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Abstract: To improve the permeability of low-permeability sandstone, low-frequency vibration is introduced into the process of
uranium leaching by CO2+02, and the researches on the permeability and porosity under the effect of vibration are carried out.
The porosity equation and permeability expression considering the vibration-induced damage under the combined effects of
chemical erosion and physical mechanical vibration are established. The vibration leaching experiments on the
low-permeability sandstone samples are performed by using the developed vibration leaching experimental system to test the
correctness of the equations and to study the effect characteristics of vibration on the permeability. The results indicate that the
low-frequency vibration increases the porosity of the low-permeability sandstone samples, and significantly improves the
permeability. The increment value of permeability is up to 3.265 md, which is increased by 6.34 times more than that without
the vibration. The variation rules of the experimental and calculated values of permeability increment and the calculated values
of porosity are the same. In addition, the variation ranges of the calculated and experimental values of permeability increment
are basically consistent. The vibration can result in damage to the samples, thus the porosity increases and the permeability is
improved effectively. Therefore, the equations can correctly reflect the variation rules of porosity and permeability of sandstone
samples under the action of different vibration frequencies and vibration time as well as the variation ranges of permeability. It
may provide a theoretical basis for the in-situ leaching of low-permeability sandstone by CO2+Oz.
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Table 1 Secondary pore volume produced by CaCOs reaction

Sl B T TR R RASLBR
Yil

/mol #  /gem?)  Jemd  AEVem?
CaCO:s 1 100 2.71 36.9 36.9

R2 WU MR A ERREFLIRER
Table 2 Secondary pore volume produced by uranium-bearing
mineral reaction

B T T AR IRAEALER
Ngrem?)  Jem®  EBVem?
uo2 1 270 10.96 24.64 24.64

# 3 CaMg(COs)2 R R4 HR H FLBRAFR

Table 3 Secondary pore volume produced by CaMg(CO3)2

/mol 5

reaction
gy MEOPTEEE B KA
? /mol B  /(gem?d) Jom®  EF/em?

CaMg(COs)2 1 184 2.85 64.56 64.56

(2) SEBRTE R AL FLBRAR A

SRR N, R B AN AT R DU 5
RS ARAEE, BRSPS 5 2= 4
ISR 5 S J VA SRS ok B

Bz (3), (5) AWAH: 1 mol UO; 5 1 mol
CaMg(COs), 73BN A B 1 mol [UOA(COs).)* F1 1
mol Mg?*, CaMg(COs), Il CaCOs KA b 5 ¥4 Ca?*
PP UO, B CaMg(COs) VAR U IR A FLIR AR A
Al (6) A

_ V;CIMrl

Vi = (3)
P

X 7, N U0, B CaMg(CO3), il A I vk A fL
BEARE (m®)s Ve NRNE SRR (m®); e Nk
NSl U el Mgk E (mol/L); Mn A UO, B
CaMg(COs)2 5 F &5 p1 N U0, BX CaMg(COs), 1%
J (kg/m®).

CaCOs ¥ il A I R AE FLISAR R AT H 20 (6) AR 4L

Jy

Vch2 — Vr(cz —¢ )Mr2 3 (9)
P>
Rt ¥, A CaCOs VAR BRI A LSRR ()
1 NI JE SE A M@ YR (mol/L)s ¢x AR
Ja SEMAER Ca? % (mol/L); Myn A CaCO; 4> 1
; p, NCaCOs % (kg/m®),
SEBR BN AR R R AR FLIEAR R T R oR N

VeM, Vie,—c )M
V‘Ch :V'Chl+V'Ch2: rcl rl + r(CQ cl) 2

. (10)

| P,

il (10) B3] AL AR AR, A E kR
ARSI FLIENAL, AL REMS BIIRANALB R TT 2
1.3 #RENFLBRR T4

(1) RN 573

RBILRE T, AIBAERY A o AR IESZ S AL 36 T
AWTRIEER . S E ARSI, WA B2 BN
N0, TS FE A RIS AERE g AT 2R

. F,
F :J.Q F,sinQnot)dt=—> . (1)
0 nw

Kb o NIRESNEIRSIZE (H2): Fo AIRSNMESE
FIWPE MR (NDs TN IRSEI (85 ¢ A
ZRBAE RIS (8D
— N JE S A AR g A AN R N IR K
ANAHEE, ¢ I ZPEARZ BRI ) o FTRR N
1% t Fot
o; =EI0 Fosm(Zna)t)th— it (12)

z

RS WAL R R I 1] ¢ P, B A
FO D 52 B HC R B0 579 T e

pFy0t

. 1 rso F:)C()t s _ -nso
af_7j0 e s = (-e™) . (13)

mmn
s, NIRENERD S AAERRIIIE S (m): n NHRLT)
BERIEIRIE: Ve NN T B RS E AR (m?);
ms NN JEF B AT E (kg):  p, AP EE
J (kg/m®).

