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Abstract

Particulate matter from coal and stone operatigna primary air pollution source. The traditionaznle
requires high-pressure conditions, and the atoinizatroplets are large and uneven. This paper &nssudy a
linear Laval nozzle and investigate the impact afex pressure on atomization performance. The velafrfluid
(VOF) model and discrete phase model (DPM) of Hiaea used to simulate the internal and exteredddiof the
nozzle and analyze the velocity, droplet size, atoinization angle. The results show that the optchiwater
pressure parameters are 0.1 MPa with an air presé@.5 MPa. Droplets in the middle are smalldrilevthose on
the sides are larger. Compared to traditional reszzhe water pressure is reduced by over 90%thanflauter mean

diameter (SMD) decreases by over 50%. Moreoverthtberetical spray angle increases by approximaiepo.
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1. Introduction

In recent years, with the rapid development of éeenomy and the great demand for resources, platgcmatter
generated during mining, processing, and transpontaf coal and stone materials has become otteegfrimary sources of
air pollution. Especially when small particles sashPM2.5 and PM10 diffuse into the atmospheiis, difficult to capture
and remove them again, which will cause signifidgarim to human health and the environment, attréatal social attention,

and threaten human survival [1].

China is rich in coal resources. As of 2020, Clénaoven coal reserves were 187.55 billion tonkinggait the world’s
largest coal storage country and producer. By 20Biha’s annual coal production was 3.84 billiongpaccounting for nearly
half of global coal production. Coal mining prodacdust, seriously polluting the working environmeahd causes
occupational diseases such as pneumoconiosis. imaChver 90% of the nearly one million people diesed with
occupational diseases are occupational pneumoésnarsl 80% of them work in coal mines. The nundfenrew cases of
occupational pneumoconiosis in China from 2017a22is shown in Fig. 1 [2]. The number is declinikpwever, there is

still a significant number of new cases of occupal pneumoconiosis every year.

Current status of dust removal technology: atomidedt removal technology, clustering-dust remoeahnhology,
electric dust removal technology, chemical agglatien technique, and negative pressure dust renteghhology, among
which atomized dust removal technology is the mddely used. In the process of atomized dust reifdva probability of

dust adsorption and condensation is the largeshwhesize of atomized droplets is similar to tfadust particles [3].
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Numerous researchers have researched the dustakdewice. Liu et al. [4], Xu et al. [5], and Xu &t [6] simulated
pressure-swirling nozzles. They got 5 MPa, 6 MPa, & MPa, which are the optimal pressure. Aryal.ef7h proposed a
flooded-bed dust scrubber system. On the other,tainidet al. [8] simulated coalbed water infectaond concluded that an
injection pressure of 8 MPa was generally acceptablang et al. [9] investigated X-type swirl pragsnozzles with the feed
water pressure in a range of 1-8 MPa. Zhang ¢1@11] studied a supersonic antigravity siphomagation nozzle with a
curved Laval structure. COMSOL software was empdioigesimulate the process of droplet crushing anch&ation. The

results show that curved Laval nozzles surpassdldéional atomizing nozzles in droplet velocityater pressure, and droplet

size.
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Fig. 1 The number of new cases of occupational preeoniosis in China from 2017 to 2022 [2]

Based on the above summary, it is evident thatiatttion dust removal is currently the primary metiior dust control.
Traditional nozzles require high pressure, modtigve 5 MPa, which results in high energy consunmpgiod potential safety
hazards. In contrast, the Laval nozzle operatpeeasures below 1 MPa and produces small, unifooplets. However, there
is currently limited research on using Laval nog#ier dust removal, especially linear ones. Thepse of this paper is to

study a linear Laval nozzle and optimize the wptessure.

The Laval model is shown in Fig. 2. The Laval nez& a dynamic device that accelerates fluid byeaging and
diverging its cross-section to reach supersoniedgpepossessing unique dynamic characteristicdelign is based on the
research of Swedish engineer Gustaf de Laval anitlisly used in fields such as turbo machineryked@ropulsion, and jet
engines. Still, there is limited research in thestdiemoval field. Application of Laval nozzles cachieve supersonic
atomization effects, as the ejection speed plagstiaal role in the atomization process. Therefangpersonic atomization
technology can obtain finer and more concentratedldt size distributions than conventional aimaization techniques [12-

13].

