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Abstract: Gelled fuels have promising applications in the aerospace field. Higher density and calorific
value can be achieved with the addition of energetic metal particles to gelled fuels, which can also
effectively improve the combustion efficiency of the fuel and thus enhance the engine performance.
However, the addition of metal particles can also make the rheological properties of gelled fuels
more complex, which introduces difficulties regarding their atomization and combustion. In order
to investigate the effect of the concentration of metal particles on the rheological and atomization
characteristics of gelled fuels, the gelled fuel was prepared with three metal particle concentrations
of 0%, 15%, and 30%. In this paper, the rheological properties of the gelled fuel were tested by a
rotational rheometer, and the atomization properties (spray cone angle, Sauter mean diameter (SMD),
and droplet size distribution) of the gelled fuel were measured experimentally. In this paper, three
nozzle structures were designed, including a DC nozzle, a swirl nozzle, and a self-excited oscillation
nozzle. The effects of different nozzle structures and metal particle concentrations on the atomization
of gelled fuels are compared and discussed.
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1. Introduction

Gelled fuels can behave as solids at rest and can also flow under external shear like
conventional liquid fuels, which makes them promising with regard to potential aerospace
applications [1–4]. However, gelled fuels are typically non-Newtonian fluids, and both their
viscosity and elasticity significantly affect atomization performance. A study by Padwal
and Mishra [5] showed that even if the apparent viscosities of two gelled fuels are equal,
the difference in their elasticity results in a large difference between their respective Sauter
mean diameters (SMD, D32). The atomization problem remains one of the key issues for
the application of gelled fuels.

The atomization mechanism indicates that the increase in fuel viscosity increases the
viscous dissipation during the atomization process and inhibits destabilization of the jet
surface, which, in turn, hinders the fragmentation and atomization of the fuel. The shear
thinning property means that the viscosity of gelled fuel decreases with the increase in
external shear stress. The atomization effect can be improved by increasing the shear stress
on the fuel inside the nozzle to reduce its viscosity. The experimental gel engine developed
by Rahimi and Natan [6] used a nozzle structure with conical channels. They initially
calculated the velocity and viscosity distribution of the gelled fuel in the nozzle, and the
results showed that the average apparent viscosity of the fuel decreased significantly at
the nozzle exit, and that increasing the channel convergence angle could achieve better
spray quality. Madlener et al. [7] experimentally investigated the effect of the convergence
angle on the fuel flow and spray behavior. However, the improvement of atomization
by increasing the convergence angle was also limited. The results of Rahimi and Natan’s
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experiment [8] showed that, at the same fuel mass flow rate, the mean diameter of droplets
produced by gelled fuel atomization at cone angles of 30◦ and 2◦ appeared to be the same.

Yang et al. [9] investigated the atomization characteristics of gel simulating fluids
using swirl nozzles. They found that it is more difficult for gelled fuel to form a liquid film
compared to a Newtonian fluid. Under the same pressure conditions, the gel simulating
fluid was ejected as a nearly cylindrical jet, while the aqueous solution was able to form a
stable conical liquid film. The breakup length of the gel simulant gradually decreased as the
injection pressure gradually increased, which is consistent with the law of Newtonian fluids.
However, for gelled fuels, even at higher injection pressure, there are still a large number
of unbroken liquid filaments in the spray field, and fine droplets cannot be obtained.

