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Abstract: In the frozen sand mold computerized numerical control (CNC) machining process, the effective
discharge of sand particles generated by cutting sand blanks is one of the key technologies to ensure the quality
of sand molding. In this paper, based on the computational fluid dynamics method, a numerical simulation of
the sand discharge mode of the surrounded array jet is carried out to analyze the effects of flow rate, target
distance, pitch angle and aperture on the flow field around the cavity. CNC machining orthogonal experiments
are designed and the range analysis of sand removal rate is carried out to verify the simulation results. High-
speed jets form stable attachments on the tool face and cavity walls, and the main area for transporting sand
particles is the “sand discharge area” formed by the jets on the cavity wall. Both simulation and experimental
results show that the optimal sand removal process parameters are flow rate of 30 I./min, target distance of
45 mm, pitch angle of 65° and caliber of 2 mm, in which the effect of flow rate is the most significant,
followed by nozzle caliber, pitch angle and target distance. Results can provide guidance for the optimization

of sand removal devices and process parameters.
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V=

(5)

i 5 % 4 ik KT

1 Fifikg/(Lemin™")  10(A1) 20(A2) 30(A3)
2 YEHE d/mm 45(B1) 60(B2) 75(B3)
3 Wi a/ () 55(C1)  65(C2) 75(C3)
4 4% ¢/mm 2(D1)  3(D2)  4(D3)

1.2.5 AI=5R 8 A4 o AR R EAE 77 &

SR FHHE 6 AR SO U1 I 0 T 09 8 YR B R
T AT F 4 06 1) A A R TR A Y R T
o AR UL S THD V0 8 0 R AR 19 R of T RN AR AR R
JE A = 4k AR AP HoOsE b A A b RN T T Y
2 AR RV 9 A S E N o S B SR ki
KB A TR R AR 0 0.3 mm,
[) Ff 2 AR 58 T FH B4 100 B s 78 J A Bk A2 o A v
99 % RS KLk A2 /T 50 B (0.3 mm) , P it AR i 56
PR 1 AR AR T HE Ak A RO e 2 8 1+ 0.3 mm,
IAAIZ I HERR T bR, Ak BRI R 1A 3 B

Gt NN oo ] {R% 2.890 7 JRZ 0.058 1
' /
\y ~- 8 /

3 Rb A ) A T ik B AU

Fig.3 Sand inverse modeling and residual sand identification

i i (6, 7) 5 4 AL S B i HERD A AT A
e R HED T2 S8

V.=1 X W><H—D2><H><(1—Z) (6)

Vci V/(
pP,=——-"X100 (7)
1%

A PO S SR X B R RV, AR



716 3]

2O =

PPN % 56 &

33
=

G 5 5% 6 2L i B T R Y DN A ) R B AR R L VR
R Js B AR R

2 HRSERARZERTHES N

2.1 BEMIXEHRTHENSER

B EZ RN WG, Wy #E R
ol T RUE A B R RN T X s K, K 4
B o AN 4 Ca) Bz, DTS M A2k 7 A4 i) e S U
M A TE T BE T AL FE GRS AR TR L 5
Uit 7] 73 LA T O A, A O B A 98 0 R TR
i Ui e T N <o B A | A A R T A
WU R, HERD T T 4 R 4 MR X -
SRPE DX A TR O R DX S T U R DX L R R T I A X
s 4Ch) BT 7R o 3 A7 AR He A A
AR ) AR, A %) T Sl BELAS T DR [ T AR AR
W7 R TR R AS A B IR T A B AT AT RERG
10 i R A 1 R IS ) T 08 JORG % | 3 K B Y 2 A0 M
R P E R TN T

Field velocity/
(m*s’)

| RN
(b) Flow field flow diagram for cross sectioni
K4 B 2SR
Fig.4 Air flow field around cavity

WE 5 BT 7R, B 2k 8RR I 76 14 oy 485 18T B A 0
AU . 6 I S I 43 ) BE RS AL IS T 2.4.6.,
10,151 20 mm , A bk 35 2 4 T8 78 455 78 Ak A 2 v A
DB ) =22 .24 .26 .30 .35 F11 40 mm.,

FE PR o B R T 0 2 AR SR A TR R A
U A KA S B R S T R - R T
IR G . IR 6 1T LA Y, 3 3R 5 i 26 28 AL
()5 =X 5 A TR ol b R TR A X, e —
R AR s € T WV P 1 B - 2 T [ R

5 I A 2k 5 A A9 A s B CRRLz :m)
Fig.5 Schematic location of the measuring line and cross

section (unit: mm)

z velocity /
(m-s?)

