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Abstract 

The combustion performance of a scramjet engine is based on a two-phase mixing 
process of its fuel. To elucidate the mechanism of jet atomization in supersonic airflows, 
a numerical simulation of liquid jet atomization in a supersonic crossflow is carried 
out. The Euler method is used to calculate the gas phase, while the Lagrangian particle 
tracking method is used to calculate the liquid phase. The Reitz wave model is used 
to simulate the first breakup of the liquid jet, and the Kelvin-Helmholtz/Rayleigh-
Taylor hybrid breakup model is used to simulate the second breakup of the droplets. 
The influence of the liquid/gas momentum flux ratio and the diameter of the jet 
on the atomization characteristics is discussed. The results show that the penetration 
depth increases with increasing nozzle diameter and liquid/gas momentum flux ratio. 
A jet with a larger liquid/gas momentum flux ratio breaks faster, and its Sauter mean 
diameter is smaller. The Sauter mean diameter of a droplet decreases with decreasing 
nozzle diameter. At 30 mm downstream of the nozzle, all jets are basically atomized, 
and the SMD of the jet is around 10 μm. The nozzle diameter has a greater influence 
on the jet penetration depth than does the liquid/gas momentum flux ratio.

Keywords:  Supersonic flow, Numerical simulation, Atomization, Penetration depth, 
Liquid jet

1  Introduction
 The scramjet is set to be a very important aspirated propulsion system in future aspi-
rated supersonic aircraft [1, 2]. Scramjet design depends on the combustion flow mecha-
nism. The combustor is the most complex and important part in the scramjet engine. 
Different from using gaseous fuel, the scramjet engine uses liquid hydrocarbon fuel, 
which has to undergo atomization, breakup, mixing, and other processes. This consti-
tutes an overall complex process involving multi-scale, multi-phase, and multi-physical 
field coupling [3, 4]. Combustion in a scramjet combustor is carried out in a supersonic 
crossflow, and the time taken for the airflow to pass through the combustor is usually 
only a few milliseconds. However, during the fuel injection process, the atomization of 
liquid fuel, as well as the collision of droplets after atomization, evaporation, and mixing 
with the supersonic airflow, takes longer. This means that the fuel and air mix together 
with difficulty. It is difficult to ignite and stabilize the combustion of two-phase mixtures 
in supersonic flows. For an engine that uses liquid fuel, atomization is the first step in 
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achieving the mixing of fuel and air and forms the basis of combustion. The quality of 
atomization is related to the combustion performance of the engine. If the atomization is 
good, the diameter of the atomized fuel is small and uniform, which is conducive to the 
mixing of fuel and air, which is then, in turn, conducive to combustion. Therefore, it is of 
great significance to study the atomization and mixing characteristics of the fuel jet in a 
scramjet combustor.

Liquid breaking in a  supersonic crossflow can be divided into three main parts: the 
liquid column, the liquid ligament, and the liquid drop [5]. When liquid is injected into 
an airflow, a KH instability occurs at the gas-liquid interface, causing RT instability. This 
eventually leads to the formation of large droplets and liquid filaments, constituting 
the primary breakup of the liquid jet. The aerodynamic instability caused by the rela-
tive velocity between phases further breaks droplets and ligaments into smaller droplets. 
This process is a secondary breakup process. The small droplets formed are the basis for 
the successful completion of combustion in supersonic crossflows [6]. Wu et al. [7] used 
the PDPA method to study the atomization of water jets in a subsonic crossflow. When 
the liquid-gas momentum flux ratio was small, large droplets were concentrated in the 
central part, and when it was large, they were concentrated at the top. The cross-section 
increases with increasing jet velocity and nozzle diameter and decreasing incoming flow 
velocity. Kush  and Schetz [8] studied transverse injections of water, carbon disulfide, 
30% glycerol solution, and Freon in Mach 2.4 and 4.0 airflows using high-speed photog-
raphy and spark shadowing. The jet broke quickly in the near field and broke into small 
droplets in the far field. The breakup position is usually located at the sound velocity 
point of the bow shock wave. Mach number, liquid viscosity, surface tension, and liquid 
vapor pressure have little effect on the primary breakup. The rectangular orifice breaks 
faster than the circular orifice. Wei et al. [9] used different optical measurement meth-
ods to analyze the influence of nozzle diameter, quantity and distribution, fuel injection 
pressure, nozzle diameter, and crossflow Mach number on the penetration depth of ker-
osene and on the droplet size in a subsonic airflow. The fuel injection pressure drop and 
crossflow Mach number were positively correlated with the atomization performance, 
while the nozzle diameter was negatively correlated with it. Wu et al. [10] used a phase 
Doppler particle analyzer to conduct an experimental study on transverse water jets in 
supersonic airflows. The SMD (Sauter Mean Diameter) distribution of droplets on the 
cross-section changed from type C to type I along the flow direction; that is, the drop-
let distribution gradually became uniform due to the fragmentation of large droplets 
and the polymerization of small droplets throughout the entire atomization process. 
Kolpin et al. [11] used a schlieren method to study the penetration depth and spanwise 
distribution of jets in a  supersonic crossflow with an injection angle. Their analytical 
models that described the penetration depth and spanwise distribution exhibited dif-
ferences compared with their own experimental results. This meant that the penetra-
tion depth and spanwise distribution of the jets were greatly affected by experimental 
conditions.

