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Abstract: Aiming at the problems of gas lift reverse circulation shaft washing slag discharge and low drilling efficiency in
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the application of vertical shaft drilling method in the Jurassic strata coal mines in western China, taking ¢4.2 m advanced
drilling of central return air shaft in the Kekegai coal mine as the engineering background, based on the CFD-DEM (com-
putational fluid dynamics and discrete element method coupling) research method, a gas-liquid-solid multiphase coupling
slag discharge numerical model is established, which reveals the velocity and pressure distribution law of the flow field in
the slag discharge pipe and the bottom hole. Based on the self-developed gas lift reverse circulation slag discharge test
device, the correctness of the flow field distribution is verified by PIV (Particle Image Velocimetry) test technology. The
evaluation index and method of optimizing cutter head suction port are put forward. The number, length-diameter ratio,
area ratio and total area ratio of slag suction outlets are optimized. The best way and related parameters of cutter head suc-
tion port arrangement of advanced bit are optimized. The effects of main factors such as bit speed, gas injection rate, sub-
merged ratio of air duct and mud viscosity on slag discharge flow field are discussed. The research results show that (1) the
fluid in the slag discharge pipe mainly moves in the axial direction, and when passing through the gas injection end, the
velocity increases sharply. The migration of bottom hole fluid is mainly horizontal flow, and the vertical upward flow of
fluid only exists near the slag suction port. The horizontal flow at the bottom of the shaft is mainly tangential flow, and the
radial flow is obvious only on both sides of the slag suction port, and it is far away from the slag suction port, so the run-
off speed is small and it is easy to produce cuttings deposition. ) When the number of slag suction ports of cutter head is
2, the length-diameter ratio is 0.4, the area ratio is 1, and the total area ratio is 1.94%, the layout of slag suction ports is the
best, and the slag removal rate is increased by 66% compared with the current layout of slag suction ports. (3 Increasing
the bit speed can significantly enhance the adsorption of the slag suction port. The gas injection rate and the submerged ra-
tio of the air duct are positively correlated with the axial velocity of the fluid in the bottom hole and the slag discharge
pipe. The mud with low viscosity and low density is easy to obtain high return velocity, but its rock carrying capacity is
poor. The research results can provide a useful theoretical reference for solving the technical problems of washing, slag re-

moval and low drilling efficiency of deep and large vertical shaft drilling in the Jurassic strata.
Key words: shaft sinking by drilling method; gas lift reverse circulation; slag discharge flow field; optimization of slag
suction port; slag discharge efficiency
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Table 1 Selection of modeling parameters
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JI#E# w/(r + min!) 5~11 30
JI#EAED /m 4.20 0.35
VI E I p (kg - m) 1045~1307 1100
VeI EERE 1 /(mPa - s) 90~300 8
HAEEp,/(kg - m”) 1.29 1.29
A Qg /(m® - hTh) 3 600~4 800 8.40
JFIE 1 P/MPa — 0.03
XA YR L1 /m — 1.80
HIE B pg/(kg - m™) 2.000~2 600 2300
B HA% ds/mm 3~50 3
A EA Dy /m 6.00 0.45
Wi EH A& d) /mm 95.00 5.40
HitF B dr/mm 460.00 40.00
AR Ly /m — 2.15

TR Sy~ Ss, W& TIF 1) Sg~ So), W LA E A&l 5
Fims o BUEMHTTHESEOLE 1.
2.1 HEEERRS
Bl 6(a)~(c) M V2 L o BE K i 1 434
6(d)~(f) A Hy/H, WLk 1 (AR K oA
S3HTIEL 6(a)~ (c) W, HEMRE PR E X B
A TR v A R Y DX, i SR 4
TS, R AT R AR T 116% F1 99%, HE i



430 # %

F #®

2024 4F5 49 %

| Workbench =ttt || @EHSEESH

| Fluent Meshing%I| 43P % |"| SRR |
'
~ BEunEEEE || dmnemn |
+ 1
BRI o
) | s i s |
!
[ swern M swowe |
!
[ wmusmens |
!
U5 A SPE B
e
N

