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Numerical Simulation of Multi-Phase Extraction of LNAPL
By
Student: Run-Han Jiang Advisor: Dr. Hsin-Yu Shan

Department of Civil Engineering
National Chiao Tung University

Abstract

To protect ground water from contamination, the Environmental Protection
Administration of Taiwan had promulgated the Soil and Groundwater Pollution
Remediation Law in 2000. Land use rights of contaminant sites are strictly restricted
under this law. The land owners, thus, often ask engineers to complete remediation
events within very short period. Multi-phase extraction (MPE) is a rapidly emerging
in-situ remediation technology with good performance on recovery of LNAPL.
However, the efficiency estimation of MPE has usually been bases on engineer
experience. In this study, numerical simulations had been performed with TMVOC, in
order to assess the influence of well location, well bottom pressure and porosity on
the efficiency of MPE. A hypothesized aquifer of sandy soil had been assumed to
receive gasoline from oil spill from tank farms and thus to be remediated with MPE.
The results of simulation show that the extraction well placed 10 m downstream from
spill point gives the best efficiency. Efficiency decreases as the extraction well was
located away from that particular point, either upstream or downstream. Furthermore,
the aquifer of which a higher porosity has been assumed shows a better efficiency
than one with lower porosity. In addition, the efficiency of extraction exhibits a
positive correlation with the difference between well bottom pressure and atmospheric
pressure. Nevertheless, the benefit of high negative pressure is obvious only in the
earlier few months after which the benefit decreases with time.

Keywords: LNAPL, Gasoline, MPE, TMVVOC
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¥ - > 5 > Parkeretal. (1994)% % 7 ARMOS #c & #-5% » #2407 k&

P A Eow j o ¥ LNAPL A p SR ERR &5 # & (Skimmer pump ) 4 B~

T 2_ynds o Waddill and Parker (1997a) #t#cig it 4 i3 & > ¥ g 3 K iR3F
¢BFIR Y F LNAPL F1 a2 39 doc)i > &% g R e TR Aoid
LNAPL w qJzz_k =2 47 - 2_ {6 Waddill and Parker (1997b) # ARMOS ¥ ‘ »
"EH 2t A 47 (Stochastic analysis) 3%z 7 -k & £ 5124 LNAPL v yo2 258
BRRMT 2 kAR TN v e SF P DRy I 2
MR RS e T 0dc T GO S8 § s3T5 o Cooper, Jr. et al, (1995) 14
Z 3 T F B8 ARMOS H5w wje 1 * i ad 2 v 0 B Foen
>N FPECEECH P DAY B L BT R B B OET < %
BaAppor- T g F  RBEd  HERIZTHFED W ‘Kff'ﬁ 11% > /}Ek‘
v F it 3 ¢ g1 LNAPL 15% - Charbeneau and Chiang (1995) £ ** Lenhard and
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Parker (1990)% Farr et al. (1990)m:,k 5B ’;\ I o T grEcs #3) f it LNAPL
RS ke %]“’ R A ;2 f8 L/ W TR B oo

Charbeneau et al. (2000 ) # 21 /& &5 w Jedid oo H 5073 k ki o < o
A R s % ki(Vacuum enhanced systems) o H #5822 ARMOS Apie { 5 4 8 >
AP RIF L wofT kS 2 o RN g B e h T s B2
R R Mok R e R Y F 2 wojra kR i R IGE { iE
- Hane > B d] S AR 0 E £ 3 3V EJ2 (Charbeneau, 2003) i & £
- BIG M wT* B * fick8 (Charbeneau, 2007; Charbeneau and Beckett,
2007 )iz 2 Sk cnB 22 W £ 5 € (American Petroleum Institute, API) £ % ¢
TR E g hesp T

API/Charbeneau WA FH e QA rF 57 A endgn S8y SR 2 F
BE K~k - A1 KA Ry J»/é]%ﬂ— V&R L1l B R R
% o JRLFTY R H éx%&—;\ BB & B woe iy i SRA R A
6%f- 14% (US EPA, 2005; Adamski et al., 2005) - Adamski et al. (2005)41] *
API/Charbeneau ;" g mdfed B ¥ 50 Bgo 2 uL TR ¢ F0 ER BB
FA46me EE S & LNAPL »~ % ~ &4r & - ‘?“14:*'3'*’3’ kAR B B o i
5% % TR LNAPL 4 {0 R ] % 3% @ % b % 2%e Hogg3F 8| ¥ w f<is i 2009 L
Fwzr 15 &1 E ;ﬁfﬁ:}dﬂ,ﬁ?,, b 6T 568 L o ¥ EEGIED R R
B R BB QMPET L

