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Abstract: In order to study the basic characteristics of gas flow field in the atomizing chamber near the nozzle outlet of

the vortical loop slit atomizer and its influence mechanism on clogging phenomenon, the computational fluid dynamics

(CFD) software Fluent is used to conduct a numerical simulation of the gas flow field in the atomizing chamber near

the nozzle outlet of this atomizer under different annular slit widths, different atomization gas pressures and different

protrusion lengths of the melt delivery tube. The results show that under atomization gas pressure p = 4.5 MPa, the

greater the annular slit width D, the lower the static temperature near the central hole outlet at the front end of the

melt delivery tube, and the smaller the aspirating pressure at the front end of the melt delivery tube. These features

can effectively prevent the occurrence of the clogging phenomenon of metallic melt. Under an annular slit width of

D = 1.2 mm, when the atomization gas pressure satisfies 1 MPa <X p << 2 MPa and increases gradually, the

aspirating pressure at the front end of the melt delivery tube will decline rapidly. This can prevent the clogging

phenomenon of metallic melt. However, when the atomization gas pressure p =>2 MPa, the greater the atomization

gas pressure, the lower the static temperature near the central hole outlet at the front end of the melt delivery tube,

and the greater the aspirating pressure at the front end of the melt delivery tube. Hence, the effect of preventing the

solidification-induced clogging phenomenon of metallic melt is restricted. When atomization gas pressure is p =

4.5 MPa and annular slit width is D = 1.2 mm, the greater the protrusion length H of the melt delivery tube, and the

smaller the aspirating pressure at its front end. The static temperature near the central hole that can be observed in its

front end is approximate to effectively prevent the occurrence of clogging phenomenon of metallic melt. However,

because of the small aspirating pressure, the metallic melt flows into the atomizing chamber from the central hole at

the front end of the melt delivery tube at an increasing speed and the gas-melt ratio in the mass flow rate is reduced,

which is not conducive to the improvement of atomization performance.
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0 Introduction

Airflow atomization is the main method that us-
es the atomizing medium to crush liquid metal or al-
loy directly to prepare powders and high-performing
rapidly solidifying materials. The atomizer is an at-
omizing device that enables the atomizing medium

to achieve high energy and high speed and to pulver-
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ize the metal solution. It plays an important role in
atomizing efficiency and stability of the atomizing
process. The prepared metal powders have advan-
tages, such as a high degree of sphericity, controlla-
ble powder size, low oxygen content, and high ap-
plicability to the production of all kinds of metal and
alloy powders. This process has become the main

method for producing high-performance metal and
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special alloy powders . The two types of common-
ly used atomizers are the 2-D axisymmetric loop slit
(or loophole) atomizer and the vortical loop slit at-
omizer. The loop slit atomizer has advantages of
simple structure and easy machining over ring-hole
atomizer and the loop slit can be made into contrac-
tion-type or Laval-shaped nozzle. This shape indi-
cates that airflow outlet velocity is approximate to
or exceeds sound velocity to break up metal melt ef-
fectively into smaller liquid drops with a high yield
of fine powders. This type of atomizer is used com-
monly in airflow atomization methods. However,
the loop slit atomizer is very sensitive to the structur-
al parameters of the nozzle and operating parame-
ters. A light change will result in obvious differences
in the atomizing effect of the atomizer and can more
seriously lead to clogging phenomenon such that
powder production by atomization becomes impossi-
ble**'. Over the years, considerable attention has
been given to the exploration of the powder produc-

tion process. Anderson et al.'*

investigated the
change rules of aspirating pressure at the front end
of the melt delivery tube with atomization gas pres-
sure for different end shapes of ultra-sonic gas atomi-

1.1 used

zation (USGA) atomizing nozzles. Mi et a
(CFD)

Phoenics to simulate the effects of atomization gas

computational fluid dynamics software
pressure and structural parameters of the nozzle in
the loop slit high pressure gas atomization (HPGA )
nozzle on the gas flow field. Cui et al."”’ conducted a
comparative study of the formation mechanisms in
the front-end pressure intensity zone of the melt de-
livery tube in the atomizing process of Laval-and
contraction-type atomizing nozzles and believed that
Laval-type nozzle had higher atomizing efficiency
than the contraction-type nozzle. Mates et al.'® stud-
ied the effect of atomization gas pressure in the
close-coupled atomizing nozzle on the gas flow field
and believed that the convergent-divergent nozzle
did not produce finer powder than the convergent
nozzle at stagnation pressures where they produced
similarly long gas-only supersonic jets and conduct-
ed an experimental verification. Zeoli et al."”’ used
Fluent software to study the breakup, cooling, and
solidification phenomenon of metal melt in the atom-

izing process through the loop slit isentropic plug

nozzle (IPN) nozzle and pointed out that droplets
have very similar profiles during gas atomization and
the major factor influencing the atomization and so-
lidification process of droplets are in-flight distance.
Li et al.'™ implemented a detailed study of the
breakup, cooling, and solidification coupling pro-
cess of metal melt in the vortical atomizer and pro-
vided a research direction for exploring primary and
secondary breakup processes of metal melt in the
vortical atomizer, and propose the characteristics of
liquid slice breakage. Based on a study of the work-
ing mechanism of the vortical loop slit atomizer,
Chen et al."""'pointed out that fluid atomizing medi-
um would not focus on a point after being ejected
from the vortical loop slit atomizer, but instead,
would form a hollow double cone body. To avoid
choking, the protrusion length of the melt delivery
tube should be such that the upper negative pressure
zone of the bottle opening of the hollow double cone

is closed in theory. Liu"*

conducted an analytical in-
vestigation of the design parameters of the vortical
loop slit atomizer and proposed a qualitative explana-
tion and quantitative description of design parame-
ters. Ma et al.""* used Fluent to conduct a numerical
simulation of the gas flow field inside the vortical
loop slit atomizer and at the nozzle outlet. Motaman

et al. ¥

studied the effect of the gas flow angle of
the nozzle on backflow at the outer wall surface
along the protrusion length of the melt delivery tube
in the close-coupled gas atomization process, in the
investigation a Convergent-Divergent (C-D) dis-
crete gas jet die at five different atomization gas
pressures of 1—5 MPa, with different gas exit jet
distances of 1.65, 1.6, 1.55, 1.5, 1.45 and
1.40 mm from the melt nozzle external wall, was
combined with four melt nozzles of varying gas jet
mis-match angles of 0°, 3°, 5°, and 7° relative to the
melt nozzle external wall. Aydin et al."” used Flu-
ent to study the effects of pressure intensity at the in-
let of the close-coupled atomizing nozzle on the aspi-
rating pressure at the front end of the melt delivery
tube and flow separation on the outer wall surface of
the protrusion length and carried out an experimen-
tal verification, atomization gas pressures of 1.0,

