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Simulation for application
of pumping-and-treatment system
to the recovery of non-aqueous phase liquids (NAPLs)
at and below the water table

Ju-hyung Kim - Jongheop Yi*

Dept. of Chem. Eng., Seoul National University, Seoul 151-742, Korea

ABSTRACT

The objective of this study is to evaluate the feasibility of Pumping-and-Treatment system (PTS) for
remediation of the saturated zones contaminated with NAPLs. A simulation is carried out for the
removal of DNAPLs (denser-than-water non-aqueous phase liquids) and LNAPLs (lighter-than-water
non-aqueous phase liquids) distributing at and below the water table. In the study, LNAPL and
DNAPL are assumed to be n-hexane and 1,1-dichloroacetone, respectively. The model system studied
consists of four heterogeneous soil layers with different permeabilities. Groundwater flows through the
bottom layer and a pumping well is located under the initial water table. The time-driven deformation
of the water table and removal efficiency of contaminants are estimated after vacuum application to
the inlet of the well. In the calculation, FVM (Finite Volumetric Method) with SIMPLEC algorithm is
applied. Results show that removal efficiencies of both DNAPL and LNAPL are negligible for the first
5 days after the PTS operation. However, when the cone-shape water table is formed around the inlet
of the pumping well, the rapid removal rate is obtained since NAPLs migrate rapidly through the
curvature of the water table. The removal efficiency of DNAPL is estimated to be higher than that of
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LNAPL due to the gravity. The results also show that the fluctuation or cone-shaped depression of the
water table enhances the removal efficiency of NAPLs in saturated zones. The simulation results could
provide a basis of the PTS design for the removal of NAPLs in saturated zones.

key word : pumping-and-treatment system (PTS), non-aqueous phase liquids (NAPLs), remediation,

unsteady-state simulation
2 % B

£ ATe dEAQ N LEE AAFE F R A A2’ (Pumping-and-Treatment
System, PTS)el] tidld AAo)] 77k BT EGTFZNN B8] A8t £3PHA. F, A8
o] EX¥3Add] &8 oFE2A UL vj$ ol A] (denser-than-water non-aqueous phase liquids,
DNAPLs)9} AW % v]4=A}tolA| (lighter-than-water non-aqueocus phase liquids, LNAPLs)7} A]&}42]
AY Z 2 ol ellA] <HFIHA X3k UL o, PTS I3 9 BAFE §3ld 1 8134 S ZARIATH
oju] DNAPL®} LNAPLE 2}z} 1,1-dichloroacetone$} n-hexane2 7133t AAELGLS BdUd
ESET REHQ X3 25 7HE 23Y EFTEE JHFEIA, A6 1789 wellS 42
At BPES A|F F AR & A eled ] wiske}l 0 FEo] AAHe FEE ALt

£ AFelM SIMPLEC €az|F< o] 83 FIAA Y o3t vF el BAE $333 47,
LNAPL ¥ ophg} DNAPLE 2| &t5A3 thie 279419 A% ZA] A3l old 2 712gA] &
3 AR S met B A Heg g9y o AAY 7Fed Ao AaHUct. WP A F
oF 59 H<I& DNAPLT} LNAPLS] 734 25 F=87 AAZA7 vehta] gstovt, 9@ A s
W] Bygo] 9% mefo 2 W H T VA F&3] AARE] woth 53] DNAPL 7% 589
P o] A Dol wellFH9 2F £l A3 S Wt o] 53 LNAPLET Ut HE &=
2 AAL o] FART}. £ A7 AT Yerd A 3hrae] FeA ks JUAg e -0.57]%0)
ghe ¥ 2 2549 1me] vl @A E welle] AEE 7PV Wil ti IgE e Bl
o} 22y, B AFE 5ol 2EES EAo) E PTS 339 &2 ¥a¥ & UL, AsrHe
Pei A ¥sE sl A ES S/ F JE AXE.

FHIO] : FFA2] A 2" (PTS), ¥4 (NAPLs), 33}, 0y /38 24}

LM &8 sparging, biodegradation 2] A3} ¥ o] B

o] A=l git}. 13y e f7] LEEC]

NAPLs (nonaqueous-phase-liquids)e] =18} & REH AT BREHJ S B EXR R

22 EY ¥ ol A3, i Aol o T o E} A ehre] AAIE B 1 oA &

A€ A5 F7EA] @A E $-27t At o] et olgge LAES AA3N] M=

2% f7] L8949 422 (in-situ treatment) F712F9E L A9 4 HP3l Ae)shks
£ 93ld SVE (soil vapor extraction), air- Aol g1 AFAQ W F2] shiolth.