At 0 I LNAPL %% > 51 LNAPL i 4 & ngn/y Y
(VNP1 @ % 4 (4o MPE, Bioslurping) =& ;2 V@ & = A3 f o %7 %
e A0 MPEF i & pimip p - LNAPL B & "% M T % chp % TR e
e EFp Eaykw s & 12 B % 2 {8 LNAPL &0 T w38 | (Rebound) # 1<
LNAPL » 13 feds ToKiza } o Flm » ffiimigtt P LNAPL # "f g NS
TR UEBROETRE (FRAROTERS) 51 0 kALY ORRS i
7 MPE et imdfged ¥ et v 7 45 o F1 5 LNAPL i3 35 [ 4 m a4 3 ¥
Gk iR L AR 0 FUE MPE T i it 0 BT F o LNAPL e e
RYEMITARENZkE o

MPE #3% = w 2 # 7 #& > (Li et al., 2003a; Yen et al., 2003; Yen and Chang,
2003) - Lietal. (2003a)#% &1 5 "I~ % 7 AR AR st AR f R Mf s ﬁ_’;“ *
g § 0 FIES g p#fa.”‘v @ #ok ~ LNAPL ~ § ejnde 2. £ 4] % 4258 5%
& o Yenetal. (2003)f]#% ! Bioslurping e "I~ % 425430 % &8 7 ;ﬂi e
F#' 7 kA ¢ LNAPL ehw fooe s 5 208 ViR ~ b ~ F = % s ToRP oh

i 1‘71&@@1‘7}@] ¢ong Apinds o e ERCERT F (fB) % T LNAPL v 873
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ey
&
s

R B ToRE 2GR bR

s

N

AR e R S AR SN R ALY R R
RORE ;P RSN ~Wﬁxlﬁ{,i§—m&;$gﬁifgﬁ¢g§+§_ﬂ Yy
B Gh)f3RETHLE KA ijrmﬁ_r_}
EECSE @ﬁﬂxﬁ_;\ i N N S ﬁ_,r_—\.:jggi,,

R RIRE 2 ARAL 2 S é’ﬁﬂifi*mﬁwm J:Jf%é«’ ’5“"5:71: i
(blded AL 6 PGB A) AR RE I kA 2

O PR o b Br BB RRY 0 R * 2 % fig']ggf%p;t—*ﬁz s A F;?
U 2 RN R EY STy S

W (’S .\\2

Beckett and Huntley (1998) & * MAGNAS3 #i-# LNAPL * 4z - MAGNAS3
R VA F RS EES 2 T R ERBEFR R FBFL AT A
B4 LNAPL iz » it - BB T S5 L R % 5 LNAPL &4 & ¢
HRTF foR b X 2L wmEF P RS R L 4] i*uﬁ;_ ‘2?‘ |22
B - fRenfiin T o ik & ¢ LNAPL chde fo & i F e 3p k2 EH e

EA Y Jf;] S FILNAPL # o g H 43 3@ &p{r R " M ¥ 0 2 fwif
H 3 3% 3% M (Intrinsic permeability) fite 3g 42 3 > F]Ut flmkEfed A ¢ i
Fiiiﬁw#@%z N ’?#é‘,fi’f}éxj‘ VR F é_},g,%i* % 3-5m £ Hp LNAPL
ek FOREE R K o Arapk i,%’ ¢ > LNAPL w jc# % > 44 vﬁmﬂ w oz

050 o F = 7 ‘é;%)’?lﬁu ’ 1__:}@7 f 1T LNAPL /7¢<_7, }’} ""] LNAP # xf N R e e
BERESER g > W g 2 % %Imﬁ LNAPL %35 12 % 38 H 5w fc & 45+
Bl < PIFER o 5 B YTsTi K %&1 g 4 t?ﬁw? | QK%] SRR TN

TR m R S é @@Lnéf,‘;ﬂb ° l__pf.ﬁ/;_/a, ERT R ﬁ*-&ﬁ"-f’/ » dm 4Tk
fok b BT E00%; e Ak AP Bk edfr B F 30%; Lk ¢ ] 110 o
ick <~ BB LNAPL Ap %3 1 Fla TS r,’fﬁﬁ;:(lntrinsic permeability)
jeo mr ﬁiie&ﬁﬂzmw&i # ¢ LNAPL # 8 2% e fe R B 58a ] o

