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ABSTRACT

ABSTRACT

In order to solve the problem of vegetation restoration in the traditional heap
leaching of rare earths, a novel heap leaching technology suitable for vegetation
restoration has been creatively proposed. In the novel technology, rare earth ore is
horizontally stacked in stages, and the leaching liquid is laterally injected into the rare
earth pile from the side end so that space is reserved for vegetation restoration on the
top of the pile. This can achieve simultaneous rare earth leaching and vegetation
restoration in the heap leaching field, reducing ecological damage to the field. However,
a significant issue during the leaching process is the formation of the preferential flow
paths in the heap, which negatively affects both the leaching efficiency and stability of
the heap. Therefore, studying the formation mechanism and plug method of the
preferential flow paths during leaching process is of great significance for the
promotion and application of the novel heap leaching technology.

Aim at the lateral injection scheme of the novel heap leaching technology, this
study employed the method of combining laboratory experiments and numerical
simulation. The research aims to explore the formation mechanism of preferential flow
paths in the ion-adsorbed rare earth heap under lateral injection, and assess the effect
of the formation and distribution of preferential flow paths on leaching efficiency. A
method for plugging preferential flow paths in the rare earth heap using rare earth fine
particles was proposed and analyzed. The main conclusion are as follows:

(1) An indoor model experiment was carried out to reveal the formation of
preferential flow paths under lateral injection. The results indicate that, under lateral
injection conditions, rare earth fine particles move away from the injection end and
migrate towards the lower part of the heap. The migration of fine particles led to the
lack of filling between the coarse particle skeleton in local positions, thus forming
preferential flow paths. Preferential flow paths mainly appear at the position near the
injection end of the lower part of the heap, where the hydraulic pressure is higher. The
appearance of preferential flow paths causes the permeability of the lower part of the
heap to be significantly faster than that of the upper part.

(2) The particle migration rules and permeability characteristics of ion-adsorption
rare earth heap under lateral injection conditions were studied by indoor model

experiments. The effect of particle combinations at different particle sizes on the
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ABSTRACT

permeability of the heap was analyzed, and the formation mechanism of preferential
flow paths in the ion-adsorption rare earth heap under lateral injection conditions was
revealed. The results indicate that, with an increase in the injection pressure of the
leaching solution, the movement of rare earth fine particles can be divided into stable,
mobilization, deposition, and re-mobilization stages, resulting in changes in
permeability coefficients of rare earth, which presents a process of stable, gradually
increasing, stable again, and increasing again. The migration and exudation of the fine
rare earth particles result in uneven distribution of the permeability in the pile.
Specifically, the permeability is higher at both ends and lower in the middle of the rare
earth pile. The particle combinations at different particle sizes have an important effect
on the permeability of the rare earth pile under lateral injection conditions. For soils
with a coarse-fine particle combination, fine particles migrate more easily and difficult
to deposition, leading to the formation of preferential flow paths. While for soils with
a medium-fine particle combination, the degree of fine particle migration is relatively
low, and the permeability coefficient changes more slowly with increasing pressure
head.

(3) The numerical simulation based on the Dual-Permeability model in COMSOL
was used. In this study, the seepage characteristics of leaching solution in rare earth pile
with preferential flow paths were studied, and the influence of the formation and
distribution of preferential flow paths on the leaching efficiency of heap was analyzed.
The results indicate that, the development area, development angle, and proportion of
preferential flow paths have a significant impact on the seepage characteristics and the
leaching efficiency, while the transformation degree between the matrix domain and
preferential flow domain has a minor effect. The existence of preferential flow paths
accelerated the seepage of leaching solution to the bottom of the pile and the advance
speed of the wetting front in the development area. This causes a slower increase in the
saturation rate at the top of the heap, making it difficult to reach saturation. When the
preferential flow paths are fully developed inside the heap, the leaching area decreases
the most. When the development angle of preferential flow paths is 45°, the water
exchange between the preferential flow domain and the matrix domain is the strongest,
and the leaching efficiency is reduced the most, by 28.09%. As the proportion of
preferential flow paths increases, the time of water exchange is advanced, and the
leaching efficiency decreases. With the increase of the transition coefficient between

the matrix domain and the preferential flow domain, the degree of water exchange
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ABSTRACT

between the preferential flow domain and the matrix domain increases, but the impact
on leaching efficiency is relatively small.

