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Abstract

Ammonia (NHz) is regarded as an alternative fuel not only as a carbon-free fuel but also as a
renewable hydrogen-carrier. It is possible that the safety in micro-combustor can be improved
through partial NHs substitution for hydrogen. However, knowledge of the thermal
performance and nitrogen oxides (NOx) emission of ammonia/hydrogen combustion,
especially in the micro-combustor, has been insufficient. In order to enhance thermal
performance, reduce NOx emission and improve flame stabilization of ammonia/hydrogen
fuelled micro-combustors for thermophotovoltaic (TPV) application, three types of micro-
combustors with a wavy profile are designed and evaluated. For this, a three-dimensional (3D)
numerical model with a detailed chemical reaction mechanism has been verified and applied
to assess the thermal performance of the modified micro combustors in terms of the outer
wall temperature distributions. The average temperature of these wavy combustors is found
to be much higher than that of the conventional smooth combustor, regardless of the
hydrogen/ammonia mixture flow velocity. Moreover, the wavy is a more effective measure to
improve temperature uniformity when the mixture velocity is greater than 12m/s. Comparing
the flame stability behaviours of hydrogen/ammonia/air blended combustion in both the
conventional and the proposed wavy combustors reveals that the blowout limit is effectively
broadened. Finally, the effects of 1) hydrogen/ammonia blended ratio and 2) fuel-air
equivalence ratio on NOx emissions are examined in detail. It is found that approximately
21.2% of NOx emission reduction could be achieved in the ARC wavy micro-combustor.
NOx emission reduction can be gradually improved, as the nitrogen fuel mass ratio is
increased. This present research sheds lights on an effective design of a micro-combustor

with enhanced thermal performance and reduced NOx emission.
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1. Introduction

Ammonia (NHs) is regarded as an alternative fuel not only as a carbon-free fuel
but also as a renewable hydrogen-carrier. NH3 is also considered as a clean and
high density hydrogen carrier since it can be easily rendered liquid at
atmospheric temperature and because of its lower cost of storage and production,
distribution and transportation [1]. Besides, NHs is able to burn directly with
blends fuel or additives [2]. It is possible that the safety of hydrogen (H.) use in
combustor can be improved through partial NH3 substitution for hydrogen. With
the increasing demand of worldwide industries for portable energy conversion
and power-harnessing in smaller-scale applications, micro power generators
(MPG) are developed using micro or nanotechnologies to convert different
forms of energy into electricity energy [3]. In recent years, it is essential to
establish efficient approaches for designing and manufacturing energy-efficient
and  environmentally-friendly  solutions for MPG. The  micro-
thermophotovoltaic (MTPV) [4, 5] is one kind of micro-combustion-based
MPG attracting extensive attention due to its reliability, longevity and simple
structure without moving parts, and is suitable for use in commercial electronics
and personal micro devices [6]. Researcher has experimentally evaluated the

feasibility of using ammonia-hydrogen blend-fuelled as green fuel in MTPV
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device with GaSh, modifying a previous hydrocarbon fuel combustor for MTPV
[7].

Combustion of hydrogen or mixture fuels provides a much higher energy
density due to the significant reduction in weight or volume of combustor
chamber compared with portable lithium-ion batteries [8]. Temperature
distribution characteristics are key points to improve the combustor efficiency
[9] and the performance of the MTPV. The major challenges faced in
optimizing the micro-combustor’s ability to convert chemical fuels into
electricity energy are not only to achieve uniform and high temperature
distribution [10] and wider flammability limit [11] but also to obtain higher

emission efficiency of exhaust gas [12].

One of the most important issues for optimization of combustor is to improve its
outer wall thermal performance, which attracts considerable experimental and
numerical investigations due to its direct effect on feasibility and demanded
energy conversion efficiency. Various new methods have been applied to
combustors by employing fins or bluff body [13, 14], catalytic combustion [15],
porous media [16-18], counter-flow [19], and heat recirculation [20, 21]. Peng
et al. [16] inserted a porous media into a combustor to augment the wall
temperature and subsequently enhanced the applied radiation energy of MTPV.
This is attributed to the solid matrix of porous media offering a better thermal