PHAT T OV RN FIR Beig 2 75l RenA ok 8 o fo LNAPL w
fed fedpMetsh (4 2-1)« afis? Smpmp o § 355 157t £ @ 5
SR P RS BT S i S RE A LNAPL B8 3 3 0w ek E @ T
o tHAT Y Mg A~ f R RS2 %0 vz (Vacuum-Enhanced Fluid Recovery,
VEFR)> 12 f BRI F i » v cng »af i A > TR F R p{e AN v
Al Tk e b A3 Y G LNAPL o 4~ VEFR {8 > 50 w e A F R
A5 Aespked Y s F Rk R F > A HiTahw e BT B -
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% 2-1 wzF e -k i=;8% (Beckettetal, 1998)

full domain limited domain
(57.5 m radius area) {5 m radius area)
hydrocarbon vol hydrocarbon vol
(thousands of gal) (thousands of gal)
groundwater after % after ¥
drawdown (ft) initial 3.2yr recovery initial 3.2yr recovery
1.5 4592 2.3 2.3 8.2
5 486 3.5 21 43.8
7.5 504 476 5.5 3.74 2 46.3
15 444 11.9 2.3 39.6

Peargin et al. (1999)4-%f 15 = ™ £ #, 59249 B & MPE &5 (7 6

(Short-Term MPE )i {7 5u3- 4 450 18 4 & §] % MAGNAS3 st & 55 w iz o
MAGNAS3 #i3t 2 K & 12305k in ~ Ak a2 5 K (B A& 025m)~

R TR B ALY 5K =480 g2 LNAPL 3550 - A T T 0 I &
MPE &k BAES &R B R AL T & % LNAPL & fc & fof ff /| e in™ >
BHELPER S L (8hr-30days) » MPE & -2 5 % 4p ® e o Ak Frifrd
k2 A T 08 B s lm Rk LNAPL ek ' 47
7 0.1%- e F £ 3 30 X PMPE # 10 m 2k LNAPL 47 fv & ¥ "% i€ 5% o
#7350k et 0.05 darcy (4.0 X 1070 em?) shim e 4 3 Kgh o g 2
P hp e 3 35% 0 F R &2 G *qwf o F]h 0 — L Aefo R '8 i< o LNAPL 4p %
Pk AR R R o MPECE S GRG R G 1K ET T Mgy Bl
FPELRERS ok b s E BRI GRS R R
FHERSIE T F Y A% 2 F IR a4 E L R E B MPE
SRR I s

Chen et al. (2005)%+ LNAPL z_ j /& 4¢:# w4z (Vacuum-enhanced recovery,
VER):E FlicE sk » B 7 — B =4p08 LNAPL ~ 2 5 ~ KAt - ¥ £ &
EwoREETir M-3DRAE 2D AJR P T R ok B e T4 £ &
& gm};&;—ﬂ% %o iHt o 3% 7 9 LNAPL % g BTEX > # A< & LNAPL

AN REE A A RBEFIRG o

Rasmusson and Rasmusson (2009) 12 TMVOC ##& 7 % LNAPL /3 % 34 e0i%
oo o BT ﬁdvﬁ;ﬁa-\ 3-D L7} % & > H 2 B mFRE 5 30 & 5 %9
% B AR 700m s FIHCRA T R F AR TR 2 BT
B EE 3o AERF P LI ERIorE - BT Y- £2 2% 5 LNAPL
aﬁ%ﬁw (Mobility)“iEiB*F’“"i—ié 0 > WREH w TP EM o LNAPL 3w g2
% im ¢ (Flow Rate) & % # 2 BFjR 2 o x £ 5 LNAPL ¢ 3375 4 ér fo B ik
,fi,r#ﬁ_ v Ap & Rl (7 Ht%l) SEEE: SAN/ N
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25544 1@ %J o A

PHAE mﬁ.f,b,fﬂ@%\% FETE BAAME: 2 FRE - FE o
ﬁ’?ﬁ“g‘_ﬁ”i‘gﬁi gi"?us;wé’\zi)“ ’F‘& EMEA AP RE RUE A P
F BB KT E A o AT P TR RS A

aj”mdv :-”J‘-ﬁdA+jcjvj5dv (2.1)

HdCVIpz Y - TR HAIMEHE CS L e FIZMBIHFY G MmiF5 4P
GEEIRAY HFREAF S TR TR A NG HP Y 6 b ke
SiddF iz 2id F ki & ehsink source o 258 ¢ R RE T ATR T

AT

[[3-fdA=[[[div(3)dv (2.2)
FE Pz v ) [
jﬂ{%mdiv(a‘)—S}dv =0 (2.3)
N
§m+div(5)=s (2.4)

SIS F B AL B R T RS T R A
BB AR RS L T B AR AR i BRK A AR S e R T o
(ﬁﬁf,mﬂ

FRAeHF mgukRa 8 k4 aipd i ﬂ%\ﬁi 5 E o pdIHAs
POENZ R MBIV AR Py A IR A RISy - ARG
:Mﬁ?/n\:%;#ﬁ- KeZF B FEMRELT e H2F o 2k* g
WNH- kR AR S EMGREATHE = ;chl gk B o l‘*;ﬁg’_;;z\’%‘r/x
fie (Solute Partitioning) e 1 -kApik & & A#H > T BIKAIEM G KRB F3 FAFZ
¥R o 4 R Ff)g‘_—;’/a ’Er/w\ ﬁumﬁa‘f;};