(2) ot

R AERS 5 WAL R R, B B D v RoR
%[26—27]

2
D= _:_2 . (14)

KA vy ABBE AR AL R (m/s)s
v N RLFJPAE S A P A SRS (m/s).
MR MU (R B i R s
NINEF T NIRRT PRl = 0] R 2]
V=,

(15)

v



55 8 1] BB, S RSTHR AT B R S e FEL B e B 1529
KL (14) RN (15 "5 KBl (24) AR (16) AR R £ L
n=1-J1-D . (16) n=1-J1-D
A1 D A Fe5 A0 b (Yt RerY s
D=D,+ms" . (17) - S -y
s i SRR 7 E S AT 2R
_ md
n_E—Ed ’ (18) psE)wt(l_e—Uso)
" AVs, _op _ mmn
m :M , (19) Vi, E, E,
(n+1)€£na
E _ Gémax (20) ' }O
md — Sd’max °© 3ps (1 — ZV)E)a)t 1_e
X E AR A I AR (Pa); o) N _ . (26)

AR E RPN AE (NDs g, WA
IR N s Do NRDE IRIAGE R E D6 4]
SRR (Pa).

KB RENIERE T, WA T S2 iR R IREN N T E
RBETERRIN I B RLAAE AR S IRzl L
THERTS, VBRI S AL AR ™ A AL 2 AR
AN, W RAARFREY AT, MAR KRB AT RR

Vch Gf'max
Sd max Sch max +‘€fmax = + .
' ' ' VC Ev
s Fy 1-2 F,
Ja g L pehety Vo SAEWRRom o)
ZANTA NI Emr
S2vE SN L X DA LAY R e V'S 5 SN [ KT

ALARFRI Y BN AR e KAEL s Ve NSRRI R
RATEAR () By AR A ARRREE (Pa); v NP

FIHIA L .
B, REERT L (200 ATARfE Ty
!’ E V !’
Emd — Gf,max — 1 — v CGf,mzvi . (22)
gd,max i + L I/ch Ev + VCGﬂmax

’
VC Gﬂmax E

PGSR, IE AR R AR I 32 3
Wi, MEARAHEARE, B, £:X Q7D P, o1
I ZIWD EARFRNAE & Ay ¢ I ZIRD A0 S AR (E S5 2
AR 2 A, R

Vat o _ Vit | Fot
& :8h+8f=—+—=—+— °
I/thh EV Vthh EVTE
X e, AWERNAE: & NWERIAME; ¢, ik
2SRRI TE] ()6
¥l (23) AN (7, AT R

(23)

V.t Fot)
D=D,+me! =Dy +m-| —2—+ 0% | (24)
thh Evn

X QO BRI RAR . HURIR SN2
%R, VB AL I F R R Rt ks .
(3) PRBNNAE M

wm E[ 1= 1= D, —m.| Lol Fo®
Vthh Evn

1.4 REBOHFLBERFIERSERRIER
ik (100, (26) AR (2) ABHIRENR i
TR A LB R T

(p=1—1_(p0 1+AVSO'_ Ve
l+e, Ve Vall-9,)
=
I+¢,
~ 1=, [1=Dy=n
3p.(1-2v)Fwtql—e
1+ -

am E\1= [1-D, —m-| Lol Fo®
Vthh Evn

|: VeM, +K(C2_cl)Mr2:|} . (27)
pVs=9)  pVs(-9,)

AR LAFLBR Ze e SO FER, 25 iR R (1 AL
BRARFR ER AR BN 5 I FLBRAARAR . A2 42 il = A2 LR
R WIIEFLBRAR R = M. AL 2 e B 7 R 2
HR, i SEbR R, 15 ARl AR AL
BRARER . BAUIRSN I N, B SIAUAR SN AL 2242 1k
HEWERT, 2 a R RIAN, MMER
I AR P REN IS LR TR . 1T B B R B 40
PR 2 A s &, S REAR I tH IR tH i R IR L
PRSI A O b LR AR 520 . A 5 IniE
R IE LR TR & BRI XK R, HITHE
TR H

(pzl—l_(p0 1+AVS“— Vo » (28a)
+e,| ¥, V(-g)
AVs, _ pFord-e™) (28b)

