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Abstract
Plain orifice and direct injector nozzle are increasingly used in advanced combustion
chamber. In order to reduce the sensitivity of the single-phase liquid jet to the changes of air
flow, another air jet can be added to form a air-liquid two-phase flow. In this paper, the
atomization characteristics of the air-liquid two-phase jet during cross-airflow jetting are
experimentally studied with optical instruments. The structure of the two-phase flow is to wrap
a layer of annular air jet outside the liquid jet.
Experiments show that when the mass flow rates of the annular air and liquid jets are
relatively large, the jets will bifurcate and the droplet size will also be significantly different.
When the air-liquid ratio continues to increase, the atomization-assisting effect of the annular
air will also increase, and the droplet size difference will also decrease.
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Introduction
Due to the more and more strict requirements of pollutant emission, the combustion
chamber of civil aviation engine is developing towards of low condition. The most
representative of advanced gas turbine chamber are Rich-burn Quench Lean-burn (RQL), Lean
fuel premixed pre-evaporation (LPP) and Lean direct injection combustor (LDI). Among them,
the main stage of LPP and LDI combustor adopts the direct airblast atomizer, which is due to
the simple structure of the direct airblast atomizer and better atomization under wide working
conditions.
LPP combustion chamber [1, 2, 3] allows fuel to be completely mixed with air before the
primary zone through fuel vaporization in advance [4, 5]. Fuel enters the combustion chamber
through plain orifices in the wall to inject the fuel directly into the cross-airflow [6,7]. The liquid
jet is broken and mixed with the air through the aerodynamic force generated between the
high-speed air flow and the fuel jet. Direct air atomizer is also used in LDI [8,9,10]. Because
of the swirling flow of the main mode air, it can be considered that the jet is the process of jet
breaking and oil-gas mixing in the cross-airflow.
In the actual combustion chamber, the fuel mass flow is little and the penetration depth is
weak under low working conditions. On the other hand, only the cross-airflow atomizes the jet,
the effect is always bad, and the droplet size is too large, which will lead to low combustion
efficiency. In order to improve the atomization performance of the direct nozzle, an airblast
nozzle with annular air [10,11] was experimentally studied in this paper. A layer of annular air
coaxial with the liquid jet is wrapped on the outer side of the liquid jet, forming a nozzle
structure of air-liquid two-phase jet, which is called coaxial downstream air atomizer. Through
experiments, the atomization performance of the nozzle in cross-airflow under different airliquid mass flow ratio was studied, and the atomization performance of the single-phase direct
injection nozzle in the transverse air flow was compared, and the coaxial downstream flow
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was obtained. The atomization performance of the air atomization nozzle provides technical
support for optimizing the performance of the combustion chamber in the future.
Material and Methods
In this study, a Winner318A laser particle size meter was used to measure the droplet size of
liquid mist, with a range of 4.6~323𝜇𝑚, the measurement accuracy is 0.1𝜇𝑚. The resolution
of the camera for the fracture of liquid jet and spray field is 7360 × 4912 pixels. In this
experiment, the pulse laser is used as the light source, and the pulse time is 6~8ns . The
shooting method is to use the laser as the light source, modulate the frequency of the laser
for 15Hz, and the exposure time of the camera is 1/15𝑠. This ensures that a photograph
recording is the picture within 6~8ns of the spray field. The distance of the droplet movement
is far less than the diameter in this time period, so a clearer photograph can be taken, as
shown in Figure 1. Figure 2 shows a spray field that is taken in conventional manner. The
particle size data in this article is obtained by averaging the experimental data from 30 to 35
times measured in 15s.

Figure 1. Picture by laser as light source

Figure 2. Regular photos

Some researchers have defined the penetration depth of liquid jet in cross-airflow by the
distance between the periphery of liquid mist and the bottom surface at the centre section of
the jet, for example, literature [12]. This paper also uses this method to define the penetration
depth, taking the outer contour of the jet trajectory in the image, example the red dotted line
in Figure 1, as the maximum penetration position. The distance from the outermost side of the
spray field to the bottom is the penetration depth of the jet trajectory at this transverse position.
The nozzle structure used in the experiment is shown in Figure 3. The diameter of nozzle
diameter and liquid passage is 0.5mm, the inner diameter of annular air passage is 1.5mm,
the outer diameter is 3.5mm. Figure 4 is a schematic image of light source, air flow and
shooting direction. Figure 4 also shows the size of the exit of the cross-airflow,
Re∊(200000,300000).

