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A biomass pellet rotary burner was chosen as the research object, in order to study the influence of excess air coefficient on the
combustion phenomenon of biomass rotary burner, the finite element simulation model of a biomass rotary burner was
established, and simulation results of a biomass rotary burner were verified by the experiment. +e computational fluid dynamics
software was applied to simulate the combustion characteristics of biomass rotary burner in a steady-state condition, and the effect
of excess air coefficient on temperature field and component concentration field in biomass rotary burner was analyzed. +e
results show that the flue gas flow rate inside the burner gradually increases with the increase of air velocity, the area with large
temperature is mainly concentrated in the middle region of the rotary burner, and the maximum combustion temperature also
appeared in the middle region of the combustion chamber, and the formation area of CO decreases with the increase of excess air
coefficient. CO2 is mainly concentrated in the middle region of the burner, and the CO2 generating region decreases with the
increase of excess air coefficient. +e experimental value of the combustion temperature of the biomass rotary burner is in good
agreement with the simulation results.

1. Introduction

With the rapid development of modern economy and
technology, the energy crisis and air pollution from the
combustion of fossil fuels have become increasingly serious
[1–3]. In order to meet the requirements of resource and
environment problems, many researches had been done to
improve combustion technologies and look for alternatives
to replace fossil fuels [4, 5]. Biomass pellet fuel is a typical
biomass solid forming fuel, with high efficiency, clean, easy
to ignition, CO2 near-zero emissions, and so on [6–8]. It can
replace coal and other fossil fuels used in cooking, heating,
and other civilian areas and boiler combustion, power
generation, and other industrial areas [9, 10].

In recent years, biomass pellet fuel is being developed
rapidly in the EU, North America, and China [11–13].
Another advantage of biomass pellet fuel is that it can be
used in small boilers, hot blast furnaces, and heating fur-
naces. +e automatic control system is used to achieve the

continuous combustion of biomass pellet fuel burner. After
years of research, biomass pellet burners are being developed
rapidly.+ese burners mainly use wood pellets as fuel.Wood
pellets have many advantages, such as high calorific value,
low ash content, high ash melting point, and being not easy
to slag after combustion [14, 15].

Khodaei et al. [16] addressed a comparative CFD-based
analysis of different drying models. Several submodels were
simulated to investigate the evaporation process of different
geometries based on standard densified wood pellets.
Buchmayr et al. [17] presented an accurate, time-efficient
CFD approach for small-scale biomass combustion systems
equipped with enhanced air staging. +e model can handle
the high amount of biomass tars in the primary combustion
product at very low primary air ratios. Gas phase com-
bustion in the freeboard was performed by the Steady
Flamelet Model (SFM) together with a detailed heptane
combustion mechanism. Farokhi et al. [18] presented a
computational study to evaluate the influence of turbulence
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and combustion models as well as chemistry schemes on the
combustion of an 8–11 kW small lab-scale biomass furnace.
Fagerström et al. [19] used a macro-TGA reactor to de-
termine the release of ash forming elements during devo-
latilization and char combustion of single pellets. Soft wood
and wheat straw were combusted at two temperatures
(700°C and 1000°C), and the residual ashes were collected
and analyzed for morphology, elemental, and phase com-
position. Roy et al. [20] presented combustion and emission
results obtained using a prototype pellet furnace with
7–32 kW capacity (designed for burning high ash content
pellet fuels) for four biomass pellets: one grass pellet and
three wood pellets. Fuel property, gas emissions, and furnace
efficiency are compared. Vicente and Alves [21] presented an
extensive tabulation of particulate matter emission factors
obtained worldwide and critically evaluated. Henderson
et al. [22] explained how local economies can benefit from
wood pellet manufacturing by expressing the economic
multiplier effect of wood pellet plant operations in terms of
employment, wages and salaries, and value-added in each of
the 13 states in the U.S. South. Nunes et al. [23] studied
several studies on the torrefaction of biomass for heat and
power applications in the literature, which need to be
reviewed and analyzed for further actions in the field, be-
cause significant gaps remain in the understanding of the
biomass torrefaction process, which necessitate further
study, mainly concerning the characterization of the tor-
refaction chemical reactions, investigation of equipment
performance and design, and elucidation of supply chain
impacts. Mobini et al. [24] used a dynamic simulation
modeling approach to assess the integration of torrefaction
into the wood pellet production and distribution supply
chain. +e developed a model that combined discrete event
and discrete rate simulation approaches and allowed con-
sidering uncertainties, interdependencies, and resource
constraints along the supply chain which were usually
simplified or ignored in static and deterministic models.

Proskurina et al. [25] presented an overview of the current
status of the Finnish wood pellet business and discussed the
main opportunities and challenges facing the future devel-
opment of the industry. Coelho et al. [26] studied several base
case power plants and hybrid biomass/CSP options: wood
gasification, refuse-derived fuel pellets, biogas from a
wastewater anaerobic digester, and biogas from a landfill and
natural gas. Roni et al. [27] investigated the existing cofiring
plants with technologies and the availability of biomass re-
sources in different countries of the world. Finally, this paper
summarized the major global biomass cofiring initiatives and
the prospects of biomass cofiring in securing renewable en-
ergy targets. Toklu [28] showed that there is an important
biomass energy potential for climate change mitigation and
energy sustainability in Turkey. Proskurina et al. [29] eval-
uated the potential of torrefied biomass in different industries,
both power and nonpower generation industries, and con-
sidered the impact of such use on the international biomass
market. Carvalho et al. [30] compared different technologies,
such as CFB air and oxygen gasification, dual fluidized bed
(DFB) steam gasification, and bio-synthetic natural gas (bio-
SNG) production, focusing on the use of the product gas in an

iron ore pelletizing process located in the Southeast of Brazil.
Garćıa et al. [31] analyzed thirteen alternative raw biomass
samples and compared themwith briquette, wood pellets, and
charcoal and considered the data of their proximate, ultimate,
and calorimetric analysis and physical properties. Silva et al.
[32] evaluated the application potential of torrefaction in the
solid fuel’s production from lignocellulosic biomasses in
Brazil. Xu et al. [33] evaluated the reductions in PM2.5,
organic carbon (OC) and elemental carbon (EC) emissions by
comparing emission factors (EFs) among 19 combinations of
biofuel/residential stove types measured using a dilution
sampling system. Ahn and Jang [34] manufactured and tested
a prototype of a 230 kW class wood pellet boiler employing a
four-step grate. Ndibe et al. [35] investigated cofiring char-
acteristics of torrefied biomass fuels at 50% thermal shares
with coals and 100% combustion cases. Kraszkiewicz et al.
[36] analyzed the results of the CO, NO, and SO2 emission
from burning pellets of oil cake, rape straw, and birch sawdust
in the low-temperature water boiler of the top combustion.
Chai and Saffron [37] optimized the biomass upgrading depot
capacity and biomass feedstock moisture to obtain the
minimum production cost at the depot gate to produce
woody biofuels.

In this paper, a biomass pellet rotary burner with the spiral
cleaning and slagging device was chosen as the research object
in order to study the influence of excess air coefficient on the
combustion efficiency. According to the combustion char-
acteristics of the biomass (wood pellet), a high-efficiency
double-layer combustion drum device has been designed to
achieve a better flow distribution in this study. +e flow
velocity distribution characteristics in the burner have an
important effect on the combustion efficiency of the biomass
(wood pellet).+e flow field distribution and combustion field
distribution of the new biomass rotary burner are studied,
which can reduce the test workload and shorten the design
cycle. +e CFD software was applied to simulate the com-
bustion characteristics of biomass rotary burner in steady
condition, and the effects of the excess air ratio on the
temperature field and component concentration field in the
biomass rotary burner were analyzed.

2. Numerical Model

2.1. Physical Model of Biomass Rotary Burner. In order to
improve the thermal efficiency of the biomass rotary burner, a
rotary combustion chamber has been used in the biomass
rotary burner for reducing the pollutants. A screw feed device is
used to control the appropriate amount of biomass (wood
pellet). +e schematic diagram of the biomass rotary burner is
shown in Figure 1 which is mainly constituted by the spiral
feeding mechanism, rotary combustion chamber, small com-
bustion chamber, connecting flange, and other components.

When the burner is working, the biomass pellets are fed
from the feed spiral tube into the rotary combustion
chamber. +e air is blown into the rotary combustion
chamber through the secondary air pores to make the
biomass particles burn completely. +e combustion char-
acteristics of the burner in the steady state are studied in the
paper.
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2.2. Mathematical Model. In this work, the combustion
characteristics of the biomass rotary burner were studied by
Fluent software. In the numerical calculation, the turbulent
flow adopts the k-ε equation model, and the P-1 model was
used to simulate the radiative heat transfer. +e discrete
phase particle trajectory was adopted. A power-diffusion
limiting model was used in the stochastic tracking model for
combustion. A two-step competitive reaction model was
adopted for calculating volatile pyrolysis, and a mixture
fraction/probability density function (PDF) was used for
simulating gas phase turbulent combustion.

In the fluid simulation of biomass rotary burner, it is
regarded as steady-state turbulent motion.+e flow and heat
transfer conservation equations of mass, momentum, and
energy are as follows.

+e mass conservation equation is

div(ρU) � 0, (1)

where ρ is the fluid density and U is the fluid velocity vector.
+e momentum conservation equation is

div(ρuU) � div(μgradu) −
zp

zx
+ Su,

div(ρvU) � div(μgradv) −
zp

zy
+ Sv,

div(ρwU) � div(μgradw) −
zp

zz
+ Sw,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where p is the fluid pressure, μ is the dynamic viscosity, and
Su, Sv, and Sw are the generalized source terms for the
momentum conservation equation.

+e energy conservation equation is

div(ρUT) � div
h

cp

gradT  + ST, (3)

where cp is the specific heat capacity of fluid, T is the fluid
temperature, h is the heat transfer coefficient of fluid, and St
the is viscous dissipation term.

+e turbulence kinetic equation and the turbulence
stress equation which reflect the influence of the turbulence
pulsation on flow can be obtained by the k-ε equation in the
following form:

z ρkui( 

zxi

�
z

zxj

μ +
μt

σk

 
zk

zxj

  + Gk − ρε + Sk, (4)

where k is the turbulent kinetic energy, μt is the turbulent
viscosity, Gk is the generation term of the turbulent kinetic k
caused by mean velocity gradient, Sk is the source term of
turbulent kinetic energy, and σk is the Prandtl number
corresponding to the turbulent kinetic k.

z ρεui( 

zxi

�
z

zxj

μ +
μt

σε
 

zε
zxj

  +
ε
k

C1εGk − ρεG2ε(  + Sε,

(5)

where ε is the turbulent dissipation rate, Sε is the turbulent
dissipation source, σε is the Prandtl number corresponding to
the turbulent kinetic energy dissipation ε, andC1ε andC2ε are the
empirical constants, σk� 1.0, σε � 1.3, C1ε � 1.44, and C2ε �1.92.

In the mixed fraction model, the instantaneous ther-
mochemical parameters of the fluid are related to the mixing
fraction. +e mixing fraction can be calculated by equation
(6) according to the atomic mass fraction of the fuel and
oxidant including the inert component:

f �
Zi − Zi,ox

Zi,fuel − Zi,ox
, (6)

where Zi is the elemental mass fraction of element i, the
subscript ox is the value at the inlet of oxidant stream, and
fuel is the value at the inlet of the fuel stream. +e mixing
fraction is the local mass fraction of all components (CO2,
H2O, O2, etc.) including the combusted and unburned fuel
stream elements (C, H, etc.). +e average (time average)
mixed fraction and its mean square equation are

z

zt
(ρf) + ∇ · (ρVf) � ∇ ·

μt

σt

∇f  + Sm,

z

zt
ρf′2  + ∇ · ρVf′2  � ∇ ·

μt

σt

∇f′2  + Cgμt ∇
2
f 

− Cdρ
ε
k

· f′2,

(7)

whereV is the average velocity vector, m/s; μt is the turbulent
viscosity, kg/(m·s); σk is the turbulent Prandtl number; Sm is
the source term caused by chemical reaction, kg/(m3·s); and

1 2 3 4

567

1-Rotary combustion chamber
2-Stirring rib
3-Secondary air pores
4-Blower fan

5-Spiral feeding mechanism
6-Small combustion chamber
7-First air pores

Figure 1: Schematic of biomass pellet rotary burner.
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Cg and Cd are the model constants which are 2.86 and 2.00,
respectively.

For radiant heat flow qr, it can be expressed by

qr �
1

3 a + σs(  − Cσs

∇G, (8)

where a is the absorption coefficient; σs is the scattering
coefficient; G is the incident radiation, W/m2; and C is the
linear anisotropic phase function coefficient.

Introducing the parameter Γ� 1/[3 (a+ σs)−Cσs],
equation (8) can be turned into

qr � −Γ∇G. (9)

+e transport equation for G is

∇(Γ∇G) − aG + 4aσT
4

� SG, (10)

where σ is the Stephen-Boltzmann constant, 5.67×10−8W/
(m2·K4); and SG is the source term of user-defined radiation,
W/m2.

When using the P-1 model, the local radiation intensity
is used to solve this equation. Equation (11) can be calculated
by combining equations (9) and (10):

−∇qr � aG − 4aσT
4
, (11)

where −▽qr is an expression that can be directly substituted
into the energy equation to obtain a heat source due to
radiation.

+e precipitation of biomass volatiles was simulated
using a two-competing-rate model, and the parameter was
determined based on the properties of biomass.

mv(t)

1 − fw,0 mp,0 − ma

� 
t

0
α1R1 + α2R2( 

· exp − 
t

0
R1 + R2( dt dt,

(12)

where mv(t) is the mass of volatiles precipitated at time t, kg;
fw,0 is the initial volatile mass fraction of the particles; mp, 0
is the initial particle mass of the jet source, kg; ma is the ash
content of the particles, kg; α1 and α2 are production rate
factors; and R1 and R2 are competitive precipitation rate
constants, controlling the precipitation rate in different
temperature ranges, Ri �Aiexp (−Ei/RTp), kg/(kg·s).

+rough the experimental study, the components at-
tached to the combustion are similar to coke which is very
close to the chemical properties of coke. It is assumed that
the coke surface reaction rate in the dynamic diffusion
control combustion model is simultaneously controlled by
the diffusion process and chemical reaction kinetics. +e
coke combustion rate is

dmp

dt
� −πd

2
ppox

aR

a + R
, (13)

where R is the chemical reaction rate constant, R�C2exp
(−E/RTp), kg/(kg·s);Mp is the current pellet mass of coke, kg;
dp is the current particle diameter of coke, m; and pox is the

partial pressure of oxidant in vapor phase around the coke
particles.

2.3. Computational Mesh and Boundary. Before calculating
by numerical simulation method, a 3D model of biomass
pellet rotary burner was established. For making the cal-
culation of the simulation model faster, the burner surface
chamfer and fine structure were properly simplified without
affecting the accuracy of the calculation. +e fluid model in
the burner was established by Gambit. +e tetrahedral mesh
was used to divide the body mesh of the fluid model in the
burner. Figure 2 shows a three-dimensional volume model
of fluid in the burner with a number of nodes of 133078 and
a number of grids of 600240 after grid independence.

In this paper, the boundary conditions are set including
the inlet velocity boundary, the pressure outlet boundary,
and the wall boundary, and the near-wall region simulation
uses the wall function method. +e k-ε model is used to
simulate turbulent gas phase flow, the scalar conserved
mixed fractional probability density function is used to
simulate volatile combustion, and the P-1 radiation model is
used for simulation research to calculate the radiation ex-
change. +e kinetic/diffusion control reaction rate model is
used to simulate the coke combustion. +e distribution
characteristic of the solid phase particle is set to uniform.
+e Lagrange discrete phase model is used to calculate the
interaction between the particle phase and the gas phase, and
the random orbit model is used to track the particle motion.
+e WSGGM-domain-based model is used to calculate the
absorption coefficient. +e inlet boundary is set to the ve-
locity inlet, and the temperature T is set to 300K. +e
turbulence intensity is determined by the method of tur-
bulence intensity and hydraulic diameter. +e outlet
boundary condition is set to the type of pressure outlet. In
the process of simulating the adiabatic combustion, the wall
is set to an adiabatic wall surface with no heat flux and mass
flux. It is assumed that the velocity on the wall surface is zero.
+e proximate and ultimate analyses of the biomass pellet
used in the simulation are listed in Table 1.

+e productions of the volatile pyrolysis of the biomass
fuel are CO, H2, H2O, and so forth. +e pyrolysis equations
of the combustion process are as follows:

2C(s) + O2(g) � 2CO(g) + 246 446 kJ/kmol (14)

2CO(s) + O2(g) � 2CO2(g) + 567 414 kJ/kmol (15)

C(s) + CO2(g) � 2CO(g) − 160 140 kJ/kmol (16)

C(s) + H2O(g) � CO(g) + H2(g) − 118 830 kJ/kmol (17)

C(s) + 2H2O(g) � CO2(g) + 2H2(g) − 75 114 kJ/kmol
(18)

CO(s) + H2O(g) � CO2(g) + H2(g) − 43 587 kJ/kmol
(19)

4 Journal of Chemistry



For simulating the combustion of the biomass pellet
rotary burner, it is necessary to determine the independence
between the grid and the calculated results. In the paper, four
different density grids of the burner are divided, and the
results are shown in Table 2.

It can be seen from the table that when the grid is in-
creased to 845772, the maximum temperature of the outer
burner remains substantially stable. When the grid is too
dense, the simulation time and the computational cost will
increase; therefore, the second grid is adopted in the analysis.

2.4.ModelValidation. In order to test the simulation model,
the team established a test bench for the biomass rotary
burner. A schematic diagram of the test device for the
biomass rotary burner is shown in Figure 3. It can be seen
that the test instruments include thermocouples, flue gas
analyzers, fan flow meters, and feed screw speed detection
devices. Because this research mainly discusses the com-
bustion efficiency of the burner, the temperature is the best
evaluation index. +erefore, temperature measurement is
the key condition of model validation. +e measuring in-
struments used in the test are specially customized.

+e test steps of the main experiments are as follows:

(1) At the test site, all test devices required for the test
platform are installed

(2) Check that all test devices are complete and whether
they are consistent with the predetermined size

(3) Check the air tightness of the whole device, and
check whether there is any loose connection

(4) Install various sensors and measuring devices
(5) Power on the instrument and ensure that all pipe-

lines are connected
(6) Carry out the experiment according to the experi-

ment manual

+e biomass pellet fuel used in the test was fir wood
pellet fuel which was compressed into a cylindrical shape by
a fuel molding machine with a diameter of 5mm. +e
processes are as follows:

(1) Convey the wood pellet fuel by the screw conveyor;
the conveying capacity of the conveyor was kept at
12 kg/h.

(2) +e hot air gun was energized, and the burner was
heated by the hot air for about 10 minutes.

