;};’ assumptions in the simulations, which leads to the initial
9 =l o § © § 0 § % temperature of the ﬂuf: gas in the experiments being higher
O |8« i 2 = = AR than that of the CFD simulations.
"E The influence of the NSR value on the De-NO, efficiency
=] SoSoqn at five dominant temperatures in the lower temperature win-
E 212838 CZS dow of hydrazine hydrate by local sensitivity analysis is
« e T2l shown in Table 3.
2 As shown in Table 3, as the NSR value increases from 1.5
= 25988 3.0, th ffici f the five domi
2 S| SAEFSS to 3.0, the sensitivity coefficients of the five dominant reac-
& TNIVTSSTT tions for NO generation, with the exception of R58, greatly
decreases. The De-NO, efficiency of the reactor thus
wl o § § = § 5 increases significantly, and the temperature window remark-
D =S z2=3 ably expands on both sides. As the NSR value increases
b b from 3.0 to 4.0, divergence appears in the variations of the
SO oo sensitivity coefficients for the reactions at different tempera-
n & §. = ﬁ% ture conditions. At lower temperature conditions, such as
I TeeT 833 and 857 K, the sensitivity coefficients of the six reac-
tions to the NO concentration remain generally stable; how-
o S = ever, at the higher temperature region from 893 to 1018 K,
=£23LS the sensitivity coefficients of the five dominant reacti
TEEQ E% e sensitivity coefficients of the five dominant reactions,
ON:” +0%Z 0O excluding R58, clearly decreased. Therefore, as temperature
ﬁ %\ %\ E (R'f increases from 893 to 1018 K, increasing the NSR value
{'/ I ‘/‘\ {'/2 from 3.0 to 4.0 can promote the De-NO, process signifi-
= \;/ é;/ ngg cantly, as illustrated in Figure 8.
~ | t8ZJ%3 .
e t,t.ﬁ.fg Influence of CO/H,O/CO, on De-NO, Efficiency. The
g §§§§£z influences of CO, H,0, and CO? on the D§—NOX efficiency
s Rel e ) of SNCR process are accounted in the reactions such as R2,
Q — .
S R11, R109, R110, R111, R112, and R113, as shown in the
S22 Supporting Information, Appendix, and the effects of these
seven reactions on the De-NO, efficiency are shown by local
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Table 4. Sensitivity Coefficients of CO/H,0/CO, Associated Reactions on NO Content at Different Temperatures

Temperature (K) 833 857 893 956 1018
Si 2. OH+H, =H,O+H 0.007 0 0.020 —0.005 0.013
11. H+OH+M = H,O+M 0.015 0 —0.001 0 0
109. CO+0O+M = CO,+M 0.046 0 0 0 0
110. CO+OH = CO,+H —-0.216 —0.046 0.028 —0.032 0.007
111. CO+0, =C0O,+0 0 0 0 0 0
112. CO+HO, = CO,+0OH 0.083 0 0 0 0
113. NO,+CO = CO,+NO 0 0 0 0 0
sensitivity analysis at five different temperatures within the Notation
lower temperature window, as listed in Table 4. A - ial fact 3mol s
As can be seen in Table 4, the sensitivity coefficients of ’ IC; E(r;:tzg?nen 1al factor, cm:/mot .
these seven reactions are very close to zero and much C, = molar concentration of reactants, mol/m>
smaller than those of the dominant reactions listed in Table E, = activation energy of reaction, kJ/mol.
3. That is to say, these reactions had negligible impacts on F = target function. -
the De-NO, process under the research conditions, and the k= turbulent kinetic energy, m'/s”
K . k; = rate coefficient of the ith reaction.
corresponding species, namely CO, H,O, and CO, also play gw = heat flux through the reactor wall, W/m>
fairly minor roles in the SNCR process based on N,H4-H,O. R = gas constant.
S = source term.
Sc, = Schmidt number.
Conclusions Se = source term i_n_energy co_nservation ?quation..
S; = partial sensitivity coefficient of the ith reaction.
The comparison of the simulated and experimental results T; = temperature of flue gas.
for the hydrazine hydrate-based SNCR process was per- T; = temperature of reagents. 5
w; = reaction rate of the ith reaction, mol/cm” s.

formed in this study, and the following conclusions can be
drawn:

A more precise kinetics mechanism model for the
N,H,—NO,—O, reactions was proposed and verified by
comparing the simulation results with pilot-scale experimen-
tal results. This model is found applicable to simulate the
N,H4-H,O-based De-NO, process and can predict the De-
NO, efficiency accurately.

The experimental results show that the effective tempera-
tures of the N,H4.H,O-based SNCR process are bimodally
distributed: the lower temperature window was from 820 to
960 K, and the higher temperature window was from 1260
to 1330 K. The temperature windows change little with dif-
ferent inlet NO concentrations.

The simulation results show that the lower temperature
window should be from 848 to 973 K, the optimum tempera-
ture of NO, reduction is 898 K, and the maximum De-NO,
efficiency is 47.8% under the experimental conditions with
NSR being around 4.0, which is in satisfactory agreement
with the experiment results.

The appropriate residence time for De-NO, reactions was
within the range of 0.2-0.35 s. The regeneration of NO, will
occur if the residence time is more than 0.4 s under this
research conditions.

The NSR value plays an important role in the N,H,-H,O-
based SNCR De-NO, process. The temperature window was
remarkably expanded as the NSR value increases from 1.5 to
3.0; as the NSR value varies from 3.0 to 4.0, a higher De-
NO, efficiency was attained, but the temperature window
also shifted to higher temperatures.

Under present conditions, the influence of CO, H,O and
CO, on the SNCR process is very negligible.
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Greek letters

K

reaction exponent.

f. = temperature exponent.
0 = thickness of wall, m.
¢ = turbulent dissipation rate, m2/53'
n = De-NO efficiency.
A= thermal conductivity of wall, W/m-K.
He = turbulent kinetic viscosity, Pa/s.
v, = turbulent kinematic viscosity, mz/s.
Herr = effective kinetic viscosity, Pa/s.
or = Prandtl number.
¢ = global variable
I = diffusion coefficient.
Ah, = enthalpy change of the nth reaction, J/mol.

Subscripts and superscripts

e = energy conservation equation.
eff = effective.
f= flue gas.
i = the ith reaction.
j = stoichiometric number of reactant.

in = inlet.
out = outlet.
p = pressure.

r = reaction, reagents.
t = turbulent.
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