AR IV U NI TR @ﬁ%} ( Advection Transport) ~ #4<
( Diffusion ) ~ # #* 2£ 7 (Mechanical Dispersion ) o ;3 B 5 ¥ 3¢ 4./ 4 i@ & @ 4%
F AR R F S i’iﬁ@ﬁig?] ° i’iﬁ@ﬁ%{&%ﬁ%s’?’ﬂ?iﬁ%ﬁﬁ oA KR A
G R B T EEE TR, R f@ﬁ%ﬁvi@ﬁ’#‘%’s‘ig WEE ARk
LR LN R SRR S LY S TE SE LIRS TALE POl - v
il F A G4 NAPL chi g 8 = 8 iﬁﬁ%llif"f P HACE £ R s R - A
P J:@%JB LS GELY STE | '3?%1 G T FEITIT RS AR E
B A 4 ] R o Tk @;ﬁﬁ;zbrﬁi,,ﬁ%ﬁfwﬁj N Fakr A > B R BT R
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* kA5 Tk £ 42 & (Deviation) %A L G 3 et TR R
e o R AR o PEY RS RRAE AT AR *””rﬂ » 1R 4 AT
(Hydrodynamlc Dispersion) % # 7+ - ( Randall, 2000 )

2.6 TMVOC % H 4 12 7

TMVOC % £ R % G874 5o % B 73 % % (Lawrence Berkeley National
Laboratory ) #7# 3 > 14 TOUGH2 % Eric Bz M A 3% F "LL L = iR
AR VAR R IR AE C AP B R T AR 3 oS Y m@ﬂiﬂ ) T
f#& 4 1 e o Thunderhead Engineering 5 H B4 7 ¢ * 4 6 PetraSim - = 7
F 5y i TMVOC i {7 fict (Battistelli, 2008, r %, 2009, Rasmusson and
Rasmusson,2009, Erning, et al, 2009, Kererat and Soralump, 2010, etal.) -

TMVOC i¢ * # 4~ ;45 *T£ » (Integral Finite Difference ) aJd® 7 & 38 » &P
Bt b Rl - rF5 "TL A > 3 £ 22 sink “source i& * fully implicit &2 - #5741
RA Y AR TIE BN e L p At # h4 G 44 A (Surface

Integral ) " 34z BT 2 dea 2 2 THEDRfeBR® c {02 F P X B
SRR Vot 2 BB Voo B Va? S KFFFE2EF 5 0 013
[Mdv =v, M} (2.5)
Vn

MEVo? B RAF > MIZ MV, ? ind i o @ itz BT o fndls

[ 3+ =
t m'/‘iil&??\’ T &

[Fe-Adr=%"A.F, (2.6)

T 5 424 ;fi’nﬁ' AL AR FY A Kaunid o A & Voo Vg ek
Ao Fom & = At e ’4’\3:"&'7'5' o B 2-9 Bt 7 TMVOC s tcd]r &
B -

Bl 2-9 TMVOC #4c#-3] (Pruess et al., 2002)
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AOKT A AR E )

K
Fon =2 X5 Fsm 2.7)
B
Xy o K& BARRRETER » Fpum » B2intid & Ay b e & 8 T30 o

K, ;0 P,,—P
F nm = _knm r’ﬂ ﬂ { ﬁ’n ﬁ’m - p nmgnm (28)
" l: My L D g

nm

Kom & Vo e 5% 3 thdic (intrinsic permeability ) » K.z 5 B erip 4% % (2 ¥k > pg
AR RAFS P Py AH A B AVLE VB > Don 2 Vo 2 Vi
I BLIEY o On » £ 4 R AFZEN MR L E o

FE AR

dvs 1
dtn = V_Z A1m an + qu1( (2.9)

H ¢ g % sinksource fV,® T 3aiE o L L TMVOC s 4] 4250 o

TMVOC Bk e iZ R R ELF B HA F E 5]V B T e A T = T (L B
BIELmE s e CRFEEFL AT BFEA A6 TR AE - F

Bap il 2 VOC 2 4 %% 2 o & TMVOC £2412 4258 ¢ & & g 2t 4
(Fickian Model for Hydrodynamic Dispersion ) » ‘F §f *t fie & H & & i k{8
4 ¥ B iy e 5 - (Pruess et al., 2002)
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Al

P
-

-,
N4

—_—
—_—
—

Py

s

3.1 $xif

AT &% TMVOC 508 B b i 2% G518 = % % Q)56 2 iR 1S

TR H e EEL S RorF LR iR v p A AE: - BT o R RS
Bz b TORGRERCA] X R P IR E R NEEEE F SRR RS0 B
SOk TP Pv’"?}f/rfi SR ‘ﬁf/r*ﬁr*ﬁ R