Figure 3. Two-phase jet

Figure 4. Two-phase jets and cross-airflow schematic

image
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Comparison of liquid mist field with and without annular air
In this experiment, the water mass flow rate is 4.71𝑔/𝑠. The pressure of cross-airflow is
100kpa, the velocity of cross-airflow is 35.9m/s, and the temperature of cross-airflow is 10℃.
When there is no annular air, the liquid mist image of liquid jet is shown in Figure 5. This
experimental study made 2.97𝑔/𝑠 annuler air mass flow rate as the stand condition. Figure 6
is the image of liquid mist under the stand condition. Compared with the image without annular
air, the most significant difference lies is the phenomenon of "bifurcation" in the liquid mist field
as described in references [13] and [14]: there are a large number of droplets in the lower part
of the jet trajectory, the distribution range of the liquid mist is obviously wider, and the
atomization effect is better.

Figure 5. Atomization of air liquid jet without annular
assisted atomization

Figure 6. Spray image of water jet with 2.97g/s mass
flow rate annular air

In this paper, the liquid mist field with annular atomizing air is divided into four regions
as shown in Figure 7.

Figure 7. Four zones of two-phase jet in spray filed

Zone I is the area where the jet is initially developed after it is jet from the nozzle. The jet
is not broken completely, a very small number of droplets are separated from the main stream,
and the liquid still exists mainly in the form of jet;
Zone II is the extension zone of jet trajectory, and the droplets in this zone continue to
move almost according to the extension line of jet trajectory before breakup. In this region, the
droplet diameter is large, the atomization effect is poor;
Zone III is located in the lower part of the Zone II, which is fan-shaped, and its apex is
close to the breakup point of the jet. The droplet size in this region decreases significantly from
top to bottom, and the droplet number concentration increases gradually;
Zone IV is at the bottom of the liquid mist field, and the atomization efficiency is the best.
From the distribution of droplets, it can be seen that most of these small droplets come from
the liquid jet before breaking, and are directly separated from the surface of the jet;

ICLASS 2021, 15th Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021

Influence of air liquid mass flow ratio on atomization of nozzle
The influence of air-liquid mass flow ratio (ALR =

𝒂𝒏𝒏𝒖𝒍𝒂𝒓 𝒂𝒊𝒓 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆
)
𝒍𝒊𝒒𝒖𝒊𝒅 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆

on atomization

was studied by changing the mass flow rate of annular air. The mass flow rate of annular air
selected in the test is shown in Table 1, and the image of liquid jet atomization with various
ALR is shown in Figure 8
Table 1. Annular air flow rate of each working condition
Air mass flow
（g/s）
ALR

0.346

0.432

0.634

0.754

0.823

0.954

1.27

1.44

1.95

2.37

2.98

3.56

4.48

5.26

7.54

0.062

0.092

0.134

0.160

0.174

0.202

0.268

0.305

0.414

0.488

0.630

0.753

0.950

1.11

1.60

Figure 8. Spray field images by different ALR

When the ALR is in the range of 0.062 ~ 0.305, the atomization of liquid jet by
annular air does not change significantly, and the other four areas do not exist.
When ALR reaches 0.414, the change of liquid mist field is obvious. The breakup
effect of liquid jet is higher and the atomization effect is better. With the increase of
annular air, the most obvious change is that the range of Zone I of liquid jet becomes
smaller and smaller, while the range of liquid mist formed by small droplets stripped
by annular air expands. When ALR reaches 0.630, the whole unbroken jet is almost
wrapped in the liquid mist region. Due to the large mass flow rate of annular air, small
size and large number of droplets stripped out, the Zone IV is formed after being blown
away by the cross- airflow.
When the ALR exceeds 0.753, the unbroken part of the liquid jet is completely wrapped in
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the dense small droplets. With the increase of the annular air mass flow, the range of the Zone
IV gradually expands until it completely covers the Zone III, and is directly connected with
Zone II.
Regional distribution change of spray field
Taking long exposure photography for 8 spray field with different ALR, the image
obtained is the superposition of 90 instantaneous images of liquid jet atomization (the
exposure time of the camera is 6𝑠, which can reflect the distribution of spray field, as shown
in Figure 9.

Figure 9. The distribution of spray field by different ALR

The distribution of spray field is mainly along the direction of jet trajectory, and sparse
droplets appear below the jet trajectory. From 𝐴𝐿𝑅 = 0.630, the range of the Zone IV gradually
expanded and the lower boundary moved up. Because with the increase of the annular air
mass flow rate, the air flow velocity is also faster, and the distance of its effect on the liquid jet
is longer. Therefore, it is necessary for the liquid jet to move upward for a longer distance in
order to weaken the effect of the annular air flow, so that the fine droplets spread backward
with the lateral air flow to form a higher height of the Zone IV.
Comparing the penetration trajectories of spray field under working conditions of ALR 0,
0.160, 0.305, 0.630 and 1.11 (Figure.10), it can be seen that the existence of annular air also
makes the penetration depth of liquid jet becoming deeper. Because the annular air increases
the total momentum of the two-phase jet and help enhancing the penetration ability of the
liquid.

