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The effects of mass concentration and injection pressure on the atomization characteristics of low-viscosity fuel spray
are studied in a constant-volume chamber. Microscopic spray parameters are measured by laser diffraction at different
axial and radial positions downstream of the nozzle. The results show that the atomization effect is inhibited linearly
with the increase of mass concentration. The increase of injection pressure promotes the droplet breakup. However, the
trend gradually weakens and becomes more noticeable at high concentrations. Comparing with the concentration, the
influence of the injection pressure on the atomization characteristics is dominant. Although low concentration and high
injection pressure can promote the droplet breakup, they also increase the probability of droplet collision, resulting in
droplet aggregation. This is more evident in low-viscosity fuels. The droplet size increases in the axial direction owing to
the aggregation. However, the diameter decreases in the radial direction owing to the outward deflection of small droplets
caused by air turbulence and entrainment. In addition, the high-velocity airflow significantly promotes the droplet breakup
near the nozzle and spray axis regions and inhibits the aggregation effect. However, the lower-viscosity fuels keep smaller
droplet sizes and better atomization in the whole spraying process, which is easier to realize than the higher-viscosity fuels.
Overall, low concentration, high injection pressure, and low viscosity of fuel have beneficial effects on the droplet breakup.
This is very important for improving the atomization effect of fuel.

Keywords: low-viscosity fuel, spray and atomization, particle distribution, laser diffraction
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1. Introduction

With the rapid development of global modernization and
industrialization, the dependence on fuel and demand for it
have increased. Low-viscosity fuels have been widely used as
alternative energy sources and fuel additives for internal com-
bustion engines owing to their inherent advantages.!'! Com-
pared with high-viscosity fuels, they can provide good fuel
economy.*! Moreover, they exhibit significant advantages in
improving emission quality, reducing fuel consumption, in-
creasing machine power, and reducing failure and mainte-
nance rates.>®/ The fuel spray and atomization characteris-
tics are the main factors affecting the combustion and emis-
sion performances of internal combustion engines.!”) Good
dispersion atomization can affect the fuel distribution in the
burner to a certain extent, thereby improving the ignition,?!
combustion,®) and emission characteristics!!%!!] of the fuel.
Moreover, the formation of fuel—air mixture, which is an im-
portant factor in controlling the combustion rate to reduce
emissions, is influenced by the fuel atomization characteris-

U2] and Biswas et al.1'31 found that

tics. Reitz and Duraisamy
a shorter mixing time of fuel and air can improve engine per-
formance to some extent. Effective fuel combustion depends
on an effective atomization process.!!*! This is determined

by the physicochemical qualities of the fuel and the injection
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settings. [13]

Several studies have been conducted to determine the
spray properties of gasoline and diesel fuels;!!®!71 however,
some disagreement about the macroscopic behavior still ex-
ists. In the process of fuel injection and atomization, owing
to the strong aerodynamic force, the fuel is broken and atom-
ized almost instantaneously; therefore, it is necessary to have
a clear and accurate understanding of the microscopic charac-
teristics of the physical process of the spray and to conduct
a comprehensive study of its atomization process and cloud
development.''® The droplet size after spraying is a key pa-
rameter for evaluating the atomization performance from a mi-
croscopic perspective.!!>2%1 Park er al.!?!! studied the atom-
ization characteristics of gasoline and diesel fuel blends and
showed that the fuel droplet size decreases, the ignition delay
time increases, and the NO, and soot emissions decreases.

Han et al.”?? also conducted an experimental study of
the spray characteristics of diesel and gasoline fuel blends,
but they mainly focused on the effects of the proportion of
gasoline on volume and mass injection rates and spray cone

1.123] obtained the conclusion

angle. In their study Kim et a
that narrower spray cone angle has better performance in terms
of maximum combustion pressure, maximum heat release rate

and ignition delay. It is advantageous under the early com-
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bustion strategy. However, the spray penetration decreases
and the spray width increases, which promotes the mixing of
fuel and gas. This was mainly attributed to the blending of
low viscosity fuel additives.”** Lin et al.1>>! combined the
microscopic measurement means of a phase Doppler parti-
cle analyzer to study the characteristics of a liquid spray un-
der the action of high-speed airflow. They found that the lo-
cal droplet size of the distribution of clouds significantly af-
fects the overall cloud spray characteristics. By determining
the time-averaged properties of the spray, the researchers con-
verted the droplet diameters in the center of the axial flow into
the surface at the measurement points on the cross-section.
Kannaiyan and Sadr!?®! used a laser diagnostic measurement
technique for spray experiments on jet fuel under ambient at-
mospheric conditions and reported the effect of particle size
parameters on the microscopic spray performance. Recently,
they compared the microscopic spray characteristics of jet fuel
in spray chambers.[?”] The droplet states in different regions of
the spray process were derived from the measurements at the
different spray axial positions. Chang et al.l?®! investigated
droplet behavior under ultra-high injection pressure conditions
by using a particle image analysis detection technique. Pa-
rameters, such as the Sauter mean diameter (SMD/D3;) and
droplet number, were used to evaluate the spray atomization
characteristics.[>”) Most of studies have been performed in
constant-volume containers. Some researchers have also stud-
ied the volume of the test container, arguing that the constant
volume of the closed chamber affects the atomization char-
acteristics of the liquid.!**] Some researchers also used the
principle of maximum entropy and the law of conservation
of mass to deduce and study the droplet size and distribution,
and they used models to predict the droplet formation char-
acteristics of diesel sprays.’!=* From all the findings they
concluded that the spray performance is closely related to the
microscopic behavior of the droplets in the spraying process
and cloud development,*>! which would serve as the key mo-
tivation for this study.

