Chinese Physical Society

Mﬂ#ﬂ Acta Physica Sinica

. Institute of Physics, CAS

225 UKL 5 7 A ARHE o FURL PR A AIE

IR EHH A B IHE

Characteristics of granular sheet of dense granular jet oblique impact

Wang Yue LiWei-Feng Shi Zhe-Hang Liu Hai-Feng Wang Fu-Chen

5| 18 £ Citation: Acta Physica Sinica, 67, 104501 (2018) DOI: 10.7498/aps.67.20172092

1E 261713 View online: http://dx.doi.org/10.7498/aps.67.20172092
A 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/110

AT RE RSB E A L&
Articles you may be interested in

s AR S ¥ 3 o B T AR JIEE 2 T Y8 SURFAE
Characteristics of surface waves on the granular sheet of dense granular jet impingement
YE % 4.2016, 65(21): 214501  http://dx.doi.org/10.7498/aps.65.214501

e BRI AR AR R 5] - BT IRTAR 23 B
Element area analysis of chaotic morphology of verical gas-liquid two-phase flow
Y 2442016, 65(3): 034701  http://dx.doi.org/10.7498/aps.65.034701

MHERBURL 13+ 12 3 S TR 5 R IR ) B B AR 7
Numerical simulation on stirring motion and mixing characteristics of ellipsoid particles
Yy 242 2015, 64(11): 114501  http://dx.doi.org/10.7498/aps.64.114501

AR BT VRO Hh 18 L B SR ORI ) B HOT

Velocity fluctuation and self diffusion character in a dense granular sheared flow studied by discrete ele-
ment method

PP 2EH%.2014, 63(13): 134502  http://dx.doi.org/10.7498/aps.63.134502

X ORI 38 Bl K — BUEREAT EHI I BENL 13
Control of the fluctuation in the uniform granular flow by a random force field
YH 232013, 62(16): 164502  http://dx.doi.org/10.7498/aps.62.164502


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20172092
http://dx.doi.org/10.7498/aps.67.20172092
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I10
http://wulixb.iphy.ac.cn/CN/abstract/abstract68636.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract66555.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract64349.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract60651.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract54924.shtml

) I8 ¥ 48  Acta Phys. Sin.

Vol. 67, No. 10 (2018) 104501

HE 25 UL SO R o B PR A A

EHYD FHEEDD

WAL

XD EHEDY

1) (AR B TRE:, BEAAL R BRIEA L BCE W E i Seie =, Bl 200237)
2) (AR LR, RSN IR O, 1 200237)

(2017 4E 9 A 21 HYLEI; 2018 4E 3 A 16 HILBIE R )

SR R B AR A x5 s JUASE S A A AR 8 o T2 B3 ) KR A AL R A AR R AT SR TR F 7, 25 %8 1 ORI AR: L 59
UL P DA K S 5 o] 2 S5 B N ORE B 25 R sh AR M. 45 R W] : A ORDR AR 38 K, R 2 R 16
ARH T UL REE (e RO R e A A SRR I E R A, LA AR s T 5, SR U R HE Dk 3, 1 i I 3
9 2 IO A TR RS 1 A= ik o Pk 35 A0 22 T ¢ S8 A5 ORI Al X R I 955 14 99 95 A3 A9 35 Wl 2 i A JAe P 1)
EOR T 3G K R0 SOE FEANP AT A 387 A6 K, B SURAAAE B NP . ORI IR S0 AR diR 5 12 282
PRI A A 11 e AN AR R Mk SRR AR K Sl , S IR ksl R 5 1l IR 5 I A A 2.

