1162 L XA R, T

XEHES:1006-9941(2024)11-1162-12
BElE#EH#HFI R I E ST SPH FEMR
#og2' 0 FLR ORLWEBEFLHEE

(1. ZmETAELFMRFER, b 100081; 2. =T k%P i FE, b 100081)

# OE: v RIRA VLA AT B 3R] A SR YRS R 20 43 (8] A% 43 HIOUE B1 R K BT 43 A T 0 T ] A 3 ) 24 0 Y ) £ ot
o SR IR A VLN Y 2% BT K A2 8l S 02 0 N 09 TR A AL ET 5 08 A8 R L SR P A% B 9 7 YA HEAT R Y o B X 2 I IR 8 T 4
PEF 250 S8 s A G AR, R T 6 R F 15 (Smoothed Particle Hydrodynamics, SPH) , 3% SE A9l B #2257 #5454 5 49 <7 16 5
o 454 Herschel-Bulkley (HB) A # ML | & Ji 1 3 FH T 31 20 15 3 440 bR 245 4 i 790 24 SR 5 0 2 0 T I A 7 12 o s 501 A 400 52
B AT X L S T AR BT R E AR . B IR TR B 3 S 5 D R IE R R AR G L A 1L AL S B R IR A 1Y)
R S A AR R AR s e B . RS A R R BT U s AR AR A n o 0.47 B VIR TE AR AR IR SR AS T, AT 48028 SRR X SR S 5
SRV IR 22 R 4.98% , M H B A RIFH)—B0k . AT B sk 2.65 s )5, HAR G ¥ 5 M8 £0H LT e O ik R R 4R
BT 8.9% 1 7.3%. 1 WAL Re=1 1, A% 484E 0.11D,~0.23 D, 5 FR P, HL4 A9 ft K38 iR 1T 35 38.4 % -

SR [ ORAHE R 25 3 5 AR AR WA S AT B RS LT R 1k (SPH)

FESES: T)55 XHRARERG: A DOI:10.11943/CJEM2024043

Mg Youcefi 251 #5871 M B3 A ) B FE 4

0 5§

7 B AR 5 i R R IR B B IR S R AR
IR AR EZELEY . BRRET X
- BE TAT U B4 A X 3z 3 mT g AR 2 22 18] A 5 TR
FIBTUIAE A, 2E 0375 A IR AR 5, R WR 4R o 4 2K
AR GRMT [ A 0 R B A v A X BT Ll
{8 BT Y) R AE T B0 T R AT O U By AR T
R P BT R, BT RE R ORL R A B
By T 228 i A8 R A B LA g 28 o5 5 4 0t 9
A BRE, B v Tl A 7 R I 0 3 4 4 P A A B
[z

ST, A ORHF TN B 1 An SUIR A AR AR
AR GE 7 B 45 F 2 0 e sl X I e ) R AR 11 2

Wi A HEI: 2024-01-30; 1€ E HH: 2024-03-19

o 2& H ki B #3: 2024-04-26

E2TA: BHEAKR %4 (12172049,U2341288)

YEZ B A BT (1998-), 55 1 A, 3 %0 A 3 0 [ S & B0 1 540
WF9% . e-mail:18355430869@163.com

BEBRREAN: B E(1985-), 5 AR HIHFIT 61, B8N FE 42 M
Wi BT 5Y . e-mail : xyang@bit.edu.cn

AR A M DL K kSR X 3 b A A4 RE 24 2 ) 1) S U
T 1) B AR Ak e I a1 b & I S A s Y 2k
A4 AR R X 2 I 55 Ay BE THT R] 47 [ 9 RE Y 5 i ) K
BTt , Bohl 45O IR FH 2R ALY 52 58 T 43 BT T
RSE At G B 5 TR & 1 50 72 BE | 8 9 i i 1 43 A1 114 5%
SRRV B RO A E A SR AR A
IR 52 56 0 B 19 Ry BR 1, Youcefi, Bohl 45 2 #4575 35 i /Il
HANR GBS BRI R . X T 52 408U AT
B R G L, A R MIEAE IR R G R
B4 2 2 3 B DU S B =

B & TS AL R AE A 5 R 1% & e, 0 B 40 AR A
P T 2 S50 7 i, AN AXCEL AT T ARG B 04 B A N 5
B 38 I 38 AT B R AS 25 R N A R W e A Ak
W, T BB U7 B R A% T R R B AL TR Y
R BB Taguy A8 o B LA R OC T
TR F 2 AR XA U SR IE AR R I —
Ho Bt TIRG PN IR EEE R . AER,
Long 5571 3R FH s . 9t A 4 %ok 42 2% il e 47 12 X4
G LT AR R R T R P U Bl B R G R T B
e AL KT B AV 9 78 Al R AR, b Al L A T AR

SIAAS BEE KA BB, A7 T A k) 2508 o7 AR A L B SPH P IR BRI D). & MR, 2024,32(11):1162-1173.
HONG Yin, LIU Kan, WU Yi,et al. SPH Method for Vertical Mixing Process of the Solid Propellant Slurry[J]. Chinese Journal of Energetic Materials (Hanneng

Cailiao),2024,32(11):1162-1173.