AR IR A R BT
HinZ BRI HNBHEERK -

a3 AR WY R 31 e

BEMYZE T

N

T PRI WAL

/

I B R

T EBRB TR H G E

Bl 3-1 77 Az R
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3.2 H-AZE =

ACEE AT BERA T ARG AU E 32 B AR R <
AR ARANLIRLEER B IR AR B R R TR LT
Bi B BT i BRI LKL A B2 B h L R
& WL% kR RS FER TR PR URS o Bfﬂﬁ"‘ q?;%?%ﬁ"‘”‘ e
Koo td KoY il r - BISIRRS RHE S8 A 0 &S OKTEERE L b2 Al »
Bind Wo WHRBE & A TRia'fiT o m ardmy P Bl LR 87 F
2 B R E L u) R RIS RFH I HEE
Bisre W enf B ) o 73 BREF oo e e

@ B BT A B ST A S BRE S S - PR L2 A5G
BTORGEE S R ZPFECG RER SR R S IR S SRS T HRR S S
PUT O Bl 2 P SRR AL -

Atmospheric Boundary

GWT ke >

Vv

Fixed Status Element

No Flux Boundary
Bl 3-2 #37+ LB
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321 A hHn 2 x

MEEP 3 E 2 - BN SHREY g TR 1‘3“: |ex o] 2 et
P EREMGIRRTIFEE - %\é’u@’l‘mwi‘ f‘-‘ﬁ”k HazE e o S
“'J@ffﬁfﬁﬁfﬁfﬁﬁa o 1R I PR (2010) R I S E I i - PL RS
@ﬁiﬂsﬂﬂg BEE et AL EREY f o ol ke FhgRe & aie f o
BB o sEAr o mfaﬁ: Jeid &% kB DT g R
ﬁ&ﬁ%iéiﬁ%’#ng | famp\;r?’ﬂ/ﬁ/—‘&lﬁzéwpﬁ.—*ﬁtﬂgﬁ?l’\
§ g IR -

Mﬂ*ﬁwga— £ 400 2% (X% )~%20022 (Y2 %) iE16 2

R(ZF ) ZHAFLFIHEE FAL kR E -k > BHIZYS Bk

T (X&Y) % 10x1011m 3w (Z) % 1.0x10%m?s 34 B % 4 0.3° SWCC

i¢ * Paker 3-phase 323 > 4p B S# 5  Sp=0 > n=1.84 ~ 04,=100 ~ @,,=110 ; #p

ié’%;‘%iz T #cié * Stone’s 3-phase =32 350 4p B -3 5 1Sy, =0.1+S,=0.05~S4=0.05 -
o B AT H et 3R ST A 3-1 o

BAY FR-OMEI-ImE A g R -ImBiid ko2 kAF A-Im3
I6mE > EREISmMe BERHEAAZ P w A 5 12 B8t d-0m3-11m 3
e o-lImI-lemifeeR o X3 e s 3 20 R Y s 12F
Pt Bt 3o PO BIRELIE R R A PR ond (Fo R & RLE H
B 3-3-

F 3-1 33 $dc

SAND
Horizontal Intrinsic Permeability | Vertical Intrinsic Permeability Porosity
1.0x10-11 1.0x10-12 0.3
Stone's Model Parameter
Swr Snr Sor
3 0.1 0.05 0.05
Paker 3-phase Model Parameter
Sm ogn agw n
0 100 110 1.84
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Bl 3-3 ®H7 LB
FEE R P R TR T 2 A B N6 m AT L Bk R AT me A @ B B
EiERRAELE AP LY RN R R T A R TR R AR

Bengs ToRGRES T R - AR TGRS 4ol 3-4 A1 0 kit e %
LETE XS o o@m bR S R SR o

B 3-4 fEa 2 B TR
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3.2.2 MikRIE B 2

TR R R AT IR R MR A A R T HEER S AR T
,-r/él‘/%f” e /E\l‘/%'ﬂ!:')%r}:a '5/\?‘.&"%9 %\ 4 5’&"}’;‘ ) &u ipz%/@/%%é ‘\*EJ»_*%—?{
% X=110> Y=105> Z=-15> S BE- a3 ? ap¥ =8 v 24 B 3-5-

