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Large-eddy simulation and low-order modeling of
nitrogen oxide (NOx) reduction by ammonia spray
By B. Farcy†, L. Vervisch†

AND

P. Domingo†

A process transforming large amount of nitric oxide (NOx) into neutral gases is studied
with Large-Eddy Simulation (LES). The non-linear interactions developing in this DeNOx process, between the fumes to be transformed and injection of an ammonia spray,
are analyzed. An industrial system is studied both in its full scale version and after downsizing it at laboratory scale. From the simulation results, a process-control tool based
on stochastic modeling is designed to reproduce the major DeNOx trends and help in
real-time system optimization.

1. Introduction
Legislation is evolving toward very strict regulations of nitrogen oxides (NOx) emission
in the atmosphere. In combustion systems, these NOx emissions mainly result from the
oxidation at high temperature of the diatomic nitrogen available in air flux (Hill & Smoot
2000). In some chemical plants, NOx is also produced during the processing of industrial
waste containing large amount of nitrogen. In this case, NOx is not solely produced by
combustion but mainly by the chemical waste transformation.
Different strategies exist to reduce NOx emissions, including low-NOx burners, reburning technique, Selective Catalytic Reduction (SCR), and Selective Non Catalytic
Reduction (SNCR) (Tayyeb et al. 2007). The motivation to better understand these
techniques is rapidly growing, because of their progressive introduction in a large variety
of combustion systems, for industrial furnaces and ground or air transportation.
This paper reports on non catalytic NOx reduction, achieved in a large scale furnace
after injecting ammonia in the fumes. If the chemical process is well known (Klippenstein
et al. 2011), its interaction with flow physics and turbulence has not been addressed in
detail so far. Along these lines, Large-Eddy Simulation (LES) of a DeNOx system in
operation is analyzed. A low-order model of the system is also proposed, in which a
time-evolving stochastic model is calibrated from LES results.

2. Background and challenges in ammonia DeNOx
The process of NOx reduction by NH3 was first discussed by Lyon (1976) and called
Thermal DeNOx. Under specific conditions, more than 90% of NOx reduction by NH3 was
observed; however, it was also found that at higher temperatures, the oxidation of NH3
happens to produce more NOx instead of reducing it (Lyon & Benn 1979). The NH3 /NOx
chemistry has been described recently in detail by Klippenstein et al. (2011), through a
chemical mechanism involving 33 species reacting over 207 elementary reactions, and the
reduction of this detailed chemistry for numerical simulation of DeNOx was addressed
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recently by Farcy et al. (2014). Overall, this chemistry may be summarized into the two
major steps
3
1
(2.1)
NH3 + NO + O2 → N2 + H2 O ,
4
2
5
3
NH3 + O2 → NO + H2 O .
(2.2)
4
2
The NO reduction by reaction (2.1) dominates in a narrow temperature range, typically
between 1150 K and 1300 K. At higher temperatures, reaction (2.2) is activated and
the ammonia decomposes into NO and water, thus creating NO instead of reducing it.
At lower temperatures, the mixture NO/NH3 does not react, resulting in undesirable
ammonia and NO slip. Therefore, NOx reduction by NH3 operates well when gases are
at a mean temperature of 1225 K with temperature fluctuations less than ±75 K. This is
a real challenge in the practical design of such systems including reactive turbulent flows
and sprays, which are here addressed using LES.

