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Abstract−Liquid carbon dioxide (LCO2) could potentially be utilized in coal gasification plants for effectively trans-
porting coal particles, replacing conventional carriers such as water (H2O), particularly in wet-fed gasifiers. However, it
is essential to understand the atomization behavior of LCO2 leaving an injector nozzle under both coal-free and coal-
fed conditions. We examined the atomization behavior of a coal-LCO2 slurry during the throttling process. The injec-
tor nozzle was mounted downstream of a high-pressure spray system. The effect of upstream pressure on flash atomi-
zation and devolatilization behavior was presented. Compared with the coal-LCO2 mixture, the spray pattern of the
coal-water mixture was significantly different, since it evidenced a Rayleigh-type breakup mode. This difference indi-
cates that the coal-water slurry did not transport the coal as effectively as the coal-LCO2 slurry.
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INTRODUCTION

Coal gasifiers could potentially utilize abundant coal worldwide
for the production of either electricity or high-quality synthetic fuel.
Although this process may produce less greenhouse emissions than
conventional coal-fired power plants, it has been observed that
existing gasifiers with slurry feeding, i.e., using water (H2O) as the
transport medium to deliver coal, exhibit diminished performance,
particularly when low-rank coal (LRC) is used. Unless a drying
unit is installed separately, the excess H2O content in LRC reduces
the portion of coal in the mixture, and therefore the amount of
synthetic gas converted from the coal. To solve this problem, it is
desirable to develop a new coal supply technology, in which slurry
mixtures of pressurized liquid carbon dioxide (LCO2) and LRC are
delivered. The LCO2 is used to transport coal in a more efficient
manner, as compared with conventional carriers such as H2O.
This may provide another route for utilizing CO2 emissions in the
coal gasification sector. To implement this technology, it is essen-
tial to understand the hydraulic and spray characteristics of slurry
mixtures at different operating conditions, such as pressure, tem-
perature, and flow velocity.

It has been suggested that coal feeding with LCO2 could increase
the blending ratio of coal in the transport medium as compared
with its transport with H2O [1-3]. This would be very useful when
LRC with high moisture content near the coal surface, or through
the entire coal volume, is used. The increased blending ratio is at-
tributable to the combined effects of the lower viscosity and better
wettability of LCO2 with the internal and external surfaces of the
coal. This enhanced adsorption of LCO2 into the coal definitely pre-
vents water from reentering the coal pores. This behavior is demon-
strated in the LICADO process, where mineral and water content

is separated from the coal-LCO2 slurry [1].
Meanwhile, compressed LCO2 has a different impact on the atom-

ization and subsequent pyrolysis characteristics at the injector noz-
zle of slurry-fed gasifiers when LCO2 slurry is sprayed. Compared
to the conventional spray pattern of H2O, LCO2 produces effective
breakup, leading to smaller liquid droplets, because of lower vis-
cosity and higher momentum flux. This helps transport coal parti-
cles more uniformly inside the gasifier. This feature of better dis-
persion is more attractive since it requires less heat release from
partial combustion and thus less oxygen supply to the coal gasifiers.

Application of LCO2 to the impact cleaning of snow particles has
been found in the literature [4]. In this process, CO2 is expanded
through a nozzle from a high pressure to an atmospheric pressure
condition. The flash atomization and breakup mechanism of LCO2

were examined using different liquid contents during the throt-
tling process across the nozzle. At some condition, the LCO2 expe-
riences a sudden pressure drop below saturation pressure. LCO2

with different levels of superheat was investigated to understand
the characteristics of flashing spray and snow particle formation.
Zeng and Lee developed an atomization model for sprays in flash
boiling conditions, and found that such sprays atomized by bub-
ble growth, resulted in a smaller droplet size than that generated
using aerodynamic force alone [5]. Recently, the spray characteris-
tics and particle size of CO2 produced by flash boiling have been
getting more and more attention. Liu et al. used the laser diffrac-
tion method and model validation to determine the particle size
distribution of the spray [6]. Liquid droplets and solid particles with
a size of a few microns were observed [7]. However, the behavior
of coal transport by the atomization of LCO2 has not been experi-
mentally evaluated.