(3) When the hot air gun was energized, the fan started
to work, and then the wind was blasted into the
combustion chamber.

(4) When the flame was detected, the hot air gun was
powered off and stops working. After that, the inlet
valve was adjusted to change the intake air volume of
the combustion chamber.

Only the measured temperature is reliable due to the
error of measuring instruments caused by high
temperatures.

It can be seen from Figures 4 and 5 that the experimental
values of the combustion temperature of the biomass rotary
burner are in good agreement with the simulation results,
and the maximum error is 11.9%, because the model is
appropriately simplified during the simulation.

3. Results and Discussions

In order to make a better comparison with the test results,
the fir particle fuel has been chosen as the simulated fuel. Its
ultimate and proximate analysis is shown in Table 1.+e feed
amount of biomass pellet fuel is set to 12 kg/h, and the

Table 1:+e proximate and ultimate analyses of China fir (air dry).

Proximate analysis
Mass ratio (%) Lower heating

value (MJ·kg−1)Moisture Ash Volatile Fixed carbon
11.92 1.77 64.895 21.415 16.76

Table 2: Results of the highest temperature of the outlet dependent
on different grid densities.

Calculation method 1 2 3 4
Grid number 19 5064 338 087 62 3300 84 5772
Highest temperature (K) 1680 1700 1790 1760

1~5. Thermocouples
6. Flue gas analyzer

7. Fan flow meter
8. Feed spiral speed detection

1 2 3 4 5

678

Figure 3: Schematic diagram of the thermocouple position in the
burner test device.

Figure 2: +ree-dimensional mesh model of fluid in the burner.
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temperature field and CO, CO2, and O2 concentrations of
the biomass pellet burner are numerically simulated under
four conditions of excess air coefficient of 1.0, 1.4, 1.8, and
2.2.

3.1. Effect of Excess Air Coefficient on Temperature
Distribution. Figure 6 shows the longitudinal distribution of
the combustion temperature of the rotary burner under
different excess air coefficients. It can be seen from Figure 6
that the temperature changes greatly and is mainly con-
centrated in the middle region of the rotary burner. +e
combustion temperature reaches the maximum in the
middle region of the combustion chamber.With the increase
of excess air ratio, the temperature is correspondingly re-
duced. When the excess air coefficient α is 1.0, 1.4, 1.8, and
2.2, the maximum temperature of the rotary combustion
chamber is 1700K, 1600K, 1700K, and 1600K, respectively.

Figure 7 shows the temperature distribution along the
longitudinal centerline of the burner under different excess
air coefficients. It can be seen from Figure 7 that the
maximum temperature decreases with the increase of excess
air coefficient. +is is because as the excess air coefficient
standing for the fuel is larger, it will be blown to the tail of the
burner before the combustion in the combustion chamber is
completed. +is will lead to an increase in the velocity of the
burner outlet, which is consistent with the simulation
results.

3.2. Effect of Excess Air Coefficient on CO Concentration
Distribution. +e CO concentration distribution of the
burner is shown in Figure 8.

It can be seen that CO is mainly concentrated near the
fuel inlet where the biomass fuel is richer than other areas, so
the CO concentration is also richer, and the CO generating
region decreases when the excess air coefficient increases.
When the excess air coefficient α is 1.0, CO is almost dis-
tributed throughout the rotary combustion chamber, indi-
cating that the oxygen supply is insufficient in this area.
When the excess air coefficient α is 1.4, the CO concen-
tration range decreases with the increase of the oxygen
content, and it is limited to the small combustion chamber of
biomass rotary burner. When the excess air coefficient α is
2.2, the CO concentration range is further reduced, and the
range of the maximum CO concentration is greatly reduced.

Figure 9 shows the distribution of the CO concentration
along the axial centerline of the burner under four operating
conditions.

It can be seen from the curve in Figure 9 that the CO
concentration under the four working conditions shows an
approximate parabolic distribution. It increases rapidly first
and then decreases slowly, indicating that the biomass fuel is
enough when it enters the combustion chamber, and an
incomplete combustion reaction occurs, and then the CO
concentration increases. With the increase of O2, CO un-
dergoes further oxidation reaction to form CO2, which
causes the CO concentration to decrease, while the CO2

T (K)

1900
1755
1609
1464
1318
1173
1027
882
736
591
445
300

(a)

T (K)

1900
1755
1609
1464
1318
1173
1027
882
736
591
445
300

(b)

Figure 4: Temperature distribution of the gas phase in the burner. (a) Longitudinal distribution (α�1.2). (b) Horizontal distribution
(α�1.2) (Y� 0.364m).
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Figure 5: Comparison of simulation and experimental values of
the burners’ combustion temperature.
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concentration is corresponding to increase. It can be seen
that the CO concentration in the burner gradually decreases
with the increase of the excess air coefficient.

3.3. Effect of Excess Air Coefficient on CO2 Concentration
Distribution. +e CO2 concentration distribution of the
rotary burner is shown in Figure 10. +e CO2 concentration
is mainly concentrated in the middle region of the burner.
+e CO2 generating region decreases with the increase of the
excess air coefficient. When the excess air coefficient α is 1.0,
CO2 is almost distributed throughout the rotary combustion
chamber, indicating that biomass fuel is almost combusted
completely. When the excess air coefficient α is 1.4, the area
of the CO2 concentration range decreases compared with the
excess air coefficient 1.0. When the excess air coefficient α is
1.8, the CO2 concentration range decreases with the increase
of the oxygen content, and it is limited to the longitudinal
region of the biomass rotary burner. When the excess air
coefficient α is 2.4, the CO2 concentration range is further
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Figure 6: Longitudinal distribution of the combustion temperature of the rotary burner under different excess air coefficients. (a) α� 1.0. (b)
α� 1.4. (c) α� 1.8. (d) α� 2.2.
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reduced, and the range of the maximum CO2 concentration
is also greatly reduced.

Figure 11 shows the distribution of CO2 concentration
along the longitudinal centerline of the burner under four
operating conditions. It can be seen from the curve in
Figure 11 that the CO2 concentration under the four op-
erating conditions gradually increases with the reaction of
combustion, and then it remains stable. As excess air co-
efficient increases, the CO2 concentration in the burner is
gradually reduced.

3.4. Effect of Excess Air Coefficient on O2 Concentration
Distribution. +e O2 concentration distribution of the
burner is shown in Figure 12. As shown in Figure 12, O2 is
mainly concentrated near the airflow inlet at a lower excess
air coefficient. When the excess air coefficient increases, the
biomass fuel will burn faster and the O2 region will increase
with the increase of excess air coefficient. Figure 13 is a
distribution curve of the O2 concentration along the
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Figure 8: Longitudinal distribution of the CO concentration of the rotary burner under different excess air coefficients. (a) α� 1.0. (b)
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longitudinal centerline of the burner under four operating
conditions. As shown in Figure 13, the distribution of O2
concentration gradually increases with the increase of excess
air coefficient under the four operating conditions. At a
lower excess air coefficient, oxygen is concentrated mainly
near the airflow inlet. +e middle and lower regions of the
burner form a relatively low oxygen atmosphere.

3.5. Current and FutureDevelopments. It is a very important
research topic to improve combustion efficiency [38–40] and
reduce pollutant emissions [41–46] by changing the shape
and structure size of the burners. As for the swirl burner, the
latter research should be based on the existing model re-
search and carry out relevant simulation and experimental
research. Relevant model modification and parameter sen-
sitivity should be explored. +e internal distribution and
main distribution trend of the flow field are obtained. +e
computational fluid dynamics software can be applied to
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Figure 10: Longitudinal distribution of the CO2 concentration of the rotary burner under different excess air coefficients. (a) α� 1.0 (b)
α� 1.4. (c) α� 1.8. (d) α� 2.2.

0.0 0.1 0.2 0.3 0.4 0.5

0.00

0.05

0.10

0.15

0.20

0.25

0.30

CO
2 m

as
s f

ra
ct

io
n 

(%
)

Axial position (m)

a = 1.0
a = 1.4

a = 1.8
a = 2.2

Figure 11: CO2 concentration distribution along the longitudinal
centerline of the burner under different excess air coefficients.

Journal of Chemistry 9



simulate the combustion characteristics of the biomass
rotary burner in steady condition. +e structure of the swirl
burner will be more reasonable and it can use fuel efficiently.

4. Conclusions

+rough the simulation and experimental research on the
combustion characteristics of the biomass rotary burner, the
conclusions are obtained as follows:

(1) +e area where the temperature changes greatly is
mainly concentrated in the middle part of the rotary
combustor, the combustion temperature reaches the
maximum in this region, and the temperature is
smaller in other regions. According to the simulation
results, the temperature of the burner decreases with
the increase of the excess air coefficient.

(2) CO is mainly concentrated near the fuel inlet, be-
cause the excess air coefficient is bigger than other
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Figure 12: Longitudinal distribution of the O2 concentration of the rotary burner under different excess air coefficients. (a) α� 1.0. (b)
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areas, so CO is richer than other regions. According
to the simulation results, the region of CO decreases
with the increase of the excess air coefficient. CO2 is
mainly concentrated in the middle region of the
burner and the CO2 generating region decreases with
the increase of excess air coefficient. O2 is mainly
concentrated near the airflow inlet at lower excess air
coefficient, and the biomass fuel burns faster and O2
region also increases with the increase of excess air
coefficient.

(3) +e experimental values of the combustion tem-
perature of the biomass rotary burner are in good
agreement with the simulation results. It is because
the model is appropriately simplified in the
simulation.

Nomenclature

ρ: +e fluid density, kg/m3

cp: +e specific heat of fluid, J/(kg·K)
U: +e velocity field, m/s
T: +e temperature, K
h: +e thermal conductivity, W/(m·K)
p: +e fluid pressure, Pa
μ: +e dynamic viscosity, Pa·s
Su, Sv,
Sw:

+e generalized source terms for the momentum
conservation equation

l: +e turbulent kinetic energy, J
μt: +e turbulent viscosity, kg/(m·s)
Gk: +e generation term of the turbulent kinetic, J
Sk: +e source term of turbulent kinetic energy, J
σk: +e Prandtl number
V: +e average velocity vector, m/s
Sm: +e source term caused by chemical reaction, kg/

(m3·s)
a: +e absorption coefficient
σs: +e scattering coefficient
G: +e incident radiation, W/m2

C: +e linear anisotropic phase function coefficient
SG: +e source term of user-defined radiation, W/m2.
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0e new blended fuel (gasoline/hydrogenated catalytic biodiesel) is expected to address the cold start problem under low
temperature of gasoline compression ignition due to its excellent ignition performance. Additionally, its spray behavior as the
combustion boundary condition could have a direct impact on the characteristics of subsequent combustion. 0erefore, the
objective of this study is to reveal the effects of hydrogenated catalytic biodiesel/gasoline on the spray characteristics under various
ambient conditions. As a significant index of spray characteristics, the spray penetration was achieved by applying Mie scattering
methods under nonevaporation and evaporation conditions on a constant volume combustion chamber. In addition, the ex-
perimental results were compared against the calculated values of the models. As demonstrated by the results, a better spray
performance can be achieved by the blended fuel than diesel and hydrogenated catalytic biodiesel. In respect of spray penetration,
there is almost no difference among the three fuels under the ambient temperature of 323K. Nevertheless, the blended fuel is lower
than that of hydrogenated catalytic biodiesel and diesel when the ambient temperature is 434 K and 523K. Moreover, the blended
fuel is the first to reach the stable state, and the hydrogenated catalytic biodiesel is earlier than diesel for the spray penetration.
Meanwhile, the spray model is identified as suitable for the blended fuel.

1. Introduction

With the increasingly severe environmental problems and
more stringent vehicle emission regulations, energy-efficient
and low-emission internal combustion engines have
attracted a great deal of attention in the most recent years. In
order to achieve high efficiency and low emission for internal
combustion engines, it has prompted many researchers to
develop a variety of novel combustion modes such as ho-
mogeneous compression ignition (HCCI) [1, 2], premixed
compression ignition (PCCI) [3, 4], partial premixed
compression ignition (PPC) [5, 6], reactive controlled
compression ignition (RCCI) [7], and gasoline compression
ignition (GCI) [8, 9]. Especially, the GCI, as a direct injection
compression ignition technology of gasoline in the cylinder,
is able to control the formation of the mixed gas through the
fuel injection strategy and to shape an appropriate mixture
concentration stratification before ignition, thus exercising

control over ignition time and ignition phase. Compared
with the conventional engine technologies, it took advantage
of the high octane number and volatility of gasoline to
achieve full mixing of fuel before ignition, which could
achieve excellent combustion performance and low pollu-
tion emission [6, 10]. However, the excessively high octane
number would cause difficulties in ignition at low load and
high rate of pressure rise at high load.0erefore, it is possible
to rely on fuel design to realize GCI combustion mode.

In recent years, plenty of research studies have been
conducted on the GCI combustion. A success has been
achieved in extending the GCI mode to idle condition with
No. 87 antiexplosive gasoline by Kolodzieg et al. [11]. Jia
et al. [12] performed a study on the combustion emission
characteristics of three different alternatives to gasoline fuels
in compression ignition mode on a single-cylinder four-
stroke diesel engine. As revealed by the results, TRFDIB fuel
is an ideal gasoline alternative fuel. Ma et al. [13] investigated
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the liquid-phase penetration and flame lift-off length and
soot volume fraction distribution using gasoline/diesel fuel
with different blending ratios. 0ey determined that the
increase of gasoline proportion in gasoline-diesel blends has
shown suppression effect in emissions. 0e experiment was
performed by Adams et al. [14] on a single-cylinder high-
pressure common rail direct-injection light diesel engine
with a compression ratio of 16.6 so as to explore the
combustion and emission characteristics of soybean oil
methyl ester biodiesel and RON87 gasoline blends under
compression ignition mode. As indicated by the results, the
ignition performance of gasoline could be affected by the
addition of biodiesel with less volatility and higher cetane
number. Meanwhile, the difficulty in ignition at low load can
be reduced. For gasoline direct injection compression ig-
nition, plenty of experimental studies have been performed
[15, 16], which led to the discovery that the direct injection
compression ignition of gasoline could achieve a high
thermal efficiency while reducing the emission of NOx and
soot.

For GCI combustion mode, despite plenty of studies that
have been conducted to evaluate the combustion emission
characteristics of gasoline-diesel or biodiesel blends, the
density difference between gasoline and diesel fuel remains
significant, and the existence of miscible mixing stability
problems restricts the development of gasoline direct in-
jection combustion technology. Considering that HCB has
different fuel properties compared to diesel such as high
cetane number, low density, sulfur content, and no oxygen,
it also possesses similar chemical structure to diesel.
0erefore, in this paper, the experiment on the spray
characteristic of gasoline/hydrogenated catalytic biodiesel
mixture was conducted on constant volume based on the
analysis conducted of the properties and spray combustion
characteristics shown by hydrogenated catalytic biodiesel in
the early stage of team.

It is well known that fuel spray and evaporation
characteristics have an important effect on combustion
process and final engine performance and emission. In
this paper, the aim is to gain a further understanding of
the mixing process of gasoline/hydrogenated catalytic
biodiesel blend fuel and provide experimental evidence of
the spray model. 0e spray characteristics between diesel,
hydrogenated catalytic biodiesel, and gasoline/hydroge-
nated catalytic biodiesel blended fuels were compared and
analyzed. Moreover, a detailed spray database was
established for modeling validation to provide theoretical
support for the application of blended fuel in engine
combustion.

2. Experimental System and Test Conditions

2.1. Experimental Setup. A study on fuel sprays was per-
formed in an optically visible constant volume combustion
chamber, which was comprised of constant volume com-
bustion chamber, high-pressure common rail fuel injection
system, intake and exhaust system, data acquisition system,
heating system, etc. 0e details can be attained in the
previous research [17].

2.2. Experimental Methods. In the present study, the liquid
phase was measured through the use of the Mie scattering
imaging method under inert condition and with the help of
the experimental apparatus as illustrated in Figure 1. As the
source of lighting to visualize fuel spray, two white LEDs
with a 140W power were placed on both lateral windows,
respectively. 0e high-speed digital camera was a Photron
SA-Z with a vertical light source. 0e lens matching the
phase machine was Nikon Micro-NIKKOR, the maximum
aperture and focal length of which were 2.8 and 105mm,
respectively. Besides, the imaging speed was set to 40,000 fps
with exposure time of 23.39 μs, and the resolution was
512∗1024. 0e details on the test method can be referenced
in the previous study [18, 19].

2.3. Fuels and Test Matrix

2.3.1. Fuel Properties. In this paper, HCB was primarily
obtained from waste cooking oil by applying the hydro-
deoxygenation technology and the constituents of biodiesel
were identified by conducting analysis with the assistance of
gas chromatography-mass spectrometer (GC-MS). For the
detailed result of hydrogenated catalytic biodiesel by GC-
MS, one can refer to Shang et al. [20]. 0e main components
of the biodiesel include n-pentadecane, n-hexadecane, and
n-heptadecane with saturated alkane structure, accounting
for 8.98%, 23.94%, and 47.38%, respectively. 0e fuel
properties used in this study were supplied by Jiangsu
Provincial Institute of Product Quality Supervision and
Inspection and were compliant with GB/T20828-2015 and
GB19147-2016 as the national standards. 0e full data are
indicated in Table 1, which indicates that the fuel density,
dynamic viscosity, and distillation of HCB are significantly
lower when compared to pure diesel.

2.3.2. Test Matrix. In view of the previous research [21], this
study mainly compared the spray characteristics of 70%
gasoline and 30% hydrogenated catalytic biodiesel blend fuel
(G70H30), hydrogenated catalytic biodiesel, and diesel oil,
where “G” in G70H30 indicates gasoline, “H” denotes hy-
drogenated catalytic biodiesel, “D100” refers to diesel oil,
and “HCB” stands for hydrogenated catalytic biodiesel, with
the purpose of identifying whether gasoline/hydrogenated
catalytic biodiesel blends can be used in gasoline com-
pression combustionmode.0e experimental conditions are
presented in Table 2. 0e spray penetration of three kinds of
fuels was analyzed comparatively under nonevaporation and
evaporation conditions by changing the ambient tempera-
ture. Fuel injection was repeated for 10 times under each
working condition for improvement to the reliability of the
experimental results, and the interval time between each
injection was set as 10 s.

2.4. Image Processing. Image processing represents a crucial
part of the analysis of experimental data. In this study, the
digital images captured by high-speed camera were pro-
cessed by using MATLAB software. For the Mie scattering
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image, taking the background as the static, the average value
of the first 18 images without fuel injection was taken as the
background. 0en, each image was removed from the
background to get the spray area, and the 30% value of the
peak gray value was treated as the threshold to generate a
binary image. Subsequently, the spray profile was cleaned

using a filter, as shown in Figure 2. 0e distance between the
injector tip to the farthest axial location of spray boundary
was expressed as the spray penetration.

