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Abstract: Liquid carbon dioxide-assisted (LCO2-assisted) atomization can be used in coal-water
slurry gasification plants to prevent the agglomeration of coal particles. It is essential to understand
the atomization behavior of the water-LCO2 mixture leaving the injector nozzle under various
conditions, including the CO2 blending ratio, injection pressure, and chamber pressure. In this study,
the flash-atomization behavior of a water-LCO2 mixture was evaluated with regard to the spray angle
and penetration length during a throttling process. The injector nozzle was mounted downstream
of a high-pressure spray-visualization system. Based on the results, the optimal condition for the
effective transport of coal particles was proposed.
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1. Introduction

Pressurized entrained flow gasification is a promising technology for the conversion of low-grade
fuels to high-quality synthetic fuels, e.g., hydrogen and synthetic natural gas. High gasification
efficiencies using liquid fuels or slurries can only be achieved through the generation of a fine
homogenous spray at a high chamber pressure [1].

During coal-water slurry (CWS) gasification, there is a tendency for the coal particles to
agglomerate within individual droplets while the water is evaporating; the agglomerates are then
dried out and undergo thermal decomposition in the flame. The resulting coal-particle size distribution
(p.s.d.) is determined to a greater degree by the size distribution of the atomized fuel spray than by the
initial particle size of the coal. Large particles formed through agglomeration have increased burnout
times and produce large fly ash particles [2]. A potential method for obtaining finer spray droplets
is CO2-assisted atomization. The effect of disruptive or flash atomization in reducing the p.s.d. of
droplets was evaluated. The CO2 is dissolved into the fuel by injection into the line between the pump
and the fuel nozzle. During the pressure release in the atomizing nozzle, the dissolved CO2 changes to
the gaseous phase and disrupts the coal-water mixture droplets.

Pure liquid CO2 (LCO2) has a different impact on the atomization at the injector nozzle when a
LCO2 slurry is sprayed [3]. Compared with the conventional spray pattern of H2O, LCO2 produces
effective breakup, leading to smaller liquid droplets, because of its lower viscosity and higher
momentum flux. This helps to transport coal particles more uniformly inside the gasifier. This feature
of better dispersion is attractive because it requires less heat release from partial combustion and thus
less oxygen supply to the coal gasifiers. However, the effect of the blending ratio of LCO2 in the water
on the atomization behavior has not been examined.

In a study on the spray formation of pure LCO2 [4], CO2 was expanded through a nozzle from a
high pressure to an atmospheric pressure. The flash atomization and breakup mechanisms of LCO2
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were examined using different liquid contents controlled by the degree of superheat. Under certain
conditions, the LCO2 experienced a sudden pressure drop below the saturation pressure. LCO2 with
different levels of superheat produced different behaviors of flashing sprays and snow-particle
formation. Lee et al. found that sprays in flash-boiling conditions were atomized by bubble growth,
resulting in a smaller droplet size than that generated by aerodynamic force alone [5]. Liu et al. used
the laser-diffraction method to determine the p.s.d. of the spray [6].

Engelmeier et al. [7] used a pure carbon dioxide jet for cutting applications where carbon dioxide
is compressed and expanded via a sapphire nozzle. A pressure chamber is installed downstream of
the orifice to keep the post-expansion conditions above the triple-point pressure of carbon dioxide.
They demonstrated that carbon dioxide has to be expanded to an environment of increased pressure
and thus increase the liquid fraction to improve the impact of the jet.

Reverchon et al. reported that the solubilization of amount of supercritical CO2 in liquid solution
could produce various powders with controllable size and distributions that are useful in several
fine-particle production processes [8]. Supercritical dissolved-gas atomization is an atomization
process in which carbon dioxide at a temperature and pressure above its critical point is used as the
atomizing gas [9]. It relies on dissolved CO2 gas emerging from water to form bubbles. Therefore, this
technique applies only to a limited range of liquids that can hold significant quantities of dissolved
gas. As a result, the mean droplet diameter was mainly influenced by the sudden release of the CO2

gas dissolved in the water.
In general, the dissolved gas at the exit orifice nucleates to form gas bubbles, as in effervescent

atomization, and can rapidly evaporate by flashing as well [10]. The result shows that the mean droplet
diameter is mainly influenced by the sudden release of the gas dissolved in the liquid. However, the
behavior of the water spray altered by the atomization of dissolved LCO2 was not experimentally
evaluated in our previous work. That is, the spray characteristics of the water-LCO2 mixture must
be studied.