(4) Aiming at the formation mechanism of preferential flow paths in ion-
adsorption rare earth heap under lateral injection conditions, a plugging technique of
injecting fine particle slurry into the preferential flow paths was proposed. A model
experiment was conducted to validate the effectiveness of the plugging technique. The
results indicate that, the smaller the particle size of rare earth particles in the plugging
slurry, the better the stability of the slurry, and the less likely the particles are to settle.
Using 0.15 mm rare earth particles as the plugging material is effective. The effective
plugging area is mainly distributed near the ore leaching inlet. As the proportion of fine
particles in the plugging slurry increases, the formation time and position of the
plugging area will shift forward. After plugging, the seepage flow decreases, among
which the slurry with rare earth particle content of 30% and 40% has the smallest

seepage flow.

Key Words: lonic rare earth; Heap leaching; Preferential flow paths; Particle migration;

Plugging
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B R 0L R RIS IR TR AT T 158 R B AR I MERHR R 5
M, RIFETEE NS GR E, BEAESS RS, BRECREK. Fit,
A L ET TR TR B A A AR AT IR T 2 IE R LSS T T L

A ARIE 7T 5 B TR AR IR AT R BB AR AR, A7 IR RURE (R0 E A\ s
LA HBER T FUR D, Hor, BRI AN RPRAR A & X L2 T TE 1 s i 1
I T UKL IC 2 SRV A5 15 V(1 B R 38— OO, el iad s | e Bt 7
Mo L0 (BRI ZRIC , FT LA B 32 B IR BCR IIPE A« FHH AR ORI 1
FOURELEA) 2 B0 B T R LR R B A ROR R o el i, A L HE AR
A R Tl T B R BOAS [RDRE AR R RSORE 43 B8 1871 S [ WA RORE 2 () 2> 3R 4T B
A, IXRMAE M L HE B R A RBURLZEC I F AR ™% 55 A T AL T R R RORL -
T T - HE A G AR R VU SR IR A B A [V NIRRT
HEAR TR I A2 SR o DR ERIE TR 0 E WBUR A T AN RDRLAR 2 & X HE AR NI B TR
SAMR, AT DA I T SR i ROR IR 2

PRI, AR 5 S 06 S B R R VRV A T (T A AR R AT 1 /N AR A K
¥, IR T, W T ICHEIE R F ARG, R AT, dEaR
TR RO R AL FB B IE T B HE— 0, I B AT B — R DA
AR R R o e e, DAREAUORT AR A HE IRy e DR
TR AT R RURL R BC R HE, 50 ) = RIS RPRLAR 2L 5 I P R4 2 T EAT 4 65
THEE AR, 45538 R R E R /T AR B AR, i 1
R AR VI A UKL IE A2 X HEAR (R I2 B VE RN, WE T 1 ASFRPRLAR L S X L9532
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22 BRI RGNS ERAR

2.2.1 FiBBH RGN

N T FRAR iR L HEARIR O R R R IR, B T — R A
AR08l iR R A oy T AR AR, B GATHE BB AL, JE B iR
MHEAR R TRATIE S, RORUESERERE A 7 A R, HHEAR S/ AR
R RWE 2-1 iR B2, TEAER 1L R BE— i A e J i 1 o sy
(RIHEIR S, 75 I 2 2 T AT B AN 32 7K 0 HR o T8 iy S o R T U VR Y
Jibus %Eﬁ%ﬁﬁh&ﬁﬁﬁﬁ&kﬁﬁ$ RIG, T I R B RS
i B P 2 55 321, [ I DRAIEAT™ HE LA 1R 2 S FEE RS 02 R 330006 2 0 HH RACR AT HE
OB LR . BEERY BUKCHEAND S, A | SRR . 561
PR TERST , W 5 1| GO HE B AR5 | HEAARSS1, [RIRF, (E28 | EfE
TS AT R R TAE . L RERE AR, B LRk 8K, LR URIiE
WK ST WAE R AT . TERPHERANRBUS R, 2 &S W IR E 77, A
DRAEJS SR I IE R o 3 B B — IR R S5 PRI, e B AR I
(I AR % 4G

BT
Fo L7 M Wi

Y Y Y Y

SIS S ST

MR REREE R A
2-1 HEARGSR MR IR T %
I A BAR P 5 FEE AT ORI AIT 0 1 AN RISy 35 AN HE B A JRE 2% TR B0 SRR
ETE ﬁn%% HE B A X HEARAR RE PERZN , TTSBE e A A 0 HE AR AR R K
SRR TP THE, 753 13 B R A A RV, DO R R A
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R HE B KR E/NT 10 m.