Fig. 2 Laval model [12]

2. Laval Nozzle Structure Design

The Laval nozzle comprises a subsonic contrac@etian, a critical throat section, and a superseransion section.
The general principle of Laval nozzle design i€ tha pressure energy of the airflow must be effet converted into kinetic

energy. Currently, the internal construction oflth@al nozzle consists of two types: linear andredr The contraction section
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of the curved structure can be designed with thesifiski curve. However, the manufacturing costhef curved surface is
high, and the linear surface is easy to process Therefore, the cone is selected for the consactection in this research,

as shown in Fig. 3.

—
——]

Fig. 3 Linear Laval nozzle

2.1. Expansion section

If the diameter of the throat is, the length of the expansion section and the dradfle of the expansion are and ,

respectively. Then, the diameter of the outlets shown as follows:

d, =2L, tana +d, (1)

The length of the expansion segmenis shown as follows [15]:

L, =(d, - d,)/2tana 2)

Because the airflow completely works in the supeiscange, the friction irreversible loss is tooge if the expansion
section is too long. Suppose the expansion seitwp short or the section expansion is too lahgehat case, the airflow
will be separated from the wall, resulting in eddyrent loss that is unfavorable to energy conweershs a rule, the expansion
half-angle is generally 8° to 15°. According to tierature, the outlet airflow velocity of the Lalvhozzle gradually increased
within the range of 8° to 10° expansion half-anfiem 11° to 15°, it tends to be stable. It caisdsen that the expansion half-

angle of 10° is the most appropriate.

2.2. Contraction section

The performance of the contraction section dependthe ratio of the inlet area to the contractieation’s outlet area
and the contraction section’s shape. The diamétireanlet is . The diameter of the throat is. To accelerate the airflow
statically, the cone angleof the contraction section is generally 30° to Bi5], and the length of the contraction section is

shown in the formula below. is usually (3-5) times (throat diameter).

ds' dz

L =
' 2

ot d
cot=- 3
; ®3)
where, s the inlet diameter, is the throat diameter,is the cone angle, and is the length of the contraction section.

2.3. Throat section

The throat is the critical position where the awflchanges from subsonic to supersonic and is thst important part
of the entire nozzle design. The actual use ohtimzle requires that the flow rate should not leestmall, which requires that
the throat diameter should not be too small, gdlydratween 1-2 mm. The nozzle assembly drawirgh®wn in Fig. 4. The
first atomization occurs when the air and waterraieed at the Laval core. Then, the high-speedligagd mixing flow
impinges on the oscillator at supersonic speedréalyce ultrasonic waves. The high-frequency vibratenergy of the

ultrasonic wave atomizes the liquid droplet again.
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(4) Connecting rod

(2) Laval core

(D Oscillator

(3) Main body

(®) Shell
Fig. 4 Nozzle assembly drawing

In the case of high dust concentration, the contbimezzle shown in Fig. 5 can be usékthe Laval combined nozzle
features six outlets positioned around its perimabel center, expanding the atomization cone atigl@ow rate is six times
that of a standard Laval nozzle, while also indreadroplet concentration, making it well-suited @mvironments with high

dust concentrations.

Fig. 5 Laval combined nozzle

3. Numerical Analysis with Varied Water Pressure

The inlet pressure should not be excessively taglit can easily lead to outlet disturbances. Aalditily, high pressure
imposes higher demands on equipment and nozzlefawuating processes. Therefore, in practical uspgdetity is given to
selecting medium and low-pressure conditions. Funttore, Laval nozzles exhibit high internal airflaxglocities, and
medium and low water pressures can achieve extellemization effects [17-18]. Here, water pressufe).1/0.2/0.3/0.4/0.5
MPa are selected, with an air pressure of 0.5 MPazzle outlet diameter of 2.5 mm, and a nozzestllator distance of 4
mm.

For the Laval gas-liquid two-phase flow nozzleul@jentering the nozzle cavity is dispersed by fsghed airflow. After
the droplet breakup process, the gas-liquid mixisirexpelled from the nozzle outlet. This processlves the flow of gas
and liquid phases and can be simulated using themeoof fluid (VOF) model to analyze the flow fislihside and outside
the nozzle. The VOF model is a type of Euleriantipbhse flow model. In this model, if the volumadtion of a particular
fluid within a computational cell is set to O, ridicates the absence of that fluid in that celln@usely, if the volume fraction
is set to 1, it denotes the presence of only tbat in the cell [19].

