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S U M M A RY

In this dissertation, we apply a tubular flame to the reaction field in gas-phase synthe-
sis of fine particles. Flames have been used to fabricate various functional fine particles
and devices, and it is important to predict the temperature and gas concentration to
control particle characteristics with high energy efficiency even in the so-called “dirty”
gas phase generated by combustion. Tubular flame combustion, a new combustion
technology, has high thermal and aerodynamic stability, and the flame temperature
and gas composition can be controlled. In addition, the tubular structure is convenient
and can be easily integrated into various gas-phase processes. As a first step toward
the development of a particle synthesis process using tubular flame combustion, we
developed a new tubular flame burner, investigated the effects of various combustion
parameters on particle formation, and clarified the detailed flame structure by spectral
analysis of chemiluminescence. A brief description of each chapter in this dissertation
is given below.

Chapter 1 introduces the current research background for flame aerosol synthesis
of nanostructured particles. A review of gas-phase combustion synthesis and burner
types in previous research is also presented in this chapter.

In Chapter 2, we describe the development of a tubular flame burner for particle
synthesis and investigate the synthesis of tungsten oxide nanoparticles by efficient use
of combustion energy. When synthesizing fine particles using the flame-assisted spray
pyrolysis method—which is one of the flame aerosol synthesis methods—submicron-
sized particles are easily obtained owing to the size of the raw material droplets. How-
ever, by using a high-temperature tubular flame, energy can be supplied to the par-
ticles efficiently. As a result, the gasification of the particles is accelerated and they
renucleate in the gas phase, resulting in the formation of tungsten oxide nanoparticles
with a primary particle size of 5-20 nm.

Chapter 3, describes the successful preparation of tungsten metal nanoparticles us-
ing fuel-rich methane/air tubular flames due to the effect of reducing species in the
combustion gas. Because the tubular flame structure has high-temperature combustion
gas inside and low-temperature unburned gas outside, the produced particles are not
affected by the unburned gas and react in the combustion gas with a controlled com-
position and temperature. When the composition of the combustion gas was examined
under various equivalence ratio (𝜙) conditions, the oxygen concentration approached
zero for 𝜙 > 1.0, while the concentration of CO, a reducing species, increased signifi-
cantly. Under the condition 𝜙 > 1.0, tungsten trioxide was synthesized as described in
the previous chapter. In addition to tungsten trioxide (WO

3
), the crystalline phases of

tungsten suboxide (WO
2.72

) and tungsten metal (W) were precipitated. Furthermore,
increasing the residence time of the particles in the tubular flame accelerated the re-
duction effect and caused the WO

3
and WO

2.72
phases to disappear, and only the W

phase was observed. The particle size decreased with increasing residence time, and
the primary particle size of the tungsten metal particles was 5–10 nm. It was shown
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that the oxidation state and particle size of the flame-made particles could be widely
controlled using the controlled reaction atmosphere of tubular flame combustion and
by adjusting the residence time.

In Chapter 4, a direct spray type tubular flame burner was developed and its flame
structure was analyzed to establish a particle synthesis system by liquid fuel combus-
tion using a tubular flame burner. Liquid fuel (ethanol) was sprayed into the tubular
flame burner from the axial direction using a two-fluid nozzle capable of transporting
liquid at a high flow rate, and the characteristics of the resulting flame were evaluated.
When ethanol was sprayed onto the burner with a tubular flame, a uniform tubular
flame was observed. The flame appearance was observed while varying the overall
equivalence ratio, and it was shown that combustion was possible for a wide range of
equivalence ratios. Temperature measurements showed that the flame structure com-
prised high-temperature gas inside and low-temperature gas outside, and exhibited
the temperature distribution characteristics of tubular flames.

Furthermore, the detailed flame structure and the effect of tubular flame combustion
were investigated by measuring the intensity distribution of the chemiluminescence of
the flames. It was found that when the equivalence ratio of the tubular flame was
outside the combustible range, the base of the flame was lifted even when the overall
equivalence ratio was in the combustible range. In contrast, if the tubular flame was
in the combustible range, a stable flame could be formed from the burner base.

In Chapter 5, we summarize the results obtained in this study and detail the prospects
of the tubular flame system for particle synthesis.
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1
O V E RV I E W : PA RT I C L E S Y N T H E S I S I N F L A M E S

1.1 introduction

Combustion synthesis in the gas phase (flame aerosol synthesis) produces fine par-
ticles with high purity and well-controlled crystallinity using the high-temperature
region of flames. Owing to its versatility, it is used industrially to produce various
functional materials on a large scale [1–10]. Recently, it has been recognized that such
processes also have significant potential to produce high-performance catalysts [11–15]
and non-aggregated particles [16, 17], and electronic devices such as batteries and gas
sensors [18–21]. The following companies in Japan have obtained patents for flame-
based processes and prepared materials.

• Sumitomo Electric Industries, Ltd.

• Furukawa Electric Co., Ltd.

• AGC Inc.

• TAIHEIYO CEMENT CORPORATION

• TAIYO NIPPON SANSO CORPORATION

• Shin-Etsu Chemical Co., Ltd.

• Tokuyama Corporation

• NIPPON AEROSIL CO., LTD.

• Admatechs Company Limited

• Ube Industries, Ltd.

• CHUGAI RO CO., LTD.

• Hosokawa Micron Corporation

Recent developments in the available technology have led to the science of flame
aerosol synthesis also being better understood [22–29]. This chapter summarizes the
basic background of the types of flame aerosol synthesis, flame-made particles, the
burners used, and tubular flame combustion.

1.2 the flame aerosol process

Flame aerosol synthesis can be classified into two general categories according to the
precursor state, i.e., vapor-fed aerosol flame synthesis (VAFS), and liquid-fed aerosol
flame synthesis (LAFS) [4, 6, 7, 10]. The particles are produced via various routes de-
pending on the flame aerosol synthesis method.

1
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1.2.1 Vapor-fed aerosol flame synthesis (VAFS)

In VAFS, a metal precursor in the form of vapor is transferred to a reactor for combus-
tion. The combustion, reaction/decomposition, nucleation, and particle growth occur
in external hydrocarbon or hydrogen flames. VAFS is currently the most widely used
flame process in industry; however, the difficulty in obtaining volatile precursors at
reasonable cost limits the use of VAFS for producing a wide variety of functional
nanoparticles.

Figure 1.1 shows flame production of TiO
2

nanoparticles using a Bunsen burner.
Emissions from Ti species in the flame result in the red appearance. TTIP (titanium
tetraisopropoxide) vapor, a precursor of TiO

2
, is supplied to CH

4
/air Bunsen flames,

resulting in the formation of TiO
2

nanoparticles through gas-to-particle conversion.
The transition of the gaseous precursor into nanoparticles across the flame front as
well as diffusion of the nanoparticles in the post-flame zone, can be visualized using
laser-based diagnostics [26].

a b

Figure 1.1: Vapor-fed aerosol flame synthesis: CH
4
/air premixed Bunsen flame (a)

with TTIP vapor feeding (b).

1.2.2 Liquid-fed aerosol flame synthesis (LAFS)

LAFS is a flame aerosol synthesis using liquid precursors. LAFS was first proposed by
Sokolowaski et al. in 1977 for the synthesis of Al

2
O

3
[30]. When the liquid precursor

solution drives the combustion reaction, and the energy contribution is substantial
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(more significant than 50%), LAFS is recognized as flame spray pyrolysis (FSP). When
the energy contribution from the liquid precursor solution is low, it is usually called
flame-assisted spray pyrolysis (FASP).

1.2.2.1 Flame-assisted spray pyrolysis (FASP)

In FASP, a non-combustible liquid precursor is generally sprayed and transported into
the external hydrogen or hydrocarbon flames, as shown in Figure 1.2. The liquid pre-
cursors are sprayed using a two-fluid nozzle or an ultrasonic atomizer. In this method,
nanoparticles are obtained when the precursor reacts in the gas phase, while hollow
and/or micron-sized particles tend to be formed when the precursor precipitates in
the droplet. The FASP method enables the synthesis of multicomponent nanoparticles
with strictly controlled composition because the particles precipitate and react in the
restricted region of the tiny droplets. In addition, as shown in Figure 1.3, the addition
of energetic materials such as urea to the liquid precursor solution can promote the
formation of nanoparticles [31].

CH4 O2 + Carrier + 
Precursor

+ 

Figure 1.2: Flame-assisted spray pyrolysis.

Our group has successfully synthesized highly crystalline Cs
0.32

WO
3

nanoparticles
using the FASP method with diffusion flames [32]. Cs

0.32
WO

3
has attracted attention

as a material that can selectively absorb near-infrared radiation from sunlight. The con-
ventional synthesis method requires many elaborate and multi-steps, including heat-
ing under a hydrogen atmosphere and mechanical grinding. By using the FASP pro-
cess, Cs

0.32
WO

3
nanoparticles with a narrow particle size distribution were obtained
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Figure 1.3: SEM images of YAlO
3

produced by FASP from precursor without urea
(a) and with the addition of 1 M (b), 2 M (c), and 3 M (d) urea. Adapted
from [31].

in only a few seconds. After annealing at 650°C for 1 h under a 5% H
2
/Ar atmosphere,

the prepared particles exhibited marked near-infrared shielding properties.

1.2.2.2 Flame spray pyrolysis (FSP)

The FSP system, outlined in Figure 1.4, is a more straightforward and more effective
technique in which particles are produced in the self-sustained spray flames of pre-
cursor materials [33]. Without the dilution and interference effects of assisting flames,
homogeneous nanoparticles can be produced with a higher yield. FSP is the most re-
cent synthesis method of the three processes (VAFS, FASP, and FSP), and has critical
technical elements such as spray combustion, use of liquid precursors, proven scalabil-
ity, and high temperature.

Using this spray flame, our group synthesized Pt-loaded Nb-doped SnO
2

nanoparti-
cles (Pt/Nb-SnO

2
) in a single step for highly durable fuel cell catalysts [34]. Typically,

PEFC cathode and anode catalysts are platinum nanoparticles supported on carbon.
However, the corrosion degradation and oxidation of carbon at high temperatures and
high potentials lead to limited fuel cell durability. Niobium-doped tin oxide nanopar-
ticles have good durability when subjected to voltage cycling up to a high potential
with relatively high electronic mobility and conductivity. In the aforementioned study,
Pt/Nb-SnO

2
were prepared by multiple processes: (1) synthesis of Nb-SnO

2
, (2) Pt
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Figure 1.4: Flame spray pyrolysis. Adapted from [33].

loading, and (3) post heat treatment. By using the FSP process, Nb-SnO
2

nanoparti-
cles with uniformly dispersed Pt catalyst were successfully synthesized through gas-
to-particle conversion. The FSP-made Nb-SnO

2
nanoparticles had a unique network

structure, and Pt catalyst on Nb-SnO
2

exhibited high electrochemical properties.

1.3 progress on flame aerosol synthesis of nanostructured parti-
cles and functional devices

As described above, flame aerosol synthesis has been used as an industrial synthe-
sis method for various nanoparticle materials. Currently, simple oxide and carbon
nanoparticles, as well as various functional nanoparticles are being synthesized. In
addition, it has been shown that flame aerosol synthesis can be used not only for the
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synthesis of fine particles, but also for the direct fabrication of particle layer films and
devices. Recent advances in science and technology have led to the development of
in situ analysis of how particles are formed in flames using laser and spectroscopic
techniques. This section introduces various kinds of particles and devices prepared
using flame aerosol synthesis and their characterization methods.

1.3.1 Particle synthesis

Various mechanisms in flame aerosol synthesis produce fine particles. TEM images of
typical metal oxide nanoparticles (SnO

2
) produced by FSP are shown in Figure 1.5,

and agglomerates with a primary particle size of 10–20 nm can be observed. In flame
aerosol synthesis, the particle size, specific surface area, and agglomeration can be
controlled by adjusting the fuel flow rate, precursor flow rate, and carrier gas flow rate.
In addition, fine particles made in flames have a network structure due to the adhesion
between the particles. Recently, catalyst supports for fuel cells with conductive paths
have been developed using this network structure.

20 nm 2 nm

a b

Figure 1.5: (a) TEM and (b) HR-TEM images of flame-made SnO
2

nanoparticles.

Although the flame aerosol synthesis method is based on the combustion (oxidation)
reaction of materials, the degree of oxidation can be controlled by the rapid cooling
of the generated particles. Blue titania with an oxygen deficiency was synthesized
by cooling titanium dioxide produced by rapid quenching of diffusion flames with
a flow nozzle placed at various heights above the burner [35]. The defect structures
of titanium dioxide could be controlled by adjusting the burner–nozzle distance. Fur-
thermore, it is also possible to synthesize non-oxidic salts and pure metallic nanoparti-
cles using flame combustion in an inert atmosphere under limited oxygen supply. As
shown in Figure 1.6, Stark et al. synthesized various non-oxidic nanoparticles using
modified flame spray pyrolysis carried out in an oxygen-free glove-box filled with ni-
trogen [36–40]. The inert gas mixture was flowed into the spray flames from a sinter
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metal tube surrounding the burner for stable combustion. Carbides and carbon-coated
particles could also be synthesized by adding acetylene from the tube to the flame.

Figure 1.6: Schematic diagram showing both the original flame spray pyrolysis sys-
tem and the modified reducing flame spray pyrolysis system. Adapted
from [38].

By supplying the second component externally to the flame, it is possible to fabricate
complex structures. For example, by using two flames, the structure of the supported
metal catalyst can be finely controlled [41]. The supported noble metal catalyst com-
prises fine nanoparticles dispersed on a support particle. However, when synthesizing
these materials by flame, it is not easy to control the structure of the support and the
structure of the metal catalyst independently. Using a two-nozzle flame as shown in
Figure 1.7, a flame with combustion conditions suitable for the support and a flame
with combustion conditions suitable for the metal catalyst are achieved. The particles
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deposited from each collide in the gas phase to obtain the final product. It is also pos-
sible to coat the particles produced by the flame by supplying shell source vapor from
a separate channel from the flame [42]. Conventionally, when core-shell particles are
synthesized by the gas-phase one-step synthesis method, the difference in the physic-
ochemical properties of the two components—the core material, and the shell mate-
rial—causes a difference in the precipitation rate, resulting in a core-shell structure.
Therefore, the choice of precursors for this method is limited. As shown in Figure 1.8,
attempts were therefore made to install a swirler directly above the flame or supply the
coating components from outside the multi-tube burner. It was found that supplying
the shell material in a separate channel suppressed the formation of composite ox-
ides of the shell and core materials, and efficiently produced core-shell particles. Thus,
the open flame reactor can continuously incorporate various post-treatment processes
easily, and a wide variety of particle designs are possible.

