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Abstract To simulate the transonic atomization jet process in Laval nozzles, to test the law of droplet atomization and

distribution, to find a method of supersonic atomization for dust-removing nozzles, and to improve nozzle efficiency, the

finite element method has been used in this study based on the COMSOL computational fluid dynamics module. The study

results showed that the process cannot be realized alone under the two-dimensional axisymmetric, three-dimensional and

three-dimensional symmetric models, but it can be calculated with the transformation dimension method, which uses the

parameter equations generated from the two-dimensional axisymmetric flow field data of the three-dimensional model. The

visualization of this complex process, which is difficult to measure and analyze experimentally, was realized in this study.

The physical process, macro phenomena and particle distribution of supersonic atomization are analyzed in combination

with this simulation. The rationality of the simulation was verified by experiments. A new method for the study of the

atomization process and the exploration of its mechanism in a compressible transonic speed flow field based on the Laval

nozzle has been provided, and a numerical platform for the study of supersonic atomization dust removal has been

established.

Keywords Aerodynamic atomization � Dust-removing � Laval nozzle � Compressible flow field � Transonic speed �
Dimension transform

1 Introduction

Based on newly modeled data from the World Health

Organization, 92% of the world population lives in places

where air quality levels exceed the WHO ambient air

quality guidelines for the annual mean of particulate matter

with a diameter of less than 2.5 micrometers (PM2.5)

(World Health Organization 2016). This kind of dust with a

very small particle size is called respiratory dust, and it

comes from industries such as mining and machining and

civilian sources (Betts 2002; Chen et al. 2012; Shi et al.

2009). In addition to endangering human health through

inhalation, it can also attach to many toxic and harmful

substances, with which it can undergo some complex

chemical reactions (Bern et al. 2009; Maertens et al. 2008;

Jang and Kamens 1999). Aerodynamic spray is one of the

main methods in the field of dust removal, and its effi-

ciency mainly depends on the atomization fineness and

particle speed. In the process of collecting fog droplets, the

droplet size needs to be close to that of the target dust

particles, which results in an extremely high requirement

for the atomization efficiency of the nozzle (Dust control

theory; Huang et al. 2015; Park et al. 2017; Yang et al.

2018; Jin et al. 2018).
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The Laval nozzle is a kind of device used for fluid

control and is widely used in air acceleration. Under certain

pressures, the velocity of air in the expanding section

breaks the speed of sound (Cengel and Cimbala 2013;

Boyanapalli et al. 2013; Kuan and Witt 2013). Because of

this characteristic, the structure is often used in jet

atomization nozzles (Yang et al. 2003). In this process, the

jet fluid instantly breaks down into tiny droplets by over-

coming the surface tension in the supersonic flow field due

to the relative velocity difference between the flow and the

liquid jet (Özkar and Finke 2017; Ghosh and Hunt 2000;

Yang et al. 2012). The ultrasonic dusting atomizer is a type

of Laval nozzle that is used to produce ultrasonic speeds

and break droplets, but this method cannot be considered a

good application of the abovementioned method. We must

question whether there is a way to avoid the waste resulting

from this supersonic process and to find a supersonic

atomization dusting nozzle that uses a different process

than ultrasonic atomization (Soo 1973). Therefore, to

improve the atomization performance of dusting nozzles

and explore a kind of ultrafine atomizing nozzle with an

ultrahigh efficiency, it is necessary to study the atomization

process in Laval nozzles, which is a process in which

supersonic gas breaks up droplets; however, no scholars

have done this, and the process is difficult to study through

experiments. The following analogous studies have been

performed.

Several scholars used the gas–liquid two-phase flow

method and simulated the atomization process of kerosene

jet liquid injection in supersonic transverse laminar flow,

but the atomization particle size distribution and gas flow

acceleration process were not reflected in the results (Jing

and Xu 2006, Jing 2010; Shunhua and Jialing 2008; Li

et al. 2015). Wu (2016) studied the jet atomization process

of liquid hydrocarbon fuel in a scramjet combustor by

combining experimental research and theoretical analysis.

