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Binary Mixture Discharging Characteristics
of Pebble Cluster Flow and Pebble Flow in Pebble Bed

GE Liang', GUI Nan" ", YANG Xingtuan', TU Jiyuan'?, JIANG Shengyao'
(1. Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China;
2. School of Engineering , RMIT University , Melbourne VIC 3083, Australia)

Abstract: In order to better understand the flow features of binary mixtures in pebble
bed which is composed of pebble clusters and pebbles, discharging characteristics of the
binary mixture material of pebble cluster and pebbles were simulated by DEM. The peb-
ble cluster was composed of three particles connected by rigid bonds, forming angles of
60°, 90°, 120° and 180° and being discharged from the discharging hole at the bottom of
pebble bed with different number fractions. The discharging characteristics of pebble
clusters and pebbles of different number fractions and included angles were quantified.
The results show that the existence of pebble clusters can reduce the discharging rate,
and the degree of reduction is negatively correlated with the increase of the included

angles and the number fraction of pebble clusters. When the included angle and the
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number fraction of pebble clusters increase, the discharging rate reduces.

Key words: pebble bed; pebble flow; pebble cluster; binary mixture particle flow;

included angle; number fraction

TR RS AT BB A R il R LT o
(HTR-10) 52 Hy i 46 K 2= WF 61 19 . T 2003 4F A
k. f3as T BROR X HES B Bt m il <R
HEHE TS A 1 AR RE B R ) A 8 HE
T B S A N R SORE SR R R K
TEVS FN A T8 3 CAE S B0 T o HE 8 A i T
JE A 2 it e A PR A . BT | & A5 ks 11
PRI 3R OR =X TR AR HE e v oA R
A B RS AR AL e R BRI HE A,

£ HTR-10 HEER IR P HE 802 B A [F) B
A2 AR IR BR 2 B0 T ) IR B T SR A8 1 R 4 TR
T o AR OG5 B R BRI S SRRt T
T ZAERBEIE . W S T 5 58 B HE S R H
1 s 5 ) AT AR R U R A Y R
KLRl b 454 B B Tk (DEM) JF & T 4 R Y
TR FED L R BRI S B 78 oW LA
B ML DA 2 W HLA R S vk S a5
5 248 S AR DR B 9 6 EE G E L 8 UE T H A
HTR-10 (35S B 1T & B BR IR AN 776 iy B8
X, AT SE 5, DEM B fE 35 15 0k 4
W32 g2 m B R B W vk iz N R
TR R R A 5T

I OG T HECS K AR N KAt B Bl Y BL R
5T B AT X B4 4 BRI RRL R A A R
BR R HE N BR UL 12 B0 77 76 22 0k HAH 2 fik HL B A B
BILE | ] B R0 AN 3% 2 1 45 52 4% UL I 8l R 12
18 15 e ity S S R AR IR RE BR BT RE 2 A= B
BRI B BT A S 2 o Bk HE ik R 3h
TR BEAIG . A 3 — 25 R ABIE 5 Bk 3 Bl . 4t
TRk A0 BER AL R ) XL S SR OREER 1 37 3 )
P4 TR0 5 . AR 22 B0 B ) 380 1 A 43 1 4
Y U AR SORE BIF 5T BROR P9 BR R BR 2 G Bk
LB SRR O SN HE AR AR o A DL BRI AR
PE B T0I0 Aoy B AR AR

1 Tt EEB RIS G
1.1 #FEE

DEM [y Je 7 Ji 81001 3gh S 4 2R 30 B 5 %)
L R (VAR RGN DT o I TR S

T ST B PR TT AR A5 B AN W R G R ARG B AR
A, DEM FERPL F v, il i K 2 2 A4S sekk
U [0 1) DR V9 8 A 5 o fl 8l 462, 10 ) 55
1) 40 LR TR 5 E il JRE IO AE R RE 5 A RE T 1 P
AR 5 A AT R e B h B BRI 2 )
iz 3 2= 45 B T 3T T — B 2] J ks stk
A5 [E] A b DEM SE A 5 54 45 F 3h R i 4%
PN 3 BAR D R AT
dv;

7n,$=ZF:+F§ (@)

L%%ZZ)@ (2)
Horvom, (I co, Fow, 23050 g HERSBR ¢ 09 T 6
S B R X M FE Oy F R M
SIRHMERER ¢ 2 HEIR 5 M H R ) S, B
fish 3 FT 43 i T Rk g FORID) 1) 4 o F

P = ke — g (3)
F1 — kzgz 7,}/1(;&1 (4)
F' < uF" (5)

Horr ok F R 53 30 Ry v 1 A ) B R R
Y Ryt A3 Sk i AN B R B e A E
3 590 R 5 1) 0 AR R B s & R E Sy S Sk D ) i
7S TR B 5 0 S PEAEE BN