The addition of energetic solid particles, such as aluminum, boron, and magnesium, to
gelled fuels is an important means of improving the energy characteristics of the fuel [10].
The volumetric calorific value of these energetic solid particles is significantly higher
than that of conventional liquid hydrocarbon fuels, and thus gelled fuels with additional
energetic solid particles have a higher density and volumetric calorific value [11]. However,
the introduction of energetic solid particles also makes the rheological properties of the
fuel more complex, which makes the atomization of gelled fuels more difficult than that of
conventional fuels. Kim et al. [12] investigated the effect of metal particle concentration and
average particle size on the atomization performance of slurry fuels using a swirl nozzle.
The research results showed that, with the increase in metal particle concentration, the
thickness of the film gradually increased, the instability of the liquid film was suppressed,
and the position of the liquid filament and droplet generation in the spray field gradually
moved downstream. Furthermore, the breakup length of the liquid film gradually decreases
with the increase in the average diameter of the particles, which is due to the change of the
breakup mechanism of the liquid film caused by the increase in the particle diameter [12].
Additionally, the authors point out that the spray cone angle of the gelled fuel is determined
by the fuel viscosity, and the increase in both particle concentration and average diameter
increases the fuel viscosity, which, in turn, affects the spray cone angle of the fuel. Kampen
et al. [13] investigated the effect of aluminum particle concentration on the atomization
characteristics of gelled fuels in detail. Their results showed that gelled fuels with high
particle concentration (40%) could be atomized by impinging nozzles, and the form of
fuel atomization was related to the concentration of aluminum particles and Reynolds
number. Baek et al. [14] measured the atomized droplet size of water and C934 Carbopol
gels with/without nanoparticles using an image processing method. It was noted that the
addition of nanoparticles made it possible to reduce the strength of the gelled fuel and
make its breakup length much smaller than that of the pure gel.

Due to the complex characteristics of the gelled fuel containing metal particles, fuel
atomization by conventional atomization means is not satisfactory [15–18]. Jia et al. [19]
proposed a self-excited oscillation nozzle for nanoparticle-containing slurry fuels and
conducted a detailed experimental study on the effects of different self-excited oscillation
nozzle structures. The results show that the self-excited oscillation nozzle has a smaller
discharge coefficient, better spray quality, and a more uniform droplet size distribution
compared to the conventional DC nozzle. Additionally, the authors point out that the
self-excited oscillation nozzle is more stable and reliable than the conventional DC nozzle,
due to the strong internal turbulence. Li et al. [20] proposed an improved single-phase
atomization nozzle based on the rheological properties of gelled fuels. It was shown that
the new nozzle can effectively reduce the SMD of gelled fuel containing solid particles by
introducing a cone-like structure into the nozzle.

The aim of this paper is to investigate the effect of the concentration of metal particles
on the rheological and atomization properties of gelled fuels. This paper is structured as
follows: Section 2 introduces the preparation of gelled fuels and describes the effect of metal
particle concentration on their rheological properties. Section 3 describes the experimental
system and method, in which three nozzle structures are designed, including a DC nozzle,
a swirl nozzle, and a self-excited oscillation nozzle. Section 4 compares the atomization
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characteristics of different nozzles and discusses the effect of metal particle concentration
on fuel atomization characteristics. Section 5 summarizes the research results of this paper.

2. Gelled Fuel Preparation and Their Rheological Properties

For this paper, the effect of different aluminum nanoparticle concentrations on the
rheological properties of gelled fuel was investigated, using JP-10 as the base liquid fuel.
The metal particles were selected as Al nanoparticles. The preparation process of Al/JP-10
gelled fuel mainly involves: the preparation of aluminum nanoparticles, the preparation
of a small molecule gelling agent and the preparation of gelled fuel. In the experiments, a
small molecule gelling agent and nanoparticles were added into the JP-10 solution sepa-
rately, and the gelled fuel was obtained with mechanical stirring and standing processes.
The preparation process is detailed in a study by Cao et al. [21]. Three concentrations of
AL/JP-10 gelled fuel were selected for this paper: 0%, 15%, and 30%. The three solutions
were named GF-0, GF-15, and GF-30, respectively, in accordance with their concentra-
tion of aluminum nanoparticles. The density of the three gelled fuels was 0.935 g/mL,
1.0582 g/mL, and 1.1758 g/mL, respectively.

The rheological curves of different gelled fuels, i.e., apparent viscosity versus shear
rate, were measured for this paper using an Anton Paar rotary rheometer (MCR92). The
measurement temperature was set at 25 ◦C. The shear rate was taken in the range of
0.1–1000 s−1, and the sampling time of the experimental data was varied logarithmically.
The rheometer is a tapered plate test system, which is suitable for measuring samples
with high viscosity, and only very small solid particles. Gelled fuel has very complex
rheological properties, including yield stress and thixotropy. Therefore, under different
tests, its rheological curve may behave differently, but its overall law is unchanged.