Figure 1.7: Schematic diagram of the flame spray pyrolysis system using two flame
spray nozzles to produce Pt/Ba/Al

2
O

3
. Adapted from [41].

In the FASP method, macroporous particles can be synthesized by adding template
material to the precursor solution because the particles can be produced in a restricted
area of droplets. Osi et al. synthesized macroporous WO

3
using the FASP method

and evaluated the effect of macropores on photocatalytic properties. As shown in
Figure 1.9, the macroporous WO

3
particles synthesized using the FASP method are

composed of nanoparticle aggregates, which may contribute to the enhancement of
the specific surface area.

1.3.2 Direct deposition of flame-made particles

Fine particles are often used as multilayer films when incorporated into functional
devices. However, the fabrication of multilayer films requires multiple process steps
such as dispersion, coating, and drying, which leads to high costs. Therefore, a direct
deposition technique for fabricating multilayer films and functional devices using a
flame aerosol process have been developed.

The process of polymer nanocomposite film fabrication using the FSP method is
shown in Figure 1.10. Although it is difficult to synthesize the polymer in flames be-
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Figure 1.8: (a) flame spray pyrolysis system for in situ SiO
2

coating of flame-made
TiO

2
nanoparticles. The systems produced segregated SiO

2/Al
2
O

3/TiO
2

or
SiO

2
-coated Al/TiO

2
particles, respectively, at (b) 5 and (c) 30 cm burner-

ring distance. Adapted from [42].

cause the flame temperature reaches more than 2000°C, polymer combustion can be
prevented by spraying the polymer in the post flame zone. Blattmann and Pratsinis
developed a direct deposition method by mixing flame synthesized particles and poly-
mers in the gas phase [43]. The aerosol process is a continuous process, and the particle
concentration can be varied over time, making it possible to change the particle con-
centration in the film. In addition, nanocomposite bridges can be fabricated using a
mold. Applying the lithography technique introduces the possibility of adding more
delicate functional structures.

It can be seen in Figure 1.11 that the flame synthesized SnO
2

is uniformly deposited
on the sensor substrate (made of alumina) [44]. The SnO

2
produced from the spray

flame is deposited on the sensor substrate by thermophoresis, forming a uniform par-
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a b

150 nm 20 nm

Figure 1.9: (a) SEM and (b) TEM images of FASP-made macroporous WO
3

particles.

Figure 1.10: Flame spray pyrolysis system with simultaneous injection of a polymer
precursor solution for single-step nanocomposite fabrication. Adapted
from [43].

ticle layer. The obtained sensor showed high sensing characteristics. The deposited
SnO

2
had a fine porous structure, and the film thickness could be controlled by ad-

justing the deposition time. Flame aerosol synthesis can be easily applied not only for
the production of simple oxides such as SnO

2
, but also to the doping and loading of

secondary elements, making it widely applicable to direct fabrication technology for



1.3 progress on flame aerosol synthesis 11

various sensor device materials. In addition, direct particle deposition using the flame
method can be achieved cleanly in a short timeframe compared with the conventional
batch-type sensor fabrication method.

Figure 1.11: SEM images of sensor substrates showing (a) the uniformity of the sen-
sor surface; (b) the cross sectional image; (c) the same sensor from the
side; (d) a side view of a film with approximately 1/3 of the thickness.
Adapted from [44].

However, one of the problems of particle layers fabricated by the direct deposition
process using aerosol technology as described above, is the low mechanical stability.
To improve the mechanical strength of the particle film fabricated directly by FSP, the
spray flame calcination treatment was investigated without particles. The calcination
process, which takes only 30–60 s, improves the mechanical stability while maintaining
the porosity. However, flame annealing requires the material to be durable at high tem-
peratures, limiting the substrates that can be used. Therefore, a technique was devised
for laminating the flame-made particles deposited on the filter onto various substrates
using the two-step process shown in Figure 1.12 [45]. The technique transfers the layers
onto the various substrates and applies pressure during the lamination stage, which
results in the reconstruction and mechanical stabilization of the nanoparticle layers.
Moreover, the porosity can be adjusted according to the application. M. Gockeln et al.
used this technique to fabricate electrodes Li

4
Ti

5
O

12
/C for lithium-ion batteries [21].

1.3.3 In situ diagnostics of flame synthesis

Various nanoparticle materials are industrially produced by flame aerosol synthesis
and even direct fabrication of particle deposited film, it is therefore important to ana-
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Figure 1.12: System of layer transfer to a substrate. (a) The two process steps; target
particle synthesis and deposition (left) and lamination with filter removal
(right) and (b) SEM images of a layer of TiO

2
nanoparticles before (I) and

after (II) lamination process. Adapted from [45].

lyze the behavior of particles in flames from a scientific point of view. Understanding
how the particles are generated in the flame is expected to enable precise control
and more sophisticated particle synthesis. In this section, characterization methods for
flame aerosol synthesis are described.

To understand the formation of particles in a flame, classical methods have been
used to sample and analyze particles placed at each flame position. The most com-
monly used method is to deposit particles on a grid by thermophoresis and perform
TEM/SEM observations. Because the thermophoretic velocity of particles in the free
molecular region is independent of the particle size, it is thought that the morphol-
ogy of the particles in the flame can be confirmed relatively accurately. The results
obtained by this method are often used to determine the validity of particle sizes
obtained by other methods. However, it should be noted that the size information ob-
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tained is average information in the sweep direction of sampling. Similarly, SMPS and
DMA methods have been devised for particle analysis by sampling.

The analysis of particles in a flame by sampling is a useful method that is simple and
accurate. However, because this method is ex situ, online monitoring and temporal
& spatial particle analysis are not possible. Therefore, an optical method for in situ
diagnosis of the flame synthesis field has been developed, as shown below.

• Spontaneous Raman scattering

• Coherent anti-Stokes Raman scattering

• Fourier transform infrared emission/transmission spectroscopy

• Laser-induced fluorescence

• PIV/LPD/PDA

• Laser-induced scattering

• Raman

• Laser-induced incandescence

• Laser-induced breakdown spectroscopy

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission spec-
troscopy that enables quantitative temporal and spatial analysis of flame-made parti-
cles. When a laser beam is focused on an observation target, the bound electrons in the
atoms are given high energy and go through an excited state and then return to the
ionized state. The free electrons produced by the ionization collide with the surround-
ing atoms, and more free electrons are produced, causing a breakdown and generating
plasma. Subsequently, when the free electrons transition to their initial activation, each
atom (molecule) emits light of a specific wavelength. Y. Zhang et al. succeeded in ob-
taining the two-dimensional distribution of the volume fraction of particles in a flame
based on the phase-selective breakdown principle [46]. Using the experimental setup
shown in Figure 1.13, they selectively broke down only the nanoparticles produced in
the flame without ionizing the gas molecules by using a low-intensity laser and calcu-
lated the volume fractions from the emitted atomic spectra. In contrast to the sampling
method, this method provides in situ information on nanoparticle formation, diffusion,
and thermophores.

1.4 combustors for flame aerosol synthesis

Various types of combustors have been used in the flame aerosol synthesis method. In
this section, three types of burner typically used in the gas-phase combustion synthesis
method are described.
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Figure 1.13: Schematic of the experimental setup for in-situ characterization of flame
aerosol synthesis by laser-induced breakdown spectroscopy. Adapted
from [46].

1.4.1 Coflow diffusion flame burner

In the coflow diffusion flame shown in Figure 1.14, the fuel and oxidizer are supplied
in separate channels, thus eliminating the risk of backfire and allowing combustion
over a wide range of equivalence ratios. In addition, pure oxygen is often used as the
oxidizer, resulting in very high-temperature combustion gas compared with combus-
tion in air. However, in this combustion method, the fuel and oxidizer diffuse and
form a flame when they reach the combustible range. In other words, the combustion
characteristics of the flame are dominated by the transport properties inherent in the
material, such as the diffusion coefficients of the fuel and oxidizer. This has the dis-
advantage that it is challenging to control the combustion characteristics. This burner
is often used for VAFS and FASP. The coflow diffusion flame has an extended high-
temperature region behind the flame zone, making it difficult to control the particle
properties. This combustion method is often used in practical combustors for safety
reasons.

1.4.2 Spray flame burner

A spray flame, shown in Figure 1.15, is used in the flame spray pyrolysis (FSP) method
for the combustion of flammable liquid raw materials. The raw materials are dissolved
in an organic solvent, sprayed using a two-fluid nozzle, and continuously ignited us-
ing a pilot flame to form a spray flame. The raw materials vaporize and react in the
flame and precipitate as particles. Because the spray flame is turbulent, it is challeng-
ing to analyze the flow, and unburned hydrocarbons may be deposited on the surface
of the synthesized particles. However, the direct combustion of liquid fuel and pre-
cursor enables efficient combustion energy use. The two-fluid nozzle can process a
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Precursor
Fuel

Oxidizer

Diffusion flame

Figure 1.14: Diffusion flame.

relatively large amount of liquid; therefore, it is expected to be a safe, and inexpensive
technology for fabricating functional nanoparticles and devices on an industrial scale.

1.4.3 Flat flame burner

The flat flame, shown in Figure 1.16, is used in the field of fundamental combus-
tion science to elucidate the flame structure and verify combustion calculations. Diffu-
sion flames and spray flames are used for industrial flame synthesis of fine particles.
However, these flames have a large distribution of reactant concentration due to non-
premixing or heterogeneity. The velocity distribution also varies greatly because tur-
bulence is used to promote mixing and atomization. In addition, the flame structure
shows significant local variation owing to irregular flame stretch in the non-uniform
flow distribution, and it is not always convenient to study the chemical species pro-
duced by combustion and the effects of flames on particles in the gas phase. Therefore,
a flat flame, a laminar one-dimensional flame that does not undergo flame stretch, has
been used to elucidate the mechanism of particle formation in the combustion field.

1.5 tubular flames

A tubular flame is established when a combustible mixture is injected from the tan-
gential direction into a cylindrical tube and ignited [47–50]. Because the tubular flame
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Precursor
Dispersion gas

Fuel and oxidizer

Spray flame

Pilot flame

Figure 1.15: Spray flame.

Precursor,
fuel, and oxidizer

Nitrogen

Flat flame

Figure 1.16: Flat flame.

is formed in a rotating stretching flow and is simultaneously affected by flame stretch
and flame curvature, many theoretical and experimental studies have been conducted
from the standpoint of basic combustion science. However, owing to the adiabatic-
ity and stability achieved by the characteristic flame structure, tubular flame burners
have been applied to various practical combustor applications such as fuel cell systems,
burners for heating the outer cylinder of Stirling engines, and pilot flames.
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The structure of a tubular flame is shown in Figure 1.17. It is aerodynamically stable
according to the Rayleigh stability criterion because the flame consists of a low-density
inner burnt gas region and a high-density outer unburned gas region. In addition, the
unburned gas and the burned gas are laminarly stratified owing to the difference in
centrifugal forces acting on them, and a continuous and uniform laminar flame front
is stabilized in a tubular shape at the interface between them. The flame stabilization
effect of this stratification is exceptionally high, and flame extinction due to stretch has
not yet been confirmed in a tubular flame.

Unburned gas

Burner wall

Tubular flame

Combustion gas

Combustion gas
Tubular flame

Unburned gas

Burner wall

Figure 1.17: The structure of tubular flame. Adapted from [50].

Figure 1.18a shows the temperature distribution of a methane/air tubular flame. 𝑟
= 0 mm is the center of the tube, and 𝑟 = 13 mm is the position of the tube wall. Here,
the equivalence ratio 𝜙 is the actual fuel-air ratio normalized by the theoretical fuel-
air mixing ratio. In a tubular flame, the temperature gradient at the center of the tube
is zero owing to the symmetry of the temperature distribution. The heat loss due to
heat conduction can be almost negligible. By considering the radiation loss of the hot
gas, the attained temperature in the combustion gas region of the tubular flame can
be easily predicted and controlled from the equilibrium calculation of the adiabatic
flame temperature. From the stable combustion range shown in Figure 1.18b, it can be
seen that tubular flames are formed close to the flammability limit of the methane/air
mixture determined by standard methods [51]. The ability to form a tubular flame
without it blowing out over a wide range of flow rates and equivalence ratios not only
improves the stability of the equipment but also makes it possible to widely adjust
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various parameters such as the composition of the combustion gas and the residence
time in the burner, which is useful in studying the effects on the synthesized particles.

Rich limit (Φ = 1.68)
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Figure 1.18: The characteristics of tubular flames. Adapted from [50].

1.6 objectives and outline of the dissertation

In this dissertation, we aimed to develop a particle synthesis system with the following
features as a next-generation flame aerosol synthesis method, ensuring that the com-
bustion process was strictly controlled and the global environment was considered.

1. Controllable flame temperature

2. Controllable atmosphere

3. High combustion efficiency

4. Fuel diversity

5. Simple structure

A tubular flame burner was designed as a particle synthesis reaction field to ful-
fill these conditions. The combustion characteristics of the tubular flame burner for
particle synthesis were investigated, and the effects of various parameters on the syn-
thesized particles were evaluated. In addition, a tubular flame burner incorporating a
two-fluid nozzle was developed for use with a wide variety of raw materials and fuels.

In Chapter 2, the synthesis of tungsten oxide nanoparticles was demonstrated using
a newly developed tubular flame burner for particle synthesis. The precursor droplets
generated by the ultrasonic atomizer were transported by the carrier gas to the tubular
flame formed by methane/air and burned. The tubular flame had high thermal stabil-
ity, and the heat loss due to heat conduction was almost negligible, so the temperature
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achieved was high. Therefore, the tungsten oxide was gasified at the high temperature
of the tubular flame, and the nanoparticles were obtained by renucleation from the
gaseous state in the gas phase. For comparison, a synthesis test using a conventional
Bunsen burner produced coarse tungsten oxide particles, suggesting a lack of energy.
It was found that the combustion energy could be used more efficiently by applying
tubular flame combustion.