characteristic (heat capacity, conductivity, and emissivity) than gas. Yan [22]
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and Yilmaz [12] reported that adjusting the angle and width of the bluff body
can improve the combustion efficiency and blowout effectively. Li and Hong
[23] conducted numerical study of H,/CHj/air blended combustion and
concluded that the output electrical energy of the combustor with the
implementation of catalyst (Pt) is increased by up to 23.8% compared with that
without the catalyst. They also revealed that the catalyst has adverse effects on
combustion process at higher mass flow rates. The objective of Akhtar’s [24]
research was to investigate the impact of different cross-section types
(including circular, rectangular, square, trapezoidal and triangular) on the outer
wall temperature distribution and the flame structure of hydrogen fuelled micro-
combustor. The results showed that trapezoidal and the triangular cross-sections
brings about better thermal performance and overall energy conversion
efficiency for the low flow rates and high flow rates respectively. Zuo et al. [25]
studied the positive effects of Hy/air premixed flame in the combustor improved
by gradually varying the diameter. Mansouri et al. [26] proposed configuration
with wavy profiles as thermal performance enhancement for flat micro-
combustor. The significant impact brought by the above-mentioned
optimization of inner combustor on the thermal performance was observed. The
lack of an easy implement approach to improve the thermal performance of

micro combustors partially motivated the present work.
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Blowout limits [8, 27] of micro-combustors need to be considered for feasible
industry operation by researchers and engineers. The residence time of gas
mixture decreases as combustor size decreases. Furthermore, excessive heat loss
from the outer wall of combustor will suppress flame stability and even result in
blow out [28]. Massive research has been conducted to extend the flame
stability of the conventional micro-combustors [8, 27, 29]. Therefore, the
current topic of interest lies in approaches that are able to effectively broaden

blowout limit and enhance thermal performance.

In several previous studies [10, 30-35], ammonia/hydrogen was seen as one of
the promise fuel and it was actually used for combustor design. NOx emissions
produced via combustion present significant risks to both health and the
environment. Therefore, although ammonia is an important enhancer of
combustion, there is a large NOx proportion of emissions using this fuel [36].
Cai et al. [37] conducted numerical investigation on the performances and NO
emission characteristics of ammonia/oxygen premixed combustion. Xiao et al.
[38] and Rocha and Ramos [39, 40] reported a study of detailed mechanisms of
ammonia/air to represent the reaction kinetics and NO emission under
combustor conditions. Li et al. [41] found that the NOXx emission increases
sharply with the NH; addition mainly through the enhanced HNO pathway in
the main reaction zone. Hayakawa et al. [42] explored the knowledge of

characteristics of ammonia/air flames at the high pressures. Valera-Medina et al.
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[43] performed on practical swirl combustors with ammonia fuel mixture to

optimise the combustion stability and emission performance.

The major scopes of this paper are not only to choose the best possible
configuration with respect to energy efficiency, but also to obtain optimum fuel
condition with consideration of lower NOx emissions. It is clear that further
efforts are still needed in the NOx concentration reduction in order to avoid an
increase in NO. Recently, with the advances in the Additive Manufacturing (3D
printing) technologies for micro parts, research efforts are moving toward the
optimization of micro combustor by easy and reliable methods. The optimal
design is obtained for the first step. In this paper, the micro-combustors with
three different wavy profiles are proposed firstly to improve performance. Then
the average temperature distribution and uniformity over the outer wall of
hydrogen-fuelled micro combustor with different wavy types are compared for
various inlet flow velocities. The detailed comparison analysis of the flame
structure and temperature distributions in these combustors is carried out to
explain the reason of enhancement brought by the improved wavy combustors
in comparison with the conventional cylinder combustor (REF). To validate the
effect on flame stability of the improved wavy micro-combustor, the blow-out
limit is applied to compare and investigate the combustion characteristics of
ammonia/hydrogen/air blended between the REF and newly proposed ARC

combustors. Finally, the evaluation of reduced NOx emissions efficiency for
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wavy micro combustor is performed. The effects of fuel parameters including

blended ratio and equivalence ratio on NOy emissions are also analysed in detail.

2. Methods and Model

2.1Geometric model

Fig. 1 Schematic diagram of four micro-combustors and partial cross-section view of the four wavy

profiles.