FE GG B g L TE 2 R Bk
WL FEAE T DEM MY e
1.2 itE&Es

AT R AT 13 R 5 52 B HTR-10
S 36y J g HE 3R R U] RST A [A] 32 %2l BR K IR
FEAA AT JEC 8 FNERE FT 3 38 o A, an i 1 pr
MmN BHOFEICRHN EESHY TR L. H
IR S HE T IR BN T B R 4 U A SO T T AR
HESBR LSS L R MES BR O 5 S PR R 0 Rk 4 K
I E AR d, =60 mm f IR, 55 2 FhdESBK Ny
HH 3 A~ B BORE 32 1800 BR AT L SOAR 9% 21 Bk T 1Y)
PABRORE B2 10 Ff BE AN R DA R BR T 5 BR R PN
IR B B A [ (5 P 22 3K AR 43 ) A 4
T 60=60°,90°,120°F1 180° 4 Ffr A [A] 1) Kl 422 e
. DRI XS R R, =N, ¢ N, =1 800 :
21 600,4 500 : 13 500,7 200 : 5 400 F1 9 000 : 0



24

B RS BRI S BRI TEBR IR N TR & HURHRPE B 5

237

S5 4 PP ERATECRE & LR 00, N O BRI BL
N, HBERAH,9 000 = 0 B MER IR A & 2R 1A
AR,

&1
Fig. 1

0 M 2

Experimental installation

of high temperature gas-cooled reactor

A S0 AR R 23 D T R BRI E R P A 2
R 00 B PR 2 S BR P R B BRAE BR R N B K 1
BE AL HE AR 0t I SRR 115G PR o 28 45 o 81 3 ARAR
TR JE AT ITEUR T R B

2 #RE5iTie
2.1 BEEREE

Bl 2 MR/ 0=90°F R, =1 : 12 Bk
P AN L BR TR A SRS FRAE ¢=5.10.20 s/ BBk
Gy A HEASEUEL R e, R R Bk A AS [ B
RN g RRAER HRB AR 3 3

A7 T 2 40 B R A ZR P JR T T BE DXR] R 3 Bk A

1 A R R AR
®1 HHEERIESH
Table 1 Parameter used in simulation
e i
et HAR 1.8m
it 3m
ST HHE A 30°
BB de 60 mm
0] 52 2R B e 0.97
¥ Rt E 1X107 Pa
FEE R EL 0.3
KT A 0 60°,90°,120°,180°
Bk A o 5 R, 1 800 : 21 600.,4 500 : 13 500,

7 200 5 400,9 000 : 0

(fafit k12 12,13 3.4 3.,9000:0)

ML 2 AT H S EURHA BRI 2 32 i R
1 i o L4 B3R — Rl AR T I 18] 14 8 R AR
SRy VR S A D B PG T Uy ¢ R 4 K
o FEEIBR G S BEA Y BE 2 TG 3L 6] 52
T AEBRR B4 1 AR L 5K AT AR A R ) 3 6] T
18 Bl FEHETE R A BRI o 120 2% B HE S BRI AR L
R d HOR AR . BEE R BROR A
SRR TH 1A 328 3 AL
2.2 HKEAMBERAMEESENHBERLY

A1)

Oy B 3t G A R AR 2 I Ay AR o B X

SR R B IR G SCHIERECR (B H A A

BR A B B A L ) 46 HE BT IS 4 3K 1A B AL 43 A= N,/Nq (6)
"""" 5 30r 3.0 205 KA
00 mi700
00 = S B i 600
00 St 2.5r 1500
00 B 1400
00 M1 300
00 2.0 2.0 W20
00  ohoatiRiiin.,. W1 100
o 00 o o RSN ey, W1 000
= = 1.5F = 1.5k -
[N N} [N
7
0 i.0r H300
z > ‘R0
0.51 e | 200 0.51 &Ry, | m200
S, x| MI100 s X~ =100
PN gmse 5 PN 3 o
0.0L, @ V7. 0.0 7 T
00 L Tww ~>—00 00—t @ > —00
VY03 i 0.0 VI 03 i 0.0
V2 006 i U 0306 e
P ¥ P ¥

Bl 2 MR EREDR T R (0=90", R, =1 : 12)
Fig. 2 Discharge of pebble for §=90° and R,=1: 12



238 BT RERIEHAR 5k

o e N, Dy e B 220 £ 30 280 Y B ER M Bk T R 2
s No g 40 Uy Sk BB R P B K A0 ok 1] 4 2

o AN TR $e e iy S A [a) 2R AT K o LU SR i
B VBRSO 7 HOH S AR AN 3.4 B

1.0r 1.0
0.8+ 0.8
= =
0.6t 0.6
2 04f 2 04
= =
02F 0.2
00 1 1 1 1 1 1 1 ] 00 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
EHUEH [A]/s VR ] /s
) ]
JEEY JEEN
47 il
e g
S &
&= &
0.0 1 1 1 1 1 1 1 1 . pip PP 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
EDRHE ) /s - [A] /5
&3 AN [m] Al 4 e A EVRL R BRI B & LY A2 A
Fig. 3 Percent of discharging particles at different included angles
1.0 R=1:12 a 1or R=1:3
4 6=60° 4 6=60°
0.8 * 4=90° 08 e 6=90°
2 <0=120° 2 <0=120°
T 06 » 6=180° o6k »o=180°
£ 04 £ 04
= kiny
0.2 0.2
00 1 1 1 1 1 1 1 | OO 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
EVRHE ] /s VR [A]/5
1.0 1.0
R,=9 000 : 0 d
0.8 0.8r A 0=60°
2 ® paid
o 06 o6 071207
i i > 0=180
§ 0.4 § 0.4f
ke ke
0.2 0.2r
0.0 1 1 0.04 >p 1 1 1 1 |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
EVEHEF [R]/s EPBHET TR /s
4 TR IR A EE o L R R BRI o B Al

