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A B S T R A C T

The present work examines the NOx emission characteristics of a premixed micro-combustion system with a per-
forated plate implemented. For this, a three-dimensional (3D) computational model involving a detailed chem-
ical-kinetic mechanism for ammonia-oxygen combustion in the micro-combustor is developed. The model is
first validated with the experimental measurements available in the literature before conducting comprehensive
analyses. It is found that implementing a perforated plate in the micro-combustion system creates a flow re-
circulation zone downstream characterized by a low flame temperature and combustion speed. Meanwhile, the
conjugate heat transfer between the combustion products and the inner combustor walls is shown to play a key
role in the NO generation by relocating the flame in the axial direction and thus changing the chemical reaction
rate. Furthermore, the preferential diffusion caused by the variation in the mass diffusivity of different species
and the two-dimensionality flow is identified to vary significantly in comparison with the case in the absence of
the perforated plate, especially in the vicinity of the recirculation zone. This diffusion effect results in the consid-
erable drop in the N/O atomic ratio, primarily due to the reduction and increase of O2 and H2O, together with
less available N2, and consequently affecting the NO generation rate. This work confirms that the flow field, the
conjugate heat transfer as well as the preferential diffusion effect could be regarded as the potential mechanisms
leading to the NOx emission variation in the recirculation zones.

Nomenclature

3D
three-dimensional

specific heat of species,
CO

carbon monoxide
CO2

carbon dioxide
CH4

methane
D

characteristic length, m
h

convection heat transfer coefficient, W/m2/·K

H
combustor height, m

H2
hydrogen

H2O
water

k
thermal conductivity of species, W/m/·K

L
combustor length, mm

NH3
ammonia

NO
nitric oxide

NOx
nitric oxides
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N2O
nitrous oxide

NO2
nitrogen dioxide

N2
nitrogen

O2
oxygen

OH
hydroxyl radical

OWT
outer wall temperature,

Pe
Peclet number

PP
perforated plate

q
heat loss rate, W/m2

RR
reduction ratio

SIMPLE
semi-implicit method for pressure linked equations

t
wall thickness, mm

temperature of the combustor outer wall,

ambient temperature,

fluid velocity, m/s
W

combustor width, mm
x, y, z

rectangular coordinates, mm

mole fraction of species i

NO mole fraction without a perforated plate

NO mole fraction with a perforated plate
Greek symbols

fluid density, kg/m3

solid emissivity

Stephan-Boltzmann constant, W/m2/·K4

initial fuel-oxidizer equivalence ratio

local equivalence ratio

departure of local equivalence ratio from the initial one

distance away from the downstream face of the perforated plate
in the streamwise direction, mm

local nitrogen-to-hydrogen atomic ratio

local nitrogen-to-oxygen atomic ratio

1. Introduction

Global concerns with climate change, energy sustainability and
availability have triggered a wide research interest in seeking alternative
fuels to replace hydrocarbon fossil fuels. Some potential energy vectors,
such as hydrogen (H2) and ammonia (NH3), are being explored, and con-
sidered to play a positive role in addressing these issues [1–3]. Concern-
ing these two fuels, H2 is considered as the first option as it does not con-
tain any carbons and the only combustion product is water (H2O), thus
eliminating some undesirable emissions. However, there are some tech-
nical and economic challenges associated with H2 usage. These includes
the storage, transportation, and hard controlling, because of the high re-
activity and burning velocity [4]. It is acknowledged that H2 has a high
volatility and low flash point, and is likely to be more explosive com-
pared to NH3. It has a high hydrogen content and carbon-free character-
istics [5]. In addition, NH3 has a well-established global production and
transportation infrastructure [6], indicating that it is more cost-effective
to transport this fuel than that of H2. Accordingly, NH3 may be more
suitable for storage and transportation in current infrastructures. Despite
the cost challenges associated with NH3 synthesis, some net-zero-energy
eco-friendly ways to minimize the production cost have been proposed
and tested by utilizing renewable energy sources, such as wind and solar
energy [7,8]. Finally, there are no carbon dioxide-involved emissions
when combusting NH3. In light of these attractive features above, NH3
has the potential to play an influential role in the power generation and
propulsion systems as a sustainable and renewable fuel.