The reference micro-combustor is an axisymmetric cylinder for MPG in
industrial application. The fuel flows into from the inlet and combustion in the
inner circular channel part. Then the energy of radiation and convection is
released from the outer wall. The schematic diagram of the micro-combustor
without or with the inner wavy profile and their various shapes are presented in
Fig. 1. Three improved micro-combustors are designed to keep periodical inner

wavy profile. The inner wall of improved combustor has five continuous waves
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equally spaced in the axial direction. All four combustors with the same fluid
region volume are chosen for the present research. The cross-sectional views of
all four combustors are shown in Fig. 1. The conversional reference combustor
iIs named REF. The TIP shape is connected by arcs to form a tip, and the TRI
shape consists of linear edges of a triangle. The profile of the inner surface of
ARC is connected by smooth arcs to facilitate wavy smoothness. During the
optimization design of the combustor, the volume of the entire internal channel
and wall material are respectively kept constant. The wavy profile is used to
change the contact surface between the flame and combustor. The length of the
micro-combustor is L, the external diameter is D, the internal diameter is d, the
minimum wall thickness is t, and the periodical wavy length is 2g. The micro-
combustors are made of 316 stainless steel whose properties are given in the

reference [14]. Table 1 shows detailed dimensions of the combustors.

Table 1. Dimensions of combustor.

Dimensions Values (mm)
D 3
d 2
L 20
g 2
t 0.25
wavy periods 5
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2.2Mathematical Model
A detailed chemical mechanism and transport based 3D CFD model is adopted
in the present numerical investigation. Considerable efforts have been spent to
explore thermal performance and reduce NOx emissions of different optimized
micro-combustors. All the issues below are mandatory to ensure the accuracy
and reliability of the numerical results, e.g. the numerical method, turbulence
models, mechanism and boundary conditions, which need to be considered
properly. The following issues are considered and assumed before establishing
the numerical model [44]: (1) fuel/air mixture steady combustion; (2)
considering outer wall radiation and convection; (3) incompressible flows;
(4) neglecting surface reaction effect. The fuel inlet Reynolds number can be
estimated as Kuo and Ronney [45] modelled for Swiss-roll micro combustors. It
Is observed that modelling of turbulent flow and transport at Re > 500 is
necessary to keep consistency between the experimental and numerical results.
Thus the standard k- model [31] is used for the turbulent flow and heat transfer
in the present study. With the above assumptions, the mathematical model of
hydrogen/ammonia/air premixed combustion in micro-combustor is established
by using the mass, momentum, energy species and equilibrium law. The related

governing equations are written as follows [26].
Mass:

V- (pV) =0 (1)

10
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where p is the gas density and v is the velocity in the v direction.

Momentum:

p(\7-V\7)=—Vp+V-(,u{V\7+(V\7)T—%VwﬂD (2)
where p is the gas pressure, u is the viscosity and I is the unit tensor.

Energy species:

v.\7(pEf + p) :V-[/IeﬁVT—{ZthjJJ{;{V\?HV\?)T —%VﬁlD'\?}rSQ (3)

where E is the total energy, 4. is the effective thermal conductivity of fluid,
VT is the temperature difference between fluid and walls. h; is the enthalpy of
species j , Ej is the mass diffusion coefficient of species j, u is the velocity in

the u direction, the and S]’} is the source term of the fluid enthalpy.
Wall energy equation:

V-(4,-VT)=0 (4)

where 4,, denotes the conductivity of the combustor surface.
Species equation:

V(plY;)=-VD; + o, ()
where w; and Y} are the net production rate and the mass fraction of species j.

Ideal gas equation:

11
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p=pRT (6)
R
R, = MO (7)
Where R, denotes the universal gas constant, M is the molecular mass.

The outer wall average temperature:

AT ®
XA

The outer wall temperature uniformity is evaluated by the standard deviation

parameter of wall temperature o , which can be written as:

o= B ATTL TS A (©)

where A;j and T; are the area and temperature of outer wall cell i respectively,

and Taye IS the average temperature of outer wall.

Q=hA(T,-T,)+eoA(T, -T,') (10)
Where hy is the natural convection coefficient, o denotes the Stephan-
Boltzmann constant which equals t05.67x10°wW/m?-K*, & denotes the emissivity
of the combustor wall, Ty and T, are the ambient temperature and outer wall

temperature respectively.

