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The structure of the pressure swirl nozzle is the key factor affecting the atomization quality. Optimal design of nozzle structure is
conducive to improving the atomization quality and has important significance for improving the efficiency and stability of the
combustor. The effect of the swirl section diameter, the contraction section angle, the straight section diameter, and the
expansion section angle on the spray cone angle and the liquid film thickness is studied by numerical simulation. The results
show that the liquid film thickness and spray cone angle both decrease with the increase of the expansion section angle. As the
straight section diameter increases, the spray cone angle and liquid film thickness both increased. Both the spray cone angle
and the liquid film thickness have an optimal contraction angle value that is 60 and 45°, respectively. The increase in the ratio
of the swirl section diameter to the straight section diameter can increase the liquid axial velocity. When the nozzle outlet has
an expansion angle, the thickness of the liquid film is reduced. When the expansion section angle, the straight section
diameter, the contraction section angle, and the swirl section diameter of the nozzle is 30°, 4 mm, 45°, and 12 mm, respectively,

the atomization performance of this nozzle is the best.

1. Introduction

Pressure swirl nozzle is widely used in the fields of petro-
chemical industry, agriculture, fire extinguishing, and
engine, because of its simple structure, low energy consump-
tion, and good atomization quality. The structure of the
pressure swirl nozzle is mainly composed of a swirl section,
a contraction section, an equal straight section, and an
expansion section. The atomization quality directly affects
the combustion efficiency and stability of the engine com-
bustion chamber [1]. There are many parameters that affect
nozzle atomization performance. Zhang et al. [2] enhanced
nozzle atomization quality under different fuel ratio. Guo
et al. [3] explored the influence of environmental pressure
change on nozzle spray cone angle. The structure of the noz-
zle is one of the key factors affecting the atomization quality,

so it is of great significance to study the influence of the
structure of the nozzle on the spray characteristics to
improve the atomization quality of the fuel.

Jiang et al. [4] made predictions about the atomizing
characteristic parameters using a combination of theoretical
formulations and experimental investigation and pointed
out the nozzles with the smallest atomizing droplet size.
Sun et al. [5] carried out experimental research on air-blast
nozzle to explore its atomization quality and variation rule
under different working conditions. Zhang et al. pointed
out the optimal working condition under different pressures
and nozzle diameters [6]. By theoretical and practical
methods, the research of Lv et al. yielded the empirical
formula between the spray cone angle and the Reynolds
number [7]. Gad et al. [8] explored the influence of different
dimensionless parameters such as the orifice length/
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diameter ratio (Lo/Do), the swirl chamber length/diameter
ratio (Ls/Ds), and the swirling passage size on the spray
characteristics of the pressure swirl atomizer with/without
assisted air. The results show that the spry angle of the noz-
zle decreases with the increase of Lo/Do or the decrease of
air mass flow rate, the breakup length can be reduced by
decreasing Ls/Ds, and the SMD can be reduced with the
increase of gas assistance.

Although the experiment is the most direct method to
explore the nozzle spray characteristics, with the develop-
ment of computer technology and the gradual improvement
of theoretical models, numerical simulation has gradually
become one of the economical and effective methods to
explore the spray characteristics. In theoretical research, Fu
et al. [9] calculated the amplitude-frequency transfer charac-
teristics of the indoor oscillation of a dual-component nozzle
as it changes with the fuel mixing ratio. The model can pro-
vide a better reference for engineering design. Yang et al.
[10] explored the influence of structural parameters of an
open-end swirl nozzle on the characteristics of the nozzle
and showed that the oscillation phase could be delayed with
the increase of the length of the swirl cavity to achieve the
effect of the oscillation damper. Based on the VOF method,
Liu et al. [11] conducted a single-factor variable study on the
influence of the structure of the pressure swirl nozzle on the
atomization quality, and besides, they analyzed the influence
degree of different structures on the nozzle spray character-
istics through the dimensionless influence factor and
pointed out the key structural parameters affecting the noz-
zle atomization performance. It provided a reference for the
subsequent optimization of the nozzle structure. With varia-
tion of the nozzle inlet number, the swirl chamber length,
and nozzle diameter, Khani Aminjan et al. [12, 13] observed
the influence of liquid film thickness, atomization spry angle,
and SMD on the performance of pressure swirl nozzles with
spiral inlet and tangential inlet. The simulation results are in
good agreement with the experimental results, which proves
that the method can accurately predict the atomization per-
formance inside and outside the design point of nozzles.
Qiao et al. [14] explored the influence law of nozzle structure
parameters on biological fuel atomization quality through
numerical simulation and fitted the flow discharge coeffi-
cient formula based on the empirical formula. Pan et al.
[15] studied the influence of the position and angle of the
inclination angle of the tangential groove on the atomization
quality, pointed out the influence law of the structure on the
spray cone angle and droplet size, and obtained the best
combination of atomization quality under different struc-
tures. Zhao et al. [16] carried out a numerical simulation
on the pressure swirl nozzle with a round platform at the
nozzle top and studied the spray characteristics under differ-
ent structural parameters, which had guiding significance for
improving the atomization quality of the nozzle and the effi-
ciency of seawater desalination.