222 HEERF T

M L HER SR IR R AR T R, BRI

(1) TEM: L0 FE U B o il 3 B BV W, B EEE AN 50
mm [ PE &, WmZEEMAERN 20 mm ) PE & . [FN, 7640 BEFERE W
IRl b, B T RIBARBIANE KR, FEM BN S B R Ok, IR
1) 5 5 0 ) 3 B 7 1) 52 3°-5O AR A 5

() Bk N2 RATHEE, T B TR 1) HEE 7 R B35 T S OR B0 R
HEBIZIR, S EE 3, EWGEAE 10m-15m 28], FFA% S gl i
(R4 A DR AR e M, 7E 50°-60°Z [ . MEBESEUG, 15 % Juka e B A o
el A B ARV, 1) A E B T 1 ) — N B S AR VIR, A A 0 D A AR R
[FIIF, R T AR 0 B e B I b, 7 8 3R AT o 3 2 S A VR ) P e T

(3) MR E E NG, BammEE, FAERE MSHRIR . 1E
W AAIB G HEIZ (R AR o, S T VRV P TR VR BT T B R & G A
IEH AR B AR ISR, AR TR A AR TR L TR WER A B fE 5 —
RIPARKHERINT, AT — BRI AR TR AT AR B

(4) ke — WA IR DR B B PRGN, R BB R AR HER O 45
Wo Meif, fEfRfE — AR TRE AT B S .

MR VEROE R, TR TS

(1) FIHF AR, R ERE WENET TR 28 1 Rk r &
BV AN 5 S VR R s L BRI AR . IR TE R, 38 T AR 1) - R e
i, A T AL, 2B T iR B AR BT S A TR T A

(2) 25 T ZBARIIAZE K M 385 58 — R I IR SR R . AR 1 Uk
(R0 BRHEIZ 5 11 it [RIITAESE 1 A B TS gEAT i 12 2

(3) 2B W LA MR SRR A I H R, BRATHR, RIBFERT—H
WAk TS HEAT R 1B

23 MENERFH TR GBS ERBENERS 5%

2.3.1 BTN MEHE T ERER KW

(1) LFEPER
AR E VL A s T R B AL R R £, W 22 Fr.
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RER BT YN IS RS (15-40%) f19E (40-45%). FRA (B
KA1 (10-25%) =B (5%), WU b 94% 454 o XLl PIAL 22 4 £ 208 Si0,
(67-78%) Fl ALOs3 (5-19%) . EH%E N K20 (0.3-6%), H X/ NaO (0.1-5%)-+
Fe:03 (0.7-2.5%). Fe3s04. MgO. CaO. NaO 1 KoO & EIHAL, X5 8%,
WA (B TR TP HE) o L REREAT 1 LEE I DL R RIORE 2 I 73 B ik e

e _

W

(a) YLVG% 2 B Jb B8 1 b 24 A% -0 (b) BERIRERRES TR
2-2 B P B AR A

SR FH B R 5 B8 W P B AR A 1 L . AR RIS T AR AT, ek b E R
BT, BEJR BB T R N LU . O TR Bk 8] i 2SR AT REHE
KA LRI E R 22, RS LR, R IR E .
e, ALK, SfFREREER. AR, RENSREME 0.001 g, %
HELL N AT

m
m, +m;j -m G (21)

bws

i, ma AT LERRE, g mow NHCERSKALERE, g mows AZK. EEEIR
MTFLHETE, g Gur N IPCTHAUKKIHLE: G Al HFERIEE . 5k
2-1 o, il be ks T BAAS 208 L AR EE Dy 2,587

% 2-1 WL LRI LRI R

G_

S

ma/g Mpw/g Mpws/g 7/°C Gur G, P15
12.548 77.473 85.172 29 0.996 2.577 5 587
12.308 77.501 85.09 30 0.996 2.597 ’