A specie production expression model for the net rate has to be used to close Eq.
(4). The turbulence dissipation e and turbulent kinetic energy k for k-epsilon

model are obtained by solving transport equations. The pressure and velocity

12
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coupling are calculated by using SIMPLE algorithm handled by Fluent (Ansys
19.0). These governing equations are solved by the finite volume and the
implicit solution method of under-relaxation. A second-order-upwind scheme is
used to discretize all governing equations together with the essential relations
and proper boundary conditions. Konnov [46] focused on the more detailed
mechanism of NH3; and its product. Kumar and Meyer [47] used the Konnov
mechanisms for H,/NHs/air mixtures over a wide range equivalence ratios to
compare the experimental data and models and evaluate its accuracy. A detailed
mechanism model [48] involving 38 species and 232 reactions for
hydrogen/ammonia/air gas-phase chemical reaction is verified and achieved by
Nakamura and Shindo [49]. It is also the fundamental mechanism model to be
applied and verified in the present simulation. The specific heat capacity and
mass diffusivity of fuel and air mixture are calculated by the mixing-law and the
Kinetic-theory respectively. The energy balance between the atmosphere and
combustor will be achieved once the flame is stabilized in the micro-combustor.
Based on the suggestions from Bongers and De Goey [50] on micro-combustion,
Dufour effect is ignored, while Soret effect is considered since it has an impact
on NO production rate. The body force and heat transport caused by the
concentration gradient are neglected due to their small amount as well as the
pressure diffusion[51]. The mass fraction-weighted average of all species is

selected for calculations of the mixture gas thermal conductivity and viscosity

13
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[52]. The energy equation convergence criterion is set as 10, the other

continuity, specie and turbulence equations criterion is 107,

2.3Computation Domain and Boundary Conditions
The physical computation model contains a fluid domain and a solid domain.
For the fluid domain, heat and mass transport of fuel/air mixture along with the
chemical reactions are considered. The solid domain takes into account the heat
transport encompassing conduction, convection, and radiation. A representative
ARC computational domain of the physical system analysed in this study is
presented, while other configurations considered in this study such as REF, TIP
and TRI are not shown. The mesh schemes of both domains are shown in Fig. 2,
in which non-uniform structured mesh is outputted by the pre-processor
meshing program ICEM. To obtain a geometric model of the combustor as
accurately as possible, various blocks are divided to be close enough to
represent the geometric characteristics. These blocks also facilitate the
controlling of the number and scale of cells. All correlation vertexes and edges
are stitched together into the block of combustor. The cells in all blocks are
meshed with high-orthogonality hexahedron, with refinement in the parts of
high strains or variations so that the numerical errors can be minimized. Solid
domain adopts medium density while fluid domain adopts uses a fine density,
because the flame zone within the fluid domain is more complicated than that in

the solid domain. In the streamwise direction, a higher mesh distribution is used.

14



263  Also, it can be seen that the mesh sizes of the interfaces between the solid
264 domain and fluid domain are nearly the same, which is helpful for the heat

265 transfer couple between the interface of the fluid domain and the solid domain.

QOutlet

Inlet

Fig. 2 Geometric domain scheme model and mesh details

266 From the enlarged region, it is observed that the region near the inlet of both
267 fluid and solid domains has finer mesh than that of other regions. This is
268  because that the gases inject condition from inlet is a significant initial value in
269 the numerical results. The inner surface of solid region and outer fluid domain
270  surfaces are set as interface to interpolate values. The main boundary conditions
271 of all combustor are taken as the velocity-inlet and pressure-outlet respectively.
272 The inlet velocity is variable to evaluate its effect on the combustion
273 performance. The pressure and O, mass fraction of outlet are set according to
274  the air condition in atmosphere. All detailed boundary condition settings are

275 generalized in Table 2.

276 Table 2 Boundary conditions.

15



Types Parameters Values

regard to H, or Ho/NHjs air
Mass fraction of each species

equivalence ratio(0.6-1.2)

Velocity (m/s) regard to cases (8-20)
Inlet
Temperature (K) 298
Turbulent intensity (%) 5
Hydraulic diameter (mm) 2
Gage pressure (Pa) 101325
Outlet Turbulent intensity (%) 5
Hydraulic diameter (mm) 2
Wall slip Non-slip
Inner wall
Thermal condition Coupled
Material 316 Steel
Outer wall Thermal condition Mixed
Heat transfer coefficient (W/(m?-K)) 20

16
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2.4 Model Validation and Mesh Independence Study

1250

T T
m  Akhtar's simulation
e Li's experiment
1150 - —— Present simulation -

1050 +

Outwall Temperature (K
w0
3

[e:]

(32

[=]
1

750

0 5 10 15 20

Axial Position (mm)

Fig. 3 Comparison of the outer wall temperature between the present simulation and literature

data.