However, no achievements have been made in crushing

atomization in the complex transonic process of com-

pressible fluids. Deshpande and Narappanawar (2016)

studied the structure and internal flow field characteristics

of the Laval nozzle and its related effects; good or bad

results were determined only on the basis of air flow

parameters such as the velocity of flow, but droplet

atomization and the particle size distribution were not

considered. Sinha et al. (2015) and Alhussan and Teterev

(2017) studied the spray jet process by numerical methods

and considered that the nature of instability depends on the

density of the jet fluid and the ambient fluid and the

velocity of the jet. Inside the Laval nozzle, the air density

and temperature are different at different locations, and

atomization is a complicated process (Introduction to

aerodynamics 2007). However, none of these studies

combines the Laval air compression acceleration process

with the gas–liquid atomization process.

Supersonic atomization in Laval nozzles is unique, and

the density, temperature and speed of the air flow should

not be constant. Thus, although it has already performed

very well, atomization simulation with transverse laminar

flow cannot approximate the real situation inside the ato-

mizer in existing simulations.

In addition, most of the existing Laval studies simulate

incompressible airflow, and the dimensions of the simula-

tion model are all two-dimensional. To approximate the

real jet atomization process of the transonic compressible

flow field, it is necessary to calculate in the 3D model

space. This has not yet been achieved by any researchers,

mainly because of the following difficulties.

(1) The flow of supersonic gas in the Laval nozzle is a

kind of compressible flow, and the density and

temperature of the gas are different in different

positions.

(2) The flow process in the Laval nozzle is 2D

axisymmetric. In CFD calculations, the 2D axisym-

metric model should be applied in the case of

COMSOL, which is essentially a 2D calculation

process. In data processing, the dataset of results is

rotated with the symmetric axis. This is the correct

way to obtain 3D data. However, the problem is that

the results of the droplet atomization model cannot

be treated this way because after the rotation, the

original data points will develop into rings. Because

of this, we cannot observe the distribution of

particles in 3D space nor can we obtain the particle

size distribution and concentration distribution of a

certain interface. Detailed instructions are mentioned

later in Chapter 4.

(3) In the 3D model of COMSOL, it is impossible to

calculate the compressible airflow acceleration pro-

cess in the Laval nozzle because it is unable to be

defined axisymmetrically, and the grid cannot be

divided axisymmetrically. In addition, it is not

accurate to apply symmetric boundaries to the

calculation. Detailed instructions are mentioned

later.

Therefore, the calculation of the flow field and

atomization cannot be realized simultaneously in both 2D

axisymmetric and 3D models. In this way, the characteri-

zation of jet atomization in transonic compressible flows in

Laval nozzles becomes a seemingly impossible task.

However, an approximate method has been found in our

study. The rationality of the method is verified by experi-

ments. A new idea for related research and software

development will be developed. Although this combination

has achieved good results, due to professional limitations,
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the two-way coupling between droplets and compressible

flow fields cannot be realized by this simulation, which will

need to be solved by software and theoretical researchers.

The chapters of the paper are summarized below.

After the introduction, the article contains four chapters.

In chapter two, the basic theoretical equations and

derivations used in the simulation process are introduced.

In the chapter three, the model details and grid division of

the numerical simulation, including the grid division and

optimization of the 2D axisymmetric model and the grid

and grid division of the 3D symmetric model, are intro-

duced. In chapter four, the results and a discussion of the

simulation are highlighted. By combining the simulation

results of several methods to discuss their infeasibility and

reasons, the paper introduces the simulation research

method, which realizes the numerical simulation process of

droplet atomization in the transonic flow of a compressible

gas in 3D space by transforming the dimension. Physical

quantitative analysis and atomization experiments are

carried out to verify the reliability of the simulation.

Finally, the dust reduction test is used to prove the guiding

significance of the method for practical application by

analyzing the dust removal efficiency. The last section

presents the conclusions of the article.

2 Theory

2.1 Theory of transonic compressible flow

In this work, the simulation is realized by using the finite

element method as implemented in CFD of COMSOL

Multiphysics software. COMSOL Multiphysics is a special

multifield-coupled numerical simulation software, which

plays an important role in theoretical research and practical

simulation in various fields and can realize the coupling

between any multiphysical fields. It is able to establish one-

dimensional to three-dimensional geometric models and

interface with other software. In the mesh division, the

direct mesh generator can be used to divide the triangle and

tetrahedron units, and some detailed parts can be refined.