Reitz  and Diwakar [12] assumed that atomization and droplet breaking were 
inseparable processes in the dense spray near a nozzle. Atomization was achieved 
by injecting blobs equal to the diameter of the nozzle and spraying droplets with 
similar physical properties using a random injection method. Considering droplet 
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fragmentation, collision, polymerization, and its  influence on airflow turbulence, the 
calculated spray core length was in good agreement with the measured results. Sec-
ondary droplet atomization models include the TAB model [13], the Reitz wave model 
[14], the KH-RT hybrid model [15], and the improved model based on the above mod-
els [16–20]. Fan et al. [21] examined three classical breakup models under a supersonic 
airflow, namely the TAB model, the  Reitz wave model, and the  KH-RT hybrid model. 
The KH-RT (hybrid) model had the highest accuracy in predicting penetration depth 
and drop diameter distribution. Reitz and Diwakar [22] adopted a mixed model com-
prising RT and KH to simulate the jet breakup process, improving the accuracy of spray 
simulation. Lin et al. [23, 24] conducted systematic experimental research on jet atomi-
zation in supersonic airflows. The study covered the influence of liquid physical proper-
ties, nozzle diameter, injection angle, gas-liquid mass flow ratio, gas-liquid momentum 
flux ratio, and other factors on atomization. Im et al. [25] adopted the improved KH-RT 
hybrid model, in which the KH breakup length was corrected by the breakup time and 
mass equation. The calculated results were compared with those of the TAB model. 
The TAB model was shown to be unsuitable for high-speed jets, and the model adopted 
in this paper is more accurate. Shock waves have been found to influence atomiza-
tion. Beale and Reitz [26] modified the KH-RT hybrid model so that the RT instability 
affected all droplets in the periphery of the jet core. They adopted the KH model to pre-
dict the primary breakup process of a diesel jet, the TAB model to simulate the droplet 
deformation, and the KH-RT hybrid model to simulate the secondary breakup process. 
Only droplets outside the breakup length were affected by the RT instability. A Rosin-
Rammler (R-R) distribution was used to specify the size of a child droplet after the par-
ent droplet broke. The additional RT instability significantly improved the temperature 
dependence of the liquid penetration depth. Wang  et al. [27] improved the KH-RT 
hybrid model and optimized the empirical parameters added to the model. The KH 
breakup model had more control over the entire liquid jet breakup process than the RT 
breakup model. Moreover, the B0 parameter of the KH model had a significant impact 
on the downstream SMD distribution. Li et al. [28–30] modified the drag coefficient and 
spray breakup model by using the Euler-Lagrange method and taking into account the 
compressibility effect and deformation of droplets. Droplet stripping from a liquid col-
umn was calculated using the KH breakup model, and a numerical simulation of a liquid 
jet in a gas crossflow with a Mach number of 1.94 was carried out using the RT and TAB 
models competitively during the secondary breakup process. The numerical simulation 
results were in good agreement with the experimental results, and a jet spray trailing 
phenomenon was successfully revealed experimentally. Huang et al. reviewed the effects 
of nozzle parameters [31], injection schemes [32–34], and engine geometric parameters 
[35] on enhancing fuel mixing and combustion stability, providing ideas for the design 
of scramjet combustion chambers. Much work has been conducted on factors affecting 
atomization characteristics, such as the jet penetration depth [10], droplet velocity dis-
tribution [36], and particle size distribution [37, 38]. It includes the gas-liquid momen-
tum ratio [39–41], injection pressure [9], nozzle shape [42], jet quantity and position 
[43], jet physical property parameters [44], and jet angle [45, 46]. Overall, the purpose 
of the research is to identify parameter combinations that can improve the mixing and 
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combustion performance of fuel and incoming flow in scramjet engines, providing ideas 
for the design of scramjet engines with high flight Mach numbers.

After entering the supersonic transverse airflow, the liquid undergoes deformation and 
then undergoes surface fragmentation, with small droplets peeling off from the surface 
of the liquid column. Most numerical simulations do not simulate this process. In this 
article, we use the  Reitz wave growth model to simulate surface fragmentation, while 
improving the mixed breakup model proposed by Patterson and Reitz. The start of sec-
ondary breakup is controlled by the breakup length, and surface breakup occurs within 
the breakup length. The length of breakup is derived from experiments.