In other research, supercritical CO2 was used to extract water
from LRC and to prepare activated coals with a high surface area
per volume [8-10]. This is known as the low-temperature drying
process. The enhanced adsorption/desorption behavior of com-
pressed CO2 was used for other applications, such as incorporat-
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ing other low-molecular weight compounds (i.e., adhesives) into
glassy polymers [11]. This effect is due to the high diffusivity, solu-
bility, and plasticizing action of compressed CO2 in polymers. When
pressure is released, absorbed CO2 rapidly diffuses from the poly-
mer, while other bonding compounds desorb more slowly during
the infusion process.

There are many reports on the atomization of coal-water slurry
(CWS) that primarily focus on the atomizer performance and
mean droplet diameter [12,13]. Furthermore, some morphology
results for coaxial two-fluid air-blast atomization have been docu-
mented in the literature [14]. In particular, four different breakup
modes were identified, depending on the magnitude of the co-
flowing air velocity. When the viscosity of CWS is low, the CWS jet
experiences a Rayleigh-type breakup at low air velocities. In con-
trast, the CWS jet undergoes a fiber-type breakup at high air veloci-
ties. When the air velocity is extremely high, the CWS jet is within
the normal breakup region. Dechelette et al. studied the high-
speed visualization of shear-thinning liquid jet breakup, which
characterizes non-Newtonian liquid jet behavior [15,16].

In this study, the spray patterns of a coal-LCO2 mixture were
examined during the throttling process. The injector nozzle was
mounted downstream of a high-pressure flashing spray system, while
the downstream pressure was controlled by a back pressure regu-
lator. A microscopic shadowgraph apparatus and gas analyzer were
used to evaluate the flash atomization and devolatilization process
presumably occurring during the throttling process.

EXPERIMENTAL SETUP

1. Flashing Spray Visualization System
Fig. 1 presents a schematic diagram of the high-pressure flash-

ing spray system used in this study. It consisted of an upstream
chamber (vessel), a middle block, and a downstream chamber (ves-

sel). The middle block and two chambers had an optical quartz
window to permit visualization of internal cavitation and flashing
spray behavior during the throttling process. The window was
designed to withstand pressures up to 100 bar at a peak tempera-
ture of 80 oC, and a pressure relief valve was installed to prevent
pressure rises beyond this limit.

The saturated mixture of CO2 was achieved by adjusting the
temperature and mass of the solid CO2 (SCO2, dry ice). Different
chamber temperatures were achieved with the use of a constant
temperature bath. As seen in the figure, the nozzle was installed
between the middle block and the downstream chamber. It was
300 mm long with an internal diameter of 0.4 mm. Two different
materials are used for nozzles. Some are made of transparent Pyrex,
so that the flow pattern inside the nozzle is visible. This is import-
ant for checking the capillary action in the low velocity condition
and the cavitation phenomenon in the high velocity condition.
However, a copper nozzle was used for this study. A data acquisi-
tion system was utilized to monitor the temperature and pressure
inside each chamber, and a flow controller unit was used to turn
the valves on and off pneumatically.

Three different phases of LCO2 were prepared at a constant
temperature by changing the pressures of the upstream and down-
stream chambers to 85/60, 75/50, and 65/40 bar. Nitrogen gas was
used as filler when a pressure increase was required beyond the
saturation pressure. The pressure difference between the two cham-
bers was maintained constant at 25 bar. Fig. 2 illustrates how the
three different initial states underwent different phase transitions,
by employing the P-T diagram of CO2. The pressure condition of
85/60 bar held the LCO2 in the liquid phase during the throttling
and subsequent spraying process. However, the LCO2 experienced
a phase transition from the liquid to the vapor phase at the condi-
tion of 65/40 bar. The constant pressure of the lower chamber was
made possible by a backpressure regulator mounted downstream
of the lower chamber. Otherwise, pressure in the lower chamber
would have increased as the liquid flow filled the lower chamber,
thereby compressing the gas. The dimensions of the high-pressure

Fig. 2. Schematic of spray test condition mapping in the P-T dia-
gram of CO2.Fig. 1. Schematic of the experimental setup.
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flashing spray system are listed in Table 1. The diameter of optical
window in the lower chamber is 5 cm providing the visualization
region. It was desirable to fit most of spray penetration into this
visualization region for all pressure conditions tested in this study.
As a result, wetting of the chamber bottom by spray plume should
be prevented. For this reason, we selected the nozzle with relatively
high ratio of length to diameter as discussed earlier.