1.3, 1.7, 2.2, and 2.7 MPa were used in the CFD

model to initialize the pressure in gas inlet. Prashan-
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th et al.""" studied the effect of the melt delivery tube
(MDT) position on atomization outcomes such as
the yield, mass median diameter, and spread of the
particle size distribution. Zhang et al.""" used Fluent
to conduct a numerical simulation study on the gas
flow field characteristics of the vortical loop slit at-
omizer. Maly et al.""* used phase Doppler anemome-
try (PDA) and high-speed imaging to conduct de-
sign and experimental research on the small spill-re-
turn atomizers (SRAs). Fan et al. "' used high-
speed shadowgraph technique to study the spray
characteristics of a pressure-swirl atomizer under dif-
ferent pressure drops and fuel temperatures. Ochowi-
ak."™ presented the experimental research results of
the atomization process of the effervescent atomizers
with the swirl motion flow, and analyzed in detail
the influence of the shape of the atomizer on the pres-
sure drops and the discharge coefficient was per-
formed. Razeghi et al.”! studied the fluid flow de-
tails and characteristics inside a pulse-mode operat-
ing pressure swirl atomizer (PSA). Wang et al.'™
studied the influence mechanism of gas temperatures
(300, 400, 500, and 600 K) on gas atomization by
simulating the integral atomization process of the
close-coupled nozzle in vacuum induction gas atomi-
zation (VIGA). Despite numerous studies, re-
search on the influencing mechanism of the clogging
phenomenon of vortical loop slit atomizer with struc-
tural parameters of the nozzle and operating parame-
ters remains lacking.

The atomizing process of gas flow is associated
with the actual atomizing process. The close-cou-
pled supersonic vortical loop slit atomizer was used
by the Shanghai Research Institute of Materials in
the actual production process. A numerical simula-
tion method is adopted to investigate the influencing
mechanism of annular slit width, atomization gas
pressure, and protrusion length of melt delivery
tube on basic features of the gas flow field in the at-
omizing chamber near the atomizing nozzle outlet. A
clogging phenomenon near the central hole outlet at
the front end of the melt delivery tube because the
solidification of metal melt is investigated. The re-
search is expected to provide a basis for high-effi-
ciency atomizing nozzle design and operation and

recognition of the atomizing phenomenon.

1 Description of Physical Model

The study object is a close-coupled supersonic
vortical loop slit gas atomization nozzle, as shown
in Fig.1, where « is the cone-apex angle of melt de-
livery tube of metal melt, S the gas flow angle of
the nozzle, a = § = 60°, H the protrusion length
of melt delivery tube, and D the annular slit width.
The gas chamber of the nozzle is connected to the in-
let pipe and high-pressure gas source. The pressure
of the inlet pipe is controlled by a regulating valve

and atomization gas is nitrogen.

Molten metal

Fig.1 Structural diagram of atomizer and melt delivery

tube

For the convenience of constructing a flow
model of atomization gas, the following hypotheses
are proposed: (1) Gas flow in the nozzle is steady
flow; (2) atomization gas flow is isentropic com-
pressive flow and follows ideal gas law p, = pRT,
where p, 1s the static pressure, p the density, R the
ideal gas constant, and T the static temperature;
(3) both mass transfer and momentum transfer exist
between gas flow layers; (4) the effect of gravity

on gas flow is neglected.

2 Mathematical Model and Com-
puting Method

2.1 Fluid dynamics control equation

The continuity equation is
dp ad
—-— +
dt dx;

The momentum equation ( Navier-Stokes equa-

(pu;)=0 (1)

tion) is
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where p is the density; u;the velocity component in
the x~direction (i = 1, 2, 3orx, y, 2); uthe ve-
locity component in the x-direction (j = 1, 2, 3 or
x, y, 2); w the velocity component in the xdirec-
tion (/=1, 2, 3orx, y, 2); p the dynamic viscos-

ity coefficient; and 6, the Kronecker delta.

Jd | KaJITr 2
3t

The energy equation is

('OTH_i(‘OuT) dx;| ¢v dx; 5

(3)
where K is the effective thermal conductivity coeffi-
cient of gas; T the static temperature; and ¢y, the
specific heat capacity of gas.

The k@ SST model® proposed by Menter
has been used extensively in the numerical simula-
tion of complex flow-like adverse-pressure gradient
flow and shock wave (Because of the strong shock
wave in the atomization flow field of the close-cou-
pled vortical loop slit atomizer). In the SST-format
k~w model, the standard #~w model is adopted in the
boundary layer near the wall surface. The £-¢ model
is adopted at the edge of the boundary layer and at
the free shear layer and is transited through a hybrid
function and written uniformly into ke forms
through coefficient superposition. In the expression
of this model equation, equations of turbulence ki~
netic energy % and specific turbulence dissipation

rate w and hybrid function F, are as follows

ad ad ak
at(PkH_i(Pku) o ( ax)_’_Gk Y, +S,
(4)
d d d dw
o (pw)+ o (pwu;)= axj(max,.) +
G,—Y,+D,+S, (5)
F,=tanh(®;) (6)
&, = min| max Vi ,509# , 4‘0/i 71 (7)
1 1 9k dw

D, = 2 ,
¢ max( o 0y2 @ dx; dx;

where G, is the generation term of turbulence kinetic

energy k caused by average velocity gradient; G, the

generated by the equation of the specific turbulence
dissipation rate w; D, the transverse dissipation de-
rivative term; y the distance to the next surface;
and D,

term. [y and I', represent the effective diffusivity

the positive portion of the cross-diffusion

terms of 4 and w, respectively; Y, and Y, the dissi-
pation terms of %2 and w, respectively; and S, and
S, the user-defined source terms. The computing for-
mulas of the terms in the equation and values of its

sealed constants are obtained from Ref.[ 23 ].
2.2 Mesh generation

The preprocessing software Pointwise (ICEM
CFD) 17.0 is used for modeling the flow field zone
of the nozzle. During the modeling process, gas
flow fields are placed vertically and high-pressure
gas flows from the pressure inlet. Tetrahedral ele-
ments are generated in the meshing process, and
when atomization gas leaves the nozzle, strong pres-
sure and velocity gradient will appear, and thus, the
meshes should be refined, and the minimum grid
size i1s 0.3 mm. The gas flow located far from the
nozzle outlet is steady, such that meshes are sparse,
and the maximum grid size is 4 mm, as shown in
Fig.2.