The liquid/gas momentum flux ratio has an important impact on the flow filed struc-
ture, shock wave intensity, and jet penetration trajectory in the jet region. Penetration 
depth is an important indicator of fuel atomization mixing. And the diameter of the noz-
zle is an important influencing factor for changing the fuel mass flow rate. Therefore, 
this article investigates the effects of liquid/gas momentum flux ratio and nozzle diam-
eter on the atomization characteristics of liquid fuel. In this paper, an atomization model 
is first introduced. Then, jet atomization is numerically simulated to study the atomiza-
tion characteristics of the vertical injection of a kerosene jet into a supersonic crossflow.

2 � Calculation method
The calculation in this paper is based on the self-developed AHL3D computing platform, 
and its accuracy has been verified elsewhere [47, 48]. The Euler-Lagrange method was 
used for calculation. The governing equation of the gas phase was a three-dimensional 
Reynolds-averaged Navier-Stokes (RANS) equation in an Eulerian coordinate system, 
and the Lagrange method was used for the liquid phase. The exchange of mass, momen-
tum, and energy between gas and liquid phases was added to the equation through the 
source term. In the Lagrange method, a droplet was treated as a point particle with mass 
and momentum but no volume.

The gas phase governing equation in Cartesian coordinates, with conservation of 
mass, momentum, and energy, is:

Where Q = (ρ, ρu, ρv, ρw, ρE, ρci)
T , E, F, and G are the inviscid flux; Fv , Gv , and Ev are 

the viscous flux; and Sg is the gas phase chemical reaction source term. The total internal 
energy of a gas Et = e + 1

2
(u2 + v2 + w2) ; e is the internal thermodynamic energy of the 

gas, and Sl is the gas-liquid coupling source term. u, v, and w are the velocity compo-
nents of the gas in the x-, y-, and z-directions, respectively. ρ is the density of the gas.

The flow field in a scramjet engine is a high Reynolds number turbulent flow field, and 
fuel mixing and combustion are complex turbulent processes. Therefore, turbulence 
models applied to flow field calculations must be able to simulate the effects of aniso-
tropic turbulent shear forces, turbulence separation and compressibility on the  turbu-
lent flow, as well as the interaction between chemical reactions and turbulence. When 
particles are in a turbulent flow field, they are affected by the diffusion of turbulence. 
Turbulence model [49] and turbulent dispersion have an impact on the trajectory of the 
jet. Kumaran  and Badu [50] studied the effect of turbulent dispersion on mixing and 
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found that droplet dispersion caused by turbulent flow can enhance mixing. The turbu-
lence model used in this article is a TNT k − ω dual equation turbulence model, whose 
control equation is

Pk  and Pω = αω
ω
κ

Pk  are the turbulence generation terms. Dk = βkρωk and 
Dω = βwρω

2 are the damage terms. Dc = σd
ρ
ω
max(∇k · ∇ω, 0) is the cross dissipation 

term. µk = (µ+ σkµt), and µω = (µ+ σωµt).
The liquid phase traces the position of a droplet by solving the particle motion equa-

tion in a Lagrangian coordinate system. It can be expressed using the Basset-Boussinesq-
Oseen equation. In a supersonic two-phase flow, gravity, volume force, pressure, Basset 
force, etc. are all relatively small compared to resistance and can be ignored. Under these 
assumptions, the position and velocity equations of particles are:

where �Vd  is the droplet velocity, denoted as  �Vd = (ud , vd,wd) , �Fdr  is the droplet drag 
force, and �V  is the gas phase velocity, denoted as �V = (u, v,w). Ad is the droplet cross-
sectional area, and Cd is the drag coefficient. The formula is:

where Rer is the relative Reynolds number, expressed as Rer = ρdd

∣
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The control equations were discretized using the finite volume method, the inviscid 
flux is in the Steger Warming format, the time advance was obtained using the implicit 
Lower-Upper Symmetric Gauss Seidel (LU-SGS) method, and the unsteady calculation 
was performed using the double time step method. For the spray calculation, the dis-
crete droplet model was used. A large amount of computation would have been required 
to track each individual droplet. Therefore, to save on computational resources and for 
computational feasibility, a Monte-Carlo method was used. This permitted the simula-
tion of a large number of droplets with a relatively low computational cost. Each cal-
culated droplet represented a large number of droplets with the same properties. The 
governing equation of the droplet phase was solved using Runge-Kutta methods.

Our atomization model adopted the hybrid breakup model of Patterson and Reitz. 
In the dense spray area near the nozzle, the “blob” model proposed by Reitz was used, 
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which was equivalent to the diameter of the nozzle. The beginning of breakup was 
determined using the breakup length. The KH breakup of the liquid occurred within 
the breakup length; that is, the primary breakup occurred, and the breakup length was 
obtained by experiment. If the distance of a droplet from the nozzle was greater than 
the breakup length, the KH-RT hybrid model would be used to calculate the breakup 
of the droplet. Firstly, the RT model was used to determine whether the droplet broke. 
When the characteristic time of the droplet was larger than the breakup time scale of 
the RT model, RT breakup occurred. If the RT model did not cause the droplet to 
break, the KH model would be used to determine the droplet breaking.