A shadowgraph technique was employed to examine the flash-
ing spray patterns of the LCO2 and its slurry with coal. During the
throttling process across the nozzle, consecutive images were re-
corded at a frame rate of 1/40000 s using a high-speed camera. In
the meantime, the pressure difference was also measured, to relate
the spray patterns to the possibility of cavitation flow.
2. Coal Slurry Preparation and Characterization

The pulverized coal was weighed and mixed with the LCO2

according to the appropriate blending ratio. The mixture was then
poured into the upstream chamber. The magnetic stirring unit
was mounted in the middle of the upstream chamber. It was oper-
ated under high-pressure conditions to provide better mixing and
a more uniform dispersion of coal within the LCO2 before the throt-
tling and spray process occurred. The detailed properties of the
coal are listed in Table 2. Adaro coal was used to prepare the coal
slurries with LCO2 and H2O. The elemental composition and other
components contained in the coal were analyzed (Table 2). The
volatile content was 44.7 wt% on a mass basis, while the water and
mineral content was 8.3 and 0.9 wt%, respectively. The blending
ratio was 1.5% on a volume basis. The coal was pulverized to an
average diameter of 45-75µm. The gas composition of the coal
slurry was measured after the throttling process. The coal sample
was collected and analyzed to evaluate any changes in the mor-
phology and surface structure of coal at different spray conditions.

The coal conversion was calculated by using the ash trace method
and compositional changes during the throttling process (see Table
3). The ash fraction was measured between the initial coal and the
coal sample after flash spraying by using a thermogravimetric ana-
lyzer (TGA). The ash content between the two samples was as-
sumed to be constant when the initial amount of coal prior to the
throttling process (mo) was determined. The coal conversion (η)
was calculated accordingly from the two ash fractions by Eq. (1):

(1)

where ηa, o is the ash fraction of the initial coal sample, and ηa, t is
the ash fraction of the coal sample after experiencing the flashing
spray.

RESULTS AND DISCUSSION

1. Spray Patterns of LCO2

Fig. 3 gives the temporal variation of the differential pressure
between the chambers during the throttling process. There is an
abrupt change in the pressure decay, indicating the transition to
expanding vapor flow inside the nozzle. This transition, due to bub-
ble burst, is most noticeable during the throttling event encoun-
tered when pressure decreased from 65 to 40 bar. This condition
produced a sudden pressure drop sufficiently below saturation
pressure (~60 bar) at 22 oC inside the nozzle. During the decrease
in CO2 pressure, liquid droplets nucleated, which was accompa-

η  = 
mo - mt

mo
------------------  =1− 

mt

mo
------ =1− 

ηa, o

ηa, t
---------

Table 1. Dimensions of high-pressure flashing spray system
Parameters Description
Chamber shape Cylinder
Chamber diameter/length 5 cm/13.4 cm
Chamber volume 260 cm3

Capillary nozzle inner diameter 0.4 mm
Capillary nozzle length 300 mm

Fig. 3. Temporal variation of differential pressure between cham-
bers during the throttling process.

Table 2. Properties of coal used in this experiment
Analysis Contents Values

Proximate analysis
(wt%, wet basis)

Moisture 08.3
Volatile matter 44.7
Fixed carbon 46.1
Ash 00.9

Ultimate analysis
(wt%, dry ash free basis)

C 74.1
H 05.9
O 18.6
N 01.3
S 00.1

Density (kg/m3) 1,100

Table 3. Raw data of composition changes to calculate the coal con-
version by using the ash-trace method 

wt% Raw coal Coal sample after throttling
process at 65/40 bar

Moisture 08.3 04.9
Volatile 44.7 54.4
Fixed carbon 46.1 34.3
Ash 00.9 06.4
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nied by rapid liquid boiling into a gas bubble formation. In con-
trast, the LCO2 from depressurizing from 85 to 60 bar experienced
a continuous and smooth pressure decay during the throttling
process. This indicates that this higher pressure level preserves the
liquid phase inside the nozzle. In this experiment, the rate of pres-
sure decay may closely relate to the flow rate within the nozzle.
This observation is consistent with the results that vapor bubbles
within the nozzle may cause a reduced mass flow of liquid by
reducing the effective nozzle diameter [17]. For this reason, the
drastic reduction of pressure decay may indicate the bubble for-
mation that was observed especially for the pressure condition of
65/40 bar.