(b) Boundary conditions

Fig.2 Sectional meshes of central axis and boundary

conditions in computational domain
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2.3 Boundary conditions

The boundary conditions of the computational
domain are shown in Fig.2, where the inlet bound-
ary of the nozzle is set as the inlet boundary type of
pressure intensity, the outlet boundary is set as out-
let boundary type of pressure intensity, and others
(including melt delivery tube) are set as wall-sur-
face types. The boundary conditions are set as fol-
lows: the total temperature at nozzle inlet is 300 K,
the outlet pressure intensity p, is 96 700 Pa, and the
temperature is 300 K. At the boundary of the wall
surface is the near-wall flow, which is calculated
through a standard wall-surface function. Atomiza-
tion gas 1s nitrogen, which is processed according to
an ideal gas. Its specific parameters are listed in Ta-
ble 1. Gas viscosity is calculated by using the

Sutherland formula

T) s )

H ( T,) T+S
where p 1s the viscosity, p, the reference viscosity,
T, the reference temperature, and S the effective
temperature (also called Sutherland constant). Oth-
er parameters follow the default setting of Fluent
6.3 software. The specific process parameters that

are investigated in this study are listed in Table 2.

Table 1 Properties of nitrogen used in analog computa-

tion
Thermal ) )
cy/ (Je o Viscosity/  Molecular
(ke -K)) conductivity/ (ke ) ot
. «(m-s wel
j Wem-K) ) §
1040.67 0.024 2 1.663X10 ° 28.0134

Table 2 Parameter of numerical model of gas flow field

Annular slit width ~ Protrusion length ~ Atomization gas

D/mm H/mm pressure p/MPa
0.3, 0.6,0.9, 1.2 4.5 4.5
1.2 4.5 1,2,3,4,5,6,7
1.2 2,3,4,5,6,7,8 4.5

2.4 Solving method

The implicit format in the coupling algorithm is
adopted for the solver, which is then used to solve

continuity, momentum, and energy equations. The

second-order upwind scheme is used as a flux com-
puting method. In the computing process, the flow
Courant number is set as a reasonably stable value
(1—3). The inlet boundary is taken for initialization
operation, and the number of iterations is generally
set as 20 000. The computation ends when the sig-
nificant variables of flow field no longer change
through the computation for a certain time and the
difference value of the total inlet and outlet flow
quantities in the computational domain is below the
order of magnitude of 10 ° (the difference value is

calculated between 20 iterations).
2.5 Grid independence study

A detailed study was carried out to prevent in-
fluences of grid size on results. Moreover, high-qual-
ity meshing with increasing fineness was performed
to evaluate influences on results. The numerical sim-
ulation conditions are listed in Table 3. Three grids
of increasing fineness were used in the work (grid 1:
2 500 000 elements; grid 2: 5 000 000 elements;
and grid 3: 10 000 000 elements). To determine the
influence of grid refinement on the CFD solution
and to ensure grid independence, the axial gas veloc-
ity v, and pressure were monitored along the lines
AB and CD (Fig.2) , respectively, before the nu-
merical simulation. The axial gas velocity v, and
pressure variations along these two lines for each dif-
ferent grid are shown in Figs. 3, 4, and give the
Richardson extrapolation result as a reference. The
numerical simulation results of error analysis based
on the three numerical grids are given in Table 4. In
Table 4, % is the numerical grid, p, the melt deliv-
ery tube tip pressure, L, the length of the recircula-
tion zone, and GCI the grid convergence index'*’. It
can be seen that the velocity and pressure field for

11221 Therefore,

grids 2 and 3 are grid independen
it is appropriate to use grid 2 in the numerical experi-

ments.

Table 3 Numerical simulation conditions of gas flow field

Annular slit Protrusion length ~ Atomization gas

width D/mm H/mm pressure p/MPa

1.2 4.5 5
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600 ery tube have the same variation trend with atomiza-
igg tion gas pressure (for the cases with p = 3 MPa, a
~ 300 certain discrepancy is observed between numerical
v 200 ‘ results and experimental data, which may be caused
% 100 ¥ by the turbulence model used in the simulation calcu-
T Op """""""""""""""" lation). This demonstrates that the above numerical
:;gg | _ggg; =+ =it 3 calculation methodology is feasible to simulate simi-

2300 5= 7 Bighandson edimndlsion lar problems.

30 40 50 60 70 80 90 100110120130140150
y/ mm

Fig.3 Influences of grid size on predicted axial gas ve-

locity v, along line AB (x = = = 0)

120f -+~ Grid 1
o
L ——Gri 3
loor _ - Richardson extrapolation /
80
<
% 60
B4
401
20
O_
25 3.0 35 40 45 50 55 6.0 65

x/mm
Fig.4 Influences of grid size on predicted static pressure

distribution along line CD (y = 24.5 mm)

Table 4 Numerical simulation results of error analysis

with different numerical grids

, P GCL.,, GCI,.,,
pAER LMy (L)%
1 1604.446 31.556
4.545 3.382
2 1109.978 28.325
1.538 0.456
3 958.139 28.252

2.6 Validity verification of numerical calcula-

tion methodology

To verify validity of computing methodology,
numerical simulation on the experimental research
results of Shanghai Research Institute of Materials
concerning the relationship between the atomization
gas pressure and the front-end static pressure of the
melt delivery tube was carried out. Computing con-
ditions of different working conditions in the numeri-
cal calculation is listed in Table 5. Comparison be-
tween numerical simulation results in this study and
experimental results is shown in Fig.5, finding that
the numerical simulation value and the measured val-

ue of the front-end static pressure of the melt deliv-

Table 5 Numerical simulation conditions of gas flow

field under different atomization gas pressures

Annular slit Protrusion Atomization gas
width D/mm  length H/mm pressure p/MPa
1.2 4.5 1,2,3,35,4,45
3500} —e—Experimental result
——Numerical simulation result
3000
2500
<
=W
= 2000
1500
1000
50%.5 1.0 1.5 2.0 25 3.0 35 40 45 5.0

p/ MPa
Fig.5 Comparison of static pressure at front end of
melt delivery tube for numerical simulation and

experiment

3 Results and Discussion

3.1 Basic features of gas flow field nearby at-

omizing nozzle outlet

Figs.6 (a—c) show the velocity vector graph,
streamline pattern and temperature cloud diagram of
the gas flow field in the atomizing chamber under
5 MPa atomization gas pressure, 4.5 mm protrusion
length, and 1.2 mm annular slit width. Fig.6(d) dis-
plays the experimental result, namely the solidifica-
tion-induced clogging phenomenon of metal melt
near the central hole outlet at the front end of the
melt delivery tube. From the velocity vector graph
on the x—y plane near the front end of the melt deliv-
ery tube and streamline pattern on an x-z plane,
high-velocity gas is located within the x-z plane near
the front end wall surface of the melt delivery tube.