The results of the present numerical simulation are compared against the
corresponding experimental and numerical data which comes from Li et al. [53]
and Akhtar et al. [24] to verify the accuracy of the computational model. The
length of the main part combustor from the experimental setup is 20 mm, and a
7 mm inlet is also arranged. The main part combustor size and wall thickness
are both the same as the present combustor. In the experimental study of Li et al.
[53], temperature distribution of experimental data on outer wall is showed.
Akhtar et al. [24] conducted a 2-D axisymmetric numerical simulation on the
same micro-combustor too. In this paper, the pure hydrogen case with an inlet
velocity of 12m/s and hydrogen/air equivalence ratio of 0.8 is selected. Fig. 3
presents the temperature distribution profiles of the external wall, showing both
the experimental and simulation data along the axial direction. It can be seen

that the consistence between the present simulation and experimental results

17
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available in the literature is excellent, showing the similar trend of temperature
distribution and the position of the temperature peak value. The maximum
temperature difference occurs near the combustor outlet, with a value of 19 K,
I.e., the maximum relative error between the numerical and experimental results
Is only 2.1%, which indicates that the computational model established in the

present study is reliable.

1900 —— , : : : :

—=— 191786
— o 387486
- - 778886
—v— 1561686

1400

900

Central Line Temperature (K)

400 ! L !

Axial Position (mm)
Fig. 4 Distribution of the central line temperature with different grid sizes under the inlet

velocity of 12m/s.

To exclude the influence of the grid size on the calculated results, a mesh
independence test with 4 different mesh densities ranging from 191,786 to
10,561,686 is conducted. Fig. 4 shows the effect of mesh scale on the central
line temperature of the micro combustor where the mixture inlet velocity and
the hydrogen/air equivalence ratio are kept at 12m/s and 0.8, respectively. A
sizable variation in the central line temperature at streetwise direction for

different mesh sizes is observed in the vicinity of the flame, i.e., the flame
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distance. The upstream of the flow is also relatively mesh sensitive. By
checking the centreline gas temperature profiles of the above meshes (zoomed-
in in Fig. 4), it is found that the temperature is a bit decreased with the increase
of grid size. It is observed that the mesh with about 387,486 cells is able to well
illustrate the gas mixture combustion temperature profiles, and a higher number
of cells (778,886) does not yield any significant improvement. It was concluded
that the mesh size level of 387,486 cells should be considered suitable for all the
following numerical computation sections since it provides a perfect trade-off
between the computational accuracy and the time cost. Furthermore, the
corresponding mesh size is selected in the present geometrical models with

different wavy profiles.

3. Results and Discussion

3.1 Wavy Profile Effect on Thermal Performance
The output of applied energy from micro TPV is proportional to the thermal
performance from the outer wall of combustor. The mean wall temperature is a
significant symbol of thermal performance, which is defined as the mean value
of all cells of the combustor wall. Fig. 5 presents the outer wall mean
temperature values of the combustors employing varied wavy profile
configurations. In this part, the inlet velocity varies from 8 m/s to 20 m/s, and
Ho/air equivalence ratio is set as 0.8. As shown in Fig. 5, with increasing the

inlet velocity, the average temperature values increases significantly, whether

19
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337

338

339

340

the micro-combustor has any wary or not. Under the same equivalence ratio in
this section, the increased inlet velocity results in a higher wall temperature.
This is because the increasing of the inlet velocity provides a higher energy
input, and thus release more heat generation from the combustion. It is clear that
the change of wavy type also affects the temperature distribution. It also
demonstrates that regardless of the fuel flow velocity, the average temperatures

on the wall of TIP, TRl and ARC combustors are higher than that of REF

combustor.

1400 I

REF 2
TIP .
TRI .
ARC ol A A

1350 + u

1300 +

Average Outwall Temperature (K)

T T T T T T T T
8 10 12 14 16 18 20
Velocity (m/s)

Fig. 5 Average outer wall temperature profiles for different wavy combustors.

The combustor with ARC wavy obtains the highest temperature, while the value
of REF combustor is the lowest. The average temperature in REF is increased
from 1255K to 1364K as the velocity increases from 8 m/s to 20 m/s. On the
contrary, the ARC combustor reaches 1400K at the velocity of 20 m/s. A

maximum improvement of 36K can be achieved when comparing the ARC

20
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351

wavy combustor with the conventional combustor. That is, the improvement of
output performance on ARC-TPV is achieved as 10.98%. The improvement of
average temperature of wavy is more obvious with the increase of mixture
velocity. It should be pointed out that wavy profile enlarges interface between
fluid and solid zone for heat transfer. In addition, the average temperature
Improvement is due to the formation of a recirculation zone on the concave
wavy wall which provides more residence time and heating time to stabilize and
enhance heat transfer. The viscosity caused turbulence enhances heat transfer
between the combustion gas and the solid wall. The thermal performances of
the micro-combustors are not only sensitive to the mixture velocity, but also to

the change of interior structure area in the combustion chamber.