It is necessary to achieve the best atomization perfor-
mance of the nozzle under the combination of various fac-
tors in practice because most prior research concentrated
on the nozzle atomization quality with a single variable.
Khani Aminjan et al. [12] carried out nine experiments to
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consider the influence of the combination of two variables
and three levels on the atomization quality. In order to con-
sider the influence of the combination of multiple factors on
the atomization quality of the pressure swirl nozzle, a large
number of experiments are needed, which not only requires
a large workload but also a high experiment cost. Orthogo-
nal experiment can reduce the number of experiments as
much as possible without affecting the experimental effect
and effectively solve the problem caused by too many factors
and levels [17]. Qiu et al. [18] optimized the nozzle struc-
tural parameters and explored the influence rule of nozzle
outlet diameter, length of straight section, divergent angle,
and divergent length on atomization quality parameters by
orthogonal experiment. Zhao et al. [19] analyzed the influ-
ence of gas pressure, the outlet length of the nozzle, the size
of the gas ring gap, and other parameters on the ejection
spray volume through orthogonal experiments. Bai et al.
[20] optimized the structure of the nozzle with swirl grooves
and explored the influence laws of expansion angle, length of
straight section, rise swirl groove angle, and number of swirl
groove on atomization quality. However, in addition to the
above structural parameters, a single structural variable
shows that the parameters of the swirl section and the con-
traction section also have a great influence on the atomiza-
tion quality of the nozzle.

In this paper, the overall structure of the pressure swirl
nozzle is optimized to improve the atomization quality,
and the multifactor structure combination of the nozzle
was tested by the method of orthogonal experiment and
numerical simulation. Song [21] pointed out that the outlet
length and the total length of the nozzle had little influence
on the flow of the pressure swirl nozzle. Therefore, the key
parameters of the pressure swirl nozzle, such as the swirl
section diameter, the contraction section angle, the equal
straight section diameter, and the expansion section angle,
are selected to explore the influence of the structure on the
atomization quality of the nozzle, and the optimal structure
combination and variation rule of atomization quality are
obtained. The results are provided for the nozzle structure
optimization to achieve the desired optimal atomization
quality.

2. Computational Model and Method

2.1. Physical Model. A pressure swirl nozzle structure is
shown in Figure 1. The structure of the pressure swirl nozzle
is mainly composed of a swirl section, a contraction section,
an equal straight section, and an expansion section. This
study only focuses on the influence of the nozzle structure
on the atomization quality, so the external flow field is not
considered, and only the internal structure of the nozzle is
modeled. Its specific dimensions are shown in Table 1.

2.2. Numerical Calculation Method. Fluent is employed to
simulate transient flow in nozzle. The gas phase in this
model is set as air, and the liquid is water. The VOF model
is employed to track the interface. The model equation is
as follows:
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(b) Scale of pressure swirl nozzle

FIGURE 1: 3D model and scale of pressure swirl nozzle.

TaABLE 1: Structure size of nozzle.

