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A Numerical Analysis on Pneumatic Fracturing for in-situ Remediation
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ABSTRACT

Pneumatic fracturing is an emerging tool to enhance the remediation efficiency of contaminated unsaturated zones by
injecting high pressure air and inducing artificial fracture networks. Pneumatic fracturing is reported to be well suited for
the cases where the contaminated unsaturated zone thickness is less than 5 m as many contaminated domestic sites in
Korea. Nevertheless, there have been almost no studies carried out on the site-specific efficiency and the optimized design
of pneumatic fracturing considering the unsaturated zone characteristics of Korea. In this study, we employ numerical
simulations to compare the efficiency of pneumatic fracturing on the aspect of the site remediation and the porosity
improvement at several hypothetic unsaturated zones composed of four typical soil types. According to the simulation
results, it is found that the zone with fine grains soil such as clay and silt shows better efficiency than the zone composed
of coarse grains in terms of air flow and porosity enhancements. The results imply that pneumatic fracturing may improve
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the efficiency of site reclamation by jointly or independently applied to the many contaminated sites in Korea.
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oM EF Bt o] HIMs] s gker oY
X3

*Corresponding author : egpark@knu.ac.kr

£ AP S 7S Bvee] S vie- okdst
M o5 7] L9 EY E= Age] A fA
w2} A YA (in-sitw)2} BILH A (ex-situ) F37 &=
TRET LR APled od FAE A A
Feo] AAAERE kel Flshs VieE AN 3759
] 9 && Hrpt Bolsh, 22 o|Fe B HIE-
o] AgEw FZEFAAM AEHE WP The s
WAt F7HR1 24 ks I 7FsAde] Sl o
o Hlsl| FH FAE7F 9 BUEE Tieo] TEH tE
o] Tlo] xHI e UK Hplee H=7RE F
= FAlolgo] 7hsatal =2 9 24k vgo] HijA| o]
A BlE-S A 7 don FH FHoRe] oHEd
it 7hesde] AddiF R w] wie]] AsEl= FAlolo

AR AeAst BE&S Ak fleixe At i

A3 :2010.8.31 AAKL :2010.9.9 ARREEIY :2010. 10. 12

o] 1l E9] :2011.2.28 74

53



54 :ﬂu]}d H]—_Q_-H- o]z«]_g_ . 719 4 . 711‘/:]—

Ao Z=Z 7} JAAS = th ol owﬂ_/] _[—,_/HO
DG gk oo R FHI Fovt J=d| olF HHE
AzoHe] &8 4 ot ol HEshe XEY
A ol 2 AsAlote] whE WAS Suiskslr] Sl
7o A oR xS vids F8 o= 3§t
= U (pneumatic fracturing)?} E3}ol]l tisle] A
Aleh= 443k (hydraulic fracturing) 7ol At} &<t
] 7S 310 71 FURAIR ol&site Fo]
5 o8k Fuull 71 e, Ao A
|7 AEs AN gIEo] A0l R 09
=S 5 7] whitol] aapelet &
Aok B3 TR 7He B9 A58 UL AT
W 71&el EAlshs #Es FATIAY AEE 1 mm
olete] TS M HES A 55 (channel
network)S /3 A17]3L QHL"J Eoé%é% A AZ
(Suthersan, 1999). ©] w] &
A2 o] BE= oﬂ;q],] )
s} 7l FA F2 AFAE Al 29 A 2 Kﬂ}
882 ZFAZ 4 ATHUSEPA, 1992, 1993).

I 7ol Bl S T e L9EH

o] EXEOIRUE Zlo], FAHZE, eHEs, W EYY] =
A ARGE, e T 74, T, R e

ae)ar 29k Solvk. BgE vk 7He 23}
7} vlarz] Rl EAfslar LA-7E 10 m ofHigl 2
ARz Aol Gl AoE LelA] lo)(Schuring,
1994) therzo] ANEEHE 3m A5l EAslar 29
7F 5m o] i) LAFA el b= As
s}t wgolet & 4= Stk ey Idolle RIS
T8k Bk ¥ "‘?J-’Hﬂ &4 WA A 7tol=zet
Qlol] #gh A7} s vl gk Ao o]
g B2 A7 87"