Local encryption can achieve better results than ANSYS

software. In the definition of the variables and equations,

embedding can be realized quickly, and the interface is

more friendly, for the drawing and other subsequent pro-

cessing, COMSOL Multiphysics also has a powerful

postprocessing function, which can carry out point calcu-

lations and sections, draw the parameter evolution graph of

the body, and realize the integral operation of the trajectory

and variables.

According to the characteristics of the Laval nozzle,

some assumptions have been made through the Spalart–

Allmaras module.

The conservation of mass is a fundamental concept of

physics. Within some problem domains, the amount of

mass remains constant; mass is neither created nor

destroyed. The mass of any object is simply the volume

that the object occupies times the density of the object. For

a fluid (a liquid or a gas), the density, volume, and shape of

the object can all change within the domain with time, and

mass can move through the domain (Deshpande and Nitin

2015). The conservation of mass (continuity) tells us that

the mass flow rate m through a tube is a constant and equal

to the product of the density q, velocity u~, and flow area A:

m ¼ qu~A ð1Þ

Considering the mass flow rate equation, we could

increase the mass flow rate indefinitely by simply

increasing the velocity for a given area and a fixed density.

In real fluids, however, because of compressible effects, the

density does not remain fixed with increasing velocity. We

must account for the change in density to determine the

mass flow rate at higher velocities. When the specific heat

ratio is c, the gas constant is Rs, and the temperature is T. If

we start with using the isentropic effect relations, the

equation of state and the mass flow rate equation given

above, we can derive a compressible form of the mass flow

rate equation based on the definition of the Mach number

M and the speed of sound c:

u~¼ Mc ¼ M
ffiffiffiffiffiffiffiffiffiffi

cRsT
p

: ð2Þ

here M is the Mach number.

Substituting Eq. (2) into Eq. (1), when q represents the

mass density of the fluid, its mass flow rate can be defined

by:

m ¼ qAM
ffiffiffiffiffiffiffiffiffiffi

cRsT
p

: ð3Þ

when P is the pressure, the equation of state is:

P ¼ qRsT : ð4Þ

Substituting Eq. (4) into Eq. (3), the mass flow rate is

defined by:

m ¼ AMP

ffiffiffiffiffiffiffiffi

c
RsT

r

: ð5Þ

when the total pressure is Ptot and the total temperature is

Ttot, from the Isentropic flow equations:

P ¼ Ptot

T

Ttot

� �

c
c�1

: ð6Þ

Substituting Eq. (6) into Eq. (5), the mass flow rate can

be indicated as:

m ¼ APtotM

ffiffiffiffiffiffiffiffiffiffiffiffi

c
RsTtot

r

T

Ttot

� �

cþ1

2 c�1ð Þ

: ð7Þ
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Another isentropic relation gives:

T

Ttot

¼ 1þ 0:5 c� 1ð ÞM2
� ��1

: ð8Þ

Substituting Eq. (8) into Eq. (7):

m ¼ APtotM

ffiffiffiffiffiffiffiffiffiffiffiffi

c
RsTtot

r

1þ 0:5 c� 1ð ÞM2
� �

2 c�1ð Þ
cþ1 : ð9Þ

This equation as shown relates the mass flow rate to the

flow area A, total pressure Ptot and temperature Ttot of the

flow, the Mach number M, the ratio of specific heats of the

gas c (value of 1.4 in the study), and the gas constant Rs

(Mass Flow Rate Equation). Appropriate initial variables

are also defined by the equations above in the simulations

in our work.

The fluid is assumed to be a Newtonian fluid, which

satisfies the Navier–Stokes (N–S) and the continuity

equations.

The compressible form of the Navier–Stokes (N–S):

q
ou

ot
þ q u~ � rð Þu~

¼ F~�rP þr l0 � 2

3
l

� �

r � u~

� �

þ lr � ru~ð Þ:

ð10Þ

where F is the external force per unit volume, and l is the

coefficient of viscosity. For compressible fluids, generally,

there are two coefficients l and l0, similar to Hook’s

elastomer. Both measure the magnitude of the internal

friction work caused by the expansion or contraction of a

fluid.