Parameter Value
Tangential inlet diameter D;/mm 2
Diameter of swirl chamber D,/mm 10
Length of swirl chamber L/mm 6
Angle of contraction a/° 45
Diameter of equal straight section D,/mm 5
Length of equal straight section L,/mm 20

Angle of expansion section 6/

Length of expansion section L,/mm

Equation of continuity

0% | e = 0
__ eaqu =0,
ot

(1)

where « is the volume fraction. u is the velocity.

The momentum equation is solved in the whole compu-
tational domain, and the calculated velocity is the common
velocity of the gas phase and the liquid phase, and its expres-
sion is

’ (gf) +Ve (p??) =-Vp+Ve [‘u (V?+V7Tﬂ +pg+F,
(2)

where p is the fluid density. p is hydrostatic pressure. y is the
dynamic viscosity. g is the acceleration of gravity. F is the
external volume force, here referred to as surface tension.

Compares with the standard model, RNG k — ¢ model
not only takes into account the influence of swirl on turbu-
lence but also can apply to a wide range of Reynolds num-
ber. The model can be expressed as follows:

0 0 0 ok
E(Pk) + a—xi(Pk”i) = a_x] (“kﬂeff a_x]> + G+ Gy (3)
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where k is turbulence kinetic energy. ¢ is the turbulence dif-
fusion rate. 4 is the effective viscosity. G, and G, represent
the generation of turbulence kinetic energy due to the mean
velocity gradients and the generation of turbulence kinetic
energy due to buoyancy, respectively. Y,, is the dissipation
rate generated by the wave expansion in compressible turbu-
lence. This model assumes that the fluid is an incompressible
flow, so here, Y,, =0. o and «, are the reciprocal of valid
Prandtl numbers k and e. S, and S, indicate the user-
defined source item. C,, = 1.42, C,, = 1.68, and C;, = 0.09.

2.3. Boundary Conditions. The inlet boundary condition is
set as the velocity inlet, and the inlet velocity is 18.46 m/s,
and the volume fraction of the fluid is set as 1. The outlet
boundary condition is set to the pressure outlet, and the out-
let pressure is 0. The wall conditions are set to no slip and
adiabatic wall conditions. The flow field is initialized with
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FIGURE 2: Meshing of the numerical solution domain.

the inlet boundary conditions, and besides, the liquid veloc-
ity of the computational domain and the volume fraction of
water are set to 0.

2.4. Grid Independence Verification. As shown in Figure 2,
the calculation area of the pressure swirl nozzle is divided
into four different numbers of grids, 25w, 34w, 49w, and
110w, respectively. The variation of circumferential velocity
at the outlet is used to verify the mesh independence, and the
liquid film thickness obtained from the simulation results is
compared with the theoretical liquid film thickness formula
[22] to verify the calculated results.

In the simulation results, the isoline with the gas phase
volume fraction of 0.5 is taken as the gas-liquid interface.
The liquid film thickness is the distance between the wall
surface and the isoline, and the gas core is the distance
between the isoline, and the nozzle center liquid film thick-
ness is expressed as

hlf =Ty = T (5)

where hy; is the thickness of the liquid film. r,, is the radius

of the nozzle outlet. r,, is the radius of the gas core.
The theoretical liquid film thickness is predicted by
Lefebvre and Suyari [22], and it is expressed as

D, 0.25
hlf:3.66< ;Z;“) , (6)

where D, is the nozzle outlet diameter. m is the mass flow
rate. Ap is the pressure difference between inlet and outlet.
Mass flow formula

m=pVA=pV nDhy, (7)

where V, is the axial velocity. Dis the nozzle diameter at the
liquid film thickness section. hj; is the liquid film thickness.

It can be seen from Figure 3 that the model with a mesh
number of 49w and 110w can capture the circumferential
velocity more accurately. It can be seen from Table 2 that
the simulated values and empirical formula values of liquid
film thickness calculated by Equation (5) and Equation (6)
are basically unchanged, and the error is 5.2% and 5.3%,
indicating that the mesh number of 49 w is sufficient to meet
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Figure 3: Circumferential velocity at the exit.

TaBLE 2: Comparison of liquid film thickness between simulation
results and empirical formula.