B4 SR R

Fig.4 Calculation flow of numerical model

z=—0.22 m@ L_z__ AT
A
z=1.5 mit
H, %
=04k
v
A V1]
HEE I 2
z=0.2 mAk

e ST ELIZE

v (BT

K5 HEE LA E
Fig.5 Layout of measuring line for slag discharge flow field
BRI Y LR AR AR T, P e |
] X B, Y 3% A P X R I e v 0 il
23.9% F1 9.8%; Y I AU 1] 3 B s W HCER A AR L, 7
Bl SN T, AR A R I X B e AR B 4
F, ABLER A X BEYR I A e IR R 55 T HAT)
I3 21, IR B W R, Wi A T HEE ), Y
Az T AR, B NIR B R 8 S ) BRIR

BEAS, FEANT IR FE VR, 3K S s sE Bt 7
SR, ARAT R MRS T

SIHTEL 6(d)~ (f) w2, W HERE A Wim, 1, 2k I
SRl 1) TR A H ARG R 2 A%, AR 1) R U R
5% 27 4%, PRI Lk b gt A4 Ja i) s B 40 KT ) ) 3
JE, R HER A PR R R a2 s A I i sl o 3, Hom
B0 S 19 e 2 T A T 4 T = e P W PSS A I B
DX, AT HEE A P RETRT AL (RGFAIX), ek i e DU PRt
BH i T RRAIR (8] 6(d)); Yk i DI a3z s HEE 4
W AT PN T[] A0 T 50 43 SR PR o0 | BRI X R BRI
HAT) 1) 378 AR PRI O AR/, TR BRI DX B A A 1) 8
TG, 76 R B IX Rl 2 A s s (1 6(e)); HE
T IR I B0 1 ) AR AL S O B R AR Ak, A Y
IR £k B BE o A 24 S P 26 A, Hp o ik Bh e AR KT
[ia] A28 34 356 k. (11 6(£)) o
22 HIKRH

AT IS AT TR KR Ly Ly R R 2
S~ Sy I T RE Ko e T 43 A1 R AR IR I 3 14 43 A
A

FERATMER i 5 A an il 7 fos, 28 iE 7
AT O, RS V8 3K A B ) 3R 32 AR TR e W T RRHT,
PP AR YR A 1 R S R A rp O W i T A K
35.4%, [R50 745 11 %) W S 7 4 v W 3 11 B S 5
IR Ve iz sh it K LK sh o 3, DL L2
2R R3], HP-S4 U] 1) s 24 2l e R Y 15 £, AR
] A 2 475, Sk roC b YR 3K DD 1) 3 B AR /N, T Al
SR M ANE K, e AR )32 S & A e W i
TR, 376 785 Wi 3 11 A, 902 A A 1) o B A/ N, %o
{18 ) B #8575 R 1 A 55, DRI B & AR T MR FRIR
JE 353 AR 0] A1 1) P4 S RS2 e P R AI, A TR i 11
A FE A e/, HA B F A A rhcs W BN,
PEBS B2 PRI AE 5 IR 0 R 22 bR, JR IR 55
85 5 T A T

FF I 23 3 17 10) W i 11 Ak S/, IR 7 3 o0 A
e 8 i, Az Sy~Ss ML Fm s Aitn e 9 fr
I, Sk TR Se~So M /A ln&l 10 7R .

AYHTIEL S WL, W i 1 B IR UK T Bl
DU ) 3R b 32, EL A IR i 11 Ak S 3575 1) 52 - )
BRI Yl s R 8 A% A 14 4%, F i 11 4k 43
SBET 4 A5A 2 4% oL R I A T Ab Y3k
PR o) 8V R T I L R R MG R, L P
1A 348 &, (RS A DD ], 428 ) i 2 e 4 4 it
T 1A i 2 R A RS B — 1 2 TR 0 s 11 b FF
JEXE/INT R W s 1, 2 B9 S0 s 11 4k 55 3028 Y 2
P2 B) A F 26T, YB3 RI-is  ) w WR ofE2 -