In the KH model, fragmentation was only allowed when the droplet Weber number 
was greater than the critical Weber number. The radius of a droplet that breaks to 
produce a new droplet is:

B0 is the empirical constant, taken as 0.61. �KH is the fastest growing KH wave, and 
�KH is the maximum growth rate of a surface wave:

where r is the radius of a droplet, Oh = We0.5d /Red is the Ohnesorge number of the liq-
uid, Wed = ρdrv

2/σ  is the Weber number of the liquid, Weg = ρg rv
2/σ is the Weber 

number of the gas, Red = rv/υd is the Reynolds number of the liquid, and T = Oh×Weg.
During the  liquid jet breakup, the diameter of the parent drop decreases due to 

mass loss. The rate of change in the radius of the parent drop is:

The breaking time τb is defined as:

B1 is the breakup time constant, which is between 1.732 and 40, and is taken as 15 
in this paper.

The RT model was used to predict the growth of unstable waves on the droplet sur-
face until the droplet broke up. The wavelengths of the fastest growing waves in the 
RT model are:

(7)r′ = B0�KH .

(8)�KH

(

ρdr
3

σ

)0.5

=

(

0.34 + 0.38We1.5g

)

(1+ Oh)
(

1+ 1.4T 0.6
) ,

(9)
�KH

r
= 9.02

(

1+ 0.45Oh0.5
)

(

1+ 0.4T 0.7
)

(

1+ 0.87We1.67g

)0.6
,

(10)
dr

dt
= − (r − r′)

τb
.

(11)τb = 3.726B1r

�KH�KH
.



Page 7 of 22Zhang et al. Advances in Aerodynamics             (2024) 6:4 	

CRT  is an adjustable parameter related to the nozzle and is 0.1 in this paper. KRT  is 
the corresponding wave number:

where gd is the acceleration in the direction of the droplet trajectory.
When the wavelength is smaller than the droplet diameter, the RT wave grows on 

the droplet surface. The breakup time scale is calculated by predicting the frequency at 
which the droplet surface wave will grow most rapidly:

where Cτ is an empirical constant, taken as 1.0.
The droplet breaks when the RT wave growth time is longer than the breaking time. 

The radius of the new droplet is:

3 � Calculation model
Using the above atomization model, an experiment performed at Jiangsu University 
[51] was numerically simulated. The researchers used high-resolution laser shadowing 
to capture the flow field, and then used threshold segmentation to extract the atomiza-
tion area of the jet. The penetration depth of spray refers to the vertical distance from 
the top boundary of the atomization area to the lower wall surface. Image software is 
used to obtain the penetration depth of the jet. The calculation area is 80 mm long and 
the cross-sectional area is 30 mm × 30 mm. A supersonic crossflow enters from the left 
side of the model. The distance of the injection position from the inlet is 15 mm. The 
Mach number is 2. The total pressure and temperature of the inlet flow are 0.8 MPa and 
300 K, respectively. The diameter of the injected nozzle is 0.5 mm. The temperature of 
kerosene is 300 K. The angle between the jet and the inlet flow is 90°, and the droplet 
distribution is R-R. The calculation model is shown in Fig. 1. The calculation grid adopts 
a structured grid, and the mesh is refined near the nozzle and the wall surface. Six grids 
are evenly distributed at the nozzle. The mesh size of the first layer of the wall surface is 
0.001 mm, ensuring that y+ � 1. This paper studies the influence of liquid/gas momen-
tum flux ratio and nozzle diameter on liquid jet atomization in a supersonic transverse 
flow. The calculation conditions and working conditions are shown in Table 1. Variable q 
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is the liquid-gas momentum flux ratio, which is defined as the ratio of the dynamic pres-
sure of the fuel jet to the crossflow pressure. Its expression is given by Eq. (17).

4 � Results and discussion
4.1 � Grid independence verification

In the numerical simulation, the precision of the grid has a significant influence on the 
accuracy of the calculation results. In this paper, the RANS method was used to simulate 
the transverse jet of kerosene in a supersonic airflow. The size and number of the mesh 
have a  great influence on the calculation accuracy. To find a grid configuration that 
reduces the computational cost while maximizing the accuracy of the calculation, grid 
independence has been studied. 6 grids were uniformly distributed  at the nozzle and 
kept unchanged. The settings of grid points in each direction and the total number of 
grids are shown in Table 2. A fixed time step of 1e-7s was chosen.