Ege] ¥RAY] EXshe LUEH| 545 (DNAPL)S} 53
Ao 53 YA (LNAPL)S] €3 AAZH ] A =A

NAPLs= U A|3tef] A F3sta b, Feid
o2 B3P FdS 1 3 e £ W
2 o]F3) 7=, ol L9 B4 Ak
S8y B4, aelu 53 EYe] 2443 A
A 5o 93] F$Hr) o] NAPLsy} thgo =
FEHo] AT thiAd B E8 9 &
A FFE dA dot. w2t EF FHIF L 2
HE AA AY9 FEE AAME 4 A3l
A o] &3tAY 23 Ue NAPLsS] ATEAS
ol&ll3l= ZAo| Z83}t}. Nllangasekare 52 ¥
Ay 2 ExsiA ] Ege thsle] NAPLs
o] A - FHH oS d¥ HPL B3
#EsIA =, NAPLse A3l @21 d=
BFog §F Bojrke @€ ¥ ¥ HEE
ZAAF17] 93t o s HAWEA o) 553
t}. oju], NAPLs®] FHo|FL2 A &5e]
1A JAHE ol EFT NAPLse) E4Jd) <
M= FTS Bkt XA oA NAPLsS]
ERG &S olEzirvt o3& AAY, I
NAPLsE #33] AAs & 62 o2 &4
ojt}h. HlAIFQl #ANA 717 Wel ¥lud &
EHH| & A= 7 NAPLs= 82 3
3he EY YAk 9o d<d e FAJsta,
NAPLs9| $ao] Wold4E nyd WesEd
sty E-E¥e] F2A Je 234 €.
Hayden} Voice?= 0]2|§ @A S x-ray2d 2
Cryo-SEM< o] &3} #aslt}. =8¢k Mayer
s} Miller” 5o 9% F NAPLse] 7)399)
X 53 Aol o, ol 84w &
71787ke] RAEe] AT dloigtE 1A%
Aol ZL3A] e T FEAo] A3
F719°3E dAE 4 glor, 023 JZAo] 2t
F NAPLs9] AAE @A sh= shte] 82l0]
g9 $ 928 HQtt. & Lius} Dane’e &
of g AL dFstedl, NAPLse vlw
2 A oA FE F9S LFAIFE W, o]
g Wi F7IT ZRIPBA A AAH

A ¥E 29¢0] €vtu B us

a8y, 2R YA BEA nPd 2 2@
F NAPLs "#h&-E0] X3l 95-g doslA
U e Zojulgdoasn oA olBAE
) & & dde AKE FEE 9 g
Lenhard 570 wh2w, AJ8EA S Zo) WP
23} 3= T4 21 oleiA] ZF NAPLs9)
¥3%7 AJE § o, Catalan 59 £ 1
AsrEgE Zojllgozy A3 8 3R
NAPLs7} 21232 (SVEYS E3 A 34
g £ 922 493t Pumping-and-
Treatment system (PTS) 332 X3A|je] %
A %7 (dynamic condition)S §LA|AH 13
Z2F LYES AGAINA sk A Al
Asks 3, LY ERE XA URE xEA
7 SVE 59 A3l 3337} dAsh= 59 884
< Zet). =3, PTS 3333 o 22
FH o] At

1) Aol 23 Y NAPLsE= A AZH
goid F8 EAloltt. 7181 T3 A A
A EAslE NAPLs= 324 F3t9 44
AAL & Aot F, FF3E NAPLs9| o]
U 3ol E R3] sHed YoAA T4
olFAHE F=E Jirh

2) A3rAS Zo] 2]A NAPLsE B X314
ol =8juA 3t S-S S B¥3
A7t g EG] 71FEL o FHFEY ¥
7] 8 olg} A& o] 83} zHF NAPLs
g 43 @t 2F NAPLsE 139 @
& E3}-8(conductivity) wjFo)] 7]F & @
oliAl Hed, EX3AIN) =FE o] AF
NAPLs= SVES} 22 AHG §71 3HE B
3 Fsd 4 Ut a2y el 23S
3l vlE 3t AT A Mg @
e e 27 X3X|de] FAHED o
30~35% ©]/¢9] 9 A}E Yethe RS
oz Brlesitt. ol olf ",




54 AFY - ojFY*

339 43 A e FE3E AL
g3lok gt 9 Adke FEH FEAA
o ZA AW B, wellE A= g7 23
MG HA3] ol g3t FEFEE ST
£ AE F Y F A

3)BYE 23S gERGo 2 FoxA ¢
= ¥ad BE FE2E5E2 23 FAU
FEAoz wigAZle 2N AaprRe] 2
< 9EAF FHoiAA TE F Ut ol o
%4 Q& LNAPLsE X|3ksgle) AAE w
2t Fo) o3t o A F28 S T3t o
F3t} o] LNAPLsE F2% 77to] B
Folzl AEsE 9ol FALE 2L FAHA
Hed, o3d AL Hg 52 FE2
NAPLsE 348 4 JA =94&01°.