%1 B OMESE: B IR A HRE T SO S DAk 431
40L WA ™ K /ﬁ@ - E@/)tli o 40F
q i 35k
P g 30l
2 =
=30l = 25¢F
;/ E 20+
B &
w251 I oLst
Ny g ﬁlo-
F 20 B i 11 A A = osh
....... =" X
15 /ﬁzll_& BB I e 115 il
0 05 1.0 1.5 2.0 _QS—ooz 001 0 0.01 002
V2K /m H\/H, M2 % /m
() V2 2l iy 5ok 55 4 A (d) MZEH /H, - % ) 4 2y AT
: . 0.12 503
0.06 | [ B WA X B N —o- 1, R
0.05 1 o /\\\ -o- H, »
[ o
> 004 § 0.08 | / %, o°°°\ 0.02 g{ o
g; 003} % E 00er 7 \% o 3 ? =02 mifi
® 002} = 004 / % Sﬂfwiﬁmz
Y - ° ®—0 @ H
= 001} ax 0021 | B o pe.
= / [ » =
o T ot \\ _e*ea”" N}, T
zﬁamzﬂmg/%um DI Mﬁ[
-0.01 - - - - -0.02 L.
0 0.5 1.0 15 2.0 -0.02 7001 o 001 ooz
V2K fm H/H, 2% K% /m
(b) VL - DIa) 2 o A (e) MLLH /H, - D)1 B o A
, 2.6 55 :
L 241 185 _ “ p2l c
20+ g 0/00—0\0 g J I 1.7 =
g S22 N s R
=4 15F =} f\oo % _75]——H Z:O.Zmﬁ ’
i 720 o >\ °R
| = ) o ES
=10} “ash 4/ N8 1705 LEERE
S & I ° & e
i = oy —o-H e 652 | KRS
5 16k /&2 ! ° % = =
&S 2 ~o- A, ¥ o [T Bso
o | VI X B 14L& \o ’ z=1.5 mff
; + - - - ) ) ) ) ) 5.5
0 0.5 1.0 15 2.0 -0.02  —0.01 0 0.01 0.02
V2 K % /m H /H, A /m

() VyNek_EJE T30 A

(f) ML H,/H, FFEhE 1534

K6 HREEE N v, FlH/Hy WL 1R K& ) oA

Fig.6 Velocity and pressure distribution on V; and H,/H, measuring lines in the slag discharge pipe

A3HT P 9 R, WY IR IR AR 1) A B TR EN <k E R
SRt | A I R AR TR RIS Sk I TR A4 3R T 0,
ot ) S RUAE IR IS 2 o Ak iR B R, HLAE R s
FUZBVE R T, De3R it i | A% 1) 2 4 Bl Al Sk e A2
BRI T 186 K, B 8 R o 1 5 ek, 8 3% T L AN &
Bim iz o WSV el sk L m At R 20~25 mm), P
W BEEY S AR )3z B, HAR R B B RS AR G R
MK, ERE S 10~20 mm PN, %Sk %5 e 3% 0 46 B
VA R I BEL T, U650 R DA 2 B 2R [ i3
3l FEFEIEIE 10 mm 4, Yedk BRIk = SVER, K
77 ) ek B I 1 S P 8 s N /S, 1 o 0 1
FEFF IR Rl — s R, R B B S i & i vpots
J7 1 B 518, TR Sk R I B R A Ty ) b, I

FESEZMEE N, BRI w7 B A R O A A
BTN 10 AT, BTSSR AEAh dEat R v, ) ELXT
eI HA e SV, &GSk 70 L i e S il )
50 1) R, YAE Sk Ab KT RS, AMIER T A
(B 11), sk, JJER S IR, 7rHA M K R AT i
JE, BRI I 1) BB 5 LR 0 U SR AR ) g R
S b KT R, RN R TSI, HLAMIE S A R
K 20~25 mm PN L[] A A U2, i [ 25 W i 11
], PR 0 EL6 L AMI e 3K it i A2 )iz s B AT — g 1Y
RELT AR s [A]— R s UR B, JT EL N s 7/ T4k
@IU, JIRAT JE I3 e 25 5
23 FHEWMSMEIER
FT G HES B AR, P IAS [ 20 I A HE