Ad THTRHFZBELAN A LT EFHERE SN IEY LERBBEL A
Frrdp S -t n i iP5 REas k- B Source -
FLRADFELTI A ABLF T F e F 2P F 3R HEa
ERF A W4T ¥ 35% 7 ¥ 7.0% 2 ¥55% -7 F 15%- 1 %% 82.5% -
WA FR L F X 05m® > T& X 1826.25Kg > Fprt it B & BT A4 s
ik F 4T 0 ¥ 1.58x10" kg/s ~ 7 ¥ 3.15x10" kg/s~ = 7 ¥ 6.759x10° kgfs
o ¥ 2.48x10" kgls~ it %% 372x103 kg/s o % PR35 10 & » #&¥ f fz 10
ERRRRE VT 1,142,802.8kg ¢ % ik SR A £ 3-20 & TMVOC ¥ #7 i
it B LB L e m AR Y EARY F e S LR By ‘—"ﬁ“'l-,*%—
FRER T Bl Fra £ E$5 5] TMVOC poaz 2V erig 2. flice 4710
Pl * g 23 #A03 i e g 25C - R § S8 ¢ ?]m.)i%'“n‘v 2
4 e

d

ORIV T AE T RS B RICH S 2 Fa i gp
BB it KB (T AT oo WIS % 0 Bt F 0.3 2 Fn 10 £ (5 F 3 Hn ¢
i St 4 1,422,851 kg c @ Al B 0.4 2 s 1422001 kg - & 3 i
1,142,802.8 kg 4ot 3 - A Lz Bt A2 - HnpE .

Spill Point

B 3-5 BiKREL- ¥
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% 3-2 WIBEE R T

Benzene Toluene | Ethylbenzene Xylene Octane
Weight Percent (%) 35 7.0 55 1.5 82.5
Leakage Rate (kg/s) | 1.580x10" | 3.150x10" | 2.480x10" | 6.759x10° | 3.720x10°
Total VOC Mass
49,861.0 99,406.4 78,262.8 21,329.8 1,173,942.7
after 10 Years (kg)

3.2.3 BisT B ihR

A PF BT 8RB 1 5 03] ende 4% 2 (Initial Condition) » ¥ &
? 3l Sink kg R L o L7 REITIRG K- Sink A5 54 £ * Deliverability Model >

m 2t * MassOute Sink 2K =8 % ¥ - i @mFEEEn L 73 Xifha B

oo hoR) 3-6 PR TR 0 s E WHER EXRAEBBEEESHY 2wt 0@ e
Bl 3-6 RIALB“7% > Sink /E A #3% &3 TR R A Z=-6~Tm g o AFTF
¢ i * 2 Sink #5734 337 o

e e v

@] 3-6 Sink =% 7+ & B

% 3-3 Sink %3#c

Production Well Radius (m) 0.1016
Skin Factor 0
Productivity Index (m®) 1.78x10™
Bottomhole Pressure (Pa) 90,000
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3.2.4 HH

B A =+ BT

ALY G BT E L OFEL M A F AT I o 4 F T
Hi5qt @ﬁ%r’ﬁﬁ%fﬁ" % % ¥ 14 Peclet Number % g% > Peclet Number — 4+ 12
F87;5% % ;¢ (Fetter, 1999 )

Pd = de or PL = VX (31)
Dd DL

Vi s ek Tk A - d ri’ - :f; #ﬁrﬂ:é B (Characteristic flow Iength) J Dd :% P
=
]

Al R F 400m o gt JPLlp%/w\—HP%sw d*“TMVOC}"“%H ﬁx_} 7‘*\
I~ 3R ATy B B Kd 4 BT RBCPE R e~ o 3 AT o
v,L (244107 m/s)x (400m)

B ISL - 10°m?/s

d Peclet Number ¥ w4 3 it A2 5 ¢ 2 23 PEER L o e HETHH

e fok B TR RERN SR T o R R ERE - AR A F A
Bpd g STt RER > TP A FHICPERR L o A FFATE F A D

BPEG A AR -

= 97600 (3.2)

-

Eal S 3P S

BTk ESHART 2 ﬂ\}iﬂ’“m#v;;, P AR HA K AT
i‘t’;ﬂ,#\%)\’}{]:%fﬁo

T TOREFZFEEA RS A pd g SR AR REE 0§
KRR FT R4 RN SHUAFTRHFTIEFF o n AT N Sl
A WA EEE AT BITRA ",% o Rasmusson % (2009) ¥ 4+ T
”f*%ﬁﬁfNAPLfEiéiiffﬁﬂFﬁ? RO RAT Y 0 AT L dp N TR B
NAPL # jz2z 5 3 &=~ #2558 > Bl 3-7 5 Rasmusson % i 5 % o %7 1 ¢ 0 &
P sklmmlng pump = ;YK 2 ¥ sink g2k = TR E o EE pod 48 NAPL
REok i b A pE s A B R P E RS