O=NWAUNA PO

6 ] 2R v i 4 U 1R

Fig.6 Evolution of flow field in rectangular cavity

Ui ] A B iz 332 B TRk 3 O3 A WSS Y
S ) G A0 o, - T ) 5 T R 1) i AR B R 4
fe BE T B L T RS R = B R BE A A
B
2.2 HRVSIR I ZSHNRRRF NG
2.2.1 HARAZHAEAG G A

2 EE (60 mm) (fff £ (65°) | WE B O 42
(3 mm) B A K R~ (114 mm X 57 mm X
20 mm) % S ERUEA S A 0T A ek A I Y
H/N L4351k 10,20 #1030 L/min, 43 #1400 & % 0
X R 3 1 o A B

BRI T e ol A= A O R W Y - e AR L B U
WA 7 TR o H T 0 EA T 0 EE 5 5 I AR R] A
By it 5 4, AT TET NG B DX SR IR A il 1] (= ) 3RS AS I
W, WAL 7 () BT o 5 U A B % RE TR A [
FE TR B B DX, AF Lb A T G B XA 5 9, O e i S



%4

XU ZFAS 5 8 VRS BB N 3l il B RS o D O vk 717

T AR R g, I 7(b) H 2=30~40 mm
T o A I R S W S A A O e AN DR R B
WE 7 () Fros o N #S T £ 569 U 76 i b HL A A R
8 = RS 3 AT L 8 R R R R e FH B

L2 5 3B S TR 23 6 R ERE I AR TR X AT
P LIS G O € S I B e ol A L
it 2 BE P 7E 2=30 mm B i8] & K, 7E 2=30~
40 mm X 30 FE R EFRR E

z velocity /

2 05

—1.0
:
1.0 50 Lo

z=30 mm

(m e S’l) -9.0 -85 -8.0 -7.5 -7.0 6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 2.0 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 35 40
(a) Evolution of flow velocity in cavity for flow rate of 10 L/min

- 6
0
B -1.0 -1.0. 4.
0.0, k
20-—10""5¢
2 X X
z=24 mm z=26 mm
z velocity /
(mes’) 24-23-2220-20-19-18-17-16 1514 -13-12-11-10 9 8 7 6 5 4 3 2 -1 0 1 2 3 4 5 6 7 8 9

(3.07==3.07--3.0T
=ty
-10 |
30 i’

Z

z velocity /
<l
(mes’) 31 29 27 25 23 21 -19 -17 -15 -13 -1 9 -7 -5 -3 -1 1 3 5 7 9 1 13
(c) Evolution of flow velocity in cavity for flow rate of 30 L/min

P70 S B = ]

Fig.7 Contour plots of z-direction velocities at different altitudes

Ry T RE B 53 BT TR R Y 0 B 0 AR 2R
SIS R 2 R R, SR OR[N 7
Sl PR 2 b i 25 A, AN 8 s o YN AL BRI
Aty ) S RE A TE R, 3RS SR U R 5 2 U
TR, 3R 7R S5 A2 ) T aE TR s 5 A A AR AR R
M TTR PO A

i & 8(a) Tz, 2=22 mm #§ 1 4L TS 1w 0 B
DX, JE T X S5 3 089 B AR Y 77 A T A R T ] S
B, J5 S T Al e B O m/s, LA ZE U Y

JE U 2 J R T 1) O AR G o H IR 8 () AT, A
(7 TS 01 U R A LT UL L, A T DO R X
%) o J3E W 43 1 —6.04(¢g=10 L./min) , —13.60
(¢g=20 L/min) 1 —21.69 m/s (¢=30 L/min) .
F T S A A RO A R B B R AR O 5 2 kA
By b 5 4, A T UG R X A A 3 B R T T
3 it . fEFE B ) BB 4R 50 mm A2 A5 Y 7
AU 1) T NRE T U R DX (O3 30 R 2.10(g=
10 L/min) . 5.75(¢g=20 L/min) fil 9.27 m/s (¢g=



718 o

2O =

PPN % 56 &

30 L/min) . A 1 I B DX A% 565 O 43 o VS 1o o, B
SR OB JIC TEE DU R DX S 3 O G R IR
T H B AR R T U B X1 B 3 A B R 5 AR AR
(R R0 L R A D10 1 DX G 1 1 R A a6 R
PRI I, % DUt B DX S5 370 552 1 91 T A | < O R
LB R T HERD . 18RI o AR g W 1 R 4%
It A DX JEE R, (AT LA Sk 3 K B 3 A o L AT
L ) 2 B 1V

S B~
T T

|
s
T

HIAEE / (m e s™)
5 &

R X | BETHI B X
0 10 20 30 40 50 60
HLRPEES / mm

(a) Velocity of each section at g=20 L/min

101
| (Zﬂ
0_

JE1E] JEEE e R ialicy

g
I -5t
]
) -10
=z —a—g=10 L/min
& 15 —e—g=20 L/min
55 —a—g=30 L/min
o FEIRMGHEIX | BETHIUS PR X
0 10 20 30 40 50 60
HERFER / mm