Fig. 4 Percent of discharging particles at different number fractions



e B

RL A TR AT U 15 R U0 R PR DAY A 5 SR AR P B 5 239

B3 Bk AT e £ 8 B9 4 T2 T A [ 2K ]
Bk b b X R R R 8 R, T Pl 2R AT
R B ORE RO 85 T 0% I 20 I i ) 3K
o MIE 3 A B HBRECR A B
IR} [F) 72 4 K

MIEL 3 AT L FEE E S A 0 T, Fili 4 Bk A
WO i EE R BRI, A, B 7R A R A X
WY R, (5t 2 5 SO BRI R AR . A 4
2 B R, B3R ASTRDRG S i i 2, R
(14 22 7 0 22 T 4 K 3 b I it o ok P R 2
A8 AV S R A 25 1) 1 R AR 8 s PR A ok AT D
BER—AF 18 B B8 e B PSR A L fH
PR Bk P AN L B R H e 0 R 1R R S Bk AT Y
FEAERG S WA B B 0 J] B BR 1A/ B0 3K 1Y i % 701
AU HERIEA AR SR 3 A 2R A AF
TEARL 223G IS o [ BBk /2R AT 1Y) 5% s il 43 3 A
A0S A T Jon i A L 22 ] Y B 4 A BEL 3 L [
SR IAT B A7 2 R B S 1) R O 3 38 B T I
HIERH AR

oI 4 AT L R E R, T, BEE Rk
A0 BIZAE R R 0 R T 0D S RV R
F14 R AT £ P S A o AR 30 1 A SR e R R AR ) B
TRMAER . MR4E To S5 M BFIE, M HK O
HAERRTERERR 5 5 AT s 248 e
TR BRI FRBRGE B 1 T 1A T BROAT e L
W G AH AN 2 B A E B4 L AR T T 2 BR AT

— v./(m-s™h) — v/(m-s~)
3.0 —_0s 3.0r 4 —_ns
M- W-10
B-1.2 B-1.2
25k WS 25k W=y
l-30 30
W35 Hm-35
2.0F 2.0F
£ 1sp L5t
1.0F 1.0k
2 = [ ~
ge e [ pd
y Z =
. e
s e |
A1) T — oo, |
0.0 03 06 09 0.0 03 0.6 09
r/m r/m
0=60°, R=1: 12BREH  0=60°, R,=1 : 1283k

6=60°, R,=9 000 : 0Bk [H

Bl K B MR T (R, =9 000 : 0,0=60°
N O=90°) 1, A, il B [ 328 34 186 i % 31 b, X
F §=180°H R, =9 000 : 0 W {15 &L (&l 4d),
AT RE A A EVER B P R I T R
HH LGB R 3 R R A T R R B % . X R T
PE 1) B 2E 78 5 7 (9 9K 3l B 5 B T 4 2F 25 7
0 RN EVBR A 5 ER R I g Y .
I TEREAS BRIR N ASAE TR B IX

g5 AT UL K AT A7 AR SR R B U 2% G R}
TR S R BR A 14 A7 23 I SR i 2
P BR IR 2 e A RN B 7 b 3 Bk R 1 52
e 7]k 57 43 B
2.3 BRER N HERREK F 4 3E E 54T

Shy BRI 7 S Bk U 2 1R R L BROR
AR A 1] B g A A 1) s B ) BRSO Y TR A
SR A3 IR Gt 34— 15 2 PN AT 2 I s P BR A
LKA B 75 5 J) J7 0] i 38 B 43 it B g X B
JF1) 2B 49 {75 1) 30 28 o R v B g o ) R
S (SRR M 9 oo 511575 o P 2 = /N v (1 A

o, z%NLPsz(j,r,z,t) %)

Hodp N AR ) B R il ] 5 BE A = Y RS TN

BRI 35 BR 0 55 5 0. A 6 BR A Bl R E T )
7] bR A, AL ES R 5 PR

NGRSl R R I Y SR SR £

T RE A 5 A il g B L B S R O RGE, E

=1y =1

<
=
=)
wn
<
P
=)
wn

30r o Zlos 30r g Zlos
B Bl
25k W0 25k W50
B30 W30
B35 35
2.0k 20}k
15¢ 15k
l.Oli ].Ofrh
[ / [ =
o .
o o
OOIHI oo"‘ﬂ
[ E—
00 03 0.6 09 0.0 03 0.6 09
r/m r/m

£=120°, R =9 000 : OBk[H

5 TG i e R O R A Y 2 23 A

Fig. 5

Spatial distribution of mean velocity of pebble flow during discharging
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