In Chapter 3, the synthesis of metallic tungsten nanoparticles was conducted by con-
trolling the composition of the combustion gas and creating a reducing atmosphere in
the reaction field. Because of the high stability of the tubular flame, the stable combus-
tion range was wide, and combustion was enabled in a wide range of fuel concentra-
tions. The concentrations of CO and O

2
at each equivalence ratio were measured. It

was found that an extremely low oxygen concentration and a high CO concentration
could be achieved by increasing the equivalence ratio above 1, thus providing a reduc-
ing atmosphere for the formation of metal particles. When precursor droplets were
burned in this reducing atmosphere, it was found that the degree of oxidation of tung-
sten oxide decreased with an increase in the equivalence ratio, i.e., with an increase in
the concentration of reducing gas. It was also found that the tungsten metal crystals
were precipitated in a single phase by increasing the residence time of the particles in
the flame.

In Chapter 4, a tubular flame burner with a two-fluid nozzle was designed to use
flammable liquid solvents as precursors. Ethanol was atomized by the two-fluid noz-
zle and fed into the tubular flame from the axial direction, enabling stable combustion.
The optimum conditions for the tubular flame for liquid fuel spraying were deter-
mined by direct observation of the flame and spectral analysis of chemiluminescence.

Chapter 5 presents a summary of all topics and future prospects.
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T U B U L A R F L A M E C O M B U S T I O N F O R N A N O PA RT I C L E
P R O D U C T I O N

abstract

Requirements for nanoparticle processing based on energy and cost-effective technolo-
gies have increased in recent years. Flame synthesis is widely used on an industrial
scale and is superior to gas phase one-step processes for producing nanoparticles;
however, further improvements are required from the viewpoint of energy efficiency.
In this chapter†, we present a new aerodynamically stable nanoparticle processing
method with extremely low energy losses, based on the use of a tubular flame. The
developed tubular flame apparatus is inexpensive and simple to set up, allowing for
a uniform and high temperature field with a high energy efficiency. Consequently,
highly crystalline and uniform WO

3
nanoparticles were successfully synthesized with

a high production rate. The simple and energy-effective process proposed in this paper
has potential for application to various types of functional nanoparticle production.

† published in part in Ind. Eng. Chem. Res., 58, 7193-7199, 2019.
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2.1 introduction

Nanomaterials with controlled structures, sizes, and morphologies are widely used
as functional materials in many fields [1, 52–54]. Energy efficient and environmentally
friendly processes are required for nanoparticle synthesis within a sustainable society.

Routes for manufacturing nanoparticles can be classified into top-down and bottom-
up processes. In general, bottom-up processes are used to efficiently produce uniform
and homogeneous nanoparticles. Among various bottom-up processes, aerosol pro-
cesses involve syntheses where the main reactions occur in the gas phase [1, 52]. Such
processes are often applied on an industrial scale. Flame (assisted) spray pyrolysis
[F(A)SP] is a widely used aerosol process for producing single- and multi-component
nanoparticles with high purity in a single step [6, 7] based on various types of flame
systems, such as a Bunsen flame [55, 56], co-flow diffusion flame [31, 32, 57–62], spray
flame [63, 64], and flat flame [65, 66]. Although the flame types commonly used for
F(A)SP are available with inexpensive and simple set ups, the energy efficiency of
combustion should also be considered. Owing to the structure of these flames, energy
is lost from the system, for example, in the form of radiation. It is also difficult to
fully understand the particle formation mechanisms in flames owing to the inhomo-
geneous temperature distribution and impracticability of obtaining an adiabatic flame
temperature.

Tubular flame has been extensively studied from a fundamental viewpoint over the
past three decades [47–49]. The structure of this flame gives a symmetrical homoge-
neous temperature distribution and the conductive heat loss from the flame is negli-
gible. Thus, it is possible to efficiently use its combustion energy, which is intrinsic to
the flame, for material production. Furthermore, the flame consists of a low-density in-
ner burnt gas region and a high-density outer unburned gas region (see Figure A.1 in
Appendix A). Therefore, according to the Rayleigh stability criterion [67], the flame is
aerodynamically stable when it is formed in a rotating vortex flow. Because the shape
of a tubular flame is geometrically well controlled, it can be incorporated in-line with
various processes.

Figure 2.1 shows a comparison between Bunsen and tubular flames. In a Bunsen
flame, the temperature rises near the flame front where the combustion reactions oc-
cur, but then decreases upward along the axial direction owing to energy losses. In ad-
dition, the temperature inside the flame, through which particles and precursor pass,
is low because unburned gas is present. Whereas in the tubular flame, the unburned
cold gas covers the outer periphery of the hot burned gas. Hence, the burner wall is
maintained at low temperature and undamaged, thus enabling long term operation.
This is important for practical applications. Furthermore, owing to its high thermal
insulation properties, a high temperature region is maintained homogeneously inside
the tubular flame through which the particles and precursor pass through. The flat
profile itself affects to the burned gas temperature. The flat profile indicates that heat
loss to the downstream region can be neglected and that almost adiabatic condition
can be achieved in the burned gas region. In other words, we have the possibility to
use combustion energy effectively without any heat losses. As described above, a tubu-
lar flame has excellent heat insulating properties, a convenient shape for application
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to various process, unique combustion characteristics, and is attractive from the view-
point of engineering and practical applications. However, there have been no reports
on the synthesis of particle materials by tubular flame methods.

We investigated the preparation of tungsten oxide (WO
3
) particles using a tubular

flame for the first time and developed a new process for nanoparticle production. In
the case of WO

3
, the flat profile of temperature is indeed important because its oxida-

tion state is very sensitive to temperature. So far, WO
3

particles have been prepared by
FSP [68,69], FASP [59], and spray pyrolysis methods [70,71]. Righettoni et al. reported
a method to synthesize pure and Si-doped WO

3
nanoparticles films onto Al

2
O

3
sub-

strates using a FSP reactor in combination with a water-cooled substrate holder. Osi
et al. reported a synthesis process of Pt-loaded submicrometer-sized WO

3
particles by

FASP method with methane/oxygen combustion. Although adiabatic flame tempera-
ture of this combustion system could attain around 3000 K, nanometer-sized particles
could not be produced. It indicates large heat losses behind the flame [62]. Hence, the
tubular flame combustion has a potential to enable nanoparticle production with high
yield and higher energy efficiency. The as-prepared powders were characterized by
X-ray diffraction and scanning electron microscope (SEM) and transmission electron
microscope (TEM) imaging to evaluate their sizes, morphologies, and crystal struc-
tures.

2.2 experimental

2.2.1 Particle synthesis

The experimental setup used to synthesize particles, based1 on a tubular flame, is
shown in Figure 2.2(a). The setup consisted of three sections, namely, a spray genera-
tor, tubular flame burner, and particle collector (bag filter). The spray generator section
consisted of an ultrasonic spray nebulizer equipped with a 1.75 MHz resonator (NE-
U17, Omron Healthcare Co., Ltd., Tokyo, Japan). The droplets were transported into
a tubular flame burner by a stream of argon (Ar) gas, and the flow rate (𝑄𝐶) was
varied from 0.1 to 0.5 m3/h. Methane (CH4) was used as the fuel gas (0.1 m3/h).
Compressed air was fed into the tubular flame burner using a compressor. Temper-
ature profiles were observed using a silica-coated Pt/Pt-13% Rh thermocouple with
a wire diameter of 0.2 mm. A solution of ammonium tungstate pentahydrate [ATP,
(NH

4
)
10

(W
12

O
41

)·5 H
2
O; purity 88–90%; Kanto Chemical Co., Inc., Tokyo, Japan] in

ultrapure water with a concentration of 10 mmol/L was used as the main precursor.

2.2.2 Tubular flame burner

Tubular flame can be established when the fuel and oxidizer (or their mixture) is
tangentially injected into a cylindrical tube. There is one key parameter called “swirl
number”, which is the characteristic of swirl intensity [47,72]. The swirl number of the
burner is desired to be over 0.6 to form a strong swirl flow in the burner. Figure 2.2(b)
shows a tubular flame burner used in this research. The burner, made of duralumin,
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Figure 2.1: Bunsen flame (upper) and tubular flame (lower).

consisted of two tangential inlet slits and a downstream quartz tube (100 mm). A com-
bustible mixture of gases (CH4/Air) was fed tangentially from the inlet slit into the
burner. The precursor droplets were fed into the inner hot gas region of the tubu-
lar flame from the bottom by Ar. Detailed information on the tubular flame burner
setup (e.g., quartz tube dimensions, mounting details, etc.) is provided in Figure A.2
in Appendix A.
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2.2.3 Characterizations

The SEM ( S-5200, Hitachi, Tokyo, Japan; operated at 20 kV) and TEM (JEM-3000F,
JEOL Ltd., Tokyo, Japan; operated at 297 kV) were used to observe the sizes, mor-
phologies, and crystal structures of the as-synthesized particles. The crystal structures
of the prepared particles were also investigated using an X-ray diffractometer (XRD;
D2 PHASER, 40 kV and 30 mA, Bruker Corp., USA).

Premixed gas
(CH4, Air)

Precursor droplets
in carrier gas

Filter

Burner

Chamber

Tubular
flame

Vacuum

Flame-made
particles

D0

AA

Ds

Dinj

Combustion
Tube

Tangential
Slits

Burner

Injection
Tube

A-A cross section

(a) (b)

Figure 2.2: Experimental setup (a) and tubular flame burner (b).

2.3 results and discussions

There are many parameters in tubular flame combustion that affect the properties
of the synthesized particles, for example, the gas flow rates for both the carrier and
premixed gases, types of fuel and oxidizer, ratio of fuel/oxidizer, and the diameter of
the tubular flame. Here we synthesized WO

3
particles at various carrier gas (Ar) flow

rates as a first step towards tubular flame synthesis.
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2.3.1 Effect of carrier gas flow rate on morphology and crystallinity of WO3 particles

Figure 2.3 shows XRD patterns of the as-synthesized particles formed at various car-
rier gas flow rates (𝑄𝐶 = 0.05–0.5 m3/h) with a fixed premix gas flow rate. The XRD
patterns suggested that the prepared particles had two types of WO

3
crystal struc-

tures: monoclinic (COD no. 01-072-0677) and hexagonal (COD no. 01-075-2187). The
monoclinic structure was formed when 𝑄𝐶 at 0.05–0.3 m3/h, whereas particles with
both monoclinic and hexagonal structures were formed when 𝑄𝐶 at 0.4 and 0.5 m3/h.
The presence of hexagonal structures indicates that the supplied energy was insuf-
ficient to produce stable and pure monoclinic structures. We attribute this result to
the low synthesis temperature and short residence time, which resulted because as
𝑄𝐶 was increased, the maximum synthesis temperature decreased (see temperature
distribution of tubular flame in Figure A.3 of Appendix A) and the residence time
also decreased. To investigate the morphology of the tubular flame-synthesized parti-
cles, we conducted SEM observations of WO

3
particles synthesized at 𝑄𝐶 = 0.05–0.5

m3/h, and the results are shown in Figure 2.4. At 𝑄𝐶 = 0.5 m3/h, the obtained par-
ticles were mainly of sub-micrometer size, over 400 nm with a few nanoparticles less
than 50 nm. At 𝑄𝐶 = 0.15–0.4 m3/h, the proportion of submicrometer-sized particles
decreased, and nanoparticles with sizes less than 50 nm started to form. At 𝑄𝐶 =
0.05–0.1 m3/h, the submicrometer-sized particles disappeared completely and only
nanoparticles were obtained. These results show that sufficient energy was supplied
to completely segregate submicrometer-sized particles at low carrier gas flow rates.

The morphology of WO
3

nanoparticles synthesized at 𝑄𝐶 = 0.1 m3/h was observed
further through TEM observations, as depicted in Figure 2.5 (TEM images at other
flow rates are shown in Figure A.4 in Appendix A). In a low magnification image
(Figure 2.5a), nanoparticles with a relatively high dispersion were observed and no
submicrometer-sized particles were observed. As shown in Figure 2.5b, necking of
the nanoparticles was observed and the primary particle sizes were in the range of
5–20 nm. The corresponding HR-TEM image (Figure 2.5c) confirmed that the prepared
nanoparticles had a uniform orientation with a lattice spacing at 0.34 nm. This result
is consistent with the d spacing of the (002) planes of the monoclinic WO

3
crystal

structure.
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28 tubular flame combustion for nanoparticle production

500 nm

QC = 0.50 m3/h QC = 0.40 m3/h

QC = 0.30 m3/h QC = 0.25 m3/h

QC = 0.20 m3/h QC = 0.15 m3/h

QC = 0.10 m3/h QC = 0.05 m3/h

500 nm

500 nm 500 nm

500 nm 500 nm

500 nm 500 nm

Figure 2.4: SEM images of WO
3

particles prepared in tubular flame at different carrier
gas flow rates.
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Figure 2.5: TEM images of WO
3

nanoparticles prepared at 𝑄𝐶 = 0.1 m3/h.
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2.3.2 Formation mechanisms of WO3 nanoparticles by the tubular flame method

We propose mechanisms for the WO
3

nanoparticle formation in the tubular flame, as
illustrated in Figure 2.6. According to previous studies on the synthesis of WO

3
par-

ticles in the gas phase [32, 62], droplets containing ATP were sprayed into the tubular
flame and underwent reactions to form, in sequence: ATP particles → intermediate
WO

3
particles → WO

3
particles after the solvent evaporation. The morphology and

crystal phase of the particles changed depending on the 𝑄𝐶 [70, 73].
At a high 𝑄𝐶 (0.5 m3/h), after the nebulized droplets containing the ATP precur-

sor were introduced into the flame zone, solvent evaporation and thermal decom-
position occurred instantaneously, and submicrometer-sized WO

3
particles formed.

As 𝑄𝐶 decreased (0.4 to 0.15 m3/h), the particle residence time inside the flame in-
creased, indicating a longer exposure of energy for the submicrometer-sized parti-
cles, which subsequently partially vaporized resulting in the formation of WO

3
nu-

clei. These nuclei grew to form nanoparticles through a crystal growth process as
they moved inside the glass flame reactor. As a result, submicrometer-sized WO

3

particles were produced together with nanoparticles. At 𝑄𝐶 = 0.4–0.5 m3/h, the ob-
tained particles had a hexagonal WO

3
crystal structure, which is a metastable phase,

indicating that insufficient energy was supplied. When 𝑄𝐶 was further decreased
(0.05–0.1 m3/h), the submicrometer-sized WO

3
particles completely vaporized. Conse-

quently, the submicrometer-sized particles disappeared and WO
3

nanoparticles were
produced [74, 75].