Except for extreme cases such as with high temperatures

and high frequency sound waves, the motion of gases can

be approximately assumed to have a l’ = 0 because l0r � u~

is much smaller than P. This fact has been indicated in the

theory of molecular motion but was originally a hypothesis

put forward by Stokes.

l varies with the temperature, which conforms to

Sutherland’s law.

l ¼ lref
T

Tl;ref

� �3
2Tl;ref þ Sl

T þ Sl
: ð11Þ

In this work, lref is determined by Tl,ref (substituted with

the static temperature inlet Tstat), and Sl usually valued at

111 K.

The density and the velocity of the fluid further satisfy

the continuity equation:

r � qu~ð Þ ¼ 0: ð12Þ

In addition, the fluid should be a steady, axisymmetric,

isotropic, and adiabatic flow. In other words, ou
ot ¼ 0, so

Eq. (10) can be simplified as follows:

q u~ � rð Þu~¼ F~�rP þ 1

3
lr � ru~ð Þ: ð13Þ

To close the equation, some equations need to be

introduced as follows:

qcv u~ � rð ÞT ¼ K � T � q r � u~ð ÞT: ð14Þ

Equation (14) indicates energy conservation.

The thermal conductivity of the fluid satisfies Fourier’s

Law:

q~¼ �KrT : ð15Þ

K ¼ l
Cp

Pr

¼ l
cRs

c� 1ð ÞPr

: ð16Þ

The Prandtl number Pr is a dimensionless parameter in

fluid mechanics to characterize the relative importance of

the momentum exchange and the heat exchange in the fluid

flow. Except for the critical point, the Pr of the gas is

almost independent of the temperature and pressure, and it

takes the value of 0.72 in this study.

The boundary condition for the wall in the simulation

can be restricted as follows:

u~¼ 0;�n~ � q~¼ 0: ð17Þ

Equation (17) assumes that there is no slip and no heat

exchange on the outside wall of the nozzle (Patel et al.

2016).

Based on the above assumptions, the physical process of

the supersonic flow field in a Laval nozzle can be simulated

by solving the above equations when the total pressure Ptot,

the total temperature Ttot and the Mach number Min at the

inlet are given. In this case, the inlet has a total pressure of

6 atm, a total temperature of 293 K, and a Mach number of

0.01. All parameters are listed in Table 1.

2.2 Theory of atomization simulation (K–H)

First, to represent the continuity of the fluid, the jet was

regarded as a continuous droplet column of particles

released by several calculation time steps in the transient

calculation, as first proposed by Reitz. The particles’

attributes are as follows: the dynamic viscosity is lp, the
surface tension is rp, and the density is qp. Because the

cross-sectional area of the liquid column is the cross-

Table 1 Input parameters (COMSOL software)

Boundary Value

Inlet Ptot (atm) 6

Inlet Ttot (K) 293

Inlet Min 0.01

Outlet Pout (atm) 1

Rs (J/(kg�K)) 287
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sectional area of the particle, when the particle has a mass

of mp, the initial radius R is controlled by the mp when the

particles’ material attribute is fixed:

dmp

dt
¼ R ð18Þ

when the rate of the particle velocity change over time is

dv

dt
, according to Newton’s law, the force on the particle in

the present is:

Ft ¼ mp

dv

dt
ð19Þ

The particle receives a drag force of air in the flow field.

When the velocity of the air flow is u, the dynamic vis-

cosity is l, the density is q, and the diameter of the particle

is dp, the velocity is v, as described by Stokes, and the

Shear stress is sp ¼
qpd2

p

18l ; then, the force of the particle can

be expressed as:

FD ¼ 1

sp
mp u � vð Þ ð20Þ

when the velocity difference between the air flow and the

droplet at their contact surface is Du = |u - v|, and because

q/qp � 1 by the Kelvin–Helmholtz instability model (K–

H), the following is known.