Before ammonia being applied in practice, it is of particular impor-
tance to gain a comprehensive understanding of the fundamental phys-
ical and chemical characteristics of NH3 combustion. Typically, there
are two major challenges that need to be addressed for burning NH3.
The first one is how to promote flame stability resulting from the rela-
tively lower laminar burning velocity in comparison to H2 and hydro-
carbon fuels. In an effort to tackle this issue, extensive research has been
conducted specifically designed to enhance the ammonia-involved flame
speed or extend the mixture residence time. These are mainly focused on
the inlet operating parameter, combustion chamber structure as well as
binary fuels [5,9]. Liu et al. [10] conducted experimental and numeri-
cal studies on the laminar flame speed of ammonia/oxygen combustion.
Their results showed that the laminar flame speed reached its peak value
under the stoichiometric condition with an initial pressure of 0.5 atm.
Hayakawa et al. [11] experimentally evaluated the flame speed of a
premixed ammonia/air with varied inlet pressure. The flame speed was
identified to increase as decreasing the inlet pressure. The effect of the
radiation heat loss on the burning velocity of laminar ammonia/air pre-
mixed flames was examined [12] using Chemkin-Pro 17.2. The flame
speed was found to be strongly affected by the radiation heat loss over
a wide range of equivalence ratio. In addition, Hayakawa et al. [13] ex-
perimentally demonstrated the stable combustion of ammonia/air by in-
troducing a swirler and thus extending the flame residence time within
the combustor. Furthermore, fuel composition is also proven to have a
significant impact on the flame velocity of the mixture. The effects of
methane and hydrogen addition in swirl-assisted gas turbine combustors
were assessed by Xiao et al. [14] and Valera-Medina et al. [15,16] by
applying experimental and numerical approaches. It was demonstrated
that adding a high mass diffusivity fuel to ammonia could significantly
elevate the flame burning velocity and thus promote the flame stability.

Another issue associated with using ammonia is the high NOx emis-
sions, which are the main precursors of smog and acid rain that are
harmful to both the environment as well as human being health
[17–19]. Hence, a number of analytical, numerical, and experimental
studies have been conducted, with the emphasis being placed on reduc
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ing NOx formation [20,21]. Li et al. [5] experimentally and numer-
ically evaluated the NOx emissions of H2-NH3-air combustion. Ther-
mal-NOx was found to be decreased when adding NH3 to H2, primarily
due to the low flame temperature of NH3. Xiao et al. [14] demonstrated
that blending NH3 to CH4 can enable the CO and CO2 emissions being
reduced with a high NO emission. Somarathne et al. [22] compared
the emission characteristics of ammonia/air and methane/air flames. It
was found that regarding NH3 /air flames, the local NO concentration
highly depended on the local OH concentration, whereas for CH4/air
flames, the local NO concentration was primarily dependent on the lo-
cal flame temperature. NO formation was identified to be strongly sen-
sitive to the inlet pressure, and a low NO emission can be achieved with
a high inlet pressure [23,24]. Okafor et al. [17] discovered that com-
pared to ammonia non-premixed combustion, its counterpart premixed
one tended to give a low NOx emission. In their follow-up work, ex-
perimental and numerical investigations on the emission performance
of ammonia-methane-air in a micro gas turbine combustor were imple-
mented [25]. It was found that the optimum equivalence ratio, where
NOx emission was lower, was found to vary from 1.30 to 1.35 depend-
ing on the NH3 concentration. Special configurations have been applied
to the combustion chamber for realization of a low emission. Meyer et
al. [26] identified that the implementation of a flame holder was capa-
ble of reducing NOx emissions with a increased combustion efficicency.
Somarathne et al. [27] highlighted that at a high pressure, ammonia
swirl flame can be involved with a low emission in the presence of a sec-
ondary air injection.

To the best knowledge of the present authors, there is little work
in the literature analyzing the perforated plate effect on NOx forma-
tion in an ammonia-fuelled micro-power system. This partially moti-
vated the present work. In this work, we attempt to explore the NOx
emission characteristics in a perforated plate-implemented micro-power
system. Thus it can provide insights into the effects of the flame-flow,
the flame-wall interaction due to the conjugate heat transfer between
the combustion products and the inner walls, and the preferential diffu-
sion caused by different mass diffusivities of species. In Section 2, the
physical and computational models are presented. Analyses of mesh in-
dependence and chemical reaction mechanisms are conducted. The nu-
merical model is validated by comparing the present numerical and ex-
perimentally measured results. In Section 3, the impact of implement-
ing a perforated plate on the NOx formation is qualitatively and quanti

tatively evaluated. Detailed assessments on the NOx emissions are dis-
cussed in terms of the flow field, the conjugate heat transfer, and the
preferential diffusion effect. Finally, in Section 4, key concluding re-
marks are summarized.