The radial temperatures at a point 50 mm from the bottom of the burner for each
𝑄𝐶 are listed in Table 2.1. Detailed information on temperature distribution is avail-
able in Figure A.3 (see Appendix A). To minimize the insertion effect, a thin 200 𝜇m
silica-coated R-type thermocouple was used for the measurement. Corrections for ther-
mometric errors owing to radiation were applied to the results. The emissivity value
was obtained by applying 0.22 [76] for the coated platinum thermocouple value, and
the physical property values of the combustion gas were obtained by applying the
estimation formula given by the gas molecular kinetics [77]. For the combustion gas
velocity, the average axial velocity obtained from the premixed gas flow rate and the
burner cross section was used. The temperature at a point where the precursor passed
through the tubular flame (𝑟 = 0, 1, 2, 3 mm) tended to decrease as 𝑄𝐶 increased.
This is simply because when 𝑄𝐶 is high, the amount of gas flowing into the tubu-
lar flame increased such that the supplied energy was consumed heating the Ar gas
and the precursor droplets. As the temperature in the system decreased, vaporiza-
tion of submicrometer-sized particles was incomplete, resulting in the formation of
both submicrometer- and nanometer-sized particles. Furthermore, for the swirl-type
tubular flame used in this research, the carrier gas that was fed from the bottom of
the burner swirled along with the surrounding fluid (combustion gas) entering from
the sides of the burner. Thus, the hot surrounding fluid without particles mixed rig-
orously with the cold carrier gas containing the particles, which increased the heat
transfer area between these two fluids [78]. In addition, the swirl intensity was high
under the operation conditions used in this study. Therefore, not only the heat transfer,
but rather the mixing itself was also improved owing to the high turbulence in the tan-
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gential direction [78]. When 𝑄𝐶 was low, the residence time and the heat transfer area
increased as the carrier gases mixed, and the proportion of combustion gas increased.
Thus, a large amount of energy was supplied to the particles, resulting in complete
vaporization of the submicrometer-sized particles.

Table 2.1: Temperature in tubular flame at different carrier gas flow rates (Z = 50 mm).

𝑄𝐶 [m3/h] 𝑇𝑟=0 [°C] 𝑇𝑟=1 [°C] 𝑇𝑟=2 [°C] 𝑇𝑟=3 [°C]

0.1 1276 1314 1335 1339

0.2 1251 1299 1348 1360

0.25 1178 1214 1264 1355

0.4 1032 1057 1065 1076

0.5 878 924 947 963

2.3.3 Comparison between tubular flame-made WO3 and premixed Bunsen flame-made WO3

To compare the particles synthesized via a tubular flame and premixed conventional
burner, WO

3
particles were also synthesized with a premixed Bunsen burner (see Fig-

ure A.5 in Appendix A) under the same conditions as the flame burner setup, i.e., a
CH4 flow rate at 0.1 m3/h, air flow rate of 0.95 m3/h, and carrier gas flow rate of 0.1
m3/h. The XRD patterns of both particles indicated monoclinic phase (see Figure A.6
in Appendix A). Figure 2.7 shows SEM images of the Bunsen flame-made WO

3
par-

ticles and tubular flame-made WO
3

particles. As shown in Figure 2.7a, the particles
range from micrometer- to nanometer size. Because there was no mixing of gases and
considerable heat loss from the system, insufficient energy was supplied to the WO

3

particles. Particle size distribution of these particles is shown in Figure 2.7c. It shows
that Bunsen flame produced WO

3
particles in a bimodal size distribution. Whereas,

tubular flame-made WO
3

particles have a narrow particle size distribution (𝑑𝑎𝑣 = 25.1
nm, 𝜎𝑔 = 1.21). Table 2.2 summarizes the methane, air, and carrier gas flow rate set-
tings and the corresponding production yields, average particle sizes (𝑑𝑎𝑣), geometric
standard deviations (𝜎𝑔), and crystal structures. The successful production of fine and
monodispersed WO

3
nanoparticles indicates that the tubular flame combustion is a

promising approach as an energy efficient nanoparticle production. Moreover, several
techniques, such as pilot flame, bluff body, opposing jet, and recess walls are com-
monly used to stabilize flames [78–81], including the Bunsen burner method. However,
in the case of a tubular flame burner, it is possible for a large amount of gas to combust
without using these stabilizing techniques owing to the inherent stability of the flame.
This is a considerable advantage of tubular flame reactors for practical applications in
cost and energy effective production of nanoparticles.
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2.4 conclusions

A tubular flame was used to synthesize WO
3

nanoparticles at various carrier gas flow
rates as the first step in our research toward development of novel nanoparticle pro-
cessing. The size of the tubular flame-made WO

3
particles increased in proportion to

the carrier gas flow rate. Because the conductive heat losses from the tubular flame
were negligible and the flame was aerodynamically stable, our new approach to syn-
thesizing nanoparticle shows great promise for practical application to nanoparticle
production based on new energy-efficient flame method.
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F L A M E S

abstract

Metallic tungsten nanoparticles have attracted considerable attention because of their
unique structures and excellent performances. This chapter† describes the synthesis
of a mixture of tungsten metal and oxide nanoparticles via a fuel-rich tubular flame
process, followed by mild-reduction-based post-heating treatment. The high combus-
tion efficiency of the tubular flame process enables complete consumption of O

2
in the

premixture, along with the emission of CO and H
2
. The experimental results revealed

that the tubular flames produced mixtures of amorphous tungsten oxide and crys-
talline tungsten nanoparticles with primary particle sizes of 5–10 nm, at a production
rate of 4.68 mg/h and yield of 8.64%. These nanoparticles exhibited a sinter-necked
structure. The oxygen content of the tubular-flame-synthesized mixtures of tungsten
metal and oxide nanoparticles (16.80%) to 5.56% after the additional post-heating treat-
ment, which also retained the particle size.

† published in part in J. Chem. Eng. Japan., 54, 557-565, 2021.

37



38 utilization of inner reducing gas region of tubular flames

3.1 introduction

Metallic tungsten nanoparticles are promising materials because of their various ben-
eficial physical properties, such as melting point, thermal stability, electrical and ther-
mal conductivities, and superior hardness compared to those of other materials. Metal-
lic tungsten has been applied in various fields such as biomedical, energy, electronic,
catalytic, and metallurgical industries [82].

Metallic tungsten powder is generally produced by a method involving a reaction
with a hydrogen stream [83], which enables the production of a large amount of high-
quality tungsten metal. However, this strategy is unsuitable for nanoparticle produc-
tion because the lengthy duration of the reaction leads to aggregation and crystal
growth, which results in the presence of micrometer-sized particles in the final prod-
uct [82,84–88]. Several approaches have been devised for producing tungsten nanopar-
ticles, including plasma synthesis [89–91], physical vapor deposition [92], laser abla-
tion [93], liquid-ammonia-based synthesis [94], solvothermal synthesis [95], carbother-
mal reduction [96], molten salt techniques [97], and ball milling [98].

Flame aerosol synthesis is considered to be a rapid nanoparticle-production pro-
cess [6,99]. Metallic particles have been prepared by using reducing flames or ultralow
concentrations of oxygen during combustion, which resulted in the synthesis of bis-
muth (10–66 g/h) [37], cobalt (>30 g/h) [38], and copper nanoparticles (10 g/h) [100].
A tubular flame reactor that enables the direct synthesis of WO

3
nanoparticles was

recently developed by our group [101]. Tubular flames, especially swirl-type tubular
flames, are thermally stable because of the negligible conductive heat loss of the flame
owing to the symmetrical temperature distribution [47]. The temperature distribution
in tubular flames is homogeneous and controllable. The flow field of the flame con-
sists of a low-density inner burned gas region and a high-density outer unburned gas
region. The tubular flame is aerodynamically stable even at high injection velocities
and over a wide fuel-concentration range.

Figure 3.1 shows a schematic diagrams of the flame structure and reaction atmo-
spheres in flame aerosol processes conducted using a tubular flame. Fuel-rich tubular
flame combustion can provide a reducing atmosphere using oxygen-free inner flames.
When tubular flames are used for the aerosol synthesis of particles, the precursors and
particles do not pass through the unburned fuel and the flame front, but flow through
the oxygen-free combustion gas region. This indicates that the effects of oxidation dur-
ing fuel combustion, and the presence of oxygen in the premixture can be minimized
in the process of particle formation, and the reduction of precursors and particles can
be promoted by reductive species in the combustion gas. However, in the case of dif-
fusion flames (Figure B.1 in Appendix B), the precursors and particles sequentially
pass through the unburned fuel, the flame front, and the oxidizer and combustion gas
region. Moreover, the direct synthesis of metal nanoparticles is difficult even in the
case of oxygen-deficient combustion because conventional methods cannot use only
the reducing gas contained in the combustion gas, and are significantly affected by the
fuel, oxidizer, combustion reaction, and atmospheric inflow.

Inspired by the aforementioned specific characteristics of tubular flames, the present
study was designed to enable the first proof-of-principle experiment on the synthesis
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of metallic tungsten using a fuel-rich tubular flame process. The effects of the equiva-
lence ratio (fuel concentration) and carrier gas flow rate in tubular flame combustion
on the chemical composition and morphology of the produced particles were compre-
hensively investigated in this study. To the best of our knowledge, this is the first study
that has examined the reduction of fine particles in tubular flames.

Unburned gas
Burner wall

Burned gasTubular flame

Cross section

Burned gas (Oxygen free)

Particles

Unburned gas

Unburned gas

Flame

Figure 3.1: Schematic representations of the investigated tubular flame system.

3.2 experimental

3.2.1 Materials

The particles were prepared using an aqueous precursor solution containing ammo-
nium tungstate pentahydrate [ATP, (NH

4
)
10

(W
12

O
41

)·5 H
2
O; purity 88–90%; Kanto Chem-

ical Co., Inc., Tokyo, Japan]. CH
4
, Ar, and dry air were used as the main fuel, carrier,

and oxidizer, respectively in the tubular flame combustion. CH
4

and Ar (purity greater
than 99.999%) were provided by the Nakamura Sanso Corporation, Hiroshima, Japan.

3.2.2 Particle synthesis

The precursor was prepared by dissolving ATP to form an aqueous solution (10

mmol/L), which was stirred at 300 rpm at room temperature, and subsequently placed
in a particle production system; a detailed schematic diagram of this system has been
presented elsewhere [101]. In the experiment, the precursor was transformed into
droplets using an ultrasonic nebulizer (NE-U17, Omron Healthcare Co., Ltd., Tokyo,
Japan). The generated droplets were transported into the tubular flame burner through
an axial inlet hole with an internal diameter (𝐷𝑖𝑛 𝑗) of 6.35 mm, assisted by a flow of Ar
gas as the carrier gas (𝑄𝐶 = 0.05–0.2 m3/h). Detailed information regarding the tubular
flame burner used herein has been presented in Figure B.2 in Appendix B. The burner
consists of a burner body and combustion chamber. The tubular flame burner (𝐷0) has
an internal diameter of 20 mm, and the two tangential injection holes of the burner
have an internal diameter (𝐷𝑠) of 3 mm. The tube for injecting the precursor was in-
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Table 3.1: Parameters of various experimental scenarios, production rates, and
yields.

Sample no. 𝑄𝐶𝐻4 [m3/h] 𝑄𝐴𝑖𝑟 [m3/h] 𝑄𝐶 [m3/h] 𝜙 [-] Prod. Rate [mg/h]a Yield [%]b

1 0.056 0.609 0.2 0.88 100 18

2 0.056 0.537 0.2 1 41.5 7.46

3 0.056 0.477 0.2 1.12 50 8.99

4 0.056 0.428 0.2 1.25 48.7 6.56

5 0.056 0.477 0.1 1.12 48 8.63

6 0.056 0.477 0.08 1.12 20 10.8

7 0.056 0.477 0.05 1.12 4.68 8.64

a Error (for sample no. 7): ± 1.5 mg
b Error (for sample no. 7): ± 3 %

stalled at one axial end of the burner, and a combustion chamber with an internal
diameter of 20 mm was installed at the other end. A tubular flame was formed using
CH

4
as the fuel and dry air from a compressor as the oxidizer. These components were

mixed in a supply line and tangentially injected into the burner from the tangential
injection holes. The tubular flame was generated by igniting the mixture using a torch.
The carrier gas (Ar), which contained the precursor material, was fed axially from the
tube; the supply line was separated from the fuel/air line. The experiments were per-
formed at various equivalence ratios (𝜙) and carrier gas flow rates (𝑄𝐶), as shown in
Table 1. The fuel flow rate, 𝑄𝐶𝐻4 , was set to be 0.06 m3/h to enable heat release from
the mixture. The equivalence ratio was varied by changing the air flow rate under
fixed fuel-flow-rate conditions. 𝜙 is defined as the ratio of the actual fuel/air ratio to
the stoichiometric equivalent (independent of the amount of the carrier gas), and can
be expressed as follows:

𝜙 =
𝑚𝐹𝑢𝑒𝑙/𝑚𝐴𝑖𝑟

(𝑚𝐹𝑢𝑒𝑙/𝑚𝐴𝑖𝑟)𝑠𝑡
(1)

where 𝑚𝐹𝑢𝑒𝑙/𝑚𝐴𝑖𝑟 are the mass of fuel and air, respectively. The value of (𝑚𝐹𝑢𝑒𝑙/𝑚𝐴𝑖𝑟)𝑠𝑡
was fixed at 0.105. 𝜙 < 1 and 𝜙 > 1 represent processes with excess oxygen and excess
fuel, respectively. The value of 𝜙 was controlled by adjusting the flow of air (𝑄𝐴𝑖𝑟),
and fixing the CH

4
flow rate (𝑄𝐶𝐻4) at 0.06 m3/h. The swirl numbers (𝑆𝑊 ), which are

representative of the degree of rotational motion, exceeded 0.6 under all the experi-
mental conditions. This indicates the formation of a strong swirl flow in the burner.
Detailed information on 𝑆𝑊 information has been provided in Appendix B. The pro-
duced particles were collected using a bag filter (HORKOS Corp., Hiroshima, Japan)
with a scroll pump (nXDS15i, Edwards GmbH, Germany). The experimental scenarios
are listed in Table 1. The decrease in oxygen contents of the flame-synthesized particles
was achieved by post-heating under a 5% H

2
/Ar atmosphere at 800°C for 3 h.