Fig. 4 shows spray patterns under different levels of upstream
pressure (pressure difference), observed through a high-speed cam-
era. There is a slight variation of spray pattern from one to other
frame although it is steady state behavior. For better clarity, the
image representing average characteristics was chosen in Fig. 4. As
expected, the internal flashing from bubble formation in the con-
dition of 65/40 bar caused a wider spray angle and shallower pen-
etration length. This is sometimes called a “bowl spray.” This re-
presents a high level of flash-atomization, which is an effective
breakup mechanism of the liquid column, due to a burst of bub-
bles. This results in a smaller droplet size. A similar phenomenon
to the bowl spray pattern was observed with increasing degree of
superheat in the modeling work of Senda et al. [18], and in the

experimental work of Lin et al. [4]. As the degree of superheat in-
creased, the breakup length became shorter, and the spray angle
became larger. However, a spray angle reduction due to air entrain-
ment occurred as the superheat was further increased [19]. Note
that the experiment of Lin et al. [4] was conducted during a throt-
tling process expanding to an atmospheric backpressure condi-
tion, which is different from the process used in the present work.
The expansion to atmosphere was more suitable for the impact-
cleaning process with LCO2 and snow particle. In contrast, an
expansion to higher downstream pressure (e.g., 40 bar) is more
realistic to simulate the condition of coal gasification unit.

In contrast, a narrower spray angle and deeper penetration were
observed during the flash boiling free condition of 85/60 bar. This
is considered a normal jet spray. This difference is attributed to the
higher velocity of the liquid flow inside the nozzle orifice. Fig. 5
depicts the dependence of the distribution of the atomized liquid
size on the degree of flash boiling. A conventional image analysis
technique was employed to obtain the particle size distribution.
The results show that the mean diameter of the liquid spray was
130µm for two spray conditions. However, the so-called normal

Fig. 4. Spray patterns under different levels of upstream pressure,
observed through a high-speed camera: (a) 65/40 bar, (b) 75/
50 bar, and (c) 85/60 bar.

Fig. 5. Dependence of atomized liquid size distribution on degree
of flash boiling: (a) 65/40 bar and (b) 85/60 bar.
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spray condition of 85/60 bar produced a greater deviation, as com-
pared with the bowl spray condition of 65/40 bar. Other peaks ap-
peared at low mean diameter ranging from 40-65µm. The simi-
lar behavior of droplet size distribution was observed in both
experiments of Lin’s [4] and Xiao and coworkers [20]. For exam-
ple, Xiao et al. demonstrated that the addition of CO2 in the diesel
spray produced much more uniform droplet size as a result of
flash separation of CO2 from the liquid.
2. Spray Patterns of Coal-LCO2 Slurry

In this experiment, coal was first mixed with LCO2 at a volume
ratio of 1.5%. The slurry was ejected from the nozzle orifice. Fig. 6
presents the spray patterns of slurry mixtures of LCO2 and coal at
the initial stage of spray development. In the flashing spray condi-
tion of 65/40 bar, coal particles can be seen in most of the vapor
flow in the shadow image. In contrast, the coal particles were trans-
ported inside dense liquid droplets in the non-flashing spray con-
dition of 85/60 bar so that they were not seen. The higher velocity
delivered the coal particles more uniformly into downstream of
the chamber fitted with nozzle orifice. As gasification results are
dependent on the mass transport rate and particle velocity, it is
important to understand the fundamentals of slurry atomization
[21,22].

Fig. 7 compares the gas composition of the LCO2-coal slurry
measured after the throttling process at two pressure conditions:
(a) 65/40 and (b) 85/60 bar. During the gas sampling, the system
was vented to the atmosphere and part of the ejected gas was fed
to the gas analyzer. During gas sampling, oxygen concentration

decreased from 21 to 0% and the CO2 concentration increased.
The CO and total hydrocarbon (CxHy) concentration increased to
a certain level, even if small, during the flashing spray condition of
65/40 bar. However, a CO and CxHy concentration was not detected
during the non-flashing spray condition. This difference indicates
the possibility of flashing or destructive devolatilization processes
of coal when the coal particles are sprayed under the LCO2 vapor
flow condition.