3. LES of a SNCR system
3.1. Flow configuration and numerics
Numerical simulations are conducted including all the complexity of an operating DeNOx
system operated by Solvay. Figure 1(a) shows the geometry of the industrial incinerator
where NH3 is injected as a reducing reagent. NOx is monitored at the outlet of this
system (Bagnaro & Perret 2013), in which a large amount of NOx is produced by the
decomposition of a nitrogen containing chemical waste. The furnace is a cylinder 16.0 m
long with a diameter of 4.45 m. At four axial locations, flows featuring various liquid or
gaseous phase compositions and temperatures are injected, leading to a total mass flow
rate Q̇m in the system. From bottom to top, see Figure 1(a), the injection sequence is
organized as follows: (i) Stage A: Cooling air is injected at the bottom through a sixinlet crown, contributing to 0.1Q̇m . (ii) Stage B: Burnt gases produced by burners flow
through three large inlets (0.54Q̇m ), the flow temperature differs between these pipes,
varying between 1800 K and 2200 K. At the same axial position, additional cooling air is
introduced by three pipes (0.05Q̇m ). (iii) Stage C: Water sprays carrying chemical waste
containing nitrogen are injected with air through a four-inlet crown, contributing to
0.2Q̇m (out of the six pipes seen in the figure, only four are actually operating leading to
a non-symmetric distribution). (iv) Stage D: Two injection pipes contribute to 0.11Q̇m ,
one is injecting more water spray polluted with the chemical waste, whereas the second
one is carrying liquid water with ammonia for DeNOx and the third pipe is not used.
The challenge is the control of the properties of these multistage injections, which
impact on turbulent mixing and therefore on chemistry, to secure an efficient DeNOx
process downstream of the injection zone.
The simulations are performed with the in-house low-Mach number finite-volume solver
YALES2 for unstructured grids developed by Moureau et al. (2011). The code uses a
node-centered scheme to store variables and a projection method combined with a pressure Poisson equation solver to advance the conservation equations in time (Malandain
et al. 2013), with fourth-order temporal and spatial discretizations (Kraushaar 2011).
The Lagrangian solver for the spray is third-order accurate in time. A localized dynamic
Smagorinsky model (Ghosal et al. 1995) is used to express the momentum and mass
transport by unresolved velocity fluctuations.
In the sprays that inject polluted water (Figure 1(c)), it is expected that the wa-
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(a) Schematic view of the system.
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(b) Q-criterion colored by RMS temperature.

(c) Zoom close to planes C and D. Q-criterion and droplets colored by temperature
RMS in Kelvin. ∆ = 150 µm.
Figure 1. View of the SNCR system and of the LES field.

ter evaporates first, to promote the precipitation of molecules containing nitrogen and
oxygen, which are subsequently vaporized to release gaseous NOx. Similarly, ammonia
is more volatile than water and evaporates faster, thus raising the H2 O concentration
within the droplet of the ammonia-water spray. A multi-component droplet modeling is
therefore required. To evaporate multiple chemical species featuring differential evaporation rates from a single droplet, each individual component must be taken into account separately. Numerous models have been proposed in the literature to tackle this
issue (Maqua et al. 2008; Sazhin et al. 2010). In the present work, the gas phase species
mass fractions at the droplet surface are obtained with the Clausius-Clapeyron relation
and Raoult law (Abramzon & Sirignano 1989). Uniform temperature and composition in
the droplets are assumed. Therefore, the mass fluxes coming from the liquid phase are
calculated separately for each component and the droplet concentration varies in time
during the vaporization process according to the thermophysical properties of every component (latent heat of vaporization, specific heat capacity at constant pressure, density,
molecular diffusion coefficient and thermal conductivity).

130

Farcy, Vervisch & Domingo
0.14
0.70
0.12
0.60
Mass fractions

Mass fractions

0.10
0.08
0.06
0.04

0.50
0.40
0.30

0.02

0.20

0.00

0.10

-0.02

0

2

4
6
8
Normalized time

(a) HIT

10

12

0.00

0

3

6
9
12
Streamwise position (m)

15

(b) SNCR

Figure 2. Comparison between full and downsized systems. Symbol: Full size. Line: Downsized.
(a) Time averaged mass fractions versus time normalized by the eddy turn-over time in HIT.
(b) Mean mass fractions versus axial position in SNCR. H2 O: square and dotted line. NH3 ×100:
plus and solid-line. NO×100: star and dashed line. (b) only, N2 : circle and double-dashed line.
CO2 : full square and dotted-dashed line.