3. Results and Discussion

3.1. Spray Morphology and Spray Penetration. As shown in
Figure 3, the influence that ambient temperature has on the
tip penetration of the three fuels spray (D100, HCB, and
G70H30) is exhibited under fuel injection pressure of
100MPa and ambient density of 5MPa. It can be seen from
the figure that the three different fuels demonstrate similarly
in penetration and dispersion behaviors with values of 323K
and 423K. When the temperature rises to 523K, the spray
liquid phase of the G70H30 is shown to be shorter, which
suggests that the mixed fuel has already undergone a sub-
stantial amount of fuel evaporation during this period. In
addition, by comparing the spray at the proximal end of the
nozzle with that at the lower end of the oil beam, a con-
clusion can be concluded that wrinkles and shedding dis-
appear at the lower end of the spray oil beam, which is
mainly attributed to the liquid fuel in the spray front area
that undergoes the evaporation process from liquid to gas,
thus leading to the loss of the spray liquid phase. On the
other hand, the spray front will be turned into smaller
particles with atomization, which would weaken the Mie
scattering signal and result in the disappearance of folds.

In order for a deeper understanding as to the spray
characteristics of the three fuels, a quantitative analysis was
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Figure 1: Schematic of Mie scatter (1, pressure reducing valve; 2, pressure meter; 3, nitrogen gas; 4, injector; 5, constant volume; 6, LED light
source; 7, heating panels; 8, exhaust valve; 9, CCD camera; 10, high-pressure common rail system; 11, thermoelement; 12, common rail; 13,
cooling water tank; 14, condenser; 15, electric motor; 16, high-pressure fuel pump; 17, switchboard; 18, transducer; 19, sensor switch; 20,
potentiometric control unit; 21, speed sensor; 22, fuel filter; 23, fuel tank).

Table 1: Properties of experiment fuels.

Fuel properties Diesel HCB Gasoline
Density (20°C) kg/m3 832 791 762
Cetane number 49 103 14
Viscosity (40°C) mm2/s 5.8 3.3 0.62
Oxygen content (m/m) 0 0 <2.7
Sulfur content (mg/kg) <10 4.3 <10
Boiling point (10%)/°C — — 40
Boiling point (50%)/°C 300 303 111
Boiling point (90%)/°C 355 315 162
PAHs content (mg/mg) % 11 0 —
Low heating value (MJ/kg) 38 44 42.7

Table 2: Test matrix.

Parameters Nonevaporation Evaporation
Ambient environment Ta (K) 323 423 523
Ambient pressure pa(MPa) 5 5 5
Ambient density ρa (kg/m3) 51.13 39.80 32.19
Injection pressure pi (MPa) 100 100 100
Fuels D100 HCB D100
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(a) (b) (c) (d)

Figure 2: Image process for Mie scattering. (a) Average image for background. (b) Raw image subtracting background. (c) Binary image.
(d) Filter image.
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conducted for the spray penetration for these fuels at varying
ambient temperatures, as indicated in Figure 4. It can be
discovered from the figures that there is a faster spray
penetration of different fuels in advance of reaching a
constant value and little fluctuation, which express a sig-
nificant influence on the combustion efficiency of the diesel
engine wall under the identical working conditions. At 323K
ambient temperature, with the fuels of D100, HCB, and
G70H30, there is barely any difference between the spray
penetration, and it basically increases over time. Gradually,
the spray penetration reaches a certain stable value. Nev-
ertheless, as the ambient temperature is on the rise, there is
accordingly a more significant difference of stable value
spotted between different fuels. When the ambient tem-
peratures are 423K and 523K, respectively, the spray
penetration of the three fuels are broadly the same at the first
few hundred microseconds, suggesting that the fuel passes
through the same path prior to their evaporation.0en, after
the passing of a few hundredmicroseconds, at every ambient
temperature, D100 results in a significantly higher spray
penetration than the blends, with the values of HCB slightly
greater than the mixed fuels.

As revealed by the fuel properties listed in Table 1, due to
the lower density, viscosity, and surface tension of gasoline
compared to the other two fuels and the higher volatility that
leads to faster fuel droplets breaking and evaporation pro-
cess, G70H30 demonstrates a better spray atomization be-
havior and a shorter spray penetration. Moreover, when the
ambient temperature reaches 523K, G70H30 is the first to

reach a stable state, followed by HCB and D100, respectively,
which is closely related to fuel distillation. 0e higher dis-
tillation temperature is followed by the longer time it takes
for fuel spray to reach a stable state.

Perfect spray penetration leads to better air-fuel mixing,
while too long liquid length leads to fuel wall impingement
on the cylinder, which may increase soot emission and
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Figure 3: Liquid phase development versus time for D100, HCB, and G70H30 fuels under 323K, 423K, and 523K.
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reduce engine efficiency. 0erefore, compared with D100
and HCB, G70H30 demonstrates a more desirable spray
characteristic, which is conducive to diesel engine gasoline
compression ignition.

3.2. Spray Model. In order to follow up with the numerical
calculation of spray combustion in gasoline compression
ignition mode, the work of model verification was under-
taken with consideration given to the experimental results,
including model validation of the corresponding model
equations under nonevaporation and evaporation condi-
tions at three different temperatures.

3.2.1. /eoretical Model

(1) /e Model under Nonevaporation. Plenty of research
studies have provided the empirical expressions for the
purpose of determining the spray characteristics of liquid jet
depending on theoretical study and practical data on various
oil fields [22]. As the spray has yet to be fully developed at
this stage before the crushing, a peak occurs at the time when
the spray starts to rupture. Hiroyasu and Arai [23] proposed
a semiempirical formula for the variation of spray pene-
tration over time under nonevaporation conditions com-
bined with experimental data for two different regions
before and after crushing.

S(t) � Kv

���
ΔP
ρf



t, 0< t< tbreak, (1)

S(t) � Kp

���

dnt

 ΔP
ρa

 

0.25

, t> tbreak, (2)

tbreak �
Kbtρfd0

ρaΔP( 
0.5, (3)

where ρf, ρa, d0, and ΔP are fuel and ambient gas densities,
orifice diameter, and the difference between the fuel in-
jection pressure and ambient pressure, respectively; t is the
time after start of injection; and Kv, Kp, and Kbt are model
constants. Specific values are exhibited in Table 3.

For the breaking time of three fuels, the dependent var-
iables at three varieties of temperatures show broadly the same
values. So, in this paper, 423K is exemplified to obtain three
fuel breaking times. In this paper, 423K is exemplified to
obtain three fuel breaking times, as indicated in Table 4. It can
be observed in the table that Hiroyasu and Arai models differ
greatly in respect of breaking time, and Arai models predict a
shorter breaking time. In addition, the breaking time predicted
by the twomodels shows that G70H30 is the shortest, followed
by HCB, and D100 is the longest, which is largely attributed to
the relationship between breakup time and fuel density.

(2) /e Model under Evaporation. Based on the semiem-
pirical formula suggested by Siebers [24], Desantes et al. [25]
proposed a theoretical model in the terms of the conser-
vation of momentum flux along the spray axis. Additionally,

as the spray penetration was clearly restricted by the ge-
ometry of the nozzle orifice as well as environmental and
spray conditions, there is a necessity for the spray cone angle
to be taken into account [26]. 0erefore, based on the
formula of Siebers, the spray penetration under evaporation
conditions was calculated by applying the following model
equation [27]:

S(t)∝
ρf

ρa

 

1/4

u
1/2
0 d

1/2
0 t

1/2 tan
θ
2

 

− 1/2

, (4)

u0 �
2 pf − pa 

ρf

1/2

. (5)

From equations (4) and (5), we can get (6) as model
equation:

S(t) �
2 pf − pa 

ρa

⎛⎝ ⎞⎠

1/4

d
1/2
0 t

1/2 tan
θ
2

 

− 1/2

, (6)

where ρf and ρa are fuel and ambient gas densities, re-
spectively; d0 is orifice diameter, t is time after start of in-
jection; pf and pa are injection and ambient pressure, and θ is
the spray angle.

3.2.2. Model Comparative Analysis. In this paper, the ex-
perimental data and the calculated values of the model were
compared and analyzed by using formulas (2) and (6).
Figure 5 shows the details on the comparison. It can be seen
that the experimental statistics of D100 and HCB are
consistent with the calculation results of model equation (1)
under the nonevaporation situation. When G70H30 reaches
323K, the experimental value coincides with that of the
calculated from the model equation (1). Especially, at the
temperature of 423K, the experimental results conform well
with the Hiroyasu model and model equation (1) only in the
early stage of spray development, and the experimental value
of the spray penetration is greater than estimated at the latter
stage, which is speculated as associated with the low density
and lower viscosity of gasoline.

Table 3: Model constants for spray tip penetration.

Model constants Hiroyasu Arai
Kv 0.39 0.60
Kp 2.95 3.36
Kbt 28.6 15.70

Table 4: Break time of experiment fuels.

Fuels D100 HCB G70H30
Orifice diameter (mm) 0.12 0.12 0.12
Ambient density (kg/m3) 39.81 39.81 39.81
Injection pressure (MPa) 100 100 100
Ambient pressure (MPa) 5 5 5
Hiroyasu breaking time (μs) 46.51 44.22 43.06
Arai breaking time (μs) 14.35 13.64 13.29
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In the evaporation state, the experimental results of the
three fuels in the early stage are in accordance with model 1,
which is attributed to the spray penetration rate being faster
than the evaporation rate. As a result of that, the difference
of evaporation rate is yet to be reflected. 0en, at the later
stage, due to the different evaporation rates and faster
evaporation rate than that of penetration, there is a dif-
ference of fitting, which suggests that the spray model is
also applicable to the blended fuel G70H30. Moreover, in
the nonevaporating state, the spray characteristics of three
types of fuel can be predicted by applying model equation
(1). In the late stage of evaporation, the evaporation model
should be taken into consideration for analysis to improve
the coincidence.

4. Conclusion

In this study, the Mie scattering technique was applied to
study the spray characteristics of diesel, HCB, and G70H30
fuels under different ambient temperatures, the spray

structures and the spray penetration were mainly analyzed
and compared, and the model calculation results were ob-
tained to perform validation. 0e observations can be
summarized as follows:

(1) G70H30 has been successfully applied to the high-
pressure common rail system, and the wall im-
pingement phenomenon will not occur in a small-
bore engine. Besides, compared with diesel andHCB,
G70H30 shows similarity spray characteristics which
reveal the blending fuel can be used in the com-
pression ignition combustion model.

(2) G70H30 is capable of achieving a superior spray
performance compared to diesel and HCB and is
applicable to compression ignition engine. Mean-
while, the atomization and evaporation are noticeably
enhanced after the addition of gasoline, which is ef-
fective in facilitating the mixing of oil and gas, thus
improving the combustion performance of the
engine.
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Figure 5: Comparison between experimental spray data and models for D100, HCB, and G70H30.
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(3) 0e spray model equation is also suitable for
G70H30. Based on the comparative analysis of ex-
perimental data and model calculation values, de-
spite the model constant of model equation (1) as
obtained under evaporation conditions, it is also
applicable to the spray characteristics of three fuels in
nonevaporation state. As for evaporation state,
allowing for the evaporation and penetration rate,
the evaporation model ought to be considered for a
further improvement to the calculation formula in
the latter stage of spray.

Nomenclature

HCCI: Homogeneous charge compression ignition
PCC: Premixed charge compression ignition
PPC: Partial premixed compression ignition
RCCI: Reactive controlled compression ignition
GCI: Gasoline compression ignition
HCB: Hydrogenated catalytic biodiesel
G70H30: 70% gasoline and 30% hydrogenated catalytic

biodiesel
D100: Pure diesel
GB: Gasoline/biodiesel blends
H10: 100% hydrogenated catalytic biodiesel
NOx: Nitrogen oxides
ρ f: Fuel density (kg/m3)
ρ a: Ambient gas density (kg/m3)
d 0: Orifice diameter (mm)
Δp: 0e difference between the fuel injection

pressure and ambient pressure (MPa)
t: 0e time after start of injection (μs)
Kv, Kp,
Kbt:

Model constants

p: Ambient pressure (MPa)
p f: Injection pressure (MPa)
θ: Spray angle (°)
Ta: Ambient environment (K).
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Laminar diffusion flame was used to study the effect of ethanol on n-heptane flame in terms of themorphology andmicrostructure
of soot under atomization combustion. For the same carbon mass flux at the outlet of the burner, the ratio of ethanol doping in n-
heptane was changed, and the soot was collected from the axial positions of the flame at different heights using the thermophoresis
probe method. ,e results showed that the flame height increased significantly with the increasing ratio of ethanol doping. When
the ratio of ethanol and n-heptane (CE/CN) was 1.5, the flame height increased by 10mm compared with that of pure n-heptane
flame. Besides, the temperature in the center of the flame decreased with the increasing ratio of ethanol doping, but the
temperature in the low position was higher than that in the pure n-heptane flame, and the temperature in the high position was
lower than that in the pure n-heptane flame. However, the flame temperature was the highest when the proportion of ethanol in
the mixture was greater than that of n-heptane. ,e temperature at the flame center decreased with the increasing ratio of ethanol
doping, while the temperature at the flame edge increased with the ratio.,e primary particle size of soot (soot size hereafter) in all
working conditions increased with the increase of flame height, which was in line with the general growth law of soot. Moreover,
the soot size at the same height decreased with the increasing ratio of ethanol doping, and this trend was most obvious at the flame
height of 20mm and 30mm. Compared with pure n-heptane, whenCE/CN was 1.5, the soot size at 20mm and 30mmdecreased by
an average of 34.83%, indicating that ethanol could inhibit the surface growth of soot particle. Furthermore, the density of soot
particles collected by a single copper net decreased significantly, indicating that ethanol could reduce the production amount
of soot.

1. Introduction

,e problem of air pollution has plagued humans for
many years. Currently, soot particles are generally con-
sidered to be the main cause of atmospheric particulate
pollution. ,ey usually come from incomplete combus-
tion of hydrocarbon fuels, which can generate energy
waste, resulting in global warming, environmental pol-
lution, and diseases [1–4]. ,us, how to improve the fuel
combustion efficiency and reduce the emission of pol-
lutants is a hot issue. Alcohols, as the important liquid
fuels, are composed of hydrocarbyl and hydroxyl (OH),
which are readily available biomass liquid fuels in

industry, and it is known that the hydroxyl can promote
the combustion process and reduce the emission of soot
particle. Moreover, the high vaporization latent heat of
alcohols can reduce the maximal combustion temperature
and inhibit the formation of NOx. Under such circum-
stances, methanol and ethanol are often used as fuel
additives [5]. Extensive research has demonstrated that
oxygen-containing fuel is an effective technique to reduce
the carbon emission of diesel engine. For instance, ethanol
has been successfully used in gasoline engines by blending
with other fuels [6, 7]. Hamdam and Jubran [8] investi-
gated the effect of ethanol addition on the gasoline
combustion performance in engine. ,e results showed
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that the optimal engine performance was reached when
5% ethanol was mixed with gasoline, and the fuel thermal
efficiency was improved by 4% at low speed and 20% at
high speed. Aharon et al. [9] conducted a weight reduction
combustion experiment on droplet forming of n-heptane
when being mixed with methanol or ethanol. ,ey found
that the combustion rate decreased dramatically with the
increase of the initial droplet diameter in the air, and the
effect of methanol and ethanol addition on combustion
rate is not obvious. Moreover, Fan et al. [10] measured the
ignition delay time of n-heptane/iso-octane/ethanol
mixture and established a calculation model. ,eir results
showed that the low temperature chemical inertness of
ethanol extended the range of octane sensitivity. In the
combustion process, the oxygen part of ethanol replaces
O2, and eventually the mole fraction of O2 increases with
the increasing ratio of ethanol [11]. Other studies dem-
onstrated two ethanol/n-heptane mixture oxidation
schemes through experiments and simulations [12] and
modeled the chemical kinetics of the detailed scheme [13]
and its simplified version [14].

In addition to the importance of increasing acetaldehyde
yield through CH3CHOH oxidation in ethanol/n-heptane
mixtures of different proportions, a very similar oxidation
pathway was found. Ergut et al. [15] investigated the gen-
eration of polycyclic aromatic hydrocarbons (PAHs) in
ethylbenzene and ethanol flame at atmosphere pressure and
pointed out that the generation rate of PAHs of ethanol was
low even under lean oxygen combustion. Previous studies
investigated the influence of ethanol doping ratio on the
flame structure of n-heptane/ethanol and the formation rate
of soot precursor [16]. It was found that the dehydroge-
nation rate of n-heptane was faster than that of ethanol,
while ethanol promotes the reaction by providing active free
radicals.

Oxygen-containing fuels with different structures would
play different role in reducing soot emission, even in the
same oxygen content [17]. ,ree methods are applied in the
reduction of soot emission from alcohol: dilution, that is,
reducing the aromatic hydrocarbon content of the fuel;
oxygenation, through reducing the equivalence ratio and the
number of carbon atoms that can be used to generate PAHs
and soot; promotion of mixing effect, to lower the cetane
number and prolong the stagnation period. It is an inter-
esting finding that the presence of methanol and ethanol in
ethylene diffusion flames had opposite effects on PAHs and
soot formation in nonpremixed ethylene flame [18]. ,e
dilution effect of methanol and the increased concentration
of H2 from the decomposition of methanol inhibit the
formation of the initial benzene ring and the subsequent
growth of PAHs and soot. On the contrary, the addition of a
small amount of ethanol will promote the formation of soot.
Zhang et al. [19] studied the effects of addition of dimethyl
ether and ethanol on the formation of polycyclic aromatic
hydrocarbons (PAHs) in premixed ethylene flame, and they
found that C2H2 plays a key role in the formation of new
aromatic rings. In addition, the nanostructure of soot
particles is also a key to understand the properties of soot;
not only is it related to the reactivity of soot [20] and the

aromatic structure characteristics of soot surface [21–25],
but also it has a certain relationship with carbon nano-
materials [26, 27].