Number of Simulation Empirical formula

grids results results Error
25w 0.671 mm 0.617 mm 8.0%
34w 0.666 mm 0.621 mm 6.8%
49w 0.655 mm 0.622 mm 5.2%
110w 0.657 mm 0.624 mm 5.3%

the calculation requirements [23]. All subsequent grids are
divided with the parameter of 49 w mesh number.

3. Results and Discussion

According to the single-factor analysis [11, 14, 15], the swirl
section diameter, the contraction section angle, the equal
straight section diameter, and the expansion section angle
have a great influence on the atomization quality of the pres-
sure swirl nozzle. In Table 3, A, B, C, and D are represented
as expansion angle, equal straight section diameter, contrac-
tion angle, and swirl section diameter, respectively. The four
factors are taken into account in the orthogonal experiment,
and a blank factor E, which carries out the variance analysis
of subsequent data, is set to make the freedom of the exper-
iment, not zero. The design of the orthogonal experiment
refers to the orthogonal experiment table L., which means
16 structures. The nozzle structures are optimized to achieve
better atomization performance by the liquid film thickness
and spray cone angle.

3.1. Spray Cone Angle. The spray cone angle is calculated by
Equation (8), and the velocity is calculated from the con-
tours of the gas phase volume fraction of 0.25 [24]. The
spray cone angle is shown in Figure 4.
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TaBLE 3: Experimental factors and levels.
Factors
Level A B C D E
Expansion angle/” Equal straight section diameter/mm Contraction angle/” Swirl section diameter/mm Blank
1 0 4 30 9
2 10 5 45 10
3 20 6 60 11
4 30 7 75 12

The spray cone angle formula is express as

\4
_:—, 8
s > =5 (8)

where U is the liquid total velocity. V, is the liquid axial
velocity.

Table 4 shows the orthogonal experimental results of the
spray cone angle under the value of the corresponding
factor. R is the range, which reflects the influence of various
factors on the index. The larger R means the greater the
degree of influence. It can be seen from the results that
R, >Ry >Ry, > R, indicating that the influence degree of
each factor on the spray cone angle is successively the
expansion section angle, the equal straight section diame-
ter, the swirl section diameter, and finally, the contraction
section angle. K; is the sum of the level test values of a
factor, which can be used to judge the merits of the level
and combination. The expansion section result shows that
the order of K value is K, > K, > K,53 > K,,, and the K
values of other factors are Kp, > Kp; > Kp, > Ky, Koz >
Ko, > Ky > Key, and Kp, > Ky > Kp; > Kpy,. Spray cone
angle plays a great influence on gas-liquid interaction
and is an important factor affecting atomization quality.
With the increase of spray cone angle, the larger the area
of fuel and gas mixing. According to the above K value, it
can be concluded that the structure combination with the
largest spray cone angle is A;B,C;D,. When the expansion
section angle is 0°, the equal straight section diameter is
7mm, the contraction section angle is 60°, and the swirl
section diameter is 10mm; the spray cone angle of this
nozzle is the largest of all.

Table 5 shows the variance results of the orthogonal
experiment. The sum of the squares of deviation is the
sum of the squares of the differences between the values of
the factors and their means. The mean square is the ratio
of the sum of the squares of deviation to the degrees of free-
dom. F is the ratio of mean square deviation to mean square
deviation of error. P value is a parameter used to determine
the significance of the calculated results. When P <0.01,
0.01 <P <0.05, and P> 0.05, they mean that the factor has
an extremely significant, a significant, and no significant
impact on the results, respectively. As can be seen from
Table 5, the P values of the expansion section angle and the
equal straight section diameter are 1.54E-05 and 7.97E-05,
respectively, indicating that the expansion section angle and
the equal straight section diameter have an extremely signifi-
cant influence on the spray cone angle. The P values of the

FIGURE 4: Spray cone angle schematic figure.

contraction section angle and the swirl section diameter are
0.943 and 0.110, respectively, indicating that the factor has
no significant effect on the spray cone angle.