When the gas phase Weber number is Weg ¼ qDu2rp
rp

, the

liquid phase Webb number is Wel ¼
qpDu2rp

rp
, where the

liquid phase Reynolds number is Rel ¼
qprpDu

lp
, the Ohne-

sorge number is Z ¼
ffiffiffiffiffiffi

Wel
p

Rel
, T ¼ Z

ffiffiffiffiffiffiffiffiffi

Weg
p

, the wavelength is

KKH ¼ 9:02rp 1þ0:45
ffiffiffi

Z
pð Þ 1þ0:4T0:7ð Þ

1þ0:865We1:67gð Þ0:6 , and the maximum growth

rate is XKH ¼ 0:34þ0:385We1:5g

1þ1:4T0:6ð Þ 1þZð Þ

ffiffiffiffiffiffiffi

rp
qpr3p

q

:

The radius of the sub-droplets produced when the

mother liquid droplets with a radius of rp are broken is:

rch ¼

B0KKH B0KKH � rp

min
3pr2pDu

2XKH

 !1=3

;
3r2pKKH

4

 !1=3
0

@

1

A B0KKH [ rp

8

>

>

<

>

>

:

9

>

>

=

>

>

;

:

ð21Þ

when rKH is the K–H broken particle radius, the shear force

is sKH ¼ 3:788BKH

KKHXKH
: BKH is an empirical constant\ 10, which

represents the atomization time of particles; the smaller the

value is, the earlier the breakup time is, and the faster the

atomization rate is (Patel et al. 2015). Then, the particle

atomization rate is:

orKH
ot

¼ rch � rKH
sKH

: ð22Þ

Gas-phase properties were derived from compressible

flow simulations, and other parameters in the droplet

atomization model were from experimental measurement

and set in Table 2.

By determining the rate of mass flow mr and the initial

radius of particle d0, the initial velocity of particle V0 and

the transient step size were determined, which ensured the

continuity of the jet and tracking requirements for particles.

2.3 Introduction of the new method: dimensional

transformation

The velocity U of any point in a 3D space (x, y, z) can be

decomposed into Vz and Vr in a 2D axisymmetric coordinate

system. In addition, in a 3D space it can be decomposed into

Ux, Uy and Uz. Their relationship is shown in Fig. 1.

To ensure the directivity of the vector the decomposition

can be expressed mathematically:

Table 2 Input parameters (COMSOL software)

Parameter Value

Jet mr (g/s) 1.11

Jet V0 (m/s) 0.88

Jet d0 (mm) 1.2

BKH 5

Particle rp (N/m) 0.0729

Particle qp (Kg/m
3) 1000

Particle lp (Pa s) 0.001

Relative tolerance 1.0 9 10-5

Absolute tolerance 1.0 9 10-6

Step (s) (0, 1.36 9 10-3, 3 9 10-3)

Fig. 1 Vector U of dimension transformation
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U~x ¼ V~r � x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

U~y ¼ V~r � y �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

U~z ¼ V~z

8

<

:

: ð23Þ

The actual variable setting in the software can be

replaced by an interpolation function. The velocity field is

set as follows:

U~x ¼ U~x x; y; zð Þ ¼ V~r x; y; zð Þ � x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

; x2 þ y2 6¼ 0

U~y ¼ U~y x; y; zð Þ ¼ V~r x; y; zð Þ � y �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

; x2 þ y2 6¼ 0

U~x ¼ U~x x; y; zð Þ ¼ U~y ¼ U~y x; y; zð Þ ¼ 0; x2 þ y2 ¼ 0

U~z ¼ U~z x; y; zð Þ ¼ V~z x; y; zð Þ

8

>

>

>

<

>

>

>

:

ð24Þ

3 Model details and simulation mesh

3.1 Model details

Figure 2 shows a sketch of the simulation setup composed

of the Laval Nozzle and the calculation area of the external

atmosphere. In this setup, the length of the Laval nozzle

and that of the external calculation area were chosen as 30

and 1000 mm. The distances from the throat to the nozzle

inlet and outlet are 10 and 20 mm, respectively. The nozzle

has an inlet diameter and an outlet diameter of 10.2 and

10 mm (inlet[ outlet), respectively, because of energy

conservation and the interior resistance. The atmosphere

has a diameter of 1000 mm. The throat has a diameter of

2 mm. All the above parameters were set for the sake of

closely approximating reality.

3.2 Two-dimensional mesh

The geometry of the nozzle was reproduced with COM-

SOL Multiphysics software. As described in detail by

Moses and Stein (1978), only half of the computational

domain was required due to symmetry, as shown in Fig. 3.