In contrast, fuels can form mixtures with air in the event
of a leakage during production, storage, and transportation.
The mixture has a risk of explosion when exposed to an ig-
nition source. Especially in high-pressure situations, such as
broken pipes and containers, fuel injection, accompanied with
high-speed air flow, may make spray explosions more likely to

1.136-381 However, there is little research on low-viscosity

occu
fuels. Liu er al.l*”! emphasized the necessity of investigating
the spray particle size. They investigated the effect of the di-
ameter of n-hexane on the explosion characteristics of its mix-
ture with air. Both the explosion pressure and temperature,
which represent the explosion hazard, were inversely associ-
ated with the particle size of the cloud. Lyu et al.[*9 found

that the variation in the SMD has a remarkable effect on the

explosion characteristics. Particle size also affects the ignition
sensitivity. Recently, Wu e al.1*!l investigated the atomiza-
tion and spray explosion properties of methanol based on a
20L spherical container. The variations in the spray particle
size measured by the laser diffraction technique are consistent
with the changes of explosion pressure.

Therefore, from the perspective of improving combus-
tion performance or preventing explosion accidents, it is wor-
thy of attention to evaluate the microscopic atomization per-

421 At present,

formance by the droplet size after spraying.
studies mainly focus on measurements under fixed-test con-
ditions, with research and exploration of the combined effects
of multiple factors lacking. Existing studies have paid insuf-
ficient attention to the spray characteristics of low-viscosity
fuels, so it is necessary to investigate their atomization char-
acteristics and cloud development status in depth and detail.
To this end, in this work we study and compare the com-
bined effects of the fuel mass concentration (ratio of fuel
mass to spray chamber volume, ¢ = 200, 400, 600, 800, and
1000 g/m?) and injection pressure (pressure of the driving air-
flow at the fuel inlet, p; = 0.50, 0.75, 1.00, 1.25, 1.50, and
2.00 MPa) on low-viscosity fuels under ambient conditions of
1 atm (1 atm=1.01325x10° Pa) and 20 °C. The fuel droplet
size parameters are measured by using laser diffraction tech-
niques, and the droplet formation characteristics of different
types of low-viscosity fuels are compared at several axial and
radial measurement positions downstream of the nozzle outlet.

This study fill the gaps in the atomization characteristics
and spray development mode of low-viscosity fuel, and pro-
vides references for improving combustion performance and
avoiding accidental disasters.

2. Experimental setup and methods
2.1. Experimental setup

The spray tests were conducted in a 20-L spherical con-
tainer as shown in Fig. 1. The inner diameter of the spray
chamber was 340 mm, and the thickness of the wall was
10 mm. The device was equipped with two quartz optical win-
dows (each with an observation diameter of 100 mm), a pneu-
matic atomization system, cooling circulation system, and ter-
minal control system. The centers of the two optical win-
dows were aligned on the same level as the center of the spray
chamber, which was used for better optical and laser diagnos-
tic measurements. Owing to the presence of optical windows
and material limitations, the maximum pressure bearing limit
of the spray chamber was 2 MPa. The nozzle was installed
at the same level as the center of the spray chamber, while the
two optical windows were orthogonal to the vertical axis of the
nozzle (see Fig. 1). The nozzle was connected to the sample
chamber by an explosion-proof solenoid valve. The sample
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chamber was pressurized with high-pressure air and injected
through the nozzle at the required pressure. The pneumatic
atomization system was equipped with a pressure sensor to
monitor the injection pressure.

Spherical
vessel

Quart
Qptical wiPdow

Pressure

/ transducer
-

Lo o - -1t Air cylinder

—— Liquid line

- - - Gas line
------ Electrical control signal Computer

Fig. 1. Schematic diagram of the experimental setup.

2.2. Optical/laser diagnostic measurement

A laser diffraction (LD) system from Malvern Panalyti-
cal Spraytec was used for point-by-point measurements of the
spray particle and droplet size distributions in real time. The
LD system used for the experimental measurements is illus-
trated in Fig. 2. It was equipped with a highly stable He—Ne

laser, a transmitter, a receiver, an optical bench, and a sig-
nal processing software. The system used the laser diffraction
principle to measure the particle size by measuring the inten-
sity of the diffracted light as the laser beam passed through the
spray. Subsequently, the size of the droplets that created the
diffraction pattern was analyzed and calculated based on Mie

[43-43] and Fraunhofer scattering optical model. For the

theory
LD system with a red parallel laser of wavelength A = 633 nm,
a quartz glass with light transmission wavelength in the range
633410 nm and transmission > 98% was used to eliminate in-
terference from other wavelengths to achieve the optimal mea-

37,39

surement accuracy. >’ The operating parameters of the LD

system are presented in Table 1.

Spray
nozzle

Optical window

Optical bench

Receiver i Transmitter

z Y :

| Vessel wall

x

Quartz glass

Fig. 2. The LD system.

Table 1. Operating parameters of the LD system.