The discrete phase model (DPM) is used in Fluesittollate the flow of particles. The DPM model asss that particles
are discrete point-like objects and simulates msee such as particle transport, collision, andsigépn by tracking the

movement of these particles in the fluid. This madeypically suitable for situations where thésea strong interaction
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between particles and the fluid, such as partielesport in air flows or particle sprays. It defirgas as the continuous phase
and liquid droplet as the discrete phase. The DRidehcan simulate droplet trajectories and displayicle sizes. In Fluent,
users can simulate various types of particle bemadw setting parameters such as initial positigiocity, and size of the
particles. Additionally, users can couple fluidl@onditions, boundary conditions, etc., with paetisimulations to obtain
information such as particle trajectories, conaaidn distributions, etc., within the fluid [19].

This study aims to obtain the velocity distributiointhe flow field, the spray atomization angleg throlume distribution
of water, and the droplet size distribution and etioal values of a linear Laval nozzle. The VOF elad used to calculate
the flow field velocity distribution, spray atomiman angle, and water volume distribution. The DBMmployed to determine
the droplet size distribution and numerical valudserefore, this study combines the DPM and VOF etotb achieve these
objectives.

3.1. VOF simulation setup
(1) Governing equation
The governing equations used in the VOF model laogvs in the formula below [20].

Continuity equation

Ir
E+N>(ru) =0 4)

Momentum equation

ﬂ(fui)+ﬂ(fuiuj)_ﬂ_r+ﬂu, r fu

= — —+— +rg+F¢ 5
fi I "R "R ©
Volume fraction transport equation
TF IF
—+u —=0
t X (6)
where,
r:Ff1+(1' F)‘ 20 U= I:l“h-"(:l" F)qz (7)

Here, represents density, kgm represents body forces due to external actions, fepresents volume fraction; are
tensor indices; represents flow velocity m/s; represents time, s;represents coordinates, miepresents acceleration of

gravity, m/g.
(2) Domain and boundary conditions

The air pressure is 0.5 MPa, and the water presauies from 0.1 MPa to 0.5 MPa. The external floeld measures
1500 mm in length and 600 mm in width. Fig. 6 ithases both the internal and external flow fieldshe nozzle. Fig. 7
provides an enlarged view of the flow field arouhd nozzle.

Fig. 6 Internal and external flow fields of the noz
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Fig. 7 An enlarged view of the flow field arounathozzle

The operating pressure is 101325 Pa. Fig. 8 illitsstrthe boundary conditions for external flowd#lOn the left side
of the external flow field, it is set as a Presdiarefield, with the pressure being 0 MPa. It i$ ae a pressure outlet on the

right side, with the pressure being 0 MPa. The atiowave model employed is non-reflecting.
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Fig. 8 Boundary conditions for external flow fields

Air is a primary phase; water is a secondary phéke.boundary conditions of the nozzle sectionsate as shown in
Fig. 9. The air inlet is on the left side, and tyyge is pressure inlet. The volume fraction of wé&®. The pressure is 0.5 MPa.
They act as water inlets on the top and bottonssisket as pressure inlets. The water volume fradcsiset to 1, with pressure

settings ranging from 0.1 to 0.5 MPa. All other bdaries are treated as walls.

i

Fig. 9 Boundary conditions for nozzle

(3) Meshing and setting up
(3-1) Meshing

Triangular meshes are well-suited for complex arejular geometries, making them easier to divide irregular areas
and sharp corners. This flexibility is particulaalgvantageous when handling intricate models. Aatdhtly, triangular meshes

exhibit good stability and convergence during thklviag process, leading to their widespread useamy engineering and
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scientific computations [21]. Therefore, this stueyploys triangular meshes. The meshing was pedusing the Fluent-
Mesh module, the domains comprised 137482 unsteattiangle elements and 73864 nodes. Elemenisiz®04 m. The

mesh for the nozzle’s internal and external fl@dions is shown in Fig. 10.