(b) Jet flow rate for each flow rate at z=30 mm cross section
I8 AN [m) S Ik vt e Bk L ity =g o
Fig.8 Air velocity on the measurement line for different jet

flow rates

2.2.2 ¥R AY A

A B A2 BB R A /N, 43 5l 2 3.45.60 .75 A
90 mm , - 43 B L 58 HE B G B T X A S B R
M. P& 9 (a) fik 7R 9 3 Hh 0 0 o 4k B B B
T 2R L U AR, S A0 TR 9 (b)) TR I I Al
Ih) i 0 P, I P O 484 o, 3 5 B 3 X5 A D
H T A DXIAS W T 8 % 07 S5 98 ) R R L a5
PR . $EHEE A 60,75 A1 90 mm (Y 7 i i K AE
¥R 20 m/s oAy fHELEE 2 30 mm B, W 5 % I
IR0 NS W 2 217 = W ik R 9 1T W 1
JEIZ . SR S 90 mm B B R 8 R T K
S BR AT  RE A E DRI T PR E IR SR R 5 X
T AE H I R RTHE T, AT LA e oA AR B ke ook 2%
T B 1] DUt A DX A TR R

d=90 mm

0 10 20 30 40 50 60 70 80 90100110
JRHEEE RS / mm
(b) Velocity diagram of cylindrical attached jet flow at
different target distances

PEL9 Ut S 3 WL 3 W 1]
Fig.9 Velocity diagram of attached jet flow field

BT R S G TR, BEBUXE 3.3 m/s A,
SN HERD 1 1 L AU 4 8K i b 1) B B K F 3.3 m/s
B X3 S HERD X7, 51K TR R R R 4% 8 n
HemD X i A R T A B A 4 A, W 10
FiF 7R o Hh 10 A) %0, ¥ A 30 mm B, 7E 45 JE
TR T ) HE D DX T R A OSBRI
(z=40 mm) I, HERD X 7 b A T A 00 e {1, I
I HERD 8% S F5c 55 5 $E I SR 90 mm B, U 4 il 1) 3
BE KB 218, 7E =30 mm &% I\ HE 2 X 5 AR
LAY PR IS FROR AR o X U0 - 30 I Y 2 2%
g 5 o R P S 09 40 A, gt AR O 1
B HERD X AR, & B d=45 mm HERD X AR L
K, d=75 mm HEw> XA FLG R/, B, FE 5
L HE P N HERD O

12

10

HR&EE /%
o b & o ®

SE
e
(=)

PR 26 30
AL E / mm
R TRV R R HERD DX A AR AR

Fig.10  Variation of area share of sand drainage area under

[# 10
different target spacing

2.2.3 HHRAR A X RIRD N F R
A0 A8 S8 UL A AR B /N 9 30 R 4575571657



543

XUSFORE 5 - v VRED BB I TSl IS 6 R R 5 ik 719

75N 857, I 43 A WL B ART AR X B I 5 19 5 ) o

P 11 Ay A TR A0 T o o 4 Al T 1 7 28 A S
EREL B E 11(a) F i, I A A 45° 557 F1 65° [ 1
BN Bl 0 A R0 3G O, G B DX 1 S R 44 R, AR SRk
B ) G R, AT 1L roRT DU L R A R
A5" I 5 UL AE B 0 45 I8 R A R T TR L O R 25 1Y
BE TR WG B DX o A & 11 (h) v A AR SR 757 B S 3 AR
TIIRARC A T J5 0 B I I BRIl 458 JEC T, 4 22 38 K

A £ 2 85, 5 Uit A W B 6 0 A T b, o Y
JP JE T b S 3 R T A 4R <l P B AN 2 ik gl
S, A ) B 1 T A 1] 8 I B IX

0=45° 0=55° 0=65°
Velocity magmtude /M T T T T T T T T T T T e
(mes’) 0246 81012141618202224262830323436384042444648

(a) Jet impact milling cutter column face

o=75° 0=85"
Velocity m.agmtude /MR [ T T T T T T 117 1T e
(m s) 0246 81012141618202224262830323436384042444648

(b) Jet impinges on cavity bottom
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Fig.11 Velocity distribution in the center cross section of

the jet at different pitch angles
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Fig.12 Variation of area share of sand drainage area at

different calibers
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(a) Evolution of flow velocity in cavity with nozzle diameter of 2 mm
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Fig.13 Contour plots of z-direction velocities on cross sections at different heights
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Fig.14 Changes in percentage of area of sand drainage area

under different calibers
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Table 3 Results of range analysis

ETRC B B 1 £ Hie R/ %
1 Al Bl C1 D1 90.562
2 Al B2 C3 D2 74.449
3 Al B3 C2 D4 76.207
4 A2 B1 C3 D4 84.528
5 A2 B2 C2 D1 99.652
6 A2 B3 C1 D2 84.093
7 A3 Bl C2 D2 99.998
8 A3 B2 Cl D4 95.066
9 A3 B3 C3 D1 99.998
K, 241.217 275.088 269.721 290.212
K, 268.273 269.167 275.857 258.540
K, 295.063 260.299 258.976 255.801
k, 80.406  91.696  89.907  96.737
k, 89.424  89.722  91.952  86.180
ky 98.354  86.766  86.325  85.267
R 17.949  4.930 5.627 11.470
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Fig.15 Curve diagram of sand discharge rate of different jet

process parameters
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