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Avrticle info Abstract

Article history One of the most important concerns in aquifers adjacent to oil facilities is pollution
f\ig‘;'pvt:‘j :1;% j‘;:{jf’yz 2023 caused by LNAPL leaks. Because these compounds are lighter than water, they float
Keywords: B as a layer on the surface of the water and move with the water flow. Recovery of
gﬁdsrggé’;f:‘\'f‘eclgemﬁ’;f LNAPLs is alw-a){s difficult and expen§ive. Th.is. study aims to manage the recoverin.g
Transmissivity, LDRM cost by determining the hydrodynamic coefficients of LNAPL. The hydrodynamic
Model. coefficients include transmissivity and specific yield. In this study, for the first time,
the term oil specific yield was used instead of specific yield according to the type of
fluid in the aquifer. The Rockwork model was used to calculate the oil specific yield
and the LDRM (LNAPL Distribution and Recovery Model) was used to calculate the
LNAPL transmissivity coefficient. The inputs to the LDRM include soil and LNAPL
parameters, porosity, hydraulic conductivity of water saturation, van Genuchten
parameters, mass densities of water and LNAPL, surface tensions of water-LNAPL,
LNAPL-air and water-air, and water and LNAPL viscosities. From the inputs,
LNAPL transmissivities and recoverable and total LNAPL specific volumes were
extracted as output results. With the help of the obtained results, maps of LNAPL
transmissivities, thickness and recoverable volume of LNAPL were prepared and the

best recovery locations were introduced.
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Introduction
Pollution caused by oil facilities can be one

of the major concerns for groundwater
pollution . Oil compounds are divided into two
groups, LNAPL and DNAPL, based on their
weight. LNAPLs are lighter in weight and
form a floating layer on the water table. There
are several methods to recover LNAPLs. The
aim of this study is to find the hydrodynamic
coefficients of LNAPL. In most cases, the
hydrodynamic coefficients are determined by
pumping tests, laboratory tests and inverse

modeling, which are often difficult and
expensive. Pumping test is the most common
technique to determine the hydrodynamic
coefficients of an aquifer. Many studies have
been done on the use of pumping tests and
graphical methods of curve fitting to find
hydrodynamic coefficients in different parts of
the world. (Yitbarek et al., 2013; Chesnaux et
al., 2012; Elsheikh et al., 2009; Asghari
Moghaddam, 2006; Jalludin, and Razack,
2004; Nasimi and Mohammadi, 2015).
Groundwater modeling is also an alternative
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method for finding hydrodynamic
coefficients. In this method, hydraulic
parameters are estimated using known
variables such as water level head. In inverse
modeling, there are several methods to find the
hydraulic parameters. The MODFLOW model
is one of the most important models for
determining hydrodynamic coefficients. This
model can be implemented in both stable and
unstable conditions. Many studies have been
done in the field of using MODFLOW to find
hydraulic parameters or to modify these
parameters (Don et al., 2005; Thorley and
Callander, 2005; Mirabbasi and Rahnama,
2008; Abedi Koupaei and Gholabchian 2015).

In the cleanup of contaminated aquifers,
multi-phase transport and flow models are
used to find the location of the recovery well.
These models can also be used to evaluate
environmental and human health risks. These
models have been used since the mid-1980s
(Abriola and Pinder, 1985; Baehr and
Corapcioglu, 1987; Kaluarachchi and Parker,
1989; Kuppusamy et al., 1987) and have been
further developed in recent years (Pruess and
Battistelli, 2002; Sookhak Lari et al., 2018)
has been developed. Farr et al. (1990) and
Lenhard and Parker (1990) proposed models
to estimate the distribution of LNAPL in the
subsurface based on the pressure and
properties of the fluid.