Figure 1 shows the rheological curves of gelled fuels containing different concentra-
tions of Al nanoparticles. The gelled fuel as a whole shows a shear thinning characteristic,
i.e., the apparent viscosity of the gelled fuel gradually decreased with the increasing shear
rate. This is because the external shear can disturb or even disrupt the mesh structure of
the gel, which can release the liquid fuel trapped therein and thus reduce the apparent
viscosity of the gelled fuel [21]. Furthermore, the addition of aluminum nanoparticles did
not change the shear thinning characteristics of the gelled fuels. Generally, gelled fuels
undergo different levels of shear action during the process of preparation and use, and it
is generally believed that the typical shear rate of gelled fuel during atomization is larger
than 1000 s−1 [1]. It can also be seen that gelled fuels retain their shear thinning properties
at high shear rates, and their viscosity is still higher than that of conventional Newtonian
fluids. The apparent viscosity of three gelled fuels at a high shear rate of 1000 s−1 is 8.376,
13.841, and 62.384 mPa s, which indicates that the viscosity of gelled fuel is increased by
the addition of Al nanoparticles. To describe the rheological properties of gelled fuels, the
power-law flow model was used to fit the experimental data. The power-law model is:

η = K · .
γ

n−1 (1)

where K is the consistency coefficient and n is the power-law index. Table 1 shows the
consistency coefficient and power-law index of gelled fuels containing different concentra-
tions of nanoparticles. In general, a higher consistency coefficient indicates a more viscous
fuel, while a higher power law index indicates a nearly Newtonian behavior. When n is
equal to 1, the fuel is a typical Newtonian liquid. It can be seen that both the consistency
coefficient and the power-law index increased with the concentrations of nanoparticles,
which means that the addition of nanoparticles makes the gelled fuels more viscous and
less shear thinning. This is also in agreement with the results of Cao et al. [21] and Madlener
et al. [22]. Additionally, some local irregularities exist in the flow curve, particularly for
GF−15 at a shear rate between 40 and 50 s−1. This is caused by relative displacement of
particles, which may occur during shearing because of the difference in density between
liquid fuel and solid particles. This results in the agglomeration of small particles or the



Aerospace 2023, 10, 221 4 of 12

disintegration of large particle clusters. Therefore, the flow curve becomes not smooth,
creating some local irregularities.
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Figure 1. Rheological curves of gelled fuels containing different concentrations of Al nanoparticles.

Table 1. The consistency coefficient and power-law index of gelled fuels containing different concen-
trations of nanoparticles.

Index GF-0 GF-15 GF-30

Consistency coefficient K/Pa sn 4466.8 7413.1 13,489.6
Power-law index n 0.0994 0.1017 0.1566

3. Experimental Setup

Figure 2 shows the experimental system used in this paper. The system consists of a fuel
supply unit, an injector, measuring devices, and piping. The fuel supply unit contains an
electrical motor, fuel tank, and piston rod. In the experiments, the motor drove the piston in a
linear motion to supply the gelled fuel in the storage tank to the atomization injector.
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In order to investigate the atomization characteristics of different gelled fuels, three
kinds of atomizers were designed for this paper: a DC nozzle, a swirl nozzle, and a self-
excited oscillation nozzle. The DC nozzle and swirl nozzle are traditional atomizers, and



Aerospace 2023, 10, 221 5 of 12

they have their own advantages and disadvantages. The structure of the DC nozzle is
a simple one, which is widely used in the combustion chamber of liquid rocket engines.
The fuel behaves as a continuous liquid jet after ejecting from the nozzle outlet, which
usually has a long penetration distance. However, the spray cone angle of the DC nozzle
is typically small, and the atomization performance of the DC nozzle is generally poor. A
swirl nozzle can have a better spray performance, with a larger spray cone angle, smaller
droplet diameter, and more uniform droplet distribution. The disadvantage of the swirl
nozzle is that the penetration depth is short, which brings the fuel mixing and combustion
zone closer to the injection panel. The structure of the DC nozzle and the swirl nozzle used
in this paper is shown in Figure 3. The outlet diameters of the DC nozzle and swirl nozzle
are 0.42 mm and 0.46 mm, respectively. The swirl nozzle contains a cyclone, which has
two 1 × 1 mm cyclonic flow grooves.
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The self-excited oscillation nozzle is an improved single-phase atomization nozzle,
which introduced a resonant chamber in the nozzle. The resonant chamber generates self-
excited oscillations at a specific frequency to excite the destabilization of the jet, which could
enhance the atomization of liquid fuel. Jia et al. [19] showed that self-excited oscillation
nozzles are ideal atomizers for nanoparticle suspensions, while, in this paper, we tested the
atomization performance of the self-excited nozzle when using the gelled fuels containing
nanoparticles. This nozzle has four key parameters: oscillation chamber inlet diameter d1,
resonant chamber diameter D, resonant chamber length L, and nozzle outlet diameter d2.
The design process of the self-excitation nozzle mainly involved [19]:

(1) Calculating the unstable frequency interval of the cylindrical jet based on the physical
parameters of the fuel and linear instability theory.

(2) Designing the resonant chamber size, and calculating the self-excited oscillation
frequency of the resonant chamber according to the following equation [23]:

f =
ω

2π
=

αd0

√
1 + 0.64(d2/d1)

4

2πD
√

Ll0
(2)

where α is the wave velocity, d0 is the diameter of pipe before the nozzle, and l0 is the
length of pipe before the nozzle.

(3) Comparing whether the oscillation frequency of the resonant chamber is in the un-
stable frequency interval of the liquid jet. If not, redesigning the size of the resonant
chamber.

Based on the study by Jia et al. [19], the key structure parameters of the self-excited
oscillation nozzle are d1 = 0.38 mm, D = 1.2 mm, L = 2 mm, and d2 = 0.44 mm. The structure
of the self-excited oscillation nozzle is shown in Figure 4.



Aerospace 2023, 10, 221 6 of 12

Aerospace 2023, 10, x FOR PEER REVIEW 6 of 13 
 

 

(2) Designing the resonant chamber size, and calculating the self-excited oscillation 
frequency of the resonant chamber according to the following Equation [23]: 

 4

0 2 1

0

1 0.64 /

2 2

d d d
f

D Ll


 


   (2)

where α is the wave velocity, d0 is the diameter of pipe before the nozzle, and l0 is the 
length of pipe before the nozzle. 

(3) Comparing whether the oscillation frequency of the resonant chamber is in the 
unstable frequency interval of the liquid jet. If not, redesigning the size of the resonant 
chamber. 

Based on the study by Jia et al. [19], the key structure parameters of the self-excited 
oscillation nozzle are d1 = 0.38 mm, D = 1.2 mm, L = 2 mm, and d2 = 0.44 mm. The structure 
of the self-excited oscillation nozzle is shown in Figure 4. 

 
Figure 4. Structure of the self-excited oscillation nozzle. 

In the experiments, the spray images of the gelled fuels were captured by a FAST-
CAM SA-Z high-speed camera from Photron, Japan, with a resolution of 1024 × 1024 pixels 
and a maximum frame rate of 200 kfps. The frame rate was set to 4000 fps in the experi-
ments. SMD, spray field particle size distribution, and other atomization data were meas-
ured by a laser particle size analyzer from the Malvern company, with a particle size meas-
urement range of 0.1 μm~1000 μm. The sampling rate of the particle size analyzer was 10 
kHz. In the experiment, the flow rate of the gelled fuel was obtained indirectly through 
the displacement signal of the piston in the fuel tank, and the injection pressure of the fuel 
was obtained through a pressure sensor. More details of the experimental setup can be 
found in the study by Li et al. [20]. 

4. Results and Discussion 
4.1. Atomization Characteristics of Different Gelled Fuels Using DC Nozzles 

We tested the atomization performance of DC nozzles for different gelled fuels at the 
same volume flow rate. In the experiments, the volume flow rate of gelled fuels was con-
trolled by changing the speed of the piston in the fuel tank, which is proportional to the 
electrical motor speed. The set volume flow rate is 7 mL/s, and the deviation of the actual 
flow rate from the set flow rate does not exceed 5%. Figure 5 shows spray images of dif-
ferent gelled fuels using DC nozzles at the same liquid volume flow rate. As can be seen 
in Figure 5, the atomization characteristics of the DC nozzle is similar for different types 
of gelled fuels, and a continuous cylindrical jet is formed when the gelled fuel is injected 
from the DC nozzle. Due to turbulence inside the liquid jet and the shearing effect at the 
gas-liquid interface, the droplets are stripped from the jet surface. However, the breakup 
length of the liquid jet produced by the DC nozzle is large, and large liquid clusters and 
filaments still exist downstream of the spray field. The large sized droplets are difficult to 
evaporate and burn quickly, which is harmful to engine performance. The spray angle of 

Figure 4. Structure of the self-excited oscillation nozzle.