Figure 10. Comparison of jet penetration under different air-liquid ratios
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Particle size analysis
In this paper, the droplet sizes of five different positions in the liquid mist were measured.
The coordinates of the five points in the coordinate system with the nozzle center as the origin
were (4,6), (4,10), (4,16), (10,3), (10,9) (the unit is 𝑐𝑚. In this paper, the Sauter diameter SMD,
which can reflect the real droplet combustion property best, is used as the main parameter to
measure the droplet size in the spray field. The reason why SMD cannot be measured in some
conditions positions is that the number density of droplet in here is too low, which makes the
particle size analyzer unable to get effective data. Taking the position of the measured point
of 𝐴𝐿𝑅 = 0.134 shown in Figure 11 as an example, the effective data cannot be obtained
because the droplet number at points 2, 3 and 4 is too little.

ALR=0.630

ALR=0.134
Figure 11. SMD measuring position

Table 2 shows the SMD of five measuring points under 12 working conditions.

ALR
0.134
0.160
0.174
0.202
0.305
0.414
0.488
0.630
0.753
0.950
1.11
1.60

Table 2 SMD data of each measuring point under different jet ALR
Position 2
Position 3
Position 4
Position 1

Position 5

（𝜇𝑚）

（𝜇𝑚）

（𝜇𝑚）

（𝜇𝑚）

（𝜇𝑚）

200.208
195.941
191.908
181.981
161.427
109.55
89.653
55.381
43.504
38.849
28.999
12.694

67.445
37.621
30.966
22.641
18.113
16.505
15.049
12.191

36.424
33.358
26.493
21.886
17.620
14.811
12.277

12.482
11.121
9.802
10.088
10.028

203.041
204.514
196.573
175.018
162.431
114.371
73.303
59.695
51.339
24.456
33.411
22.245

These data are made into a broken line graph (Figure 12) of particle size jet ALR.
From the SMD measurement data of different ALR, it can be seen that with the increase
of annular air mass flow, the droplet size will decrease significantly.
For position 1, it represents the droplet size at the initial stage of jet breaking. At this
position, the SMD of the droplet decreases from 200𝜇𝑚 to 12.7𝜇𝑚, which fully shows that the
annular air plays an important role in the atomization of the liquid jet. The larger the ALR of
the two-phase jet is, the more obvious the atomization effect is;
For position 2, when the annular air flow mass rate is low, most of the liquid flows directly
along the jet trajectory above this position, so the droplet concentration at this position can not
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meet the measurement requirements. With the increase of annular air flow, the spray field
begins to bifurcate. The droplets at this position are mainly larger droplets which are peeled
off from the jet surface by airflow. The effect of annular air is still obvious, and the droplet size
is reduced from 67.4𝜇𝑚 to 12.2𝜇𝑚.

(a) Location 1

(b) Location 2

(d) Location 4

(e) Location 5

(c) Location 3

Figure 12. The change of droplet size with ALR at different measuring positions

The droplet size values of measuring point 3 and point 2 are approximately the same.
Combined with the positions of the two points, it is judged that the droplets in the region where
the position 3 is located are basically the droplets in the Zone III moving back here with the
cross-airflow. The effect of annular air is similar to that of position 2.
The position 4 is located in the Zone IV, the droplets here are peeled off by the annular
air, at the initial stage of leaving the nozzle, and flow into this area with the lateral airflow.
Since the data can be measured, it has been kept at the 10𝜇𝑚, and the trend of decreasing is
not obvious, but the number of droplets increases significantly.
The Point 5 is located in the Zone II, and the droplets in this area are all the droplets with
the strongest penetration ability, so it is reasonable to have the largest particle size. However,
the particle size in this region is still reduced from 200𝜇𝑚 to about 20𝜇𝑚. it can be seen that
the effect of annular air on the particle size of jet atomization is very significant.
Conclusions
In this experiment, the influence of annular air flow mass rate on the atomization of coaxial
parallelflow airspray nozzle was studied by comparing the images of spray field with different
ALR and the droplet size at different positions. Through this experiment, it can be concluded
that the annular air can significantly enhance the atomization effect of the direct nozzle on the
liquid jet.
1. The most obvious phenomenon caused by annular air is the bifurcation of liquid jet:
one is the track of the original liquid jet, the stronger the penetration; the other is the small
diameter droplets stripped by annular air, which are distributed in the lower part of the spray
field.
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2. When the ALR is large, the area of droplet distribution enlarged due to the air-assist
atomization effect.
3. Due to the existence of annular air, the droplet size is significantly reduced. In zone 1
where the change is most obvious, the droplet size drops from about 200𝜇𝑚 to about 20𝜇𝑚.
4. ALR makes the distribution of the liquid mist field changed, the larger the gas-liquid
ratio, the more spread the liquid mist field.
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