0.000 0.450 0.900 (m)
I I
0.225 0.675
Fig. 10 The mesh for the internal and externatifh@igions of the nozzle

The mesh surrounding the nozzle is depicted in FigThe mesh inside the nozzle is displayed asgsho Fig. 12. The
boundary layer’s inflation is illustrated as shoinrig. 13. The inflation option is total thickne§$he number of layers is 5,

the growth rate is 1.05, and the maximum thicki@€8s0005. The average orthogonal quality is erceliwith 0.9586.

0.000

0022

Fig. 11 The mesh surrounding the nozzle

Fig. 12 The mshinside the nozz
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Fig. 13 The boundary layer’s inflation

(3-2) Mesh independence test

This section examines the impact of the total nundfegrids on computational results. The grid inelegence test,
conducted under conditions of 0.5 MPa air presanck0.1 MPa water pressure, is presented in TalAs $hown in Table
1, variations in the number of grids have somectffi@ the computational results within a certaimge However, the overall
deviation is within 0.5%, meeting the requiremdatgrid independence. Considering computationaliesicy and efficiency,
the total number of grids is ultimately set at 482, for the mesh division.

Table 1 The grid independence test with varied elgrsize

Number E'Iement Elements| Nodes VOF/max'imum ve!ocity DPM/D (3,2)
size (m) magnitud«(m/s; (m)

1 0.00¢ 9377( 5190¢ 50¢ 1.52052!e-5

2 0.00¢ 13748. | 7386¢ 51C 1.519298-5

3 0.00¢ 22890( | 11974t 511 1.517333-5

(3-3) Setting up

The mesh, properly partitioned, is imported intogfit for solving. The materials selected are igaaland liquid water,
with the energy equation activated. The pressuleeitg coupling method adopts the Simple algoritArne turbulence model
chosen is the standard kmodel, with standard wall functions. Under vaneater pressures of 0.1/0.2/0.3/0.4/0.5 MPa, a
numerical analysis of the velocity, atomization landMach number, and liquid phase volume fractiorihie internal and
external flow fields of the linear Laval nozzledsnducted using Fluent's VOF model. This analygissato determine the

optimal water pressure.
3.2. DPM simulation setup
(1) Governing equation

Using the Lagrangian DPM allows for a more accusiteulation of droplet atomization, providing a raaealistic
depiction of the process of droplet fragmentatiod &rajectory. The trajectory of the droplets isedined by solving the
differential equations of particle forces in thegkangian coordinate system, which are then tramsfdrinto equilibrium

equations in the Cartesian coordinate system sliowre formula below [22].

dup,x _ )+ gx(rp'f v) D 1 9T ®)

=F,|U,4-U —
dt o (e o ro "Pm,T Tx
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du gy (re-74) 19T
PY _ y\"p" " v
_FD(U, -uy )+ r —_— (9)
dt v,y Py r o p mpT ﬂy
du g (I’ -r ) 1 9T
P,z _ z p \
N e @)
where s the particle mass (kg), is the thermal swimming force coefficient, is the fluid density (kg/®), is the
particle density (kg/f), s the fluid velocity (m/s), is the particle velocity (m/s),s the time (s), is the traction force

per unit mass of dust (NJ,is the acceleration of gravity (niysT is the fluid temperature (K), angly, andz are the coordinates
(m).

(2) Domain and Meshing: Like VOM, it will not betmoduced here.

(3) Boundary conditions and setting up

The boundary conditions for DPM differ from thodetlee VOF model. The gas inlet, pressure outlehaest, and wall
conditions are the same as in the VOF model. Thenirlet of DPM is designed as a particle souaoel the particle material
is liquid water. An ideal gas is chosen for the ghase with the energy equation enabled. Pressloeity coupling is
implemented using the coupled algorithm. The tughoé model employed is the standard k-epsilon meitlelstandard wall
functions. Diameter distribution follows the Rogtammler distribution. Droplet parameters are sehdigated in Table 2
[19]. Under varied water pressures of 0.1, 0.2,@.8 and 0.5 MPa, numerical analysis using Flaé®M will be conducted
to investigate the spray shape and droplet siz#eimutflow field of the Laval nozzle. The velgcihagnitude is calculated

based on the total flow rate.