In this study, the spray patterns of a water-LCO2 mixture were examined during a 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 regulator. A high-speed shadowgraph
apparatus was used to evaluate the CO2-assisted atomization process.

2. Experimental Setup

Figure 1 presents a schematic of the high-pressure spray-visualization system used in this study.
It consisted of an upstream chamber (vessel), a middle block, and a downstream chamber (vessel).
There was an optical quartz window on the middle block and the two chambers, enabling the
visualization of the flashing-spray behavior inside the nozzle and at the exit of the nozzle. The window
was designed to withstand pressures up to 100 bar at a peak temperature of 80 ◦C, and a pressure-relief
valve was installed to prevent pressure rises beyond this limit.
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A saturated mixture of CO2 was achieved by adjusting the temperature and mass of solid CO2

(SCO2). Different chamber temperatures were achieved with the use of a constant-temperature bath.
As shown in Figure 1, 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 were used for the
nozzles. Some were made of transparent Pyrex, enabling the visualization of the flow pattern inside
the nozzle. This was useful for examining either capillary action or flash-boiling behavior. However, a
copper nozzle was used for purposes other than internal visualization. A data-acquisition system was
utilized to monitor the temperature and pressure inside the chambers, and a flow controller unit was
used to turn the valves on and off pneumatically.

Water–LCO2 mixtures with different percentages LCO2 were prepared for blending. A water is
first filled in upper chamber upto the desired volume, which is determined by water blending ratio on
the basis of volume. Then, a solid CO2 is poured with desired volume percent. As a result, the CO2 in
liquid and vapor phase is made with water as it reaches ambient temperature at equilibrium. Before the
test, the mixture is agitated by stirring unit. Therefore, an efficient, continuous solubilization of CO2

in the liquid solution is allowed. The liquid CO2 exists as layer above the water layer, indicating low
miscibility of CO2 with water. This separation is clearly observed in the inset of Figure 1. In addition,
neither droplets nor particles of CO2 are found in the water. During this process, the total volume
of the mixture remained constant. The effect of the blending ratio was investigated at two different
pressures of the upstream and downstream chambers: 85/60 and 65/40 bar. Nitrogen gas was used as
a filler when a pressure increase beyond the saturation pressure was necessary.

Figure 2 illustrates a schematic p-T diagram of the global multiphase behavior of carbon
dioxide-water between 273 and 310 K as can be determined from the literature data [11,12]. In the
figure, three-phase line connects all p, T coordinates where two liquid phases (a water-rich liquid
L1 and a carbon dioxide-rich liquid L2) coexist with a carbon dioxide-rich vapor V. The pressure at
L1L2V equilibrium is close to two-phase line, the liquid and vapor curve of pure CO2, but always
below the vapor pressure of pure CO2. Because of this similarity of the three-phase line and two-phase
line at tested ranges of pressure and temperature (25 ◦C), pressure release from 85 to 60 bar has higher
presence of CO2-rich liquid(L2) than CO2-rich vapor(V) since it is located well over the three-phase
equilibrium line. In contrast, pressure release from 65 to 40 bar experiences a phase transition from
the CO2-rich liquid(L2) to the CO2-rich vapor(V) phase. The detailed properties of the two pure
components, water and LCO2, are listed in Table 1.
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Table 1. Properties of CO2 and water used in the experiment.

Fluids Water CO2

Vapor pressure at 298 K (kPa) 3 6400
Density (mol/L) at 298 K and 64 bar 55.5 16.2 (liquid)
Viscosity (mPa·s) at 298 K and 64 bar 0.89 0.057 (liquid)

The constant pressure of the lower chamber was attained using a backpressure regulator mounted
downstream of the lower chamber. Without the regulator, the 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 flashing-spray system are listed in Table 2. The visualization
region in the lower chamber was provided by an optical window with a diameter of 5 cm. It was
desirable to fit most of the spray penetration into this visualization region for all the pressure conditions
tested in this study. Thus, wetting of the chamber bottom by spray plumes should be prevented. For this
reason, we selected a nozzle with a relatively high ratio of length to diameter, as previously mentioned.

Table 2. 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

A shadowgraph technique was employed to examine the flashing-spray patterns of the LCO2 and
its mixture with water. During the throttling process across the nozzle, a high-speed camera was used
to record consecutive images at a frame rate of 1/40,000 frames per second. Meanwhile, the pressure
difference was measured to verify the downstream pressure controlled by the back-pressure regulator.