Wi 2-3, W FEEAT T E AR . W TR T, FERRE
TR AT ORUER T BURL R A7 R 0 73 5k, ARG ML AR 57 43 [ s i) 2220
10 min. ¢ i W55 — 0 AR L R R &, THEA BRI FRAA R L EE,
W 2-4 PR ECIRIR A R . MR P i M) 45 5, Rt/ T 0.25
mm 35 [ ERL & 51.1%, RIARLE 0.25-2 mm Y6 R 5 23.2%, R KT 2
mm R 5 25.7%. I H 8735+ LA dios dsos deo 23514 0.041 mm. 0.09
mm A 0.6 mm, 15 27 LRI ) R 8L C AT 2 R 5L C 43R 14.63,0.33,
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VLB TR MR LR R B BRORIAT, B THLBURL kL R . 75
RESI LA B, A2 e R P T Al 2 A BORL 2 PP T AS , J5 BRI e
BRI .

100

il

60 N

; TN,

20 \
\

10 1 0.1 0.01
KrAzimm

ANz AR TR U %

R 2-4 W IR - 1 0 2 T

(2) W58 77

N T W FEAERE R TE NS5 PF T # LM Hp L BB R IE (O T K, 7535 B 3%
B R AT T NEBARNRK, oREREWE 2-5@)FTn. R AT EREEATHET
Bt e H B RS R HER R A o, Wi 2-5(0) TR . (EHERGTRE T, BUHESY
JEIESE, BEBEENR 2 em. B TR T L E, LRI
EPEHIE 1.0. DR EHEAEEN 025 m, EEKEN 04 m, FEHEKEN
0.65m, JEFEN 028 m. TEF N 2R HLIBAR, M /NEUHER I NVRAA . TEHEMR
FBERAE 2 8], Fl A — 2 AL S SRR EAT 7 85 o Bt FE b, o 7K Sk
(RAFE 025 m, SHERBER S EAE. B MAUKAE A-E W EHEK Py B A
IKBLER AL
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WRKALE  HoRsE
WHERE Mtk T G

y

wE WE WE WE WE
E D C B A

i a

(a) /MBS E K (b) /NG LM
K 2-5 AL L HER AR Y 1

232 B ERBENLZBESHH

FERE R R T, RIS IRIEE . AT 04, FEHEARIE RN
(BTl B2 T K. TEERARZRA 10 NI, Gl 2-6 Fias. W% A R
N 0.05 m, BARFEANTFMGE, EHEAR TN 10 50 AR T st s s iE
(Preferential flow path), iC.4 PFP. W/ NG, 1230 38 4 (6 30 2R B WA N3 0.15
m INLE, Wk 2-6(a). ERARIEN 20 /NG, BBk R E E 9 5 M0 % 55 b
T, ZAETE FE A B P BRI N 0.25 m (IALE, i 2-6(b)Fin. ME, %t
HBREIEE T ERRE, WK 2-6(c). /EMKR MRS, #a BB

B BIIEIE » FEMFEREEAE T, BB 2R B ST«
AR E

M 2-6 W] ULE Y, HEVRTT B AR H DR T TS AR B o XA 2 DX D AE
BEFERCR , R A BB EVERI I, £E T=2h I, G AR A L2240
SE TR EE 0.15 mo £E 7=20 h I, IREBUUHEIELEM O SN, JRABHIAE
) B L 2 A5 TS ) B 0.20 mo I8 395 I A 1A 1R B AT 1 1 2 {0 S #8 ¥
PRFEBNAF PR o IX T T IL B2 T - S PR AR AL Bl 2l IR S 6
FOURE 2 [ BRI st 1], 5 35000 AR LR A 5 SO AS AR 5 AT FEAIR 7 HEAAR FR9R HE 25
o Bk, UM AR PR SE IEE B L BAT BB

EERRZ, AR T, 2 7=20 h J5F AR, REEE AT
BRI . B, AMEME A I, DU IRIEIE 1A B INE 1 HEAR
PSRRI B, S TR R N U AEHE AR BB RACR . LA B
CRESPRT B BRI SIS, EXRMRARAR ST LR B el . XA
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HEAAR 1 L R DX 3T ARl ) DT 52 0 8 S By R = IR B