2. Numerical methodology

2.1. Geometric model

In this work, we consider applying a perforated plate with a rectan-
gular-shaped orifice in a micro-combustion system to investigate its ef-
fect on NOx generation by shedding lights on the fundamental mecha-
nisms. This is different from the previous work [28], where a conven-
tional rectangular micro-combustor without any blocking device con-
fined is studied. Such micro-combustor with a perforated plate applied
is schematically presented in Fig. 1. The overall geometries of the mi-
cro-combustor is 20 mm length L, 11 mm width W, and 3 mm height H,
with the thickness t of all the walls being set to 0.5 mm. As a result, the
channel width and height of the combustor are 10 mm and 2 mm re-
spectively. The upstream surface of the perforated plate is located at an
axial distance of 8 mm away from the combustor inlet, while the width
and height of the plate hole are 5 mm and 1 mm, respectively. In such
way, the aspect ratio of the perforated plate hole is the same as that of
the combustor inlet. In addition, the thickness t1 of the perforated plate
is 1 mm. The solid material is assumed to be made of steel, unless oth-
erwise noted.

2.2. 3D computational model

In this work, ANSYS (Fluent 18.1) is selected as the computational
tool to systematically solve all the governing equations associated with
the coupled flow-combustion-heat/mass transfer-thermodynamics.
These governing equations include the mass continuity, momentum,
energy and species. The combustion for premixed ammonia/oxygen is
modeled using a detailed kinetics mechanism involving 22 species and
67 reactions [29]. The pressure-velocity is decoupled employing SIM-
PLE (Semi-Implicit Method for Pressure Linked Equations) algorithm.
The second-order upwind scheme is adopted to discretize all the equa-
tions and species, with convergence criteria for all residuals being set to
be less than 10-6.

Fig. 1. Schematic of the modified micro-planar combustor with a perforated plate.
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The maximum Reynolds number on the basis of the mixture inlet ve-
locity and the area of the combustor inlet is less than 500. Consequently,
modeling of laminar for the fluid flow is considered [30], while the
chemical reaction is modeled using the finite rate model. With regard to
the fuel-oxidizer mixture properties, the thermal conductivity and vis-
cosity are calculated by the ideal-gas-mixing law, while the specific heat
is obtained according to the mixing-law [31]. When it comes to an indi-
vidual species, the specific heat is computed based on a piecewise poly-
nomial fit of temperature, while the thermal conductivity and viscosity
are calculated via the kinetic-theory [31]. The gas radiation model is
included to boost the accuracy of computational results [32]. As for the
Soret and Dufour effects, the former one is shown to play a critical role
in NO production, and thus is included in the present simulation. How-
ever, the latter one has little influence on the combustion process, and
therefore is neglected [33,34]. Furthermore, the effect of the pressure
diffusion is not considered because of the small magnitude [35,36]. As
for the settings of the Fluent model, the NOx model provides the ca-
pability to model thermal, prompt, and fuel NOx formation, as well as
NOx consumption due to re-burning in combustion systems. In view of
the fact that there is no re-burning combustion considered in this work,
and fuel-NOx has a dominant role when modelling ammonia oxidation,
while thermal-NOx and prompt-NOx have negligible roles [5]. Thus NOx
model is neglected in all present calculations. The computed NO is pri-
marily from fuel-nitrogen combustion, irrespective of whether the NOx
model is applied or not. As far as NOx emissions are concerned, there are
steps involving the formation and destruction of nitrogen dioxide (NO2),
nitrous oxide (N2O), and NO. However, NO2 and N2O formation from
these steps are found to play a negligible role in the total NOx emissions
compared to NO formation. Thus NO emissions will be considered as the
indicator of the total emissions for simplification. This was experimen-
tally and numerically demonstrated in previous studies [37,38].

The boundary conditions are specified as follows. For the channel
inlet, a uniform velocity profile with an initial pressure of 1 atm and
temperate of 300 K is assumed. With respect to the channel outlet, the
pressure-outlet boundary is modelled. All the external walls are mod-
eled using mixed thermal conditions involving the radiation and con-
vection heat transfer [39,40]. Therefore, the formulation for calculating
the heat loss rate between the combustor out wall and the atmosphere
can be written as:

(1)

where is the convection heat transfer coefficient (20 W/(m2/·K)); is
the temperature of the combustor outer wall; represents the ambient
temperature (300 ); represents the solid emissivity (0.85 [41,42]);
denotes the Stephan-Boltzmann constant ( W/(m2/·K4)).