The gas is subjected to the joint actions of the cen-
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tripetal pressure gradient, which occurs in a radial Velosity / m - )

direction towards the direction of the y axis (this is 7

primarily caused by the three-dimensional swirling 2(5)8

flow effect) and entraining force of jet flow at the ;5)8

gas outlet of the loop slit of the atomizer on the out- 40

er wall surface at the front end of the melt delivery o

tube. One part of the high-velocity gas flows in a co- o

axial spiral way at an accelerated speed towards the i

gas outlet of loop slit, while the other part makes @ Velocsifc)yvectorgraph R T ——
the same flow towards the central gas outlet at the melt delivery tube (the red line area in Fig.2) (1:0.3)
front end of the melt delivery tube. The temperature R peraturs /K =S\

of the high-velocity gas initially rises gradually and %g%

then declines gradually along the direction of the gég

centripetal pressure gradient. Gas velocity at the %4:14171

boundary between the two gas flow branches mov- 2%2 Streamline petisrn

ing in direction & is O, and had the highest tempera- ‘§§

ture. When the high-velocity gas flow is close to the gi

central gas outlet at the front end of the melt deliv- & .

ery tube, the flow is along the positive direction of ‘j‘% L

axis y. Under the joint action of aspirating pressure BT

Temperature cloud diagram
at the front end of the melt delivery tube, the gas (b) Streamline pattern and temperature cloud diagram on
x-z plane nearby front end ofmelt delivery tube (the

flowing out from the central gas outlet at the front white Tiie area in Fig.2) (1:0.54: y= 24.5 tmm)

end of the delivery tube flows in a coaxial spiral at Velocity magnitude / (m * s”)
750
an accelerated speed along the positive direction of 7té - w
. . . . . . 662
axis y, as shown in Fig.6(c). This result is basical- 0
596
ly identical to the experimental result, that is, water &
. . . . 508
atomization, as shown in Fig.6(d). i
442
The velocity vector graph and streamline pat- o
354
tern in Figs.6(a—c) indicate that in actual gas atom- EC B /;;/
288 x V7
. . . 266
ization process, the gas flowing out of the gas outlet 244 '
of the loop slit and metal melt flowing from the cen- (c) Streamline pattern nearby outer wall surface
. . at front end of melt delivery tube (the green
tral hole at the front end of the melt delivery tube in- line area in Fig.2) (1:1.67)

to the atomizing chamber can be regarded as a coaxi-
al jet flow. The gas that comes into contact with the
metal melt flowing from the central hole at the front
end of the melt delivery tube into the atomizing
chamber flows in a coaxial spiral at an accelerated
speed along the positive direction of axis y. Subse-
quently, the surface of the liquid column will make
coaxial spiral flow due to the viscous force applied
by the gas on the surface of the column. This result
is identical to the experimental result, that is, solidi-

fication of metal melt at the front end of the melt de-

livery tube, as shown in Fig.6(e). Chen and Yin"" () Photo of experimental result: Solidification of metal melt

reached a similar conclusion through experimental at front end of melt delivery tube (p =4.5 MPa, 18Ni300)

. Fig.6 Numerical simulation and experimental results
studies.
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3.2 Effect of annular slit width on clogging

phenomenon

Fig.7 shows the effect of the annular slit width
D on radial change of static pressure at the front end
of the melt delivery tube. The numerical simulation

conditions are listed in Table 6.

200
o D=0.6 mm (y=24.5 mm) i
150 - --D=0.9 mm (y=24.5 mm) i
----D=1.2 mm (y=24.5 mm) j
i |
<1251 j
<75k i
P e ﬁ\
50¢

%.5 3.0 3.5 40 45 5.0 55 6.0 6.5 7.0 7.5
x/ mm

Fig.7 Radial change curve of static pressure at front

end of melt delivery tube under different annu-

lar slit widths

Fig.7 shows that when pressure intensity in the
working environment is 96 700 Pa, the aspirating
pressure generated nearby the central gas outlet at
the front end of the melt delivery tube gradually de-
clines as the annular slit width increases. This pres-
sure 1s always lower than environmental pressure in-
tensity. At the time, working pressure intensity at
the inlet is 4.5 MPa, and the smaller the aspirating
pressure, the better the flow guidance. Hence, the
atomizer had the best flow guiding effect when D =
1.2 mm. Fig.7 further shows that static pressure in-
tensity under radial distribution may not be a con-
stant value. When 0.6 mm << D << 1.2 mm, static
pressure initially increases gradually, then rapidly
decreases, and finally increases rapidly from near
the central gas outlet at the front end of the melt de-
livery tube towards the outer wall surface. This ef-

fect is due to the supersonic gas flow ejected out of

the gas outlet of the loop slit of the atomizer, which
then expands and accelerates near the outer wall sur-
face at the front end of the melt delivery tube. The
expanded and accelerated supersonic gas flow will
generate entrainment effect on the gas on the outer
wall surface at the front end of the melt delivery
tube and compress the gas at the front end of the de-
livery tube toward the central hole outlet direction at
front end of the delivery tube. Then, static pressure
near the front-end wall surface of the delivery tube
initially increases gradually, then decreases rapidly
and finally increases at a high speed along the radial
direction. This effect is one of the reason why vibra-
tion primary breakup is generated at the central hole
outlet at the front end of the delivery tube.