When internal flashing of LCO2 occurs due to the pressure drop
during the throttling process, coal particles may also be involved
in the drastic pressure drop and thus produce light volatile prod-
ucts such as CO and H2, or heavy hydrocarbons such as tar. Such
gas releases seem to be more favorable when the surrounding is in
the vapor phase, rather than in the liquid phase. Gas might be

Fig. 7. Gas composition of LCO2-coal slurry measured after throttling process: (a) 65/40 bar and (b) 85/60 bar.

Fig. 8. Schematic diagram of (a) H2O extraction process on the coal
surface due to pore increase during a throttling process, and
(b) H2O and volatile extraction process on the coal surface
due to pore increase and bonding weakening during the throt-
tling process.

Fig. 6. Spray patterns of slurry mixtures of LCO2 and coal at initial
stage of spray development: (a) 65/40 bar and (b) 85/60 bar.
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transferred to the surroundings more rapidly by flash boiling vapor
than by the liquid once the gas is released from the coal surface.
The adsorbed CO2 interacts with oxygen functional groups to
weaken the hydrogen bonding among the coal macromolecules.
This results in the release of volatile products, called flash devola-
tilization, when coal particles undergo a pressure drop.

As discussed in the introduction, supercritical CO2 was used to
extract water from LRC, which results in the production of a high
surface area per volume. This mechanism was observed in the
experiments of Iwai et al. [8,9], and is schematically illustrated in
Fig. 8(a). The CO2 released H2O from the coal surface because of
pore increases during the throttling process. In Fig. 8(b), it is ap-
parent that LCO2 extracted some of the volatile products from the
coal surface, which was accomplished by pore increases and bond
weakening. This product included condensable coal tar (CxHy) and
non-condensable gases such as CO [23]. This enhanced adsorption/
desorption behavior of compressed CO2 in coal is due to the high
diffusivity, solubility, and plasticizing action into the coal surface.

Fig. 9 shows micrographs of (a) raw coal and (b) a coal particle
sample after flash boiling at a decreasing pressure condition of 65/
40 bar. These samples were compared at two magnification levels:
×700 and ×1200. As these images show, there are severe structural
changes when raw coal undergoes the throttling process. Some of
particles appear to break down into smaller particles, and numer-
ous pores developed on the coal particles. Again, this may be due

to evolution of the devolatilized/gasified gas from the surface and
pore of coal particles. This finding is consistent with an increase in
the Brunauer, Emmett and Teller (BET) surface area for coal dried
with supercritical CO2 [8]. The drying effect of supercritical CO2

on the coal structures was examined. Fourier transform infrared
(FT-IR) spectroscopy, BET surface area measurement, and solvent
swelling were adopted to analyze the physical properties of the
coal. The surface area and pore volume of coal dried with super-
critical CO2 are larger than those for thermally-dried coal. The
CO2-treated coal can uptake solvent rapidly into its structure. The
supercritical CO2 extraction of water from LRCs is considered an
effective drying method for the preparation of activated coal in the
combustion and liquefaction process.

The coal conversion was calculated by using the ash trace
method. The composition results from proximate analysis are listed
in Table 3, and are substituted into Eq. (1) for coal conversion. The
coal conversion was 86.3% at the pressure condition of 65/40 bar.
This result indicates the carbon conversion for coal samples expe-
riencing the flash boiling condition of 65/40 bar. Both conversion
data and microstructure changes support the coal devolatilization
process at the flashing spray condition of LCO2. A similar conver-
sion was observed in the flash pyrolysis process when using the
coal dried with supercritical CO2. This phenomenon was hypoth-
esized to increased fragmental radicals formed during the flash
pyrolysis. This was caused by easier diffusion from the large pores

Fig. 9. Micrographs of coal particles at different magnification levels (×700 and ×1200): (a) Raw coal and (b) coal after flash boiling at pres-
sure conditions of 65/40 bar.
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of such coal [9,10]. However, no previous result has been reported
on the flash devolatilization of coals during the throttling process
across the nozzle.