3.2.3 Characterizations

Field-emission scanning electron microscopy (FE-SEM; S-5200, Hitachi High-Tech. Corp.,
Tokyo, Japan) was employed to examine the shapes and morphologies of the prepared
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particles. Powder X-ray diffraction (XRD; D2 PHASER, 40 kV and 30 mA, Bruker
Corp., USA) and transmission electron microscopy (TEM; 297 kV, JEM-3000F, JEOL
Ltd., Tokyo, Japan) were used to examine the crystal structures and microstructures,
respectively, of the prepared particles. The weight percentages of WO

3
, WO

2.72
, W,

and the amorphous form were determined by Rietveld analysis using Total Pattern
Analysis Solutions software (TOPAS version 6; Bruker AXS GmbH, Karlsruhe, Ger-
many) [102, 103]. The oxidation states of tungsten were examined by X-ray photoelec-
tron spectroscopy (XPS; ESCA-3400, Shimadzu Corp., Kyoto, Japan, operated at 10 kV
and 20 mA). The C 1s spectrum was used to calibrate the energy dependence, and the
Shirley method was used for background subtraction. The C, H, N, and O contents
of the particles were measured using a CHN analyzer (CHNS/O 2400 II, PerkinElmer,
Inc., Waltham, MA, USA) and an O analyzer (EMGA 930, Horiba, Ltd., Kyoto, Japan).
The concentrations of CO and O

2
corresponding to the various 𝜙 values at the end of

the combustion tube were determined using a gas analyzer (CGT-7000 and POT-8000,
Shimadzu Corp., Kyoto, Japan) without carrier gas injection during the measurements.

3.3 results and discussions

3.3.1 Flame appearance

Figure 3.2a and b show the flame appearances corresponding to various equivalence
ratios (Figure 3.2a) and carrier gas flow rates (Figure 3.2b). In the experiments depicted
in Figure 3.2a, 𝜙 was varied by changing the flow rate at a fixed fuel-flow-rate (𝑄𝐶𝐻4)
of 0.06 m3/h. It is worth noting that the carrier gas was also supplied to the burner
in the axial direction to simulate an actual synthetic process under a fixed-flow-rate
condition (𝑄𝐶 = 0.20 m3/h). In the experiments depicted in Figure 3.2b, 𝜙 was fixed
at 1.12 and the carrier gas flow rate was varied from 0.05 m3/h to 0.20 m3/h. The
images of the flames in the left column in Figure 3.2b were captured from the axially
downstream position of the burner, and the images on the right were obtained through
the quartz combustion chamber. The dotted lines in Figure 3.2a and b indicate the walls
of the quartz combustion chamber. Clear images of the flame were obtained under
dark conditions by mounting the tubular flame burner horizontally, because of spatial
limitations. Photographs of the flame without the carrier gas are shown in Figure B-4
in Appendix B. In Figure 3.2a, tubular flames can be recognized in the cross-sectional
view (left column) for scenarios in which 𝜙 = 0.88–1.12. Notably, the flames are short
in the axial direction, indicating that only a small portion of the luminous flame zones
can be observed in the right column of Figure 3.2a. At 𝜙 = 1.25, the flame is not visible
in the burner, and a diffusion flame is formed at the exit of the combustion tube by the
unburned mixture and surrounding air. Although this condition is far from the upper
flammability limit of a CH

4
/air mixture (𝜙 = 1.6), the dilution of the mixture (22%)

by the carrier gas (Ar) results in an upper flammability limit of 𝜙 = 1.26 [104]. For a
fuel-rich CH

4
/air/Ar mixture, the Lewis number of the deficient reactant (O

2
) is larger

than unity (𝐿𝑒 = 1.03 for the scenario in which 𝜙 = 1.25 in Figure 3.2a); moreover, the
flame is not intensified by the thermodiffusive instability. Therefore, a flame cannot
presumably be formed at 𝜙 = 1.25 (Figure 3.2a). Figure 3.2b shows the appearances of
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flames obtained at various carrier gas flow rates. The figure shows that a stable flame
is formed at each condition. This indicates that the effects of carrier-based dilution are
negligible in the case of the tubular flame obtained at 𝜙 = 1.12.

3.3.2 Gas composition

The composition of the burned gas is the most critical parameter in the flame synthe-
sis of fine particles. The concentrations of CO (a major reductive component) and O

2

in the burned gas at the exit of the tubular flame burner were examined. Figure 3.3
shows plots of the experimentally obtained CO and O

2
concentrations in the burned

gas component of the tubular flame. The burned gas was sampled at a radially central
position 10-mm upstream of the exit of the combustion tube to avoid the effects of air
entrainment. Figure 3.3 indicates that the O

2
fraction of the burned gas region of the

tubular flame , which is >2% at for 𝜙 = 0.9, considerably decreases with increasing
𝜙. The O

2
concentrations are 1530 ppm and almost zero at 𝜙 = 1.0 and 𝜙 > 1.0 re-

spectively. The CO concentration increases from nearly zero to 3650 ppm at 𝜙 < 0.8
and 𝜙 = 0.96, respectively; moreover, it exceeds 25000 ppm under fuel-rich conditions
(𝜙 > 1.0). These results clearly indicate that a reductive, ultralow O

2
atmosphere can

be achieved in the burned gas region during fuel-rich tubular flame combustion. Fig-
ure 3.3 shows the equilibrium concentrations of CO and O

2
(single- and double-dotted

lines, respectively) calculated using the NASA CEA program [105]. The equilibrium
concentrations of other major combustion products as a function of 𝜙 are shown in
Figure B.5 in Appendix B. Figure 3.3 shows that the experimentally obtained CO and
O

2
concentrations are in excellent agreement with the equilibrium values. Importantly,

this indicates that a high CO concentration and an ultralow O
2

concentration can be
achieved in the tubular flame burner, and these concentrations can be conveniently
predicted using the chemical equilibrium compositions. These gaseous conditions are
considered to be ideal for synthesizing high-quality metal particles. It is worth noting
that the equilibrium calculations shown in Figure B.5 indicate that a high concentra-
tion of H

2
can also be achieved in the burned gas, which can further contribute to the

product reduction.

3.3.3 Effects of equivalence ratio on particle properties

Figure 3.4 shows the XRD patterns and optical photographs of particles obtained using
𝜙 values from 0.88 to 1.25 (Table 3.1, samples 1–4). The particles prepared at 𝜙 = 0.88

contain monoclinic WO
3

phases. Combustion at 𝜙 = 0.88 occurs under oxygen-excess
conditions, which results in the formation of WO

3
by thermal decomposition of ATP.

At 𝜙 = 1.0–1.12, patterns representing WO
2.72

and metallic W [the filled circles and
triangles in the figure correspond to the (010) pattern of WO

2.72
and the (110) pattern

of metallic W, respectively] appeared in addition to the WO
3

patterns. Assuming that
the patterns indicate an enhancement in reduction and the formation of WO

2.72
and W

in the gas phase, the disappearance of the WO
2.72

and W patterns at 𝜙 = 1.25 (reducing
conditions) is rather curious. As shown in Figure 3.2a, tubular flame combustion is not
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Figure 3.2: Appearances of flames at various (a) equivalence ratios and (b) carrier gas
flow rates.

realized at 𝜙 = 1.25. This suggests that WO
3

was not reduced to a lower oxidation state
of tungsten. The reduction of WO

3
was accompanied by a color change of the powder

to blue at 𝜙 = 1.0 and 1.12. The color of tungsten oxide particles is affected by the loss
of oxygen in the crystal structure [106,107]. The particles prepared at various 𝜙 values
were spherical and in the submicron to micron size range (Figure B.6 in Appendix B).
This indicates that the particles were precipitated by a typical spray-pyrolysis process
in the hot gas region of the flames [73, 108, 109].
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Figure 3.3: Variations in O
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and CO emissions with the equivalence ratio during tubu-
lar flame combustion.

3.3.4 Effects of carrier gas flow rate on particle properties

Subsequent experiments were performed at 𝜙 = 1.12. The effects of the tubular-flame-
combustion reducing gas were investigated by preparing blue-colored tungsten oxide
(WO𝑥) particles via combustion at 𝜙 = 1.12. The carrier gas flow rate (𝑄𝐶) was adjusted
in the 0.1–0.05 m3/h range at a constant equilibrium ratio to promote reduction and
to obtain tungsten particles (Table 3.1, samples 5–7). The XRD pattern of the particles
prepared at 𝑄𝐶 = 0.1 m3/h indicates the presence of a mixture of WO

3
, WO

2.72
, and W

phases. Figure 3.5 shows that the intensity of the W pattern increases with a decrease
in 𝑄𝐶 to 0.08 m3/h. A further decrease in 𝑄𝐶 to 0.05 m3/h results in the disappearance
of the WO

3
and WO

2.72
phases. Rietveld analysis was conducted until the R-weighted

pattern (𝑅𝑤𝑝) decreased to below 10 to ensure reliable refinement. These results indi-
cate that the percentages of metallic tungsten and amorphous increase in parallel with
the diminution of the tungsten oxide phases (WO

3
and WO

2.72
), as shown in Table 3.2.

Therefore, the reduction of the product is presumably promoted by fuel-rich combus-
tion in the tubular flame burner with a low carrier-gas flow rate. Figure 3.6 shows SEM
micrographs of the particles synthesized at various carrier-gas flow rates. The particles
prepared at a carrier gas flow rate of 0.1 m3/h are primarily of the submicrometer size.
This phenomenon is similar to that in droplet–particle conversion, which produces
large particles (not in the nanometer size range) because of precipitation and pyrolysis
of precursor droplets in general flame-assisted spray pyrolysis using coflow diffusion
flames [32]. A decrease in 𝑄𝐶 to 0.08 m3/h leads to a decrease in the proportion of sub-
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Figure 3.4: XRD patterns of particles produced at various values of 𝜙.

micrometer particles, and the initiation of nanoparticle formation. A further decrease
in 𝑄𝐶 to 0.05 m3/h results in the disappearance of the submicrometer particles and the
formation of nanoparticles. The decrease in carrier gas flow rate leads to an increase in
the residence time in the hot gas region and an increased supply of energy to the pre-
cursor. This leads to gasification of the precursor and nucleation of the nanoparticles
by gas-to-particle formation [10].

3.3.5 Characterization of particles formed at carrier gas flow rates of 0.05 m3/h

A TEM image of particles formed at a 𝑄𝐶 of 0.05 m3/h (Table 3.1, sample 7) is shown
in Figure 3.7a. The primary particle sizes are in the range of 5–10 nm, with a narrow
particle size distribution (Figure B.7 in Appendix B). The high-resolution TEM image
in Figure 3.7b shows that the particles exhibit a homogeneous crystal orientation with
a lattice spacing of 0.22 nm, which corresponds to the (1 0 0) plane in metallic tung-
sten. Moreover these nanoparticles have a sinter-necked structure. A possible method
for avoiding the sintering of particles involves the introduction of processes such as
rapid cooling of the flame-synthesized particles [17]. Figure 3.8 shows XPS profiles
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Figure 3.5: XRD patterns of particles produced at various carrier-gas flow rates.

after 1 min of sample etching with Ar+ ions. Etching with Ar+ ions is known to induce
a decrease in the oxidation state of tungsten [110]. For comparison, the XPS profiles
of WO

3
particles produced in the tubular flames were also recorded (Figure 3.8a). The

WO
3
, spectrum can be deconvoluted into four peaks: WO

3
(W4f7/2 at 35.0 eV and

W4f5/2 at 37.3 eV) and WO𝑥 (x < 3; W4f7/2 at 33.9 eV and W4f5/2 at 36.2 eV). The WO
3

particles are slightly reduced by reductive chemical species present locally in flames. A
comparison of the spectrum with that of the sample prior to Ar+-ion irradiation does
not indicate any changes (Figure B.8a in Appendix B); moreover, a chemical shift to
a lower energy caused by the reduction of tungsten oxide does not occur. Essentially,
the effect of 1-min Ar+-ion irradiation on the chemical state is negligible, and depth
information is considered to have been obtained. In the spectrum of particles formed
at a carrier gas flow rate of 0.05 m3/h (Table 3.1, sample 7), peaks appear at 31 eV and
33 eV; moreover, the spectrum can be deconvoluted into six peaks representing WO

3
,

WO𝑥 , and metallic tungsten (W4f7/2 at 31.0 eV and W4f5/2 at 33.2 eV). The absence
of metallic tungsten peaks prior to Ar+-ion irradiation (Figure B.8b in Appendix B)
indicates the formation of oxide layers on the top surface of the nanoparticles. This
is presumably because of the oxidation of the surfaces of the tungsten nanoparticles
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Figure 3.6: SEM images of particles formed at carrier gas flow rates of (a1, a2) 0.1,
(b1, b2) 0.08, and (c1, c2) 0.05 m3/h

during their flow through the flame region at a high temperature or during the expo-
sure of the particles ambient laboratory. This thin oxide layer is expected to prevent
the ignition of metallic tungsten particles and facilitate handling.

The XRD results show that 63.11% of the particles formed at a carrier gas flow
rate of 0.05 m3/h are amorphous. The chemical components of the amorphous par-
ticles and impurities were evaluated by determining the contents of C, H, N, and
O, which are impurities in the particles using a combustion analyzer. The contents
of C, H, N, and O were 1.77%, 0.02%, 0.99%, and 16.80%, respectively. Carbon con-
tamination caused by incomplete combustion was confirmed by the broad patterns
observed in the low-angle XRD patterns (Figure 3.5). Therefore, the CHN/O analysis
indicates that the amorphous form presumably contains W, C, H, N, and O. Although
the flame-synthesized nanoparticles contain 16.80% of oxygen, the metallic tungsten
phase was confirmed to be the main phase by XRD; moreover, the presence of the
tungsten phase was also confirmed by local TEM analysis. Post-treatment of nanopar-
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Table 3.2: Weight percentages of particles produced at various carrier-gas flow rates obtained
by Rietveld refinement.

𝑄𝐶 [m3h] WO
3

phase [%] WO
2.72

phase [%] W phase [%] Amorphous [%]

0.2 72.32 21.22 3.89 2.67

0.1 72.49 20.73 3.18 3.6

0.08 38.96 36.05 13.34 11.65

0.05 - - 36.89 63.11

ticles (e.g., reduction or annealing) is typically conducted prior to their application in
practical situations. Therefore, mild reduction was performed at 800°C for 3 h under
a 5% H

2
/Ar atmosphere. The XRD pattern of the particles obtained after reduction

(Figure 3.9a) also shows the W phases, whose weight percentage increases to 64.27%.
The oxygen content of the particles was estimated using the EMGA analyzer to be
5.56%. In addition, the particle sizes remain within the nanometer range (Figure 3.9b).
More intensive conditions (100% hydrogen atmosphere) have been previously used to
reduce WO

3
to metallic W. Moreover, the purities of tungsten in commercially avail-

able tungsten powders are ≥99.9% (W-H, 0.45–0.59 𝜇m in size, JAPAN NEW METALS
CO.,LTD) or ≥99.9% (A20, 0.5–0.6 𝜇m in size, A.L.M.T. Corp). The tungsten percent-
age purity of the product synthesized herein by tubular flame combustion followed by
reduction treatment was 94.44%, indicating that it is not as pure as the commercially
available tungsten powders. Therefore, further optimization of the tubular flame com-
bustion and purification process are required. The production rates and yields of the
investigated process are listed in Table 3.1. As mentioned earlier, tungsten materials
were prepared using ATP. Moreover, the yield of WO

3
was calculated for sample no.