Vs, mank,



1530 = + B ¥ R 2021 4E
VCh:KclM,1+T/,(c2—cl)M,2 ’ (28¢) ® @ 6 0O 00D O0OBOB
P P @ NV —
- 0) ® i o
V.t F ot ®
n=l-[1-D,—m-| =4+ | , (28d) e
Veto, Eym <0 ﬁ%_g ()
@ N o
E d ° EEed

n=—m__ 28¢ @ il @

F_E (28e) ® 5

(1-D,) 85 ) /D ®\@ v\@ @

(7 + 1] na D— s @— 4B ; @ — RTRER ; @ — LB
' R 5 ©— SBIRR ; © — SRR ; @ — FEAKBA N ;
E Vo0 @ — kA ; @ — KA ; ©— KEHARE ; ©— i3
E. VI Vo (282) B O—RAM; O— RMEHHRN; O—Z2H; O—
By TV O max HERE; O— WMAAES O— EEFE; O — —ZBER ;
O— FBH; ©— THRH ; O — SR ; @ — SIS
_ Pt | Bot (28h) TR @ — B ; @ — IEMIRIE XA 5 © — SRR ;
7 ®— IR D— RRENE ; ®— BAEEIRT ; ©— @A

gv - Vthh Evn
it —B SAMREN e ISR A, R
HBER LR Z AR R, HRR AR

k:@fﬂj : (29)
®y

X,k NIRENMER TRYABIER (D), ko NEH]
IHBER (D).

K 27 AR (29) RIRTSRAGIRANE Hid 2
R E B IERRIE

2 IREhRHEEEMNERE

H AT M ACKHRAIR IR T CO+0, JFEHIE I
BB, SRR R A A R A AR A2 B HR 3h (1R
FALBRRANBIER . NI LB R T B iE
RFIE LTS RENS IE ) I WU IB B DS FLBR R 8%
A, AR RS ) 5 E AT RS .

B T30 R FH B FLBR RN, B A Il =
WK, IFHFHER AR E R AR 2 M # (1AL
RN DR, R0 R VA ZR ARk I D FLBR
R, 8RR 3 /T E RS IE R A
LB AR

bRz i A2, T TR C 2090w 75 i
Ab T E KR W BRI AU Z B EAE R, HAR
FERURE I AR Hp 232 B FRIRR FE RS . DR, ik
56 K FH s 1) (R AR B TR GG PR AR, ARG
JE A R AT HREN RS
2.1 RERE

TG0 e B A A I L IR B A R 4
BIEA . AREINE N T EGNRRE, JRahR HikEe
RGTEEMNRNIAAT, BECTRIIRS) T & ik
FUBR AR . RENZH RIS REWE 1 iR,

Bk ; O— RMBXH ; O— REBHFW ; @— HkL ;

D— RRE ; @— —FABREE ; O—A/IBER; ®—=

SRR ; @ — AR ; @ — ASHBER ; ®— K

ARG 5 @ — WATHORAS s @ — BURER ; @ — hFRPoAHR

s @ — HBESRASN ; @— Bdkat ; © — BAEBEEHISN.

1 HRE0R IR R L E

Fig. 1 Structure of vibration leaching experimental system
2.2 REAR

N IETf WU I R TP R B RB & W B A
FRISEIE ,  AH [FIIRBD IR T, 328 F [A) — B AL EAS ) SR
WRETRE, MATTfRA . 28K SR G, i b
R TR AT R [RIHR B N A] 328 ARG 1 R A
7] o AN[RIHRZN IS ), e A [R) £ B 10 o T o
RIAEAAAE —E Z R, Bk, W5 n] X 7 ANER
B IHAREIE AR AR, RN thr] DUR ] gedtit
JEM T SEBR R RO o K R — SR AR R AR
e, BVEHTAFERE RS > RR TR, Re—
AN IR S 2 R AR T T A I R E R, W]
DU i S iR L SEBR R R — SRR TR, iBiE
R S N ] B0 AR AL AR o B U SR Al R AN 18] 2 B
P e R S5 55 60 Z () AR N A — Bl LIS, AR
FLIAF IR AT A — ARENRI T UK 4 o

2 SHERENRSHT A
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Bl B2 B3 W-10 10
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Fl F2 F3 U-5 18
Gl G2 G3 U-32 20
HI H2 H3 W-9 22
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Fig. 3 Pressed sandstone sample
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Fig. 4 Variation of measured sandstone permeability increment
under low-frequency vibration
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Table 5 Experimental parameters

I 25 K7 N BT RN

IS &AL Ve

HAH RS
WA B g e

Pt mpa ditatey SR BRI N S g0

Wanewan e T WEE B
S TEREHLES Som 4 Do L
/(kg-m ) w/Hz T/ c ko/md

Ve/m? feh
BIHS  aas
oS .
4354100 025 1.9635x10% fRapmiE oo 0150
ta A

T RD R AR Fdh R

XA 0.05m, THE Ly o 10, 20, .
2.1849x10% V27 e ANEL 30 0.2994
R A ECHAE Bl 0 30
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() 30 Hz#R3h22 h
5 WHEmE. KEIM