(a) T=2h (b) =20 h

(c) =30 h
Kl 2-6 fLABRBIE MR E 5901

233 BIEFRERIR

FERHBRBERE X A9, 10 ALELL), HFIFICRE] 1L BE LR+
BRe R IR, BRI RE 8 — MEAE b, Wl 2-7 B, B 12 T
Wy HES, 18] T RG22 0.5 s A A ] ARG B ) A LR 342 il 38 A W] S 1
WIS A2 5 AR AL, S P o) Y Y = R R ELAL, g HL5 ) e X3 e
WIXFEE, S AR ERTE T, A 2-7(a) Fras i = M 2k o7 B A A8 TE $ 5 A B
BER  Fe R BN R A B ORISR 78 5 T sk B 5 ) B X 3TE i e B X L
B HREEROE, & 2-7(d) B 1 = AN RE 2o B AR B R BRI B B, 1
WS A M EARORIETE . £ MEA T, PUE 2-7()fFulgaaiS 7], fE255 0.5 s I
(P& 2-7b) FEIT I Ui 10 7 7L (A A ) ) B2 o7 B A ) 4 50 T I A ks, IR A
LRI 46 A1 6 B A, B HEATIERS s E5 1.0 s (& 2-To)rhlal i B At

15



O 2 B OHTM L HERR LS IS B IE I L EE

(VR B4 a8 1 1 58 B8 AR T 4R ARSI, LIS A - OREIE 2 &8 v i 2 A &
RS 1.5 s WF(E 2-7d), Ao fe) e 2 A 2 Ak ) e 34 30 3 1 260 356 1 - G AR 1S A58

BEES 3 - RORLIE 2 LB U IE ) R s 7E28 2.0 s B (& 2-7e), A M) R £z
BAR B FA B TE I FE B B ASDRA 2 N TE BT, I B a2 B Ak P A - ROR 45 1 ) ot R
u AL BT 7E5 2.5 s (B 2-70), RABMBIE N ERISIEW, N —4
SURLIE RS 45 7 L P b = A R AL BRI A B A, 0% ELULHL T
ey AEN

~

(e) % 2.0s (H #25s
2-7 PRBIEIE T RRLE

234 BB SENTH

W 2d Ja, WEEEAUKELE A-E KBUHEGA N IR AR LR AR, W]
LRI HEAAR IR BT AR B B i KAE SRR 15 IEMRATE N, 23 JIE 10 DRI C1-
10 SR 0D, R TIFEREA mHC e R R . Kl UR B L3t
BT, BEATIR S, SRR HUE % RO SRR RTRI S, IR 2-2 PR
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R 2-2 IR A BRI AR - R RORE 2

LI R PR EY 0% >().25 mm
>2 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm
1 25.39 12.78 15.88 14.63 68.70
2 22.91 12.52 18.91 15.70 70.04
3 25.09 13.42 17.33 16.44 72.28
4 21.01 8.68 12.24 10.75 52.69
5 20.57 9.30 13.29 12.19 55.35
6 22.29 9.83 14.25 13.40 59.77
7 21.53 9.23 14.47 14.08 59.31
8 21.89 10.32 15.37 11.91 59.48
9 23.56 14.22 17.14 16.15 71.07
10 20.42 12.12 17.71 15.33 65.58
Ji & 7B %
AL R 0.075-0.25 0.058-0.075 0.038-0.058 <0.25 mm
<0.038 mm
mm mm mm
1 26.94 0.17 0.00 4.19 31.30
2 28.24 0.13 0.00 1.59 29.96
3 23.25 0.10 0.00 4.37 27.72
4 43.66 3.22 0.15 0.28 47.31
5 41.62 2.34 0.04 0.65 44.65
6 38.04 1.50 0.00 0.69 40.23
7 38.53 2.07 0.09 0.00 40.69
8 38.2 2.18 0.11 0.00 40.52
9 26.92 0.31 0.00 1.70 28.93
10 32.68 0.43 0.04 1.26 34.42

