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ABSTRACT

Differences in subsurface migration of LNAPL/DNAPL contaminants caused by a selection of 3-phase (aqueous, NAPL,
and gas) relative permeability function (RPF) models in numerical modeling were investigated. Several types of RPF
models developed from both experimental and theoretical backgrounds were introduced prior to conducting numerical
modeling. Among the RPF models, two representative models (Stone I and Parker model) were employed to simulate
subsurface LNAPLs/DNAPLs migration through numerical calculation. For each model, the spatiotemporal distribution of
individual phases and the mole fractions of 6 NAPL components (4 LNAPL and 2 DNAPL components) were calculated
through a multi-phase and multi-component numerical simulator. The simulation results indicated that both spilled
LNAPLs and DNAPLs in the unsaturated zone migrated faster and reached the groundwater table sooner for Stone |
model than Parker model while LNAPLs migrated faster on the groundwater table under Parker model. This results
signified the crucial effect of 3-phase relative permeability on the prediction of NAPL contamination and suggested that
RPF models should be carefully selected based on adequate verification processes for proper implementation of numerical

models.
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AR FAE] 7] ", o=l ot HsiE FHAs)
3l7] 918l A5 Wl NAPLs AF 54 7o, 15
stal AAstA ti&she A7 Aot AFgHEd
F=9 NAPL A= B33 W 571, Askset A
2 SRR Al OE o= EAfE] wiel o
A Al(multi-phase fluid system)Z 3l 4 ¥ th(Brennen,
2005). 13u}, T FAAIOA NAPLs 51 A8
U5 LIEAY 71A EE 3dEE AdHolE dod
T Sletk. ¥t oy}, NAPL QA= vt 74 8%
o] EFAIZ EAs] Wi, ol A &3k
S Z42F aeshs tMdEAl (multi-component system)
2 3d3}edo} 3t} (Adenekan et al, 1993, Essaid et al,
2015).
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CH(Honarpour et al.,, 2018). T3 FA AT Al Yeh}
= ”EH 589 a9 35 Wt fA7F 40lA
%L FE3| whtol] AVIe R, A fAlE A
= ”Hxﬂg]r-’] 153 Zpoldl] o3 tkE FAlE sk
T2 %5 SZ(flow channe)Z dsl= Az} o]
MZ 7 55 AslskAl ®th(Oliveira and Demond,
2003). FNFFES AT WAE TSk ARk 27
2 i, 35 & 2 AR gt geRe AT vl
A afg B dAEA, o dFs Ptk AT
ujA|e] A FrEel Wl NAPLS] As 54| =LA
gebd 4 AtkBryant and Blunt, 1992). IHkHoZ,
A9 A5 wiAlS A FeS APgsh] Ssixe @
I AEZHE APHoZ 43 (Buckley and Lev-
erett, 1942, O'Meara and Lease, 1983, Richardson et al.,
1952), HloJE1E nlgo g2 = ¥ 2)(Corey and Rath-
jens, 1956, Honarpour et al., 1992) 2-2 °]&% uj|F
< AYe F34 grE B8 dojlie WH(Baker,
1988, Parker et al., 1987, Pope et al., 1998, Stone, 1970)
< o] &3t

a2 Al 71 oPde] Aol EAlshe v A

E o= A T8-S A5k AL B2 AR
Hgo] 4a57] witol], Jides 11agt 2Hdo] 7ks
gk Aoy 8 3 HAS SEsle] oiFTE
S A%} (Essaid et al., 2015, Honarpour et al., 2018).
©-&o ] Halg) 4= al-zi e wele 7igsl o g]z_o