2.3. Grid independence and reaction mechanisms comparison

To obtain good computational results without causing high com-
putational expense, the grid-independence analysis is conducted using
three sets of grid resolutions. Mesh generation is performed via Gam-
bit 2.4.6. In the present work, the fuel/oxidizer ratio is assumed to be
1.0, unless otherwise specified. Fig. 2 presents the comparison of pro-
files for centerline temperature and OH mole fraction on the cross sec-
tion along the axial direction with the grid resolution with the NH3 vol-
umetric flow rate of 400 mL/min. Fig. 2 (a) shows good agreements
of temperature profiles between the medium and fine mesh in terms of
the peak value and its location. However, a considerable deviation is
found to take place between the coarse and medium mesh. From Fig. 2
(b), it can be noted that there is a negligible difference in the OH pro-
files, no matter which mesh size is set to. A comparison of Fig. 2 (a)

and (b) demonstrates that the medium grid resolution is sufficient to ac-
curately capture the combustion characteristics.

In numerical simulations, it is preferable to apply a reaction mecha-
nism with a much more detailed chemistry and species transport, but it
could lead to a prohibitive amount of computational cost. Hence, the use
of a simplified kinetic mechanism capable of capturing the basic com-
bustion characteristics is more realistic and desirable. Therefore, the cal-
culated results from the mechanism developed by Drake and Blint [29]
are first compared with those obtained by using the mechanism pro-
posed by Nakamura et al. [43]. The latter one involves 38 elementary
species and 232 steps, and has been identified to be applicable under mi-
cro-scale conditions. Fig. 3 compares the outer wall temperature (OWT)
and the NO concentration at the combustor outlet with two different ki-
netic mechanisms, as the NH3 volumetric flow rate is set to 4 different
values. It can be seen that there is a good agreement in the OWT ob-
tained with different reaction mechanisms, with the maximum relative
error being 1.3%. Meanwhile, NO production rates also have a similar
trend. Accordingly, it can be concluded that the present detailed reac-
tion mechanism is sufficiently reliable to simulate ammonia flames.

2.4. Validation of numerical model

To confirm the accuracy of the numerical model, the computed ax-
ial temperatures on the outer wall of the combustor for methane flames
are examined and compared with experimentally measured data in Ref.
[44], due to the absence of experimental ammonia data that occur un-
der micro-scale conditions. Fig. 4 presents the profiles of methane/air
and ammonia/oxygen flames at two different inlet velocities, with the
ratio of fuel to oxidizer being set to 1.0. It can be clearly seen that as
far as methane/air flames are concerned, there is a good agreement be-
tween the experimental and predicted results in terms of the tempera-
ture shape. The maximum relative error is found to be 5.1% with the in-
let velocity of 0.6 m/s. It is, however, worthwhile to mention that there
are some differences in the temperature profiles in methane and ammo-
nia flames. This is quite understandable because the variation in the ox-
idizer can drastically change the combustion process. Although the dis-
crepancy in the temperature profiles between methane (CH4) and am-
monia (NH3) flames, the calculated results for CH4 combustion are gen-
erally in good agreement with experimentally determined data, demon-
strating that the computational model adopted in the present work is
sufficiently accurate, and can be also applied to capture ammonia com-
bustion characteristics.

3. Results and discussion

3.1. Combustion and NOx emission preliminary results

Firstly, let’s examine and compare the combustion and NOx emission
performances in the absence/presence of a perforated plate (PP). Fig.
5 illustrates the NO and temperature contours with overlaid stream-
lines on the cross section without and with a perforated plate, as the
NH3 volumetric flow rate is set to 700 mL/min. Hydroxyl radical (OH)
is normally regarded as the marker of the flame front, and, thus, 10%
of the maximum OH is chosen to represent the flame shape. As shown
in Fig. 5 (a), it can be observed that the flame front and the region
with a high concentration of NO reside near the combustor inlet, regard-
less of with or without a perforated plate. Nevertheless, there is a re-
markable difference in the NO concentration downstream of the plate.
Specifically, for the combustor with a perforated plate, the NO con-
centration is much lower than that of without a plate. The reason for
this can be explained by comparing the temperature distribution, as il-
lustrated in Fig. 5 (b). From this figure, it can be seen that the im-
plementation of the perforated plate enables a recirculation zone be-
ing formed downstream, where the low flame temperature is relatively
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Fig. 2. Profiles of (a) temperature and (b) OH radical on the cross-section in the axial direction with the grid cell being set to 3 different values.

lower in comparison to those without a perforated plate. The decreased
temperature can be beneficial to reducing the NO generation, as it is
highly related to the flame temperature.

To quantify the effect of the perforated plate on the NO generation
rate more clearly, we further explore the NO mole fraction on the com-
bustor outlet and reduction ratio with the NH3 volumetric flow rate. This
is illustrated in Fig. 6. Herein, the reduction ratio (RR) is given by:

(2)

where RR denotes the reduction ratio of NO mole fraction, and

are the NO mole fractions at the combustor outlet in the absence and
presence of a perforated plate, respectively.