In the experiments, the spray images of the gelled fuels were captured by a FASTCAM
SA-Z high-speed camera from Photron, Japan, with a resolution of 1024 × 1024 pixels and
a maximum frame rate of 200 kfps. The frame rate was set to 4000 fps in the experiments.
SMD, spray field particle size distribution, and other atomization data were measured by a
laser particle size analyzer from the Malvern company, with a particle size measurement
range of 0.1 µm~1000 µm. The sampling rate of the particle size analyzer was 10 kHz.
In the experiment, the flow rate of the gelled fuel was obtained indirectly through the
displacement signal of the piston in the fuel tank, and the injection pressure of the fuel was
obtained through a pressure sensor. More details of the experimental setup can be found in
the study by Li et al. [20].

4. Results and Discussion
4.1. Atomization Characteristics of Different Gelled Fuels Using DC Nozzles

We tested the atomization performance of DC nozzles for different gelled fuels at
the same volume flow rate. In the experiments, the volume flow rate of gelled fuels was
controlled by changing the speed of the piston in the fuel tank, which is proportional to
the electrical motor speed. The set volume flow rate is 7 mL/s, and the deviation of the
actual flow rate from the set flow rate does not exceed 5%. Figure 5 shows spray images of
different gelled fuels using DC nozzles at the same liquid volume flow rate. As can be seen
in Figure 5, the atomization characteristics of the DC nozzle is similar for different types
of gelled fuels, and a continuous cylindrical jet is formed when the gelled fuel is injected
from the DC nozzle. Due to turbulence inside the liquid jet and the shearing effect at the
gas-liquid interface, the droplets are stripped from the jet surface. However, the breakup
length of the liquid jet produced by the DC nozzle is large, and large liquid clusters and
filaments still exist downstream of the spray field. The large sized droplets are difficult
to evaporate and burn quickly, which is harmful to engine performance. The spray angle
of GF-0, GF-15, and GF-30 is 5.862◦, 5.791◦, and 5.574◦, respectively. Table 2 shows the
injection pressure and the mean droplet diameters for different gelled fuels. It is notable
that the injection pressure of the fuel increases with the increase in solid particle content,
while the SMD first decreases and then increases with the increase in solid particle content.
This can be explained in that the apparent viscosity of GF-0 and GF-15 is approximately
equal at a high shear rate, while the injection pressure of GF-15 is higher and the velocity of
the liquid jet is large, so the jet breaks up more fully and therefore the SMD is smaller. The
viscosity of GF-30 is much larger than that of GF-0 and GF-15, and has a greater effect on
the liquid jet break-up, so the SMD of GF-30 is larger than that of the other two gelled fuels.
In order to characterize the microscopic characteristics of the spray field, it is not sufficient
to use the Sauter mean diameter D32 alone. The values of Dv50 and Dv90 are also listed
in Table 2. Dv50 is the particle diameter corresponding to 50% of the volume distribution,
Dv90 is the particle diameter corresponding to 90% of the volume distribution. As can be
seen in the table, Dv50 is around 300 µm, which means that 50% of the droplets in the spray
field are larger than 300 µm. Dv90 of the three gelled fuels are all above 600 µm, larger than
the diameter of the DC nozzle exit 400 µm.
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Table 2. The injection pressure and the mean droplet diameters of the DC nozzle for different gelled fuels.

