Rl Z R ERR T KSREAREI
ZHE KR
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ABSTRACT

Seismic wave stimulation is emerging as an important technology with the capability of
improving efficiency in extracting organic contaminants from aquifers. To understand and predict
the behavior of immiscible fluids in a porous medium subject to stress pulsing at a boundary lag
significantly behind the progress, a boundary-value problem was formulated to describe pore-
pressure pulsing at seismic frequencies that was based on the continuum theory of poroelasticity for
an elastic porous medium bearing two immiscible fluids. Numerical investigation was applied by
using elasticity parameters and hydraulic data to simulate the stimulation-induced mobilization of
trichloroethene (TCE) in water flowing through a compressed sand core. The optimum frequencies
of seismic stimulation which enhance higher TCE concentration for 12 soil texture classes can be
found. The results of sensitivity analysis indicate that bulk modulus and shear modulus of different

soil textures dominate the optimum frequency of seismic stimulation.

Keywords: Wave stimulation technology, Theory of poroelasticity, Contaminant transmission,

Contaminated groundwater remediation.

Wang, C.M., Lo, W.C.*, Lee, J.W., Chen, C.H., & Deng, J.H. (2020). “Exploring the Optimal Parameters for
Wave Stimulation Technology - Applications to Groundwater Remediation.” Journal of Taiwan Agricultural
Engineering, 66(2), 52-63. https://doi.org/10.29974/JTAE.202006 66(2).0005




JOURNAL OF TAIWAN AGRICULTURAL ENGINEERING

VOL. 66, NO. 2, JUNE 2020

DOI - 10.29974/JTAE.202006_66(2).0005

- ° ll‘g Eﬁ

1.1 XREEE

EARRE R (BRI - FERTE & A /KRIIRKR
BRI > AUl ERE A TR S 2 FL TE BN
R A EERE ST » 1R T — (A -
IR RN AR T FEL IIIEKR s
FY R A0 H (Beresnev and Johnson, 1994; Tassonov and
Beresnev, 2003; Kouznetsov et al., 1998; Roberts et al.,
2001) - fEEHFASFLIR T E S - HEh0ESTEFLIR
BB MBI RISORAS » A Y E R ae R B
& e E B 2 R LB R S AR Y ERYAS
T 8 {b(Biot, 1962; Wang, 2000)  BEZREE G RIH 7]
(EZFL T E N EEZL W IIFLEE AR IR -
DS s e iyiR - (HRDHE IR - S h0ryR #ikriele
T ZRFEARZ TR (Wang et al., 1998) -

Roberts et al. (2001)HIEHFEH 1] FH 7= R RSO AT
SRS =8 JH(TCE) foK Z btk il 57 - B
77 =Ry [ 7 i A KRR R - FREt—{E s E LA B2
RN WARE M IIAFRERY 100 Hz AR - ATy
ME=R TR Z R - AEERIAAR Ry 25~100 Hz (Y
TERESEN S RN R ARSI 75Hz - H
HENE  ERIKORU B R R - ik = R REY
BIET » AN =AM RIS -

REAR T oanE iR - (A EERREE
A b3 8 20 ) RE B S R R RS R S B R IR AR AT
S I NHTER 52 R BRI - BEAS b (RIS Y B ER YRS
AT IER e ERRE R
BN 1B — SR 5 o LI PRI ER(Wang, 2000)fE
75 LU PR i FH B O B ESERE  B a E & R
BB G 2 FLSEMENE - BT IEHE P > Lo e
al. (2012)FEFH Lo et al. (2005, 200752540 S 12
Fras FE Y FLIR B - f5i85E Roberts et al. (2001)AYRER
HSE S FREHEERGE  TARASAKK =8I
HI7K S S BRI T8 1 2 BT R BB O T » ABEERRAS
SREIEERERAETT -