Currently, there are quite limited studies regarding
the effects of ethanol on the combustion flame of mac-
romolecular hydrocarbon fuels, the growth process of
soot in flames, and the change of soot morphology. ,e
single component or mixture of n-heptane is often
studied as an alternative to fuel oil [28]. ,e primary
pyrolysis products of n-heptane are mainly methane,
ethane, ethylene, propane, propylene, n-butane, 1-bu-
tene, 1-hexene, etc. [29]. With the increase of flame
temperature, the secondary reaction of pyrolysis products
increases, resulting in the increase of soot precursors and
the final generation of a large amount of soot [30]. It is
generally considered that cycloalkanes, cycloalkenes, and
aromatic hydrocarbons are the main soot precursors [31].
,e reaction becomes more complicated when ethanol is
added, and this would change the groups of substances in
the flame. Ethanol molecules contain hydroxyl groups,
which are more likely to form active oxygen-containing
intermediates during combustion, such as HCCO, CHO,
and active OH radicals [32]. ,e increasing concentration
of these components is beneficial to the reduction of the
concentration of CH3 and C2H2, for example, reducing
the probability of the formation of PAHs through
methylation cyclization and dehydrogenation plus acet-
ylene and reducing the peak production of PAHs such as
benzopyrene and naphthalene. ,us, soot particles can-
not absorb more PAHs to form large diameter soot
particles, which can inhibit the surface growth of soot,
reduce the production of soot, promote the oxidation of
basic carbon particles, and reduce the production of soot
as well [33]. In this paper, the effects of ethanol on the
change of soot particle size and nanostructure of n-
heptane atomized flame and soot formation process were
studied by mixing ethanol with n-heptane in different
proportions.

2. Experimental Setup and Methods

,e coaxial jet diffused flame experimental setup was used in
this study, as shown in Figure 1, which mainly includes
burner, flow control device, thermoprobe sampling system,
and temperature detection system. In addition, liquid at-
omizer and insulation belt are also equipped for liquid fuel
atomization. Gülder burner is widely used for the study of
hydrocarbon fuel coaxial jet diffusion flame. More details
about the burner can be found in our previous works
[34, 35].

,emixed fuel is vaporized through an evaporator, and a
stable laminar diffusion flame is formed when the oxidizer
(air) is 60 L/min. High purity (>99%) n-heptane and ethanol
were used for experiments, which were bought from
Shanghai Aladdin Biochemical Technology Co., Ltd. ,e
well-mixed fuel passes through the liquid flow controller and
then through the evaporator, which has a liquid inlet and a
diluent gas inlet. With nitrogen being a carrier of liquid fuel,
the liquid dispersed and diluted, and then the mixture would
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be vaporized in the evaporator. In this experiment, the
evaporation temperature is 423.5K, and the fuel is con-
trolled by liquid flowmeter in the liquid atomizer. Finally, it
passes through the insulated pipe, and then the laminar
diffusion flame is formed in the nozzle. Besides, compressed
dry air was used as the oxidizer (air) in this experiment.

In this paper, a CCD camera was used to record the
shape of the flame. ,e soot samples were collected using a
thermophoresis probe in the center of the flame, at different
positions and heights. High resolution transmission electron
microscopy (HRTEM, JEM-2100F) was used for detection,
and the primary particle morphology and nanostructure of
the soot were obtained by software statistics. ,e experi-
mental conditions are shown in Table 1, ethanol and n-
heptane mixed by volume fraction.

3. Results and Discussion

3.1. Comparison of Height for the Different Flames. ,e
laminar diffusion flames of different ethanol addition on n-
heptane are shown in Figure 2. ,e results showed that the
flame extended distance in the air increased with the in-
creasing proportion of ethanol in the fuel and mixed gas flow
rate in the nozzle. For instance, the flame height increases with
the increase of ethanol blending ratio, and the corresponding
flame height reached up to 43mm, 47mm, 49mm, and 53mm
when the ratio of CE/CN was maintained at 0, 1/4, 2/3, and 3/2,
respectively. Additionally, the particle size of the droplet in-
creases with the total liquid flow rate if a stable nitrogen flow
rate is maintained; the combustion will require longer
cracking time, and therefore, the combustion speed would be
delayed. ,e results conform to the previous study [9].

,e range of the low-temperature area (darker part) of
the flame becomes wider with increasing ethanol doping
ratio, and this may be attributed to the fact that the ethanol
has high vaporization latent heat which can reduce the
maximum combustion temperature. Since the hexadecane
value of ethanol is low (8–10), mixing ethanol with n-
heptane results in longer ignition delay and longer prepa-
ration time for ignition experience [36, 37]. ,en, the fuel
does not oxidized sufficiently at the initial position of the
flame; while the cold zone widens in the flame, and the
contour inside the flame becomes blurred through the flame
image, and the edge between the low temperature area and
the high temperature area becomes not obvious. ,is can be
explained as follows. On the one hand, the increase in the
amount of ethanol doping ratio requires that the pyrolysis of
the fuel needs to absorb more heat and lower the temper-
ature. On the other hand, the increase in the amount of
ethanol doping ratio complicates the components in the
flame. Ethanol pyrolysis and combustion increase the
concentration of CH2O, C2H4O, CO2, H2O, HCCO, CHO,
and active OH radicals in the flames [38]. Moreover, the
specific heat capacity of CO2 and H2O is relatively large, and
this would cause the decrease of temperature below the flame
and result in insignificant heat radiation [39].

Figure 3 shows the temperature comparison diagram of
different flames at different heights (high above the burner,
HAB). ,e distribution of flame temperature distribution
under different working conditions was measured using the
three-dimensional thermocouple temperature measuring
device. ,e temperature of flame center increases with flame
height. ,e temperature at the same height of flame firstly
increases and then decreases along the flame center to the
edge. Furthermore, the temperature at the flame edge at the
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same height increases moderately with the increase of
ethanol doping ratio. ,ere are three reasons accounting for
this: (1) ,e n-hexadecane value of ethanol is much lower
than that of n-heptane, and the fuel has a longer lag period,
so the initial flame temperature at the lower and center of the
flame will be lower than that of the pure n-heptane flame. (2)
,e latent heat of ethanol vaporization is high, and
meanwhile ethanol vaporization will absorb more heat at the
lower and center part of the flame, so the temperature of the
flame center will be lower. At a higher and the edge position
of the flame, the full combustion of the fuel makes the
ethanol completely vaporized and the temperature of the
flame increases consequently. (3) ,e blending of ethanol
increases the oxygen concentration and the amount of CO2
and H2O, resulting in a higher temperature at the edge of the
flame and a lower highest temperature.

3.2. Comparison of Soot in the Different Flames. Figure 4
shows the HRTEM image of pure heptane andCE/CN � 1.5 at
the center of the flame at different heights, with a magni-
fication of 4×104 times. At the initial stage of combustion
(HAB� 20mm), some single carbon nuclei appear in the
pure n-heptane diffusion flame, and their number density is
very low. Single carbon nuclei collided as flame height in-
creased to HAB� 30mm, the surface growth of soot particles
intensified, and PAHs cluster condensation was observed
[40]. ,e soot particles gradually become regular spherical,

the contour is clear, the particle size keeps increasing, and
the flame height increases. ,e change in the particle size is
mainly caused by the deposition and growth of PAHs on the
surface of particles based on the dehydrogenation and
carbonization mechanism, as well as the condensation and
agglomeration between particles [41]. ,e carbonization
degree of the soot particles was further strengthened with the
increasing temperature in the flame center, and the particles
continued to grow and condensate on the surface. Moreover,
the oxidation was gradually strengthened, and the aggregates
of particles in the soot increased, with an increase in overall
size. At HAB� 40mm, oxidation was further enhanced.

Under the action of Van der Waals force and Brownian
force, the aggregates were further agglomerated to form
chain shaped aggregate particles, the overall structure be-
came loose, and the particle size of soot became smaller.
Oxidation reaction exists in various development stages of
nucleation, growth, coagulation, agglomeration, and oxi-
dation of soot particles [42, 43]. In the lower position of the
flame, the diffusion effect of oxygen is weak, and the surface
growth of the soot particles is dominant, with increasing
amount and size of soot particles. Furthermore, oxidation
reaction gradually becomes the dominant factor with the
continuous rise of the flame height, and the diameter of the
soot particles gradually decreases. Near the flame tip, the
oxidation reaction is very intense due to the high temper-
ature in the flame center, and then the soot agglomerates
would be quickly depleted and consumed accordingly. ,e

Table 1: Experimental conditions under different equivalence ratios of ethanol/n-heptane.

Cases Ethanol: n-heptane (CE/CN) Liquid flow (mg/min) Nitrogen gas flow (mL/min) Flame height (mm)
Case 1 0 :1 150 250 43
Case 2 1 : 4 175 250 47
Case 3 2 : 3 210 250 49
Case 4 3 : 2 260 250 53

0 1:4 2:3 3:2

1

2
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4

5

0

Figure 2: Still pictures of n-heptane mixed with different amounts of ethanol.

4 Journal of Chemistry



fitting results indicated that the size of soot particles at
different heights meets normal distribution, which was
similar to the soot size range (e.g. 10∼40 nm) of n-heptane in
the previous studies [44, 45].

,e growth process of soot along the axial height at the
center of the diffused flame when CE/CN is 1/4 and 2/3,
respectively, as shown in Figure 5, which is similar to pure n-
heptane (CE/CN= 0). In other words, the development of
soot particles has gone through five stages of nucleation,
growth, condensation, agglomeration, and oxidation. ,e
difference is that with the addition of ethanol, the surface of
the soot at the same height growth is inhibited, the soot size
becomes smaller, the agglomeration is delayed, and the
oxidation reaction is advanced. ,us, the distribution of the
initial soot particles in the sampled copper net at the lower
position of the flame disperses. In other words, the gas-phase
reaction area generated by soot in the flame is expanded, and
the particle agglomeration oxidation area is decreased.

3.3. Analysis of the Distribution of Soot Sizes. ,e HRTEM
images of soot particles in a laminar diffusion flame of n-
heptane blended with ethanol are shown in Figure 6.,e size
of primary soot particles was measured using nanometer

analysis software. Various images were taken at various
flame heights for statistical calculation. ,e number of
statistical particles was about 100, and the particle diameter
distribution was nonlinearly fitted using LogNormal. Fig-
ure 7 gave the soot size under experimental conditions.

According to the statistical results of particle size, the
soot size increases with the flame height. ,e soot particles
varied dramatically with the flame height; e.g., HAB values
of 20mm, 30mm, and 40mm are given in Table 2. It can be
seen that the soot size has a good regularity with the blending
ratio of ethanol; i.e., the particle size obviously decreases
with the ethanol doping ratio, except for CE/CN= 0 at
HAB= 40mm. ,e reason may be that the soot particles at
the tip of the pure n-heptane flame were oxidized, resulting
in a smaller particle size.

Compared with the soot size at CE/CN = 0 and CE/
CN = 3/2, the flame height at HAB= 20mm and
HAB= 30mm decreases by 33.16% and 36.47%. ,e trend
was not obvious at HAB= 40mm, and the soot size in the
pure n-heptane flame was smaller than that in the flame
with ethanol. ,is may be explained as follows: ,e soot
particles matured along the radial position of the flame and
were finally oxidized at the flame edge and tip with higher
temperature. However, the blending of ethanol will
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Figure 3: Temperature distribution of flame under different experimental conditions at the same height. (a) HAB� 0 cm. (b) HAB� 1 cm.
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increase the flame height and decrease the maximum flame
temperature, thus delaying the oxidation of soot. On the
whole, the mechanism explaining the fact that soot par-
ticles decrease with the blending of ethanol is that ethanol
molecules contain hydroxyl groups while ethanol contains
34.8% oxygen. ,us, some oxygen-containing intermediate
radicals may be evolved in the combustion, which further
promoted the oxidation of basic carbon particles. In addition,
particle size is also affected by fuel and the flow rate of oxidizer,
since the change in their initial velocity will affect the com-
bustion reaction and the time of the soot particles staying in
the flame [16]. Increasing the velocity of the oxidizer can

suppress the energy transfer from the annular region pro-
ducing soot to the flame axis. As the initial air velocity in-
creases, it takes longer for soot to form at the flame axis, and
the particle size of soot decreases with the increase of oxidizer
velocity, which is the result of coagulation, surface growth
reaction, and shorter residence time of fuel pyrolysis products
[46]. As the increasing ratio of ethanol doping, the effects of
ethanol on fuel dilution, oxidation, retardation of combustion
period, and radiation of decomposition products would be
enhanced, the size of the basic carbon particles moves toward
the small particle diameter direction, and therefore the dis-
tribution range becomes narrow.
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Figure 5: Comparison of soot morphology evolution of CE/CN � 1/4 and 2/3 in the laminar diffusion flame.
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Figure 4: Comparison of soot morphology evolution of pure n-heptane and CE/CN � 1.5 in the laminar diffusion flame.
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Figure 7: Statistical results of soot particle size in a laminar diffusion flame with n-heptane mixed with ethanol.

Table 2: ,e average particle size of the primary soot at different heights.

HAB (mm)
CE/CN

0 1/4 2/3 3/2
20 15.26 nm 12.9 nm 12.26 nm 10.79 nm
30 17.49 nm 15.18 nm 13.1 nm 11.13 nm
40 12.8 nm 17.11 nm 16.6 nm 15.06 nm
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30mm

20mm
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Figure 6: HRTEM image of soot particles in a laminar diffusion flame with n-heptane mixed with ethanol.
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Figure 8 shows HRTEM images of soot magnified by
4×105 times along the center of flame at different heights in
the ethanol/n-heptane flames. From Figure 8, it can be found
that the shell structure of soot becomes obvious with the
increase of flame height. ,e addition of ethanol can reduce
the aging degree of soot and increase the soot oxidation
activity in the high temperature area of the flame (edge and
tip location), as the results in [18–20].

4. Conclusions

In this study, the morphological evolution and nano-
structure of soot emission in coflow laminar diffusion flames
of n-heptane blended with ethanol were experimentally
studied using thermal swimming probe sampling and
HRTEM technology. ,e main conclusions are as follows:

(1) Under the condition of the same total carbon con-
tent, the height of n-heptane increased with the
increasing ratio of ethanol.

(2) ,e temperature of the flame center position de-
creased with the ratio of ethanol blended, while it
increased with the ratio at flame edge.

(3) ,e formation process of soot particles in laminar
diffusion flame of n-heptane and n-heptane/ethanol
is similar. However, the soot size at the same height
decreases significantly as ethanol increases in the
mixed fuels.
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M. Kraft, “HRTEM evaluation of soot particles produced by
the non-premixed combustion of liquid fuels,” Carbon,
vol. 96, pp. 459–473, 2016.

[22] Y. Ying and D. Liu, “Effects of butanol isomers additions on
soot nanostructure and reactivity in normal and inverse
ethylene diffusion flames,” Fuel, vol. 205, pp. 109–129, 2017.

[23] Y. Ying and D. Liu, “Nanostructure evolution and reactivity of
nascent soot from inverse diffusion flames in CO2, N2, and He
atmospheres,” Carbon, vol. 139, pp. 172–180, 2018.

[24] J. Duan, Y. Ying, and D. Liu, “Novel nanoscale control on soot
formation by local CO2 micro-injection in ethylene inverse
diffusion flames,” Energy, vol. 179, pp. 697–708, 2019.

[25] Y. Ying and D. Liu, “Effects of water addition on soot
properties in ethylene inverse diffusion flames,” Fuel, vol. 247,
pp. 187–197, 2019.

[26] N. K. Memon, S. D. Tse, J. F. Al-Sharab et al., “Flame synthesis
of graphene films in open environments,” Carbon, vol. 49,
no. 15, pp. 5064–5070, 2011.

[27] P. Minutolo, M. Commodo, A. Santamaria, G. De Falco, and
A. D’Anna, “Characterization of flame-generated 2-D carbon
nano-disks,” Carbon, vol. 68, pp. 138–148, 2014.

[28] G. Vishwanathan and R. D. Reitz, “Application of a semi-
detailed soot modeling approach for conventional and low
temperature diesel combustion-part I: model performance,”
Fuel, vol. 139, pp. 757–770, 2015.

[29] P. Lindstedt and L. Maurice, “Detailed kinetic modelling of n-
heptane combustion,” Combustion Science & Technology,
vol. 107, no. 4–6, pp. 317–353, 1995.

[30] D. Zhou, W. Yang, J. Li, and K. L. Tay, “Simplified fuel
cracking process in reduced mechanism development: PRF-
PAH kinetic models for combustion and soot prediction,”
Fuel, vol. 182, pp. 831–841, 2016.

[31] H. Wang, R. Deneys Reitz, M. Yao, B. Yang, Q. Jiao, and
L. Qiu, “Development of an n-heptane-n-butanol-PAH
mechanism and its application for combustion and soot
prediction,” Combustion and Flame, vol. 160, no. 3,
pp. 504–519, 2013.

[32] N. M. Marinov, “A detailed chemical kinetic model for high
temperature ethanol oxidation,” International Journal of
Chemical Kinetics, vol. 31, no. 3, pp. 183–220, 2015.

[33] A. Frassoldati, A. Cuoci, T. Faravelli, and E. Rani, “Kinetic
modeling of the oxidation of ethanol and gasoline surrogate
mixtures,” Combustion Science & Technology, vol. 182,
no. 4–6, pp. 653–667, 2010.

[34] H. Chu, W. Han, W. Cao, M. Gu, and G. Xu, “Effect of
methane addition to ethylene on the morphology and size
distribution of soot in a laminar co-flow diffusion flame,”
Energy, vol. 166, pp. 392–400, 2019.

[35] W. Han, H. Chu, Y. Ya, S. Dong, and C. Zhang, “Effect of fuel
structure on synthesis of carbon nanotubes in diffusion
flames,” Fullerenes, Nanotubes and Carbon Nanostructures,
vol. 27, no. 3, pp. 265–272, 2019.

[36] A. Imran, M. Varman, H. H. Masjuki, and M. A. Kalam,
“Review on alcohol fumigation on diesel engine: a viable
alternative dual fuel technology for satisfactory engine per-
formance and reduction of environment concerning emis-
sion,” Renewable and Sustainable Energy Reviews, vol. 26,
pp. 739–751, 2013.

[37] J. Campos-Fernández, J. M. Arnal, J. Gómez, and
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Micro-combustor can provide the required thermal energy of micro-thermal photovoltaic (MTPV) systems. 0e performance of
MTPV is greatly affected by the effectiveness of a micro-combustor. In this study, a numerical simulation was conducted to
explore the benefits of annular rectangular rib for enhancing the thermal performance of a nonpremixed micro-combustor. Based
on the investigations under various rib heights, rib positions, and inlet mass flow rates, it is found that the addition of annular
rectangular ribs in the micro-combustor creates a turbulent zone in the combustion chamber, thereby enhancing the heat transfer
efficiency between the inner wall of the combustion chamber and the burned gas. 0e micro-combustor with annular rectangular
rib shows a higher and more uniform wall temperature. When the H2 mass flow is 7.438×10− 8 kg/s and the air mass flow is
2.576×10− 6 kg/s, the optimum dimensionless rib position is at l� 6/9 and r� 0.4. At this condition, the micro-combustor has the
most effective and uniform heat transfer performance and shows significant decreases in entropy generation and exergy de-
struction. However, the optimum l and r significantly depend on the inlet mass flow of H2/air mixture.