Fig. 6 shows that in the absence of the perforated plate, there is a
slight increase in the NO formation with increasing the NH3 volumetric
flow rate. However, this is not the same situation in the presence of the
perforated plate, under which condition a decreased NO emission can
be observed. This indicates the enhanced effectiveness of implementing
a perforated plate with an increased fuel flow rate. These data are con-
sistent with the results shown in Fig. 5, further revealing that imple-
menting a perforated plate could be an effective means to dampen the
NO formation. To shed more lights on the variation in NO emissions
with a perforated plate implemented, detailed analyses and discussion
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Fig. 3. Calculated outer wall temperature and NO mole fraction with the NH3 volumetric flow rate for different chemical-kinetic mechanisms. One is discussed by Nakamura et al. [43],
and the other one is developed by Drake and Blint [29].

Fig. 4. Profiles of calculated and measured centerline temperatures [44] for methane and ammonia flames on the combustor outer wall.

will be conducted in terms of the flow field, the conjugate heat transfer
and the preferential diffusion effect in the next section.

3.2. Discussion on mechanisms contributing to NOx formation

3.2.1. Contribution of recirculation zones to NOx generation
Considering that the variation in could lead to the change in the

inlet velocity with the fuel volumetric flow rate being kept constant.
This change on the circulation flow field and the corresponding de-
creased temperature is expected to have an important role in the NO
formation. Here, we evaluate the effect of flow field on the NO forma

tion. This is achieved by varying the fuel-oxidizer equivalence ratio
ranging from 0.8 to 1.0. In this section, the NH3 volumetric flow rate
is set to 700 mL/min for all calculations. Fig. 7 illustrates the NO mole
fraction contours superimposed by 10% of the maximum OH (blue lines)
on the cross-section. It is clear that the flame shape is almost the same
anchoring near the combustor inlet, whatever is set to. Moreover, it
is interesting to highlight that the NO concentrations vary dramatically
with A reduced is found to be associated with a high NO concentra-
tion, mainly due to the excess oxygen atoms and OH radical concentra-
tion under fuel-lean conditions.
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Fig. 5. Comparison of (a) NO contours and (b) temperature contour with overlaid streamlines and 10% of the maximum OH (blue lines) on the cross-section in the absence and presence
of the perforated plate marked by the black rectangle for the NH3 volumetric flow rate of 700 mL/min. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8 shows the comparison of contours of the flame temperature
with overlaid streamlines and velocity field on the cross-section under
various . From Fig. 8 (a), one can notice that in the presence of the
perforated plate, there is a minor difference in the flame temperature,
and so is the size of the recirculation zone, regardless of what is spec-
ified to. This is because of the same chemical energy input. However, it
is worth noting that the decrease in can lead to the maximum flame
velocity being increased due to the slightly large mixture inlet velocity,
and thus the shortened residence time in the high temperature regions,
as shown in Fig. 8 (b). The reduced residence time can be beneficial to
mitigating NO emission. However, for ammonia flames, NO formation
is highly dependent on the O and OH radicals. Decreasing is found to
be associated with a high O and OH concentrations, resulting in a high
NO generation [24], as shown in Fig. 7. From Fig. 8 (b), it can be also
seen that the flame speed within the recirculation zone is dramatically
lower compared to other regions, which is a manifestation of the strong
two-dimensionality flow. Comparing Fig. 7 with Fig. 8 shows that the
low concentration of NO is located in the recirculation zone, where the
flame speed and temperature are relatively low. These results above re

veal that the flow field is not the sole factors in determining the total
NOx emissions.

3.2.2. Effect of conjugate heat transfer
The results above have an implication that the NO formation may

be affected by the coupled heat recirculation effect between the com-
bustion products and the combustor inner walls. This effect has been
demonstrated to have a significant impact on the flame shape as well as
flame stabilization [45,46]. Thus it would be interesting to know the
effect of the conjugate heat transfer between the solid wall and combus-
tion products on the NO formation. For this, three types of materials,
namely quartz, steel, and nickel, are chosen to shed light on the underly-
ing physics. The thermophysical properties for three different solid ma-
terials are summarized in Table 1.

Fig. 9 presents the NO contours with overlaid streamlines and flame
fronts with the fuel flow rate of 700 mL/min at various solid materi-
als. It is clear that for the quartz combustor, the flame anchors just
downstream of the plate, accompanied by a high NO concentration, re-
sulting in the deformation of a recirculation zone. This phenomenon is
quite different from those with respect to the steel and nickel combus

7



UN
CO

RR
EC

TE
D

PR
OO

F

T. Cai et al. Chemical Engineering Journal xxx (xxxx) xxx-xxx

Fig. 6. NO mole fractions in the absence and presence of the perforated plate at various l for various NH3 volumetric flow rates.