1–6. For sample 7 represents metallic tungsten. Although the yield and productivity
of the current system are not as high as those of previously reported large-scale flame
processes (e.g., 10 g/h for carbon coated Cu) [22], the present study shows promise
for being the first study to explore the possibility of metal particle production using
tubular flame combustion.

3.4 conclusions

The possibility of metal particle production by the utilization of the internal reduc-
ing gas region of tubular flames was investigated herein. The influence of equivalence
ratio, 𝜙, and carrier gas flow rate on the properties of the obtained particles were exper-
imentally evaluated. The composition of the combustion gas in the tubular flame was
precisely controlled by adjusting 𝜙, and combustion at 𝜙 >1.0 resulted in an ultralow
oxygen atmosphere with a high CO content (>25000 ppm) in the tubular flame burner.
Fuel-rich tubular flame combustion at 𝜙 = 1.12 resulted in the formation of sinter-
necked mixtures of amorphous tungsten oxide and crystalline tungsten nanoparticles
with primary particle sizes of 5–10 nm, at a production rate of 4.68 mg/h and yield of
8.64%. The tubular flame-synthesized mixtures of tungsten metal and oxide nanopar-
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ticles contained 16.80% of oxygen , which decreased to 5.56% after mild reduction at
800°C for 3 h under a 5% H

2
/Ar atmosphere.
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Figure 3.7: (a) TEM image and (b) high-resolution TEM image of particles formed at
a carrier gas flow rate of 0.05 m3/h (sample 7 in Table 3.1)
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of tungsten metal and oxide nanoparticles (sample 7) produced in the
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Figure 3.9: (a) XRD patterns and (b) SEM images of the particles obtained after post-
heating.
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D I R E C T S P R AY C O M B U S T I O N I N A T U B U L A R F L A M E B U R N E R

abstract

In this chapter†, a tubular flame burner equipped with a two-fluid nozzle for liquid
precursor injection was developed and applied to the synthesis of fine particles. A
tubular flame was established based on the axial spray of ethanol as a liquid fuel from
the two-fluid nozzle. As the axial spray mixture from this nozzle merged with the
tangential methane/air mixture from the tubular flame burner, a single flame front was
established at the base of the burner. The flame structure was assessed by fabricating
an optically accessible burner from quartz and OH∗, CH∗ and C2

∗ emissions were
investigated using a spectrometer and ICCD camera. The results show that a lifted
flame was formed when the tubular flame was outside the flammable range, whereas
a stabilized flame was obtained with the tubular flame in the flammable range. These
results indicate that flame stability was primarily determined by the tubular flame.
Optimal particle synthesis also required the tubular flame to be in the flammable
range. Gas phase temperature measurements indicated that the main flame could be
well-stabilized while maintaining a high-temperature environment by using a fuel-lean
tubular flame, even in conjunction with the direct injection of liquid fuels. Using this
flame system, both titania (TiO

2
) and silica (SiO

2
) nanoparticles could be synthesized.

† published in part in J. Therm. Sci. Technol., 16, JTST0035, 2021.
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4.1 introduction

At present, many functional nanomaterials (including carbon black, fumed silica and
TiO

2
) are produced on an industrial scale using flame aerosol processes [1, 4, 6, 7, 111].

Recently, it has been recognized that such processes also have the potential to fab-
ricate high-performance catalysts [60, 61, 112], phosphors [31], nanostructured parti-
cles [53, 62], non-aggregated particles [16] and electronic devices such as gas sensors
and batteries [10,21,113]. One of the key aspects of flame aerosol synthesis is the com-
bustion process, and various types of burners have been developed for use as heat
sources [8]. It is critical not only to produce high quality materials in such flames
but also to understand the phenomena occurring in the combustion field in detail
and to use combustion energy efficiently. However, there are still some challenges re-
lated to controlling the combustion fields in both diffusion and spray flames, which
are generally used in flame aerosol synthesis. Specifically, the flame temperature and
combustion gas composition can exhibit considerable spatial and temporal variations
due to the complicated combustion process. These non-uniform fields can result in
the formation of contaminants such that an additional annealing process is required
to remove impurities from the particle surfaces. Based on the above, it is evident that
a well-controlled combustion process in conjunction with uniform temperature and
composition fields are important to improving this technique.

A tubular flame is a thin laminar flame front established in a stretched rotating
flow field, and such flames have been extensively studied over the past three decades
[47–49]. A tubular flame can provide a uniform temperature and homogeneous concen-
trations of various species in the burned gas region because of its axisymmetric struc-
ture. This type of flame is also aerodynamically stable because it meets the Rayleigh
stability criterion [67, 114], and so will provide a wide stable combustion range. Sev-
eral unique techniques have been developed based on tubular flames [115], such as
flame stabilization [78], non-premixed rapid mixing [116] and liquid film combus-
tion [117–119]. Tubular flames have also been recently applied to the production of
nanoparticles [101, 120]. In these systems, the raw materials are typically supplied ei-
ther as gases or in an ultrasonically atomized state. The use of gas phase precursors is
more common but the difficulty in obtaining volatile precursors at reasonable cost lim-
its the use of the vapor-fed aerosol process when producing multicomponent particles.
Ultrasonically atomized precursors can be used to provide a homogeneous distribu-
tion of precursor droplets [121], but the droplet flow rates and the solvents that can
be used are both limited. As an example, high viscosity liquids and certain colloidal
solutions (e.g. those containing metal particles) cannot be atomized in an ultrasonic
nebulizer.

To overcome these drawbacks, the present work developed a tubular flame burner
equipped with a two-fluid nozzle for the injection of liquid precursors. This nozzle was
found to provide the high-speed nebulization of various precursor liquids including
high-viscosity liquids and particle dispersions. Although the combustion characteris-
tics of a variety of fuel/oxidizer combinations with various burner geometries have
been previously researched, the direct injection of liquid fuels into a tubular flame has
rarely been examined in detail. Thus, the present study investigated the combustion
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characteristics of such flames over a wide range of conditions and also examined the
fabrication of nanoparticles using a direct injection tubular flame.

4.2 experimental

Figure 4.1 presents a diagram of the tubular flame burner with axial liquid fuel injec-
tion employed in this research. Using this apparatus, a tubular flame was established
based on the tangential injection of a methane/air premixture, after which a liquid
fuel containing the precursor material was directly sprayed into the combustion cham-
ber from the two-fluid nozzle in the axial direction. The tubular flame burner had an
inner diameter of 26 mm and a height of 15 mm, with two tangential holes that were 3

mm in diameter. Using a previously reported calculation [72], the swirl number of the
burner, which is a measure of the degree of rotational motion, was determined to be
40. A two-fluid nozzle (AM6S-IDVL, ATOMAX Co., Ltd.) was located at one axial end
of the burner and was used to provide the liquid fuel containing the precursor, while
a quartz tube with an inner diameter of 26 mm and a length of 300 mm was attached
to the other end of the burner as a combustion tube. This tube contained holes with
diameters of 2 mm to allow for temperature measurements, located at 𝑍 = 55 and
125 mm, where 𝑍 is the axial distance from the base of the combustion tube. The gas
temperature was monitored using a silica-coated Pt/Pt-13%Rh thermocouple having
a wire diameter of 0.2 mm. The temperatures were corrected for thermometric errors
resulting from radiation effects [76].

26 A
0 55 125 Z

r

A

Φ3

Combustion tube
Two-fluid nozzle

A-A cross section

Tangential hole

Figure 4.1: The tubular flame burner used in the present work.

Figure 4.2(a) presents a diagram of the experimental apparatus. The tubular flame
was established using methane as the fuel and air as the oxidizer, both of which were
dispensed using calibrated flow meters, mixed in-line and supplied to the burner. The
main spray flame was produced using ethanol (Japan Alcohol Corporation, Tokyo;
99.8%) as the fuel, injected into the burner with air using the two-fluid nozzle. The
ethanol flow rate was controlled by a syringe pump (PHD 2000, Harvard Apparatus,
Holliston, MA). The flame appearance was monitored using a video camera (Sony,
HDR-CX700). Using this system, TiO

2
or SiO

2
nanoparticles were synthesized by dis-
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solving 0.1 mol/L of a precursor (TTIP; Ti[OCH(CH
3
)
2
]
4
; Kanto Chemical Co. Inc.,

USA; purity ≥ 97% or HMDSO; (CH
3
)
3
SiOSi(CH

3
)
3
; Sigma-Aldrich Co., USA; purity

≥ 98.5%) in ethanol. The resulting nanoparticles were collected on a glass fiber filter in-
stalled downstream of the burner and subsequently characterized by scanning electron
microscopy (SEM; S-5200, Hitachi, Tokyo, Japan) to assess both size and morphology.
The crystal structures of the prepared particles were also investigated by X-ray diffrac-
tion (XRD; D2 PHASER, 40 kV and 30 mA, Bruker Corp., U.S.A.).

Syringe pump Compressor

Flow
meter

EtOH
Precursor (when used)

CH4

Air

Vacuum

Combustion tube

Two-fluid nozzle

Chamber

Filter

Figure 4.2: The experimental setup.
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4.3 results and discussions

4.3.1 Appearance and stable combustion range of flames

Table 4.1 provides the details of the experimental conditions. Included here are the
methane and air flow rates used to generate the tubular flame (𝑄𝐶𝐻4 and 𝑄𝑎𝑖𝑟), the
equivalence ratio in the tubular flame (𝜙𝑇𝐹), the ethanol flow rate used to generate the
main spray flame (𝑄𝑒𝑡ℎ𝑎𝑛𝑜𝑙) and the total equivalence ratio (𝜙𝑡𝑜𝑡𝑎𝑙). In these trials, the
air flow rate for the tubular flame was fixed at 4.0 m3/h for all conditions while the
air flow rate for the two-fluid nozzle was limited to 0.18 m3/h. Thus, the main spray
flame operated solely under super rich conditions in all trials (5 < 𝜙 < 17).

In initial trials, only the tubular flame was observed (case [I] in Table 4.1), after
which experiments were conducted using spray combustion assisted by the tubular
flame. The effects of employing the tubular flame were investigated by changing the
tubular flame conditions. In these trials, the spray flame was assisted by a stoichiomet-
ric tubular flame (case [II-i]) or a fuel-lean tubular flame (case [II-ii]) in conjunction
with fixed spray conditions. A spray flame combined only with tangential air (case
[III]) was also examined to ascertain the effects of a swirling air flow on the spray
combustion. It should also be noted that 𝜙𝑡𝑜𝑡𝑎𝑙 was greater than unity for case [II-i]
during which the process was assisted by a stoichiometric tubular flame.
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4.3.1.1 Tubular flame

Initially, the characteristics of the tubular flame without the axial injection of liquid
fuel were investigated (case [I]), and Figure 4.3 provides photographic images of the
methane/air tubular flames formed by the burner for different 𝜙 values. It is evident
from Figure 4.3a that a smooth laminar tubular flame was obtained using 𝑄𝐶𝐻4 = 0.42

m3/h and 𝑄𝑎𝑖𝑟 = 4.0 m3/h (𝜙 = 1.0). Decreasing 𝑄𝐶𝐻4 to 0.25 m3/h while maintaining
a fixed air flow rate (Figure 4.3b, 𝜙 = 0.59) increased the flame length while decreasing
the flame diameter as a result of the decreased laminar burning velocity. The stable
combustion range of the tubular flame was assessed by applying various air flow
rates. The results are shown in Figure 4.4, together with the flammability limits of
methane/air mixtures [122]. It is apparent that a tubular flame could be formed over
a wide range of equivalence ratios close to the upper and lower flammability limits
of methane/air mixtures. Thus, this apparatus was expected to allow stable spray
combustion based on the effect of a stable tubular flame.

(a)

(b)

Figure 4.3: Photographic images of the tubular flames obtained using 𝜙 values of (a)
1.0 and (b) 0.59.

4.3.1.2 Spray flame assisted by a stoichiometric tubular flame

Figure 4.5 presents photographic images of flames obtained at various 𝑄𝑒𝑡ℎ𝑎𝑛𝑜𝑙 values
in the range of 3–10 mL/min, assisted by a stoichiometric tubular flame. Because the
tubular flame mixture was fixed, the total equivalence ratio, 𝜙𝑡𝑜𝑡𝑎𝑙 , varied with the
ethanol flow rate such that 𝜙𝑡𝑜𝑡𝑎𝑙 was 1.19, 1.27, 1.43, 1.59 and 1.74 for 𝑄𝑒𝑡ℎ𝑎𝑛𝑜𝑙 values
of 3, 4, 6, 8 and 10 mL/min, respectively. In all cases, regardless of the axial spray
of ethanol, a tubular shape was established. The flame also became longer while its
diameter was reduced with increases in the ethanol flow rate as the laminar burning
velocity monotonically decreased with changes in 𝑄𝑒𝑡ℎ𝑎𝑛𝑜𝑙 under the fuel-rich condi-
tions. The flame structure was further examined by assessing the appearance of the
flame inside the tubular flame burner from an oblique angle at 𝜙𝑡𝑜𝑡𝑎𝑙 = 1.27 (ID 4 in
Table 4.1). The image in Figure 4.6 shows that just a single flame front appeared. This
result indicates that the axial spray mixture merged with the tangential CH

4
/air mix-

ture from the tubular flame burner to produce a single flame front at the base of the
burner.
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Rich limit (Φ = 1.68)

Lean limit (Φ = 0.5)

Figure 4.4: Extinction limits of the tubular flame.