Parker and Lenhard (1989) proposed a
method to determine LNAPL saturations and
relative permeabilities in the vertical slice to
estimate LNAPL specific volumes (LNAPL
volume in vertical slice) and LNAPL
transmissivities (LNAPL flow rate in vertical
slice). Parker and Lenhard's method has been
used as a basis for the numerical models
developed by Kaluarachchi et al. (1989) and
API (2007) for predicting subsurface LNAPL
movement  from  LNAPL thicknesses
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measured in wells. Recently, Lenhard et al.
(2017) and Ebrahimi et al. (2019) have used a
model to estimate the LNAPL specific
volumes and their effects on LNAPL
transmissivities. In relatively recent studies,
researchers have used linear and nonlinear
optimization models coupled with numerical
models to develop remediation strategies
(Dokou and Karatzas 2013; Qin et al. 20093;
Sookhak Lari et al., 2019).

Results and discussion

The study area in this research is
Esmaeilabad village. This village is located in
the south of Tehran and is close to oil facilities.
Ebrahimi et al. (2019), Bashi-Azghadi and
Kerachian (2010), and Sookhak Lari and
Safavi (2008) conducted numerical studies in
the general area, but not directly in the study
area, nor did they attempt to identify locations
to recover LNAPL.

In the saturated zone, water and oil fill all
the pores of the soil and rock, so the porosity
indicates the amount of water and oil in the
porous media. Not all of the fluids in the
saturated zone can be recovered by drainage or
pumping because molecular forces and surface
tension keep some of the fluids in place. The
amount of water released due to drainage,
from lowering the water tableis called
Specific yield. In this study, the term of “oil
specific yield" (OSY) is used instead of
Specific yield. OSY can be obtained from the
following relationship. Where V. is the
recovered volume of oil and V; is the total
volume of the oil layer at a place.

0SY = Vr/Vt 1)

To calculate the oil specific yield (OSY),
the aquifer model for the oil layer was made
by rockwork software. The recorded height of
the oil and water levels (corrected water level)
in different time periods were intered to the
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rockwork as the upper and lower oil depths,
respectively. Then the model (aquifer) was
made for the oil layer and the volume of the oil
layer was calculated for each period. The Oil
layer (V1) and recovery (V) volumes in each
time period are according to Table 1 and the
average oil specific yield (OSY) was
calculated is equal to 0.01.

The LDRM model has been used to
calculate LNAPL transmissivity. The LDRM
model also predicts the recoverable LNAPL
specific volume and the volumetric flow of
LNAPL into a well assuming a LNAPL
capture radius. Inputs required for LDRM are
LNAPL and water mass densities; air-water,
air-LNAPL, and LNAPL-water interfacial
tensions; LNAPL and water viscosities; van
Genuchten parameters; some estimate of the
LNAPL residual saturation or LNAPL F-
factor (a LDRM parameter); porosity; water-
saturated hydraulic conductivity; and a capture
radius of LNAPL around wells. The inputs are
used to predict the recoverable and total
LNAPL specific volumes, LNAPL
transmissivity, and LNAPL volumetric flow
rate into a well.

First, the model was run for 6 wells and the
predicted and observed LNAPL recovery
volumes were compared. A consistent and
good agreement was found between the
predicted and observed recovery volumes for
the 6 mentioned wells. The model was then
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implemented for the rest of the wells (75
wells) and the results were prepared as maps.
Conclusion

The aim of this study is to find the
hydrodynamic coefficients of LNAPL. In
most cases, hydrodynamic coefficients are
determined by pumping tests, laboratory tests
and inverse modeling, which are often difficult
and expensive. Hydrodynamic coefficients
include Specific yield and transmissivity.
Hydrodynamic  coefficients  for  oil-
contaminated aquifers are completely
different. In the present study, the term “oil
specific yield" has been used to indicate the
amount of oil released due to drainage, from
lowering the oil level in an oil-contaminated
aquifer.

In order to estimate the oil specific yield
coefficient, the LNAPL layer model was made
by Rockwork software and the average of oil
specific yield was calculated which is equal to
0.01. The type of soil in the study area is silty
clay and also the type of fluid is LNAPL, so
the obtained value can be reasonable.