Chinese Journal of Energetic Materials, Vol.32, No.11, 2024 (1162-1173)

Sttt

www.energetic-materials.org.cn



I {4 4 50 25 3% 57 U3 5 ad # SPH Jr ik BF 5T

1163

AT AR A A A TR ) R A A SO AR R 5 L 4R
T, P90 A% 288 5 v 7 b B R A7 7% Tt 41 RS 5 ) A0 I 2 A >
PRIE ), 0 A 0 3 B RN EAE I, B AT o0 5 3 5
BRRZEMIT R L WA HEHF AR S T2
Tl [ SEDRRE 11 2 2 1A 3R, M L[] Bsf >R D I 4 %o 32 22 AH
Ao WO AT B R

RG240 2 241 55 1Y S BRAE R AL 27 J
N, AE AR HFT A BE 58 Al ik 25 3K R B AT R i A A Jr
P oo VLB E M B AP M AR E,T
Herschel-Bulkley (HB ) A5 1 1 v 5 | A i B 8] 25 4k 11
WSROI T TRMEHFFNERGET SR, EH
SOV T HB AR R S 50 B 2R Tk 4 2E 55 (HTPE) AL 21
B 5] B AR R UK, T TR e-C R G
Y T A XS BE R 2 PR BE Y ek Bk o VI IS B RN 52
SN NI S B T H B A F 5E  T A G b R AE 25 0K
FHEETE NG BBy ) AR DL E AR et B R L IR Y
BT B A RO, A T WRHE A AR D BUE A
s Oy R R T A S

J& W KL F ¥ (Smoothed Particle Hydrodynam-

ics, SPH)/E Jy— P58 4 hi k& B H $38 T B9 JC W % 7
5 TE RS 0 B n) RN ) 5 S T 5 B A Oy T B A W
B PR Har, SPH B ) 1z is F itk & 2« 2 M
U sh ' R g DR R A AR R, 5 A,
B A% O TE /Y J2 &8 43 kL 1 28 U5 vE 3 40 B KB 0T
(Discrete Element Method, DEM)72%7 %% 5 ki 7 2
22k (Moving Particle Semi-implicit, MPS)'¥ % &
AR T AR TR R R IR G R . A
1M, MPS #9252 g 5K i J7 305 B07E = 48 7] R rp Y
TR RO, B SPH A 5 2 8] #7707 5/ A 1)
] 25 4, 5 I I T B BOR IR AR AR T 0 &
DEM I B 38 5 A [] RSF B TR 4R 1 il A 082 8 31, A
HEAT e 60 A 04 U Bl R PR A0

A 58 8 T2 IR 2 1 0 R 2 3% S5 R0 4 A
FH L AR A8 52 B A I A8 R P R 8 I 3 O AS 4 7 A L O
A A A g AR 1 SPH BB AY 3 ok b B
A A 0 A 1 0 5 S e A AR ) 2D 5 T i S AR AR Y
WERE . SR D O AT R G R X 3 AT
O, 875 JLT 254 128 2800 3 R A HL A AR 2 15 i
5y 72 R R 1 5 o LA, DT E — 25 4E B 24 i 5 v Y
FIEE I S B R B B A I ) A% G I A 1 A 3
I 52 90 00 A 0K v L LU A B 5 4 SRR 6 [ R
Pt —FPE R AL

CHINESE JOURNAL OF ENERGETIC MATERIALS

1 HEHEYTE

1.1 EHAFREMRERE

TRA L 253K (1432 3l ] 38 2 3 1A 42 o 7 AR E AT 3
w o WS CR H BRI H OB X8 g8 4k 3 e i
(Navier-Stokes,N-S)"" Jr & .

dp

=—pV - 1
g, PV (1)
du 1
—— =g+ —V(r-pl 2
a8t (z = pl) (2)

K, u WG, m-s™ ;g RRE I ,m-s;
p R SR, Pasp AR % B kg m 7 TR 7 43 i 3R
718 BRSO £ R R ) B

P T R (1) A(2) AN, — i it AN TR T7
FEOR i i ) BRI N
plp)=c’(p—p,) (3)
K, p, AZHHE kg-m™; c HBEAH , m-s", H
SN QTTN N7 =R B SN T 3211 O S