1. Introduction

0e micro-power system has the characteristics of small
capacity, high heat loss, unstable combustion, etc. and is
more unstable than macroscopic combustion. Some pro-
totypes of micro-power devices have been extensively de-
veloped and studied, like micro-combustion batteries,
micro-turbines, and micro-thermal photovoltaic (MTPV)
systems. In recent years, micro-thermal photovoltaic
(MTPV) systems have been receiving much attention due to
their potential application as reliable energy sources. In
MTPV system, the heat energy is generated after the
combustion of fuel, the radiation wall of micro burner can
convert the heat energy into radiation photons with a certain
amount of energy through its radiation characteristics, and
some of the radiation photons are received by the evenly
distributed photocell elements on the wall of micro burner
and then converted into electrical energy and output to the

outside. Conventionally, micro-combustor often uses hy-
drogen and hydrocarbon compounds as fuel and has some
advantages such as high energy conversion efficiency, simple
physical structure, and substantial energy output per unit
volume. To enhance the energy conversion efficiency of
micro-combustor, a lot of methods have been investigated
and reported in the literature. 0e micro-combustor is
designed to achieve improved heat transfer performance,
and the improved combustor presents higher and more
uniform wall temperature, which is the yardstick for its
performance appraisal.

Numerous scholars have established novel micro-com-
bustion chambers by adopting various methods for realizing
high and uniform wall temperature. Chou et al. [1] have
successfully used porous media. Pan et al. [2] and Li et al.
[3–5] improved flame stability in the microchannel by en-
hancing heat transfer. Catalytic combustion can be used to
improve fuel conversion efficiency [6–11]. 0e Swiss roll
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combustor’s combustion characteristics have been exten-
sively studied by Vijayan and Gupta [12, 13], Shirsat and
Gupta [14], andWierzbicki et al. [15]. It can be seen from the
results that Swiss roll combustor extremely improves the
combustion stability and also extends the extinction limit.
Bagheri and Hosseini [16] investigated two different thermal
cycling combustors and compared their heat loss, flame
propagation, flame thickness, excess enthalpy, velocity, and
emitter efficiency. Hosseini and Wahid [17] investigated the
characteristics of two difference flameless states of CH4/air.
0eir findings show that micro-flameless combustion is
smoother with using bluff-body.Wan et al. [18, 19] proposed
a micro cavity-combustor. It can be concluded from their
findings that, with the increase of equivalent ratio, the flame
limit is extended. Another method which is also considered
effective is heat recirculating [20, 21].0e irreversible energy
loss caused by combustion of the fuel cannot be neglected.
Jejurkar and Mishra [22] carried out related research about
the relationship betweenmicro-combustor performance and
thermal conductivity of the wall, and the findings of the
study show that, at higher thermal conductivities, the wall
heat losses unfavorably influenced the exergetic property of
micro-combustor. Moreover, the thermal conductivity of
the wall in the range of 0.1–1.75W/m·Kwas discovered to be
appropriate for obtaining high exergetic efficiency and
uniform wall temperature. Briones et al. [23] examined the
propagation of a layered H2-rich CH4 air flame by numerical
method. 0e results show that as the H2 content in the fuel
increases, both heat transfer and chemical reactivity in-
crease, leading to an increase in entropy.

Moreover, MTPV system also has the problem of low
total energy conversion efficiency [24–27]. Research has
indicated that the uniformity of combustion chamber wall
temperature influences the energy conversion efficiency of
MTPV system [28]. In addition, [4, 23] Li et al. [4, 29, 30]
established that the use of porous media contributed im-
mensely to the wall temperature rise, which translates into
the efficiency of the combustor. Yang et al. conducted ex-
periments by adding heat recuperator [30] or a block [31]
insert in micro-combustors. 0e results show that both
methods can effectively improve the uniformity of wall
temperature distribution. Jiang et al. [32, 33] researched the
effect of block inserts (baffles) on combustor efficiency. 0e
effective position of the baffles was ascertained, which sig-
nificantly improved the uniformity of the wall temperature
distribution. Tang [34] and Su et al. [35] established a
multichannel micro-combustors for micro-thermal photo-
voltaic systems. Under various conditions, the premixed H2/
air mixture combustion behavior was researched.0e results
show that the outer wall temperature of the multichannel
micro-combustor is significantly enhanced compared to the
single-channel micro-combustor. Chen et al. [36–38] used
the lattice Boltzmann model to solve the governing equa-
tions of the premixed and nonpremixed reverse jet H2-air
combustion process and found different entropy generation
analysis features from previous studies. Moreover, Emadi
and Emami [39] investigated the exergy loss and the local
entropy generation of CH4-air bluff-body flame burning in
the combustor under turbulent nonpremixed H2-enriched.

It was shown that exergy loss and entropy generation are
reduced by adding H2. Datta [40] investigated diffusion
flames in constrained geometries at different gravity levels to
analyze the effect of gravity on the second law efficiency and
entropy production rate. 0e results showed that, under
normal gravity, the entropy production rate caused by heat
transfer was significantly increased compared to zero gravity
and, at all gravity levels, the entropy production rate caused
by chemical reactions and mass transfer was almost
constant.

0ese experimental studies reveal the importance of
flame stability and thermal characteristics to the combustor
performance and introduce several effective combustion
chamber structural designs and methods. Ban et al. [41]
studied the effect of buoyancy on different flames by ex-
amining the flame shape for horizontally oriented com-
bustors. However, they did not study the effect of extended
surfaces for better heat transfer. Resende et al. [42] sum-
marized the pertinent investigations revolved around
nonpremixed diffusion combustion regime, which is com-
monly employed in practical systems. 0e review has pin-
pointed important factors for realizing improved burner
performance such as the burner configuration. Research is
still relevant to nonpremixed H2/air combustion by con-
sidering some influential geometric parameters that pro-
mote the efficiency of the combustion process. 0is study is
aimed at finding a suitable combustion structure that pro-
vides elevated outer wall temperature and exhibits effective
and uniform heat transfer distribution for the nonpremixed
micro-combustor. A nonpremixed micro-combustor with
annular rectangular rib was proposed, and the effect of
annular rectangular ribs on the heat transfer performance of
the nonpremixed micro-combustor was numerically in-
vestigated under varying air and H2 mass flow rate, rib
position, and rib height.

2. Numerical Model

2.1. Physical Model of Micro-Combustor. Figure 1 shows the
schematic of a micro-combustor combining a backward step
and a cavity [43]. 0e micro-combustor has an overall
maximum outer diameter of 1.6mm and a length of 12mm.
0e front end and the rear end of the micro-combustor have
dissimilar internal contours. 0e front end is contoured into
four tubes: the suction pipe A, the mixing pipe B, the dif-
fusion pipe C, and the shrink pipe D. Hydrogen and air
simultaneously enter into the micro burner through the inlet
side; the hydrogen inlet is a circular shape with a diameter of
0.2mm, and the air inlet is an annular passage with the outer
diameter of 0.862mm and the inner diameter of 0.6mm.

Hydrogen and air enter the micro-combustor through
the central circular passage and the outer annular passage of
the suction pipe A, respectively. 0e shrinking shape of the
straw A enables the air and hydrogen to obtain oblique
velocities toward the centerline. In the mixing pipe B, air and
H2 are mixing. Furthermore, the arrangement of the diffuser
tube C enables the dynamic pressure portion to be converted
into static pressure, thereby increasing the pressure differ-
ence, while the suction efficiency is also enhanced by the
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action of the diffuser pipe C. 0e shrinkage pipe D is
provided to prevent tampering [44].

As shown in Figure 2, the model shown in Figure 1 is
modified by adding an annular rectangular rib at a certain
distance from combustor inlet, and the channel is divided
into two parts.0e fixed width of the annular rectangular rib
is 1.0mm, and the position (L3) and height (H) of the
annular rectangular rib are variable geometric parameters.
By setting the height and position of the dimensionless
annular rectangular ribs to r� 2H/d3 and l� L3/L1, re-
spectively, the effect of the annular rectangular ribs on the
outer wall temperature of the micro-combustor can be
investigated.

In nonpremixed micro-combustor, to better study the
influence of ribs on the combustion characteristics, as shown
in Table 1, the optimum rib positions and rib heights that are
suitable for higher efficiency of a micro-combustor were
determined. 0e model parameters of four different rib
heights and different rib positions are set in this study to
conduct a thorough parameter comparison study. 0e
combustors shown in Figures 1 and 2 are both made of steel
material with good thermal conductivity and good corrosion
resistance.

2.2. Mathematical Model. In combustion simulation of
micro-combustor, assuming hydrogen with light weight,
small volume, long life, and high-efficiency density, in the
reactants, gaseous substances can be considered as a con-
tinuous medium, expressed by the Navier–Stokes equation.
Owing to the mass flow of H2 and the low rate of air, the
effects of dissipative forces and fluid volume are ignored.0e
modeling considers various equations. 0ese equations are
defined as follows:

Conservation equation of mass:

z

zx
(ρu) +

1
r

z

zr
(ρvr) � 0. (1)

Momentum conservation equation:

z

zxj

ρuiuj − τij  � −
zp

zxij

. (2)

Energy conservation equation:

z

zxj

ρujh + Fi,j  � uj

zp

zxj

+ τij

zui

zxj

. (3)

Species equation:

z

zxj

ρujml + Jl,j  � Rl. (4)

Wall energy conservation equation:

z λwzT( 

zx2
i

� 0. (5)

Ideal gas equation:

P � ρRT 
ml

M1
. (6)

For the sake of acquiring the optimum annular rect-
angular ribs settings to enhance the temperature and its
uniformity of the outer wall, the positions of the ribs and the
rib heights geometry were varied and studied using nu-
merical simulation. In the analysis, the outer wall temper-
ature difference is adopted in expressing the uniformity of
heat transfer of the micro-combustor, and its outer wall
temperature difference can be expressed as follows:

∇T � Toutwall,max − Toutwall,min. (7)

Entropy transport equation:

Tds � du + pd
1
ρ

  − 
n

j�1
d

nj

ρ
 . (8)

Consequently, the total entropy generation Sgen is
written as follows:

Sgen � ms. (9)

In a combustion process, because the exergy destruction
Edes and the total entropy generation are in the direct ratio, it
is expressed as follows:

Edes � SgenT0. (10)

2.3. Computational Mesh and Boundary. Due to the com-
plexity of the geometric model, which consisted of a
backward-facing step and four pipes, numerical simulation
of 2D models using CFD Fluent 19.0 was carried out. Some
researches [43, 45, 46] have suggested that the turbulent
model can accurately predict combustion behaviors at the
inlet flow Re> 500. As a result, standard k-εmodel is chosen
in this work. 0e combustion reaction only involves the
combustion of hydrogen; the chemical kinetic mechanism
of Fluent was adopted. 0is mechanism comprises 11
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Figure 1: Schematic of the micro-combustor (units in mm).
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elementary species, and the detailed chemical reaction
mechanism is shown in Table 2.

In the research, the simulated combustion of micro-
combustor uses standard k-ε model. 0e H2 and air mass
flow rates are both considered as the inlet boundary con-
ditions, while the outlet pressure was used as the outlet
boundary condition. 0e ambient temperature is 298K and
the ambient pressure is 1.01× 105 Pa. At the same time, the
no-slip boundary condition is adopted. Both convective and
radiative heat transfer of the environment are considered in
the outer wall of the combustion chamber. For the con-
vergence criterion, it is also necessary to set the residual
value; the residuals for velocity and continuity are set as
1× 10− 3, and the residuals for do-intensity and energy are set
as 1× 10− 6. 0e equations involved are all set to second-
order upwind scheme discretization.

0is study presents the nonpremixed micro column
combustor, with an annular rectangular shape rib. 0ere-
fore, in order to expedite the calculation process, the analysis
was simplified to a two-dimensional numerical analysis at
the center of a section.

Table 3 provides the model boundary condition; mass-
flow-rate boundary condition was adopted for inlet, and the
pressure-outlet boundary was employed for the outlet. In
both boundaries the gauge pressure is set to 0MPa.

A unified 2D grid is built to calculate the heat transfer
and the combustion in the micro-combustor. A model grid
of micro-combustor is generated as presented in Figure 3.
For the case where the value of equivalence ratio is 1.0, the
air andH2mass flow rates are maintained at 4.632×10− 6 and
1.347×10− 7 kg/s, respectively. Grid-independent testing was
performed by modifying the number of elements to a finer

one and is presented in Figure 4. By observing and com-
paring three different grids, the three grids have 15719,
19061, and 23987 cells, respectively. 0e mesh with 15719

L1

OutletInlet

d2 d3

(a)

OutletInlet

L3 Annular rectangular rib

H

(b)

Figure 2: Schematic diagram of nonpremixed micro column burners: (a) without annular rectangular ribs and (b) with annular rectangular
ribs.

Table 1: Dimensionless rib height and rib position.

Rib height Rib position
4/9 0.25 0.325 0.4
5/9 0.25 0.325 0.4
6/9 0.25 0.325 0.4
7/9 0.25 0.325 0.4

Table 2: Chemical reaction mechanism of H/air combustion.

Reactions Ak
(m3/(kmol s)) βk Ek (J/kmol)

1. O2 +H�O+OH 3.55×1012 − 0.4 6.945×107

2. O +H2 �H+OH 50.8 2.7 2.632×107

3. H2 +OH�H2O+H 2.16×105 1.5 1.435×107

4. O +H2O� 2OH 2970 2 5.607×107

5. H2 � 2H 4.58×1016 − 1.4 4.351× 108

6. 2O�O2 6.16×109 − 0.5 0
7. O +H�OH 4.71× 1012 − 1 0
8. H+OH�H2O 3.8×1016 − 2 0
9. H+O2 �HO2 1.48×109 0.6 0
10. HO2 +H�H2+O2 1.66×1010 0 3.443×106

11. HO2 +H� 2OH 7.08×1010 0 1.234×106

12. HO2 +O�O2+OH 3.25×1010 0 0
13. HO2 +OH�H2O+O2 2.89×1010 0 − 2.08×106

14. 2HO2 �H2O2 +O2 4.2×1011 0 5.021× 107

15. H2O2 � 2OH 2.95×1014 0 2.025×108

16. H2O2 +H�H2O+OH 2.41× 1010 0 1.661× 107

17. H2O2 +H�HO2+H2 4.82×1010 0 3.326×107

18. H2O2 +O�OH+HO2 9550 2 1.661× 107

19. H2O2 +OH�HO2+H2O 1× 109 0 0
Note: Ak is the preexponential factor of reaction rate, βk is the temperature
exponent, and Ek is the activation energy of the reaction.

Table 3: Model boundary condition.

H2 inlet
H2 mass flow (kg/s) 7.483×10− 8

Turbulence intensity 5%
Hydraulic diameter 0.0004

Air inlet
Air mass flow (kg/s) 2.573×10− 6

Turbulence intensity 5%
Hydraulic diameter 0.001

Pressure outlet Turbulence intensity 5%
Hydraulic diameter (m) 0.0012

Outer wall Heat transfer coefficient 10
Emissivity 0.85
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cells and the mesh with 23987 cells are of the highest and
lowest temperature on centerline, respectively. Moreover,
temperature difference of the resulting centerline temper-
ature profile is diminutive under three different numbers of
grids. 0erefore, the mesh with 19061 cells has better ac-
curacy and less computation time, making it more suitable
for numerical investigation.

2.4.Model Validation. 0e simulated results were compared
with the experimental results to confirm the validation of the
model. And the experimental results are obtained from the
group of E. In the experiments in a silicon material micro-
combustor, the H2 and the air mass flow are maintained at
1.347×10− 7 kg/s and 4.632×10− 6 kg/s, respectively. 0e
measurement points of the experiment are situated at 2, 5, 8,
and 10mm in the axial length of the micro-combustor.

Experimental outer wall temperature at varying com-
bustor lengths [43] and the numerical prediction are
compared as represented in Figure 5. 0e temperature data
of the corresponding position is calculated by simulating the
hydrogen inlet mass flow of 1.347×10− 7 kg/s and the
equivalence ratio of 1.0. In order to obtain a viable model,
the deviation of the experimental results and the numerical
results should be as small as possible. As can be seen from
Figure 5, the deviation is less than 4.72%. 0erefore, it is
feasible to analyze the performance of the micro-combustor
by simulation.

3. Results and Discussions

3.1. Effects of Annular Rectangular Rib on Outer Wall
Temperature. Figure 6 shows the temperature cloud dia-
gram of different r and l. From the figure, it can be observed
that the change in rib positions and rib heights of the annular
rectangular ribs in the micro-combustor is proportional to
the temperature distribution of flow field. Figure 7 presents
the temperature distribution of the outer wall that themicro-
combustor has under different l and r. 0e inlet H2 and the
air rates of mass flow were maintained at 7.383×10− 8 kg/s
and 2.573×10− 6 kg/s with an H2/air equivalent ratio of 1.0. It
can be seen from the figure that when the l of the micro-
combustor is a fixed constant, the temperature at outer wall
increases as the r increases. 0is can be explained by the fact
that, by the raise of the dimensionless rib heights, the
turbulence zone becomes wider, and the turbulence area at
the rear of the annular rectangular rib expands in proportion
to the dimensionless rib heights, effectively improving the
heat transmission capability of the micro-combustor.
However, it is worth noting in Figure 8 that the optimum
settings for the maximum outer wall temperature are at l� 5/
9 and r� 0.325. 0e good performance obtained is a result of
the ribs being very close to the center of the flame, reducing
the positive impact of expanding the turbulence area and
weakening the negative influence of the annular rectangular
ribs on the heat transmission of the micro-combustor.

It can be seen from Figure 8(a) that the l of micro-
combustor is a fixed constant, and the mean outer wall
temperature increases proportionally with the r. 0e
changing trend of Figure 8(a) is the same as the change of the
temperature distribution of outer wall in Figure 7.
Figure 8(b) shows the temperature difference of the outer
wall temperature at different rib positions and heights. 0e
uniformity of the heat transfer of the combustor is man-
ifested by the magnitude of the outer wall temperature
difference. 0e smaller the difference of temperature, the

Figure 3: Computational mesh of nonpremixed micro-combustor.
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Figure 4: Axial temperature profile of simulation.
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Figure 7: Outer wall temperature at different rib positions and heights.
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more uniform the heat transfer. Also, the temperature
difference is maximum at l� 5/9 and r� 0.325; the tem-
perature difference is minimum at l� 6/9 and r� 0.4, and
more effective uniform heat transfer is realized.

By varying the inlet mass flow rate and repeating the
above simulation experiment procedure, the results shown
in Figures 9 and 10 were obtained. 0e inlet H2 and the air
mass flow rate were maintained at 1.347×10− 7 kg/s and
4.632×10− 6 kg/s, respectively, leading to the results obtained
in Figure 9. Similarly, the inlet H2 and the air mass flow rates
were maintained at 1.646×10− 7 kg/s and 5.661× 10− 6 kg/s,
respectively, producing the results obtained in Figure 10.
Both results were obtained at equivalence ratio of 1.0. It was

observed that the position and height of the ribs with the
minimum and maximum outer wall temperature are af-
fected. 0is is because the increase in inlet mass flow speeds
up the mass flow rate of the inlet, causing the center of the
flame to move toward the rear of the micro-combustor. It
can be seen from the result that the positions and heights of
the rib with the best heat transfer efficiency are influenced by
inlet mass flow rate and vary as the inlet flow rate changes.