Optics Sizing performance

General
Acquisition mode rapid mode light source
Data acquisition rate 2.5kHz lens arrangement
Maximum measurement time 30s lens focal length

Max 4 mW He—Ne laser
Fourier (parallel beam)
750 mm

particle size
accuracy
repeatability

2 um-2000 pm
better than 1%
better than 1%

2.3. Materials

Considering the viscosity characteristics of the fuel, a
low-viscosity fuel with viscosity less than 3 mPa-s was used
for the experiments in this study. 1-butanol and cyclooctane
were used as fuel substitutes and additives, which can increase
the calorific value of fuel and improve the combustion ef-
ficiency, providing better fuel economy than traditional fuel
economy. Also, they can effectively reduce the carbon smoke
emission in the combustion process under the same quality,
which is strategically important in energy saving and emission
reduction. The properties of the experimental materials are
presented in Table 2.

Table 2. Properties of experimental materials.

Properties at 293 K, 1 atm 1-butanol Cyclooctane Water
Density (kg/m>) 0.810 0.835 0.998
Boiling point (°C) 117 149 100
Viscosity (mPa-s) 2.95 2.17 1.01
Surface tension (mN/m) 254 25.9 72.8
Refractive index 1.399 1.458 1.333

2.4. Methods

The experiments were conducted under the following en-
vironmental conditions: the initial ambient pressure in the
spray chamber was 0.10 MPa, and the initial ambient tem-
perature and fuel temperature were maintained at 293 K by
using the cooling circulation system. The particle size mea-
surement experiments were performed according to the fol-
lowing steps. (i) The spray chamber and quartz optical glasses
were cleaned. (ii) Fuel was added into the sample chamber.
(iii) The control system was initialized. The air inlet solenoid
valve was opened, and high-pressure air was injected into the
sample chamber. The air inlet solenoid valve was closed when
the pressure reached the preset spray pressure. (iv) The spray
solenoid valve was opened (continuous opening time was set
to 100 ms), and the fuel was sprayed from the nozzle together
with the high-speed airflow. (v) The Spraytec LD system was
automatically triggered off, which tested and collected data.
(vi) The chamber was cleaned and flushed repeatedly with dry
air. Each spray measurement was performed after the envi-
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ronmental and operating conditions had reached a stable and
uniform state.

The particle size measurements in this study were per-
formed downstream of the nozzle outlet at different axial (x)
and vertical radial (z) positions, as shown in Fig. 3. Because
the laser measurement range was limited, the optical bench
was adjusted to obtain measurements at different positions.
The radial orientation on one side was selected for the mea-
surement because the spray was axially symmetric about the
spray direction.

=100 mm

Optical window

Spray
Axial direction nozzle
-l e @ —_._. 1o
Ax
z
Ax =50 mm
| Az=25 mm
T y Red dot: measurement locations

Fig. 3. Details of particle size measurement locations.

2.5. Experimental uncertainty analysis

The experimental uncertainty in the results of the spray
characteristics primarily arises from the test apparatus, fuel
addition, initial ambient pressure, and initial ambient temper-
ature. The LD system is based on Mie theory, where large
and small particles are diffracted against the laser at small and
large angles, respectively. Thus, the particle size was deter-
mined by the intensities of the diffracted light at different an-
gles. The measurement of the ambient background before the
experiment contributed to the accuracy of the experimental
data. However, the uncertainty of the particle size measure-
ment was confirmed to be under 5% by using a monodisperse
droplet generator. Samples were added by using a pipette with
an accuracy of 1% and volume rang of 0 mL—-50 mL in this
study. Thus, the fuel content in the sample chamber was esti-
mated to have a maximum uncertainty of £0.5 mL. The initial
ambient pressure was measured by using a pressure gauge with
an accuracy of 1.6% in the pressure range of 0 MPa—1 MPa.
The initial ambient temperature was measured by using a digi-
tal electronic thermometer with an accuracy of 1% in the tem-
perature range of 263 K-363 K. Therefore, the pressure and
temperature measurements in this study displayed maximum
errors of 16 kPa and +1 K, respectively.

3. Results and discussion

The droplet size distribution of a spray is a critical indica-
tor in the evaluation of atomization characteristics. To charac-

terize the fineness and uniformity of the fuel spray, the arith-
metic mean droplet diameter (Do) and Sauter mean diameter
(SMD/D3z;), which are of significance for the combustion in-

dustry, are quantified and compared. (4]