Fig. 7. NO mole fraction contours superimposed by 10% of the maximum OH (blue lines) on the cross-section at various . (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

tors, under which cases the flames occur near the combustor inlet. The
reason for this can be understood by comparing the thermal conduc-
tivities of the different solid materials. A large thermal conductivity is
more effective in transferring the heat between the solid and combus-
tion products. The intensified heat recirculation can enable the flame to
propagate upstream and anchor near the combustor inlet. This finding
was also confirmed in the previous study [47].

Another noticeable feature shown in Fig. 9 is that as expected, the
zone with a high NO concentration is varied dramatically at different
solid materials. To be specific, for the quartz combustor with a rel-
atively low thermal conductivity, the high NO concentration appears
downstream of the perforated plate, due to the absence of the recir-
culation zone. In contrast, this zone resides near the combustor inlet
for steel and nickel combustors, and the axial location of these zones
is negligible. This suggests that when the thermal conductivity of the
solid wall reaches a threshold, further increasing this has a slight ef-
fect on the conjugate heat transfer and thus flame characteristics. This is

mainly due to the well-established recirculation zone downstream of the
perforated plate. Moreover, it is worthwhile to highlight that for the
quartz combustor, the NO concentration at the combustor outlet is sig-
nificantly higher than the other two cases. This difference can be attrib-
uted to the formation of a recirculation zone capable of providing a low
flame temperature.

To reveal the underlying mechanism leading to the variations of the
flame shape and NO emission at various solid materials, a further in-
vestigation on the centerline temperatures of the combustor inner and
outer walls is conducted. This is illustrated in Fig. 10. Solid lines rep-
resent the centerline temperatures on the outer wall of the combus-
tor, while the dash lines stand for those on the cross-section of x = 0.
From the dash lines, it can be observed that for steel and nickel com-
bustors, the high temperature, generally accompanied by the occur-
rence of the chemical reaction, is located near the combustor inlet; how-
ever, this appears at a distance of up to 10 mm away from the inlet
for the quartz combustor. Furthermore, it can be noted from dash lines
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Fig. 8. Contours of (a) temperature with overlaid streamlines and 10% of the maximum OH (blue lines), and (b) velocity field on the cross-section at various . (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Thermophysical properties of quartz, steel and nickel.

Material
Density Specific Heat Thermal Conductivity

Emissivity

Quartz 2650 750 1.05 0.92
Steel 8000 503 12 0.85
Nickel 8900 460.6 91.74 0.88

that the centerline temperature of the quartz combustor is much steeper
in comparison with others, which is a manifestation of the weak heat
transfer between solid walls and combustion products, and further
demonstrating that the solid material plays a critical role in the flame lo-
cation and shape. A comparison of Figs. 9 and 10 shows that the solid
material plays a vital role in the NOx emissions by affecting the flame
characteristics and thus the formation of a recirculation zone.

3.2.3. Contribution of preferential diffusion mechanism to NOx formation
In addition to the physical mechanisms contributing to the NO emis-

sion variation as discussed above, it is of particular interest to con-
sider the impact of the preferential diffusion effect, which is expected
to occur due to the imbalance in the mass diffusivities of different

species, and can be amplified by the presence of a recirculation zone.
This phenomenon was experimentally demonstrated by Barlow and
co-workers [48,49] in a bluff-body stabilized flames using multiscalar
diagnostics. They pointed out that the existence of preferential diffusion
effect could result in more than 10% increase in the equivalence ratio
and the carbon-to-hydrogen atom ratio. This variation in the different
atom ratios was subsequently confirmed by Katta and Roquemore [50],
as well as Kedia and Ghoniem [46] in the context of a recirculation zone
using numerical simulations. To examine the role of preferential diffu-
sion in NO formation, we define a local nitrogen-to-oxygen atomic ratio
( and nitrogen-to-hydrogen atomic ratio ( ) on the basis of the
local atoms balance using major species associated with the formation
and destruction of nitrogen oxides. The formulas of and are
expressed as follows:

(3)

(4)

where denotes the mole fraction of species i. The local equivalence
ratio ( ) can be calculated according to:

9



UN
CO

RR
EC

TE
D

PR
OO

F

T. Cai et al. Chemical Engineering Journal xxx (xxxx) xxx-xxx

Fig. 9. NO contours with overlaid streamlines and normalized of 10% of the maximum OH radicals on the cross-section for 3 different solid materials.