110

T T T
| —=— REF

5100_ —eo—TIP ]
§ |—=—TRI ]
S 904 —v—ARC -
5_ 4
8 80- .
e
S 704 .
C
8
0 60 4
g
E ] l
T 50+ .
(O]
£
£ 40 .
|_
30 —
8 10 12 14 16 18 20

Velocity (m/s)

Fig. 6 Non-uniformity of outer wall temperature distribution.
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The higher and more uniform outer wall temperature has an imperative effect on
the radiation efficiency and output power of the micro-TPV system [33]. In
order to achieve a high energy conversion efficiency, the wall temperature
uniformity must be improved. Furthermore, a uniform temperature distribution
reduces outer wall thermal stresses of the micro combustor and prolongs the
operation period [54]. In this paper, the temperature standard deviation is
measured by calculating uniformity coefficient to quantify the non-uniformity.
For this reason, the variation of wall temperature distribution non-uniformity
under various inlet velocities is presented in Fig. 6. With an increase of the inlet
velocity, the temperature standard deviation (the lower derivation indicates
better uniformity) decreases first in the velocity range of 8-12m/s, then
increases in the velocity range of 13-20m/s. It can also be observed that
temperature standard deviation is very high for REF micro combustor without
any wavy. It can be easily observed that the highest standard deviation of about
105 K is achieved at the velocity of 20m/s for reference REF combustor. In
addition, the non-uniformity coefficient drops down from 42K to 34K due to the
implementation of the ARC wavy. Wavy profile is a highly effective measure to
improve uniformity when the mixture inlet velocity is higher than 12m/s. The
effect of the inner wall on thermal performance is related to the fuel inlet
velocity. Although the wavy profile has a negative effect on uniformity at a low
speed on, it is obvious that the positive effect is generally much more obvious

than the negative effect. This can provide a reference for the further design of

22
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micro-combustor. For temperature uniformity, it is mostly likely due to the
increase of local turbulence gradient. The turbulent intensity distribution and for
hydrogen-fuelled combustion in REF and ARC combustor are compared. It can
be seen that at a lower velocity (8m/s), wavy just causes increasing of
turbulence intensity at local bulges. The local turbulence gradient leads to a
negative effect on uniformity under lower-inlet-velocity condition. At a higher
velocity (20m/s), the turbulence intensity is enforced over a wide area rather
limited in local area. It is attributed to the fact that the positive effect of wavy
profile is sizable enough to change the fluid movement towards the outlet and
enhance the heat transfer between the combustion chamber wall and the

combustion gas.

Fig. 7 shows the outer wall temperature distribution and non-uniformity for
20%NH3+80%H2 blended fuelled combustion. These trends are similar to the
above-mentioned pure hydrogen combustion. According to the foregoing
analysis, ARC is a better configuration for either hydrogen/air or
ammonia/hydrogen/air fuelled combustion considering temperature uniformity

and average temperature.
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Fig. 7 Outer wall temperature distribution and non-uniformity for 20%NH;+80%H fuelled.

3.2 Thermodynamics characteristics
To explore the detailed effects of wavy profile on both wall temperature
distribution and flame temperature, contours of flame temperature field
variation of middle cross section on four combustors are shown in Fig.8, where
fuel flow velocity and equivalence ratio are set as 20m/s and 0.8, respectively.
High temperature values associated with wavy wall are mainly rooted in the
above mentioned thermal performance. Convergent-divergent flow channel with
wavy profile affects inner reactants velocity, provides more residence time and
heating time, and makes a fundamental change in the interaction amplitude
between the wall and the shape of the flame evolution. To further analyze the
basic mechanism that leads to the difference in temperature distribution of the

four kinds of micro-combustors, several radial cross-section temperature
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distributions under different combustor structures are revealed. The wall
temperature at X=2 cross section of the REF micro—combustor is lower than
that of the other three combustors. The wall temperature distribution at X=8 and
10 of the TRI and ARC micro-combustor is more homogeneous. The reason for
these abovementioned phenomena is that the flame radial is narrowed by the
internal wavy profile. The flame front is compressed shorter and the ignition

zone (green zone in the contour) is broadened.
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Fig. 8 Variation of the temperature field.
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It is worthwhile to mention that under the same fuel flow rate, the increase in
combustion gas velocity due to the periodical change of inlet area does result in
a higher temperature of outer wall near the inlet compared to REF combustor.
This phenomenon shows that the wavy arrangement is beneficial to the
preheating of the mixture by the higher temperature inlet wall. In general, the
variation resulted in a more intensive heat transfer between the solid wall and

combustion gas.
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Fig. 9 Temperature profiles along the central line of different wavy profile shapes.