FEARZRFTEN, Behifm/ N T 0.25 mm I 50k AE A 4000, 25 W00 543 (4 4
R BT 5 AR B b, I 2-8 . AT 5B A b AR R 1 J5R B0 %
(AR, DARE By o PR K P BE B R, AHRORE IR & ORI, o T T
WA 1-3 5. FEN AT 4-6 5 LUSJRHN AL 7-10 5, Wi 2-9 Fis. f£1-6 50
s G W BAR BB REIE R X0, 1205 SHBURL ) BT R 2 508 25 B B2 A
9N it B 2 B N G . AR, TRV AT, AN s b B R R B
SEMIFI . B 2-9 FO4s ST, 7ERE RS T IR I fE b, B P imfEm,
SHAORE LAKSP FBER I 7 20, A1 32 B9 Vi 1) 5 TR E A%« 0of L 8 7 1) 4110
RLFT 5 S TR R b, TR I, w2 B A 4-6 BIZRIURL ¥ 5 5 43 40 T AH
AP EE B 1) EE RN A 1-3. IX ARG QURURK S AT RS Ah, iR 2iE
# B B R R BARHI X 8. SR, TERE 7. 8 SWL s i 40 BRL ot & 7 %3
T2 4 SN s, ZZEN A 7. 8 AT IIIT, X PIAS I 5 Ak (20
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WKL) HEAR MBI, W 2-10 Fiom. X SECT 7EIX AN UM 5 L i 4m sk 1)
JR B BRI AT, BEAR /N T 0.25 mm ISR & RN 51.1%. 1= S,
ANE] AR RIAE /N T 0.25 mm BIAIRL ) BB 808/ T 51.1%. XK, iR
Ferb, Wi L 4ERURL 21T 7% 198 h B HER AN

£ 9. 10 S A CH B BALABHUEIE I X0, X W A AR ) T &
G357 N 28.93%F1 34.42%, S fI% T LB Ao XMW, HAIAL TR
ISV TE R A0 RN 50 2 7 IR AE A BB A B o 4 RE R 2 T 1) 1] PR A
—EREE EARANRURI I AR I, I SLIR RS, B T AR AIS EE P R
Ho hAh, BEAE BRI IE B HGN, AR BNRE T A A O T e .
PRI, S5 s UKL R FH AR AR R sk 1 o DR, FEHEAR HRI& A T BT 2 A 4
BIIEIE

I R RO I A AT AT RN, FERE AR AT, R L A ROR e v V
HHEAR S ER T [0 3% o HRORE I8 3 BOLE S i 7 L PR RELRIORE 1 B 2 Tk = 3
7, FERERAMILBEEEKR, TERRBBmRIEE . XL/ SRR %
B Rl HADAL B, SNSRI SR T 1207 B ACKH OR8] () (R BR A 3 7S, AT 1k
TIBBRmIERE D RE .

(@)
3L 0%1 29.96%.2 24,43%.3 |.r>§
Lo
N~

|

4731%, 44.65%,; 40.23%,

6
Lo

40069% _4052% 28.93%  34.42% |™
.7 .8 [ ] PFP Iloo

170 115 165 165 3
] 2-8 2% WL s 4O P o B B (B 2 : mm)

4
5 - i

= 45 a7

= 6 -~ 8 7

Laof & A--o-oA

I® 110

W35 A,

=0 ' —m— [

il ey ]

3 9 - &= PRI

25¢ < e - R A

0 100 200 300 400 500 600
B A I Y K B B /mm

B 2-9 AU s TR ) 5T e F AR A
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Pl 2-10 4HRURL [ HEARSMAS

2.4 NEREELIFAE SIS S RBER M

241 B ESEPHNFRI R

EHEE R, BRI T /2 T SBORE N S5 SR R R — . (e
AR, 2 s g E AR TG IT B i M R Az s e e
BEAT T WEFE, Allam SFOERTA MBI BOMUEE AR, 3500 AL RORL AT A 7R
VR PR o X BB OREAR: (R UM AE A4 R A HE R R T A A SR 23 2 L O
R E MR, O RORLAE TR R b 2 s WHE AR THTAE V& 213 H R 7
TEBURERBURLR . THER UL N 70 IR R I, 8] 2-11 JRoR T HEBE R
R AT I SR i o ZEMREIE R o eh T O T 0 110 5 B8O RDRLAZ B 23 i 1A,
AN FRAR RN 2 8] 2 34T BT &, VRS A 3 B O RIORE D AN R )™ 1 4%
A T SRR BRI . BRI, D 13— Pt ORI R rh A 348 i il 1
FERALEE, 5 SR 7T roR AN R R AR RO AL 5 A F Dy S 56 A8 B g EAT T I

P iR
P 2-11 HfE B R i X RORL O
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2.4.2 {ERGK IS