3.1. Variations of spray particle size under effects of mass
concentration and injection pressure

Experiments on 1-butanol spray parameters, including
droplet diameter and size distribution, are conducted with vari-
ations in fuel mass concentration and injection pressure. Fig-
ure 4 presents a comparison among the particle sizes of the
1-butanol spray as a function of mass concentration at vari-
ous injection pressures. As shown in Fig. 4(a), the diameter
of the 1-butanol droplet increases with the concentration in-
creasing, and the variation in D¢ presents a good linear fit.
The statistical information of the linear fit curves is shown in
Table 3. This trend is consistent for all the cases investigated
under this condition. At p; = 0.50 MPa, the diameter of 1-
butanol at a concentration of 1000 g/m? is the largest, 1.85
times larger than that at 200 g/m>. The increase in the concen-
tration weakens the driving force of the spray airflow per unit
mass of fuel, causing the spray velocity at the nozzle exit to
decrease. Further analysis shows that the decrease in the tur-
bulence intensity leads the droplet diameter to increase. This
implies that fuel with lower concentration has better atomiza-
tion. As the injection pressure increases, the droplet size de-
creases for the same concentration 1-butanol. The maximum
difference in D19 between p; = 0.50 MPa and 2.00 MPa is
observed at the concentration of 1000 g/m>, which is reduced
by 77.55%. This phenomenon can be explained based on di-
mensionless analysis, where the augment of the injection pres-
sure increases the Mach number (Ma) of the airflow under the
condition of constant ambient pressure, resulting in a larger
driving force. The resulting increase in the Weber number
(We) promotes the generation of small droplets of the spray.
Furthermore, figure 4(a) shows that with the increase of the
injection pressure, the effect of the change in concentration
has less significant effect on D1g. As the injection pressure
rises from 0.50 MPa to 2.00 MPa, the slope of the fitted curve
of Do versus concentration drops from 0.00864 to 0.00163,
which is a reduction of 81.1%. The differences in D¢ among
the sprays at different concentrations decrease as the injection
pressure increases. Therefore, a higher fuel concentration re-
quires a larger driving force to obtain smaller droplets, so as
to promote the atomization effect. Likewise, a lower injec-
tion pressure is not sufficient to promote the fragmentation of
the fuel droplets. It can be observed that under a low-pressure
difference, the effect of fuel concentration on the droplet di-
ameter is more significant.

Figure 4(b) shows the comparison of D3, of the 1-butanol
spray with the rise of concentration under various injection
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pressures, where D3 represents the more general average di-
ameter of the fuel spray. Aside from at p; = 2.00 MPa, the
same variation trends for particle size as that for Do are ob-
served. It is noteworthy that the minimum value of the D3;
curve for p; = 2.00 MPa is observed at the maximum con-
centration, which is contrary to the trend of the other curves.
In particular, at a low concentration, D3, at p; = 2.00 MPa is
higher than at other injection pressures. The reason for this
is the fuel breaking into small droplets in the atomization pro-
cess, which is also known as secondary atomization. However,
the motion direction of the droplets in the spraying process
is not definite, and the probability of collisions between the
droplets is high. Thus, some small droplets reaggregate into
big droplets during the dispersion, which is called the aggre-
gation effect. Particularly, the combined effect of low con-
centration and high Ma airflow creates an extremely strong
turbulence intensity, which causes a more unstable spray pro-
cess, resulting in an increased probability of collision between
droplets and an obvious aggregation effect. This theory is fur-
ther confirmed by comparing the droplet size distribution with
cumulative number percentage of 1-butanol at p; = 2.00 MPa.
This is consistent with the conclusion concluded by Zhang et
al.'*7) that the augment of injection pressure further increases
the irregularity of the spray.

2
0 u pi=0.50 MPa

o pi=0.75 MPa
4 pi=1.00 MPa —
161 p=1.25 MPa
® pi=1.50 MPa

pi=1.75 MPa
12 pi=2.00 MPa

Fitting curve (a)

0
200 400 600 800 1000
c (g/m?)
pi=0.50 MPa  Fitting curve
30 :p; =0.75 MPa —— (b)

4 pi=1.00 MPa,

pi=1.25 MPa
25[ 4 p=1.50 MPa
pi=1.75 MPa
pi =2.00 MPa

200 400 600 800
c (g/m?)
Fig. 4. Effects of mass concentration (c) on arithmetic mean droplet

diameter (Do, left) and Sauter mean diameter (D3;, right) of 1-butanol
at different injection pressures (p;) (x = 100 mm; z = 0 mm).

1000

Figure 5 shows the droplet size distribution and cumu-
lative number percentage for the cases ¢ = 200 g/m’® and

1000 g/m3. At low concentration, the droplet size exhibits
a shift toward smaller diameters, which demonstrates the de-
creasing trend of Djo. However, the collisional aggregation
of droplets also results in the appearance of a small fraction
of larger diameter droplets, which affects the D3, value to
some extent. Thus, the low concentration of D3, appears to
rise rather than drop at p; = 2.00 MPa. The display in Fig. 5
further supports the above analysis.

Table 3. Statistical information for linear fit curves.

pi (MPa) Fitting equation R-squared

0.50 y = 6.55+0.00864x 0.99

0.75 y=6.2240.00521x 0.94

1.00 y=6.08+4+0.00261x 0.98

Dio 1.25 y=5.06+0.00129x 0.99

1.50 y=3.52+0.00166x 0.73

1.75 y=3.054+0.00116x 0.81

2.00 y=1.96+0.00163x 0.98

0.50 y=11.60+0.01343x 0.99

0.75 y=11.38+40.00788x 0.97

1.00 y=11.02+0.00312x 0.81

D3, 1.25 y = 11.44+0.00004x 0.88

1.50 y=8.4140.00160x 0.88

1.75 y=8.0340.00128x 0.85

2.00 y=13.61-0.00601x 0.97

30 100
5 25¢ <
g 20f ¢=200 g/m? (distribution) g
= ¢=200 g/m® (cumulative) b
0 / [ ¢=1000 g/m? (distribution) 60 =
'E 15¢ ¢=1000 g/m® (cumulative) =)
z / 5
_2 40 -
10} @
£ £
= | 20 2
z 5 z

- 0
0 2 4 6 8 10 14 20 30 40 60 100150250
Droplet diameter (pm)

Fig. 5. Comparison of droplet size distribution and cumulative num-
ber percentage of 1-butanol spray for ¢ = 200 g/m® and 1000 g/m> at
pi = 2.00 MPa (x = 100 mm; z = 0 mm).