Table 2 DPM droplet source settings

Waterpressur 0.1MPe | 0.2MPe | 0.2MPe 0.4 MPe 0.EMPe
Velocity magnitud (m/s] 2.8¢ 5.37 7.1¢€ 9.71 12.8¢
Total flow rate (kg/s, 0.001047 | 0.00194! | 0.002600: | 0.003525 | 0.004663
Maximum particle diamet (mm) 0.0 0.0¢ 0.10¢ 0.12¢ 0.1t
Minimum particle diameti (mm) 0.00¢ 0.00: 0.001 0.00: 0.00:
Mean particle diamet (mm) 0.0z 0.02¢ 0.031 0.04 0.0t

4. Results and Discussion

When the air pressure is 0.5 MPa, the influenceaoied water pressure on the spray velocity, atatign angle, and

droplet size were analyzed. This study also cordditine achievement of supersonic flow within thedlaozzle and analyzed

the Mach number at a water pressure of 0.1 MPa.

4.1. Verification of the supersonic effect of thwal nozzle
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Fig. 14 Contours of velocity magnitu
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Fig. 14 shows the contours of the velocity magrétafithe flow field inside the Laval nozzle. In tingial section of the
jet, the color of the velocity cloud map is bluedicating lower velocities. As the flow field coatts, the velocity gradually
increases. Upon reaching the throat section, ther o the velocity cloud map changes to yellowdigating a velocity of
approximately 320 m/s, at which point the velocggches the speed of sound. After passing thrduglthtoat section, the
velocity cloud map turns red, indicating an inceeds velocity from the speed of sound to supersapieeds, with the
maximum velocity reaching 519 m/s. Furthermore, diflow remains stable. There are no shock waviéisiwthe entire

expansion section, and the airflow remains atta¢helde walls, resulting in no vortex loss and aghrig the ideal effect.

As shown in Fig. 15, Yang et al. [1] stated in plgper that the airflow inside the Laval nozzle hescthe speed of sound,
consistent with the numerical analysis resulthis study. However, Yang et al. [1] do not showdkeeleration process; the

nozzle should achieve sonic speeds at the throat.

Magnitude of air velocity (m*s™)

0 40 80 120 160 200 240 280 320

3

Alr outlet Air inlet

: P=0.1 MPa

p-

- N

= PeosMPa gy

P=0.7MPa

P

Fig. 15 Numerical analysis of Laval nozzle in Yangaper [1]

4.2. Velocity analysis

The mechanism of spray dust removal is to mist miate tiny droplets, which are sprayed into theamd in contact
with floating dust. The main factor affecting thestttrapping effect of water droplets is the rekatspeed of water droplets
and dust particles, which determines the contdetebetween dust and water droplets. The highdspéeater droplets leads
to sizeable kinetic energy, and the collision wdtst particles is conducive to overcoming the sigfeension of water and

wetting and capturing dust particles more effedyive

Fig. 16 illustrates contours of velocity magnitudeder varied water pressures. Water pressure bamificant impact
on velocity magnitude as well as the morphologyhef flow field. Velocity magnitude is higher ne&etnozzle, gradually
diminishing in the outer flow field. The presenddt® oscillator increases the atomization anglt @eates vortices near the
nozzle outlet, which facilitates atomization. Undaried water pressures, the maximum velocity ntagei of the mixture

varies, as shown in Table 3.

Table 3 The velocity magnitude of the mixture undnied water pressures

The air pressure is 0.5 MPa3; Maximum velocity
Water pressure (MP magnitude of mixtur (m/s)
0.1 51C
0.2 49
0.2 49t
0.4 50¢€
0.5 55C
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Fig. 16 Contours of velocity magnitude at variedevgressures



34¢€ International Journal of Engineering and Techngldgnovation, vall4, no. 4, 2024 pp. 335-354

The scatter plot shown in Fig. 17, with water puesson the x-axis and velocity magnitude on theigsdllustrates a
decrease and an increase in velocity magnitudeater\wressure varies from 0.1 MPa to 0.5 MPa. vater pressure of 0.5
MPa, the velocity magnitude reaches its maximumasuegng 550 m/s. Then, at a water pressure of (a,Mhe velocity
magnitude is 510 m/s. The minimum velocity magrétislobserved at a water pressure of 0.2 MPa, nmiegstb3 m/s. The
fitting curve for velocity magnitude and water e is given by the equation: y = 935.71-x468.433x + 548.4,R= 0.983,

demonstrating a good fit.