4) EFFEF Ee Aue) bid §q 1
DNAPLs®] %oyt DNAPLs7} A3t
A HA e 27136 A4 2 58 AA
& & U} #2¥ DNAPLsE A3¢} v
£ 2700 A= Rgo g §E Soritrl A
3d 9iol ¥zch. DNAPLs7E BHCE £&

UE g JHoE B7sta, Aute] ge B |

&9 AR RYol sl upz A3}
F3 ol AEsA Rtm AY UL
o2 HAWA ojFshA Bt o]FA wrh
9 DNAPLse= EA4AQ] g o]f07} 3}
2 A a5 ol THY A7 2 Jhe) Pojg
£ P4 93, ol Ago] A'24E AA
AR, @A Aj3to] Z7s]H DNAPLsy:= T
o) AEY 4 A& vigol} BESZ 9o
¢gol2 FAam zolA B} ol 22}
9] A%olA, DNAPLs7} g0 ®moisl
£ @ PTS 232 $-80) 7158 R0
a2} PTS 2L 9@x|o] AR ¢

Atz o)FIH S W LFEA) AA £E

o) Wrhs waol glon, A A FoA

A F E4zo) EAE EA| Yol

29E AAFTHE PHEte A4 FofEol
o} ol A%, 349 3 2dANME
REHOE AFAHY F UL A BaY, A3
o] olg&Err} BALTIl FUFoR wl¢
z2|7] & BERZE AS AR =
. a¥Eg, @7k F2AAEN "ed
AATHE 83 QA vl F71 o
. PTSollx 3249 o] & 528 47 9
M F7HEA wellE dFFEo) U o4
AX|3t3 well®] screeno] &S A& o] &, A A
3tazt she REAG BE3] AR SR A
Azl of g,

B Ay Az 47 L8980 495
o EY ¥ ol a7k LEHUS B 5
£ 783, A3t A E Bt Eqed
o} A 9 H3E FAd I 4 Ue PTS

T BAbsl o] 3R xE BHIYE =
AYstgic.
2. Ol2 U HjAH

A B LFE ATS BABE] A8
Ae A 4 (F71-B-29E-EP0) U 2
dgo) Washy, o} 93l VOF(volume of
fluid) multiphase model-& ©]-8-3lt}. o|u 37
9] o] F7], &, L&) W3k VOF
model & A 835 00 B disive o34
2 uAgdes 71884t} VOF model
A o] ol5Ate Az HolA] gom, e
259 BEN) SJalod A%o) FAVT. A%
£9% A2 F12A 45 AF BEY, 05
F BENoH o] olzist Lk AN Bl
Ao} A o)FL TANAR Askrel
=¥ £5 (001 m/day)E Ztslal 5% BE
Hol 7.8 7S

P, 0

a Tam PO M



Eokel xaX o] Xk 2Y=H]|4FH A (DNAPL)S} 55
AYzn| 34 (LNAPL)Y] §3 AAZHA d@ =4}

) d _
EP“.' +$P“i i =

__B+

ax

A7 pE BE, wE TP £E, ik B
Bo) £%, pe B9, 0 AE, p, & 13FS) 9
g @714E 39), 292 FE 44 o84
A7INE $5F Aol

9 AolN Egke 2 YYslE pot pol Th
7} ol59e] BHE ollel 4 (Bpt @AY B
e,

p=2 & p 3)
=2 & B @

oll, & k 4} F3u]E Yehdr}.

Eokd theiAe zt o) tiEl] FLF 1B
=9} $5A52 JAE 934 A sget
o o]& 99 (229 F.o wdatct. 714
F,< =3 2ol & & Ut

u+ ﬁ( Pluluj
F,= 7 &)

AQ71M, ee FFAFolR, 0= VT, a7
i fe B4 A vehith
VOF modelollA4] volume fraction equation

ol ©)4= 2t

8k+u =0 ,k=1,23 6
._—_8__ =
at ja. k ’ it ()

13

Zt 7R gell the A 459 e A=
A7lE A9 Erbssith 7 dFdie $3HE
oRuR A e Fo) A oluE 41 o)
A 714 F AAAY  (Fluid Volumetric
Method : FVM) AHg3He 44 243 44
8} (Computational Fluid Dynamics : CFD) 2=