KUEIR): MR BURL AR, S, ORI, AER X PR AR 5

PACS: 45.70.Mg, 47.55.Ca, 47.60.Kz

15 =

H 1961 4 [l 75 Ik B} % X Elperin $2 H 4 7 it
MM 25, AR 22 X Lt AT 7R E MBI,
FOpRR AR A A R, O AR TR )i
RLFFF 4 Sk ke IBA D S Tl A v,
RN T Z S H W STEREFC. PR <
BEATIRANHIT I, 25 58 5% ol A 300 [ e it I 2 1
AT DL B 48 7 48 o [X UKL A2 3l R Al HL A B 22
(A AR RS T S5t

184 Nk, O B A o i g 4 o At
177 LR, X% B B T 3R % 2
3% I A R A o O R SRR IZ B AT 9 i
17 TR, PhERISE PO SR A w SR O PV6D
RGO 33 A 73 A WF T 1 SRR £E 8 o 3 T 2
B 5 AE AR i [ AR U R B AR Xu
S5 171 17 FH B T ORI 30 3 27 R L - BR B 75 VA A
TR YT R, WS e i A S Y A e
PR BLGR, BIF 7 B A ) 2 A0 S o e 280

w [ER ERBIAIE S (HHES: 91434130, 21776072) ¥ B4R

1 E1E#E. E-mail: liweif@ecust.edu.cn

© 2018 FEYIEF S Chinese Physical Society

DOI: 10.7498/aps.67.20172092

RIUREARL A2 X0 3R 3 J IS R K. — se 22 35 3 1)
DSMC(direct simulation Monte Carlo method) 1%
)8 i g < [ i e R REAT TS Du % B0 il
B0 ) DSMC J7 v i ] 4 o R AT 1A,
S5 R IR 4y D = A X ek FORLAIE A X\ kL
SO IX LA B BURL BT IX . Liu 2 10) 76 2% fg ks
B g % MR A BT 52 T, R FH 2k - = 4 (0 BR L -t
A% B 1 7925 ) DSMC AS DU i i o] 48 o it F9
ENRFEEAT T TT. (E 2 5 R R A AT
bt AR U R A AR S S AR A TR

M S R o RO S I A BE R AT BIE AT, K
DA s RTURL S5 9 48 BE 2 T K RS VAR ORI T 25
Cheng %5 M 3@ 1 SLIG A 70 R B 244 2 ML G 8
i A R R BETIN, 2578 AR ) LA IORLJE 5 Y
JEVBAAIURL I, T [l 2 UKL SR 3 P RORE 280 ) Dk
/b AR T V2 oKL B A2 N U TE . Cheng
5 (210 USSR I G dt 38 3 A 5 8 T 50 E 1 0
) 4% 17 S . Johnson A Gray [13) 45 ] 256 F1
B AT BOGS 8 2 RIURE S 0 488 o AR~ AR AT

http: //wulizb.iphy.ac.cn

104501-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20172092
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 10 (2018) 104501

THETE, RIS 2 R H TR KER B4
Boudet % 14151 F 57 7 A % J0hL S 9 48 o7 T IR K
R T Ef ORI 8 S30 45 R 1 7 AR R R A, R 3R
LI 3 U TR 1l 32 38 RIORE 5 ~F- i 2 TA) BE 452 T )
SR, BT, AN R A AR ) A S R S I e < [
BETHTHEAT T SRS F 70 110181, R S 26 B0k S o i
T BETH 52 RIRR I 5 EURTES, JOES T E%
D/d (D NWiHs EAT, d NRRIRLAT) 5 UKL 75
fi] 2 FRY M), (] IR ORI T AT UYL 21 B 5
(R SUEE KA, TR PR TR 80 2 2 R A RS I A
SE A EAE R TR ATE.