When D = 0.3 mm, the change in static pres-
sure near the front-end wall surface of the melt deliv-
ery tube along the radial direction may be different
from other nozzle types. Hence, the static pressure
from near the central gas outlet at the front end of
the delivery tube toward the outer wall surface at
the front end of the delivery tube decreases. The su-
personic gas flow ejected from gas outlet of loop slit
of the atomizer weakens under-expansion degree
near the outer wall surface at front end of the deliv-
ery tube due to reduction of mass flow rate. Howev-
er, entrainment effect happens on the gas on the out-
er wall surface at the front end of the delivery tube.
Therefore, the gas closer to the outer wall surface
can be easily carried away by high-velocity gas flow
flowing out of the gas outlet of the loop slit. Thus,
pressure drop occurs at this position and is one of
reasons for primary sheet breakup at front end of the
melt delivery tube'”*'. However, at the time, if as-
pirating pressure generated near the central gas out-
let at front end of the melt delivery tube is at maxi-

mum, then the metal melt will slow down. More se-

Table 6 Numerical simulation conditions of gas flow field

Annular slit width

Inlet temperature

Protrusion length

Atomization gas

Outlet pressure

Outlet temperature

D/ mm T/K H/ mm pressure p / MPa p./ Pa T./K
0.3 300 4.5 4.5 96 700 300
0.6 300 4.5 4.5 96 700 300
0.9 300 4.5 4.5 96 700 300
1.2 300 4.5 4.5 96 700 300
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riously, the gas will enter the crucible through the Velc:;ity/(m' s

central hole at the front end of the melt delivery %

tube, thus causing melt blistering phenomenon. i#

This phenomenon will even cause the solidification gi‘)

of metal melt and result in clogging. fg‘?

In addition, Fig.7 further illustrates that the éé z
smaller the aspirating pressure at the front end of the %% I:I_, &
melt delivery tube, the farther the position of bound- (a) D=xo_3 mm (1:0.3)

ary on the x—z plane is from the central hole outlet of Velocity / (m = s7) -

300

the melt delivery tube and the greater the adverse

pressure gradient toward the boundary. Because of m

the greater the distance from the central hole outlet %%%

at the front end of the melt delivery tube to the §§§

boundary, and the large adverse pressure gradient, gjﬁ z N N

the gas near the front-end wall surface of the deliv- §§§ yT]_’x N =

ery tube will arrive at the central hole outlet of the (b) D=0.6 mm (1:0.28)

delivery tube at a higher velocity. As a result, under Velocity / (m * ™) S

the joint action of aspirating pressure at the front ggg

end of the delivery tube, metal melt flowing from gg

the central hole at the front end of the delivery tube %%

into the atomizing chamber will more easily move as %%g 2

coaxial spiral flow at an accelerated speed along the %ﬁ T:‘_.
y X

positive direction of axis y in the gas atomizing pro- (©) D=0.9 mm (1:0.28)
cess of metal melt, as shown in Figs.8—10. i

. . . Velocity / (m *s™) .
According to the energy conservation equation, 0 Z

476

18

increasing gas velocity will surely result in tempera-

=23

.sgw
%E
= e N

ture decline, as shown in Fig.11. In addition, Fig.11

shows that the smaller the aspirating pressure at the

IS
D! s
RN S

front end of the delivery tube, the greater the radial

(d) D=1.2 mm (1:0.28)

adverse pressure gradient, the lower the static tem-

perature at the central hole outlet at the front end of . .
Fig.9 Streamline pattern on x-z plane at front end of

the delivery tube. Therefore, in the actual gas atomi- melt delivery tube under different annular slit

zation, the metal melt flowing from the central hole widths (y = 24.5 mm)

at the front end of the delivery tube into the atomiz-

G IO T T T T [ ol
(M *s) 50 100150200250 300350400450500550600650700

x"':f Velocity /

450
e —D=0.3 mm (y=24.5 mm) a4 - -—
o] e S D=0.6 mm (y=24.5 mm) _, Vgl o
30F T . i s
3000 Theoo. \’\\.\‘ I § 3 y
* 250F s, " e | P
g TSy |
= 200f
150} e '
| ---D=0.9 mm (y=24.5 mm)
”5)3 .- D=122 mm (=245 mm) Bl 4| o
e (a) D=0.3 mm (b) D=0.6 mm (c) D=0.9 mm (d) D=1.2 mm
%.5 3.0 3540 455055 6.0 6570 75 Fig.10 Streamline pattern nearby outer wall surface at

x/ mm
front end of melt delivery tube under different

annular slit widths (1: 0.78)

Fig.8 Radial change curve of v,. at front end of melt deliv-

ery tube under different annular slit widths
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ing chamber can be more easily solidified, thus caus-
ing the clogging phenomenon, and powder produc-

tion by atomization becomes impossible' ',

240
05t B
BIO o™ T e *
L1951
Sisof
165F ,© —— D=0.3 mm (y=24.5 mm) “ll\
4 g D=0.6 mm (y=24.5 mm) $
150 F --- D=0.9 mm (y=24.5 mm) !
1351 ---- D=1.2 mm (y=24.5 mm) :
2.5 3.0 3.5 40 45 50 55 6.0 65 7.0 7.5

x/mm
Fig.11 Radial change curve of static temperature at
front end of melt delivery tube under different

annular slit widths

Therefore, to prevent the metal melt from go-
ing through the clogging phenomenon due to solidifi-
cation, the annular slit width should be reduced as
far as possible on the precondition that aspirating
pressure presents negative pressure on the nozzle at-

omization process (0.3 mm << D << 1.2 mm).

3.3 Effect of atomization gas pressure on clog-

ging phenomenon

Fig.12 shows the effect of atomization gas pres-
sure on the radial distribution of front-end static
pressure of the melt delivery tube under protrusion
length H = 4.5 mm of melt delivery tube and annu-
lar slit width D = 1.2 mm, numerical simulation
conditions are listed in Table 7.

Fig.12 further shows that the radial distribution
of front-end static pressure of the melt delivery tube
may not be a uniform value. The pressure firstly in-

creases, then decreases, and rapidly increases from

——p=1MPa (y=24.5 mm)
250 F — p=2 MPa (y = 24.5 mm)
2251 p=3MPa (y =24.5 mm)
200 F p=4MPa (y=24.5 mm)
175 _—p=5MPa(y=24.5mm)
< 150 | — p =6 MPa (y=24.5 mm)
v ——p=7MPa (y =24.5 mm)

751
50
25+ >
0
_2% 1 1 1 1 1 1 1 1 1
.5 3.0 35 4.0 45 5.0 5.5 6.0 65 7075
x/ mm

Fig.12 Radial change curve of front-end static pres-

sure of melt delivery tube under different at-

omization gas pressures

the nearby central gas outlet at the front end of the
melt delivery tube towards the outer wall surface.
This effect occurs mainly because the supersonic
gas flow, which is ejected out of the gas outlet of
the loop slit of the atomizer, expands and acceler-
ates near the outer wall surface at the front end of
the delivery tube. The expanded and accelerated su-
personic gas flow will generate entrainment effect
on the gas on the outer wall surface at the front end
of the delivery tube and compress the front-end gas
of the melt delivery tube toward the central hole out-
let at the front end of the delivery tube. Therefore,
static pressure near the {ront-end wall surface of the
delivery tube first increases, then decreases, and
rapidly increases along the radial direction.