The LDRM model was also used to
determine the LNAPL transmissivities. The
obtained results were prepared in the form of
maps and then the optimal location of the wells
for the recovery of LNAPL was introduced.
The LNAPL transmissivities range was
estimated to range from 0.01 to 2.47 square
meters per day.

Abriola, L.M., Pinder, G.F., 1985. A multiphase
approach to the modeling of porous media
contamination by organic compounds, 2,
Numerical simulation.  Water Resources
Research, 21: 19-26.

APl (American Petroleum Institute)., 2007.
LNAPL Distribution and Recovery Model
(LDRM). Volume 1: Distribution and Recovery
of Petroleum Hydrocarbon Liquids in Porous


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

Ebrahimi et al.

Estimation of Hydrodynamic Coefficients ...

Media. API Publ. No. 4760. Washington, DC:
American Petroleum Institute.

Asghari Moghaddam, A., Allaf Najib, M., 2006.
Hydrogeologic characteristics of the alluvial
tuff aquifer of northern Sahand Mountain
slopes, Tabriz, Iran. Hydrogeology Journal
14(7): 1319-1329.

Baehr, A.L., Corapcioglu, M.Y., 1987. A
compositional ~ multiphase  model  for
groundwater contamination by petroleum
products, 2, Numerical solution. Water
Resources Research, 23: 201-214.

Chesnaux, R., Rafini, S., Elliott, A-P., 2012. A
numerical investigation to illustrate the
consequences of hydraulic  connections
between granular and fractured-rock aquifers”,
Hydrogeology Journal 20(8): 1669-1680.

Dokou, Z., Karatzas, G.P., 2013. Multi-objective
optimization for free-phase LNAPL recovery
using evolutionary computation algorithms.
Hydrological Sciences Journal, 58: 671-685.

Don, N.C., Araki, H., Yamanishi, H. and Koga, K.,
2005. Simulation of groundwater flow and
environmental effects resulting from pumping.
Environmental Geology. 47:361-374.

Ebrahimi, F., Lenhard, R.J., Nakhaei, M., Nassery,
H.R., 2019. An approach to optimize the
location of LNAPL recovery wells using the
concept of a LNAPL specific yield. Environ Sci
Pollut Res. pp 1-11.
https://doi.org/10.1007/s11356-019-06052-7.

Ebrahimi, F., Nakhaei, M., Nassery, H.R.,
Khodaei, K., Kisi, O., 2019. Light non-aqueous
phase liquids simulation using artificial
intelligence models: Esmaeilabad aquifer case
study. Groundwater ~ for  Sustainable
Development, 8: 245-254.

El Harrouni, K. D., Ouazar, G.A., Walters, AH.D.,
Cheng., 1996. Groundwater opti-mization and
parameter estimation by genetic algorithm and
dual reciprocity boundary element method”,
Eng. Anal. Bound. Elem. 18: 287-296.

Elsheikh, A.E.M., Elsayed Zeielabdein, K.A.,
Babikir, LA A., 2009. Groundwater balance in
the Khor Arbaat basin, Red Sea State, eastern
Sudan. Hydrogeology Journal 17(8): 2075-
2082.

Jalludin, M., Razack, M., 2004. Assessment of
hydraulic properties of sedimentary and
volcanic aquifer systems under arid conditions
in the Republic of Djibouti (Horn of Africa).
Hydrogeology Journal 12(2): 159-170.

42

Kaluarachchi, J.J., Parker, J.C., 1989. An efficient
finite element method for modeling multiphase
flow in porous media. Water Resources
Research, 25: 43-54.

Kuppusamy, T., Sheng, J., Parker, J.C., Lenhard,
R.J., et al., 1987. Finite element analysis of
multiphase immiscible flow through soils.
Water Resources Research, 23: 625-631.

Lenhard, R.J., Rayner, J.L., Davis, G.B., et al.,
2017. A practical tool for estimating subsurface
LNAPL distributions and transmissivity using
current and historical fluid levels in
groundwater wells: Effects of entrapped and
residual LNAPL. Journal of Contaminant
Hydrology, 205: 1-11.