Figure 5 shows the variation of the spray cone angle with
different factors and levels. It can be seen from Figure 5(a) that
the spray angle decreases gradually with the increase of the
expansion angle, which is consistent with the reference [25].
This is due to the wall-sticking effect. There exists an expan-
sion angle in the nozzle outlet that can reduce the spray cone
angle [25]. Figure 5(b) shows that as the equal straight section
diameter increases, the spray cone angle increases, which is
consistent with Qiu et al. [18]. According to the classic pres-
sure swirl nozzle theory [26], the geometry characteristic con-
stant denotes the swirl intensity of the liquid ejected from the
swirl nozzle. The geometry characteristic constant increases
with increased nozzle diameter. So, the liquid swirled more
intensely when it was ejected from the nozzle, and a larger
spray cone angle should be formed from an injector with a
larger nozzle diameter [27, 28]. Figure 5(c) shows that there
exists an optimal contraction section angle value such that
the spray cone angle is maximum. When the contraction
section angle is less than 60°, the increase of the contraction
section angle leads to the increase of the fluid swirl velocity
through the contraction section. That led to the spray cone
angle increases according to Equation (8). When the contrac-
tion section angle is greater than 60°, the contraction section
angle becomes larger, and the fluid forms a reflux area in the
contraction section, resulting in velocity loss and a smaller
spray cone angle [14]. From Figure 5(d), it can be seen that
the spray cone angle increases with the swirl section diameter
and then fluctuates up and down as the diameter increases.
The swirl section diameter increases, and the liquid swirl
intensity in the swirl chamber increases so that the spray cone
angle increases. However, as the swirl section diameter
increases, the nozzle local friction loss also increases, resulting
in a reduction in spray cone angle. The fluctuation of the spray
cone angle is the result of the alternating effects of swirl inten-
sity and local friction loss.
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TaBLE 4: Orthogonal experimental results of spray angle.
Number Al B/mm cr D/mm E Spray cone angle/’
1 0 4 30 9 1 83.55
2 0 5 45 10 2 94.39
3 0 6 60 11 3 100.82
4 7 75 12 4 105.66
5 10 4 45 11 4 60
6 10 5 30 12 3 71.1
7 10 6 75 9 2 75.58
8 10 7 60 10 1 82.73
9 20 4 60 12 2 52.95
10 20 5 75 11 1 61.44
11 20 6 30 10 4 68.42
12 20 7 45 9 3 72.93
13 30 4 75 10 3 51.44
14 30 5 60 9 4 58.56
15 30 6 45 12 1 66.79
16 30 7 30 11 2 71.08
R 34.14 20.97 0.24 1.59 — —
K, 384.42 248.51 294.15 280.62 — —
K, 289.98 285.49 294.68 296.98 — —
K, 255.74 311.61 295.06 29391 — —
K, 247.87 332.40 294.12 296.50 — —
k, 96.11 62.13 73.54 72.66 — —
k, 72.50 71.37 73.67 74.25 — —
ks 63.94 77.90 73.77 73.48 — —
k, 61.97 83.10 73.53 74.13 — —
TABLE 5: Variance analysis of spray angle.
Source of variance Sum of squares of deviation Degree of freedom Mean square F P
A 2945.68 3 981.894 2302.09 1.54E-05
B 981.36 3 327.119 766.94 7.97E-05
C 0.15 3 0.051 0.12 0.943
D 6.39 3 2.129 4.99 0.110
E (error) 1.28 3 0.427 — —

3.2. Liquid Film Thickness. The thinner liquid film thickness
can obtain the better atomization quality [29, 30]. Table 6
shows the orthogonal experiment results of liquid film thick-
ness at the nozzle outlet. It can be seen from the range R that
R, > Ry > Rp, > R, indicating that the most important factor
affecting the liquid film thickness is the expansion section
angle, followed by the equal straight section diameter, then
the contraction section angle, and the swirl section diameter.
From the liquid film thickness index K, it can be seen that
Ky > Kpy > Ky3 > Kyy, Kpy > Kpy > Kpy > Ky, Ky > Koy
> K > Key, and Kp, > Kp, > Kps > Kpy. The liquid film
thickness index results show that the A,B,C,D, is the struc-
tural combination with the minimum liquid film thickness

of nozzle, indicating that the liquid film thickness is the min-
imum when the expansion section angle is 30°, the equal
straight section diameter is 4 mm, the contraction section
angle is 45°, and the swirl section diameter is 9 mm.