Fig. 9 compares the temperature profiles along the central line in the four above
mentioned combustors. The flame reaction zones in TRI and ARC are almost
located in the upstream region along the central line due to the function of two

wavy profiles. However, the flame front edge moves downstream with the
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implementation of TIP wavy profile. The flame location is sensitive to gas
velocity. After checking the velocity distribution of the combustor cross section,
it can be seen that the wavy wall has an obvious influence on the flow velocity.
The front edge of the flame is located in the middle of the combustor, which is
exactly in the accelerating area of the gas from the contraction passage. It can be
concluded that the acceleration area at the TIP's central passage is closer to the
downstream. Thus the flame front edge region moves downstream with the
implementation of the TIP wavy profile comparing with TRI and ARC.
Meanwhile, it can be observed that the highest flame temperature decreases
with the function of wavy profile because more area is used to transfer heat to
the outer solid walls. It can also be seen that the change of the inner temperature

Is consistent with the variation of the temperature field in Fig. 8.

3.3 Flammability Behaviour
Fig. 10 presents the combustion states of REF and ARC micro-combustors with
different hydrogen/ammonia mass blend ratios and velocities. Combustion
states are similar in cases of 100% hydrogen and 80%H,+20%NH;. REF and
ARC have the same flammability. As the blend proportion of H, decreases to
lower than 80%, the combustion states in REF begin to blow out. Moreover, the
value of blow out limit becomes smaller with the decrease of H,. The blow out
limits of REF micro-combustor operation on 60%H,+40%NH; and

40%H,+60%NH; are 10m/s and 16m/s, respectively. This indicates that
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ammonia has a lower flame velocity than hydrogen. Beyond the blow out limit,
the flames attached to the inner combustor fail to keep stable and contracts
down toward complete extinction. Additionally, by comparing the combustion
states of ARC combustor, the most obvious difference is revealed: ARC can
combust stably in any fuel mixture ratio or velocity due to the varied velocities
and longer residence time in channel. This is attributed to the preheat-process of
wall on the hydrogen-fuel, and turbulence enhances the flame stability. The
present simulation results shows that the hydrogen can combust with inlet
velocity of 20m/s. If the ammonia ratio in the mixture-fuel rises to a certain
level, the flame even will be blown out at 12m/s. Therefore, a micro-combustor
with ARC is more favourable to expand the blow out limit and anchor flame

than the conventional REF combustor.
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Fig. 10 Blowout limit of REF and ARC with different hydrogen/ammonia mixture and velocities.
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3.4 NOx Emissions Reduction
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Fig. 11 Variation of NOx emissions under different equivalence ratios of H,/NHs.

For combustion with enhanced performance, NOx control and emission
reduction technology is also a relatively complex issue. Fig. 11 attempts to
verify the role of wavy structure on NOx pollution prevention of the exhaust gas
by using 60%H,+40%NH; mixture fuel in REF and ARC combustors. Both
REF and ARC combustors have the same area of outlet. Effects of combustor
with wavy or without, and equivalence ratio are examined in this section. The
nitrogen oxide analysis of the outlet exhaust gas shows that the content of NO,
Is almost zero emission, but there is more NO. The NO is represented as the
NOx emission for following analysis. In the field of micro combustor, the off-
stoichiometric condition is intentionally used to protect the combustor wall from
hot combustion gases. Equivalence ratio of fuel flow for combustion has been

correlated to the amount of NOx generated. To understand the NOx emission
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characteristics for various conditions, the global equivalence ratio is varied in
the range of 0.6~1.2 together with the change of combustor configuration. With
equivalence ratio increasing from 0.6 to 1.2, the REF combustor outlet NOx
emission increases from 0.00746 mol/m? to 0.00994mol/m?, then decreases to
0.00885 mol/m?, the peak emission value is at stoichiometric equivalence ratio
of 1.0. Regardless of the fuel equivalence ratio, applying the ARC wavy to fuel-
lean and fuel-rich stoichiometric zone can strongly reduce NOx content of
exhaust gas. The relative improvement in NOx emissions with ARC wavy
profile is kept utmost at 13.4-15.9% compared to REF combustor. Thus, micro
combustor design with ARC wavy that provides highly reduced NOx emission