3.2. Effects of Annular Rectangular Rib on Field Entropy
Destruction. Exergy destruction is energy that cannot be
converted into useful work in a reversible process. To further
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Figure 8: Mean outer wall temperature and outer wall temperature at various l and r.
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Figure 9: Mean outer wall temperature and outer wall temperature at different l and r.
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demonstrate the combustion characteristics of the ribbed
micro-combustor, it can be analyzed by entropy generation
and exergy destruction.

Figure 11 shows the change of total entropy generation at
various rib positions l and heights r. 0e different rib po-
sitions and heights have an important influence on the
entropy field. It is shown that at l� 6/9 and r� 0.4, the total
entropy generation decreases significantly. 0is is due to the
potential to lose more available energy at high gas tem-
peratures. Equation (10) was used to generate the exergy
destruction results under various rib positions and heights,
as presented in Figure 12. It is easy to see that the exergy
destruction decreases drastically at l� 6/9 and r� 0.4. 0e
results presented in Figures 10 and 13 are both obtained at

H2 and air mass flow rates maintained at 1.347×10− 7 kg/s
and 4.632×10− 6 kg/s, respectively, and H2/air equivalent
ratio of 1.0. 0e change trend is the same as the outer wall
temperature change trend.

3.3. Effects of Annular Rectangular Rib on Field SynergyAngle.
0e field synergy principle is an important factor to be
considered to further demonstrate and analyze the problem
of heat transfer enhancement of micro-combustors. 0us,
the field synergy equation of the thermal boundary layer is
integrated to prove that reducing the angle between the
temperature gradient and the velocity vector is an effective
measure to enhance the convective heat transfer. 0e
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intensity of heat transfer in the micro-combustor can be
more intuitively represented by the field synergy angle.

0e nonpremixed micro column combustor was ana-
lyzed by the concept of field synergy principle.0is principle
shows that heat transfer is affected by the characteristics of
the temperature field, the velocity field, and also the angle of
synergy between the velocity vector and the temperature
gradient:

C
Ω
ρCp(∇T · u

→
)dV � C

Ω
λf · ∇T dV. (11)

0e dot product of the temperature gradient and the
velocity vector can be written as follows:

u
→

· ∇T � | u
→

||∇T|cos θ. (12)

Since this study established a 2D axisymmetric model,
the synergy angle between the velocity vector and the
temperature gradient is expressed as the following equation:

cos θ �
(zT/zx) · u +(zT/zr) · v

�������������������������

(zT/zx)2 +(zT/zr)2 ·
������
u2 + v2

√ . (13)

Figure 14 shows the temperature cloud diagram of
different rib positions l and rib heights r. After adding the
ribs on the micro-combustor, to see the change of the field
synergy angle more clearly and intuitively, the cosine value is
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converted into an angle and the angle is treated as a range of
0°–90°; that is, the angle of 90°–180° takes its complement
angle.

A conclusion can be drawn from Figure 12 that the field
synergy angle of a nonpremixed micro-combustor having
annular rectangular ribs is lower than the field synergy angle
of a micro-combustor without ribs. It has been proved again

that after the ribs are added, the heat transfer of the micro-
combustor is enhanced. Similarly, it was established that
when the inlet H2 and the air mass flow rates are maintained
at 7.438×10− 8 kg/s and 2.573×10− 6 kg/s, respectively, at H2/
air equivalent ratio of 1.0, l� 6/9, and r� 0.4, the field
synergy angle is minimum, and the best heat transfer per-
formance is obtained.
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Figure 15: Comparison of outer wall temperature distribution at various equivalent ratios.
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3.4. Effect of Annular Rectangular Ribs on Micro-Combustors
at Various H2/Air Equivalent Ratios. As shown in Figure 15,
when H2 mass flow is maintained at 7.438×10− 8 kg/s, the
micro-combustor with annular rectangular ribs (l� 6/9,
r� 0.4) has a higher outer wall temperature at different
equivalence ratios (u� 1.0, 0.9, 0.8, and 0.7). Moreover, the
mean temperature of outer wall and its temperature dif-
ference were also compared to better analyze the difference
in heat transfer performance between the two combustors at
various equivalent ratios. As can be seen from Table 4, the
micro-combustor with annular rectangular ribs (l� 6/9,
r� 0.4) is compared to those without ribs under varying
equivalence ratios. Better performance can be obtained by
adding annular rectangular ribs to the micro-combustor,
and the outer wall temperature of the improved combustor is
higher and more uniform at different equivalent ratios.

4. Conclusions

0e combustion characteristics of nonpremixed H2/air
micro-combustors with and without annular rectangular rib
are analyzed by numerical investigation on the temperature
distribution, heat transfer uniformity, and field synergy
angle in combustion chamber. 0e combustion character-
istics of micro-combustors under various rib positions, rib
heights, and equivalent ratios were analyzed. Some specific
conclusions can be summarized as follows:

(1) 0e use of annular rectangular ribs can create a
turbulent zone in the micro-combustor, which en-
hances the heat transfer efficiency between the inner
wall of the combustion chamber and the burned fuel.

(2) As the annular rectangular ribs approach the flame
center, the positive effect of turbulent zone will be
weakened, and the temperature will not increase
with the increase of fin height. Also, as the rib height
increases, the turbulence zone becomes wider and
increases; consequently, the heat transfer perfor-
mance is enhanced.

(3) When the H2mass flow rate is 7.438×10− 8 kg/s and the
air mass flow rate is 2.576×10− 6 kg/s, themost uniform
heat transfer and a minimum field synergy angle are
obtained at l� 6/9 and r� 0.4. Meanwhile, the entropy
generation and exergy destruction are significantly
decreased. However, the optimum l and r greatly de-
pend on the inlet mass flow of H2/air mixture.

(4) Based on the comparisons between both combustors
performance under various equivalence ratios, it was
established that the micro-combustor with annular

rectangular ribs contributes significantly to a higher
and more uniform outer wall temperature.

Nomenclature

u, v: Velocity component in the x, r-direction, m/s
ρ: Gas density, kg/m3

P: Fluid pressure, Pa
τij: Stress tensor, N
uj: Velocity component in the xj direction, m/s

(j� 1, 2, 3)
H: Enthalpy of the gas, J/kg
Fi,j: Energy flux in the xi direction, W
ml: Mass fraction of species, J/kg
Jl,j: Diffusion flux of species l in the xj direction,

kmol/(m2·s)
Rl: Chemical reaction product rate, kmol/(m3·s)
λw: Wall thermal conductivity, W/m·K
R: Universal gas constant, J/Kmol·K
Ml: Molar mass of species
Toutwall,max: Maximum outer wall temperature, K
Toutwall,min: Minimum outer wall temperature, K
S: Specific entropy
U: Specific internal energy
uj: Chemical potential of species j
nj: Number density of species j
Sgen: Total entropy generation
M: Flow rate of gas
Edes: Exergy destruction
T0: Ambient temperature, 298K
Cp: Specific heat capacity
u
→: Speed vector
▽T: Temperature gradient
Θ: Synergy angle
dT/dx: Axial temperature gradient
dT/dr: Radial temperature gradient.
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Ethanol is the most extensively used oxygenate for spark ignition (SI) engines. In comparison with ethanol, n-butanol exhibits a
number of desirable properties for use in SI engines, which has proved to be a very promising oxygenated alternative fuel in recent
years. However, the dehydration and recovery of bio-n-butanol consume extra money and energy in the acetone-n-butanol-
ethanol (ABE) fermentation process. Hence, we focus on the research of ABE as a potential oxygenated alternative fuel in SI
engines. ,e combustion, performance, and emission characteristics of B30, E30, ABE30 (i.e., 30 vol.% n-butanol, ethanol, and
ABE blended with 70 vol.% gasoline), and G100 (pure gasoline) were compared in this study.,e comparison results between B30,
E30, and ABE30 at stoichiometric conditions show that ABE30 presents retarded combustion phasing, higher brake thermal
efficiency, lower CO emissions, higher UHC emissions, and similar NOx emissions. In comparison with G100 under various
engine loads and equivalence ratios, for the most part, ABE30 exhibits 1.4% higher brake thermal efficiency, 14% lower carbon
monoxide, 9.7% lower unburned hydrocarbons, and 23.4% lower nitrogen oxides. It is indicated that ABE could be served as the
oxygenate in spark ignition engine due to its capability to improve energy efficiency and reduce pollutant emissions.

1. Introduction

Depleting fuel resources and increasing environmental prob-
lems have driven the use of alternative fuel in engine [1–4].
Meanwhile, due to the demand of increasing gasoline octane,
oxygenated alternative fuel including methyl tertiary butyl
ether (MTBE), methanol, ethanol, and n-butanol have been
investigated in spark ignition (SI) engines [5, 6]. Poulopoulos
and Philippopoulos [7] tested the effects of MTBE-gasoline
blends on the performance and emissions of a four-cylinder
OPEL 1.61 SI engine. Based on the emissions before and after
three-way catalytic converter (TWC), it was found that the
addition of MTBE decreased the emissions of hazardous ex-
haust gases, carbon monoxide (CO) and hydrocarbon (HC),
only at high engine loading. Liu et al. [8] performed a study of
SI engine fueled with methanol-gasoline fuel blends. Results
showed that CO, HC, and nitrogen oxide (NOx) emissions

changed little before the TWC, and the conversion efficiencies
of HC, CO, and NOx emissions after the TWC are improved.

Ethanol is proposed as a replacement of MTBE and
methanol in order to avoid gas station leakage and ground
water pollution [9]. Hsieh et al. [10] conducted an experi-
mental research on the performance and emission of an SI
engine fueled with ethanol-gasoline blends based on the test
of ethanol-gasoline blends with various blended ratios (0
vol.%, 5 vol.%, 10 vol.%, 20 vol.%, and 30 vol.%).When using
ethanol, torque output and energy resource consumption
increase and CO and HC emissions decrease dramatically,
while the change of NOx emission does not depend on the
ethanol content. Celik [11] investigated the suitable blend
ratio of ethanol in gasoline with high compression rate for SI
engine. It was seen that engine power increased by 29%, and
the specific fuel consumption rate, and CO, carbon dioxide
(CO2), NOx, and HC combustion gas effluents were
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decreased by 3%, 53%, 10%, 19%, and 12%, respectively,
when using 50 vol.% blend ratio compared with pure
gasoline.

Compared with ethanol, n-butanol has numbers of
desirable properties as a fuel substitute of SI engines. Butanol
is less prone to water contamination, and thus it could be
distributed using the same infrastructure used to transport
gasoline. Additionally, butanol also has lower latent heat,
vapor pressure, higher heating value, octane, etc. [12]. ,e
emission characteristics of an SI engine fueled with n-bu-
tanol-gasoline blends in combination with EGR were in-
vestigated by Gu et al. [13]. ,e addition of butanol to
gasoline resulted in the decreasing engine’s specific CO, HC,
and NOx combustion gas effluents. A study on the com-
bustion characteristics of n-butanol in an SI engine was
carried out by Szwaja and Naber [14]. ,e parameters of
mass fraction burned (MFB), 0–10% MFB combustion
duration, 10–90%MFB combustion duration, and 50%MFB
location were calculated to quantitatively analyze the
combustion properties. n-Butanol showed a shorter 0–10%
MFB combustion duration, causing the shift of 50% MFB
location towards top dead center (TDC). Meanwhile, n-
butanol presented a higher combustion stability compared
with gasoline from the viewpoint of coefficient of variation
(COV).

n-Butanol belongs to the second-generation biofuels
since it can be extracted from renewable sources, such as
core fiber, wheat straw, distillers dry grains, corn stover,
switchgrass, barely straw, and other plant materials [15–17].
n-Butanol is generally derived from acetone-n-butanol-
ethanol (ABE) fermentation. However, due to low pro-
duction efficiency, high hydration, and recovery cost during
the fermentation process, n-butanol is currently less com-
petitive in cost. ,erefore, it is proposed that the interme-
diate fermentation outcome, i.e., ABE, is used for alternative
fuel.

,e combustion and emissions performance of water-
containing ABE-diesel blends were studied by Chang et al.
[18]. When using the blend of 20 vol.% ABE, 0.5 vol.% water,
and 79.5 vol.% diesel (referred to as ABE20W0.5), brake
thermal efficiency (BTE) was not only improved, but dis-
charge of particular matter (PM), NOx, polycyclic aromatic
hydrocarbons (PAHs), and toxic equivalent of PAH (BaPeq)
were also reduced. Water-containing ABE-biodiesel-diesel
blends were used to solve the problem of the increase of NOx
due to the use of biodiesel [19]. ,e addition of water-
containing ABE in biodiesel-diesel blend synchronously
reduced PM and NOx emissions by 4.30–30.7% and 10.9–
63.1%, respectively. Lee’s group did a lot of research ex-
periments on ABE-diesel blends to test their spray and
combustion properties [20–24]. ,e combustion duration of
ABE-diesel blends is shorter, and the natural flame lumi-
nosity is lower in comparison with diesel, which indicated
ABE-diesel blends had potential advantages of improving
energy efficiency and reducing soot emission in engine. His
group also tested the impacts of factors such as blend ratio,
mixture formulation, and water addition on ABE-gasoline
blends performance and emissions [25–27]. A phenome-
nological soot model considering the oxidation effect on soot

density was proposed for ABE by Zhao et al. [28]. Luo et al.
[29] used a wick-fed burner to evaluate soot tendency of
ABE-diesel blends according to three parameters including
flame height, threshold sooting index (TSI), and oxygen-
extended sooting index (OESI). Results showed that the high
H/C ratio and oxygen content of ethanol and n-butanol had
a positive effect on reducing soot emission, while unsatu-
ration degree of acetone had a negative effect. A multi-
component evaporation model was built to accurately
predict the evaporation evolution of ABE-diesel blends, and
the model was validated by the experimental results of
droplet fiber suspension evaporation [30]. Van Geem et al.
[31] proposed mechanisms of action involving 350 species
and over 10,000 reactions, which explained the pyrolysis and
oxidation processes of ABE in detail. ,e mechanism is
proved to be feasible and valid based on the comparison
between calculated and experimental laminar flame speed.
Zhang et al. [32] based on the analysis of chemical kinetics,
stretch effect, and laminar flame speed under various
component ratios and equivalence ratios. It was seen the
laminar flame speed followed the order of ABE (6 : 3:1)
<ABE (3 : 6:1)<ABE (1 : 6 : 3), and ethanol or n-butanol had
a positive effect on burning velocity enhancement of ABE,
while acetone had a negative effect.

As mentioned above, the previous research indicates
ABE could be a potential substitute for engine fuel. However,
there are few reports on the investigation of SI engine fueled
by ABE-gasoline blends. ,erefore, the experimental com-
parisons of the combustion, performance, and emission
characteristics between E30, B30, ABE30 (i.e., 30 vol.%
ethanol, butanol and ABE blended with gasoline, respec-
tively), and G100 (pure gasoline) were conducted in this
study.

2. Experimental Methods

2.1. Fuel Preparation. ,e commercial gasoline with a re-
search octane number (RON) of 92 was chosen as baseline
fuel in the study. ,e ABE mixture was generated by stirring
analytical grade acetone (99.5%), n-butanol (99.5%), and
ethanol (99.8%) using a temperature-controlled magnetic
stirrer. ,e volume ratio of the mixture was set as A : B : E of
3 : 6 :1 which is the representative composition proportion of
ABE fermentation products. ,e various parameters of each
component in the mixture are listed in Table 1 [33–36]. ,e
stability of the mixture was examined through a gravity test,
where the mixture was stored in tubes for 14 days at 25°C
and 1 atm. ,e fuels showed a distinct single phase during
the whole stability measurement process.

2.2. Engine Setup. Figure 1 shows the schematic diagram of
the engine setup for the experiment. A port fuel-injected
single cylinder SI engine is combined with a GE type TLC-15
class 4-35-1700 dynamometer, which can absorb loads up to
26 kW at speeds of 4500 rpm. ,e engine specifications are
shown in Table 2. A Kistler-type 6125B pressure sensor was
used to detect cylinder pressure, which was recorded by a
LabVIEW code. ,e average in-cylinder pressures from 50
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cycles were calculated at each test point. BEI XH25D shaft
encoder was used to measure the crank angle location. ,e
Megasquirt V3.0 Engine Control Unit (ECU) was used for
engine control. ,e dynamometer is dominated by a DYN-
LOC controller. ,e engine throttle location was adjusted by
DyneSystems DTC-1 digital throttle controller. Air/fuel
ratio (AFR) and NOx emission were detected by Horiba
MEXA-720 analyzer. UHC and CO emissions were detected

by Horiba MEXA-554JU analyzer. ,e intake air system
provided compressed, filtered air from the building to the
engine. ,e flow of air from the building supply system was
controlled by an electronic regulator which provided
pressure control; from which the air flowed through a surge
tank and then into the intake manifold. An intake air
temperature sensor and a manifold absolute pressure (MAP)
sensor were mounted at the intake manifold directly to

Table 1: Properties of test fuels [33–36].

Parameters Gasoline Acetone Butanol Ethanol
Chemical formula C4∼C12 C3H6O C4H9OH C2H5OH
Lower heating value (MJ/kg) 43.4 29.6 33.1 26.8
Density (kg/m3) 715∼765 790 810 790
Energy density (kJ/m3) 32.20 23.38 26.81 21.17
Octane number 90 — 87 100
Oxygen content (wt.%) — 27.6 21.6 34.8
Boiling temperature (°C) 25–215 56.2 118 78
Latent heat of vaporation (25°C) (kJ/kg) 380∼500 518 716 904
Self-ignition temperature (°C) ∼300 465 343 420
Stoichiometric AFR 14.7 9.0 11.2 9.0
Saturation pressure at 38°C (kPa) 62∼90 53.4 2.27 13.8
Laminar flame speed (cm/s) ∼33A ∼34B ∼48C ∼48C

Note: Ap� 1 atm, T� 325K; Bp� 1 atm, T� 298K; Cp� 1 atm, T� 343K.
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Figure 1: Engine setup.
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measure intake air temperature and pressure. ,e air then
flowed through a throttle body where the throttle valve was
controlled with a throttle position sensor. From there, the air
was mixed with the injected fuel and flowed into the engine
via the intake valves. A Bosch fuel injector rated at 440 cm3/
min was used at a fuel pressure of 3 bar. ,e measuring
range, accuracy and resolution of experimental apparatus
are shown in Table 3.