The mesh was constructed to follow the flow, facilitating

convergence of the solution (Singhal and Mallika 2013;

Venkatesh and Jayapal 2015; Patel et al. 2016).

In the software, the sidewall curve of the nozzle was

drawn in the two-dimensional working plane by the para-

metric equation. A closed nozzle geometry was generated

by drawing perpendicular lines from the two ends of the

curves to the center axis, the axis between the two ends and

the sidewall curve. Then, a rectangle with a side length of

500 9 1000 mm was drawn to indicate the atmospheric

area outside the nozzle.

The mesh was divided into triangular meshes because

these can capture the variation of the turbulent flow field.

The boundary layer and angular refinement used strip-

shaped quadrilateral meshes, which facilitate spreading

along the boundary. The following diagram is a scale graph

of the grid; the chromatographic legend on the right rep-

resents the mesh cell scale relationship in each subgraph.

An extreme refinement fluid dynamics mesh was used in

the nozzle area, a refinement fluid dynamics mesh was used

near the nozzle outlet, and a fluid dynamics coarsening

mesh was used in the other areas. An additional refinement

method based on boundary control was used to refine the

throat. All the grid refinement details in the diagram, such

as the angle refinement, maximum cell, minimum cell and

curvature number, are marked in Fig. 3.

Fig. 2 Model details
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As shown in Fig. 4, the flow field has clear velocity

boundaries and was no longer changed by mesh refinement,

which ensured that the speed of the microchange could be

captured.

3.3 Three-dimensional mesh

As shown in Fig. 5, the 3D mesh for the 1/4 symmetric

model was divided by a tetrahedral mesh. The entire mesh

was divided into four parts to match the calculations.

Similarly, the boundary-controlled refinement method was

applied, and the specific parameters are shown.

However, in later research, it was proven that the above

method was not appropriate. As shown in Fig. 6, a further

optimization was made, with the mesh cells presenting an

approximate axisymmetric distribution.

4 Results and discussion

4.1 Simulation under the 2D axisymmetric module

space

4.1.1 Simulation of the 2D flow field

As shown in Fig. 7, the velocity, pressure, density and

dynamic viscosity of flow in the Laval nozzle are different

at each position. Accordingly, based on verification using

experiments and formulas, the error of the simulation was

found to be 3.2%.

4.1.2 2D simulation of droplet atomization

Under the same model space, the previously calculated

flow field results were called. The results of the atomiza-

tion simulation are shown in Fig. 8.

Fig. 3 The 2D mesh and dividing detail

Fig. 4 Simulation result with the optimized mesh

Fig. 5 The 3D 1/4 symmetric mesh and dividing detail, all mesh,

nozzle mesh
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In Fig. 8, the fog shows a state of a ‘‘breathing wave’’.

The particle size near the axis of symmetry is approxi-

mately 2 microns, and they accelerate at supersonic speeds

in the nozzle. The particle size away from the axis of

symmetry is approximately 10 microns, and the particle

breaking position away from the axis of symmetry is the

subsonic band. Therefore, the spatial distribution of small-

sized particles is inside, while that of large-sized particles

is outside.

Thus, particles close to the axis of symmetry have

higher velocities. In addition, their particle radius is five

times that of the particle near the axis of symmetry, and

the resistance during the movement is much greater than

that of the particle with a smaller radius. This allows

particles close to the axis of symmetry to catch up in a

very short period with the outer particles that were

sprayed earlier, so the wave-like spray distribution is

observed macroscopically.

4.1.3 Problems of the simulation in the 2D axisymmetric

module space

When we want to further discuss the 3D distribution law of

particles, we find that the biaxial symmetry model cannot

be realized. Just as everyone knows, for a 2D axisymmetric

model, if you want to get a 3D result you need to rotate

along the axis, but in Fig. 9, by postprocessing the rotated

data set, the results are terrible. Rings were formed by

particle rotation, which not only increased the difficulty of

analyzing and determining the statistics of the particle

distribution but also does not conform to the actual situa-

tion. In addition, in this model space, the particles released

at the sidewall of nozzle correspond to the water injection

mode of the annular discrete slot. Thus, the 3D visualiza-

tion of particles cannot be realized in a 2D axisymmetric

model. Therefore, we want the model space to be three-

dimensional in the first place.