3. Results and Discussion

3.1. Effect of Water-Blending Ratio in Water-LCO2 Mixture

In a previous work [3], spray patterns under three different levels of upstream pressure (pressure
difference) were observed using a high-speed camera: 65/40, 75/50, and 85/60 bar. At 65/40 bar,
the internal flashing due to bubble formation caused a wider spray angle and shallower penetration
length among three sprays. This is sometimes called a “bowl spray” and involves a high level of
flash-atomization, which is an effective breakup mechanism of the liquid column, due to a burst of
bubbles. A phenomenon similar to the bowl spray was observed with an increasing degree of superheat
by Lin et al. [4] and Park et al. [13]. In contrast, a narrower spray angle and deeper penetration were
observed at 85/60 bar, where the flash boiling is absent because of the liquid abundance. This is
considered a normal jet spray. This difference is caused by the higher velocity of the liquid flow inside
the nozzle orifice.

At the same pressure of 65/40 bar, the same nozzle length and diameter were used. The spray
of H2O was not fully developed compared with that of LCO2. Such weak atomization is expected
because of the low velocity and higher surface tension occurring when the H2O flows with a high
viscosity inside the nozzle. This breakup mode is similar to the Rayleigh-type breakup mode observed
in the experiment of Dechelette et al. [14], which is the main atomization zone of high-viscosity
CWSs. However, the behavior of water sprays altered by the addition of LCO2 was not experimentally
evaluated in our previous work.
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Figure 3 shows the effect of the water fraction blended in the water-LCO2 mixture on the spray
pattern at 65/40 bar. The amount of water in the mixture was increased while the total volume of the
mixture was maintained. Water contents of 0 and 100 vol % correspond to pure LCO2 and pure water,
respectively. The spray patterns under both conditions are similar to past observations, as previously
mentioned. As the water content increased to 75%, the spray angle increased slightly, from 8.5◦ to 9.8◦

and then to 12.3◦. Subsequently, it decreased to zero when the water content reached 100%. This was
because of the increased dissolution of LCO2 when water content in the mixture is high. The high
content of dissolved CO2 can evolve gaseous CO2 and thereby create the flash or disruptive boiling
during a pressure release.
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A similar trend was observed when dissolved CO2 content increased in the water-CO2 mixture [2].
Better atomization was achieved by the increased flash boiling of CO2 dissolved in the mixture.
The solubility of CO2 in water was fixed once pressure and temperature are given in the data.
For example, 2.5 mol % is obtained for constant solubility at 65 bar and 25 ◦C in the predicted
results of Larryn W. Diamond et al. [11]. When water makes up 75% of the mixture, absolute amounts
soluble in the water become higher compared to the case of 25% despite having the same solubility.
Therefore, higher soluble CO2 amount contribute to higher flash spray as water content increases
in the mixture. However, this trend is not consistent with the results of supercritical dissolved-gas
atomization [9]. The cone half-angle was reported for a wide range of gas-to-liquid ratios (GLRs).
The cone half angle is approximately 13◦ at a low GLR and decreases to 4◦ when the GLR is increased.
This is attributed to differences in the experimental apparatus and method.

Figures 4 and 5 show the change in the spray angle and penetration length, respectively, according
to the water fraction. The information was derived from the images of Figure 3. In the spray image,
two lines are drawn and intersected at the nozzle tip. The angle between two lines is carefully measured
for spray angle. We identified horizontal line of spray tip normal to vertical line and measured distance
from nozzle tip to this line. This is used for penetration length. The data at a water content of zero
are excluded in these plots. As the water content increased, the spray angle and penetration length
increased to 75 wt % and then decreased. At 75% water blend condition, higher penetration length
and angle were observed, indicating a higher degree of flash spray. In the case of higher flash spray,
droplet size becomes smaller and more uniform. Therefore, droplet evaporates quickly and particle
would agglomerate less. Based on this observation, a water content of 75 wt % appears to be optimal
for the effective transport of coal particles by improving the spray quality.
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3.2. Effect of Injection Pressure

The spray characteristics were observed for a higher injection pressure of 85/60 bar. Figure 6
shows the effect of the water-blending ratio of the water-CO2 mixture on the spray angle at 85/60 bar.
The variation of the spray angle with respect to the water fraction as the water content increased was
similar to that at 65/40 bar. However, the angle was 15◦–21◦, which is far larger than that at 65/40 bar.
This can be explained by the reduced evolution of gaseous CO2 in the water droplet. Dissolved CO2

has a higher pressure than vapor pressure at the temperature of 25 ◦C and is likely to remain a liquid.
Therefore, the addition of liquid CO2 provides less viscosity for the mixture than for water, where the
velocity and thus the momentum increase. This can increase the spray angle despite the lower amount
of flash boiling. The presence of liquid in the jet was also important for the use of carbon dioxide in
cutting applications [7]. While jets containing only gas and liquid showed almost no effect on the
selected samples, the impact increased dramatically with the presence of liquid.
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The images in Figure 7 compare the effects of the water fraction and the injection pressure on
the spray pattern of the water-CO2 mixture. They confirm that the spray angle increases with the
injection pressure and has little dependence on the water-blending ratio. Compared with the 65/40-bar
condition, less flash boiling was apparent at 85/60 bar.