Fig. 10 shows the spray patterns of coal-LCO2 slurry at the pres-
sure condition of 65/40 bar at two different coal blending ratio of
(a) 1.5 wt% and (b) 5 wt%. There was no discernible difference in
spray patterns, which were evaluated in terms of spray angle and
penetration. However, a little higher contrast was observed with
5 wt% blending ratio. A blending ratio higher than 5 wt% was
avoided as it could block the visualization by darkening an optical
window more quickly.
3. Spray Patterns of Coal-water Slurry (CWS)

Fig. 11 compares spray patterns of different fluids at the same
pressure condition of 65/40 bar. At the same nozzle length and
diameter, the spray of H2O is not fully developed, compared with
that of LCO2. The size of droplet ranges from 0.5 to 1 mm, which
is much larger than the average size of a few tens of microns for
droplets in LCO2 spray. This is characteristic of a low Weber num-
ber condition, in which the liquid jet is not leaving the nozzle as
atomized droplets. The Weber number has been useful in analyz-
ing thin film flows and in the formation of droplets and bubbles. It
is defined as the ratio of fluid inertia to the surface tension restrain-
ing the liquid, as written below:

(2)

where

ρ is the density of the fluid (kg/m3)
v is its velocity (m/s)
l is its characteristic length, typically the droplet diameter (m), and
σ is the surface tension (N/m).

From this definition (Eq. (2)), weak atomization is expected be-
cause of low velocity and higher surface tension when the H2O
flows with high viscosity inside the nozzle. This breakup mode is
similar to the Rayleigh-type breakup mode seen in the experiment
of Liu and coworkers [15]. This was the main atomization zone of
high-viscosity CWS. They also observed that a high-viscosity CWS
jet continues to oscillate. For this reason, a surfactant was used to
produce better atomization for the CWS [24]. Furthermore, a larger
single droplet was observed for the coal slurry with H2O. The
droplet was entangled and grown near the nozzle. Once it reached
the critical diameter of 5 mm, the droplet exited the nozzle. It is
likely to experience more difficulty in leaving the nozzle due to a
much lower velocity caused by the presence of the coal suspen-
sion in the flow.

Fig. 12 shows a comparison of the surface tension (i.e., cohesive
force) of two fluids at the condition of 60 bar and 22 oC. The solid
line represents the level of LCO2 and H2O that filled the upper
chamber. The capillary tube was dipped into each fluid. The level
of each fluid in the capillary tube represented how strong the cohe-
sive force (surface tension) is as compared to the adhesive force
between the fluid and the tube wall. The higher cohesive force
lowers the fluid level in the capillary tube. The result shows that
water has a much lower level than LCO2. This indicates the higher
cohesive force of water, which may provide the evidence for the

We = 
ρ v2 l⋅ ⋅

σ
--------------

Fig. 10. Spray patterns of coal-LCO2 slurry at the pressure condi-
tion of 65/40 bar at two different coal blending ratios of (a)
1.5 wt% and (b) 5 wt%.

Fig. 12. Comparison of surface tension (i.e., a cohesive force) at the
same pressure and temperature between two fluids: (a)
LCO2 and (b) H2O.

Fig. 11. Spray patterns of different fluids at the same pressure condition of 65/40 bar: (a) LCO2, (b) H2O, and (c) H2O-coal slurry.



Flashing spray of LCO2 slurry 1619

Korean J. Chem. Eng.(Vol. 33, No. 5)

higher surface tension for water as discussed above.
The equilibrium calculation was simply made to quantify the

reduction of CO2 emission with transport medium of CO2 against
H2O. The equilibrium solution was obtained by using the open
source software, Cantera [25,26]. As shown in Fig. 13, the CO2

emission with CO2 feeding was compared against one with H2O
feeding on the same basis of feeding rate relative to coal. The result
shows 50% reduction in CO2 emission with CO2 feeding at ratio
of feeding agent to coal of 0.2. However, such degree of reduction
becomes smaller (about 20%) as the ratio increases up to 0.6. This
reduction may be due to Boudouard reaction where CO2 is reacted
with carbon to produce a CO gas.

CONCLUSION

We investigated the pressure effect on the flashing spray and
devolatilization characteristics for LCO2 and its mixture with coal.
The results show that spray patterns changed significantly, from
bowl spray to normal jet spray, with increased liquid flow rate as
the upstream pressure increased. This difference was caused by
the difference in the bursting degree of bubbles inside the nozzle,
which is called internal flashing atomization. The absence of flash-
ing spray at the pressure condition of 85/60 bar delivered coal par-
ticles more uniformly downstream across the chamber. The flash
devolatilization process of coal occurs when coal particles are
sprayed under the flashing boiling condition. At low Weber num-
bers in the spray condition of H2O, the liquid jet is not leaving the
nozzle properly, which is called the Rayleigh-type breakup mode.
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