The variation curves of the particle size with injection
pressure for different concentrations of butanol and water
spray are shown in Fig. 6. The arithmetic mean droplet di-
ameter (D1g) is described as a function of the mass concen-
Both
1-butanol and water exhibit the best atomization effect for

tration and injection pressure as shown in Fig. 6(a).

pi = 2.00 MPa, and Djq drops to below 4 um. Thus, aerody-
namic forces remain dominant in the entire process of disper-
sion and atomization. Droplet fragmentation and atomization
are improved with the increase of Ma of the airflow. Moreover,
the values of D of 1-butanol decrease by 77.55% and 46.04%
with the injection pressure and concentration increasing, re-
spectively, and by 85.35% with the coupling effect increas-
ing, while for water, the values of Dy of 1-butanol decrease
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by 60.86%, 28.99%, and 59.27%, correspondingly. The low
concentration and high injection pressure promote the frag-
mentation and atomization of the spray. However, the droplet
particle sizes are relatively similar for different concentrations
at the same injection pressure, thereby further demonstrat-
ing that the injection pressure is the main factor affecting the
fuel spray, reducing the particle size to its limit, and weaken-
ing the concentration effect. However, the decreasing trend
of Dy gradually decrease with injection pressure increasing,
indicating that the injection pressure significantly contributes
to the spray effect at high concentrations. Water exhibits a
smaller Dy as shown in Fig. 6(a). This is because water has
a lower viscosity than 1-butanol, and it is easier to break into
small droplets after experiencing the same high-speed airflow,
achieving a significant atomization effect. Furthermore, as Ma
of the jet airflow increases, a smooth change in the particle
size is observed earlier for water than for 1-butanol. This phe-
nomenon is more obvious at low concentrations.

Figure 6(b) shows the comparison among the values of
SMD (D3;) which is a function of the mass concentration and
injection pressure for 1-butanol and water sprays. Majority
of the data in the graph maintain the same trend as that for
Dyp. The droplet size distribution and cumulative number per-
centage explain this phenomenon more clearly as shown in
Fig. 7(a). It can be observed that the droplet distribution of
the fuel spray at p; = 2.00 MPa shifts toward smaller sizes.
The D¢ and D3; decrease at higher injection pressures, which
is mainly attributed to the contribution of the small droplets.
This further confirms that a high injection pressure signifi-
cantly promotes the droplet breakup. However, for 1-butanol
droplets at low concentrations and high injection pressure, D3>
appears to become larger, and the maximum value is observed
at the minimum concentration. This is because the influence of
low concentration and high Ma lead the We of the high-speed
airflow to increase. Thus, the increase in the turbulence inten-
sity results in the small droplets having a higher probability of
aggregating into larger droplets. Figure 7(b) displays a visual
illustration of the theory. The droplet size distribution and

cumulative number percentage at low concentrations are pre-
sented. The high injection pressure promotes droplet breakup,
resulting in the increase of the number of small droplets,
which contributes to Do decreasing. Droplet aggregation is
also observed, and the increase of D3, is mainly caused by the
contribution of the little fraction of large droplets. Similarly,
D3, of the water spray demonstrates an increasing trend with
injection pressure increasing. It should be noted that D3, val-
ues of water for ¢ = 600 g/m> and 200 g/m® show increasing
trends at p; = 1.5 MPa and 1.25 MPa, respectively, compared
with the variation observed for 1-butanol at p; = 2.00 MPa.
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Fig. 6. Effects of injection pressure (p;) on (a) arithmetic mean droplet
diameter (Do) and (b) Sauter mean diameter (D3,) of 1-butanol and
water at different mass concentrations (¢) (x = 100 mm and z = 0 mm).
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Fig. 7. Comparisons among droplet size distributions and cumulative number percentages of 1-butanol spray for different injection pressures

at ¢ = 1000 g/m? (a) and 200 g/m3 (b) (x = 100 mm and z = 0 mm).
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The difference in viscosity between butanol and water may be
a key factor influencing this phenomenon. The lower viscosity
of water enables the aggregation effect in the spray process to
be more prominent and to occur easily at smaller mass concen-
trations. Based on the dimensionless analysis, it is suggested
that the high-speed airflow along with high We significantly
promotes the droplet aggregation of low-viscosity liquids. The
effect of fuel viscosity is analyzed and discussed in later sec-
tions. The D3, of the water spray presents an increasing trend;
however, it shows a drop at p; = 2.00 MPa, indicating that the
high We of the airflow improves the probability of collision
between the droplets. However, it is further confirmed that the
high We also promotes the breakup of droplets. This can also
be observed in Fig. 7(b).