2.3. TestConditions. ,e engine rotational velocity was set at
a fixed value of 1200 rpm in this research. ,e throttle plate
was adjusted to be fully open and the intake manifold
pressure was fixed at 60 kPa and 90 kPa by regulating the
compressed air supply, which corresponded to engine loads
of 3 bar BMEP (brake mean effective pressure) and 5 bar
BMEP. ,e intake air pressure was controlled using an
electronic regulator which provides precise control.
Meanwhile, the equivalence ratio was varied over a range of
lean, stoichiometric and rich conditions, i.e., lambda varying
from 1.2 to 0.8. In a practical SI engine operating condition,
equivalence ratio is not uniform and varies in each indi-
vidual cylinder on a cycle-by-cycle basis. For example, it is
advantageous to use lean condition for best efficiency at
part-load operation and rich condition for maximum power
at full-load operation.,erefore, the equivalence ratio in this
study was varied over a range of lean, stoichiometric, and
rich conditions, i.e., Φ ranging from 0.83 to 1.25. In this
study, the maximum brake torque (MBT) timing of gasoline
was chosen as spark timing. ,e measured UHC, CO, and
pollution gas temperature were directly recorded from the
emissions analyzer, while the measured values of engine
torque, lambda, and NOx were averaged within 60-second
period. ,e experiments were conducted three times, and
each group of data was collected for one day. ,e average of
these datasets was then calculated. ,e tests were performed
on three consecutive days in a temperature-controlled
laboratory, so the effects of humidity were assumed to be
negligible. Furthermore, the engine was allowed to run at
every operating condition for an extended period of time to
ensure steady state measurements. ,e test conditions
mentioned above are summarized in Table 4.

3. Results and Discussion

3.1. Comparison between E30, B30, and ABE30 under Stoi-
chiometric Condition. Figure 2 compares the combustion
characteristics of E30, B30, and ABE30 at Φ� 1 and 3 bar
BMEP. It can be seen from Figure 2(a) that E30 showed a

more advanced combustion phasing, resulting in the highest
peak cylinder pressure. To further evaluate the combustion
phasing of different fuels, normalized mass fraction burnt
(MFB) shown in Figure 2(b) was calculated from pressure
trace using Rassweiler and Withrow method [37, 38]. Based
onMFB profiles, initial combustion duration (ICD) given by
0–10% MFB, major combustion duration (MCD) given by
10–90% MFB, and 50% MFB location were obtained as
shown in Figure 2(c). During the ICD, the combustion rate
was mainly impacted by laminar flame speed (LFS) [14, 39].
Based on the highest LFS, E30 obtained the 2.0% and 4.1%
shorter ICD compared with B30 and ABE30. In addition, it
should be noted that ethanol had the same LFS with butanol
(see Table 1), but got the shorter ICD probably due to fuel
volatility. It was known that the latent heat of vaporization
and vapor pressure were two important thermodynamic
properties that affect fuel volatility [40]. Vapor pressure was
an important property affecting the volatility of a fuel. ,e
vapor pressure of butanol was much lower than that of
ethanol, which meant that butanol needed a higher tem-
perature or longer time to get completely vaporized [41].
Moreover, the higher oxygen content of ethanol was ben-
eficial to improve combustion rate due to chemical affect.
,e MCD of the fuels followed a similar sequence with the
ICD. ,e higher pressure built during the period of ICD
promoted the mixing of fuel and air due to the increase in
turbulence and improved the combustion rate in the fol-
lowing flame propagation. Based on the shorter ICD and
MCD, E30 got the 0.5 CA and 0.81 CA advanced 50% MFB
location when compared to B30 and ABE30.

Figure 3 compares the engine performance of E30, B30,
and ABE30, including BTE and BSFC at Φ� 1 and 3 bar
BMEP. ,e BTE indicates how well an engine can convert
the heat in fuel to mechanical energy. From Figure 3(a), the

Table 3: Measuring range, accuracy, and resolution of the ex-
perimental apparatus.

Apparatus Measuring range Accuracy
(±) Resolution

Engine speed 1–5000 rpm 0.2% 1 rpm
Torque 0–300Nm 0.5% 0.1Nm
Exhaust gas
temperature 0–900°C 1°C 0.1°C

CO emission 0–10% vol 0.06% 0.01% vol
HC emission 0–10000 ppm·vol 12 ppm·vol 1 ppm·vol
CO2 emission 0–20% vol 0.5% 0.01% vol
NOx emission 0–3000 ppm 3% 1 ppm
Lambda 0.65–13.7 0.3% 0.01
Mass flow meter 0–1000 slpm 1% 0.1 slpm

Table 4: Test conditions.

,rottle position (%) 100
Engine speed (rpm) 1200
Load (bar BMEP) 3 and 5
Lamda 0.8∼1.2
Fuel pressure (bar) 3
Spark timing Gasoline’s MBT at Φ� 1

Table 2: Engine specifications.

Engine type SI engine
Displaced volume (cm3) 575
Stroke (mm) 90.1
Bore (mm) 90.3
Connecting rod length (mm) 150.7
Compression ratio 9.6 :1
Number of valves 4
Number of cylinders 1
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Figure 2: Combustion characteristics of E30, B30, and ABE30 at 3 bar BMEP under stoichiometric condition.
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results showed that ABE30 had 0.7% and 1.1% higher BTE
than that of E30 and B30, respectively. ,is can be explained
that the advanced combustion phasing after adding ethanol
and butanol led to the subsequent increase of work lost in
compression process and decrease of net useful work when
spark timing was set to gasoline’s MBT [42, 43]. For the
BSFC, ethanol showed the maximum value due to its lower
energy density. In addition, it can be seen that the engine had
a relatively high fuel consumption, which is due to the high
friction owing to it being a single-cylinder engine; it could
also be caused by carbon deposition in the engine, or aging
of the sparkplug.

Figure 4 shows the CO, UHC, and NOx emissions of E30,
B30, and ABE30 at Φ� 1 and 3 bar BMEP. A higher CO
emission occurred for E30. Generally, a higher CO emission
level can be caused by the conditions of locally rich, in-
sufficient oxidizer, or low combustion temperature. After

adding fuel oxygenates, the lack of oxygen should not lead to
the increased CO emission. Previous studies explained that
the fuel producing more products in terms of heat capacity
of the combustion products can lower combustion tem-
perature and further slow down the oxidation process of CO
emission [44, 45]. ,e stoichiometric chemical reactions of
acetone, ethanol, and n-butanol are listed equation (1).
Moreover, E30 had a shorter combustion duration, and thus
insufficient oxidation of CO could also cause the increased
CO emission. UHC emission was mainly influenced by the
combustion quality. ,e higher oxygen content in E30 was
beneficial to improve combustion quality, resulting in a
lower UHC emission compared to B30 and ABE30. Zel-
dovich thermal activation was the predominate mechanism
for NOx emission formation from internal combustion
engines. ,e higher combustion temperature and local
oxygen concentration in the peak temperature zone were in
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Figure 4: Engine emissions of E30, B30, and ABE30 at 3 and 5 bar BMEP under stoichiometric condition.
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favor of NOx emission formation [46]. By using fuel oxy-
genates, an increased oxygen concentration was caused due
to fuel self-provided oxygen, but a lower combustion

temperature could also be resulted. Based on the competi-
tion between the factors, the similar NOx was finally ob-
tained by E30, B30, and ABE30.

Acetone: 2.58C3H6O + 10.33 O2 + 3.785N2(  � 7.74CO2 + 7.74H2O + 39.10N2

butanol: 1.72C4H9OH + 10.33 O2 + 3.785N2(  � 6.88CO2 + 8.60H2O + 39.10N2

ethanol: 3.44C2H5OH + 10.33 O2 + 3.785N2(  � 6.88CO2 + 10.32H2O + 39.10N2

(1)

3.2. Comparison between G100 and ABE30 under Various
Engine Loads and Equivalence Ratios. In this section, the
performance, combustion, and emission characteristics of
ABE30 and G100 were compared under different equiva-
lence ratios (Φ� 0.83∼1.25) and engine loads (3 and 5 bar
BMEP). It was apparent that the ICD and MCD were

reduced with increasing equivalence ratios and engine loads.
A higher cylinder temperature was achieved at 5 bar BMEP,
which led to a faster combustion rate. Gauthier et al. [47]
discovered that when the equivalence ratio increased, the
ICD decreased. A similar trend was also obtained in
Figure 5(b). A similar trend was also obtained in Figure 5(b).
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Figure 5: Combustion characteristics of ABE30 and G100 under various engine loads and equivalence ratios.
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Figure 6: Engine performance of ABE30 and G100 under various engine loads and equivalence ratios.
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Figure 7: Engine emissions of ABE30 and G100 under various engine loads and equivalence ratios.
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In addition, with the increases of equivalence ratios and
engine loads, the differences of ICD and MCD between
ABE30 and G100 were reduced. ,ese trends were consis-
tent with those of [47, 48]. In general, compared with G100,
ABE30 had a more advanced combustion phasing with
1.7–3.9% shorter ICD and 1.2–8.3% shorter MCD.

Figure 6 shows the BTE and BSFC of ABE30 and G100
with respect to equivalence ratio and engine load. ,e BTE
increased with decreasing equivalence ratio and increasing
engine load. ,at was based on the fact that combustion
was not complete in the rich conditions. With the further
decrease of equivalence ratio, increased dilution improved
isentropic efficiency by decreasing heat loss and increasing
adiabatic exponent due to the lower temperatures than that
in stoichiometric conditions [49]. ,e higher cylinder
temperature at 5 bar BMEP resulted in the improved
combustion quality and higher BTE than that at 3 bar
BMEP. For the BTE, ABE30 increased BTE by 0.2–1.4%
compared with G100 due to the improved combustion
quality and shorter combustion duration, and apparent
increase occurred at lean conditions. ,is could be
explained that the combustion phasing of fuels was re-
tarded at lean conditions, but the engine was still running at
gasoline’s MBT at stoichiometric condition, and thus the
advanced combustion phasing of ABE30 was more suitable
as shown in Figure 5(a), and the side effect of improper
combustion phasing of ABE at stoichiometric and rich
conditions was avoided. Due to the improved BTE, the
BSFC of fuels was decreased with decreasing equivalence
ratio and increasing engine load. Based on the lower energy
density, ABE30 showed 8.1–10.4% higher BSFC than that of
G100.

Figure 7 shows the variations of CO, UHC, and NOx
emissions with equivalence ratio and engine load for ABE30
and G100. It was observed that the equivalence ratio con-
trolled CO emission until lean conditions were reached, and
after that CO emission did not vary significantly. ,is low
CO emission under lean condition can be explained by the
fact that there was more than enough oxygen available to
carry on the oxidation process [48]. In addition, the lower
CO emission and higher NOx were attained in the higher
engine load due to the higher cylinder temperature. When
compared with G100, ABE30 produced the 1.3–14% lower
CO and 0.5–9.7% lower UHC emissions due to the improved
combustion quality as a result of fuel-borne oxygen. UHC
emission increased for rich conditions because of incom-
plete combustion as the combustion quality deteriorates. In
comparison with G100, although an increased oxygen
concentration was provided, a deceased combustion tem-
perature was also caused as mentioned above so that the final
3.4–23.4% lower NOx emission was produced at lean and
stoichiometric conditions for ABE30. It was also observed
that ABE30 presented a higher NOx emission compared with
G100 at Φ� 1.25. It probably resulted from the fuel-rich
prompt mechanism of NOx emission formation, which
meant more hydrocarbon radicals generated from ABE30
due to the lower molecular weight and more injected
amounts of fuel increased the formation of HCN and led to
the higher NOx emission [46].

4. Conclusions

,is study investigates the potential of ABE-gasoline blend
as a green fuel for SI engines. ,e comparisons of com-
bustion, performance, and emission characteristics between
E30, B30, ABE30, and G100 are analyzed.

,e comparisons between E30, B30, and ABE30 at
stoichiometric condition show that E30 and B30 had a more
advanced combustion, causing the lower BTE than that of
ABE30. ,e significant increase of CO and UHC emissions
occurred for E30 and ABE30, respectively. A similar NOx
was obtained by E30, B30, and ABE30.

ABE30 was further compared with G100 under various
equivalence ratios and engine loads. ABE30 had a generally
advanced combustion phasing, and the difference of com-
bustion phasing between ABE30 and G100 was decreased
with increasing equivalence ratio and engine load. For en-
gine performance and emissions, compared with G100, the
higher BTE (0.2–1.4%) and the lower CO (1.3–14%), UHC
(0.5–9.7%) and NOx (3.4–23.4%) emissions were observed
for IBE30 in some conditions.

Nomenclature

ABE: Acetone-n-butanol-ethanol
SI: Spark ignition
ATDC: After top dead center
BMEP: Brake mean effective pressure
Φ: Equivalence ratio
RON: Research octane number
BSFC: Brake-specific fuel consumption
PM: Particular matter
MTBE: Methyl tertiary butyl ether
ICD: Initial combustion duration
BTE: Brake thermal efficiency
ECU: Engine control unit
MFB: Mass fraction burned
UHC: Unburned hydrocarbons
CO: Carbon monoxide
NOx: Nitrogen oxides
COV: Coefficient of variation
PAHs: Polycyclic aromatic hydrocarbons
CO2: Carbon dioxide
MCD: Major combustion duration.
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.is study proposes an improved microcombustor with a rectangular rib to improve the temperature level of the combustor wall.
Moreover, the OH mass fraction, temperature distribution, and outer wall temperature of the original and improved combustors
of premixed hydrogen/air flames are numerically investigated under various inlet velocities and equivalence ratios. Results show
that the improved microcombustor enhances heat transfer between the mixture and wall because its recirculation zone is larger
than that of the original, thereby resulting in high wall temperature. Conversely, thermal resistance in the horizontal direction
increases with upstream and downstream step lengths. Consequently, the outer wall temperature decreases with step length in the
improved combustor. A high equivalence ratio (e.g., 0.6) may result in the destruction of the combustor because the wall
temperature has exceeded the acceptable temperature of wall material quartz. .erefore, the improved microcombustor is
recommended for micro-thermo-photovoltaic systems.

1. Introduction

Micro-electro-mechanical system (MEMS) technology has
received considerable attention in recent years [1–3]. Micro-
power generation devices based on combustion has several
advantages, such as light weight, high-power density, long
charge duration, and short recharging time [4–6]. .us,
micro-power generation devices are deemed suitable alter-
natives to conventional batteries. Moreover, these devices
can be applied in micro fuel cells, micro gas turbines, and
micro-thermo-electric, and thermo-photovoltaic systems
[7, 8].

A micro-thermophotovoltaic (TPV) system geometry
consists of photovoltaic cells, emitter, filter, and heat source
(Figure 1). A microcombustor is a core part of the micro-
TPV system, in which the chemical energy of the fuel is
converted into other energy through combustion. Hence,
research on microcombustor with a large operation range
has received increasing attention. However, the short resi-
dence time of mixtures and high heat loss due to the high
surface area-to-volume ratio of the microcombustor result

in flame instability and low blow-off limit [9–11]. .erefore,
enhancing flame stability and extending the operating range
present significant issues. By using structure design to form a
low-velocity zone or recirculation zone, the flame stability
and combustion performance of the microcombustor can be
improved.

Peng et al. [12] numerically examined the thermal
performance of a microcombustion chamber with and
without a front cavity and found that the front cavity en-
hances the stability of the microcombustor. Wan et al.
[13–16] numerically investigated the behavior of an H2/air
blend in a microcombustion chamber with cavities and
found that recirculation and low-velocity zones are formed
in the concave cavity..e flame is unstable in the combustor
without cavities but can be effectively stabilized in a com-
bustor with cavities. .ese cavities can also expand the
working range of the inlet velocity. Bagheri et al. [17] nu-
merically studied the combustion characteristics of pre-
mixed hydrogen/air in microcombustors with different bluff
body structures (e.g., semicircular, ellipse, half ellipse, wall-
blade, and arrowhead) at different inlet velocities and found
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that the combustion chamber with a wall fin as a bluff body
shows the highest flame temperature and emission efficiency
when the inlet velocity is 10m/s. Jiaqiang et al. [18]
established a methane/air premixed combustion model in a
microcombustor and found that the combustion perfor-
mance is improved at a 45° backward-facing step angle, a
quartz wall material, an inlet velocity ranging from 2m/s to
4m/s, and a high field synergy. Zuo et al. [19] proposed a
microcylindrical combustion chamber with a rib and nu-
merically investigated the behavior of microcombustors.
.ey found that the outer wall temperature of the improved
combustion chamber is higher and more uniform than that
of the microcombustion chamber without a rib. Wan et al.
[20] designed a microcombustor with a flat flame stabilizer
and two preheating channels and found that the blowout
limit of the combustor initially increases and then decreases
along with an increasing plate length. Jiaqiang et al. [21]
found that the inlet pipe structure of the combustor im-
proves the mixing performance of H2/O2 and enhances
flame stabilization and heat recirculation by using a back-
ward-facing step and cavity. Yilmaz et al. [22, 23] established
a combined structure of cavity, poststage, and microchannel
in a combustor and then studied its combustion charac-
teristics. .ey found that the average wall temperature, wall
temperature distribution, and combustion efficiency of the
new combustor have been significantly improved. Zuo et al.
[24] designed a counterflow double-channel micro-
combustion chamber in which the inner diameter of the
combustor gradually increases. .ey found that the im-
proved combustor has a more uniform and a much higher
wall temperature compared with the combustor with a
backward-facing step. Yan et al. [25] numerically analyzed
the behavior of methane/air in a microcombustion chamber
with a regular triangular pyramid bluff body and found that
the blow-off limit of the improved microcombustor is nearly
twice larger that of the original microcombustor. Ansari and

Amani [26] numerically examined a novel planar micro-
combustion chamber with a combined bluff and baffle
structure for micro-TPV systems and found that this new
combustor outperforms a combustor with only one baffle or
cylinder in terms of flame stability and combustion effi-
ciency. Li et al. [27] numerically studied the effects of
channel height and inlet velocity on combustion charac-
teristics in a 2D planar microcombustion chamber with a
separating plate and found that the mixing effect can be
improved by reducing the inlet velocity and channel height.
Tang et al. [28] numerically and experimentally studied the
propane/air premixed combustion performance of a new
cross-plate microplanar combustor and found that the cross-
plate enhances the heat transfer and increases the average
wall temperature by more than 90K. .e new structure also
extended the blowout limit of the cross-plate combustor.
Zuo et al. [29] found that the efficiency and emission power
of the microelliptical combustor are 2.17% and 0.68W
higher than those of the microcircular tube combustor when
the long axis-short axis ratio and hydrogen mass flow rate
are 1.9/1.18 and 7×10− 7 kg/s, respectively. Akhtar et al. [30]
found that the outer wall temperature of the curved groove
combustor increases by 110K and that the energy conver-
sion rate increases by 7.84% compared with the straight
groove. Aravind et al. [31] proposed a three-backward-
facing-step microcombustion chamber with a recirculation
hole and added a porous medium (ceramic cotton) to the
combustion chamber. .ey found that the porous media
preheat the mixture through a thermal cycle and that the
flame stability is significantly improved.