H AT v 1k, A R A 25 RORE 48 o I I BIE 7T
BRI, Huang 5 (19 75 X 8k B 0 33047 BF 70
FRO LA b, SR A RS R TV Rt P 0 A kL
SR T AT T AP, 25 BAR Y, A Ok
St Bt IS EA S d/ Diey (d NRURLRL
12, Diey NS EAR) 15 1) 351 58 HO fi < 18] 22
AR, (ERE BB R EE N, P R RORE S ve B
I BRI, Ge 55 PR H AR R N2 RE
B (EMMS) B0 1 799 JBERBURE S 37t {7k 4 o, 485
AR, fE oS E A E ST, B T S UL
2 RAEYRY;. O’Rourke Fl Snider 211 R f 3 F MP-
PIC (multiphase-particle-in-cell) 77 £ 1& IE BGK
(Bhatnagar, Gross, and Krook ) FURLAIL 1 5 73 %) A
5 UKL St I 0B o R AT BB, R B AN
R TIURSE [B) (1l 2 P B 7R S R 5 RURE S5 9 A0 A%
Jo o U BCAE B A U s 2 R UKL () Al e BELJE
VE RIS, W9 I RORE S I R AR il > [ IS =5 RE Al 4
BELJE R 5 [ra) S P A I, 8 o 5 1 RI0ORE & A= B0
Ellowitz (22 1 5% 31 2 Uk % B 48 o R I H 12K
MR GG, N T AR R, R &
AR TR EAT 1 REA0L. &5 B, VRO R UKL S
WS JE e AT ARG IR, BT SRR
AR IGR. EAEERZE, EIRBIEE Rk
SIS HHE AT IR, R R AT A R B Uk S
T T AT SERR AT AT

AL LA R B TR 5 22w B U N
W 5%, SR e T AR AG AN P45 A B 26 AP o A 2
RORLSRHAU AR R I FEREAT 1 SR I, 52 TR
LREAT S DA R 5[] 2 55 R 30 2R MR A Jhi
JETEAS ISEIE . AR SC B A48 735 0 25 UL SR A o A
o I A SR IRAR S5 A B FOE LB, Dy Tk S H

J 3 L I R S ORI o R S AR B IR M

2.1 SLIGEENRIE

8 5 R B 9 A AR FRE o S 06 s B R AR
Bl 1N, SEEGAEH IR T EAT, %5 PRI P ) 3%
BT BRAE XM P v e S S HESE T R, A
F) B — 72 ) BE. 52— A P (1 W vh i s, T R
VR R 2 SORL S U, AR S R o T BB B U 8
U 38 R AR RE R S R 70 AT B e AR
mEH DR ERE. WE () AE 1 (b) AR, &8
WM OB A2 D = 3 mm, MW I /20 h
60°, i EE L/D = 3 (L Wm0 i H 2%
PEES). WK BE SRR, % ¥ p, = 2490 kg/m?,
hifd D, = 82, 122, 184 f1246 pm. SE4H, R H
FASTCAM APX-RS ¢ & i 5454, £ 1300 W )
X 2 R AT RS, 20 5l AIUTHT (yoxr ~F-THT) FHIE
Tl (yoz ~FTHT) X UKL 1 o [X (1) 3 3% JE &S BEAT #145%,
FE AR 53 9 1000 fps 8% 3000 fps, PRGN IE]
91/8000 s, fata B 70 #1308 1024 x 1024,

SE S HA 1 A S0 S 75 [ 2%«

mp

‘,Bp = Auoppv (1)

Forf g WS O T Y B (my/s); my, AW
W B R (kg/s); pp N PR FE (kg/m3);
ANEE AT AN (m2), AT ISR IR R
SR 2045 B0 AN (5] 2000 S 00 2 ORI ) 75 ] 4.
I B HORE AN R RRORL R A% B ] 2 i R0k S I ok )
AT T, g5 R E 2 iR, SLinss R
FEH, A (A UK S IR FE T, R R A ] 2R
SRR b N (TR 2

SIS vh SR H PVED Y ORI 3O A 25
SRVURL ST 70 1 W55 I EH 10 P 8% T~ 350 3 B2 (o) 2647 U
B, 8 TR B TE A 5 HAH O R Bk I B R
BN E. HAH G bR H5h 2 5 R MR A () ZE AR B[R]
N, DR I R S i e o R — A [ R
I = 2.1 mm KA, BTV = 1/7 WA X B
PR NI Bl B2, Sge v I B OGBS/ T 20
W, MEARZE/NT 5%. B 1 (b) A % FRL S
R T BRI IR SR R R I R AL IR TR
N (yoz “FIHI) H, 38 PR ER 57 B[] P 35 0 11