3.2. Variations of spray particle size in axial direction

Experiments are conducted to compare the droplet diam-
eters and size distributions of three liquid sprays subjected to
different injection pressures at different axial distances. Fig-
ure 8 shows comparisons of the particle sizes of the test liquids
under different injection pressures at axial locations down-
stream of the nozzle exit (x = 50 mm, 100 mm, and 150 mm).
The D¢ and D3, both decrease with injection pressure increas-
ing, and their downward trends gradually decrease. This trend

is consistent for all the axial locations considered in this work.
The magnitude of the particle size reduction is attributed to
the increase of the injection pressure. The comparison of the
data with respect to D1g shows that the droplet size near the
nozzle exit is smaller than the droplet size far from the noz-
zle exit, and the droplet size increases from x = 50 mm to
150 mm. This indicates that the increase in axial distance re-
sults in enhanced evaporation of tiny droplets, and hence larger
droplet sizes are observed. In addition, the low viscosity of the
test fuel facilitates the disaggregation of the fuel droplets, thus
making it easier to produce smaller droplets. In this process,
the probability of collision between the droplets increases and
the small droplets tend to collide and re-agglomerate into
larger droplets, which was not observed in the experiments
with liquids of higher viscosity, however, which is demon-
strated more distinctly by the differences in the droplet size
distribution and cumulative number percentage in the axial di-
rection, as shown in Fig. 9. The tendency of the droplet size
distribution to move toward larger diameters is the main reason
for the increase of the diameter in the axial direction. Compar-
ing with the location near the nozzle exit, the spray away from
the nozzle exit not only reduces the small sized droplets, but
also increases the number of the larger sized droplets, which
responsible for the trend seen in Fig. 8.

20 20 20
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Fig. 8. Comparisons of arithmetic mean droplet diameter (D19, top) and Sauter mean diameter (D32, bottom) of fuel sprays for different values
of injection pressure (p;) at axial locations, x = 50 mm, 100 mm, and 150 mm, downstream of the nozzle exit (¢ = 1000 g/m3; z=0mm).

At locations close to the nozzle exit (x = 50 mm-
100 mm), the difference in droplet diameter decreases as the
injection pressure increases. The minimum difference is ob-
served at p; = 2.00 MPa. However, it is noteworthy that the
difference in droplet size on the spray axis (x = 100 mm-
150 mm) is different in opposite directions. As the injection
pressure increases, the difference augments. The droplet di-

ameter increases along the spray axis due to the aggregation
effect. However, the droplet size difference caused by droplet
aggregation gradually decreases as the injection pressure in-
creases. It is worth emphasizing that a higher injection pres-
sure promotes breakage of the droplets. This indicates that
the increase in injection pressure weakens the effect of small
droplet aggregation and promotes droplet fragmentation. In
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the “Water ¢ = 200 g/m>” group in Fig. 6(b), the droplet size
increases due to droplet aggregation and reaches a peak at
pi = 1.75 MPa. The droplet diameter shows a decrease when
the injection pressure reaches 2 MPa, when droplet fragmen-
tation dominates. Moreover, the smaller mass concentration
also results in a larger airflow driving force per unit mass of
fuel, which also has a beneficial effect on droplet fragmen-
tation. Similarly, near the nozzle exit, the higher-velocity air-
flow breaks the aggregated large droplets into smaller droplets,
weakening the effect of aggregation and reducing the differ-
ence. However, a significant difference is observed down-
stream of the nozzle. Figures 9(a) and 9(b) show compar-
isons of changes of droplet size distribution and cumulative
number percentage in the axial direction at low and high in-
jection pressures, respectively. At low injection pressures, the
difference in size distribution in the region of x = 50 mm-
100 mm is evident, indicating a significant aggregation effect.
However, a different trend is observed at higher injection pres-
sures. Although Dy and D3; for x = 100 mm are generally
higher than those for x = 50 mm, the droplet size distribution
is more concentrated in the small diameter range. It is ob-

served that the increase in injection pressure inhibits droplet
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Fig. 9. Comparison of droplet size distribution and cumulative number percentage of 1-butanol spray for different axial locations at p;

0.50 MPa (a) and 2.00 MPa (b) (¢ = 1000 g/m3; z =0 mm).

Comparisons of D3, between liquids with different vis-

aggregation and promotes breakup. However, the size distri-
bution in the region of x = 100 mm-150 mm tends to have
a large diameter range, and aggregation occurs again. It is
observed that the droplet breakup and aggregation effects co-
exist and suppress each other in the whole spraying process,
which affects the spraying characteristics of the fuel. Except
for the water droplets, the curves quantified and compared for
D3, in Fig. 8 were similar to those for D1g. When the injec-
tion pressure increases to 1.75 MPa, the droplet particle size
decreases near the nozzle exit (x = 50 mm—100 mm). Further-
more, the trend is more prominent as the injection pressure
increases, owing to the significant contribution of the major-
ity of the small droplets. This indicates that droplet breakup
and atomization dominate at this stage. The beneficial effects
of the low viscosity of the liquid and high Ma airflow on the
fuel spray are further demonstrated. However, the droplet di-
ameter at x = 150 mm increases slightly, indicating that the
droplet fragmentation consumes the airflow driving force, and
the aggregation effect continues to dominate as the axial dis-
tance increases. At x = 50 mm-100 mm, the increase of small

droplets further promotes the aggregation of droplets.
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cosities under various injection pressures at axial locations,
x =50 mm, 100 mm, and 150 mm, are shown in Fig. 10.
The variation in D3, is influenced by the viscosity of the test
liquid. At lower injection pressures, the experimental results
have larger error bars. The main reason is that the low in-