In Fig.12, as the atomization gas pressure in-
creases, to enable the static pressure of atomization
gas flow ejected out of gas outlet of loop slit of the
atomizer to reach an equilibrium state with pressure
intensity in the atomizing chamber, the under-expan-
sion degree of high-velocity gas flow ejected out of
gas outlet of loop slit near the outer wall surface at

front end of the delivery tube is gradually enhanced.

Table 7 Numerical simulation conditions of gas flow field

Annular slit width ~ Inlet temperature Protrusion length

Atomization gas  Outlet pressure Outlet temperature

D/ mm T/K H/ mm pressure p / MPa b,/ Pa T,/ K
1.2 300 4.5 1 96 700 300
1.2 300 4.5 2 96 700 300
1.2 300 4.5 3 96 700 300
1.2 300 4.5 4 96 700 300
1.2 300 4.5 5 96 700 300
1.2 300 4.5 6 96 700 300
1.2 300 4.5 7 96 700 300
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Consequently, the entrainment effect on the gas on
the front-end outer wall surface of the delivery tube
and the compression degree of the front-end gas of
the delivery tube toward the central hole outlet at
the front end of the delivery tube are gradually en-
hanced. The change degree of static pressure near
the front-end wall surface of the melt delivery tube
along the radial direction in various phases is gradu-
ally elevated. The greater the adverse pressure gra-
dient from the central hole outlet front-end of the
melt delivery tube to the boundary, the higher the
speed at which the gas near the boundary will arrive
at the central hole outlet of the delivery tube in an
accelerated way, but the increased amplitude will
gradually reduce. When atomization gas pressure is
6 and 7 MPa, gas velocity within 2=z plane near the
front-end wall surface of the delivery tube is approxi-
mate. Hence, within a certain scope of atomization
gas pressure, increasing the atomization gas pres-
sure can elevate the gas velocity near the front-end
wall surface of the delivery tube, which in turn will
elevate the flow velocity of metal melt into the atom-
izing chamber through the central hole at the front
end of the delivery tube, which allows the atomizing
process to stabilize. However, after this scope is ex-
ceeded, continuing to enlarge the atomization gas
pressure has a minor effect on gas velocity near the
front-end wall surface of the delivery tube, as
shown in Fig.13. This effect is one of the reason for
the primary vibration breakup of the liquid column
generated at the central hole outlet at the front end
of the delivery tube.

Fig.14 shows the effect of atomization gas pres-
sure on aspirating pressure at the front end of the de-
livery tube, where Ap = p.—p,, p. represents the
pressure value at the front end of the melt delivery
tube, and p, denotes the pressure intensity in the
working environment. Fig.14 shows that when atom -
ization gas pressure satisfies 1 MPa << p << 2 MPa,
aspirating pressure at the front end of the delivery
tube is rapidly reduced with increasing atomization
gas pressure, when 2 MPa < p << 7 MPa, the fluc-
tuation of aspirating pressure at the front end of the
delivery tube is gradually enlarged as atomization

gas pressure increases, which is primarily caused by

different stagnation pressures on the central axis of
the flow field (Fig.15) """, Large aspirating pressure
will generate a slight aspirating action on metal melt
such that the speed slows down for metal melt to
flow into the atomizing chamber through the central
hole at the front end of the delivery tube. The gas-
melt ratio in mass flow rate is enlarged and the atom-
izing effect is improved.

Fig.16 displays the effect of atomization gas
pressure on the radial distribution of the front-end

static temperature of the delivery tube. Fig.16 fur-

——p=1MPa (y =24.5 mm)
——p=2MPa (y=24.5 mm)
p=3MPa (y=24.5 mm)
p=4MPa (y=24.5 mm)

450
425
400

375

.E 350
= 325
=¥ 300

275

250 | — p =6 MPa (y =24.5 mm)

225 _|p:|7MP|a(y|:24'|5 mn}) L L L

2.5 3.0 354045 5055 6.0 657075
x/ mm

Fig.13 Radial change curve of front-end v,. of melt
delivery tube under different atomization gas

pressures

/0/'/'\ ./

'/.

05 15 25

35 45 55 65 75
p/MPa

Fig.14 Effect of atomization gas pressure on aspira-

tion pressure at front end of melt delivery tube

5t °
- \.
of /

o,/
0
)

5 15

25 35 45 55 65 15
p/ MPa

Fig.15 Effect of atomization gas pressure on stagna-

tion pressure on central axis of flow field
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ther shows that the radial distribution of static tem~-
perature at the front end of the delivery tube may
not be a constant value. Instead, the temperature
first rises to reach a maximum value and then rapid-
ly declines from the nearby central gas outlet at the
front end of the delivery tube toward the outer wall
surface. This effect is mainly due to the behavior of
gas velocity within the 2z plane at the front end of
the delivery tube. First, gas velocity declines to
reach minimum value and then rapidly rises from the
nearby central gas outlet at the front end of the deliv-
ery tube toward the outer wall surface. From energy
conservation law, increasing gas velocity will cer-
tainly lead to temperature drop, and thus, the static
temperature near the front-end wall surface of the
delivery tube presents an initial gradual rising and
then rapidly declining variation trend along the radi-
al direction.

Fig.16 further shows that as the atomization
gas pressure increases, the static temperature near
the front-end wall surface of the delivery tube gradu-
ally declines, but the decreased amplitude is gra-
dually lowered. When atomization gas pressure is 6

and 7 MPa, the static temperature of the gas near

T/K
230
220
210
200
190
180
170
160
150

140
130
120
110
100

(a) p=1 MPa

I@

(d) p=4 MPa (e) p=5 MPa

pressures (1 : 2.36)

Therefore, solidification of the metal melt
flowing from the central hole at the front end of the

delivery tube into the atomizing chamber causes the

240
230
220
210

14200

S190¢
180
170
160

—— p=1MPa (y =24.5 mm)
—— p=2MPa (y=24.5 mm)

p =3 MPa (y=24.5 mm)
~— p=4MPa (y=24.5 mm)
——— p=5MPa (y=24.5 mm)
—— p=6MPa (y =24.5 mm)
P 7MPa(y 245mm)

15
%5 3.0 35 40 45 5.0 5.5 60 6.5 7.0 7.5
x/ mm

Fig.16 Radial change curve of front-end static temper-
ature of the melt delivery tube under different

atomization gas pressures

the front-end wall surface of the delivery tube is ap-
proximate. This effect indicates that within a certain
scope of atomization gas pressure, enlarging atomi-
zation gas pressure can reduce the static temperature
of the gas near the front-end wall surface of the de-
livery tube. However, after this scope 1s exceeded,
continuing to enlarge atomization gas pressure will
have a minor effect on the static temperature of the
gas near the front-end wall surface of the delivery
tube (Fig.17). This effect is basically identical with
the change of gas velocity within the x-z plane near
the front end of the delivery tube with atomization

gas pressure.