1.2 WHEEENE

AWt e REIIE AR - R REARER =&
ZS@H(TCE) » LR FEBIRIENI T K STz
il > JRe] FAEE ~ B~ R -~ BERRARAE R - ik

SEISMIC STIMULATION FOR ENHANCED
PRODUCTION OF OIL RESERVOIRS

Downhole or surface seismic sources generate low-frequency

(1-500 Hz) waves that interact with the reservoir formation and

fluids to increase the oil production rate and/or recovery.
LosAlamos

1 MARRERNEEEREE

e Z BBAEREARD Rt KEFHag A%
VPR TR > S0EE R -~ ALER TR ~ A s R
SRR S A T AT RAIE -

AL T AT LB » — AR A Hh B BA
(pump and treat) » R[J{E[E]— & & 28 [FHG A 1T [~ /KO#
¥ BB - #E DU E A I Y E AT - (HR
TSR B R B A B R R AR SR R
77 BSR4 KA - WG H0 T 3T 7K R H LAY
BRSBTS > TP B3 AR AT - LIRS KAl
Hi(trap) B S -

FrCGER T K E B NI S > Al R
T T TARAHRE (B ) R RIS » 5 ML fn L m By P B (e iy
REJT > MG HIFHED 524 2 R » H 7 B I T R
HBAEREY T EAHEIGEE 1) - Roberts et al. (2001)55E
o R E TR NIAE & A A B = 8 M foK 2
ORISR - (RIFRE AR (RFHERY 100 Hz » ATHE
MEN =R LR R A L] -

Lo et al. (2012)fEF] Lo et al. (2005, 2007)F]FH 241
ARSI ROV LE M R B RE SR WA
BHKR Z8 ZIFNK SIS BRI M S R T
HEELITATT - 15518 Roberts e al. (2001)Z Rz F M E i —
BHVEES - A[EEH Lo er al. (2005, 2007)Fr 85 fEErYFLIH
MR AT M R T E AN o R E S L
PRIV > RSB FUEARE LB R T FLIRE S
SR LENEWIBIY TR AR  REEFEE—E
FIRAT TR AR PRET T FR SR

Z It AIHFEIRIE Lo et al. (2005, 2007)35 fEHYFL
SRR 027 Lo etal. (2012)AY3B 5T ~ #14GMH&(T - $t
¢ Carsel and Parrish (1988){5-Z(1 12 f& +1E S HkET
PEEELERES i > FELAT AR (B L B MR T - FLIR
EBEH =m0 Em 25T - S E )
B =R L 2 RN R iEEs -

RIEEREZEES(U.S. Department of Agriculture,
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(silt)F1&f 1 (clay)4HRY - USDA k#5875 = HIRAV & &
o SRR Ry T —{EAEAE - 73l Ry 1-(Sand) ~ BEED
+(Loamy sand) ~ ¥)’& 152 1 (Sandy loam) ~ - (Loam)
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+(Clay) - #& 2 fior

- EmE

2.1 Roberts E5i

211 EREERGER

Roberts et al. (2001)i #5718 S A1 &g HIAV NI &
SEEREEWE 3 o 0 B2 trap BRER 0 8N
SHIS-A LY s 1000 ppm > FEEGEHAG4E T 2SI -
TEEAEI R ER Ry 25~ 100 Hz IVEIEN - S8 206
FE S Rt 0 S RO MU (HERAE R AR R 75 Hz
HHEREERAE 4 -

2.1.2 BRRAAIEH

1EEE Roberts e al. (2001) EFERIEFHATASE o - 3k
{FIER Lo et al. (2012)&IERE » BIAEy =0 fly =L
[ > ELAGR M R R ST - B T 4R I B R R
BORE » BN —(EAFRREESIRARE » 2k P, (1-y/L) » 1L
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4 Roberts et al. (2001) B4R E

B > (EFITE y=L 9185 - Y H R ER(ER
TGS p, = S,p, + S, p, BT (EED)
FBES) S, =6.[¢ (&= 12) k33 | FET R AL
K ¢ THUHB BRI  poky & MBS » (B
S HEE S KR S 2T T RS ]