Fig. 10. Profiles of centerline temperatures on the inner wall and outer wall for 3 different thermal conductivities of the combustor. Solid lines represent the centerline temperatures on
the outer wall of the combustor, while the dash lines stand for those on the cross-section.

(5)

With respect to ammonia flames under the stoichiometric condition,
= 2/3, and = 1/3. Certainly, these atomic ratios may change

with the initial fuel/oxidizer equivalence ratio, except for the N/H
atomic ratio remaining unchanged, since these two types of atoms are
initially from NH3. Thus, the local atomic ratio can be regarded as an
indicator of how much influence the preferential diffusion effect plays
on the combustion process. Table 2 summarizes the local equivalence
ratio, atomic ratios, and the rise above the initial ratio for various equiv-
alence ratios, as the NH3 volumetric flow rate is set to 700 mL/min.
It can be observed that there are some differences between the ini

Table 2
The maximum atomic ratios and at different , with the NH3 volumetric flow rate be-
ing set to 700 mL/min.

Maximum (rise
above initial ratio)

Maximum (rise
above initial ratio)

Maximum (rise
above initial ratio)

0.8 0.832 (+5.2%) 0.555 (+4.1%) 0.344 (+3.7%)
0.9 0.939 (+4.3%) 0.622 (+3.7%) 0.346 (+3.8%)
1.0 1.052 (+3.9%) 0.686 (+2.9%) 0.346 (+3.3%)

tial value and local atomic ratio, no matter which equivalence ratio is
set to, implying the existence of the preferential diffusion effect.

To illuminate the preferential diffusion effect more clearly, the con-
tours of the N/H atomic ratio overlaid with NO mole fraction us-
ing a steel combustor are investigated, as presented in Fig. 11. From
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Fig. 11. Contours of the local N/H atomic ratio overlaid with NO mole fraction with the fuel flow rate being set to 700 mL/min using a steel combustor.

this figure, it can be seen that the maximum value of anchors near
the combustor inlet, no matter which the initial equivalence ratio is set
to, suggesting that the preferential diffusion of different species is not
just limited within the recirculation zone. Meanwhile, it can also be ob-
served that there are significant drops in the within the recircula-
tion zone, accompanied by a low NO concentration, which is a demon-
stration of the strong preferential diffusion effect caused by the two-di-
mensionality flow. In addition, a close examination of Fig. 11 shows
that there are some differences in for different equivalence ratios,
indicating that the preferential diffusion is dependent on the local flow
field.

In view of the atomic preferential diffusion for different fuel/oxi-
dizer equivalence ratios discussed above, it would also be interesting
to explore if the solid material has the similar effect. This is done by
comparing the contours of superimposed by NO mole frac-
tion with three types of solid materials, as the NH3 volumetric flow rate
is set to 700 mL/min, as shown in Fig. 12. For the quartz combustor,
there is a small change of in the regions near and far from the
perforated plate, mainly due to the absence of the recirculation zone.
On the contrary, the change is significant for steel and nickel combus-
tors. This change is quite understandable as a result of the well-estab

lished recirculation zone downstream of the perforated plate, inside
which the preferential diffusion is intensive because of the strong
two-dimensionality flow. Generally, the value of within the
recirculation zone is relatively smaller, which is a manifestation of the
strong preferential diffusion effect.

Fig. 13 illustrates the comparison of the predicted profiles of the
atomic ratios and local equivalence ratio along the y-axis at different
Δx. Hereafter, Δx represents the distance away from the downstream
face of the perforated plate in the streamwise direction. It can be seen
from the figure that the atomic ratios and local equivalence ratio pro-
files are almost similar in the shape for different Δx, with high values
close to the initial ratio in the center of y-axis and low values away
from the center. However, they vary quantitatively to some extent. This
is because when the flame is in the middle of y-axis, it is outside the
recirculation zone and the two-dimensionality flow effect is weak, thus
resulting in the weak preferential diffusion. Another striking feature
shown in Fig. 13 is that there are low atomic ratios even at a far dis-
tance such as Δx = 12 t, suggesting that the preferential diffusion is
not limited to the flame within the recirculation zone. Furthermore, it
should be pointed out that when the flame is far away from the cen-
ter of y-axis, the preferential diffusion effect appears to change signifi

Fig. 12. Contours of (the departure of local fuel/oxidizer equivalence ratio from the initial one) overlaid with NO mole fraction for various solid materials.
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Fig. 13. Profiles of atomic ratios and local equivalence ratio along the y-axis at distances of 2 t, 4 t, 8 t and 12 t using a steel combustor. The arrow is in direction of decreasing the distance
from the perforated plate.

cantly with Δx. For example, at y = −5 mm, increasing Δx is found to
be associated with an enhanced preferential effect. In general, the lo-
cal atomic ratio and equivalence ratio within the recirculation zone are
smaller than the initial value, primarily due to the strong preferential
diffusion effect.