Figure 2a shows the jet penetration depth obtained from simulation results and from 
experimental results for different mesh sizes when the liquid/gas momentum flux ratio is 
4.8 and the nozzle diameter is 0.5 mm. The numerical calculation defines the penetration 

(17)q = ρdv
2
d

ρg v2g
.

Fig. 1  Geometric model

Table 1  Computation condition

Ma Pt/MPa Tt/K D/mm Vinj/(m/s) q

Case 1 2 0.8 300 0.5 48 3.3

Case 2 2 0.8 300 0.5 59 4.8

Case 3 2 0.8 300 0.5 76 8

Case 4 2 0.8 300 0.3 48 3.3

Case 5 2 0.8 300 0.7 48 3.3
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depth of the jet as the maximum value of the y-coordinate after removing the outer-
most discrete droplets from the cross-section. When the grid quantity is 1.4 million, the 
error between the numerical results and the experimental results is large. The simula-
tion results obtained using the 2.8 million grids and 4.4 million grids are in good agree-
ment with the experimental results. In order to ensure the accuracy of the calculation 
results and save on computing resources, the model with 2.8 million grids was selected 
for the numerical simulation.

4.2 � Atomization characteristic analysis

The numerical simulation results were compared with the experimental results to ensure 
the accuracy of the numerical simulation, as shown in Fig. 2b. Figure 2b shows the pen-
etration depth of kerosene that issues from a nozzle with a diameter of 0.5 mm and a 
liquid/gas momentum flux ratio of 4.8. The solid line in red is the experimental value 
and the blue line is the simulation value. The jet penetration depth numerically simu-
lated using the model in this paper is in good agreement with experiment. But in the 
area where the jet bends, our model overestimates the penetration depth of the jet. The 
reason for the large error at x = 10 – 20 mm is that on the one hand, the model itself sim-
plifies the physical process, and on the other hand, the selection of model parameters is 
due to the uncertainty of the empirical parameters obtained under certain experimental 
conditions. Due to resolution reasons, the particles with smaller diameters on the out-
ermost layer of the liquid mist may not be captured, which may cause the experimental 
penetration depth to be lower than the actual penetration depth. Overall, the numerical 
simulation of the liquid jet atomization process in the supersonic crossflow is reliable; 

Table 2  Grid settings

x y z Grid numbers

Coarse grid 226 51 126 1,406,250

Medium Grid 286 71 146 2,892,750

Fine grid 302 91 166 4,469,850

Fig. 2  Grid independence test and model validation
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it captures the trajectory of the liquid droplets more accurately by considering the KH 
breakup within the breakup length [12, 22, 47].

Figure  3 is a three-dimensional flow field diagram of the jet, showing the droplet 
distribution near the jet nozzle, the instantaneous pressure in the center plane and 
the wall-parallel plane, and the Mach number on the cross-section. The color of the 
particles represents the diameter of the droplet. As shown in Fig. 4, after large ker-
osene droplets enter the transverse airflow, the Mach number of the airflow in the 
center of the jet flow is low due to obstruction of the jet flow, and a bow shock wave is 
formed in front of the jet. And a high-pressure zone is formed in front of the jet, and 
there is a low-pressure zone inside the liquid mist zone. The size of a kerosene drop 
near the nozzle is equal to the diameter of the nozzle. When the jet moves upward, 
it is gradually deflected toward the direction of airflow under the action of the cross-
flow. At some distance from the nozzle, within the breakup length, large droplets 
undergo KH unstable breakup, and small droplets continuously peel off on the sur-
face of the droplets. These small droplets are then broken down into smaller drop-
lets in the flow field. The competition between the KH unstable breakup and the RT 

Fig. 3  3D flow field diagram of the jet

Fig. 4  The iso-contours of pressure and Mach number
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unstable breakup outside the breakup length promotes the continuous fragmentation 
of droplets.

Figure  5 shows the droplet distribution for different cross-sections in the flow field, 
where the droplet size is represented by color. The distribution of droplets on different 
cross-sections can be normalized by the diameter of the nozzle. Red represents larger 
droplets and blue represents smaller droplets. Comparing the droplet distributions on 
the x/d = 120 and x/d = 20 sections shows that, with the development of the kerosene 
jet, the droplet distribution increases in both penetration depth and spread direction. 
Moreover, the droplet distribution gradually disperses. In combination with Fig. 3, drop-
lets with a larger diameter are distributed nearer  to the jet nozzle and the upper sur-
face of the jet. Since larger droplets have greater momentum and are less affected by 
the transverse airflow than smaller droplets, more of them penetrate the transverse air-
flow. Smaller droplets are more numerous and are distributed in the lower part of the jet. 
There are two ways to produce small droplets: one is the breakup of large droplets, and 
the other is the breakup of the liquid column due to shear on both sides [10, 46]. There-
fore, a large number of small droplets are generated near the jet exit due to shear forces. 
With the development of the jet, and under the continuous interaction between the air-
flow and the droplets, large droplets are further broken into small droplets. The droplet 

Fig. 5  Droplet distribution on different cross-sections. a x/d = 20, b x/d = 60, c x/d = 120
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distribution on the x/d = 120 cross-section shows that the droplet diameter distribution 
in the exit area is relatively uniform.