@5]:3}0:] TR A& AT I AR &
UA7] wEell, X 2y 7Y 2835 NAPLs AF 5
4 silA Aol ado= %%%E}. Qi et al.(2020),
Sookhak Lari et al.(2016), Kim et al.(2022)°4]= A
= WA EvAEES 13 AUFErEs ¥ 2l
(relative permeability function, RPFYS %-8-3}%] NAPLs
o] As C‘ﬂz 2 AA Bl g X3 A4S Y
1A}, B3 Wipfler et al.(2004)= A2 U2 F 714
Fo= O]To%xﬂ U= AT WAl 2z SRk AT
& 5 83l LNAPL AsS sidlsidict. siAlRk
T -9 A7Ec] AF wiAl i NAPLs oV
A AF el Z1sieel= ?i——rLO]'—’ Aol A AR
o AETE 5:1’}‘ Ute]’] s Asske 2s 1

¢

lm-l
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FFTE S Bl 548 SHlEA gefslar, s
2l Joe] AR Frdds Bshs Zo] Aol
b, & 7o) A2 ojg} o] M= HE AtiFr
& o BEle] 5435 o]2H e olsislaL, ?il L
S &3 NAPLs 715 A5 FHA s

gol] 23k At} ApolE fHshe Aol ol& HOH/H
Al A 74 TS ?j-:‘,: 2d F 7IRE AF
sto] Z42hs AP3A ZdEH = (Ternary diagram)© & F=A]5}
o sfadslge u% LNAPLs ¥ DNAPLsS 4783te] 423
23z} AESS S nule AF
stol= o %Er% E¥, ¥sl= £¥9 NAPLs A9

2. NAPLs HS0f Chst Chet /A S 2Ixt

2.1. & F22 JHEA Ho| ¥ A8 55

) Fgold fAlZE 3= el 23k Axe) wet
mjdo] Aues F4/do] ¥iske a3E s, 1 ¥
3= A E3F= (saturation)l] o8 Z2AEY. AR
ol o3 I U} FF3le AAll FFe FA et
3 7Pgeke AS, AdETE 2 9 A 35S
2Hds] ZAZ1 el 10] =M, = fA7F A3
EABHA S A-olle 00] Hoh EEA &= 7 7F
A ool A g5 Wl 3k Aeole 359 o
e el fA= ZH-AX]"’ Afr 7Fss WA 31k
OE AR ARG 242 fAle A mid 1k
IS Arel= 584 (wettability)ol] we} 504 F
Al (wetting fluid)} Bl1FH73Q] 74 (non-wetting fluid)Z
TEE g dor, olys 84 Aol= &) 2 A
Zk= zolwel st Al & 349 et ZEikich
dutdel Aol A E8l) (saturated zoney= T A<
8 “Haqueous phase S water phase)> 2 HH3]
FajEjo] Q7] wwell FAlY ) Fred 1Y @s 7h
I}, wbE | B33l (unsaturated zoney= YWHHoE 4=
& 4 A 7] A fARE Z1AL Zd(gas phase)
FAZY =5 ARt o, ZF fAle] EA) vleS
AABF= A 3ES)= (relative saturation)ol] e} -rﬂﬂ«]
o Fr& o] A€t

ARS Bt A B S EEse WEe o
A 72 A thHonarpour et al., 2018) 2%
5 E(steady-state)°l412] S (Dana and Skoczylas, 1999,
Geffen et al., 1951, Josendal et al., 1952, Morse, 1947,

Richardson et al., 1952), BI"J’d(unsteady-state)I XS] =
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Fig. 1. Typical relative permeability curves of (a) aqueous (water)-NAPL and (b) NAPL-gas phase system, and of (c) drainage and (d)

imbibition process adapted from the figures in Ahmed (2018).