Sp=5p, -
FEHH S TERE - RO EREEE AR By -
B (R L (1.1)
Pr(0,0) = Do oo (1.2)
G0,8) = =0 oo (1.3)
DALY = LESI(OF) oo (1.4)
Po(Lst) = LLSIN(DF) oo (1.5)
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o(L,t)=-0

AT B IFEE R ARE -
IR EIAA TR R SIATR

PLY0) =0 e (2.1)
PO ) I (e (2.2)
) T (2.3)
D0 =0 e (2.4)
Par(¥0) =0 e (2.5)
G (150) =0 oo (2.6)

Hepo R t RoRBE MO -
2.2 EHGER

221 BEHFER

B335 Lo et al. (2005, 2007) L0 F L M35 5 s FL R
WH4¢ > T4 F1E Roberts er al. (200 )Y EERIAZEH » 400
SR HRIBIAZ NP FUARAR 2 kHz #lE - HRESHY
GERENE ¢ e —EDE B R EN Ry AR Bl
EEETER(Loetal., 2007) :

¢, pos

or’ ot

TEARG)F » =6 (e—5)+0,(e—s,) RFHEA
ECEEGR RS ER T HY RS TR - BERUT R E R EIRR 8 S
JEAE it I ﬁ&/;[L%“ﬁij’J”%(Berryman et al.,
1988; Wang, 2000) - H: e J[EEEAH > BEfETES & 5 0: 5
FLIsURAS C HAVEGIE T & e Rolfihe & (& —1,2)4@3@
eEESE -

EAHQ)F - FAEHBZ R # C2

=CIV¥¢

FOHEU RS D

AlERL
c - (MH —C?)
quww@aﬂ%m@wqhvm+mmc}
(b, +b,) (b, +b,)
............................................................................ (4.1)
_Ny H
_ksF%ANEQ+WMM%w”,jmh+%@Qﬂ
(B +5,) (b +5,)
............................................................................ (4.2)
Hih kBB BRY 0 pe BB & MM

b, =k [n, Feihs & OVMHENRENLE - Hbh ke Sy SRR
He SRS ARV EHE L S - e By & HEURRSHYENIRE
e . o _ _ i,
AHARE - AF(2.4.2)FH 28 Mo bl + b2 krl772 + kr2771
Ry MR B #S < A X E 1158 13k %3 (Berryman

etal ,1988) o, =a, =, = ;( ¢]7%“%§¥ » A

DL b AE It #G A0 [ G I0 2 Eh B 2 A2 2 [H 470 (Biot,
1962; Wang, 2000) - J7fEx (Y C ~ M Al H Z&#155R
RET Biot SEME(AREL -

2.2.2 [E7] - EEEIAT

BT A e A TR A R
3+ Lo et al. (2012)f{chE Biot (1962)85%, » el r %5
(R 25 LIRSV P e B )-SR (et -

r=2Ge+[(H—2G)e-cg]5 ........................... (5.1)
P (e Ve ¥ (5.2)
ﬁ¢;%%%ﬁ%%’zzawHﬂu)mﬂﬁﬁﬁ

JREE > BAE T RJEEEE “.5- REHN A E > o
FEEATRE -

o FyHEEHAFE ST 0 Ry £ 07 1A 5R STHY4EFI(Chandler
and Johnson, 1981 £F) » B[RRI

o=1,+7,+7.=(3H-4G)e-3C¢

WACRTE A - AT T DUREER L o P RE Bl e AR Y L
S5 /KR (o) R [ JE ) (o) Fom AR ME R I & -

2.2.3 fiRS MR I ERVE R R ARG

e SC R FT R 1 5 A R A e —
SRRV Z 7R U(T) - T a] UG B AG R 1
HEIEAYE S R AR R -

C(0,)= 4,0 +ayS, Dy cooveeeeeeeereeeeees (8.1)
C(Lt)=—a,o+a,p,sin(o) e (8.2)
¢(v,0)=—a,0+a,S, p, (1—%} ....................... (8.3)
CAY,0) =0 e, (8.4)
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2.3.1 (e