432 # % F 1#®’ 2024 4EL5 49 %
0.2
0.06 -
0.04 0-(1) i ?& LNz
~ 0.02 2k — B °
- ol Y f\ Lz{ﬂmﬁo 01} W
g 0021 ‘ e o3l
2 006 [ROED o M e X
: R I IR ] g (g
Z ool ] 2 oor =y f‘“‘ P
—0.1F 2 [} °
F o0y L% € 3 ¢ 3
or 02 Ve
7002 1 1 1 1 1 _03 1 1 1 1 1
—0.2 -0.1 0 0.1 0.2 —0.2 —0.1 0 0.1 0.2
M2 K /m ML K /m
(a) BT 4 A (b) R I 44
32.6 F
03F ¢ L2 4990
0ol o 3 f N— 341
woolp f Y L © 322 ]
e O vy =320}
w 0l ey 32,6 F e
0.30 | P, ﬁ moany, LiMZE 3
E 0.15 g L 4 o.;?‘ 24
. o O’ 7 9
B | ogod R !: Ry 322
T A— 320
—0.15 F ) ) " ) 318
-0.2 -0.1 0 0.1 0.2 —0.2 —0.1 0 0.1 0.2
MK /m ML K S /m
(c) DAL B 43 A (d) K541
&7 RPN Ly F L, BSR40
Fig.7 Velocity and pressure distribution on L,/L, bottom hole horizontal survey line
25 F 25+
20 + 20
g g
£ E
w15t w15t
= =
# 10l =2
s 10 e 10
= =
st st
0F ok
0 0.2 0.4 0.6 0.8 1.0 1.2 -0.14 -0.10 -0.06 —0.02
MR /(m - s R/ (m - s7)
(a) fili A3 B A3 A1 (b) {2 IA)E FE 4 A1
25 L —— 3, 251 —— S
-5, -5,
20 + 20 +
£ £
£ £
w15y m 15T
= =
=BTy =8]8
N 3
= =
5t 5k
0 0k
—0.1 0 0.1 0.2 0.3 30.0 30.5 31.0 31.5 32.0
YIFEE/(m - s7) JE 11434 /kPa
(c) DI oy A (d) 1504

K8 Wik b S, F1 S, WL b3 5 1434

Fig.8 Velocity and pressure distribution on S,/S, measuring line at slag suction port



B HESE: BHE B TR IR G R T B ) S A 1Al

433

20

PRI R 2R B/mm
w o O

(=]
T

0.61 0.62
B/ (m - s
() %A B A AT

) )
(=] [
T T

—_
W
T

PR HE 2 /mm
=

25

PRI R 2R B/mm
s o 8

W
T

| —— 55

—o— S,

| —e— S

0k
-0.08 -0.04 0
R/ (m - s
(b) 181 8 JE oy Afi
25+ —— 3,
—o— S,
20 —a— 3,
g
£
1S
&
10}
®
e
5+
0k
32.1 322 323 324 325
JE 7143 4ii /kPa
(d) S350

Ko JRIRAR Sy~Ss ML EHE 5K )71

Fig.9 Velocity and pressure distribution on bottom hole radial S;—Ss survey line

5L
oL
0 Oil 0:2 013 0i4
DI /(m - s7)
() DI BE 53 A1
30
25 +
£ 20
£
Eist
b 10
B0 —o— 5, (i)
5t —o— 5, (Jm)
—o— Sy (M)
oL —o— S, (M)
*OI.OZ (I) 0.62 0.64
R (m - 57
(@) Tk B 73 A7
25 | —9— S, (1)
—o— S, (J7)
20 | —2— S5 (M)
—o— S5, (51

Fig.10

0j2 013 0.4
PIIAE S /(m -+ s7h)
(¢) VITapek 5 5347

25

[\*]
(=}
T

—_
W
T

PR BE B /mm
=

—o— S, (1)
—o— S, ()
—— S, (M)
—— S, (41

5L
0+
-0.2 *(;.1 (I)
AR /(m -+ s
(b) AR IA)E E 5 Aii
25+ —o— S (i)
—o— S, ()
20k —o— S, (M)
é —o— S, (41
w15+
&
= 0l
s 10
=
5+
ok w5
25