Z(Buckley and Leverett, 1942), ZA|3 <= (capillary
pressure) =74 Hlo|EZRE AFh= W (Purcell, 1949),
94 Hﬂt”(centn'ﬁlge method) 7]WF &% (O'Meara and
Lease, 1983) 18] &% H|o|[HZREH =Z3= WH
(Crichlow, 1977)°2 :[L::%“J' Aex =3 Azs 7t
o7 g F 7 A 3 AUETE 4 2 1A
o] HojEstre] FrE doXth(Fig. 1). o] # T

F&o] 0] He A 7 fAle HoiEsisrt oo] H
© AT FYA &t ol wiEd W) F2 IS 5
Hsle= fAlel 7R BAIE el v 1A
ayol o3k Aotk Miller et al., 1998). FE3H JhE<
& 0L F548 FA7E AiAR] AS-(eg e A
A BY5)e), visid AE AMilER] -(eg A

Al o] ARE wide] s& 54 &40 wE o
27 Uehdt). B aTxsl @ol NAPLs £ &40
Ng@Ho T ATk e k0T H& FHow
7189}, 48 304 -8 AT NAPLs A< 3
ZAE B9, 5840 =& 8 AL ) FRe
7HA) °J§1-6]-7ﬂ S5}, whA BIeA39] NAPLsS =17)
7F & T8 355 T fEsl] el 8 e =
Sl 2R AdElollA AdlEstEe] St wt AduiE
o] A F o sA Fele] 2 a3t
(Fig. la). 2184} 7)4 A3} NAPLs o] 3 3%
NAPL2 7IAel] vIg] 583t 548 ®ol7] wjizol], 714
o thek NAPLs®| JtFr& 42 o= E53F 232t
g el JepdthFig. 1b). PREe R JUErE
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2 v Al Y F2 7F B8 Aol
wet gAY, oleld fA AT 545 oy {Y
(hysteresis)©|2} St} 22 vl @ ol vlGEA A1
23lert Frksle 38 Y= wliR(Drainage) =41
o] A$(Fig. 102 HIHFEAE FAVE FEde #
(imbibition) FA42] A-$(Fig. 1d) Fej7F =24 283
ot 2= A3 4S5 o fAY ddiFrE
e vide] 58 &, fA19 1Y =2 = ‘T:‘J'Vé

o] zjolol] ols) Thra Fehe vepd),

r:lo

H

2.2. Al'LH EAQ‘_I 71=1I-I/0|§I-I ol-* EI:-II

AgoR 248 urres JoEsiee) 29 4
2] (empirical relationship), ©]24] w7 = 47514
2 ABAS BE W B )
8 T R} Bk 7 Bl 5 9
o] ZAS AR A== AFsH ks ojok SRRk
A% =% HAol Zl‘?l@}ﬂ ATEE 283 A 74]’1“}
SHA A HE oi¥] Z&o] Eoe Aol Aok
(Honarpour et al., 2018).

< & 4)« o

Ox

Table 1. Three-phase relative permeability function models
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o o"'T"Lx_']T

2¢ AFE JIES & JERIE Corey $57(Corey
and Rathjens, 1956)= A4 JA2S B3 Ao o
FAQ1 At B8 3= 292, Burding(1953)2] AIES
7o g ZHg I3kE NS WHAIA w3749 FE)
Z eIl 48 33 NAPLs 3 7S off 2Rzl
W FHNFTE ko R ks T 2o] E3E

2434
® A
krw:(sw) (1)
S _g 2 2+2
_n(Pm~
krn_kr(Sm Siw) []_(S ) J (2)
7N k= FF Z7] Bxs} BEE Ao, §,=
Sus = FACIA NAPLs®| 7 ¥3}eS Wl gf, lﬁli
-S.

si= o) ZHEE ofnjdic). s, <*1W e 2o At

¥3}%, S, %7 A (initial condition)?] E2] ¥31%
£ UERTH

Three-phase relative permeability function models

Theory Based on Model

Corey (1956)

lk’?'ili

Equation of £,

(s sl.lj
ke = 97 G+ 5= 25)

<y . 32 - 2y 5
= bn} (1 - ‘S.‘?f:] - (5 + *Srli.r}Z

Bundle of Capillary Tubes

Land (1968
Theory and ( )

2
= L‘_":{]n [(S.l;rfmax] *

(1 = Shrimax )S¢ I
s;lr'{mux}(l - SJ;T'(mc-:x]}S_f;!
1 1

+

Sh r{max)

Lenhard and Parker
(1987)

Stone (1970)