Figure 6 shows the overall droplet distribution (droplets are colored by flow velocity). 
Figure 7 shows the droplet velocity distribution on different cross-sections. After ker-
osene droplets of equal diameter are injected into the supersonic transverse flow field 
from the nozzle, they are broken down into smaller droplets under the action of the 

Fig. 6  Overall velocity distribution of the spray field

Fig. 7  Droplet velocity distribution on different cross-sections. a x/d = 20, b x/d = 60, c x/d = 120
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high-speed airflow; these smaller droplets are then rapidly accelerated. Figures 6 and 7 
show that the droplet velocity is lower on the upper surface and in the core region of the 
jet and larger on the periphery of the jet. This may be because the droplets around the 
jet are relatively sparse, making it easier for them to interact with the surrounding air-
flow and break, resulting in a smaller droplet size. Small droplets have small inertia and 
are easily accelerated by the airflow, resulting in higher droplet velocities under aerody-
namic forces. The droplets at the center of the jet are relatively dense and have a strong 
blocking effect on the incoming flow. The velocity of the airflow at the center of the mist 
is lower than that at the periphery of the jet, as shown in Fig. 8. Therefore, the velocity 
of the droplets at the core of the jet is relatively low. With the development of the jet and 
the diffusion of the droplet, the interaction between the droplet and the air at the center 
of the jet is enhanced, meaning that the droplet speed gradually increases.

Figure 8a shows the gas velocity distribution along the flow direction on the central 
section. The velocity at different positions is dimensionless based on the velocity of the 
incoming flow. In the jet area, due to the obstruction of the jet in the jet area, the gas 
phase velocity significantly decreases and there is a minimum velocity. The number of 
particles in the near wall area is relatively small, so the velocity of the airflow around 
the jet column quickly recovers, resulting in a higher airflow velocity in the near wall 
area. With the development of the jet flow, the lifting effect of the airflow on the jet is 
enhanced. The gas phase velocity at x/d = 120 is larger than that at x/d = 60, and the 
position of the minimum airflow velocity gradually increases. In the core of the jet, 
which is slightly away from the wall, the number of particles in the jet is relatively dense, 
and the obstruction effect on the airflow gradually increases, resulting in the lowest gas 
velocity. Along the development of the jet column, the gas velocity gradually tends to the 
inlet velocity due to the breakup and dispersion of droplets. At x/d = 120 downstream 
of the jet, due to the atomization of the droplets and the acceleration effect of the air-
flow on the droplets, the minimum of the gas velocity increases, that is, the air velocity 
increases, corresponding to the increase in droplet velocity in Fig. 7. Figure 8b shows the 
gas velocity distribution at different penetration depths on the central section. Due to 
the obstruction effect of the jet on the airflow, a bow shock wave is formed in front of the 

Fig. 8  Gas velocity distribution at different positions
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jet flow. After passing through the bow shock wave, the speed of the airflow decreases 
rapidly, especially near the wall at y/d = 8. With the development of the jet, the jet speed 
gradually increases under the action of the airflow, and the airflow speed also increases. 
The airflow velocity in the exit area is close to the incoming velocity. As the penetra-
tion depth y increases, the intensity of the bow shock decreases, and the airflow velocity 
gradually recovers. This explains the higher the velocity of a droplet, the nearer it is to 
the jet periphery.

4.3 � Influence of liquid/gas momentum flux ratio on kerosene jet atomization 

characteristics

The penetration depth of a kerosene jet is a key parameter in the characterization of the 
mixing characteristics of fuel and air in transverse airflows. The momentum flux ratio is 
the parameter most widely used to describe the atomization characteristics of fuel jets 
in transverse airflows. It is also the main control parameter of jet penetration depth [9, 
52]. In order to achieve a better atomization effect, the jet velocity is usually increased 
by increasing the liquid/air momentum flux ratio q while the inflow conditions remain 
unchanged, in order to increase the penetration depth of the jet. The influence of q on 
atomization is analyzed below.

Figure  9 shows the penetration depth of the kerosene jet for different liquid/gas 
momentum flux ratios q when the nozzle diameter is 0.5 mm. The penetration depth of 
the kerosene jet for q = 8 is the largest, and that for q = 3 is the smallest. For a given set 
of incoming flow conditions, the larger the momentum flux ratio, the larger the initial 
velocity of the liquid column; the jet reaches a greater distance in the same time, and the 
penetration depth increases accordingly. Therefore, as q increases, the penetration depth 
of the jet increases.