Table 7 shows the variance analysis results of liquid film
thickness. It can be seen that the P value of the expansion
section angle is 1.13E-04, indicating that the expansion
section angle has an extremely significant influence on the
liquid film thickness. The P value of the equal straight seg-
ment diameter is 0.012286, indicating that the equal straight
segment diameter has a significant effect on the liquid film
thickness. The P values of the contraction section angle
and swirl section diameter are 0.19375 and 0.19375,
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FIGURrk 5: The relationship between k; and spray cone angle at different levels of various factors.

respectively, indicating that the contraction section angle
and swirl section diameter have no significant effect on the
nozzle liquid film thickness.

Figure 6 shows the relationship between k; and liquid
film thickness at different factor levels. It can be seen from
Figure 6(a) that when mass flow keeps constant, increasing
the outlet expansion angle causes an increase in the liquid
velocity and a decrease in the liquid film thickness at the
nozzle outlet. But the variation trend slows down gradually,
which is consistent with this reference [31]. Figure 6(b)
shows that the liquid film thickness increases as the equal
straight section diameter increases. This result was docu-
mented by other investigation of hollow-cone sprays from
pressure swirl nozzles [30]. The larger the outlet diameter,
the smaller variation in the section area of the nozzle from
the swirl section to the outlet; the fluid kinetic energy loss
becomes smaller, and the liquid film generated in the swirl
section is less influenced. The liquid film thickness reaches
the minimum value under the condition of an optimum
value of the contraction section angle. It can be concluded
from Figure 6(c) that the liquid film thickness reaches the

minimum under the condition of an optimum value of the
contraction section angle. The reason is similar to the rela-
tion between the spray cone angle and the contraction sec-
tion angle. Figure 6(d) shows that the liquid film thickness
decreases with the increase of swirl section diameter. The
liquid swirl strength in the nozzle increases as the swirl sec-
tion diameter. Under more sufficient centrifugal force, the
liquid film thickness becomes thinner [32].

3.3. Structure Optimization and Comparative Analysis.
Figure 7 compares the liquid phase volume fraction of the
original structure with the structure combination with the
minimum thickness of the liquid film. Figure 8 shows the
variation of the gas core radius, liquid film thickness, and
the liquid phase axial velocity as nozzle height. Figure 8
shows that the ratio of D/D, of A,B,C,D, is larger than
A,B,C,D,, and the cross-sectional area of fluid transitioning
from the swirl section to the equal straight section changes
more greatly, resulting in higher velocity after the fluid
enters the equal straight section. The liquid film thickness
in the equal straight section of A,B,C,D, is about 0.8 mm,
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TaBLE 6: Orthogonal experimental results of liquid film thickness.
Number Al B/mm cr D/mm E Liquid film thickness/mm
1 0 4 30 9 1 0.664
2 0 5 45 10 2 0.655
3 0 6 60 11 3 0.673
4 7 75 12 4 0.704
5 10 4 45 11 4 0.385
6 10 5 30 12 3 0.413
7 10 6 75 9 2 0.487
8 10 7 60 10 1 0.491
9 20 4 60 12 2 0.309
10 20 5 75 11 1 0.366
11 20 6 30 10 4 0.368
12 20 7 45 9 3 0.422
13 30 4 75 10 3 0.333
14 30 5 60 9 4 0.343
15 30 6 45 12 1 0.333
16 30 7 30 11 2 0.364
R 0.331 0.073 0.024 0.039 — —
K, 2.696 1.691 1.809 1.916 — —
K, 1.776 1.777 1.795 1.847 — —
K5 1.465 1.861 1.816 1.788 — —
K, 1.373 1.981 1.890 1.759 — —
k, 0.674 0.423 0.452 0.479 — —
k, 0.444 0.444 0.449 0.462 — —
ks 0.366 0.465 0.454 0.447 — —
k, 0.343 0.495 0.473 0.440 — —
TABLE 7: Variance analysis of liquid film thickness.
Source of variance Sum of squares of deviation Degree of freedom Mean square F P
A 0.27373 3 0.09124 609.31 1.13E-04
B 0.011467 3 0.00382 25.52 0.012286
C 0.001359 3 0.00045 3.03 0.19375
D 0.003616 3 0.0012 8.05 0.060251
E (error) 0.000449 3 0.00015 — —