Probability Distribution

of Channel Flow . .
Aziz and Settari

(1979)

Saturation-weighted

interpolation Baker (1988)

Parametric interpolation Pope (1998)

"':rn = ki‘?lCW

= (l = Sflr[mux:ljs_&f’ {"hrfma;j +(1- .lrrf;rlarjjsgL{I
1 L ity 2
ken =5 {(1 - 5207) - (1- 651)m) ]

rn“l r!IJJ'
?JIEW rru.w e

"la-sp |[a-5;
-5

e ( w:jkmu + {5 T}krng)
B ( w -S"wn.’:I + (sy ,gl"}

= KrncwSnbBu by

bn = Ko [652° (1 = 5 + (1~ )57(1 - 5)]
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752 oMol 3 gl F&S AdFew 4% o
A AEEHE AP ABAE ARlETh 3—‘3‘/}
P{]-J e S W} vlasle] 3 A AdES
’éﬁéxq—-i S8k HEL vikg- olHaL B HIE
2R THEssaid et al., 2015). w}aw x| 2dE
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A AHbE o|2d A o RdS 283}
}\]-];HE/‘O ] _l_%]o].— Hhﬂo] )\-]E_Eh:].
_]*‘ o A ATANA BHFETES ©]
B2 A o HdE Fdske WHS EAIR ol o]
2028y AE Ed(Corey et al, 1956, Land, 1968,
Lenhard and Parker, 1987), ¥ f% 7I¥ & ¥d
Ed(Aziz and Settari, 1979, Dietrich and Bondor, 1976,
Stone, 1970), 7€} ©]&& o]&3g+ X dl(Baker, 1988,
Blunt, 2000, Pope et al., 1998)2 #-FE UK Table 1).
21 () A F P FAReE AR Corey 3
A BTS04 AuiFTE BAE Y
25 2A# o 2d(bundle of capillary tubes model)2]
o]} el ZAS EAF thd Bdof| wE £
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A7k 68 RS Ad5S oo Ao e F
oz ARa) olgfst 3P whEel, B /A9 F

7 $97%3S XY= NAPLsS 3=

= Holld &3 714 A

olof EANSH(Fig. 2a). 3= Wl &, NAPL, 7141’9
A} M= Aolx] ¢kl @l Aoz EAfsitiar 7Pggt
o2H P FNEIEE o83l AN TFrE BAlT

S FES 4 IA ok o] wl, NAPLs A& =7+ =
719 3=l EABH] whitdll, F84d0] & 594 584

o] Zke 7|H9} % At} wElA, NAPLse] At 5
589 WAES 2, NAPLs, 71419) AUlEsls w5
of e 42 FFT 5 SUthFig. 2b). A& BAT

i 2d ES &8 duFErE
Land(1968)2} Lenhard and Parker(1987)52] 9I41E 5
a3l 7Nd= A
Ad f5 7MHF &5 1d 4L Stone(1970)014 A
= AR 3 o]2dM= 3= Wl Al frse] 7+

R4 o]%

So s efsls, € W Al Sl
Aol AT 5 e PPk w9 o 8% A4

s F=9 7Pt BHoh 22 AdddlA st 4

HHOZ & 4, NAPLs 7, 18|al 7|4 4= 7434,
3 7o) F=U AT A, MY F8% 78 % e
NAPLs “g7] A5 S 8 7|A e &5 &
7] Wizoll -8 3 JNFTE BAEREEE oPH(CAH)
FA Al2=EllT} FAEHA Mol Fssitt $19F 2 7t
o 7R BlGa3E 71 A= FYsHA FHeE) o]
3 RAe Aziz and Settari(1979) 5 A 4 2

Fraction

krn(Sw.S5) = f (km(Sw)-krg(Sg))

NAPL
Gas
{Intsrmahll::l;te (Non-wetting
phase) ihans]

.