(b) p=2 MPa (¢) p=3 MPa

(f) p=6 MPa

Fig.17 Temperature cloud diagram on x-z plane nearby front end of melt delivery tube under different atomization gas

clogging phenomenon. Hence, atomization gas pres-
sure should be reduced as far as possible on the pre-

condition that effective atomization of the metal
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melt is guaranteed in the atomizing process of the 940t
nozzle (4 MPa << p << 7 MPa)''". —945| \
3.4 Effect of protrusion length of melt delivery §‘95-0 i N
tube on clogging phenomenon }‘95-5 I ANy
: -96.0 P
Fig.18 shows the change curves of front-end LN
. . -96.5 —
static pressure of the melt delivery tube along the ra-
. . . . . _97‘0 1 1 1 1 1 1 1 1 1 1
dial direction under different protrusion lengths of 0 1.2 3 4 2[/n61m 78 9 10 1

the melt delivery tube under D = 1.2 mm and p =
4.5 MPa. Fig.19 displays the change of front-end as-
pirating pressure of the melt delivery tube with its
protrusion length, numerical simulation conditions

are listed in Table 8.

350
300

—— H=2 mm (y = 22 mm)
—— H=3 mm (y = 23 mm)

250 F—— H=6 mm (y = 26 mm)
—— H=7 mm (y = 27 mm)

< 200 F—— H=8 mm (y = 28 mm
2 150
4
100
50
0 1 1 1 1 1 1 1 1 1 1 1
253.03.54.04550556.06.57.07.58.08.5
x/mm
Fig.18 Radial change curves of front-end static pres-

sure of melt delivery tube under different pro-

trusion lengths of melt delivery tube

Further, Fig.18 indicates that static pressure,
which is distributed along the radial direction at the
front end of the delivery tube, may not be a con-
stant, but instead, has an adverse pressure gradient.
The static pressure then declines as the protrusion
length of the delivery tube increases. Supersonic gas
flow ejected out of the gas outlet of the loop slit of
the atomizer goes through expansion and accelera-

tion near the outer wall surface at the front end of

Fig.19 Effect of protrusion length of melt delivery tube
on aspiration pressure at front end of melt deliv-

ery tube

the delivery tube. The expanded and accelerated su-
personic gas flow around the front end of the deliv-
ery tube will compress the gas at the {ront end of the
delivery tube toward the central gas outlet at the
front end of the delivery tube. As a result, static
pressure near the wall surface at the front end of the
delivery tube is gradually elevated along the radial
direction.

Moreover, Fig.18 shows that as the protrusion
length of the delivery tube increases, the supersonic
gas flow ejected out of the gas outlet of the loop slit
of the atomizer gradually flows along the outer wall
surface of the protruding part of the delivery tube
due to Coanda effect. The supersonic gas flow,
which originally undergoes through expansion and
acceleration, is gradually expanded and accelerated
only outside the outer wall surface of the protrusion
length of the melt delivery tube. The gas flow will
recover by expanding around only when the super-
sonic gas flow reaches the outer wall surface at the
front end of the delivery tube. At that time, as the

supersonic gas flow goes through expansion and ac-

Table 8 Numerical simulation conditions of gas flow field

Annular slit width ~ Inlet temperature Protrusion length

Atomization gas  Outlet pressure Outlet temperature

D/ mm T/K H/ mm pressure p / MPa »./ Pa T,/ K
1.2 300 2 4.5 96 700 300
1.2 300 3 4.5 96 700 300
1.2 300 4 4.5 96 700 300
1.2 300 5 4.5 96 700 300
1.2 300 6 4.5 96 700 300
1.2 300 7 4.5 96 700 300
1.2 300 8 4.5 96 700 300
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celeration for a certain distance, static pressure is al-
ready somehow decreased. The under-expansion de-
gree of the supersonic gas flow near the outer wall
surface at the front end of the delivery tube is gradu-
ally weakened. Moreover, the compression degree
of the gas near the front end of the delivery tube is
gradually lowered. Consequently, the adverse pres-
sure gradient of the static pressure near the wall sur-
face at the front end of the delivery tube along the ra-
dial direction is gradually reduced. Furthermore,
the adverse pressure gradient at the front end of the
delivery tube along the radial direction is gradually
reduced as the protrusion length of the delivery tube
increases. However, as the supersonic gas flow ar-

riving near the outer wall surface at the front end of

Pressure / Pa
285 050

(d) H=5 mm

the delivery tube has gone through expansion and ac-
celeration for a certain distance, its gas flow veloci-
ty 1s gradually elevated. The speed at which the gas
within the 2z plane at the front end of the delivery
tube arrives near the central hole outlet of the deliv-
ery tube in an accelerated way under different protru-
sion lengths of the melt delivery tube is approxi-
mate. Hence, enlarging the protrusion length of the
delivery tube has a minor effect on the speed at
which the metal melt flows into the atomizing cham-
ber through the central hole at the front end of the
delivery tube, as shown in Figs.20 and 21. Fig.22
shows the effect of protrusion length of the melt de-

livery tube on the radial distribution of the front-end

static temperature of the delivery tube.