(a)Φtotal = 1.19

Φtotal = 1.27

Φtotal = 1.43

Φtotal = 1.59

Φtotal = 1.74

(b)

(c)

(d)

(e)

Figure 4.5: Photographic images of flames generated at 𝑄𝐶𝐻4 = 0.40 m3/h and 𝜙𝑇𝐹 =
1.0 using various 𝜙𝑡𝑜𝑡𝑎𝑙 .
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Tubular flame Quartz tube

Two-phase nozzle

Figure 4.6: Photographic image of the flame base (ID 4 in Table 4.1).

4.3.1.3 Spray flame assisted by a fuel lean tubular flame

Figure 4.7 shows the appearance of the spray combustion obtained with the assis-
tance of a fuel lean tubular flame (case [II-ii] in Table 4.1). The equivalence ratio of
the mixture supplied to the tubular flame, 𝜙𝑇𝐹, during these trials was 0.59 and the
associated 𝜙𝑡𝑜𝑡𝑎𝑙 values were 0.81, 0.88, 1.04, 1.20 and 1.36. In Figure 4.7, it can be seen
that a shorter flame was obtained at 𝜙𝑡𝑜𝑡𝑎𝑙 = 0.88 and 1.04, and that decreasing 𝜙𝑡𝑜𝑡𝑎𝑙

to 0.81 or increasing the value to 1.36 gave longer flames. These results demonstrate
that the length, and thus the structure, of the direct spray combustion obtained with
the support of the tubular flame can be qualitatively predicted by the total equivalence
ratio.

4.3.1.4 Spray flame with tangential air (𝜙𝑇𝐹 = 0.0)

The flame appearance was also investigated during spray combustion with tangential
air but without methane, as shown in Figure 4.8. From these images, it is apparent
that a flame could be formed even under super lean conditions with 𝜙𝑡𝑜𝑡𝑎𝑙 values of
0.24, 0.31 and 0.47, which were below the lower flammability limit of methane/air and
ethanol/air mixtures. The corresponding flames were conical and exhibited weak lumi-
nosity along with yellow light emission at the flame tips. These characteristics suggest
that an ethanol/air diffusion flame formed around the fuel spray. However, increasing
the total equivalence ratio to 0.63 established a tube-shaped flame. This change likely
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originated from the rapid mixing of the ethanol spray and the surrounding air based
on the swirling flow, indicating that the swirling air provided rapid mixing of the fuel
spray with air.

Φtotal = 0.81

Φtotal = 0.88

Φtotal = 1.04

Φtotal = 1.20

Φtotal = 1.36

(a)

(b)

(c)

(d)

(e)

Figure 4.7: Photographic images of flames generated at 𝑄𝐶𝐻4 = 0.25 m3/h and 𝜙𝑇𝐹 =
0.59 using various 𝜙𝑡𝑜𝑡𝑎𝑙 .

Φ = 0.24

Φ = 0.31

Φ = 0.47

Φ = 0.63

Φ = 0.79

(a)

(b)

(c)

(d)

(e)

Figure 4.8: Photographic images of flames obtained by the tubular flame burner using
swirl air but not methane/air mixture.
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4.3.2 Flame chemiluminescence

To better understand the flame structure, the flame base (which primarily determines
flame stability and global flame behavior) was observed during operation of the opti-
cally accessible tubular flame burner. Figure 4.9 provides a schematic of this burner,
which was constructed of quartz and had the same dimensions as the burner shown in
Figure 4.1, including an inner diameter of 26 mm and tangential injection hole diame-
ter of 3 mm. The burner had a length of 72 mm and so was longer than that shown in
Figure 4.1, to allow better observation of the flame base. Ethanol was sprayed directly
into the tubular flame burner by the two-fluid nozzle installed at the bottom of the
burner and the total length of the burner and combustion chamber was approximately
315 mm. This length was also almost equal to that of the burner shown in Figure 4.1.
Flames were observed using an ICCD camera (Andor, i-star DH734) through a spec-
trometer (Andor, Shamrock SR-303i) incorporating a 300 lines/mm grating and using
a slit width of 100 𝜇m and gate width of less than 500 𝜇s. A total of 100 images were
acquired during each experimental run and then averaged.

Figure 4.9: A diagram of the optically accessible tubular flame burner.

As shown in Section 3.1.4, a tube-shaped flame was established even without methane.
Therefore, the effects of the tubular flame and its conditions on the flame base behav-
ior were examined using three 𝜙𝑇𝐹 values with almost the same 𝜙𝑡𝑜𝑡𝑎𝑙 value of 0.83.
Because of the insufficient thermal resistance of the optically accessible burner, obser-
vations were made only for the three sets of conditions summarized in Table 4.2. These
trials were: [i] 𝜙𝑇𝐹 = 0 (without a tubular flame), [ii] 𝜙𝑇𝐹 = 0.45 (with a methane/air
mixture but outside the flammable range) and [iii] 𝜙𝑇𝐹 = 0.55 (with a tubular flame).
Although 𝜙𝑡𝑜𝑡𝑎𝑙 was approximately 0.83 in all cases, the spray flame was assisted by
the tubular flame only for case [iii].
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Photographic images of the resulting flames are shown in Figure 4.10, and demon-
strate that the flame base in the burner could be clearly observed. In trial [i] (Fig-
ure 4.10a), the flame base was lifted and so the sprayed fuel was evidently mixed
with the tangential air in the lifted region such that the flame was stabilized by the
swirling gas flow. This scenario is undesirable because the resulting flame position
and structure are determined by the mixture formed in the lifted region and so cannot
be controlled. During trial [ii], the flame exhibited unstable motion and the flame base
propagated either upstream (toward the spray nozzle) or downstream intermittently.
Figures 10b and b’ illustrate the instantaneous appearance of lifted (b) and anchored
(b’) flames. The formation of a lifted flame was not unexpected in the case of trial
[ii] because the 𝜙𝑇𝐹 value of 0.45 was outside the flammable range. However, because
this value was close to the lean flammability limit of a methane/air mixture, the ad-
dition of a small amount of ethanol from the axial spray may have resulted in the
transient formation of a tubular flame (Figure 4.10b’), followed by intermittent motion
of the flame base. Upon further increasing 𝜙𝑇𝐹 to 0.55, unstable flame motion was no
longer observed because of the assistance of the tubular flame. These results clearly
indicate that the base of the spray flame, which dominated the global flame behavior,
was strongly stabilized when the mixture for the tubular flame was in the flammable
range.

Figure 4.10: Appearance of the burner (left) and flames for (a) case [i], case [ii], (b)
lifted and (b’) anchored, and (c) case [iii].
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To permit a quantitative evaluation of flame position and structure, the axial dis-
tributions of OH∗, CH∗ and C2

∗ luminescence along the center axis of the burner (at
the radial center position 𝑟 = 0) are shown in Figure 4.11. Because the flame showed
markedly unstable behavior for case [ii], the results for case [i] (Figure 4.11a) and [iii]
(Figure 4.11b) are shown. Note that, in this figure, the relative chemiluminescent in-
tensity normalized by each maximum value is plotted against axial distance, 𝑥, where
𝑥 = 0 is the bottom of the burner and the tip of spray nozzle is at 𝑥 = 10 mm. In trial
[i] (Figure 4.11a), it is clear that the flame luminosity (that is, the intensity) was quite
low for 𝑥 = 0 to 40 mm, and that the flame base was lifted from the burner base. The
intensities of OH∗, CH∗ and C2

∗ chemiluminescence increased gradually beginning at
𝑥 = 40 mm and were maximized in the range of 55 to 60 mm. In addition, the C2

∗

chemiluminescence increased earlier than the OH∗ and CH∗ emissions. This result in-
dicates that the base of the lifted flame experienced fuel rich conditions even at 𝜙𝑡𝑜𝑡𝑎𝑙 =
0.83, because c luminescence tends to be intense when the mixture is oxygen deficient
and carbon rich. In such a situation, precise control of the particle properties by chang-
ing the equivalence ratio is difficult in the lifted flame. For case [iii] (Figure 4.11b),
the intensities of the OH∗, CH∗ and C2

∗ chemiluminescence outputs increased sharply
from 𝑥 = 10 mm (corresponding to the spray nozzle tip) and peaked in the range of
𝑥 = 20 to 30 mm. Further downstream, the OH∗ chemiluminescence was higher than
those associated with CH∗ and C2

∗, possibly because considerable heat was released
from the fuel spray assisted by the tubular flame in this region. In the downstream
region, a fuel lean flame was formed, as shown by the more intense OH∗ emission
compared with the CH∗ chemiluminescence. These data clearly demonstrate that a
well-controlled flame base could be formed with the assistance of a tubular flame even
in conjunction with the direct axial spray of a liquid fuel.

4.3.3 Temperature profile

The flame temperature is one of the dominant factors during flame aerosol synthesis.
Consequently, the radial distributions of gas temperature were assessed through the
measurement holes (see Figure 4.1) under the conditions for ID 9 in Table 4.1 (𝜙𝑡𝑜𝑡𝑎𝑙

= 0.88) that were used to generate nanoparticles as described in Section 3.4. From the
results in Section 3.2, the conditions for ID 9 (𝜙𝑇𝐹 = 0.59) could also establish a well-
controlled flame base because the mixture for the tubular flame was in the flammable
range. Furthermore, the total equivalent ratio of 0.88 is the fuel-lean condition, which
can provide an oxidizing atmosphere for formation of oxide particles. In an additional
trial, the temperature used for ID 10 (𝜙𝑡𝑜𝑡𝑎𝑙 = 1.04) was also employed for comparison
purposes. Note that the appearance of these flames has already been shown in Fig-
ure 4.7b and c. Figure 4.12 provides images of the resulting flames with 𝑍 = 55 and
125 mm indicated (see also Figure 4.7b and c). 𝑍 = 55 mm corresponded to the middle
of the flame while 125 mm was in the burned gas region for both 𝜙𝑡𝑜𝑡𝑎𝑙 = 0.88 and
1.04.

The radial distributions of gas temperatures are shown in Figure 4.13 for 𝑍 = 55

and 125 mm. Here, the temperature at each measurement point is plotted against the
radial distance from the burner wall, where 𝑟 = 0 is the center axis while 13 mm is
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Figure 4.11: Spectral intensity distributions of OH∗, CH∗, and C2
∗.

the burner wall. In Figure 4.13a, it can be seen that the temperature for 𝜙𝑡𝑜𝑡𝑎𝑙 = 0.88

at 𝑍 = 55 mm was quite low (less than 200°C near the burner wall in the range of 𝑟

= 10–13 mm). This finding indicates that a stable tubular flame was formed that also
stabilized the inner region of the tangentially injected cold unburned gas. The gas
temperature drastically increased beginning at 𝑟 = 9 mm and exceeded 1600°C at 𝑟

= 5 mm. After reaching a maximum of 1720°C at 𝑟 = 4 mm, the temperature slightly
decreased on going toward the center axis. As indicated in Figure 4.13a, the adiabatic
gas temperature for the ID 9 trial was calculated to be 1844°C using the NASA CEA
chemical equilibrium program. This value is close to the adiabatic temperature even
with the direct injection of ethanol. It should also be noted that the mixture based
solely on the ethanol spray was super fuel-rich (𝜙 = 6.8). Even so, the temperature
was sufficient for the synthesis of nanoparticles using the tubular flame. In the axial
downstream direction (Figure 4.13b, 𝑍 = 125 mm), the gas temperature for 𝜙𝑡𝑜𝑡𝑎𝑙 = 0.88

exceeded 1000°C at almost all measurement points because the cross-section was filled
with hot burned gas. The maximum temperature of 1610°C was less than that at 𝑍 =
55 mm as a result of heat loss to the combustor wall. Figures 13a and b also present
the gas temperatures for 𝜙𝑡𝑜𝑡𝑎𝑙 = 1.04, which exhibit a similar trend to the data for
𝜙𝑡𝑜𝑡𝑎𝑙 = 0.88. The maximum temperature at 𝑍 = 55 mm is low, possibly because of the
exceedingly fuel-rich main spray flow (𝜙 = 10 for the ethanol spray mixture), although
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a temperature of 1790°C was obtained at 𝑍 = 125 mm. These results indicate that a
highly stable main flame was obtained together with a high temperature environment
when using a fuel-lean tubular flame, even during the direct injection of liquid fuels
into the burner.

Φtotal = 0.88

Φtotal = 1.04

Z = 0 mm
55 mm
Measurement position

125 mm

Figure 4.12: Flame appearance and temperature measurement positions for 𝜙𝑡𝑜𝑡𝑎𝑙 =
0.88 and 1.04.

Figure 4.13: Radial distributions of gas temperatures at 𝑍 = (a) 55 and (b) 125 mm.

4.3.4 Particle synthesis

The TTIP or HMDSO precursors were dissolved in ethanol and subsequently sprayed
into the tubular flame burner to produce TiO

2
or SiO

2
particles via flame aerosol syn-



4.3 results and discussions 69

thesis using the newly developed burner. Specifically, a 4 mL/min flow of the precur-
sor solution was sprayed through the two-fluid nozzle and ignited. The combustion
of this flow was sustained by the premixed tubular methane/air flame, under the con-
ditions comprising 𝑄𝐶𝐻4 = 0.25 m3/h and 𝑄𝑎𝑖𝑟 = 4.0 m3/h (ID 9 in Table 4.1). When
fine particles are produced using tubular flames, the equivalent ratio influences the
chemical composition of the synthesized particles [123]. Under fuel-lean combustion
conditions, the presence of excess oxygen accelerates the oxidation reaction, resulting
in formation of oxide particles. In the case of fuel-rich combustion conditions, an ul-
tralow O

2
atmosphere can be achieved in the combustion gas region, and the reduction

reaction of fine particles is promoted by the presence of reducing gases such as CO and
H

2
. In this study, the total equivalent ratio was set to the fuel-lean condition because

the aim was to synthesize oxide particles.
Both the precursor droplets using TTIP and HMDSO were processed into dry fine

particles using the high-temperature field (above 1700°C, see Section 3.3) of stable
spray combustion with the assistance of a tubular flame. The morphologies of the re-
sulting particles were examined by SEM. Figure 4.14a shows an image of the TiO

2

particles, which were spherical and primarily had sub-micrometer sizes. In contrast,
the SiO

2
particles shown in Figure 4.14a were aggregated, although the primary par-

ticle sizes were in the range of 20–30 nm. During liquid-fed aerosol synthesis, the for-
mation of particles proceeds by both droplet-to-particle and gas-to-particle conversion
processes [7, 32, 73]. Gas-to-particle conversion leads to the production of nanoparti-
cles via nucleation and growth by coagulation and coalescence in the gas phase, while
droplet-to-particle conversion forms submicron-sized particles by precursor precipita-
tion inside the droplets in conjunction with various reactions. Figure 4.14b shows the
XRD patterns of the obtained particles. The pattern of flame-made TiO

2
indicates that

these particles had two TiO
2

crystal structures: rutile (COD no. 9007531) and anatase
(COD no. 9009086). By contrast, the broad diffuse halo in the XRD pattern of the SiO

2

particles indicates the presence of a mostly amorphous material.
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Figure 4.14: SEM images (a) and XRD patterns (b) of TiO
2

and SiO
2

particles gener-
ated in the flame.