104501-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 10 (2018) 104501

RLFE W% B AL B S0 R T8 BE ;i8I BRER 10
AN SRR 28 1o [F) — 7 B AL I [R], SRS TR
— N HHE 55 D 10 R BCT A, AT 5 3 2R 1
SUE IR fo; BURLIELE VR y i1 1E J7 ) b 796 AH 4R 9%
g ) P B e . 3B I & 500 3K S b i) IE TH
) T P Ry R SORE RS T 1 BT 43 i 4 B TE T

4@ @4
5}X Xw

125 2, 4-REE s 3, 5-i/ ] o- Dbk
T 8-pI RIEIEAT s O-EnIRRAX; 101 5EHL

(a)

K1 i SRS i A e e

TS (o) ST A (8). EMIHREE (yor
ST ) HR, S8 SO B AL ) o AR AR AR DA U
IRGIRIL Ap; BURLIE AR FR IR MR fr, B0 &
Tk 5 R SR IR AR f B R JTEAR. A
SCAE A SR M, [ — B R I E 104K,
10 RN B 45 R VbR e 5 Z2 48 B TR Z RS

]
e

(a) WK (b) WmEE

Fig. 1. Sketch of the experimental setup of dense granular impinging jets: (a) Flow chart; (b) flow diagram.
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Fig. 2. Solid content of different particle diameter

varies with granular jet velocity.
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Fig. 3. Flow regimes of dense granular impinging jets: (a), (¢) Water, ug = 1.46 m/s; (b), (f) Dp = 82 um, up = 1.41 m/s,
xp = 0.32; (¢), (g) Dp =122 um, ug = 1.39 m/s, zp = 0.23; (d), (h) Dp = 246 ym, ug = 1.64 m/s, =, = 0.13.
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(a), (d) uo =1.41 m/s, xzp = 0.33; (b), (e) up = 3.62 m/s,
zp = 0.25; (c), (f) uo =7.43 m/s, xp, = 0.20

Fig. 4. Images of surface waves of dense granular impinging jets at Dp = 82 ym: (a), (d) up = 1.41 m/s, zp = 0.33;
(b), (e) uo = 3.62 m/s, xp = 0.25; (¢), (f) up = 7.43 m/s, zp = 0.20.
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Abstract

Dense granular impinging jets widely exist in natural flow phenomena and industrial processes, such as the rapid
heating, cooling or drying, and gasification. It is important to investigate the factors influencing the flow patterns of
dense granular impinging jets and reveal the evolution rules of the flow patterns. The dynamic behaviors of the dense
granular impinging jets are experimentally studied by a high-speed camera and image processing software of Image J.
The effects of the particle diameter, the granular jet velocity (uo) and the solid content of the granular jet (xp) on flow
pattern of the granular impinging jet are investigated. Two flow regimes of the dense granular impinging jets, i.e., the
liquid-like granular film and the scattering pattern, are identified. The results show that with the increase of the particle
diameter and the granular jet velocity, both the solid content of the granular jet and the inter-particle collision frequency
decrease, which results in the transition of granular sheet to scattering pattern. With the increase of granular jet velocity,
the opening angle of the granular sheet from the side view increases, while the opening angle from the front view increases
first and sharply decreases later. The results also show that with the increase of the granular jet velocity, the liquid-like
granular film becomes unstable and a non-axisymmetric oscillation appears. And the amplitude and frequency of the
liquid-like granular film increase with granular jet velocity increasing, and are significantly affected by particle diameter.
The interesting behaviors of the liquid-like surface waves are observed on the granular sheet. The surface waves become
remarkable with the increase of the granular jet velocity, and their propagating velocities normalized by the granular jet
velocity vary from 0.7 to 0.9. The waves propagating on the granular sheet may emerge, which will reduce the frequencies
of the surface waves and increase the surface wavelengths. The results also show that the oscillation frequency of the
granular film nearly equals the pulsation frequency of the granular jet. It is indicated that the gas-solid interaction inside
the nozzle increases with granular jet velocity increasing, and causes the instability of the granular jet, resulting in the
non-axisymmetric oscillation on the granular sheet consequently. The results in this paper present significant knowledge
of the dense granular impinging jets and also provide some principles for the applications in dense granular impinging

jets in industrial processes.
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