Fig. 5 Appearance of top surfaces and bottom surfaces of samples
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Table 7 U®* concentration (mg/L)
N PRBN AN /Hz
PRBh Al /h 0 m 0
8 0.049 0.239 0.645
10 0.809 0.930 0.991
12 0.141 0.240 0.400
14 0.387 0.512 0.692
16 1.350 1.609 2.360
18 0.129 0.171 0.214
20 0.129 0.184 0.214
22 0.310 0.471 0.538
=8 Mg*ikE
Table 8 Mg?* concentration (mg/L)
N PRBNINZR /Hz
PRBh Al /h 0 3% 30
8 2.43 3.52 4.86
10 4.86 5.56 7.29
12 243 2.69 3.65
14 4.86 5.29 6.08
16 6.85 7.10 7.29
18 5.36 5.68 6.08
20 3.28 3.56 3.63
22 2.98 3.09 3.56

Table 6 Ca?* concentration (mg/L)
IS PRBNINE/ Hz
PRBh Al /M o 30 30
8 116.23 117.28 132.26
10 108.22 144.61 212.42
12 84.17 131.83 272.54
14 108.22 114.92 124.25
16 328.66 384.95 533.06
18 198.40 213.58 22445
20 320.88 325.37 345.39

22 247.53 266.58 298.56

R 5~ FIIEHEAA (27), 29, iH5HE

H DA FLEBR A S B B R E AR 6, 7
. B o6 hikEn: 10 Hz FLBREALIEE N
0.0158~0.0204, 20 Hz FLERRALTEHE N 0.0168~
0.0226, 30 Hz fLERZAZIEHN 0.0178~0.0265.

0.028
0.027
0.026
0.025

o 0.024

¥ 0.023

% 0.022

= 0.021

37 0.020

2 0.019
0.018
0.017
0.016

0.015 1 1 1 1 1 1 1 1 ]
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RN /h
6 FIEEREFLBRE o Tkt

Fig. 6 Variation curves of sandstone porosity ¢ calculated by

—a— 10 Hz
—e— 20 Hz
—4— 30 Hz

equation
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B 7 iR BRI R AR E R ' KT
%, 10 Hz BiE I &R EHH 0.2108~0.7564, 20
Hz B iE% 4 84 A 0.3075~1.1956, 30 Hz &
75 2RI AR TE D 0.4302~2.113,

227 = 10Hz
20F —e—20Hz
1.8} ——30 Hz
T 16f
2 14f
i 12

=;ob
i 10

%) 0.8
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021
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Fig. 7 Variation curves of sandstone permeability increment Ak

1
18 20

calculated by equation
4.2 FHEERMRAEIILL
PN AR SRS ER IR ST E S ERIE G
e THEAEM SN TEE A B XA 4, 6, 7
AN BB ERN R IHESEREE . THEALR
FAMHUE— B, IOVIRBII AR, R
I, ARG SRBVEFAEER;, R AN, R
PLBRR AR . R T
TR AR T, 0 T AR RR B 8], R
TR LS B R W E R, ST ARTRK
Bspiga, HIE A R R o AN R IRS I 1] 28 F AN )
BEALEV R Wb S, BRI, ASEIYRBD AR A
FEAFEZE R, REENBUR A P, SR —
RIGFAT T, RS EIG 0, BEF, LR AR
JEANIR], T 2RI IRAR AL o
NS M S W SEBR RIR I R, R (R — A
TR BN A FRE a0 2R il i,
K00 S 9502 Z G B AT R AR, Ak 8 s
Rt RS ER G E 2, i’ 9 Fs.
Hr s 10Hz

10 —e—20 Hz
F —&—30 Hz

=]
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Fig. 8 Variation of measured sandstone permeability cumulative
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Fig. 9 Variation of calculated sandstone permeability cumulative

]
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BER R R /md
O R, N WHR UL ®XO D

increment

XL 8, 9 AT SEMME AT SRE ARG B R A
— 3, SEIE 10 Hz ZR4LIE RN 0.098~2.3751, 20 Hz
LG E N 0.138~5.6915, 30 Hz 28 4L 5l 0.267~
10.1104; 1F51H 10 Hz Z4byE A 0.2212~3.6129,
20 Hz Z24b 75 0.3075~5.7689, 30 Hz ZRAL TGN
0.4302~9.2162. SZIME AT S AR LA 5 4 M A,
BRI, RS, PRIV, &
FERARNR PREANNFEARFRS, IR, BiER
LRPESE N, DRk, DA B AT TAR BT L T RE AR
TEf S BB H R AR S e HIRIB E 10 5 AR AL
e, BERNHAE, JF R IR R sE R
AR AL -

5 & it

N INRB IS S F B E 2, TR
BUMEIRZNGI N CO+O2 2, 1R BILLN 3 fidiit.

(D 571 AN1S B FLIRZE 7 FEAH L, 2 [ FLIR
R FE BRI B A R A s A, T REARER
H CO+O 7 AT R, RSN IRS A1 1b 2247
ot b FLIR 2 R 2
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