AR BB ALY A e r 3 TR E o (e d 20 sink R R g 0 = AR

CED SR ﬁ?ﬂwﬁﬂﬁu@Jﬁh‘Lﬁ%ﬁﬁk?ypﬂﬁ4@%@ﬁﬁiﬁ@é§
AN BRFRE- HEE AP AR B E RS TR B B
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NAPL recovered [I]

4500

4000

3500

3000

2500

2000

1500

1000
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1

T

T

T

T

NAPL recovery in pumping well

—+— constant groundwater level
—— fluctuating groundwater level

r _r r v r r r r v r r r r r r v r r r r r r r r
JFMAMIJJASONDJFMAMJIJASONDJ

B 3-7 ¥ TRk A E W S e 8 (Rasmusson et al, 2009 )
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33/1/\:17 ’3\'/4:\‘5.,{7‘{

M ApEd 2 NAPL #rle =2 - @B/itlip > B Ap2Z2LF 4 - B AR~ L F R
FEBTHRAD BN L NAPL ik At en e m A2 81t 0 @ & NAPL g
P AT A A KD & e E AR S AER S BB E T ARG AR
T HCEBOREARY o B AR W ARORATR Y 2 N R LT RIRR TG
NAPL fdicid b en3 4> 4] - £ 82 A dear 2 @ 2T DR =4 4
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Weight Percent (%)

Benzene 3.5

_ Toluene 7.0
Aromatic

Ethylbenzene 55

Xylene 1.5

Cyclopentane 24.5

Aliphatic Heptane 20.0

Isooctane 20.0

Ether MTBE 18.0
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Figure 1. Equivalent Carbon Number: Boiling Point Normalized to n-Alkanes

B 3-8 % piificr A gheonw 51* & % (Gustafson et al, 1997 )

% 35 05 5 gl A

Boiling Point(k) | Boiling Point ("C) | ECN Weight | Weighted ECN
Heptane 355.6 82.1 9.3577 20 187.154
Isooctane 372.4 98.9 10.4295 20 208.590
Cyclopentane 285.5 12.0 4.8856 24.5 119.697

Weighted Average ECN=7.9913=8
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Weight Percent (%) Viscosity (cP) Density (kg/ m®) | Molar Mass (g) | Mole Fraction
Benzene 3.5 0.652 885.0 78.114 0.0393
Toluene 7.0 0.590 867.0 92.141 0.0667
Ethylbezene 55 0.669 867.0 106.168 0.0455
Xylene 15 0.620 864.0 106.168 0.0124
Cyclopentane 24.5 0.430 896.0 65.515 0.3282
Heptane 20.0 0.410 679.5 100.200 0.1752
Isooctane 20.0 0.510 688.0 114.231 0.1536
MTBE 18.0 0.470 740.6 88.150 0.1792

Density=778.6 kg/ m®>  Total Moles=1139.6 mole Viscosity=0.4733 cP
37 FivAn =L

Weight Percent (%) |  Viscosity (cP) Density (kg/ m"3) | Molar Mass (g) | Mole Fraction
Benzene 35 0.652 885.0 78.114 0.0393
Toluene 7.0 0.590 867.0 92.141 0.0667
Ethylbezene 55 0.669 867.0 106.168 0.0455
Xylene 15 0.620 864.0 106.168 0.0124
Octane (Edited) 82.5 0.447 759.2 86.580 0.8362

Density=778.7 kg/ m®> Total Moles=1139.6 mole Viscosity=0.4726 cP
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Fraction in Water
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NAPL Molar
Fraction in Gas
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Line Plot of SO: Y=105, Z=-7, X=0~400m
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Final Total VOC Mass in Site vs Distance
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Oil Saturation (%)
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Extraction Rate Compare - Case 7
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Extraction Rate Compare - Case 11
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Extraction Rate Compare - Case 13
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4.4 T F 4 BR A1

AR P RFIUHF 032 MRS RS P PR S A E L 44,246.2 Pas
® Fe# & § (101,325Pa) /R £ 3 « 3 57,078.8Pa- 5 BNN ¢ LN 5.04
o RS P RET S - E S o ARTEREARY 0 X U E TR R
PBREE > FLEATER = BRI » AFEL - 220§ %606
St e kB 67¢ A RAFH(UT JA S HP)- # 2 s 2 £ 7] 25.3%
5 BNNAr LN ehd & 24 o & 4-2 5 HP fik % 22 LN fv BNN 2 +* & o HP
h- &S Fad AT 1,622,293 kg it 5 0 # BNN fr LN 3 i 5 0 285