Aol wE fAle] 55 2 HIESH 4 wshe
dukzo g Fgolre] 27 F4o] BolebA] ¥al B
Hl-go] 2Q=m A 24 skl d3e Jgst &
S W o glue Algke] ok wEbA ok
St A=A SlM A8A ARE EE3P] S A=

oL
nJI
O
N
i =0
_}i
s
Ku)
ﬁ

ARAY el gick. olol i Tietez M4 B
B NIY AL ATE TS I 0974 3

g g A we AdelS 5898 HESKE Zlo] B
ot agxolgt & 4= gloH oldle TEHew A% A
o] 7€

wehd B dAe] B o) teksl Q9RA A%
of A3t wxsioMe] naE A9A] AFAsIE

J. Soil & Groundwater Env. Vol. 15(6), p. 53~63, 2010

Zﬂﬂoﬂ 7ke] & 4= Qe kY] Y 2 vlEsh)

23 WHslol] tigt SAEALe] AAlel 1 Axfe] tigt 8
éﬂolv}. FAROE Falo] I oA EYOE o
Foizl vzl FPulel] oJsle] Yehde B4
ws}e} ole] whE fAlols 5ol tigh siAds ArlEkd
t}. o] sl HEslE HAdske vide Y
7Vl o tng B o g i, R, HE, &

o P14 S vhas FASP) THERES 7Fsc.

2. 19t 7IRIFY By

Z+ A<
S R 2 —-**01] ofsf
st dTFS ‘?:"%ﬂ-(Burdme, 1953; Brooks and
Corey, 1964; Mualem, 1976; van Genuchten, 1980).
2 dAgellMe= ol Eds dseslslr] g WHe

2 van Genuchten(1980)°] Zﬂf\]_ E’_@ﬂ' v|3zs} g}
ZHEHE 7‘4'9‘0}"4 zt fAle] 55 Msloict. B3t 1

xajdle] B4 WHals s Ho}oq Biot(1941, 1955)
o] t}gerd Al (poroelastic) E-S 83l o, v}
o AZoAE 59 2 S 348 Slste] MEE-
TFE HES AAEINT

2.1. X|HHEPRA]

B A E 119t 7)A1F2e] 2dgs 2351 9l
A fEkeay mHle) ATE0)3] COMSOL Multiphy-
sics(2005ab)E o8-8l W} tlokst ] -EE Ak
AR o5 559 BAKE -1’10}04 van Genuchten
(1980)l J3f AIRFE HIESI i AT Heo] ARgH
Rom BAL A= 71A% °—Wi a7gste] 2719
Darcy 32 WIS ALS3IQITE BAL Q1] <= W
3lol] W WEell= Biot W2 (1941, 1955y ARESISIT

2.1.1. o
2 AFolM F 7R A2 G fAde] BAle B

= = E
# 58 934



HIEZs] @ @38t AAIE 919 Tduk 2AF A 55

sijell ] frsdhe s Rdslslr19fsle] E-2 wetting
phase(w) 12]3 F7]= non-wetting phase(nw)ol 3l
Feh= Aoz 7Pt fAlEES B 3UIE =
22 8o m gdd 4 o ol ofge] A
2.

6S6W Kkr w
B4V | ——LE(Vp, +p,eVD) | =0 (1)
ot m,
0Se xk
oty [— ”"W(Vp,,,ﬁpnwgVD)} =0 @
ot Mpw

21 (1) 2 eI, oFREA wilk nwe 2 wetting
I} non-wetting FAIE VeI, @O F T=E, Sec
& Zl= 3, xR IRFFAT M), A2 3

T, e AEK(m - 5), pe A (kg/m - %),
= NZHs), pe UE(kg/md), g= FE715(9.82m/5°),
83l e AT (m)elt

EA B (capillary pressure)> F 7 S 1 o]k
TFHA F= FAE shte] AlsElel] EAE o) o=
A Alele] AW (interfacial tension)ol] &J3l] LAY H
th ol fAle & A Foo] gk i 3719 F
LS YRR 0, 4,2 27 2] BEa,
I TFEH 2 6,9 6,0 Wl ARG
A F FFEG) Alelelth ZF fAle] frE EShE, Se
= AAE S5 AAEIAL U= Fa]o] AJtHAR] H]
o Blglsk= Afslelra VERilom 1 RI9l= 0odlA
1 Alojolt}. B} Se= 7t FAEY ol T&5== 3
ojtt. BAIAYS T 2loF Fofitt

Do =Dp—Psy 3)

2 A7l ded mijde] 352 23 371ERE Al

A & 7Hsislon ol wet = Al faEsiE
g
Se,,*+Se,,, =1 (4)

s} o] Folar). mepy wAUshise) me §EEs)
=9 wiske thewt gtk
0Se,,

c =C =0, 5
p,w p,nw s 6pc ( )

o}7]ol| A, C= specific capacity®]T}.