Two simulations composed of 160 million cells were performed for two spatial resolutions: ∆ = 150 µm, in the downsized version of the furnace (Figure 1(b)), and 5 mm
in the full size version. About 2 million droplets were in the computational domain and
their diameters at injection follows a Gaussian distribution with a mean diameter of
100 µm and an RMS of 10 µm. The simulations were validated against measurements
of temperature and NOx levels in the chimney, for cases operating with and without
DeNOx, and for a global molar ratio R = [NH3 ]/[NO] = 1.4.
The downsized version is a numerical lab-model where all lengths have been reduced
by a factor 30, but preserving the values of the bulk velocities and Damköhler number to
maintain fixed NOx level at outlet. Therefore, the Reynolds number is divided by 30 with
chemical and spray time scales rescaled to preserve the Damköhler and the spray characteristics numbers for drag and evaporation. At first, the downsizing modeling procedure
has been validated by applying it to a freely decaying homogeneous turbulence (HIT),
with a downsizing factor of 10. Figure 2(a) shows the time evolution of major species
mean mass fractions, in both downsized and full-scale versions of the HIT simulated
with LES and initialized with a synthetic spectrum and an homogeneous distribution of
H2 O/NO droplets. Differential evaporation and DeNOx reactions are included. To mimic
the real system, the additional H2 O/NH3 droplets are added after one eddy turnover time
(Figure 2(a)). The reference full size turbulent Reynolds number is set to ReT = 955 for
a resolution of ∆ = 300 µm = 5.7ηk and `T = 30∆, whereas the downsized version is
with ReT = 95.5, ∆ = 50 µm = 1.53ηk and `T = 20∆; where ηk and `T are the Kolmogorov and integral length scales, respectively. The rescaling of the chemical and spray
properties permits reproduction of major species statistics with the downsized model.
This procedure is therefore used in the refined (downsized) simulation of the SNCR furnace and Figure 2(b) confirms the extension of its validity to such complex flows, by
comparing responses of mean concentrations in the full-size and downsized simulations.
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Figure 3. Snapshots of instantaneous flow quantities in the LES with resolution ∆ = 150 µm.
From bottom to top, locations of Figure 1. Velocity magnitude in m · s−1 . Temperature in K,
black line: iso-temperature at 1200 K.

3.2. LES results
Instantaneous views of resolved velocity magnitude, temperature, ammonia and NO concentrations are given in Figure 3, with temperature RMS for spanwise planes located at
the streamwise positions shown in Figure 1, to which two planes are added downstream.
Stage A: At the very bottom of the system (Figure 3), where cooling air is injected,
the flow is already quite turbulent with large velocity fluctuations and recirculation of
high temperature burnt gases coming from the above burners. The amount of turbulent
mixing and recirculation is large enough to bring some trace of NO, even though the
polluted water is injected well above this first plane.†
Stage B: The hot combustion products produced by burners are injected by the pipes
of large diameter, their jets transport thermal energy into the system and generate strong
turbulence when impacting with each other. Mass flow rates and temperatures are different for each burner, leading to a non axisymmetric flow. The cooling air is balanced
among the inlets and the temperature distribution is strongly non-homogeneous, with
segregated flow pockets of high and low temperatures observed at this station. Because
of the non-symmetrical character of the injection design, some of the highest levels of
NO injected above are transported back upstream, down to this plane.
Stage C: At the next station in Figure 3, the polluted water sprays are introduced.
These injections have two purposes; first, evaporation of water should bring the tem† Note that the NOx eventually produced by the burners is negligible compared with injected
one and is not accounted for in the simulation.
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perature down into the DeNOx operating range (1150 < T < 1250 K). Second, the NO
contained in the waste is released in gaseous form. This is observed from maximum levels
of NO reached in this plane. The water sprays create a central zone with temperature
below 1200 K. Nevertheless, close to the wall, the high temperature levels still persist at
this station, with gas pockets whose temperature peaks at 2000 K.
Stage D: The ammonia injection is done with water in this plane. In the vicinity of
the spray, the evaporation of the water-carrying ammonia promotes temperature levels
that are optimal for the DeNOx process.
Stages E and F: The flow asymmetry resulting from the properties of the burner located
at the base, and also from the positions of the various spray injections, implies strong
temperature inhomogeneities close to wall. These nonuniformities are transported quite
far downstream. Therefore, even in the last station (plane F), intermittent high temperature levels still exist (see the iso-temperature line at 1200 K) in a flow undergoing residual
velocity fluctuations. The DeNOx strongly reduces the amount of NO, but this lack of
temperature homogeneity disallows fully transformed NO. However, some ammonia is
still present and the DeNOx may, under adequate operating conditions, continue further
downstream, leading to negligible amont of NO in the chimney of the process.
On the basis of this LES a low-order model is discussed below, the objective being to
develop a process-control tool for SNCR, which was also found useful for many combustion systems (Han et al. 1999; Ihme 2012).