Mirabbasi, R. and Rahnama, M.B., 2008. The
impact of construction of Tangooye dam on the
groundwater resources by simulation of Sirjan
plain aquifer using Modflow software. Iranian
Water Research Journal. 1(1):1-9.

Nasimi. A, Mohammadi. Z., 2015. Evaluation of
methods for determination of hydrodynamic
coefficients of aquifer based on pumping test in
Fars province, Journal of Water and Soil
Science. 25 (2/4) 201-215.

Pruess, K., Battistelli, A., 2005. TMVOC, A
Numerical Simulator for Three-Phase Non-
isothermal  Flows of  Multicomponent
Hydrocarbon Mixtures in Variably Saturated
Heterogeneous Media. Lawrence Berkeley
National ~ Laboratory.  Retrieved  from
https://escholarship.org/uc/item/3n95k4nm.

Sookhak Lari, K., Johnson, C.D., Rayner, J.L.,
Davis, G.B., et al., 2018. Field-scale multi-
phase LNAPL remediation: Validating a new
computational framework against sequential
field pilot trials. Journal of Hazardous
Materials, 345: 87-96.

Sookhak Lari, K., Rayner, J. L., & Davis, G. B., et
al., 2019. Toward optimizing LNAPL
remediation. Water ~ Resources  Research,
https://doi.org/10.1029/2018WR023380.

Thorley, M., Callander, P., 2005. Christchurch city
groundwater model”, Environment Canterbury
report, U05/53. pp: 10.

Yitbarek Baye, A., Razack, M., Ayenew, T.,
Zemedagegnehu E., 2013.  Estimating
transmissivity using empirical and
geostatistical methods in the volcanic aquifers
of Upper Awash Basin central Ethiopia”,
Environmental Earth Sciences, 69 (6)1791-
1802.



https://doi.org/10.1007/s11356-019-06052-7
https://escholarship.org/uc/item/3n95k4nm
https://doi.org/10.1029/2018WR023380
http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

Ebrahimi et al.

Estimation of Hydrodynamic Coefficients ...

Bashi-Azghadi, S.N., Kerachian, R., 2010.
Locating monitoring wells in groundwater
systems using embedded optimization and
simulation models.  Science of the Total
Environment, 408: 2189-2198.

CRediT authorship contribution statement

Sookhak Lari, K., Safavi, H., 2008. A simulation-
optimization model for “air praring” and “pump
and treat” groundwater remediation
technologies. Journal of Environmental
Informatics, 12: 44-53.

s D
Conceptualization, Methodology, Software, Formal
analysis, Investigation, Resources, Data Curation,
Writing-Original Draft

Fatemeh Ebrahimi
Formal analysis, Validation, Methodology,
Writing-Review & Editing, Supervision, Project
administration

Mohammad Nakhaei

. l Supervision, Project administration
o

Hamid Reza Nassery
Supervision, Project administration, Funding
acquisition

kKamaI Khodaei -

43


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

VAM-ISNA S Sl LLs YOYA —FFAX ;e LLs £V B YR aio A F) liae g 5l oF o)l A ol

gy dflio
3T () o wd
032195 o) P ol Alxo

Journal homepage https:/gnf.khu.ac.ir eS———

i 4 0931 (sl lasul 1o ol dg yuud ol s (o

Flos JoS ¥ 6 ol Loy s 7 25 doxo ¢ 7 coudl ol dabold

Ol I8 «59d 559,000 6l iSs

Orl @S oo olEiils e pole 0uSiails wlivl .Y

Ol eyl o s o oKzl yan; pole 0aSiisls wliwl ¥

Ol ol et dapd olKitilo alfisls slez (63 ,5,l5 by pole 00Singsy .F

od.zSg Al wledb|
b e b LNAPL oz 51 ool (Sogll ¢ 185 Slals a4y jolme slaglesel jo o G155 o Sete 5 (S Ao a0
Oz b olem 5 atile oo sl Ol b (555 )0 Y Sjg0 a0l @ S (LB 7S is @ ez LOlaS 5 ol VYRR YA il
el pd i b 0,10 wuad dalllae ol sl 4305 5 JSKikie o,lgan s LNAPL @l 5L oS o log (o ymns O AAERATARTARIEAIYRY
ol g Jsl el bl Jols  Soliyngane ol asled o pae |y bl slaas ;o LNAPL  Salisgjae Gl 5 o3l