(1) 53 E

FIH BAT SRR B AT 1M RS AR R AR A, Wil 2-12
FiR. Zign e BEon s B A 2- 12, S0 E HiER RS B, B9
KEERG =, WK 2-12(b). (c)-

TV 2R 48 R SCHE SR AN A IR 1) ) VAR 28 Ak VAR B AR IR 5 BT A A
%,

R BB A 5 SRR 2, FFIEIL LA 0.4 em 2 LIRS B R =AM X
fo Ao XIBOMEN R IX, A HBCE S S RO IR A RN A S b2 A
H, ZrXAMBEEERN 0.8 cm KM AT RERSERIE 2 b H 2 &
R, Bk SN R X3, PRI T BRI, IR TR 2 4%
MIXES, HESERUFT . 800 X R G N, TSGR . Ha X 38 e
TREHERX, T HEE R A, R E MRS N 25 cmx15 emx10 cm. 7E5E
BREOAE EHER A, HEAREER 2 DL 1-3%M0 3 B iR,  DUEIR T LAV E H
Heth, N TR AR LRGSR AR R, R XU BN 2% . 7
Hh ] X sk ) — M FEE 7 DML EE A 5 em AOFLIR, T B 0 B e 3R 56 B P4 35
(L BSZK H 7 S 88 RASE 2R AR A0 B M SR AR A o 12 DX PR T 1 B 2 B, E K
IO L FE RS B, B bR N IO v RS AR SR R R . A5
IR, T USSR A b .

Bl RE RS CYY2 BUALIR/K B S48 % . B RN B H
TR AR RS R LR K R A5 S 5 5 .

TRI6 R FH ] 2 S B A 7 IR BR B A AR R IV IR, Wi 2-13 o, 754
IKVE NN RIIER, FCEIRE N 2% B EREAE IR W e LA IR
A VR KA, A5 R R IS () R B A ik Sk Ho
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————— - ————— -

N %07
I TS AL HEEREN | 6 s AD
! D/ !
:@ﬁ o TRETL B2
T — Hem N L2 J
1T \"
- L
H
1 CUC I o
R B /
- - ZEhIX /7

ey FE TR R AR

]

(b) FHERERS (c) ARSIyt &
K] 2-12 MEAYIG ARG B

2-13 FRIRYL Sk

(2) I LR FE 53R
RN w0 5 b IV B\ D 21 o L 0 e A e R = R e A ¥ B
TR 2, 32BN FRRARRZAL, 5 5 Aki4£<0.15 mm. Fifz 0.15-0.25
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mm- 42 0.25-0.60 mm. HifE 0.60-1.18 mm. Kif% 1.18-2.35 mm. iz 2.35-5.00
mm. Fif£>5.00 mm, FRJ5HETX-GAHARRASH E 5% LA, WK 2-14 Fros.
B B 5 A 25 7 B A RN C I R, AR AR UGREG AR L FE ST

N G CRIE, A SO RAR KT 2.35 mm FREZH A R BURSS s RiARTE 0.25-
2.35 mm YO AR T O 2E RiAR /N T 0.25 mm (PRI IH 4R 2. DA
P LA ST -CARAR BRI & BN AR, K Bl SRR ZH (4% 0 FE AR S -8
FORLZH A T FE S2; W B AR AR 21 1M LA FEAVE VR - BRI 4 & A S35 KBk
HORLAE 8 A B E R - Bk 20 A 4 S4. HFE S1-S4 1R85k 2 & 5 #,

WK 2-3. S BRI 2L, WK 2-15 B,

K 2-14 350 AR T o A e B

1—Hi4£<0.15 mm; 2—FifE N 0.15-0.25 mm; 3—FifE AN 0.25-0.60 mm; 4—FifE A 0.60-

1.18 mm; 5—Fife N 1.18-2.35 mm; 6—Fife N 2.35-5 mm; 7—HifE>5 mm
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2 & AR L HERR U e L 2