Energies 2016, 9, 948 7 of 11 

 

3.2. Effect of Injection Pressure 

The spray characteristics were observed for a higher injection pressure of 85/60 bar. Figure 6 
shows the effect of the water-blending ratio of the water-CO2 mixture on the spray angle at 85/60 bar. 
The variation of the spray angle with respect to the water fraction as the water content increased was 
similar to that at 65/40 bar. However, the angle was 15°–21°, which is far larger than that at 65/40 bar. 
This can be explained by the reduced evolution of gaseous CO2 in the water droplet. Dissolved CO2 
has a higher pressure than vapor pressure at the temperature of 25 °C and is likely to remain a liquid. 
Therefore, the addition of liquid CO2 provides less viscosity for the mixture than for water, where the 
velocity and thus the momentum increase. This can increase the spray angle despite the lower 
amount of flash boiling. The presence of liquid in the jet was also important for the use of carbon 
dioxide in cutting applications [7]. While jets containing only gas and liquid showed almost no effect 
on the selected samples, the impact increased dramatically with the presence of liquid. 

 
Figure 6. Effect of water-blending ratio in water-CO2 mixture on spray angle at 85/60 bar. 

The images in Figure 7 compare the effects of the water fraction and the injection pressure on 
the spray pattern of the water-CO2 mixture. They confirm that the spray angle increases with the 
injection pressure and has little dependence on the water-blending ratio. Compared with the 65/40-
bar condition, less flash boiling was apparent at 85/60 bar. 

 
(a) (b)

Figure 7. Cont.



Energies 2016, 9, 948 8 of 11

Energies 2016, 9, 948 8 of 11 

 

 
(c) (d)

Figure 7. Comparison of effects of water fraction and injection pressure on spray pattern of water-
CO2 mixture: (a) 25% at 65/40 bar; (b) 75% at 65/40 bar; (c) 25% at 85/60 bar; and (d) 75% at 85/60 bar 

Figure 8 shows the dependence of the distribution of the liquid-droplet size on the degree of 
flash boiling. A conventional image-analysis technique was employed to obtain the droplet-size 
distribution. The results show that the mean diameter of the liquid spray at 65/40 bar was 150 μm. 
However, the higher pressure of 85/60 bar yielded a larger droplet of 300 μm with a larger deviation 
from the mean diameter. A similar trend in the droplet-size distribution was observed by Xiao et al. 
[15], who demonstrated that the addition of CO2 in diesel spray produced a far more uniform droplet 
size because of the flash separation of CO2 from the liquid. The finer and more uniform droplet 
confirms the strong flash atomization of the spray at 65/40 bar. This condition is favorable, as small 
liquid droplets may evaporate quickly and thereby prevent coal agglomeration when coal is present 
[2]. The size distribution was measured using the open source software ImageJ. The threshold was 
appropriately chosen to identify the droplet particle from the background. Then, a measuring tool 
was used to calculate the size of multiple droplets automatically. It is instructive to note the 
limitations of the shadowgraph technique. Smaller droplets scatter away much less light than large 
droplets. Therefore, the smallest droplets in the spray are not detectable with current shadowgraph 
technique. However, this effect may not be significant when determining any difference in injection 
pressure since it is present at both pressure conditions. 

  
(a) (b)

Figure 8. Dependence of atomized liquid droplet distribution on degree of flash boiling at (a) 65/40 
and (b) 85/60 bar. 

3.3. Effect of Chamber Pressure 

Figure 9 shows a series of spray events of LCO2-water mixture at different chamber pressures. 
As the chamber pressure increased at the same injection pressure, the flow rate decreased, which 

Figure 7. Comparison of effects of water fraction and injection pressure on spray pattern of water-CO2

mixture: (a) 25% at 65/40 bar; (b) 75% at 65/40 bar; (c) 25% at 85/60 bar; and (d) 75% at 85/60 bar.