(g) =8 mm

Fig.20 Static gas pressure distribution on x-z plane nearby front end of melt delivery tube under different protrusion

lengths of melt delivery tube

500
—H=2 =22
g i 8 =23 m
450 H=4 mm (y = 24 mm)
4251 ——H=5 mm (y = 25 mm)
s~ ——H=6 mm (y = 26 mm)
7, 400 ——H=7mm (y =27 mm)
. 375+ ——H=8 mm (y =28 mm)
83501
~, 325}
=300}
275+
250+
25

25k
2.53.035404550556.06.57.07.58.0
x/ mm

Fig.21 Effect of protrusion length of melt delivery tube on
radial distribution of front-end wv,. of melt delivery

tube

240
230+ /
220+
210+

8200 F

190+

—— H=2 mm (y =22 mm)
—— H=3 mm (y =23 mm)

180 H=4mm (=24 mm)

170 —— H=5mm (y =25 mm
—— H=6 mm (y = 26 mm)

160 —— H=7 mm (y = 27 mm)

150 —— H=8 mm (y = 28 mm)

140 L L 1 1 1 L 1 1 1 1

253.035404550556.0657.0758.0

x/ mm

Fig.22 Effect of protrusion length of melt delivery tube
on radial distribution of front-end static tempera-

ture of melt delivery tube
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Fig.22 further shows that the radial distribution
of the front-end static temperature of the melt deliv-
ery tube may not be a constant value. Instead, the
temperature gradually rises from near the central gas
outlet at the front end of the delivery tube toward
the outer wall surface. The gas flow velocity within
the -z plane at the front end of the delivery tube
gradually decreases from near the central gas outlet
at the front end of the delivery tube toward the outer
wall surface. According to energy conservation law,
the reduction of gas velocity will lead to temperature
rise. Static temperature near the front-end wall sur-
face of the delivery tube gradually rises along the ra-
dial direction. As the protrusion length of the deliv-
ery tube increases, the radial distribution of the
front-end static temperature of the delivery tube is
not obviously different. This value is identical to the
change of gas velocity within the x-z plane near the
front end of the delivery tube with the protrusion
length of the delivery tube.

In addition, Fig.22 shows that as the protru-
sion length of the delivery tube increases, the static
temperature near the central hole outlet at the front
end of the delivery tube changes little. The static
temperature near the central hole outlet at the front
end of the melt delivery tube will slowly decline as
the protrusion length of the delivery tube increases,
but only when the protrusion length of the delivery
tube exceeds a certain value (H = 4 mm).

Fig.19 indicates that the greater the protrusion
length of the delivery tube, the smaller the adverse
pressure gradient of static pressure near the front-
end wall surface of the delivery tube along the radial
direction, as well as smaller aspirating pressure at
the front end of the delivery tube. The small aspirat-
ing pressure will generate a great aspirating effect on
the metal melt such that the metal melt in the deliv-
ery tube smoothly flows downward, which is condu-
cive to the stability of the atomizing process.

Therefore, the effect of the protrusion length
of the delivery tube on the radial distribution of
front-end static temperature in the delivery tube is
minor. However, to prevent as far as possible metal
melt from the clogging phenomenon caused by solid-

ification, the protrusion length of the delivery tube

should be reduced as far as possible on the precondi-
tion that aspirating pressure presents negative pres-
sure in the nozzle atomization process (1 mm <<
H <10 mm).

4 Conclusions

(1) Fluent software was used to simulate the
single-phase gas flow field of the close-coupled su-
personic vortical loop slit atomizer under different
structural parameters of the nozzle and operating pa-
rameters. Annular slit width D of the atomizer and
pressure p of the atomization gas had significant ef-
fects on aspirating pressure at the front end of the de-
livery tube and static temperature near the central
hole outlet at front end of the delivery tube. When
atomization gas pressure is p = 4.5 MPa, the great-
er the annular slit width D, the lower the static tem-
perature near the central hole outlet at front end of
the delivery tube, and the smaller the front-end aspi-
rating pressure of the delivery tube. The small aspi-
rating pressure could help the metal melt to flow
downward smoothly to prevent effectively the reduc-
tion of static temperature of the gas near the central
hole outlet at the front end of the delivery tube and
solidification of the metal melt, which would cause
clogging phenomenon.

(2) Atomization gas pressure becomes greater
under D = 1.2 mm and 1 MPa << p << 2 MPa. As-
pirating pressure at the front end of the delivery tube
is rapidly decreased. This effect can prevent the met-
al  melt from When
2 MPa << p << 7 MPa, the greater the atomization

clogging phenomenon.

gas pressure, the lower the static temperature near
the central hole outlet at the front end of the delivery
tube, the greater the aspirating pressure at front end
of the delivery tube. Large aspirating pressure could
reduce the velocity at which the metal melt flows in-
to the atomizing chamber through the central hole at
the front end of the delivery tube. As a result, the
effect of preventing the metal melt from clogging
phenomenon caused by solidification is restricted.
(3) Under p = 4.5 MPa and D = 1.2 mm con-
ditions, the greater the protrusion length H of the
delivery tube, the smaller the aspirating pressure at

the front end of the delivery tube. However, the
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static temperature near the central hole outlet at the

front end of the delivery tube was approximate to

prevent effectively the occurrence of clogging phe-

nomenon of metal melt. However, due to small as-

pirating pressure, the velocity at which the metal

melt flowed into the atomizing chamber through the

central hole at the front end of the delivery tube was

elevated, and gas—melt ratio in mass flow rate was

reduced. This effect was adverse to the mmprove-

ment of the atomizing performance.
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RN ERXZUFZSER B AT EE AR

¥, KRB, RIS, PESE, FORS
(L B AR 25 B HE 3 210016, 1 2. 18 BHRIR 2 97 , 15 200437, 11 )

HWE: AR ADAREXNFLERREORLEFTAEALRAG AR ER L HFNE A Y A, EREF
MIRELE FHRARERFFRFRERELSMHT, KRB LRI 5 54 Fluent 3F 3% 38 3R 4 X 540 Boit
THR T W FAE ARG AT AL, S RAN, FAHAARER p = 4.5 MPa R SRR E DMK, FRE
WP oL o MR H BRI, FRT MR RERE D ARG L BERERALG L L, ERET
JED=12mm&%HT,% FHAMRER ] MPa<< p << 2MPabt, FADMERA K, F% &0 5% 0B E &R
B AR T LA BEREEEFEAL, L FAARER)p > 2 MPart, FALAAREBA K, FRE W H TP
SR T HIEG BB, FREMBHEERAKR A MG LS BERDRE ML BB LR RAR,
EFAAKRER ) =45MPa, RELED = 1.2 mm e &4 F , $@ & % K E HA K, FR 0T 5% B R 58 H
ST SR T A P FU 0 B G BB A AR AR KT T A Ak A B IR R R L R0 B A A2 64 R R 5B
1132 Jf ok il it FR AT 9k PO ILAN G F R E I K AR A F AR R A, RA T FARRENRZ,
KB AR EXFR  RETE; FAKRER; FRE TR KE; RRAY ; HALEM