4.4 conclusions

A novel spray combustion process was developed, assisted by a tubular flame with a
liquid fuel axially injected by a two-fluid nozzle and mixed with subsequent combus-
tion in a tubular flame burner. This technique was employed to synthesize TiO

2
and

SiO
2

particles. The following conclusions were made based on the present results.

1. A stable, homogeneous flame can be established using an axially sprayed liquid
fuel and a tangentially injected pilot fuel and air mixture over a wide range of
total equivalence ratios.

2. A spray flame can be obtained without a pilot fuel. However, the flame shape is
not tubular but rather becomes conical as 𝜙𝑡𝑜𝑡𝑎𝑙 is decreased from 1.0. Neverthe-
less, stable combustion can be obtained when using a strong swirl flow.

3. The base of the main flame is greatly stabilized when the mixture used to pro-
duce the tubular flame is in the flammable range.

4. The radial temperature distribution of the flame established in the newly devel-
oped burner has an M shape during the combustion of premixed gases and the
temperature near the burner wall is maintained at a low temperature because of
the self-cooling effect of unburned gases.

5. TiO
2

or SiO
2

particles can be successfully synthesized in this burner and the XRD
patterns of the as-prepared TiO

2
particles indicate rutile and anatase phases.
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C O N C L U S I O N S A N D F U T U R E P E R S P E C T I V E S

Combustion-based particle synthesis is not only a method for industrial mass pro-
duction of nanoparticle materials such as carbon black and titanium dioxide, but has
significant potential as a fabrication technique for various functional particles and nan-
odevices. Tubular flame combustion allows precise control of the flame temperature
and combustion gas composition owing to its thermal and aerodynamic advantages.
In this dissertation, we evaluated the effect of the combustion characteristics of the
tubular flame on particle properties, aiming to demonstrate the first application of
tubular flames as a reaction field for particle synthesis. A summary of this study is
given below.

1. For the first time, WO
3

nanoparticles were synthesized using tubular flame com-
bustion. To synthesize WO

3
nanoparticles using a flame method, the gasification

of WO
3

must be induced. Therefore, a high calorific value, i.e., a high flow rate of
fuel gas, must be used for combustion. For tubular flames, the conductive heat
loss is negligible, and an almost adiabatic flame temperature can be achieved.
We successfully synthesized WO

3
nanoparticles by introducing an aerosol of am-

monium tungstate solution generated by ultrasonic atomization into a tubular
flame combustor and burning it. The particle size of WO

3
could be controlled

in the nano to submicron range by adjusting the residence time in the tubular
flame. A comparison test using a Bunsen flame was conducted, and it was found
that the tubular flame had a high thermal advantage.

2. Metal tungsten nanoparticles were synthesized using fuel-rich tubular flame
combustion. Because the flame aerosol process uses the combustion reaction (ox-
idation reaction) of materials, oxide particles are generally obtained. The tubu-
lar flame can precisely control the combustion gas composition because of its
high combustion efficiency. Here, we successfully synthesized tungsten metal
nanoparticles using tubular flame combustion with excess fuel to achieve a high
concentration of reducing gas and a non-oxygen atmosphere. The oxygen and
CO concentrations in the combustion gas were directly measured, and the opti-
mum equivalence ratio conditions were determined. It was shown that the syn-
thesis atmosphere could be controlled by adjusting the equivalence ratio, and the
degree of tungsten oxidation could be controlled.

3. A tubular flame burner for particle synthesis that can combust liquid fuels was
fabricated. The synthesis process that can use various states of raw materials
enriches the variety of the materials synthesized and contributes to reducing
the cost of the prepared particles. Here, we fabricated a new tubular flame
burner that can supply flammable liquid from the axial direction of the tubular
flame and determined the characteristics of the flame formed. The tubular flame
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74 conclusions and future perspectives

had high stability, which enabled stable combustion and particle synthesis, even
when the liquid was sprayed from the axial direction. In addition, the detailed
flame structure was revealed by the direct observation of flames and spectral
analysis of chemiluminescence, and the optimum conditions for the formation
of the tubular flame were determined.

Since its discovery in 1984 [47], the tubular flame has not only been used as a new
flame element in cylindrical systems for fundamental combustion studies, but has also
been applied to various practical combustors. However, its application to the field of
particle synthesis is still in the early stages, and further development is required ex-
perimentally, theoretically, and computationally. The development of particle synthesis
using tubular flame combustion requires focus on the following points.

1. Particle Spheroidization:

Powder materials widely used in industry are required to have spherical mor-
phology to improve fluidity, reduce equipment damage during transportation,
and improve packing efficiency. For this reason, a flame or plasma process is
used for the spheroidization of particles. However, the temperatures of flames
and plasmas are difficult to control, and the molten materials coalesce in the high-
temperature gas phase to form spherical particles of micron size or larger. Tubu-
lar flames allow precise control of the flame temperature so that spheroidization
can be performed at a temperature that matches the melting point of the material,
and the properties of the spherical particles can be controlled.

2. Two-stage Combustion in a Tubular Flame Burner:

The tubular flame can be easily incorporated into various processes because of its
tubular shape and high stability. By incorporating the tubular flame downstream
of various continuous gas-phase synthesis processes, such as spray pyrolysis,
CVD, plasma, and flame processes, it is possible to functionalize particles in the
vapor phase. Specifically, synthesis of core-shell particles, reduction, spheroidiza-
tion, and exhaust gas cleaning are expected to be possible. Furthermore, because
the tubular flame is formed in a swirling flow, the particles in the flame are
mixed with the gas, and uniform target particles can be obtained.

3. Tubular Flame Annealing:

Recently, flame annealing and its combination with liquid-phase synthesis (sol-
flame synthesis) have been developed [124–130]. Particles and films obtained by
various synthesis methods are often subjected to calcination in an electric fur-
nace to improve purity and sintering. However, sintering in an electric furnace
requires a long calcination time, which leads to higher costs. The flame can in-
stantly provide a high temperature to supply high energy to the material in a
short time. By applying a tubular flame to the flame annealing process, the flame
temperature and combustion gas composition, which are difficult to control, can
be managed, and the material properties can be more closely controlled.
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S U P P O RT I N G I N F O R M AT I O N : T U B U L A R F L A M E C O M B U S T I O N
F O R N A N O PA RT I C L E P R O D U C T I O N

a.1 structure of a tubular flame for nanoparticle production

Figure A.1 shows detail of the tubular flame used for nanoparticle synthesis. As shown
in Figure A.1 left, a laminar tubular flame front can be established in the burner, in
which the inner region is filled by combusted gas and the outer region is surrounded
by non-combusted gas. In Figure A.1 right, an image of the tubular flame established
inside the burner is illustrated. A tubular flame front is established near the tangential
inlets (Tubular flame; Figure A.1, right); however, the visible tubular flame front ends
when the whole unburned mixture is consumed (End of the visible flame; Figure A.1,
right), and the axially downstream region of the flame is filled with combusted gas.

Burnt gas
Tubular flame
Unburned gas

CH4 + Air
Burner wall

Unburned gas

Precursor + Ar

CH4 + Air

Burner wall
Tubular flame

Burnt gas

End of the visible flame

Figure A.1: Schematic diagram of the structure of a tubular flame for nanoparticle production.
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a.2 structure of a tubular flame burner

Figure A.2 shows detail of a tubular flame burner used in this study.

1
2
3

100 mm

15 mm
15 mm
15 mm

20 mm

23 mm

1

23 mm

3 1/4 inch2

20 mm

3 
m
m

Tubular flame

Figure A.2: Structure of a tubular flame burner.
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a.3 temperature distribution of tubular flame

The temperature distribution of tubular flame was directly measured using a thermo-
couple. As shown in Figure A.3, the maximum temperature of 1623°C were obtained
when the 𝑄𝑐 = 0.1 m3/h at 𝑍 = 20 mm. When Ar (carrier) gas of 0.1 m3/h at 20°C
is heated by combustion gas (CH

4
flow rate: 0.1 m3/h, Air flow rate: 0.95, adiabatic

flame temperature: 1954°C), the mean temperature is 1888°C. The measured temper-
ature and its correction were reasonable considering heat losses to quartz glass tube
and burner exit. The temperature at the point where the precursor passes through the
tubular flame (𝑟 = 0, 1, 2, 3 mm) tended to decrease as 𝑄𝐶 increased.

Figure A.3: Temperature distribution of tubular flame at various carrier gas flow rates.
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a.4 tem images of tubular flame-made wo
3

particles

TEM images of WO
3

particles made in tubular flame at different 𝑄𝐶 are depicted in
Figure A.4.

Figure A.4: TEM images of tubular flame-made WO
3

particles at 𝑄𝐶 = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.5
m3/h.
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a.5 structure of a bunsen burner

Figure A.5 shows detail of a Bunsen burner used in this study for comparison of
tubular flame.

Figure A.5: Structure of a Bunsen burner.
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a.6 xrd patterns of bunsen and tubular flame-made wo
3

particles

The XRD patterns of Bunsen and tubular flame-made WO
3

particles are depicted in
Figure A.6.

Figure A.6: XRD patterns of Bunsen and tubular flame-made WO
3

particles.
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R E D U C I N G G A S R E G I O N O F T U B U L A R F L A M E S

b.1 conventional flame-assisted spray pyrolysis system

Cross section

Particles

Flame

Unburned fuel
Oxidizer and 
burned gas

Fuel

Oxidizer

Oxidizer

Coflow diffusion flame

Figure B.1: Schemes illustrating conventional flame-assisted spray pyrolysis system.
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b.2 tubular flame burner

Do A

A

Ds

DInj

Quartz Combustion Tube

Tangential Slits
Tubular Flame Burner
(Shaded part)

Injection Tube

A-A cross section

Figure B.2: Schematic diagram of tubular flame burner used in this study.
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b.3 swirl numbers

An important parameter that can affect flame characteristics, and hence the synthesis
of tungsten nanoparticles, is the swirl intensity. Swirl flow enhances the flame stability,
and creates uniform distributions of gaseous temperature and concentration. The swirl
number, which is defined by the following equation, is a measure of the swirl intensity:

𝑆𝑊 =
𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑇𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑚𝑜𝑡𝑖𝑜𝑛 × 𝑅𝑏

=

(
𝜌𝐶𝐻4𝑄𝐶𝐻4𝑤𝐶𝐻4 + 𝜌𝐴𝑖𝑟𝑄𝐴𝑖𝑟𝑤𝐴𝑖𝑟

)
𝐴𝑏(

𝜌𝐶𝐻4𝑄𝐶𝐻4 + 𝜌𝐴𝑖𝑟𝑄𝐴𝑖𝑟 + 𝜌𝐶𝑄𝐶

) (
𝑄𝐶𝐻4 +𝑄𝐴𝑖𝑟 +𝑄𝐶

) (2)

where 𝑅𝑏 is the burner radius [m], 𝜌 is the density [kg/m3], 𝑄 is the volumetric
flow rate [m3/h], 𝑤 is the velocity [m/h], and 𝐴𝑏 is the cross-sectional area of the
combustion tube [m2]. The parameter 𝑆𝑊 corresponds to the intensity of the swirl
flow and is derived from the angular momentum to translational momentum ratio.
Increases in the flow rates of tangential air and CH

4
increase 𝑆𝑊 , whereas an increase

in the axially supplied carrier gas flow rate decreases 𝑆𝑊 . Figure B-3a and b show
that 𝑆𝑊 exceeded 0.60 under all the experimental conditions used. This indicates that
a strong swirl flow formed inside the tubular flame burner. Figure A.3b shows that
an increase in the carrier gas flow rate from 0.05 to 0.20 greatly decreased 𝑆𝑊 , from
30 to 17, i.e., when 𝑄𝐶 = 0.20, the mixture was highly diluted and the swirl intensity
was weak. Even under such conditions, a stable tubular flame can be formed inside
the burner, as shown in Figure B.3b. The tubular flame is therefore stable enough for
tungsten nanoparticle synthesis, even when the inert carrier gas flow rate is high.

Experimental conditions Experimental conditions

(a) (b)

Equivalence ratio Φ [-]

S
w

irl
 n

um
be

r S
W
 [-

]

S
w

irl
 n

um
be

r S
W
 [-

]

Carrier gas flow rate QC [m3/h]

Figure B.3: Swirl numbers for various equivalence ratios (a) and carrier gas flow rates (b).
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b.4 flame appearances without carrier gas

Φ = 0.88

Φ = 1.0

Φ = 1.12

Φ = 1.25

Burner wall Gas flow

Figure B.4: Flame appearances at various equivalence ratios without carrier gas. Tubular flames can
be established under all conditions.
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b.5 equilibrium concentrations of combustion gas

Figure B.5: Equilibrium concentrations of major gaseous combustion products. At 𝜙 > 1, hydrogen
is considered to be present in the combustion gas as a reducing gas in addition to CO.



86 si : utilization of inner reducing gas region of tubular flames

b.6 sem images of particles produced at various equivalence ratios

2.0 μm

c

2.0 μm

d
2.0 μm

b

2.0 μm

a

Figure B.6: SEM images of particles produced at various equivalence ratios: 𝜙 = (a) 1.25, (b) 1.12, (c)
1.0, and (d) 0.9.
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b.7 tem images and particle size distribution

Additional TEM images of sample no. 7 are shown in Figure B.7. The size distribution
was determined by counting 310 particles. The geometric mean diameter and geomet-
ric standard deviation are 9.24 nm and 1.30, respectively.

200 nm 50 nm

50 nm50 nm

50 nm

Geo. Mean: 9.24 nm
Geo. Std. Dev: 1.30

Figure B.7: TEM images and particle size distribution of sample no. 7.
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b.8 xps spectra without ar
+

etching

WOx WOx

WO3 WO3

W 4f(a) (b) W 4f

Figure B.8: XPS spectra of (a) tungsten oxide particles (sample no. 1) and (b) mixtures of tungsten
metal and oxide nanoparticles (sample no. 7) produced in tubular flames without Ar+

etching.
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