K 2-3 DURPES A I AR 5 B0 2

HORL /%
SR ) FifE/mm - - : :
o - L F S1 RS2 L S3 LS4
X <0.15 37.70 50.54 0 50.73
S
0.15-0.25 11.21 15.04 0 15.08
0.25-0.60 11.13 14.92 21.79
R 0.60-1.18 8.11 10.87 15.87
1.18-2.35 6.44 8.63 12.61
2.35-5.00 22.72 0 44.47 30.57
ek ik
HLE >5.00 2.69 0 5.7 3.62
© 100 © 100
;: 80 & 80
5 L
5;‘ 60 F i;’ 60 |- \ it
2 &
= 40 = 40 i
X 20 X 20
He H
_:” 0 1 —:" 0 {
10 1 0.1 0.01 10 1 0.1 0.01
$i41%/mm $i1%/mm
(a) S1 HF¢ (b) S2 k¢
© 100 ° 100
= 1\ g |\
&R 80 & 80
= Hm
5; 60 1\ 1 ?g/ 60_\\ |
= = \\
-+ 40 | - 40
4= 41
:§ 20 :;\S 20 N
A \ T N
= 0 | =T
10 1 0.1 0.01 10 1 0.1 0.01
$i41%/mm Fi4%/mm
(c) S3 k¢ (d) S4 -t

B 2-15 & 2H A R0kL 2% e ith 2&
FEIR 2-3 B MR &0 BUH AT AR E IO R, BRI Ao s T
By AKIRBILIHEIE, B EIEE EEHIE 2 cm, B LA B S m, £ )2

A8 A FEAT B B AL
(3) IR

ARSI 5 ZEIR T IR B R ACKIF AR Kk /RS E NS
e, BRI TG RE AT, S Bl AT A b 3 . e,
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BEBOKR H B SR BUME, ff - EREE e tAg, B stk
k Ho MEICIMN 1L A-D AL FLRR/KE A UL BT R BERUK Sk H 721
U RGNS A-D HEATIE S, Wi 2-16 s, DY A7 TR 7K
ek b, B R HEAR TR 7.5 cm, AHARIN AL B A TEIEE Y 5 em, A S 00 2 R HE
P KB N 5 eme B R R GUEE 1 min K&K & A-D (FLEKE
T8, HES: 5 UCREM U TR AN, S ZEBKk B L
ik Bk RS, RRIEFIE I A A-D (R FLEK B 77800 S B & ;
1M JE R0 2 em WUEEBOK k. ER L EIRK DR, HERIBKEBRERIRE
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223 55 2 TR I T 7 RT LUK, B IR AT A Ok AE T B HE AR A 1 is S
SXIG B LA HEB I I I O VR VRAE HEAR (RIS IR AR R TR e IR U —
T LR R A, ARV 2 B AR LT L T R R IR A S B R A AL T B0
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A BRI FUAR SIS I I8 X AL b HE AR R R R

MABTIEE N AR 2%, B BTSRRI A — N EE s s
JEANIG, PRFS B TE RN BT A% B3 AR B 520 AT DL I ) AL AR T 34T
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3, XA TR LSRR S8R, R (EML3EmiEE),
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Rz RBURA AL HEAR N HAE S S B0, RIFTIE IR/ NS IR, PRk
B RN G . SR 1T, £ GEH Richards 5 F2 2K I X — AR 2 i sh B % 48
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3.2.1 {EfRFNERIAITHI T IE

XA AREAT L, 3 AR B AT 7K R A I TR 2 ] £ AR
1M AR o 3R At 7K BE T 75025 7K B 7 A n] DI I 44472 i) 0 R R R HL
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M, WFCONESEEE, ik 3-1 fros.

X q,AxAy

(qz + %Az) AxAy
B 3-1 A B T A A 03 e e S
R AR BTG, H A A TE T 3K
d,, = p(4,AyAz+q AXAZ +0,AXAY) (3.1)
A, A A BT i S KR N

q
= + X
qout p[(qx ax

0
AX)AYAz +(q, + %Ay)AxAz +(q, + aaqz AZ)AxAy]  (3.2)
z

Hrh, p RIRRRIEE, kgm®s g @5 ¢ 308 x y Az TR E, m/s.
MR B R, — AR TT, ERRS R FE B K E ST
?%ﬁ%’ .[-H:'

aq aq

- p(—= AXAYAZ + — AXAYAz + o, AXAYAZ) = (pb) AXAYAz (3.3)
OX oy 0 ot

E3
bSOy IR RS T AR T R, & AN S AR R S A A SERR Y
TARE R, V83 R BOMIE U 1 KR Z I8 A PA R 5% &
oh
q, = —kx(hs)a—
X
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