¥ £ 7] 360,559 kg > Fisacg A w5 BNN - LN 7192 3122 2.08 & -

# 4-2HP g g % 2l i
LN BNN HP
Pressure in Well (Pa) 90,000.0 90,000.0 44,246.2
AP (to Atmosphere, Pa) 11,325.0 11,325.0 57,078.8
Porosity 0.3 0.4 0.3
Final total VOC Mass in Site after 1 Year (kg) 1,249,879 1,234,771 1,062,293
Mass of Total VOC Extracted (kg) 172,973 188,130 360,559
Percent of Total VOC Extracted (%) 12.16 13.22 25.34
Efficiency Ratio to LN - 1.09 2.08
Efficiency Ratio to BNN 0.92 - 1.92
Efficiency Ratio to HP 0.48 0.52 -

7 & TMVOC st 4z ¢ ¢ * Deliverability Model % 5 i £ # chsink

AR
(g R Y @ - B2 A 4 4p 4% (Productivity Index, PI) r2 2 # &R 4 %
Foinkenig & Pl XK TIHAFTEFECRLITFE PRI LE - Hix
PRI -/ A EE R LA

(P, —P.) (4.1)
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e

TMVOC i £ % #c2%

o2p 2

2

Property Name Octane
Benzene Toluene |Ethylbenzene| Xylene ]
Group Property (Edited)
Chemical Critical
562.2 591.8 617.2 617.1 568.7
Tmeperature
Chemical Critical Pressure 48.2 41.0 36.0 35.4 24.9
CHEMP 1 Cemical Critical
] 0.271 0.263 0.262 0.259 0.259
Compressity
Pitzer's Acentric Factor 0.212 0.263 0.302 0.325 0.399
Chemical Dipole Moment 0.0 0.4 0.4 0.3 0.0
Chemical Normal Boiling
353.2 383.8 409.3 412.3 398.82
Point
Chemical Vapor Pressure
-6.98273EQ | -7.28607E0 | -7.48645E0 | -7.59222E0 | -8.495E0
Constant A
Chemical Vapor Pressure
CHEMP2 1.33213 1.38091 1.45488 1.39441 2.03865
Constant B
Chemical VVapor Pressure
-2.62863E0 | -2.83433E0 | -3.37538E0 | -3.22746E0 | -3.32E0
Constant C
Chemical Vapor Pressure
-3.33399E0 | -2.79168E0 | -2.23048E | -2.40376E0 | -3.648E0
Constant D
Chemical Molecular
] 78.114 92.141 106.168 106.168 86.58
Weight
Chemical Ideal Gas Heat
) -3.392E1 -2.435E1 -4.31E1 -2.917E1 187.78
Capacity Constant A
Chemical Ideal Gas Heat
CHEMP3 ) 0.4739 0.5125 0.7072 0.6297 0.001
Capacity Constant B
Chemical Ideal Gas Heat
) -3.017E-4 | -2.765E-4 | -4.811E-4 | -3.747E-4 1.0E-6
Capacity Constant C
Chemical Ideal Gas Heat
7.13E-8 4.911E-8 1.301E-7 8.478E-8 1.0E-8

Capacity Constant D
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Property Name Octane
Benzene Toluene |Ethylbenzene| Xylene )
Group Property (Edited)
Reference Density for
885.0 867.0 867.0 864.0 759.2
NAPL
Reference Temperature for
289.0 293.0 293.0 293.0 298.15
NAPL
Reference Binary
CHEMP 4 L o 7.7E-6 8.8E-6 7.7E-6 7.04E-6 6.16E-6
Diffusivity of VOC in Air
Reference Temperature for
273.1 303.1 298.1 293.0 298.15
Gas Diffusivity
Chemical Diffusivity
1.52 1.41 1.79 1.93 1.52
Exponent
Liquid NAPL Viscosity
4.612 -5.878E0 -6.106E0 -3.82E0 0.0
Constant A
Liquid NAPL Viscosity
148.9 1287.0 1353.0 1027.0 0.0
Constant B
CHEMP5 Liquid NAPL Viscosi
q Y -2.544E-2 0.004575 0.005112 -6.38E-4 0.194
Constant C
Liquid NAPL Viscosity
2.222E-5 -4,499E-6 | -4.522E-6 4.52E-7 298.15
Constant D
Chemical Critical Volume 259.0 316.0 374.0 376.0 492.0
H20 Chemical Solubility
4.11E-4 1.01E-4 2.58E-5 2.97E-5 9.76E-6
Constant A
H20 Chemical Solubility
0.0 0.0 0.0 0.0 0.0
Constant B
CHEMP6
H20 Chemical Solubility
0.0 0.0 0.0 0.0 0.0
Constant C
H20 Chemical Solubility
0.0 0.0 0.0 0.0 0.0
Constant D
Chemical Organic Carbon
0.0891 0.273 0.681 0.55 0.264
Partition Coefficient
Default Fraction of Organic
CHEMP7 0.001 0.001 0.001 0.001 0.001
Carbon in Sail
VOC Biodegradation
0.0 0.0 0.0 0.0 0.0

Decay Constant
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