322

32I.3 32I‘4
JE /153 4i/kPa
(d) &350

10 &3k JEh Sg~S, Mgk LB 5 % S i

Velocity and pressure distribution on S¢—S, survey line around the drill bit



434 £ 3

F % 2024 AR5 49 %

0.068

0.027

/(m - s7")

]
0.014 f;z)
—0.14 0.013 022 ~0.034
HE/(m - s
B 11 sk )R A e 3 R 4 A = R

Fig.11 Cloud image of axial velocity distribution of

fluid around the bit cutter

A A R DR, 20T HE 2R L B WK, 28
BRI

3T 12 R, EE R TR
B—2571" 1288, 5, A m A R AN G Sk | eds
VeI B HESIAE T BRI s, Hak, e
VeI PRI IR B3l ), S e AT Y 45
RN T AR TS, AR 1 W R T il HE R
PEASRERE, At is BRI EL, HEIFRMIRE %,
VeI G i IR TR U, AR ZEAEHTT Bk
R R MR B, AEL b T ORI AR A T A R A
FRRAR, Pk, it AR | AR B AR U HE A A
Wiz, HZEHEH T

B/ (m - s

A ) 35 /(m s

< ‘%
0.60 L 1IN4.20
3
1
¥
0.48 :|§3.36
0.36 2.52
0.24 1.68
0.12] 0.84
il
i &
P i £
EERER R [
0 12s~2s~35s

K12 JRIR SRR A A B AR A
Fig.12 Distribution of rock slag in bottom hole and
slag discharge pipe

3 7IERERDMRL

3.1 RALRBERITMIER
BB SEH AT o R ey, IR i PR

e 1A AN B AR S AR SR B T SR T, B
SR, B ERCRRARES . Rk, AT LART A 3
S g [BUXST I 4.2 m AT R 5, BOG R
7 VEIREIR LA TRk LEaFE R PERIE AR, T8
M s 1T RS | TRLEE TR RR BRI TR RR 4 A7 T %
W AT E AT OUAL, DAL TR AN 13 R
_ XM
 IMoa
_uM

XM
_2M
-5
U, Muow A AR U B B Moy R A
AR s My TR TR A0 Bk s M, o S AR
PREY T o

A

)
¢

[t e s3ei T 5% |
i
WAL 5 5 2 A -
ALK R /
Gl
B Ay T Rs ||| S AT
BB [ =3 mns mate |
J=4 WA AT AR
[ oty |
!
[ e sammacnw s | [=]
!
| SRHTI B | N
!
[ tmmsomEst Iej+1>42
!
[ et 0w BT X
!
[ swgews |

& 13 Bk mad O pu ik e

Fig.13 Optimization flow chart of bit slag suction port
32 WEOMKER

R SCPI I R iR 58S B R 2 o K AR e,
PR s 11 T RRLE) LR A T AR LG B, PR s 11 T AR
Bl S A AR AR A 43 bR BT AR Ey, e RRIAT 13 4
SLARACTRR , AU AR W 1T AR n(5 00 R 1, 2),
KAz ta(Zr914 0.3, 0.4, 0.5), HALLLAGTH1M 1, 0.5,
0.25, 0.17), SIS Ly(53 318 1.63%, 1.78%, 1.94%,
2.12%), BT AR A Sk W s 1A B AR A (5] 14),



5514

B HESE: BHE B TR IR G R T B ) S A 1Al 435

FET R W L L 25 2R 8 A A I 1 ) e A

HARE D73 THRAER IR 2 M 15,

0=0.5

7=1.63%

W AAFARACRPIRE DR, mm,
B 14 ORIRIR R T W A B i A B AR A

Fig.14 Numerical model of slag suction port arrangement under different factors

®2 WEOMKHEER

Table 2 Optimization calculation results of slag suction port
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