600 -
580 R
y = 935.71x2 — 468.433x + 548.4
560 4 R? = 0.983 550
B =
& 540 A
2
£ 520 510 506,0%"
%ﬂ *.°o. 493 495 ..".%
2 500
? ....to..'...m..
Q
§ 480
460
440
420 T T T T T 1
0 0.1 0.2 03 0.4 0.5 0.6

Water pressure (MPa)
Fig. 17 Scatter plot of velocity magnitude undetieh water pressures

The velocity magnitude of the gas-liquid mixturedsmses first and then increases. It indicatesitthan the gap between
water pressure and air pressure is relatively |angeeasing water pressure will hinder air movetmdfhen the water pressure
is close to the air pressure, it promotes the mevdrof the air. According to the literature, thgh®r the outlet speed, the

better the dust removal effect [1]. So, the watespure of 0.1 MPa and 0.5 MPa is better.

4.3. Atomization angle analysis

The atomization angle determines the distributibftiuid space to a large extent. As the atomizatiagle increases, the
coverage area expands and the likelihood of coflsiwith dust particles rises. Therefore, a lampdiection area results in
more effective dust suppression. Fig. 18 show€thours of water volume fraction under varied watessures. The figure
shows that the water volume fraction is lower ia tuter flow field due to atomization, especialiyaaver water pressures.
Therefore, in this research, the angle of the aastof velocity magnitude is measured to compaeeattomization range

under varied water pressures.
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Fig. 18 Contours of water volume fraction at 0.1MPa watespur
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The angle of the atomization range was measured tise Online Protractor tool shown in Fig. 19, e¥hito some extent,
reflects the size of the atomization angle. Itv&ent from Fig. 19 that as the water pressureeases, the angle of the
atomization range decreases. Higher pressure teads increase in jet velocity, resulting in drdplevith higher kinetic
energy. These high-energy droplets follow a maredr trajectory in the air, experiencing less tasise and deviation. So,
the droplets move forward in a straight line unitigher pressure conditions without quickly devigtiresulting in a smaller

atomization angle [23]. The data regarding the enfllatomization range under varied water pressanésted in Table 4.

Table 4 Angle of atomization range under variedevatessures

The air pressure is 0.5MP&; The angle of atomization
Water pressie (MPa range (°
0.1 15€
0.2 147
0.3 13¢
0.4 127
0.t 10¢
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Fig. 19 Angle ofatomization range at varied water press
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Fig. 19 Angle of atomization range at varied water pres: (continued
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The scatter plot shown in Fig. 20 with water pressn the x-axis and angle of atomization rangthery-axis illustrates
a decrease in the angle of atomization range a= \wetssure varies from 0.1 MPa to 0.5 MPa. Atemaressure of 0.1 MPa,
the angle of atomization range is at its maximuraasuring 156°, whereas at 0.5 MPa, it decreas#83t Therefore, the
optimal atomization angle is observed at 0.1 MPee fltting curve for the relationship between thgla of atomization range

and water pressure is given by y = -114x + 169%8; B.9704, showing a perfect fit.

180
y = -114x + 169.8
170 4 R? = 0.9704
~ 160- 156
& . 147
2 150 1
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S 1301 e,
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Water pressure (MPa)

Fig. 20 Scatter plot of the angle of atomizatiomg@under varied water pressures

4.4. Droplet size analysis

In practical theory and application, the Sauter mgiameter (SMD) is commonly used to representtioplet size in a
fog. The SMD denotes the surface area-weighted rdizemeter and is denoted by D (3,2). Its matherab&gpression, as
given by the formula [24]:

D(3,2) =%§2q (11)

represents the diameter of each droplets the total number of droplets; is directly proportional to the total surface
area of particles in the i-size interval; D (3,8presents the average particle diameter concethingurface area, known as
the surface area mean diameter or the SMD.
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(a) Droplet traces colored by droplet diameter. at\MPa water pressure

Fig. 21 Droplet traces colored by droplet diameteraried water
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(b) Droplet traces colored by droplet diameter.2tNPa  (c) Droplet traces colored by droplet diameter.3tNaPa
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Fig. 21 Droplet traces colored by droplet diameteraried water (continued)