At ge T ERITRE R B — IR e - B TR
HEMERE TR - WFFE S E MR (b A SRR
& DAEFZEHDTRER AT LK > Al RS SR RS IR R
SRy

C(vt) =& (y,) + S (Yo1) oo, 9)

AT Bz R o W& AT E TR AR AR T I
BIVBFURAANE - TIEEIS (1) VB RAAIR
(SRR

S (00 T (11.1)
L O3 (O (11.2)
T G0 ) (O (11.3)

I aG,p
A E 4111 (y t) By B THIR é’t (y,()) = Lb ....................................... (11.4)
B CuTiasST a,p, sin(a)t)—azSzga
SHyr)=-aoras,p,+ L s LT R B R A (S R % BT 7S
.................................................................................... Fl—4 fm sy e TR
(10)
gt ot Lot — - _ Yy
p% +D P C,—— P azpba)[a)sm(a)t) Dcos(a)t)]L ............................................................................. (12)

2.3.2 Fourier #REUKER

bR R ERITTER » R ¢ (v.0) AUB TR AR - REA —ULHHY Fourier IETXAR BT :

=360 sm( j .......................................

FEfRS RN (12) IR R sin (nzy /L) -

A LU R R BRI E R RV E 3y 520 By = 0 BT E]

y =L » R EEEETR (% 7T DU £ —(# Fourier (281 ¢, (1) I RHVE o3 772 - B

2_2

n'r
I’ < (t) T

DE (1)+C2 2cos(nr)

2.3.3 HEAIBRERR

&, @) IFERATE Mo Jfesh > Y E R AR [ 245 BCEIRAY D EMERYA - BERFREIAR -

angw[a)sin(a)t)—Dcos(a)t)} .............................................................. (14)

g, (0) FFR

REVHE R TR A AR EMITERIES - B D’ -40; <0 (Loetal,, 2012) -

FTRT LU &7 (. ) BIRIAE IR ISR B B —EFHTHY Fourier IESZAREL > K ¢/ (0) = PV

ARG 2 BRI P 8

Z)=7[ ¢,

_ _ [azzb sin(a)t)—azSzzaJ
=—-aoc+a,S,p,+ 3

2
— a)n

———cos(n7) * AILETH

azpb sin (¢t ) +

© 2 cos

—sin (ot +35,) | x

[(a)2 - )2 +D’w’ T



sin g, = Do :
|:(w2 _wj )2 +D2w2j|§ .....................................
2 2
coso, = (a) a)n) -

[(a)z - )2 +D’w’ ]E
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HRE(15)H - FoRERRE G B IR NS - MR AR A SRR YN =R OIRE -
RIS AR - BRI E BAVK 2 FIEBRAR  MI=R8JMa8rEae - 5

Crex (1:8)=C(058) =& er (158) = (3:8) =0, (€= 8,) = (358) = S2B(€= £, ) covvoooeeeeeeeeeeeeeceeeeeeeeeeee, (17)

SR YT S A2 AERE IER (2512
KR7)EH ple—&,) TS dle—&) » HHFF
RO R AH KOS E R, (051 » H
& FRELAEE -

BTS2 KRR ¢, () DS -
THEAZ BT R IR e AR
Cree =8O ~C (1) ©

AL e W TE 8 B = 68 207 B S 0 0 2 g o A
e AE—EIBETR T A R (b AC,, S
B A AL AR SN S AR E > HagEm
SRZIE R IEE - BT AR A 1S
T R AR i B A RS ]

234 ERIERER
BT LS TANRETE TFEZC > Lo et al. (2012)F

B B I 5 T (o A Y 2 8RR AT R Y 5 A2 = G 1S E
MATLAB > i & R E0 77 28 - 7] LLEEFH Roberts ef
al. (2001)EEatAse Hh A (AR 75 Hz iV45 R > 400E] 5 -
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3.1 BEERFEZHES