4. SNCR low-order modeling
Let us denote φ∗ (x), the scalar φ(x, t) averaged in time and over the streamwise plane
located at the longitudinal position ‘x’. These averages are density-weighted. A mean
Lagrangian time is defined as
τ (x) = u? (x) × x ,

(4.1)

which is the average time needed for the fluid particles to reach the streamwise position
x in the system, u? (x) denotes the time and plane averaged bulk velocity. Within this
framework, τ (x) may be seen as a mean residence time distribution. Once u? (x) is known
from LES, the problem may be solved versus x or τ , with the relation (4.1).
The low-order model discussed hereafter provides solution of the flow thermochemistry
(species concentration and enthalpy), the liquid phase and the turbulence properties that
enable estimation of a mixing time.
4.1. Turbulence mixing time
Modeled balance equations are solved for k ? , the turbulence kinetic energy, and for ? ,
its dissipation rate
dρ? k ?
dρ? ?
?
?2
= ρ ? Pk − ρ ?  ? ,
= C1 ρ? Pk ? − C2 ρ? ? .
dτ
dτ
k
k
The production term is expressed as follows:

(4.2)

Nj −1

Pk = Ck

?
X Fj1 (τ )Q̇mj kj? + Fj2 (τ )Q̇mj+1 kj+1
j=1

Q̇m

,

(4.3)

where Q̇mj is the mass flow rate injected at the j-th inlet, kj? is the corresponding
PNj
turbulent kinetic energy in that particular inlet, and Q̇m = j=1
Q̇mj is the bulk (total)
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mass flow rate in the system, where Nj denotes the number of inlets (notice that some
flow planes feature more than a single inlet). Fj (τ ) is a function accounting for the fact
that the j-th injection occurs at a particular residence time τj , with a damping effect,
when traveling with the flow and calibrated with αj
Fj1 (τ ) = exp [−(τ − τj )/αj (τj+1 − τj )] and Fj2 (τ ) = exp [(τ − τj+1 )/αj+1 (τj+1 − τj )] .
(4.4)
From these quantities, a mixing time scale is obtained and a turbulence integral length
scales is defined:
 ? 
3/2
[(2/3)k ? ]
k (τ )
,
(4.5)
, `T =
τT (τ ) = Cφ ?
 (τ )
?
the former being useful to initialize ? in the inlets. Notice that the distribution of
residence times τ (x) is known from LES. In other words, the particular time τ = τj ,
at which the flow passes at a given section ‘x’, is known. The values C1 = 1.44 and
C2 = 1.92 are used. The other parameters optimized from LES are Ck = 1, Cφ = 0.075
and αj = 0.2, 0.8, 0.4 and 0.2 for the injection planes A, B, C and D, respectively.
4.2. Flow thermochemistry
The total mass flow rate Q̇m is decomposed into a number NP of stochastic particles:
q̇m =

Q̇m
.
NP

(4.6)

Then, Yip q̇m is the number of kg · s−1 of the i-th component represented by the p-th
particle.
Every j-th inlet contributes a number of particles NPj < NP , according to: NPj =
Q̇mj /q̇m . When solving in time the flow from the first inlet of the system up to the exit,
additional particles are injected at every inlet, so that the number of particles increases
from NP1 = Q̇m1 /q̇m (at τ = 0) up to NP (at the exit residence time).
The particles carry information of the species mass fractions, Yip , for both liquid and
gas phases, and sensible enthalpy, hps , for the gas phase. In time, progressing with the
flow, the particles properties evolve according to
dYip
= MIXpi (τT (τ )) + ω̇ip + ω̇vpi ,
(4.7)
dτ
dhps
= MIXphs (τT (τ )) + ω̇hps + ω̇vphs ,
(4.8)
dτ
where ω̇i is the chemical rate, ω̇vi is the spray mass evaporation rate, ω̇h is the chemical
source of heat, and ω̇vh is the spray source of heat. All of which are computed from the
particle properties. MIX is the turbulent micromixing term modeled with a Curl-type
closure (Curl 1963), in which the mixing of the particles is weighted by their relative
contribution to the gaseous mass flow rate. This is necessary to mimic the mixing of the
gaseous phase of particles containing both liquid and gas, i.e. during the evaporation
process (Sabel’nikov et al. 2006). The number NMix (τ ), of pairs of particles to be mixed
during a time step δt is defined as: NMix (τ ) = (δt/τT (τ ))NP . Two particles p1 and p2
are randomly selected among the ones present at a flow section (or time) and their new
concentrations and enthalpies become
φ p1 = φ p2 =

p1 p1
p2 p2
q̇m
φ + q̇m
φ
g
g
p1
p2
q̇m
g + q̇mg

,

(4.9)
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p
where qm
denotes the gaseous phase mass flow rate represented by the p-th particle.
g