(] A A 28 5] ) ok R e, 24 0 T T A A 0 B
BEAE o BF 5T N LR X HTPE & & #E vE 7, % A
Herschel-Bulkley #5584 005 1 Ji i 17 J7 . 2 WG B2 55
S DT[] A AR fb 1 S T HB AR AL S A i i A
BA B W5 R B AT R T AR J5 F ok 3R 1E
WARRRE . W e PR OCR A
r=c,tKy"'=7,+n,y (4)
K, KA RE R B, Pa-s"s o RN JT, Pas non
BRI Ry MU A sy, R, B
n, = Ky" ', Pa-s. BPUIEARH R (5) I 4RA5
y = /2tr(s,.s,) (5)

ay = xB

Horpr, o F1 B 2 2 R T SR RN 2 %€ B R AR, s o B AR

1 ou*  auf
SD‘ = =+ ) (6)
2 TaxP ax”

2, X AP B R R R IR 28 ) AR AR
YU R AR K n=1 1, R I AL O 2 R E
SE ) A 0L A D) Ty R A SR A

T =uvu (7)
PRI A 1 3t A 2l i 7 B T 5 R (8) i TE A
d 1

A w AR AR R 3 T B Pas,

N XK 2024 % H 324 H 1148 (1162-1173)



1164

WA G R B R g

1.2 HEEHEEX

SPH [ 4% .0 AL e 12 2241 T B B — AR Bl
W R TSR AR W B Y BT, PR AZ AT R kLT
AT AL 7 7 R AT — 37 e R FR 23 T SRR A Oy S B A R
TRYIABCR AL 2 JEH R T 1% B HUS B3 pRELF (x)
Lo He— i 5

(f(x) = if(x/)%w,, (9)

<V . f(x,.)> = %im,[f(x,)— f(x)Iv.w, (10)

b, mokLF i a, Fhn if jRRRF 75, N KR
— LW BN BRL T B8, W ALY W 03 R R eR R
H LKL i 60 B O ZE R T AR B — B S8

TESPH LM B RBM I B CEZ R E T
BOE B RE 5 R0R . = IRAE SR B 1 B Bk
U B SRRSO A B R B D T RROR
10 5 N A R =R/ = =B TS G | i R A R R
e SPH A A rh i SR % R BOR R AKX (9w,
M1 -

(2-85)7-4(1-5)° 0<s<]1
=147rh2 (2 - s)? 1<s<2 (11)
0 s=2
K, s=r/h, rRR PR Z B AL, h Rt K .

Swegle™ Jr 48 th , & W, 1 Z B S 505 6 ) i
T FUR T A7 A IE HOR SN 0 R 48 A FeoE M, i
SERLFRENSR . WIHBR L, R XU 8O0
BRAORIFE AKX 10) PR S8V W

$—6s+6 0<s<1
W: — 3 <
3 b (2 - s) 1<s<2 (12)
0 s=2
I SPH J7 ik B SR A, AT A5 321 3 2R i 30 1A 45 i
0 SPH B 5O Uk
%=zmju,.j-VW,, (13)
du, N (T T
q TR e
oA, N sk o N (15) TR AT A .
_oout ol
o} = =p8F +m, () (g ) (15)

Horr 8 KA FE T AT 5 o WA A X (10) , 8RB
— R X (16)1H5KT
au’ Nom. aWU

i J
= > —(u* - u") (16)
ax? zj‘p, / "oaxP

Chinese _Journal of Energetic Materials, Vol.32, No.11, 2024 (1162—-1173)

Pi
E,V/WU

AP AR Bl Oy R (3U(8) ) Y SPH B HUE U5 2
L) AW, S BCwk [36-37] 7 B4, W

H(17):
%Zg_zmj(pz/er)VW/Jr

"y, (17)

Hi u=u~u,r=r—r,n=001h H h;=(h + h)/2,
WA N T REPE T L 5 A0 B ek 5 2 R 2% F1 )
N I Ao

-« E,‘/J,v.
etV Sh/Lad's u.-r.<o0

H/_] = P_f,‘ v (18)

0 u;,-r;=0

A g AR U B B B AR . ¢y, P, B
£ W
C; + C/-

G = 5 Py =

pitp,

_hyry-u
5 My =5

! (19)

ruz' 7
S Tl AT R 9 B R 2, B ] R 20 A4 B
] KABIE— R % .