3.1.1 fRAKEAR

TR7K 4R Ryttt 138 S /K EFI/KEE 2 R AVRE 4
N EHER R R K B4R A R M » — i EH
AYR7K 452 Brooks and Corey (1964)#{1 van Genuchten
(1980) =, » AHFZE{# A van Genuchten (1980)fJ{77K
ih R

L R0 7. L I ——

3.1.2 KHEBEEREH

EEEY > BAKIEE TEADR R Forom
R LIRS E AV EE S 2N Tl Ry K T E e 1R
Mualem (1976) 9 FL & A /N3 i i =0 > W45 & van
Genuchten (1980) /7125 - T fy VGM 5= » RIE & EL
JEENR RS 2 2 A B A RO 2 R T DU U
7N :

k”(Sz):(1_52)'7[1_(5})%]2»1 .......................... (20.1)
ks (S2) = (Su) {1 —[1 = (Sy) "]} o (20.2)
3.1.3 TIRZH

AKiHFZ2%S Carsel and Parrish (1988)FfEE Ay 12 &
IS E (A]£:7% Sadeghi ef al., 2011, Table 1)#E{ T
FEWESE > FELUT A [E LB R T FLIR B BN =
AL E I BB > RS IS A [F] 138808
=8 LN EH 2 B RN R S o



% 1 Carsel and Parrish (1988)12Hf9 12 B+ IZS 8!

no Soil texture 05 (org) X (1/m) n K» (Mpa) G (Mpa)
1 Wb+ (Sand) 0.43 14.5 2.68 353 13.3
2 &)+ (Loamy sand) 0.41 124 2.28 29.9 11.3
3 WY& 1%+ (Sandy loam) 0.41 7.5 1.89 254 9.3
4 152+ (Loam) 0.43 3.6 1.56 20.0 73
5 3 - (Silt) 0.46 1.6 1.37 12.4 3.7
6 1385 8%+ (Silt loam) 0.45 2.0 1.41 16.2 55
7 )& %51 1 (Sandy clay loam) 0.39 5.9 1.48 23.8 9.1
8 FHE 1 £ (Clay loam) 0.41 1.9 1.31 16.5 6.1
9 B EL%E 1 (Silty clay loam) 0.43 1.0 1.23 12.3 43
10 W& %L1 (Sandy clay) 0.38 2.7 1.23 20.7 8.0
11 BB R (Silty clay) 0.36 0.5 1.09 11.5 4.1
12 $5 1 (Clay) 0.38 0.8 1.09 4.5 2.4

*3¥ ¢ Carsel and Parrish (1988)f2HAY 12 fHiES 8 > n [HE BEE 0.5
Hrf 0 BfLBEEE ~ x ~ n~ n BPRESE -~ Ko Ry TIBGRSEE( T BR 2 IERE I » HFEJBlE A FEEILLE) - G k1185

EB( IR Z BT - HE D SE A EZHEE(E) -

R2 DRTIERESELR

no Soil texture M i —swater K air—water 1rcE water X TCE-water
1 Wb+ (Sand) 2.68 14.5 2.68 30.597
2 BB 1)+ (Loamy sand) 2.28 12.4 2.28 26.166
3 /&2 1~ (Sandy loam) 1.89 75 1.89 15.826
4 18 1+ (Loam) 1.56 3.6 1.56 7.597
5 3 1(Silt) 1.37 1.6 1.37 3.376
6 BYE 1+ (Silt loam) 1.41 2.0 1.41 4.22
7 W #E1%E 1 (Sandy clay loam) 1.48 5.9 1.48 12.45
8 5 %E + (Clay loam) 1.31 1.9 1.31 4.01
9 & EL%E 1 (Silty clay loam) 1.23 1.0 1.23 2.11
10 W& %L1 (Sandy clay) 1.23 2.7 1.23 5.697
11 BB R (Silty clay) 1.09 0.5 1.09 1.055
12 £L+(Clay) 1.09 0.8 1.09 1.688