4.3. Liquid phase modeling
The liquid phase is assumed to be composed of spherical droplets injected at the diameter
Dj (τj ) through the j-th inlet at time τj . In a first approach, differential evaporation
present in LES is not included in the low-order model. In these inlets, a single stochastic
particle represents a number ṅj of droplets injected per unit time. According to relation
(4.6), ṅj is such that
π
Q̇m
= ṅj ρ`j Dj3 (τj ) .
(4.10)
NP
6
The temperature of the flow is assumed to be above the liquid boiling point, which is a
reasonable assumption according to the LES fields. The droplets diameter follows the so
1/2
called D2 -law (Sirignano 1983): Dj (τ ) = Dj (τj ) 1 − (τ − τj )/τvj
, where τvj = 0.25 s
was taken for all inlets according to LES and with Dj (τj ) = 100 µm. The mass of vapor
of the i-th component released during δt for one droplet issued from the j-th inlet is


π Dj 3 (τ ) − Dj 3 (τ + δτ )
p
p
Ẇvi (τ ) = Yi,` (τ ) × ρ`
,
(4.11)
6
δτ
q̇m =

p
where Yi,`
(τ ) is the mass fraction of the i-species in the liquid for the p-th particle.
During evaporation, the mass flow rate represented by a single stochastic particle from
a liquid injector, is decomposed into liquid and gas phases as
p
p
q̇m = q̇m
(τ ) + q̇m
(τ ) ,
g
`

(4.12)

with q̇mg (τj ) = 0. The liquid and gaseous mass flow rates represented by a given particle
injected from the j-th inlet vary with time according to the phase change for N chemical
species:
p
p
q̇m
(τ + δt) = q̇m
(τ ) +
g
g

N
X

ṅj Ẇvpi (τ )δt ,

(4.13)

ṅj Ẇvpi (τ )δt .

(4.14)

i=1
p
p
q̇m
(τ + δt) = q̇m
(τ ) −
`
`

N
X
i=1

From these relations, the gaseous and liquid species mass fractions and the gaseous
enthalpy of the particles of the j-the inlet, are obtained as
p
Yi,g
(τ + δτ ) =

p
Yi,`
(τ + δτ ) =

hps (τ + δτ ) =

p
p
q̇m
(τ )Yi,g
(τ ) + ṅj Ẇvpi (τ )δτ
g
p
q̇m
g (τ + δτ )

,

(4.15)

p
p
q̇m
(τ )Yi,`
(τ ) − ṅj Ẇvpi (τ )δτ
`

,
p
q̇m
` (τ + δτ )
PN
p
q̇m
(τ )hps (τ ) + i=1 ṅj Ẇvpi (τ ) [hi (TB ) − Lvi ] δτ
g
p
q̇m
g (τ + δτ )

(4.16)
,

(4.17)

where TB is the boiling temperature and Lvi is the latent heat of evaporation. The source
terms in Eqs. (4.7) and (4.8) may then be written as
ω̇vpi (τ ) =

p
p
Yi,g
(τ + δτ ) − Yi,g
(τ )
hp (τ + δτ ) − hps (τ )
and ω̇hps (τ ) = s
.
δτ
δτ

(4.18)
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Figure 4. Mean mass fractions versus streamwise position. Symbol: LES. Line: Low-order modeling. N2 : circle and double-dashed line. CO2 : full square and doted-dashed line. H2 O: square
and dotted line. NO×100: star and dashed line. NH3 ×100: plus and solid-line.

4.4. Results of low-order modeling
Figure 4 shows the comparisons between statistics collected from the three-dimensional
simulation of the full size system and the stochastic low-order closure using NP = 10,000
particles. The major flow properties resulting from the complex injections are globalized
in the bulk velocity distribution imposed from LES, but the recirculation zones bringing
reactants upstream from their injection plane cannot be captured in the one-dimensional
model. However, the overall DeNOx response is well predicted. Notice that the equilibrium state observed at the exit of the system cannot be reproduced without predicting
the correct turbulent evaporation and mixing rate distributions, driving the interaction
between chemistry and turbulence and thus controlling the range of temperature fluctuations to which the DeNOx is so sensitive.

5. Summary
LES of Selective Non-Catalytic Reduction (SNCR), transforming nitric oxides after
reaction with ammonia, has been performed in the geometry of a real system under
operation and including spray dynamics. Both a full size and a laboratory scaled version
of the system have been considered. From LES results, a low-order model based on the
evolution of stochastic particles has been calibrated to aid in the development of advanced
real-time process-control tools.
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