IS determined.
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Fig. 12 Variation of NOx emissions under different mixture ratios of H,/NHs.
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To explore the effect of fuel mixture ratio on NOXx reduction efficiencies, NOx
emission level in different mixture ratios is investigated. Fig. 12 shows the
variation of the generated NOx under different mixture ratios of H, and NHs.
All NOx emission from the outlet of ARC combustor is much lower than that of
the REF combustor under the same operating conditions. Average outlet
NOx emission is yielded with an inlet velocity of 12m/s and equivalence ratio
of 0.8 for mixture fuel ratio 40%H,+60%NH;, 60%H,+40%NH; and
40%H,+60%NH; with relative conversion of fuel ammonia to NOx at 21.2%,
14.1% and 12.3% respectively. The relative improvement percentage gradually
increases with the increase of the nitrogen fuel mass ratio. The combustor with
wavy radiates more heat for energy conversion, so the gas inside is at a lower
temperature. This main pathway of NOx formation mechanism is as following
reaction: N2 + O = NO + N. Lower temperatures lead to lower O and NO
production. It can also be seen from Section 3.4 that the decrease in the
proportion of hydrogen will lead to more reduction of NO emission. This is due
to the obviously decrease of gas temperature. This also demonstrates that lower
gas temperatures are conducive to emissions improvement. From the present
simulation data, it is evident that when the combustor improving techniques are
advanced such as normal internal wall of REF is substituted with ARC wavy, a
subsequent difference in NOXx formation is seen resulting in higher

NOXx reduction efficiencies.
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4. Conclusions

In this work, in order to enhance the thermal performance and reduce the NOx
emission of the micro-combustor for thermophotovoltaic application, 3D
numerical investigations are conducted to evaluate the thermal and NOx
emission performances of the modified micro-combustors with a wavy profile.
The model with detailed ammonia/hydrogen/air reaction mechanisms is
validated first with experimental data available in the literature. Three different
wavy profiles, i.e. TIP, TRI and ARC, are considered, as the NH3-H, mixture
flow velocity and equivalence ratio is varied. The impact of such wavy
configurations on enhancing the thermal performance, improving flame
stabilization and reducing the NOx emissions is evaluated to obtain an optimum

design of a micro-combustor. Key findings are summarized as:

1. The average temperature of the outer wall of the proposed wavy micro
combustors (no matter whether the shape is TIP, TRI or ARC) is higher
than that of the conventional micro-combustor, regardless of the
hydrogen flow velocity. Furthermore, maximum wall temperature is
found to be associated with ARC wavy micro combustor. The
temperature difference between ARC and the conventional combustor is
approximately 36K.

2. The maximum standard deviation of the average temperatures is about

105 K, when the inlet flow velocity is set to 20m/s in reference to the
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522 conventional combustor. The minimum non-uniformity coefficient is

523 found to be decreased from 42K to 34K, when considering the ARC
524 wavy configuration. The wavy profile is shown to be more effective on
525 improving temperature uniformity, when the mixture velocity is higher
526 than 12m/s.

527 3. The blowout limits of the conventional micro-combustors operating on
528 the conditions of 60%H,+40%NH; and 40%H,+60%NH3 are 10 m/s and
529 16m/s, respectively. ARC micro-combustor is found to be more efficient
530 in anchoring flame and expanding the blowout limit to more than 20m/s
531 than the conventional design.

532 4. Regardless of the equivalence ratio, applying the ARC wavy to fuel-lean
533 and fuel-rich stoichiometric zone can strongly reduce NOXx emission
534 found in the exhaust combustion gas. The relative reduction in NOXx
535 emissions with ARC wavy profile is found to be in the range of 13.4-15.9%
536 in comparison with the conventional micro-combustor.

537 5. NOy emission efficiencies at the combustor outlet under the tested
538 conditions of 40%H,+60%NH;, 60%H,+40%NH; and 40%H,+60%NH;
539 are shown to be 21.2%, 14.1% and 12.3% respectively. Further NOx
540 emission reduction is found to gradually increase with the increase of the
541 NH3; mass ratio.
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In general, the present work sheds lights on the design of a wavy-shaped micro-

combustor with enhanced thermal performance and reduced NOx emission.
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