Figure 8 shows the dependence of the distribution of the liquid-droplet size on the degree of flash
boiling. A conventional image-analysis technique was employed to obtain the droplet-size distribution.
The results show that the mean diameter of the liquid spray at 65/40 bar was 150 µm. However,
the higher pressure of 85/60 bar yielded a larger droplet of 300 µm with a larger deviation from
the mean diameter. A similar trend in the droplet-size distribution was observed by Xiao et al. [15],
who demonstrated that the addition of CO2 in diesel spray produced a far more uniform droplet size
because of the flash separation of CO2 from the liquid. The finer and more uniform droplet confirms the
strong flash atomization of the spray at 65/40 bar. This condition is favorable, as small liquid droplets
may evaporate quickly and thereby prevent coal agglomeration when coal is present [2]. The size
distribution was measured using the open source software ImageJ. The threshold was appropriately
chosen to identify the droplet particle from the background. Then, a measuring tool was used to
calculate the size of multiple droplets automatically. It is instructive to note the limitations of the
shadowgraph technique. Smaller droplets scatter away much less light than large droplets. Therefore,
the smallest droplets in the spray are not detectable with current shadowgraph technique. However,
this effect may not be significant when determining any difference in injection pressure since it is
present at both pressure conditions.
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3.3. Effect of Chamber Pressure

Figure 9 shows a series of spray events of LCO2-water mixture at different chamber pressures.
As the chamber pressure increased at the same injection pressure, the flow rate decreased, which
reduced the spray angle as well as the penetration length. This phenomenon was observed in the
visualization results of Jakobs et al. [1] and Johnson et al. [16]. The spray angle as a function of the
chamber pressure has been measured for values between 1 and 20 bar [1]. An increase in the chamber
pressure from 1 to 20 bar results in a decrease in the water-spray angle from 36◦ to 24◦. An increased
chamber pressure appeared to contract the spray, yielding a more dense cloud of droplets compared
with the corresponding atmospheric case. This was explained by the smaller volume of the entrained
air due to the increased pressure. This tendency matches the diesel spray reported in [17].

Energies 2016, 9, 948 9 of 11 

 

reduced the spray angle as well as the penetration length. This phenomenon was observed in the 
visualization results of Jakobs et al. [1] and Johnson et al. [16]. The spray angle as a function of the 
chamber pressure has been measured for values between 1 and 20 bar [1]. An increase in the chamber 
pressure from 1 to 20 bar results in a decrease in the water-spray angle from 36° to 24°. An increased 
chamber pressure appeared to contract the spray, yielding a more dense cloud of droplets compared 
with the corresponding atmospheric case. This was explained by the smaller volume of the entrained 
air due to the increased pressure. This tendency matches the diesel spray reported in [17]. 

 
(a) (b)

 
(c) (d)

Figure 9. Series of spray events of LCO2-water mixture reported at different chamber pressures with 
same injection pressure (75 bar): (a) 70 bar; (b) 60 bar; (c) 50 bar; and (d) 30 bar. 

Figure 10 shows the temporal variation of two different pressures between the chambers during 
the throttling process. One is the upstream pressure (injection pressure), and the other is the 
downstream pressure (chamber pressure). The chamber pressure remained constant, indicating the 
proper operation of the back-pressure regulator. The injection pressure in the upper chamber 
experienced a continuous and smooth decay during the throttling process. 

Figure 9. Series of spray events of LCO2-water mixture reported at different chamber pressures with
same injection pressure (75 bar): (a) 70 bar; (b) 60 bar; (c) 50 bar; and (d) 30 bar.

Figure 10 shows the temporal variation of two different pressures between the chambers during
the throttling process. One is the upstream pressure (injection pressure), and the other is the
downstream pressure (chamber pressure). The chamber pressure remained constant, indicating
the proper operation of the back-pressure regulator. The injection pressure in the upper chamber
experienced a continuous and smooth decay during the throttling process.
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Figure 11 plots the spray angle against the pressure difference. When the chamber pressure is
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low at 13.5◦. However, when the chamber pressure decreases, i.e., the pressure difference increases,
the angle is increased to 20◦ and afterwards it is not changed substantially. The latter is attributed to
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4. Conclusions

We investigated the spray characteristics of a mixture of LCO2 and water leaving an injector
nozzle. The optimal amount of CO2 in the mixture was reported for the spray angle and length.
This value was determined by the difference in the solubility of CO2 in the water-LCO2 mixture.
The smaller droplets obtained at 65/40 bar indicate the strong flash atomization of the spray compared
with 85/60 bar. Changes in the chamber pressure have no significant influence on the spray angle,
except in the case of a high chamber pressure.
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