Further insight into the preferential effect within the recirculation
zone can be gained by examining the major species distribution [51].
Fig. 14 presents the comparison of contours of major species includ-
ing N2, O2, H2, and H2O on the cross-section in the presence/absence
of the perforated plate, with the NH3 volumetric flow rate being set to

700 mL/min. It is apparent that in the presence of the perforated plate,
the major species concentrations within the recirculation zone are dra-
matically different from those in the absence of the perforated plate.
Comparing Fig. 14 (a), (b), and (c) shows that the increase of H atom
mainly coming from H2 and H2O due to combustion products recircula-
tion is negligible, while there are some drops in N2 concentrations, re-
sulting in the drop of It therefore reveals that increased N2 is the
main reason for the varied N/H atomic ratio. Regarding the decrease in

, its underlying mechanism can be obtained by comparing Fig. 14
(a), (b), and (d). For the combustor with the perforated plate, there are

12
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Fig. 13. Continued

Fig. 14. Comparison of distributions of major species: (a) N2, (b) O2, (c) H2, and (d) H2O on the cross-section in the presence/ absence of the perforated plate using a steel combustor, as
the NH3 volumetric flow rate is set to 700 mL/min.

some accumulations of O and drops of N within the recirculation zone in
comparison to the case in the absence of the perforated plate, indicating
that the accumulation of O2 and H2O, together with less available N2,
plays a critical role in the N/O ratio. Furthermore, a close examination
of Fig. 14 (b), (c), and (d) shows that the accumulation of O2 in the re-
circulation zone is the major cause for the variation in the atomic ratio.
Therefore, it can be inferred that the preferential diffusion has an effect
on the NOx emissions within the recirculation zone, mostly as a result of
combustion products recirculation and the difference in the mass diffu-
sivities of different species.

To further evaluate the degree of the mass transport inside the mi-
cro-combustor, we introduce a dimensionless group, the local Peclet
number. This dimensionless number represents the relative importance
of convection to diffusion mass transfer, which is calculated as follows:

where stands for the fluid velocity , stands for the density
, represents the specific heat of species (J/(kg·K), repre
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sents the characteristic length of the flow (m), and is the thermal con-
ductivity (W/(m·K)).

Fig. 15 compares the Peclet number with the distance along the
y-axis in the absence/presence of a perforated plate. It is noted that the
Peclet number tends to be higher in the center of the axis, and lower
close to the inner walls, regardless of whether a perforated plate is im-
plemented or not. It is, however, worth highlighting that in the presence
of the perforated plate, the Peclet number close to the inner walls is sig-
nificantly lower compared to those without a perforated plate. This re-
veals the strong diffusion effect within the recirculation zone.

4. Conclusions

In this work, the NOx emission performances of ammonia/oxygen
combustion in a perforated plate-implemented micro-combustor are nu-
merically explored by considering the contributions of the flow field,
conjugate heat transfer as well as preferential diffusion effects. For this,
a 3D computational model with detailed chemical-kinetic mechanisms
is developed and validated by comparing with the experimental data
available in the literature. It is found that the compared to those with-
out a perforated plate, the presence of the perforated plate can reduce
temperature/flame speed, which contribute to NOx variation in the re-
circulation zones. Detailed analyses reveal that implementing a perfo-
rated plate enables a recirculation zone being formed downstream of
the plate. This zone, characterized by a low flame speed and tempera-
ture, is found to play an important role in changing the flow field. In
addition, the conjugate heat transfer between combustion products and
solid walls is identified to have a considerable effect on the NO genera

tion by relocating the flame and thus affecting chemical reactions. Fi-
nally, the preferential transport effect caused by the difference in the
mass diffusivity of different species and the two-dimensionality flow is
identified, leading to a region of locally decreased equivalence ratio and
atomic ratios. A significant decrease in N/O atomic ratio is observed in
the recirculation zone, mainly due to the increase of O atoms, together
with less N atoms available. This contributes to the change in the NO
generation in the recirculation zones.

In general, the present work proposes and examines a new design of
micro-combustion systems by implementing a perforated plate. Further-
more, the flow field, the conjugate heat transfer as well as the preferen-
tial diffusion mechanisms are identified to affect NOx emissions in the
recirculation zones to some extent from a perforated plate-applied mi-
cro-combustor.
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