From Fig. 21, it can be observed that droplet samaored by droplet diameter exhibit similar steapeder varied
pressures. Droplets in the middle are smaller,enthibse on the sides are larger. When the ligusdgsathrough the nozzle,
the high-speed airflow shears and impacts thediqlispersing it into fine droplets. Because assgiray develops freely, the
droplets become more dilute [25]. As water pressacecases, droplet diameters also increase. Isicigavater pressure
means more liquid is sprayed out, which incredsesollision and impact between liquid dropletsisTdollision leads to the
formation of larger droplets [26]. On the other taimcreasing water pressure reduces the atomizatigle, shrinking the
space for droplet distribution, thereby increashmgprobability of collision and impact and enlaigihe droplet diameter. In
Fluent results reports, statistical droplet sizgriiution can be displayed. The SMD under variggbgures is shown in Fig.
20.

Table 5 Droplet diameter under varied water presss(mn)

S No. D (2,1) _ D (3,1) _ D (3,2)/ SMI_:) D (4,3) _
Overall surface diamet | Overall volume diamet: | Overall Sauter diamet | Overall de Brouckere diame
A 1.213387-05 1.357754-05 1.519298-05 1.773705-05
B 1.172466-05 1.556002-05 2.064999-05 2.495938-05
C 9.429700-05 1.439233-05 2.196668-05 2.677897-05
D 1.156934-05 1.762769-05 2.685853-05 3.447520-05
E 1.223134-05 2.073445-05 3.514886-05 4.498832-05
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Table 5 illustrates the statistical droplet sizgritbution under varied water pressures. In prattleory and application,
the SMD is commonly used to represent droplet sigésin air pressure of 0.5 MPa, the SMD varieseurdifferent water
pressures (0.1, 0.2, 0.3, 0.4, and 0.5 MPa). Ttadlest SMD is observed at a water pressure of ®PaNhe specific values

are shown in Table 6.

Table 6 Sauter mean diameter under varied watsspres

The air pressure is 0.5 MPa; D (3,2) — Sauter
Water pressure (MP mean diameter (r
0.1 1.519298-5
0.2 2.064999-5
0.2 2.196668-5
0.4 2.685863-5
0.t 3.514886-5

The scatter plot shown in Fig. 22 with water pressn the x-axis and SMD on the y-axis illustra&esncrease in SMD
as water pressure varies from 0.1 MPa to 0.5 MRa Water pressure of 0.1 MPa, the SMD is at itsimmiim, measuring
15.19 m, whereas at 0.5 MPa, it increases to 35rh5Therefore, the optimal SMD is observed at 0.JaMFhe fitting curve
for the relationship between SMD and water presisugiven by y = 46.13x + 10.1252R 0.9439, showing a good fit.

Fig. 22 Scatter plot of Sauter mean diameter (SMier varied water pressures

4.5. Mach number analysis

Fig. 23 Contours of Mach number at 0.1 MPa watesgure

As shown in Fig. 23, when the water pressure isMP&, the Mach number is 1.98. Many points in thilow field with
relatively high Mach numbers indicate the presesfaeumerous vortices, which are conducive to ataton. In summary,

at an air pressure of 0.5 MPa, spray velocitiesopteanal at both 0.1 MPa and 0.5 MPa water pressue0.1 MPa water
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pressure, the atomization cone angle is the largadtthe droplet size is the smallest. The Machber plot indicates that at
0.1 MPa water pressure, the presence of vorticdseispray field aids atomization. Therefore, atmmpressure of 0.5 MPa,

a water pressure of 0.1 MPa is optimal.

5. Research Contribution

Table 7 compares water pressure between the tnadithozzle and the optimized Laval nozzle. Tradgi pressure-
rotating nozzles typically operate at water pressuexceeding 5 MPa. Such high-pressure demandsaBerenergy
consumption, substantial water usage, elevateds,castl potential safety hazards. In contrast, htenized Laval nozzle
utilized in this study operates at a water pressfi@1 MPa, representing a reduction of over 9@¥ngared to traditional

nozzles. This results in energy efficiency, coséetfveness, and improved safety measures.