.e use of a catalyst on the surface of a microcombustion
chamber can reduce the activation energy required for the
ignition of mixed gas and improve the combustion efficiency
and stability of the combustion chamber.

Li and Hong [32] added hydrogen to methane fuel by
using a platinum tube with a perforated ring to improve the
combustion stability and radiation intensity of the micro-
thermoelectric system of the combustion chamber. .ey
found that the effective power efficiency of the TPV system is
3.24%. Yan et al. [33] performed a numerical simulation of
platinum catalytic combustion on a microplate combustor
for methane/air catalytic combustion. .ey found that a low
inlet velocity can increase methane conversion, but a high-
temperature region can easily be formed near the inlet.
.erefore, preheating the mixed gas by using a wall material
with high thermal conductivity is necessary. Ran et al. [34]
conducted numerical studies on the characteristics of
methane catalytic combustion in a microcombustion
chamber with a convex cavity and a combustion chamber
without a cavity. .e results showed that the methane
conversion increases and then decreases with the increase in
equivalence ratio. When the equivalence ratio equals 1, the
conversion rate of methane in the convex wall cavity reaches
the maximum at 85.3%..e convex cavity microcombustion
chamber reaches the highest flameout limit at 16.5m/s. Luo
et al. [35] used the Pd/Al2O3/Fe-Ni catalyst to perform
catalytic combustion experiments on low-concentration
methane in a microcombustion chamber; they analyzed the
effects of flow rate, methane concentration, and burner
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Figure 1: Energy conversion process of a micro-
thermophotovoltaic (TPV) system.
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temperature on the methane conversion rate. .e results
showed that temperature is the most critical factor affecting
conversion. Pan et al. [36] investigated the catalytic com-
bustion process of premixed methane/air in a rectangular
microcombustion chamber via experimentation. .e outer
wall temperature distribution and the main components of
flue gas were measured separately. .e results indicated that
the addition of platinum to the microcombustion chamber
significantly improves the combustion stability of the
microchannel. After platinum is added to the combustion
chamber, the outer wall temperature becomes further uni-
form and the methane conversion rate is increased.
Rodrigues et al. [37] explored the methane/air catalytic
combustion of microcombustion chambers with cobalt
oxide (CO3O4) as coating. .ey found that methane is
completely burned at a temperature of 760°C. When the
temperature is lower than 600°C, only the catalytic reaction
will occur in the combustion chamber. However, when the
temperature is above 600°C, the combustion chamber will
simultaneously produce the gas phase and catalytic com-
bustion. Moreover, CO3O4 has remarkable application
potential. Wang et al. [38] investigated the catalytic com-
bustion of methane and n-butane in microtubes with Pt/
ZSM-5 as the catalyst via experimentation. .e results
showed that the stable combustion range of n-butane is
slightly higher than that of methane. When n-butane is used
as fuel, the penetrating wall of the combustion chamber has a
high heat loss rate and temperature. n-butane can be used as
an alternative fuel to methane when necessary.

Although a combustor wall temperature level that is
sufficiently high is desired for thermoelectric and thermo-
photovoltaic devices, such a level is difficult to achieve
because heat loss increases substantially with the surface
area-to-volume ratio of the microcombustor. Furthermore,
the residence time of the mixture decreases when the
combustion chamber is scaled down. .us, cavities are
included into a planar microcombustor [13–16]. Moreover,
the effect of cavity geometry on combustion performance is
evaluated. In contrast to previous studies, we improved a
microcombustor through the application of a rib on the basis
of the literature [13–16]. .ereafter, the current study nu-
merically investigates the combustion performance of the
improved microcombustor under various inlet velocities
and equivalence ratios.

2. Mathematical-Physical Model of
a Combustor

2.1. Physical Model of a Microcombustor. .e schematic
diagram of a ribless microcombustion chamber is presented
in Figure 2..e cavity length (L2) and total length (L0) of the
microcombustion chamber are 3.0mm and 18.0mm, re-
spectively. .e thickness of the combustion chamber walls
(W3) is 2mm. .e height (W1) and width (W0) of the
combustor chamber are 1mm and 10mm, respectively. .e
depth (W2) and length (L1) of the cavities are 1mm and
3mm, respectively. In contrast to the original combustion
chamber in Figure 2(a), a rib is added into the cavity, as
shown in Figure 2(b). .e rib width is 0.5mm. .e rib

heights (H), upstream (L3), and downstream (L4) step
lengths are various. .e improved microcombustion
chamber with various step lengths and rib heights are shown
in Table 1.

2.2. Modeling Equations. .e characteristic scale of the
microcombustion chamber is substantially larger than the
molecular mean-free path of blends. .erefore, the gas
mixture is regarded as continuous [13–16].

Kuo and Ronney found that the realizable k-epsilon
model is optimal in calculating the combustion performance
compared with the laminar model because the Reynolds
number is above or approximately 500 [39]. In this study, the
Reynolds number exceeds 500 because the inlet velocity is
either equal to or over 10m/s in the improved combustor. In
addition, the laminar finite rate model is optimal compared
with the other model. Hence, this research adopts the re-
alizable k-epsilon model and laminar finite rate model for
the numerical simulation. Moreover, a two-dimensional
steady-state model was employed because of the large aspect
ratio (W0/W1 = 10 :1) of the microcombustion chamber.

Continuity equation is given as follows:
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.e species equation is given as follows:
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where Cp,i, Ri, and Yi denote specific heat capacity, gener-
ation or consumption rate, and the mass fraction of species i,
separately; while λft and λf are turbulent thermal conduc-
tivity and thermal conductivity of the blends, separately.

2.3. Computation Scheme. .emass, momentum, energy, and
species conservation equations are solved using Fluent. .e
density of the gas blends is calculated using the ideal gas as-
sumption, while the specific heat is determined using themixing
law. Kinetic theory is used for the blend mass diffusivity, while
the mass-weighted mixing law is adopted to calculate the
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thermal conductivity and viscosity of the gas mixture. .e
COUPLED algorithm and the second-order upwind scheme
were selected to couple the pressure and velocity. “Temperature
patches” of 2000K and 1350K on the fluid and solid zones,
respectively, were used to ignite the H2/air mixture.

.is study adopts the chemical kinetic mechanism of the
H2 reaction reported in Li et al. [40], which comprises 13
species and 19 reversible elementary reactions. Wan et al.
[13–16] verified the chemical mechanism by simulating the
combustion of H2/air. .e simulated results were compared
with the experimental results reported in the literature [41].
Accordingly, the numerical results are consistent with the
experimental data.

.e boundary conditions are as follows. .e velocity
condition was specified at the inlet, whereas the pressure outlet
condition was adopted at the outlet. .e nonslip boundary
condition was adopted in the simulation..e inlet temperature
of the microcombustor was fixed at 300K. Quartz was used as
the solid material. .e specific heat capacity, density, and
thermal conductivity of the quartz material were 750 J/kg/K,
2650 kg/m3, and 1.05W/m/K, respectively.

.e heat loss in the solid wall immensely influences the
combustion..erefore, the heat transfer in the channel walls
is considered in the numerical simulation. .e heat loss on
the exterior surfaces includes radiation, while natural con-
vection is computed as follows:
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Figure 2: Schematic diagram of the microcombustor: (a) without rib, (b) with rib, and (c) combustor exit.

Table 1: .e improved microcombustion chamber with various step lengths and rib heights.

Upstream step lengths (L3) (mm) Downstream step lengths (L4) (mm) Rib heights (H) (mm)
Case A 1.25 1.25 0.75
Case B 2.25 1.25 0.75
Case C 3.25 1.25 0.75
Case D 1.25 2.25 0.75
Case E 1.25 3.25 0.75
Case F 1.25 1.25 0.25
Case G 1.25 1.25 0.55

4 Journal of Chemistry



q � h0 Tw − T∞(  + εσ T
4
w − T

4
∞ , (5)

where h0 is the natural convection heat transfer coefficient,
20W/(m2K), Tw is the exterior wall temperature, ε is the
interior and exterior emissivity of solid surface with a value
of 0.92, T∞ is the ambient temperature (300K), and σ is the
Stephan–Boltzmann constant 5.67×10− 8W/m2/K4.

2.4. Grid Independence. A grid correlation test was con-
ducted with a two-dimensional model of the original
microcombustion chamber under four mesh intervals:
1× 10− 5, 2×10− 5, 3.3×10− 5, and 4×10− 5m, as shown in
Table 2. .e inlet velocity and equivalence ratios of the
simulation case were equal to 10m/s and 0.4, respectively;
the heat transfer coefficient was 20W/m2/K; and the radi-
ation emissivity of the outer wall was 0.92 [13–16]. .e

results showed that the hydrogen at the outlet and tem-
perature differences for the four-grid spacing were minimal.
Furthermore, the difference was not obvious when grid
spacing was equals to 1× 10− 5 and 2×10− 5m. .us, the grid
spacing of 2×10− 5m was deemed sufficient to achieve high
accuracy in a short computation time for the numerical
investigation. .e numerical model of the microcombustor
was meshed using approximately 227600 structured cells, as
shown in Figure 3.

2.5. Model Verification. We compared the numerical results
of the exhausted gas temperature on the original model with
the experimental data in the literature [13–16], as shown in
Figure 4. .e results of the numerical model and the model
in the literature [13–16] shared the same changing trend..e
maximum temperature difference was 98K. .is result

Table 2: Calculation results of the different grid spacings in the two-dimensional structure of a microcombustor.

Grid spacing (m) Exhausted gas temperature (K) Mean outer wall temperature (K) Mass fraction of hydrogen at the outlet (℅)
1× 10− 5 1197.1 1037.5 0.001930354
2×10− 5 1197.01 1037.7 0.001931158
3.3×10− 5 1195.2 1041.5 0.002078265
4×10− 5 1195 1043.5 0.002161413
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Figure 3: Demonstration of the grid system near the upper cavity.
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Figure 4: Comparison between experimental data and numerical results for exhaust gas temperature in the original microcombustor.
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confirmed the numerical model is reliable to research the
combustion performance in the microcombustion chamber.

3. Results and Discussions

3.1. Effects of Rib Position on Combustion Characteristics.
We plot the outer wall temperature profiles for the different
microcombustors (Figure 5). .e lengths of the rib and
upstream and downstream steps vary. .is figure shows that
the outer wall temperature profile increases from the inlet
and reaches a peak around the center of the cavity.
.ereafter, the temperature profile descends with further
increase in the axis length because of heat losses from the
outer wall. Figures 5(a) and 5(b) show that the outer wall
temperature profile of the combustor becomes inversed
against the upstream and downstream step lengths. .is
result is caused by an increase in the thermal resistance in the
horizontal direction because of the thinning outer wall of the
cavity. Hence, low heat is conducted upstream through the
thin outer wall with a large right-step length. Moreover, the
outer wall temperature level increases with an increase in the

rib height (Figure 5(c)). .e newly proposed combustor has
a higher wall temperature than that of the original.

.e contours of the longitudinal velocity component
near the cavities at inlet velocities of 10m/s are presented in
Figure 6 to clarify the mechanism by which the newly
proposed combustor improves the wall temperature level.
.e equivalence ratio is maintained at 0.4. .e region where
the longitudinal velocity is below 0 is considered the
recirculation zone, where as that where such a velocity is
between 0 and 10m/s is considered the low-velocity zone.
Figure 6 shows that the recirculation zones of the micro-
combustion chamber with a rectangular rib are divided into
two parts, in which the area of the recirculation zone of the
microcombustion chamber with the rib is larger than that
without the rib. .is feature enhances heat transfer between
the blends and inner walls, while the residence time of the
mixture is also prolonged. .us, the outer wall temperature
of the improved combustor is higher than that of the original
combustor. .e recirculation zone area is nearly maintained
because the upstream and downstream step lengths are
approximately 2.25mm.
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Figure 5: Outer wall temperature profiles for the original and improved combustor with inlet velocity equal to 10m/s.
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Figure 7 presents the average wall temperatures of the
different microcombustion chambers with and without the
rib under different inlet velocities. Accordingly, the equiv-
alence ratio is maintained at 0.4. Figures 7(a) and 7(b) show
that the average wall temperature increases with the inlet
velocity, which is below 32m/s. .e mean outer wall tem-
perature decreases with the continuous increase in inlet

velocity because of the short residence time in the com-
bustor. Among the studied microcombustors, the average
wall temperature of the combustion chamber with
L3 �1.25mm and L4 �1.25mm is the highest when the inlet
velocity is kept constant. Given the increase in upstream and
downstream step lengths, the corresponding mean outer
wall temperature decreases owing to the increase in thermal
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resistance in the horizontal direction caused by the thinning
of the outer wall of the cavity. Moreover, the combustion
chamber with H equal to 0.75mm has the highest mean wall
temperature, followed by that with H equals 0.5mm,
0.25mm, and the original combustion chamber
(Figure 7(c)). .is phenomenon occurs because the high rib
height enlarges the area of the recirculation and low-velocity
zones, thereby prolonging the residence time of the mixture
and boosting the heat transfer between the mixture and wall.

Figure 8 presents the radical OH distribution of the
original and improved microcombustion chambers. Ac-
cordingly, the equivalence ratio and inlet velocity are
maintained at 0.4 and 10m/s, respectively. Figure 8 shows
that when the inlet velocity equals 10m/s, the highest mass
fractions of OH in the microcombustors are approximately
identical. .e reaction zone is mainly located in the cavities
of the original combustor. Low-velocity and recirculation
zones are formed in the cavities, which anchor the flame and
provide a high local temperature and an improved heat

recirculation region. In addition, the OH concentration in
the boundary layer in the combustion chamber of
L3 �1.25mm, H� 0.75mm, and L4 �1.25mm is higher than
those of the original combustion chamber. Given the in-
crease in the upstream and downstream step lengths, the OH
concentration in the boundary layer decreases. In addition,
the OH concentration in the boundary layer increases with
the increase in rib height because the wall temperature level
also increases, thereby substantially preheating the mixture
and enhancing the reaction intensity.

Figure 9 presents the temperature distribution for dif-
ferent microcombustors, in which the equivalence ratio and
inlet velocity are maintained at 0.4 and 10m/s, respectively.
.e variation in high-temperature regions is consistent with
that in the reaction zones, as demonstrated by the com-
parison shown in Figure 8. .e highest wall temperature
zone is near the downstream of the cavities. .e outer wall
temperature levels of the improved microcombustor are
higher than that of the original microcombustor. As the
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Figure 7: Average wall temperature versus inlet velocity for the combustor under Φ� 0.4.
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upstream and downstream step lengths increase, the area of
the high-temperature zone and temperature level near the
cavities decrease correspondingly.

Figure 10 presents the radical H2 distribution of the
original and improved microcombustion chambers.
Compared with that of the original combustor, hydrogen

has a longer consume distance. Moreover, the hydrogen
consumes distance increased with the step length. .e
combustor also has a considerably short hydrogen
consume distance with the rib height raised. .e com-
bustion chamber of L3 �1.25 mm, H � 0.75 mm, and
L4 �1.25 mm has the shortest hydrogen consume dis-
tance compared with those of other improved combus-
tion chambers.
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3.2. Effects of Equivalence Ratio on Combustion Performances
of Microcombustors with Rectangular Ribs. Figure 11shows
the contours of the temperature distributions for the
microcombustor with the upstream and downstream step
lengths and rib height equal to 1.25, 1.25, and 0.75mm,
respectively, under various equivalence ratios. .e inlet
velocities are maintained at 10m/s. .e temperature levels
in the cavities increase as the equivalence ratio is boosted.

.is increase indicates that the chemical reaction becomes
intensive at large equivalence ratios (Figure 12). When the
equivalence ratio is below 0.5, the main reaction zone is
located in the cavities. With further increase of the
equivalence ratio, the flame front moved upstream in the
combustor as the equivalence ratio equals 0.6.

Figure 13 shows the contours of the H2 distributions for
the microcombustor with the upstream and downstream
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Figure 11: Temperature distribution of the improved microcombustor at equivalence ratios: (a) Φ� 0.4, (b) Φ� 0.5, and (c) Φ� 0.6.
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Figure 12: OH distribution of the improved microcombustor at equivalence ratios: (a) Φ� 0.4, (b) Φ� 0.5, and (c) Φ� 0.6.

0.015
0.013
0.011
0.009
0.007
0.005
0.003
0.001

(a)

0.015
0.013
0.011
0.009
0.007
0.005
0.003
0.001

(b)

0.015
0.013
0.011
0.009
0.007
0.005
0.003
0.001

(c)
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step lengths and rib height equal to 1.25, 1.25, and 0.75mm,
respectively, under various equivalence ratios. .e inlet
velocities are maintained at 10m/s. .e hydrogen consumes
distance in the combustor decreased with an increase in the
equivalence ratio. As the equivalence ratio equals 0.6, hy-
drogen is consumed completely before the cavities, which
means rapid burning speed.

4. Conclusions

.is study designed a microcombustion chamber with a
rectangular rib. .e effects of the step length and rib height
on the premixed H2/air combustion were numerically in-
vestigated. .e performance of the original design was
compared with that of the newly proposed designs under
different inlet velocities.

.e results show that the new design improves the outer
wall temperature profile for the thermoelectric and thermo-
photovoltaic devices. .is outcome occurs because the
recirculation and low-velocity zone areas of the improved
microcombustion chamber are equal to or above those of the
combustor without the rectangular rib. Consequently, the
heat transfer between the mixture and the wall is enhanced
by the rectangular rib. Moreover, the flow field is not the sole
factor that influences wall temperature level because the
outer wall profile and average wall temperature of the
combustor decrease with step length. .is situation is due to
the increase in the thermal resistance in the horizontal di-
rection because of the thinning of the outer wall of the cavity,
thereby resulting in low heat being conducted upstream
through the thin outer wall with a large step length; hence,
the upstream and downstream step lengths and rib height
equal to 1.25, 1.25, and 0.75mm microcombustor is rec-
ommended due to the higher outer wall temperature and
average wall temperature. Moreover, when the equivalence
ratio is extremely high (e.g., 0.6), the combustion chamber
wall temperature has exceeded the tolerable temperature of
the quartz.

A sufficiently high combustor wall temperature
level is desired for thermoelectric and thermo-
photovoltaic devices. .us, the improved microcombustor
is recommended.

Data Availability

.e numerical data used to support the findings of this study
are included within the article.

Additional Points

Highlights. (1) A microcombustor with an improved rib is
proposed. (2) .e working performance of combustors with
various step lengths and rib height is studied. (3) .e
combustion performances of the original and improved
combustors are compared.
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