Fig. 9  The effect of liquid-gas momentum flux ratio on liquid penetration
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Figure  10 shows the SMD distribution of a jet along the flow direction. Fig-
ure  11 shows the central plane velocity distribution of the kerosene jet for differ-
ent momentum flux ratios. Figure  10 shows that the droplet SMD near the nozzle 
is large for the three momentum flux ratios, and that the particles are quickly bro-
ken down due to aerodynamic forces after it is ejected from the nozzle. The droplet 
size suddenly decreases. With the development of the jet, the change in droplet size 

Fig. 10  The effect of liquid-gas momentum flux ratio on SMD distribution

Fig. 11  The effect of liquid-gas momentum flux ratio on particle velocity distribution. a q = 3.3, b q = 4.8, 
c q = 8
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slows down and eventually becomes stable. Jet atomization in the high-speed airflow 
essentially ends within a short distance, and droplet fragmentation is mainly affected 
by aerodynamic forces. At the same x, the SMD of q = 8 is smaller than the SMD of 
q = 3.3. This is because, as the liquid/gas momentum flux ratio increases, the initial 
momentum of the jet increases, and the jet reaches farther  within the same time. 
In the same region, the number of kerosene droplets at the center of the jet with a 
high momentum flux ratio is less than that of a jet with a low momentum flux ratio, 
as shown in Fig. 11. Droplets are more likely to interact with the incoming flow and 
break into smaller droplets. Figure 11 shows that the momentum flux ratio has little 
influence on the velocity distribution of droplets. The droplet velocity at the near 
wall, peripheral, and far field of the jet is higher under the three momentum flux 
ratios. In the central plane velocity distribution, the low-velocity region of q = 8 is 
shorter than that of q = 3.3, and the particle distribution is sparser. Therefore, the 
droplet SMD for the kerosene jet with a momentum flux ratio of 8 is smaller.

Figure 12 shows the particle size distribution of different liquid/gas momentum flux ratios 
at different cross-sections on the central plane. Changes in the SMD in the direction of the 
jet are roughly S-shaped for different values of q. Approaching the wall, the SMD decreases 
because of shear forces and the trailing phenomenon of the liquid jet. During trailing, because 
of the pressure gradient caused by the bow shock wave formed by the transverse airflow in 
front of the jet column, small liquid droplets formed during catastrophic breakup of the liq-
uid jet are brought close to the wall. Due to the shear action of the airflow, a large number of 
small droplets are produced by stripping on both sides of the liquid column. Small droplets 
have small momentum, good airflow following, and do not change direction easily, meaning 
that they are found near the wall. The medium y value corresponding to a large SMD may 
correspond to the bottom location where the droplet is more dense. Here, the droplets are 
large because the interaction between them and the airflow is weak. With the development of 
the jet, the SMD decreases with increasing y due to the continuous, strong, shear effect of the 
airflow. At x/d = 60, jet atomization is basically complete. Except for a small number of drop-
lets with a large diameter on the upper surface of the jet, the SMD of the jet is about 10 μm. 
With changes in q and x cross-sections, the SMD changes relatively little, which is due to the 

Fig. 12  SMD distribution on different cross-sections. a x/d = 60,  b x/d = 120
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dominance of the aerodynamic force of the transverse flow during atomization. Figure  13 
shows the gas velocity distribution for different liquid/gas momentum flux ratios at the central 
cross-section x/d = 60. The gas phase velocity distribution has an inverse S-shape. The results 
show that the minimum value of the gas velocity gradually increases with increasing liquid/
gas momentum flux ratio. This is consistent with the previous proposal that the jet center with 
a high momentum flux ratio is sparse and the gas velocity is higher.

4.4 � Influence of nozzle diameter on kerosene jet atomization characteristics

Nozzle diameter is also a factor affecting atomization. Figure  14 shows the 
penetration depth for a given liquid/gas momentum flux ratio q = 3.3, and 

Fig. 13  The effect of liquid-gas momentum ratio on gas velocity distribution

Fig. 14  The effect of nozzle diameter on liquid penetration
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different nozzle diameters. The penetration trajectory is normalized by the height 
of the model entrance. The results indicate that the penetration depth increases with 
increasing nozzle diameter. For a given set of incoming flow conditions, a constant 
liquid/gas momentum flux ratio means that the initial velocity of the kerosene jet 
is constant. The kerosene jet with a larger nozzle diameter has a higher Reynolds 
number, mass flow rate, and momentum, resulting in a stronger penetration ability. 
It takes longer for the transverse airflow to change the direction of the jet for a larger 
mass flow than for a smaller mass flow. Therefore, a kerosene jet with a larger nozzle 
diameter penetrates more deeply.