Carsel and Parrish (1988)fg Ay 12 f& 12800
-

314 0ETIERFSH
Carsel and Parrish (1988)f2HAY 12 fE 18t -
Hon Ml y (B RZERAK AR E S A
FRat i AR EE s =8 L% KoK > (EGAH BT ST 7]
$&fit Carsel and Parrish (1988)fTHg HHAY TIEMHEE T =5
ZIHSKIZRE S BFAFT#EH Chen et al. (1999)HY
m%’uﬁﬁmm@J@u=i{ﬁj=i{ﬁj%
n\ 4 7, \ 9,

i 0 W A T 398 At 2 R A DU B (% - 0 2 S
(LA ERY R RS

ity SR BREES -
é%’ﬁﬁ%%@mﬁﬁﬁmmm=g&wﬂmmm

air—water

% FTLAFERHA9)ZURFE 1 K1G 12 fE LR E T
YIRS T HY h(BUEURORKHIER) » WEARA 2 i
Yrcrwater B Vairowarer A 57 BIAX. 345 dyne/em Jz 72.8
dyne/cm (Mercer and Cohen, 1990; Farn, 2008) > A]15-%|
12 F& 4= BEHE R [T RIS Y P rep e S PRZKHH
i bt E &R AR =82
JERIK ZHRBE AR IE S B nrcparer B X warer K
JRINEE Rk, ) BEFH 2 BESE e K
X1k warer BUEINFR 2> FHECF] AR H =8 Z G FIK —
FRAGHIRE 28 n My 1 & ¢ EHIEE - 0 RIfREEA
8 MRMEEERE S n BT AR BT -
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%< 3 Carsel and Parrish (1988)iE Y 12 EE T IS EHE B ERELIE

AHFFEE 8l Carsel and Parrish (1988)F2 HAIHD +
(Sand) ~ &)+ (Loamy sand) ~ #/& 3 1 (Sandy loam) ~
1+ (Loam) ~ ¥ £=(Silt) ~ #2538 1 (Silt loam) ~ FPESE
1+ (Sandy clay loam) ~ FiE 1+ (Clay loam) ~ ¥)E %k
1% 1-(Silty clay loam) ~ #E %5+ (Sandy clay) ~ #E 51
(Silty clay)f1%k5 £ (Clay) & 12 fd 328 > KAR[ELELG]
ZIRNIHS » BRI AR IE] AR e Bk 32—
TERREESEE » BBl Lo et al. (2012)&¥] Roberts et al.
(2001) E Bt 9T 23 —E: - BURITHFTEGEAE 90%HY7K
K 10% =R L5 B N #ET » IS S
EARERBEEET » 8GR RRIE T &
A > MR SE RT3 KR 6 o

. e fERER N RS PR EAEAR o S o2 iIb=1icd
no Soil texture
(Hz) (ppm) (Hz) (Hz) (ppm)
1 | #b+(Sand) 36 5509 91 180 -4315
2 | 828 W+(Loamy sand) 29 7704 73 147 -6108
3 | WY& (Sandy loam) 22 10377 58 118 -7860
4 | 4 (Loam) 16 13679 44 89 -9245
5 | #p(silt) 9 19058 27 56 -10769
6 | BB (Silt loam) 13 15867 36 72 -9744
7 | WYEZ5EE L (Sandy clay loam) 22 14693 52 94 -10811
8 | #LEI¥E 1L (Clay loam) 16 18819 39 70 -12046
9 | #EZLIE L (Silty clay loam) 12 21443 32 58 -12344
10 | #YEZE 1 (Sandy clay) 24 21507 47 77 -13296
11 | yEREL(Silty clay) 16 35313 32 51 -19700
12 | #5+(Clay) 6 52560 18 31 -23619
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