Phase distribution

Pore size

Fig. 2. Conceptual descriptions for (a) hypothetical occupancy of three-phase fluids in the porous media and (b) relative permeability
function model of NAPL phase adapted from the figures in Van Dijke et al. (2001).
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HetElon, vid ] 2 B4 ASS 73] BAR W)
Vg ol AEERE B9 % shiz BEE 2t of
Hho| &= 23}% 715x] BZ}(saturation-weighted interpola-
tion)yS ©]-83F WH(Baker, 1988), =2 ZHE LZE
o]83t " (Moulu et al,, 1999) 5 T3t WS o]%
Sk o] 24 AUIFESE P Edo] A= o] T £
AFME 29 E2Y B FA AT H7E Aol 8ol
AREEE BAIE o 2o 719k Parker RS
Sk Tdll(Parker et al., 1987 A 5 & 33
2dof 7]4kst Stone 1 FHFTE T4 E(Stone,
1970y& 2H88l] 3 diFrs S 2 ARl whe
NAPLs A& =] H3lE Hlul #4813}

3. 38 X A|IA%! L NAPLs 748 GISS
gt =X 2EQ| A ¥ V| = MH

TMVOC AEdolEl= wl= AURAR Ak SH a4
Ql 2l WEY] AT A(Lawrence Berkeley National
Laboratory, LBNL)IA 7l TOUGH2 W& A& 0]
zg el sHgwo s, tgaile] EdEAS Kol
oA oM &, BEYF 7k 2 I /7] she)
=3 (volatile organic chemicals, VOC)e] tHE &E3H&
o] 3, HlSE EF dISS g X AlEdolHolth
TMVOCEWVS, T Al&Hlold 714 255 AWsk=
A gl Uz 3 S AR = e, =Rl
W NAPLs®] AlZtl & AsS HARE = Utk(Pruess
and Battistelli, 2002). & AToIME 3T AlEHCIHRE
B LNAPLs/DNAPLs 241 =49 45934 As
54 Aolz AnHoz I ekl 2390
dimensional, 2D) 248 7333t}

gl
L
pu—

o © o]0
'Oo};l%"‘ﬂ‘%‘r

3.1. LNAPL/DNAPL §7|2Y 54|

£ AFolMe o FA s 54 1A Aol os)
Hslsle 7] 24 Ao ASSAEE sk S8l &
4719 LNAPLs 3%} 2719] DNAPLs 4388 312313

). NAPLs®] EX3IE A A8} (groundwater
table)oll =2 ], LNAPLs¥} DNAPLsS HE Xjoj

oJ8ll LNAPLs®] 79 Asle] §1%olx ol&sla,
DNAPLs2 3738t ehiitja3o] ZAbas wet #53)
Aoz d#iA] Ut} 3, LNAPLS/DNAPLs & =
2 WS 7B AE Ae HellA] 718 3 Xsi=
o} A o Al AEEARS BEIYh A Wl o
A AsS FAFeE Fpr] fste, o] =&
LNAPLs 2% E221 dld(benzene), EF(toluene), Il
el Al (ethylbenzene), AL (xylene-py} DNAPLs 2%
EZR1 EgolZZ Zo|dd(tri-chloro ethylene, TCE), El
EglZZ 2" (tetra-chloro ethylene, PCE)S 43},
& =4 dig 9%, A, S7I9ES RS
E23}5l7] dlolgH|o] 25 Z-8-313{THTable 2).

HAS 2R Ak LEEARA U FE3E7]
ZEEE $271F 0.01 mgLel o8l AL, EQ
AEAELFLITHF 80 mgkeg, EFLFNA7E=
200 mg/kg)ell siEst. EF<1S WA AR =

FASF7IFEHEETE 0.7 mg/L)ll AL, E
LAEAE Ao ot oAl w3k =) EE7
7103 mg/Lyl &J3) AL, Wil FUg 92 A
7S] EQLAEAE A Stk Apdde HEr]
o] A w2k 0-AFA & (Ortho-xylene), m-A}L#(meta-
xylene), p-AFd# (para-xylene)> 2 U= = 9loH, =)
FARA7IEEHEEE 0.5 mg/Lyell of AR Wl
A7} 5L 98 W7 Ee] ESAEARE AFE]