4.2 Simulation in the three-dimensional module

space

4.2.1 Simulation of the flow field

In Fig. 10, the 1/4 of the flow field was calculated by

applying symmetric boundaries in three dimensions, and

the other 3/4 was achieved by postprocessing; its mesh is

shown in Fig. 5. Although this method produced a correct

calculation result on the symmetric boundary, the results

between the boundary were wrong. This is because the

mesh of the boundary at symmetry cannot approximate

axisymmetric conditions.

Thus, the next step is to further approximate the mesh to

axisymmetric conditions.

Fig. 6 The 3D nozzle mesh and dividing detail, all mesh, nozzle

mesh

Fig. 7 The 2D simulation results and postprocessing
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Fig. 10 Simulation results with a symmetric boundary applied

Fig. 11 Simulation results with the mesh optimized along the axis in

the 3D model

Fig. 8 The 2D atomization simulation results

Fig. 9 Rotated particles in a 2D axisymmetric simulation
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4.2.2 Simulation of the flow field with mesh optimized

along the axis in the 3D model space

In Fig. 11 with the mesh optimized along the axis in the 3D

model (mesh in Fig. 6), although the results are better than

those obtained by the previous method, some tinpot edges

and corners still exist in the flow field, which is not

satisfactory.

Because the flow field of the Laval nozzle is totally

axisymmetric, the mesh setting cannot be perfect in any

case, and it is not appropriate to calculate the 2D

axisymmetric problem in a 3D space.

In a word, it is not accurate to calculate the compressible

flow field in the Laval nozzle under the 3D model only,

regardless of whether or not it is approximated as sym-

metric or axisymmetric.

4.3 Dimension transform numerical simulation

of atomization in supersonic atomizing dust-

removing nozzle based on transonic speed

compressible flow

Generate the flow distribution data with a 2D axisymmetric

spatial basement into 3D basement data.

Import the above data with a 3D basement, including the

velocity, density, dynamic viscosity and temperature of the

flow field, into the 3D model by means of an interpolating

function. In the model settings, some details were set

according to the rules of spatial transformation by Eq. (24).

In the process of calculating droplet atomization, the

above functions were called, and the particle states were

calculated by a transient.

The simulation results of particle atomization in the

nozzle are shown in Fig. 12.

Calculate the atomization angle and compare it with the

experiment result in the next chapter. The position of the

released particles is z = 7.5 mm from the outlet, and the

diameter of the particle concentration section is

d & 2.5 mm, so tan a = d/z = 0.356, and a = 20�.
As shown in Fig. 12, particles with a large size adhere to

the wall of the nozzle, and the micron-sized particles are

instantly produced and blown out of the nozzle wall at a

very high speed, according to the initial velocity direction

when the particle is released. The results are basically

consistent with the two-dimensional results.

To enhance the effect of the simulation analysis,

increase the number of particles released. As shown in

Fig. 13, a large number of micron-sized particles present

delamination and spray into the outer space of the Laval

nozzle.

The phenomenon of a breath wave is obvious. In three-

dimensional space, the particle coverage cannot reach full

Fig. 12 The simulation results of atomization a in the nozzle, b out

of the nozzle Fig. 13 Atomization results out of the nozzle
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360� coverage, which is due to the position of particle

release on the sidewall surface that has a certain angle and

initial velocity. This phenomenon is called an irregular jet,

which is consistent with the results of the subsequent

atomization experiment.

As shown in Fig. 14, the particles are released from the

sidewall at 0 s and move slowly. When the flow of particles

is in contact with the supersonic band inside the nozzle at 4

9 10-6 s, the jet droplets are instantly broken into microns

and accelerated to subsonic speed (approximately

230–300 m/s) dispersions outside the nozzle.

The closer the axis of symmetry is to the nozzle, the

greater the velocity difference between the particles and the

flow field is, the more intense the acceleration and break-

age are, and the faster the velocity is; however, the latter is

ejected out of the nozzle. The axisymmetric stratified dis-

tribution of the airflow field causes this phenomenon.