A (1201 A (3-5F tHdshd 4 (6) B (e D=
T dor T 2o A ks Fale 2 B 3]
o] =2l p,o} pas B2l AT S Sl

0

xk
CP’Wa_t —

AV, +p,8D)| <0 (©)

w

|

0 &k,

_Cp,nwa@nwv _pw) +V- |:_

(Vpnww,,wgVD)}O (7

B3] sk EdlQ]l Mualem-van Genuchten =&l
(van Genuchten, 1980y UEGFF(H,)E F2 vi7fAs:
2 s, B tigh 42 the Zrt

Hr W+SeW(HY Wiel" W) H >0
w={ ’ o ' ®)
O, H,<0
1
- H>0 9
Se =411+
UL L R ©
p
1
1 N
- - H >0
c,= {ﬂ(e‘, 0. W)Se${1 —Se::'] r (10)
L—m= 5" " H <0
p
1ym-2
L m H >0
by = Sew{l(l&w] } 4 (11)

] HpSO

oA7leM, = EFTE, 02 T I8, o= X3}
S8, Ct specific capacity(1/Pa), m=1-1/n, ofl/
cm), n, 183l [ B 542 YERE= van Genuchten

Aol

37000 gk EFS ol theh Bol=HE theat 2o
Biaisl=o
gn,w = gs,w_gw (12)
Se,,=1-Se, (13)
an - 7Cw (]4)
1 m2
by = (1 Sew)L(l Se’jj] (15)

Mualem-van Genuchten =92 EQF wjze] E¢]4 &
/gel| wle} AsrHOoZRE] (559 Wl ukE digs
T Al=dl Wolxe] EGSl] w3t oSl A84d
Ao 9 A 3ol BEY wide] 84 54 3
Atole] IAE YEPHTHvan Genuchten, 1980). X2 &S
A 7} EpEe T e sFgslon, 48

J. Soil & Groundwater Env. Vol. 15(6), p. 53~63, 2010

0]



56 A - et - o AE - W8 - A

1

[olNe] R

Table 1. Intrinsic permeability and Van Genuchten parameters for given soil types (van Genuchten, 1980)

Van Genuchten parameter

Soil type Initrinsic permeability(m?)
0. o, a(l/cm) n L
Sand 20x 1072 0.052 0.396 0.0263 2.23 0.5
Silt 58x 107" 0.031 0.428 0.0120 1.38 0.5
Clay 24x107"8 0.098 0.512 0.0178 1.30 0.5
Loam 12x107" 0.056 0.512 0.0407 1.19 0.5
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Fig. 1. Schematic cross section used for the simulations. A fine mesh was used upper surface, the water table (2.5 m below surface) and
well boundary. All boundaries are no-flow boundaries, except the top boundary.
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Table 2. Physical properties of fluid

Property Expression
Fluid density, water (kg/m?) 1000
Fluid density, air (kg/m®) 1.28
Acceleration due to gravity (m/s?) 9.82
Dynamic viscosity, water (Pas) 1.00 x 107
Dynamic viscosity, air (Pas) 1.81x107°
Compressibility, water (Pa™") 4,60x 1071
Compressibility, air (Pa™) 1.00 x 107
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Table 3. Typical values of Porosity, density, compressibility, Young's modulus and Poisson's ratio for given soil types (Lambe and

Whitman, 1979)

Property Soil Type
Sand Silt Clay Loam
Porosity 0.43 045 0.45 0.3
Density of solid (kg/m®) 1610 2034 1298 2371
Compressibility of solid (Pa™") 52x1078 1.0x107® 2.6x 107 1.0x107®
Young's modulus (MPa) 19.61 10.79 5.88 7.85
Poisson's ratio 0.27 0.33 0.45 0.25
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Fig. 2. Nonwetting phase pressure distributions(log scale surface plot) for given soil types and the time after air injection. The maximum
pressure of each soils is as follows: sand of 1.162 x 10° Pa, silt of 4.699 x 10° Pa, clay of 1.152 x 10" Pa and loam of 2.532 x 10°Pa.
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Fig. 3. Distribution of nonwetting phase pressure range for given soil types and the range is between 1.379 x 10° and 3.447 x 10° Pa. The
measure time is after the air injection 2 seconds when the fracturing is expected. The area of each soils is as follows: sand of 8.090, silt of

13.329, clay of 15.023 and loam of 10.982 m?. Scale bars are in Pa for pressure.
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Fig. 4. Distribution of nonwetting phase velocity for given each soils after air injection. Scale bars in m/s for velocity.
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Fig. 5. Integral of air flow rate during fracturing period for given each soils. After fracturing, all air flow rates are increased in the vadose

zone.
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