jection pressure produces a lower airflow driving force and a

small and uneven force per unit mass of fuel at the moment of
airflow driving, so any slight fluctuation in injection pressure
will affect the spraying effect. This is also illustrated by the
significant effect of lower injection pressure on droplet diame-
ter. As shown in Table 2, the viscosity of the tested liquids is in
the order of 1-butanol > cyclooctane > water; therefore, larger
droplet sizes are observed in the experiments for the samples
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with higher viscosities. The same trend is observed in the axial
direction downstream of the nozzle exit. However, the breakup
and atomization of droplets and the aggregation effect affecte
the variations in the droplet size with increasing axial distance
in the whole spray development process. Less viscous fuels
produce smaller droplets, which is consistent with the previous
analysis. Further analysis demonstrates that the less viscous
fuel is more easily broken into small droplets after experienc-
ing the high-speed airflow, and the atomization effect is more
evident. In the spraying process, viscosity affects the droplet
formation characteristics. In addition, the increase of injec-
tion pressure has a more significant effect on the reduction in
droplet diameter for high-viscosity liquids.

The effect of droplet aggregation on the fuel spray char-

acteristics is significant, and collision-induced fragmentation
and aggregation have a significant effect on the droplet size
distribution. The droplet position distribution will have an
effect on the subsequent spray combustion, including igni-
tion energy and ignition position. Through the distribution of
droplets at different positions, the optimal ignition conditions
are set up, and the spray position or ignition state is changed
appropriately to achieve the best combustion state and improve
the combustion efficiency. The work done in the confined
space is enhanced, and the heating effect is obvious. In the
open environment, the velocity of the flow field increases, and
the thrust force is enhanced. Therefore, the aggregation effect
of droplets is an important factor when exploring the spray
characteristics and flow field state.

30 % =150 mm (a) 30 =100 mm (b) 30t =50 mm (c)
= 1-butanol — = 1-butanol
—~ 25 % e Cyclooctane | — 2 . éb:l?or:t)}dne — 25 e Cyclooctane
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220 ! I Water 5 20f o % Water 520
815 i 815 . % 815 l
Q e, | A [, Q i
10 10 e 8 . 10 i i
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Fig. 10. Effects of viscosity on Sauter mean diameter (D3;) for different injection pressures (p;) at axial locations, x = 50 mm (a), 100 mm (b),

and 150 mm (c), downstream of nozzle exit (¢ = 1000 g/m3; z=0 mm).

3.3. Variations of spray particle size in radial direction

Experiments are conducted to compare the droplet di-
ameter and size distribution of three liquid sprays subjected
to different injection pressures at different radial distances.
Figure 11 shows the comparisons of the particle sizes of the
test liquids under various injection pressures at radial loca-
tions z = 0 mm, 25 mm, and 50 mm for the axial location
x =100 mm. The trend of the decreasing of size of the droplet
at different radial locations with injection pressure increasing
is consistent with that reported in previous study. The Dy and
D3, decrease from the spray axis (z = 0 mm) toward the spray
boundary, and the decrease is gradually reduced. After the en-
trainment effect is rapidly enhanced, the cloud diffuses in the
radial direction in the spraying process, increasing the num-
ber of smaller droplets. Furthermore, owing to the effect of
air turbulence and entrainment, the large sized droplets move
axially with the airflow, whereas the small droplet population
deviates outward. The fuel at the spray boundary is broken
into a fewer number of droplets. The density of droplets in the
peripheral region is less than that in the axis region, resulting
in insignificant droplet aggregation. This results in the droplet
size decreasing in the radial direction. The droplet size distri-
bution of 1-butanol in the radial direction at ¢ = 1000 g/m? and
pi = 0.5 MPa is compared as shown in Fig. 12(a). It can be
clearly observed that the size distribution of the droplet pop-
ulation at the spray boundary shifts toward a smaller diame-

ter range. The decreasing trends of Dy and D3, presented in
Fig. 11 are mainly due to the increase in the number of smaller
droplets. This is also present in other cases.

At z = 50 mm, the decrease in the droplet size becomes
smaller than that at z =0 mm and 25 mm. The main reason
for this phenomenon is that the variation of the spray from the
spray axis to the spray boundary is due to radial expansion
and the distance from the spray axis, which leads to the de-
crease of the turbulent intensity of the airflow, and turbulent
intensity is an important parameter affecting droplet breakup
and atomization. Furthermore, in all the cases investigated,
the difference in droplet diameter in the radial direction gradu-
ally narrows as the injection pressure increases. This indicates
that the injection pressure significantly promotes more intense
droplet breakup and atomization near the spray axis compared
with that in spray boundary region. It is noteworthy that an
increasing trend in the droplet diameter in the radial direction
is observed at higher injection pressures. When the injection
pressure is high, the droplet diameter near the spray axis is
smaller than that at the spray boundary, which is particularly
evident in the case of low-viscosity fuels. It is clearly observed
in the spray of water droplets in Fig. 11. The stronger droplet
fragmentation near the spray axis region increases the outward
deflection of smaller droplets and the droplet density at the
spray boundary. The larger spray pressure also strengthens the
radial turbulence intensity, leading to a significant aggregation
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effect. This indicates that the promotion of breakup via the
high-Ma airflow is significant near the spray axis. To some ex-
tent, the trend of droplet reduction in the radial direction can
be reversed to achieve good atomization in the axial flow re-
gion. This can be more intuitively explained by comparing the
changes in the droplet size distribution and cumulative number
percentage in the radial direction under low and high injection

the radial direction.
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pressures as shown in Figs. 12(a) and 12(b), respectively. Al-
though the high injection pressure also promotes the size dis-
tribution at z = 50 mm to shift toward smaller diameters, the
effect is subtle. By contrast, the size distribution at z =0 mm
exhibits a significant shift. Therefore, the low viscosity of the
liquid and high Ma airflow have equally beneficial effects in