 Figure 15 shows the SMD distribution along the flow line for different nozzle diam-
eters. For a given value of x, the smaller the diameter of the jet hole, the smaller the 
SMD of the jet. The smaller the size of the droplet ejected from the nozzle, the smaller 
the Weber number of the droplet. Under the action of aerodynamic forces from the 
incoming airflow, small particles break more easily than large particles. The atomiza-
tion is more uniform. Figure 16 shows the distribution of droplet velocity under dif-
ferent nozzle diameters on the central plane. The velocity of the jet center plane with 
a nozzle diameter of 0.7 mm is lower than that of the jet center plane with a nozzle 
diameter of 0.3  mm, and the droplet distribution is more discrete. This is because 
the larger the jet hole diameter, the larger the droplet inertia, and the farther the jet 
reaches the position within the same time. Breaking into small droplets of the same 
size, a jet with a larger nozzle diameter requires longer time and a  longer distance. 
Therefore, the distribution of droplets on the central plane of the jet with a larger noz-
zle diameter is more dispersed, and the low-velocity zone of the liquid core is longer.

 Figure  17 shows the particle size distribution of different hole diameters at dif-
ferent sections on the jet center plane. For a given liquid/gas momentum flux ratio, 
the SMD of different nozzle diameters is S-shaped. Droplets with a smaller nozzle 
diameter have a lower penetration depth, a  smaller size range, and more uniform 

Fig. 15  The effect of nozzle diameter on SMD distribution
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distribution. Because the droplets in the core region of the jet are relatively dense 
and surrounded by surrounding droplets, and the interaction with the airflow is 
weak, the SMD in the core region of the jet near the wall is large. With increasing 
nozzle diameter, the SMD near the wall increases. The position of the larger SMD 
is elevated with increasing nozzle diameter. At x = 30 mm, the jet SMD for different 
hole diameters is all below 30 μm. The SMD of jets with x = 60 mm is below 10 μm. 
Figure 18 shows the gas velocity distribution of the x = 30 mm section on the cen-
tral plane under different nozzle diameters. For a given value of y, the airflow with 
a nozzle diameter of 0.7 mm has the lowest velocity. As the diameter of the nozzle 
decreases, the droplet is more easily accelerated by the airflow, and the minimum 

Fig. 16  The effect of nozzle diameter on particle velocity distribution. a d = 0.3 mm, b d = 0.5 mm, 
c d = 0.7 mm

Fig. 17  SMD distribution on different cross-sections. a x = 30 mm, b x = 60 mm
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gas velocity increases gradually. The mass flow rate of a kerosene jet with a small 
diameter is less, the blocking effect of the jet on the airflow is weakened, and the 
penetration depth of the jet is therefore reduced. The height of the minimum point 
of the gas velocity gradually decreases.

5 � Conclusion
In this paper, the atomization of a kerosene jet in a supersonic airflow was numeri-
cally simulated using the Euler-Lagrange method. The Reitz wave model was used to 
simulate the surface fragmentation of the jet, and the improved KH-RT hybrid model 
was used to simulate the secondary breakup of a droplet. The numerical simulation of 
the spray structure of a kerosene jet considering the surface breakup process within 
the breakup length was in good agreement with the experimental results. After the 
jet was injected into the  supersonic crossflow, the droplet broke and was quickly 
deflected by aerodynamic forces. Near the jet nozzle, the size of the droplet was equal 
to the nozzle, and the droplet velocity along the flow direction was low. Therefore, the 
droplet size formed by the primary breakup was large, and the droplet distribution 
was relatively dense. With the development of the jet flow, large droplets broke into 
small droplets under the action of the  crossflow. The droplet distribution gradually 
dispersed, and the droplet size gradually decreased, becoming uniform.

Analyzing the influence of the liquid/gas momentum flux ratio on the atomization 
characteristics of the jet showed that the penetration depth of the jet increased with 
increasing momentum flux ratio. The interaction between the airflow and the  droplet 
was stronger at higher momentum flux ratios. This was because the droplet density of 
the  jet with a  high momentum flux ratio is lower than that of the  droplet with a  low 
momentum flux ratio, making it easier for the airflow and droplets to interact with each 
other. Therefore, the droplets broke up quickly, the SMD of droplets in the flow field was 
small, and the droplet velocity in the flow field was large. At x/d = 60, all jets were basi-
cally atomized, and the SMD of the jet was around 10 μm.

Fig. 18  The effect of nozzle diameter on gas velocity distribution
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For a given liquid/gas momentum flux ratio, the penetration depth and the SMD 
increased with the nozzle diameter. The SMD of three different nozzle diameters at 
x = 30 mm was below 30 μm, and the SMD of the jet at x = 60 mm was below 10 μm. 
Compared with the liquid/gas momentum flux ratio, the increase in nozzle diameter 
contributed more significantly to the penetration depth. Therefore, for a given set of 
incoming flow conditions, increasing the liquid/gas momentum flux ratio and decreas-
ing the diameter of the jet hole were conducive to jet breakup and atomization.
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