Type Volumetric Flow
Rate/(mL/s) Pressure/MPa D32/µm Dv50/µm Dv90/µm

GF-0 6.82 1.65 ± 0.005 137.42 ± 17.83 344.15 696.21
GF-15 6.66 1.94 ± 0.010 88.29 ± 9.53 239.28 632.99
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Figure 6 shows the droplet size distribution for different fuel types when using DC
nozzles. The bar graph indicates the volume frequency of droplets whose size lie within
a specific range. The solid line indicates the cumulative volume of droplets whose size is
less than a specific value. As can be seen in Figure 6, the spray field of the DC nozzle has a
higher percentage of large diameter droplets, and the largest volume frequency droplet has
a diameter of approximately 500 µm. The droplet size distribution of GF-15 is a bimodal
distribution, as predicted and seen in the spray images. In the spray field of the DC nozzle,
there are both large liquid filaments and much smaller droplets which peeled off from the
liquid jet. The number of these two sizes of droplets are similar to each other, so the droplet
size distribution shows a bimodal distribution. Though the SMD are all around 100 µm for
the three gelled fuels, the spray uniformity and fineness of the DC nozzle is not good, and a
large number of un-atomized droplets still exist in the spray field. Overall, the atomization
performances of DC nozzles for different gelled fuels are not satisfactory.

Aerospace 2023, 10, x FOR PEER REVIEW 8 of 13 
 

 

Type 
Volumetric Flow 

Rate/(mL/s) 
Pressure/MPa D32/μm Dv50/μm Dv90/μm 

GF-0 6.82 1.65 ± 0.005 137.42 ± 17.83 344.15 696.21 
GF-15 6.66 1.94 ± 0.010 88.29 ± 9.53 239.28 632.99 
GF-30 6.90 2.44 ± 0.005 167.71 ± 19.00 353.33 697.70 

 
Figure 6. Droplet size distribution of different gelled fuels using DC nozzles. 

4.2. Atomization Characteristics of Different Gelled Fuels Using Swirl Nozzles 
The atomization characteristics of different gelled fuels using swirl nozzles were also 

tested at the same volumetric flow rate of 7 mL/s. Figure 7 shows the spray images of swirl 
nozzles for three different gelled fuels at the same liquid volume flow rate. It is obvious 
that the atomization performance of the swirl nozzle is significantly better than that of the 
DC nozzle, which can produce a more uniform spray field for the gelled fuels containing 
different concentrations of nanoparticles. The centrifugal force causes the fuel to be ejected 
from the nozzle exit as a conical liquid film, which creates a larger spray cone angle than 
the DC nozzle. The conical liquid film is rapidly broken, forming a fine and uniform spray 
field. As can be seen in Figure 7, the increase in Al nanoparticle concentration makes the 
droplet diameter in the spray field larger, which can also be seen in the data from the laser 
particle size analyzer. The spray angles of GF-0, GF-15, and GF-30 are 42.2°, 34.504°, and 
16.1°, respectively. It is more evident that the spray cone angle of the swirl nozzle gradu-
ally decreases with the increase in nanoparticles. This can be attributed to the increase in 
metal nanoparticles, which makes the fuel viscosity increase and the radial velocity of the 
nozzle decrease. 

Figure 6. Droplet size distribution of different gelled fuels using DC nozzles.



Aerospace 2023, 10, 221 8 of 12

4.2. Atomization Characteristics of Different Gelled Fuels Using Swirl Nozzles

The atomization characteristics of different gelled fuels using swirl nozzles were also
tested at the same volumetric flow rate of 7 mL/s. Figure 7 shows the spray images of swirl
nozzles for three different gelled fuels at the same liquid volume flow rate. It is obvious
that the atomization performance of the swirl nozzle is significantly better than that of the
DC nozzle, which can produce a more uniform spray field for the gelled fuels containing
different concentrations of nanoparticles. The centrifugal force causes the fuel to be ejected
from the nozzle exit as a conical liquid film, which creates a larger spray cone angle than
the DC nozzle. The conical liquid film is rapidly broken, forming a fine and uniform spray
field. As can be seen in Figure 7, the increase in Al nanoparticle concentration makes the
droplet diameter in the spray field larger, which can also be seen in the data from the
laser particle size analyzer. The spray angles of GF-0, GF-15, and GF-30 are 42.2◦, 34.504◦,
and 16.1◦, respectively. It is more evident that the spray cone angle of the swirl nozzle
gradually decreases with the increase in nanoparticles. This can be attributed to the increase
in metal nanoparticles, which makes the fuel viscosity increase and the radial velocity of
the nozzle decrease.
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Table 3 shows the injection pressure and mean droplet diameters of the swirl nozzle
for different gelled fuels. As can be seen in Table 3, D32, Dv50, and Dv90 produced by the
swirl nozzle for different gelled fuels are all smaller than that of the DC nozzle. As the
Al nanoparticle concentrations increase, the mean droplet diameter gradually increases.
Figure 8 shows the corresponding droplet size distribution of different gelled fuels. It can
be seen in Figure 8 that the volume proportion of large droplets gradually increases with
the increase in nanoparticle concentration, and the atomization performance gradually
becomes worse, which is consistent with the spray images.