91 FLUENT Version 4.3& ©}-83} AlLHE &
2J51AT}. FluentS o]-83F AlAtox 238)=9]
SEL FRE 7Fskd AT =3 Y
9] EeHAS FE3] Y3t 37139 A%
73AE Fig. 13} Zo] wj-{- WA AFs| FUt.
°] modelingsll X Jele] EFE 7Hsl grid
£ & Ao] Fig. 19 514 Ut}

@

Fig. 1. Grid for 2-D pumping and treatment system.
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Table 1. Properties of Porous Media

1st layer | 2nd layer | 3rd layer | 4th layer*

porosity (#) 05 05 05 05

permeability (z:darcy) 1000 100 10 1

* At the initial condition, the 4th layer is assumed
to be fully saturated.
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Table 2. Chemical Properties and Dynamic
Conditions

Properties |Parameters Values Note

INAPL | 067 glow® | 0659 giom’ for n-Hexane at 20T

density 1305 glom® for acet
DNAPL 3 g/em” for acetone,
130 glea 1,1-dichloro at 20T

LNAPL

viscosity DNAPL 5.664E-4 kg/ms 9.000E-4 kg/m.s for water
ground-water velocity|  0.01 m/day -
Pumping pressure | -0.5 atm relative generally -0.1~ 0.2
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0.171 max. V.F 0.167 max. V.F 0.173 max. V.F
Fig, 2-a, DNAPL’s distribution in  Fig. 2-b. DNAPL’s distribution in  Fig. 2-c. DNAPL'’s distribution in
initial state (21.9 days 1.5 days after pumping, 2.0 days after pumping.
after spill).

Fig. 3-a. Water table distribution Fig. 3-b. Water table distribution Fig., 3-c. Water table distribution

with the simulation for with the simulation for with - the simulation for
DNAPL in initial state DNAPL in 1.5 days DNAPL in 2.0 days
(21.9days after spill). after pumping. after pumping.

0.156 max. V.F 0.147 max. V.F 0.071 max. V.F
Fig. 2-d. DNAPL's distribution in  Fig. 2-e. DNAPL's distribution in  Fig. 2-f. DNAPL's distribution in
4.0 days after pumping. 5.0 days after pumping. 6.5 days after pumping.

Fig. 3-d. Water table distribution Fig., 3-e. Water table distribution Fig. 3-f. Water table distribution
with the simulation for with the simulation for with the simulation for
DNAPL in 4.0 days DNAPL in 5.0 days DNAPL in 6.5 days
after pumping. after pumping. after pumping.
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0.213 max. V.F 0.190 max. V.F 0.201 max. V.F

Fig. 4-a. LNAPL's distribution in  Fig. 4-b. LNAPL’s distribution in  Fig. 4-c. LNAPL’s distribution in
initial state (20.2 days 4,0 days after pamping. 5.7 days after pumping.
after spill).

Fig. 5-a. Water table distribution Fig. 5-b. Water table distribution Fig. 5-¢, Water table distribution

with the simulation for with the simulation for with the simulation for
LNAPL in initial state INAPL in 4.0 days LNAPL in 57 days
(20.2 days after spill). after pumping. after pumping.

L

0.201 max. V.F. 0.114 max. V.F 0.066 max. V.F

Fig, 4-d. LNAPL’s distribution in  Fig. 4-e. LNAPL's distribution in Fig. 4-f. LNAPL's distribution in
7.5 days after pumping. 9.5 days after pumping, 11.5 days after pumping.

Fig. 5-d. Water table distribution Fig. S-e. Water table distribution Fig. 5-f. Water table distribution
with the simmlation for with the simulation for with the simulation for
INAPL in 75 days LNAPL in 95 days LNAPL in 11.5 days
after pumping, after pumping. after puraping.
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F; = general source term, the momentum sink
term in the given equation, (kg/m’.s”)

8; = external acceleration in i-direction, acce-

leration of gravity in the given equation,
(m/s”)

u; = velocity in i-direction, (m/s)
u; = velocity in j-direction, (m/s)

p = partial pressure, (N/m’)



ko] Aol 2¥3h= 2 TH] 43 AH (DNAPL)S 61
AP =H| A A (ANAPLYS B AAFH dF BA

¢, = volume fraction of k phase, (dimensionless)

p, = density of k phase, (kg/m’)

P = viscosity of k phase, (kg/m.s)

a = permeability, (m®)

B = inertial resistance, (m™)

B = volume-averaged viscosity, (kg/m.s)
p = volume-averaged density, (kg/m’)

¢ = porosity, (dimensionless)
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