Table 7 The comparison of water pressure betwesirdlditional nozzle and the optimized Laval nozzle

Referenc Nozzle typr Waterpressure (MP:
Xu et al.,[5] (2019 | Pressure swirling noz:z 8
Liu et al., [4] (201¢ Pres-swirl nozzle 5
This researc Laval nozzl 0.1

Table 8 compares the spray angle between theitmaalitnozzle and the optimized Laval nozzle. Tylycaraditional
nozzles have a maximum spray angle of around G@ifewhe optimized Laval nozzle in this research aahieve a theoretical
maximum spray cone angle of 156°. This represemtterease of approximately 150% in the spray acgi®mpared to
traditional nozzles. A larger spray angle allows éomore extensive dispersion of droplets, coveankarger area and

facilitating a more uniform distribution, therebyteancing dust removal efficiency.

Table 8 The comparison of spray angle betweentioadi nozzles and optimized Laval nozzles

Referenc Nozzle typi Sprayangle (°
Zhang et al., [10] (202 | Ultrasonic nozzl 61.t
Amoli et al.,[27] (2022 | A spray nozzl 60

This researc Laval nozzl 15€

Table 9 compares droplet size D (3,2) betweenttoadil pressure-swirl nozzles and optimized Lawaabes. Droplets
generated by traditional pressure-swirl nozzlescblly exceed 50 m in diameter, while the optimal D (3,2) achieveithw
the Laval nozzle used in this research is only 1&2representing a reduction of over 50%. When tamdter of droplets is
similar to that of dust particles, the dust remaafdiciency is significantly improved. Thereforéet small-diameter droplets

produced by the Laval nozzle are advantageousttmarecing respirable dust removal efficiency.

Table 9 The comparison of droplet size D (3,2) leetwtraditional nozzles and optimized Laval nozzles

Referenc Nozzle typr Droplet size D (3,2) m)
Liu et al., [4] (201¢€ | Pres-swirl nozzle 90
Xu et al.,[6] (2020 | pressur-swirl nozzle 51
This researc Laval nozzl 15.2

6. Conclusion

This research focuses on the study of linear Laweakles, investigating the influence of operatingditions (water

pressure) on atomization performance. The mairirffgglare summarized as:

(1) The VOF model simulates the nozzle's intermad axternal fields and analyzes the velocity amin@ation angle as
water pressure varies from 0.1 MPa to 0.5 MPa. Mater pressure of 0.5 MPa, the velocity magnitteiches its
maximum, measuring 550 m/s. And, at a water pressti0.1 MPa, the velocity magnitude is 510 m/s Titiing curve
for velocity magnitude and water pressure is gibgithe equation: y = 935.72 x 468.43x + 548.4, R= 0.983. On the
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other hand, at a water pressure of 0.1 MPa, thieaighe atomization range is at its maximum, roeiag 156°. The
fitting curve for the relationship between the &ngf atomization range and water pressure is diyen= - 114x + 169.8,
R2=0.9704.

(2) DPM of Fluent is used to analyze the droplee sif the spray as water pressure varies from (P4 M 0.5 MPa. At a
water pressure of 0.1 MPa, the SMD is at its mimmmeasuring 15.19m. The fitting curve for the relationship between
SMD and water pressure is given by y = 46.13x 428, R = 0.9439.

(3) Atan air pressure of 0.5 MPa, a water pressfifel MPa is optimal. Compared to traditional zleg, the water pressure
is reduced by over 90%, and D (3,2) decreases lgy 60%. Moreover, the theoretical spray angle mses by

approximately 150% with the linear Laval nozzlgding to significantly enhanced atomization perfance.

(4) The linear Laval nozzle studied in this reshaisc easy to manufacture, exhibits excellent atation performance,

operates at low pressure, and is cost-effective.

Notably, a combination-type nozzle is proposed,civléxpands the atomization angle. These nozzlekipeodry mist
due to the small droplet size. Compared to traditiavater mist dust removal methods, they are masrgy-efficient and
environmentally friendly, as they do not requingamounts of water resources and do not leacbtsngwater accumulation
or secondary pollution. Dry mist dust removal does involve water, thus avoiding safety hazardshsas slipping and
electrical equipment failures caused by water rifise linear nozzles are applicable in diverse esaleenvironments such as
mines, construction sites, and processing plamisy Tan reduce dust removal efficiency effectivsignificantly contributing

to human health and environmental protection.
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