Table 3. The injection pressure and mean droplet diameters of the swirl nozzle for different gelled fuels.

Type Volumetric Flow
Rate/(mL/s) Pressure/MPa D32/µm Dv50/µm Dv90/µm

GF-0 7.05 1.72 ± 0.003 36.42 ± 2.03 57.88 136.78
GF-15 6.94 1.39 ± 0.038 48.29 ± 8.18 71.60 169.57
GF-30 7.01 1.38 ± 0.010 146.53 ± 8.10 174.34 318.15
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Although the atomization performance of swirl nozzle is better, due to the unstable
physical properties of the fuel, and the difference in density between the fuel and the
energy-containing additive, the aggregation and adhesion of solid particles are significant.
The fuel flow rate inside the swirl nozzle is low and some of the metal particles can obstruct
the cyclone. However, the centrifugal effect of the swirl nozzle will create a separation
effect between the solid particles and the fuel, which will eventually increase the deposition
of metal particles on the walls of the thrust chamber.

4.3. Atomization Characteristics of Different Gelled Fuels Using Self-Excited Oscillation Nozzles

As discussed above, the use of DC nozzles alone cannot overcome the high viscosity
characteristics of gelled fuels and achieve good atomization quality. To improve its atom-
ization characteristics, it is necessary to modify the DC nozzle, such as the use of multiple
DC nozzles hitting each other or changes to the nozzle structure. Figure 9 shows the spray
images of different gelled fuels using self-excited oscillation nozzle at the same liquid
volume flow rate. It can also be seen in Figure 9 that the atomization characteristics of
the self-excited oscillation nozzle are similar for the three gelled fuels containing different
concentrations of Al nanoparticles, which can all produce a uniform spray field. Near the
nozzle exit of the self-excited oscillation nozzle, the fuel jet breaks up more violently, due
to the introduction of the resonant chamber. As pointed by Jia et al. [19], the flow inside the
nozzle is more disordered and the vortex scale inside the liquid is larger. At the same time,
the spray angle of GF-0, GF-15, and GF-30 is 15.774◦, 17.319◦, and 14.432◦, respectively.
The spray cone angle is larger than that of the DC nozzle, but smaller than that of the
swirl nozzle. However, as the nanoparticles increased, the spray cone angle of self-excited
oscillation nozzle did not change significantly.

Table 4 shows the injection pressure and the mean droplet diameters of self-excited
oscillation nozzle for different gelled fuels, while Figure 10 shows their corresponding
droplet size distribution. By comparing Table 4 and Figure 10, it can be seen that the droplet
diameter size and droplet size distribution produced by self-excited oscillation nozzle are
similar for different types of fuels. Therefore, it can be concluded that the self-excited
oscillation nozzle designed in this paper has good stability, and can be applied to fuels with
different metal particle concentrations.