R
hu
o

o) F 2

N7

]

o

Table 2. Chemo-physical properties of LNAPL and DNAPL components

Properti Calculati thod LNAPL DNAPL

roperties alculation metho

P . Benzene Toluene Ethylbenzene Xylene-m Trichloroethylene Tetrachloroethylene
. 3 Ao Rackett equation

Density (g/cm’, 20°C) (Reid et al,, 1987) 0.88 0.87 0.87 0.86 1.46 1.62

Molecular weight (g/mol) - 78.11 92.14 106.17 106.17 131.39 165.83

. N Chen method

Boiling Point (°C) (Reid et al,, 1987) 80.0 110.6 136.1 138.3 872 121.2

Saturated Vapor Pressure ~ Wagner equation

(Pa, 25°C) (Reid et al, 1987) 12523.50 3788.51 1277.48 1169.47 9234.96 2425.49

Water Solubility Correlation by

(L. 15°C) Prausnitz et al. (1998) 0411 0.101 0.026 0.030 0.151 0.022

Viscosity (cP, 25°C) Yaws equation 0.61 0.55 0.64 0.61 0.53 0.84

(Reid et al., 1987)
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t}. EgfolEE2ogdle =] FA7IEEHEEY]
0.03 mg/L)ell o3 AL EUdL

40 mg/kg, HAZIE 100 mgkg)E A7g= o] ot HE
F gl I ARV T HeErie
0.01 mg/LE A=, EYA7IFE 24 me/kg, th
71 60 mgkgl = AFEO] Utk B AFoNe =2
Y 5SS Hole 98l firled=de] Asdgel
TE HAS A 2F B Tro) o9AY] BEE

NAPLs 5% 7% welg S8 ol=3i5ch

32.8A = ¥ x| = MF
NAPLs 75 o5 Rdo] #35e J9& 724o]
100 m, AEZHE 50 m A=7HAZ AT 53] 4
% 205 m—225moll 91 FHI7E Qe AslHs A
siant. Bxsiior Eslie] ARl AskriE TES
2 NAPLs®| AT 540] geAle 2S el A3t
T‘I] B AH o2 ZHSK(refined) A2 A}(grid-cell)
A3tk (Fig. 3). B 73 F9o] & S 9
THE 0.026% A 100m F As9] 2m FHE
SRS o Ay £XE 1He 579 A
(constant head boundary; Dirichlet boundary)® 373}
o] AHF FrIWL wet AT Bk 2 mAb
siaAnt. - AAY 73 Azl BAIgle] 4783 Y]
9t Z7(1.01 x 10°Pa) o2 AA3IH o, vlehHe A
o] E5g0] w9 Aol A7k A=A Rae o
W02 7Pgste] vli-5 744 (no-flow boundary)Z A
B3, ARAORRE 3m Ame] EASHE HoH

.Lz

o] NAPLs®| ‘r=o] WAsk= slo= 7Ialon, S
A A% LNAPLs(43%) 2 DNAPLsQ23&)°] 7=
= S 7SI Heddo R fEEe 1%
-2 AR Ao U 4E TPkl 27
LNAPLs¥} DNAPLs “3#9l r:Ho}oq 0.8 x 10°kg/sO-Z
Atk wEg, S A% el sl k=
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Fig. 3. Initial and boundary conditions of the NAPL transport model.
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2. Parker 3-phase relative permeability model

Fig. 4. (a)-(c) Ternary diagrams of Stone I relative permeability function model for water (k.,,), NAPL (k,,), and gas (k) phase, and (d)-(f)

of the Parker relative permeability function model.
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Fig. . Distribution of (a) water, (b) LNAPL, and (c) gas saturations resulted from Stone I model and of (d) water, (¢) LNAPL, and (f) gas
saturations resulted from Parker model at the end of the simulation.
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