According to the steady state calculation report, the

error of the separation group is estimated to be

0.00087,0.00061; the residual error of the separation group

is estimated to be 50, 4.9 9 103; the maximum number of

iterations of separation 1(se1) is 1000; the damping factor

of the separation step (ss1) is 0.5; the damping factor of the

turbulent variables is 0.35; the tolerance factor is 1.0; the

solver is PARDISO; the relative tolerance is 0.0012; and

the transient calculation absolute tolerance is 1.0 9 10-6.

4.4 Rationality analysis by experiment

Aerodynamic atomization will produce an ultrafine fog

curtain and a high-speed wind curtain, fog droplets in the

fog curtain will capture the free dust, and the turbulent air

layer formed by the wind curtain will restrain the dust

diffusion (Wang et al. 2018; Liu et al. 2019; Cai et al.

2018). Therefore, the accuracy of the simulation is verified

by the atomization and dust removal experiments and the

guiding significance of the research on the design of dust-

removing nozzles.

The experimental parameters were set according to the

boundary conditions of the simulation, and the experi-

mental results were compared. The nozzle used in the

experiment was designed and manufactured according to

the simulation parameters.

In Fig. 15, based on the comparison, the simulated fog

droplets were mainly concentrated along the axial direction

and had a very high velocity, which was similar to the

actual spray situation. The flame shape of the fog and the

characteristic of the breath-waves in the process of droplet

migration were in good agreement with the experimental

results. The main distribution of the particles at the exit

position was between 2 and 100 microns, and the spray

angle was basically consistent with the experimental

results. In both the simulation and the experiment, the

water droplets with larger particle sizes were ‘‘blown’’ out

along the sidewall of the nozzle outlet.

Fig. 14 The supersonic atomization in the nozzle
Fig. 15 The comparison of the atomization experiment, a near the

nozzle, b the fog field
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In Fig. 16, based on a particle size test by laser

diffraction, it is basically proven that the D50 is approxi-

mately 8 microns at 250 mm from the nozzle outlet. This is

because the data in the nozzle cannot be measured accu-

rately under the conditions of the existing test instrument,

and the accuracy of the simulation can only be verified by

the results of the longer distance data outside the nozzle.

The results agree well, which proves that the simulation

method is true and reliable.

According to the existing dust removal theory, it is

considered that the particle size of droplets used in dust

harvesting should be close to that of dust particles (coal

dust particles), so for conventional respiratory dust

(particle size less than 10 microns) in the coal mining

industry, such atomization methods should have a high dust

removal efficiency. Therefore, a dust control experiment

was carried out to investigate the dust control efficiency of

the nozzle on the respiratory coal dust.

In Fig. 17, the experimental process included simulating

the air pressure, setting the water flow dust removal

experimental conditions, taking dust samples through the

dust sampler, weighing the sample before and after drying

the mass, calculating the dust concentration, and carrying

out the dispersion test. Finally, according to the measured

dust concentration results and dispersion test results, the

Fig. 16 Atomization experiment to verify a the particle size distribution of the simulation results at 250 mm from the outlet of the nozzle, b the

particle size distribution of the particle size test by laser diffraction at 250 mm from the outlet of the nozzle, and c the particle size test by laser

diffraction
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transonic atomization dust removal was compared with the

conventional respiratory dust removal efficiency.

After the dust removal experiment, this kind of

atomization method was shown to achieve a respiratory

coal dust removal efficiency of 78.9% in 1 min, and the

capture effect of respiratory dust was much higher than that

of the conventional method (52.03%), which proves that

the simulation method has a basic and guiding significance

for the development and research of new technology.

5 Conclusions

(1) It is proved that the 2D axisymmetric, 3D symmetry

and 3D approximate axisymmetric models cannot

accurately simulate the process of droplet fragmen-

tation and atomization in the transonic flow field in

three-dimensional space.

(2) Through transforming the dimension, based on the

COMSOL software, the droplet crushing and

atomization process in the transonic flow field in

3D space is simulated in the 3D model, and the

atomization experiment is carried out to verify the

analysis. The particle distributions of the mesoscopic

and macroscopic phenomena are all consistent with a

high degree of coincidence.

(3) The physical process, macro phenomena and particle

distribution of supersonic atomization are analyzed

in combination with this simulation.

(4) Through the atomization and dust removal experi-

ments, the significance of the simulation was proven.
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