4.4. Comparison of Atomization Characteristics of Different Nozzles

The comparison of the spray images shows that the atomization performance of the swirl
nozzle and the self-excited oscillation nozzle is significantly better than that of the DC nozzle.
The introduction of a resonant chamber can improve the atomization quality of the DC nozzle,
which makes the breakup of the liquid jet more obvious and more intense. At the same time,
the spray cone angle of the self-excited oscillation nozzle is significantly larger than that of
the DC nozzle, and even tends to be similar than that of the swirl nozzle. It should be also
noted that the conventional DC nozzle and swirl nozzle cannot overcome the change of fuel
viscosity caused by addition of metal particles. As the concentration of nanoparticles increases,
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the DC nozzle produces more liquid clusters and filaments in the spray field downstream,
while the swirl nozzle obviously decreases the spray cone angle of gelled fuels. However,
the atomization effect of the self-excited oscillation nozzle does not change significantly with
increasing nanoparticle concentration, which indicates that the self-excited oscillation nozzle
can offer a more stable atomization performance for gelled fuels.
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Table 4. The injection pressure and the mean droplet diameters of the self-excited oscillation nozzle
for different gelled fuels.

Type Volumetric Flow
Rate/(mL/s) Pressure/MPa D32/µm Dv50/µm Dv90/µm

GF-0 6.91 2.79 ± 0.019 97.52 ± 11.07 156.10 427.85
GF-15 6.81 3.29 ± 0.009 70.99 ± 4.51 109.68 282.78
GF-30 6.80 3.66 ± 0.013 93.02 ± 8.10 135.98 318.52
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The comparison of the mean droplet diameter shows that the droplet of the swirl
nozzle is significantly smaller than that of the DC nozzle and the self-excited oscillation
nozzle. The Dv50 and droplet size distribution show that the swirl nozzle also produces a
higher percentage of small droplets and a more uniform spray field. However, it should
also be noted that when the concentration of metal nanoparticles increases from 15% to 30%,
the SMD, Dv50, and Dv90 of the swirl nozzle also increases rapidly. The SMD data of the
self-excited oscillation nozzle is close to that of the DC nozzle, but its Dv50 and Dv90 values
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are significantly smaller than that of the DC nozzle. It can also be seen from the droplet
size distribution of the self-oscillation nozzle that the peak of the volume frequency shifts
towards smaller values, which also means that the self-oscillation nozzle can effectively
reduce the large size droplets and liquid filaments in the spray field, thus improving the
atomization characteristics of gelled fuels.

It can be seen in Table 4 that the fuel injection pressure of the self-excited oscillation
nozzle is higher when compared with the DC nozzle and swirl nozzle. This can be attributed
to the turbulence of the flow in the resonant chamber, where the strong oscillation effect
will have some feedback on the upstream pipeline, resulting in the phenomenon of flow
oscillation, and make the self-excited oscillation nozzle discharge coefficient more unstable.
At the same time, due to the small size of the resonant chamber, the aggregation and
sedimentation of metal particles inside the chamber will also have an impact on the flow
coefficient of the nozzle. Generally speaking, the discharge coefficient of self-excited
oscillation nozzle is smaller than that of conventional nozzles, so the working pressure of
self-excited oscillation nozzle is higher.

5. Conclusions

In this paper, the rheological and atomization characteristics of gelled fuels with
different Al nanoparticle concentrations were investigated. Three single-phase injectors
were used for comparison. The main findings of the study are as follows:

1. The addition of metal particles does not change the shear thinning characteristics of
the gelled fuels, but makes their rheological curves more complex. The consistency
coefficient and power law index of the gelled fuels gradually increase with the increase
in nanoparticle concentration.

2. The atomization performance of the self-excited oscillation nozzle is better than that of
the DC nozzle. The introduction of a resonant chamber can enhance the fragmentation
of the liquid jet. At the same time, the spray cone angle of the self-excited oscillation
nozzle is significantly larger than that of the DC nozzle, and even tends to be similar
to that of the swirl nozzle.

3. The droplet diameter produced by the swirl nozzle is significantly smaller than
that of the DC nozzle and the self-excited oscillation nozzle, producing a higher
percentage of small droplets and a more uniform spray field. When the concentration
of nanoparticles increases from 15% to 30%, the mean droplet diameter of the swirl
nozzle will also increase rapidly.

4. The conventional DC nozzle and swirl nozzle cannot overcome the change of fuel
viscosity caused by the addition of metal particles. As the nanoparticle concentration
increases, the large size droplets and liquid filament increase in the spray field down-
stream of the DC nozzle, while the spray cone angle decreases significantly when
using a swirl nozzle. However, the spray quality of self-excited oscillation nozzle is
similar for different gelled fuels and does not change significantly.
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