Fig. 11. Comparisons of arithmetic mean droplet diameter (D1, top) and Sauter mean diameter (D3;, bottom) of fuel sprays for different
injection pressures (p;) at radial location z = 0 mm, 25 mm, and 50 mm for ¢ = 1000 g/m3, x = 100 mm.
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Fig. 12. Comparisons of droplet size distribution and cumulative number percentage of 1-butanol spray for different radial locations at p;
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Fig. 13. Effects of viscosity on Sauter mean diameter (D3;) for different injection pressures (p;) at radial locations z = 0 mm (a), 25 mm (b),
and 50 mm (c) for ¢ = 1000 g/m?, x = 100 mm.
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Comparison of D3, between liquids with different vis-
cosities under different injection pressures at radial locations
z=0mm, 25 mm, and 50 mm is shown in Fig. 13. The droplet
diameter variation follows the same trend as the fuel viscosity,
with a lower viscosity liquid possessing a better breakup and
atomization in the radial position, which is consistent with that
observed in the spray axis area. Change in the droplet size dur-
ing spray development does not change the effect of the intrin-
sic viscosity of the liquid on the atomization effect. Moreover,
the effect of the injection pressure on the difference between
the droplet diameters is more evident in the sprays of high-
viscosity liquids. As shown in Figs. 10 and 13, low-viscosity
fluids appear to change smoothly with injection pressure in-
creasing at an earlier stage compared with the high-viscosity
fluids. It can be seen from Fig. 13 that the effect of liquid
viscosity on droplet particle size varies at different radial po-
sitions. The differences in radial droplet size among different
viscosity fuels are mainly in the region close to the spray axis,
while the difference at the spray boundary is not significant.
Owing to air entrainment, the larger droplet sizes move axially
with the air stream, and the increase in spray pressure mainly
promotes the breakup of droplets close to the spray axis. This
is especially true for the larger viscosity liquids, where the
larger density droplet groups move along the axial direction.
Meanwhile, smaller droplets shifted toward the spray bound-
ary are affected by the weaker turbulence intensity, and the
effect of fuel viscosity on particle size difference is much less.
Although the increased injection pressure also enhances the
radial driving force, the overall low density and small particle
size of droplets at the spray boundary make the particle size
difference of different viscosity fuels insignificant.

4. Conclusions

The effects of mass concentration and injection pressure
on the spray characteristics of fuels in a 20-L spray chamber
are investigated, which are quantified and compared for three
different test fuels. To this end, test experiments are conducted
at seven injection pressures (p; = 0.50, 0.75, 1.00, 1.25, 1.50,
1.75, and 2.00 MPa) by using high-speed airflow as the driving
force. The characteristics of the spray droplets are measured
by using Malvern Panalytical Spraytec at three axial locations
(x =50, 100, and 150 mm) and three radial locations (z = 0,
25, and 50 mm) downstream of the nozzle exit. From the re-
sults, the main conclusions are obtained below.

(D) The increase of mass concentration has an inhibitory
effect on atomization, and the variation in the particle size with
mass concentration can be fitted linearly. Moreover, the mass
concentration significantly affects the particle size of the spray
droplet at low injection pressures.

(IT) The increase of injection pressure enhances Ma and
driving force of the airflow, which promotes droplet breakup;

however, the effect gradually diminishes. Similarly, the injec-
tion pressure significantly affects the spraying effect at high
mass concentration.

(IIT) In comparison with the mass concentration, the in-
jection pressure dominates the spraying process and has a
greater influence on the spraying effect, reducing the droplet
diameter to its limit and weakening the effect of the mass con-
centration.

(IV) Although the low mass concentration and high in-
jection pressure promote droplet breakup, they also increase
the probability of collision between the small droplets and in-
creases the likelihood of the aggregation effect. This effect is
more prominent in low-viscosity fuels, which was not previ-
ously observed in higher-viscosity liquid sprays.

(V) In the axial direction, the droplets tend to increase
owing to the aggregation effect. Moreover, because of the air
turbulence and entrainment effect, the large droplets develop
in the axial direction, whereas the small droplet population
deviates outward. Therefore, the droplet diameter tends to de-
crease in the radial direction; however, the trend is reversed
when the injection pressure increases to a certain level.

(VD) The high-speed airflow significantly promotes the
breakup of droplets in the region close to the nozzle exit and
spray axis and suppresses the aggregation effect to a certain
extent, where the difference in droplet diameter gradually de-
creases with injection pressure increasing. The effect is mini-
mal at the spray boundary and far from the nozzle outlet.

(VII) Droplet fragmentation and aggregation effects co-
exist and mutually inhibit in the whole spraying process. Nev-
ertheless, the trend of the viscosity of the fuel on the droplet
size does not change. The low-viscosity fuels exhibit better
atomization, and smoother changes are observed with injec-
tion pressure increasing at an earlier stage compared with the
high-viscosity fluids.
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