while the liquid film thickness in the equal straight section of
A,B,C,D, is about 0.659 mm. Compared with A,B,C,D,,
the liquid film thickness in the equal straight section of A,
B,C,D, is thinner. As the liquid enters the expansion sec-
tion, the outlet diameter of A B,C,D, increases linearly
from 2mm to 3.35mm, and the liquid axial velocity at the
gas-liquid boundary increases from 35.23 m/s to 47.66 m/s.
It can be seen from Equation (7) that when the liquid mass
flow rate remains unchanged, with the increase of the outlet
diameter and axial velocity, liquid film thickness decreases.

The original structure is compared with the structure
combination with the largest spray cone angle. Figure 9
shows the velocity change curve at the gas volume fraction

of 0.25 compared with the nozzle of the original structure;
A,B,C;D, has a smaller D,/D, and a larger angle of the con-
traction section so that the fluid transition from the swirl
section to the equal straight section is smoother. The fluid
axial velocity increased by increasing D,/D,. In the nozzle
outlet with an expansion angle, the axial velocity can be
increased further. Figure 9 shows that the V,/U of A,B,C,
D, is less than that of A,B,C;D,. As the liquid is supplied
to the contraction section, the V, /U of the A,B,C,D, is
larger than that of A;B,C;D, after entering the contraction
section due to V, fluctuations near the inlet. According to
Equation (8), the larger V /U is, the smaller the spray cone
angle will be.
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FIGURE 6: The relationship between k; and liquid film thickness at different levels of various factors.

For small-diameter combustor, in order to prevent fuel
droplets from ejecting to the wall and causing insufficient com-
bustion and carbon deposition, the spray cone angle is gener-
ally about 50-80° [33]. The spray cone angle and liquid film
thickness of A,B,C,D, are 94.39°and 0.655 mm, respectively.
The spray cone angle should be reduced to satisty the small-
diameter combustor. The contraction section angle and the
swirl section diameter have no significant effect on the spray
cone angle and liquid film thickness. So the swirl section diam-
eter is set as 12mm to reduce the liquid film thickness from
Figure 6(d). The contraction section angle increases from 45°
to 60°, the K; of spray cone angle increases from 73.50° to
74.07° with a growth rate of 0.78%, and the K of liquid film
thickness decreases from 0.454 to 0.460 with a growth rate of
1.32%. When the contraction section angle is 45, the atomiza-
tion quality is better. With the increase of the equal straight sec-
tion diameter, the spray cone angle and liquid film thickness
increase, and the Sauter mean diameter (SMD) also increases
[21, 32]. Therefore, when the equal straight section diameter
is 4mm, the atomization quality is better, and the liquid film
thickness and the spray cone angle decrease.

The expansion section angle has a very significant influ-
ence on the spray cone angle and liquid film thickness, so it
is necessary to further optimize the expansion section angle
through a single variable to achieve the best atomization
quality. The atomization quality of the four nozzle A,B,C,
D,, A,B,C,D,, A,B,C,D,, and A,B,C,D, with the different
expansion section angle is compared with each other. But
liquid film thickness and spray cone angle cannot be
assessed separately for atomization quality. Fortunately,
Equation (9) fully considered the combined influence of
spray cone angle and liquid film thickness to assess the noz-
zle atomization quality [34]. The expression is as follows:

oz \ %% 0.25
sMp =4[ 7 <hf cos <E>>
pgAP 2
0.25 0.75
o
+B i (hf cos (E>) s
pgAP 2
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(a) Liquid phase volume fraction of A B,C,D
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where the values of A and B are related to the nozzle design
structure, and their values can be calculated by the following
formula:

A=211 [cos <§ - 30)] ” (3'4270104> 0'4, (10)

2.25 _48 02
B=0.635 [cos (E - 30)] (ﬂ) , (11)
2 d,

where o is surface tension, y is liquid dynamic viscosity, and
AP is inlet/outlet pressure difference.