_ Z,m,-Wu

(20)

Hopr, v = mjp Rk T
1.3 RkiEzAE

SR G WL 54T 5028 BT 43 il S AR X 5O Y
FF MRS IR R A 5 o NI, X P Al 5% 3l 755X
s 23 7R B A A AR R RIBE A A bR 2R HEAT A, O il
AR R M HOR R AE W BB R . T AR
1 W A3z gl A — AN e 5% A i B2, B AR RE H ] g 46
N YR SR BR gk AR B

H=[c9s(9 —sm@J (21)
sinf cosé

o, 0 0 i A8 1 Jié 5% I rad o
X PR AR — SR u, AR, R G2 D)
3 it 2 BEAT A

ua=ué‘+WCXrCa
(22)

r,=r.+H"-r,
Kb, u, RORGERF A, mes™ s w A BT
> ¢ F G 0 ff TR B 5 r, RT3 ) 2 I E I R B A A
B 2T DAJTTO B WAL S 2 B Ok o WK TE 45 5 1Y
BEN AT u 0 A A w, 5 AR R AR I XU
it
A et

www.energetic-materials.org.cn



T e 2 0 25 9 S 5O & 4l B SPH Jr ik BF 5T

1165

B X AR R B R S A AR A I A 8
$) 53 KL, K K AHE - B e e 1 DA Aok 1 912 3
NFIRAT N2 5 SPH B e ® Jr RE MK i . BES
SR A W AR T~ T 7R A2 B AL B9 R A
SIWSEZEE DOE AU il V) [IEUE A N DOV LSS W

N N du,
Fa_Zﬂ_Zmidt
ro=Srxf

Horpr ) N RS R ACKE F B9 B8, T 2R 7B T B
B39 N -m,

(23)

2 HERPTTENRIE

A2 ) 8 A 2 A TR 30D ) 3 B A 5 ) A A ) AR
R S AR W SCHERL 1,15 138 IR A R R Wit T
KBRS U 8l IR B AR A A o AT S A
TR AR A W A 3 AT SPH AL, I 5 9280 L
LA 52 53 1t B 0 U1 A5 K n < 1 T 4 R R fE A R

I VAW e X | R T Y (R =N

Fig.1 Geometric diagram of the vertical mixing vessel and flat impeller

a. general view b.

2 57 SCHE R AN A A R T AT

B HER I
2.1 EEIEN

2% Youcefi %2R JH 097 M -5, AH I 9 JLAT 45
A 1 s R A SR N AR D, B 0.3 m, S 4%
R H, 5T 0.35 mo MR T IRSEARCIR , S8 R
DA A s s, K d, % b, R h, 43518 0.15 m,
0.008 m#10.37 m, W& H, 5 D, AR, 5K
HEMNI T RERRE—E HB e, KN H0.014 m,

P 2 Sl B B R 20 A s L L5 931039 4
KL, Horp & BT R W) B B 3 mm, B ] P K
1 X107 s, R SPH IR Al 20, AF 58 1Y BU(E 53 191
¥R 140 4 20 Message Passing Interface(MP1) 34747
AR CE RS 2 8 A AR DL S B B BT . 2.1 A
2.2 /AT ¥R LR U AT K B RIORE 534 o
2.2 HFWURE

T R — i R A A, LA R A TR T
TS . 5 S T R AR E
BLBESN IR 1.28 Pa-s, B YT R HOCH 1, JF

top view c.

side view

Fig.2 Particle distribution of the vertical mixing vessel and flat impeller
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a. general view b.
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Fig.5 Particle distribution of the vertical mixer after modifying geometric size

a. central impeller b.
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Fig.8 Liquid surface state when stirring with different impellers in the Newtonian fluid
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Fig.9 Liquid surface state history of the non-Newtonian fluid
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SPH Method for Vertical Mixing Process of the Solid Propellant Slurry

HONG Yin', LIU Kan', WU Yi', WU Yan-qing®, YANG Xiu-feng'
(1. School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China; 2. School of Mechatronical Engineering, Beijing Institute of
Technology, Beijing 100081, China)

Abstract: The planetary motion of impeller in the vertical mixer can effectively promote the dispersed circulation and homoge-
neous distribution of different material components, which has been employed in the preparation procedure of solid propellant
slurry. However, the mixer involves complex interfaces and motions that it is difficult to study the mixing mechanism and rheo-
logical property of slurries by traditional methods. Based on the smoothed particle hydrodynamics (SPH) , the continuum was
discretized into the conserved particles with physical quantities for simulating the interaction between the propellant slurry and
blades under laminar flow. A meshless method for the mixing process of propellant slurries in non-Newtonian fluid state was de-
veloped by combining the Herschel-Bulkley (HB) constitutive model. The numerical simulations were compared with the experi-
ments to verify the accuracy of the proposed model. The correlations of the blade motion parameters and power consumption
were explored. The effects of geometric configurations and rotation modes on the mixing uniformity of slurries and the torque
loads of impellers were analyzed. Research findings indicate that the simulation and literature experiment results have a good
agreement that the average relative error between them is around 4.98% in the non-Newtonian fluid with shear rate index
n=0.47. The mixing uniformity index of planetary impellers increased by 8.9% and 7.3% respectively than those of central and
eccentric impellers after stirring for 2.65 s. The maximum amplification in torque can reach 38.4% within the revolution radius
range of 0.11D,-0.23D,, at Reynolds number Re=1.
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