Equation (9) is used to calculate the SMD of A,B,C,D,,
A,B,C,D,, A;B,C,D,, and A,B,C,D, with different expan-
sion section angles. The SMD results are shown in Table 8.

Table 8 shows that the spray cone angle of A,B,C,D, is
52.97°, the liquid film thickness of 0.250 mm is the smallest
among all the nozzles, and the SMD is the smallest
40.52 ym. Compared with other optimized model nozzle,
the atomization quality of A,B,C,D, is better.
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FIGURE 9: Variation of velocity as nozzle height at a gas volume fraction of 0.25.

TaBLE 8: Comparison of atomization performance of optimization

model.

Model Atomizing cone Liquid film SMD/
angle/® thickness/mm pym

A,B,C,D, 87.57 0.595 53.34

A,B,C,D, 61.29 0375 57.69

A;B,C,D, 54.03 0.288 46.44

A,B,C,D, 52.97 0.250 40.52

4. Conclusion

The influence of key structures of pressure swirl nozzles
(swirl section diameter, contraction section angle, equal
straight section diameter, and expansion section angle) on
atomization quality is studied. Numerical simulation and
orthogonal experiment are used to explore the variation
law of spray cone angle and liquid film thickness with differ-

ent nozzles.

(1) According to the orthogonal experiment results of

spray cone angle, it can be concluded that primary
and secondary factors influencing the spray cone
angle are successive: expansion section angle, equal
straight section diameter, swirl section diameter,
and finally, contraction section angle. The structure
combination with the largest spray cone angle is A,
B,C;D,. As the expansion section angle increases,
the spray cone angle decreases. With the increase
of the equal straight section diameter, the spray cone
angle increases. There is an optimum value for the
contraction section angle. When the contraction
section angle is 60°, the maximum spray cone angle
is 73.77°

(2) According to the orthogonal experimental results of

liquid film thickness, it can be concluded that the
primary and secondary factors affecting the liquid
film thickness are the expansion section angle,
followed by the equal straight section diameter, and
then, the contraction section angle and the swirl sec-
tion diameter. The structural combination with the
smallest liquid film thickness is A,B,C,D,. With
the increase of the expansion section angle and the
diameter of swirl section, the thickness of liquid film
decreases gradually. When the equal straight section
diameter increases, the thickness of the liquid film
also increases. When the contraction section angle
is 45°, the liquid film thickness reaches the minimum
value of 0.449 mm

(3) The optimal structure combination of the nozzle is

A,B,C,D,, whose spray cone angle, liquid film thick-
ness, and SMD are 52.97°, 0.250 mm, and 40.52 ym,
respectively. Compared with A,B,C,D,, the liquid
film thickness is reduced by 0.405mm, which
improves the atomizing quality

Nomenclature

D;: Tangential inlet diameter (mm)

Dg: Diameter of swirl chamber (mm)

L Length of swirl chamber (mm)

a Angle of contraction (°)

D, Diameter of equal straight section (mm)
L, Length of equal straight section (mm)
0: Angle of expansion section ()

Ly: Length of expansion section (mm)

OF:

TREE <

Fluid volume fraction
Volume fraction
Velocity (m/s)
Density (kg/m’)
Pressure (N m?)
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w: Dynamic viscosity (N-s/m?)

g: Acceleration of gravity (m/s*)

F: External volume force (N)

k, Gy, G,: Turbulence kinetic energy

& Y, Turbulence diffusion rate

s Effective viscosity (N-s/m?)

Si> S Source item

hlf: Thickness film (mm)

Tt Radius of the nozzle outlet (mm)

Tact Radius of the gas core (mm)

m: Mass flow rate (kg/s)

Ap: Pressure difference between inlet and outlet (N/m?)

V. Axial velocity (m/s)

D: Nozzle diameter at the liquid film thickness sec-
tion (mm)

U: Total velocity (m/s)

o: Surface tension (N/m).

Data Availability

The data used to support the findings of this study are

included within the article.
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