Jbw g aasgl "ajﬁ B St <ole 5l "oj.ls Gmxﬂ" Soke b b sl gl asdlas ol jo .0l oo 055 Seolinog juup ol s

LNAPL x> sjlo o 5ILNAPL S qoo 5 035 (o80 ais drasloes 51y ol oo ool clgtel 1o 09mge ekl oy (20 &S
Jow LNAPL sl
LDRM

LDRM Jow 5l LNAPL Jsl colls o o anwlne gl s ROCKWOIK 1381 0 5 Jansgs obiws! zlaws (59, 55l
Jolis LNAPL 5 S5 sl el )b a5 & g0 (s .0 eolazw! (LNAPL Distribution and Recovery Model)
LDRM Jae 45 539,35 slo el )b lsie as LNAPL 5 OT slo s 565 g oo — T ¢ 1sa- LNAPL.LNAPL -_1
Ol 53 23,8 el o 5l (g b olyte o Jlaminl JB o3y e 5 JU Skl oo 5 03 b yue
a5 g LNAPL Jlaseul BB o g cwlbes (Jlanl ol oo sloais ool coudy gl S L

Bl (Byme CbL slaJore o yiee 8L

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

5SS Wl g s Ol 51 5L 6b§o9li
2y ool (Sogll 6l b SIS podes
09,5 95 & Gliy e p (S8 OLeS S all
e LNAPL .89l c0 pawds DNAPL ¢ LNAPL

ol Jelse cp kel 5 cnipe 5l (S
Dloysd (o ey ol sl iy Slagz s
Jdo a5 05950l a5 0980 0 Cgume LS 50 (g s

RSV RPVEJC g G‘?%J'l Py 50 o A,

DOI http://doi.org/10.22034/KJES.2023.8.2.103041

ebrahimii.edu@gmail.com sl pl aabols : Jgtns oot gt

e i 4y 008]] slagylssel jo Saliog,oud ol s ess (VF01) .S olad iz o550l cp (256 b ¢ poualpl o ol 4 Sl

' @ OIS http://doi.org/10.22034/KJES.2023.8.2.103041 £ b ¥R amis oY olad oA alx .o}yl e psle


https://gnf.khu.ac.ir/article-1-2669-fa.html
http://doi.org/10.22034/KJES.2023.8.2.103041
http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

Seloper oyl 5 eas ST gl
oy .(Samuel and Jha, 2003) e co dpmlxe
9 Saelndg aan colpd s Baa b el 505
5 ol s glocdby oyl cuzr jshies
S5 50 plil Glgel (a5 g (o8 Dyt o)
5 slowkw .(Mokhtari and Espahbod, 2009)

O slp (Soleimani et al., 2016) Koo

@bl cis Glasel (Sealinogyann ol o
slolbs o5 @ile Ll Joo 5 5oy slagse;]
Olszel G ndy o515 pas slabiod L2505 5 ol
Lioges oolatwl 0, Ke a5 o | ol 0033 g 03]
Slllas 5 5oy slogsesl @b b Jolb> ol
ool aS ol ol gmls ol awglie Sy SUlgs
oy 0 lyul  (Selbogiae cold
Sl G2l al 0y 4 Ced LSS
—ogesl 5 eslatuwl b bLs,l o (sles yinS clallas
Sl Foie (il (SBS Glaghs) 5 ke lo
Lo Gl blis )0« Senludgyaee cal o (380
Asghari Moghaddam, 2006; ) ¢l ouis plxl

Chesnaux et al., 2012; Elsheikh et al., 2009;
Jalludin, and Razack, 2004; Nasimi and

.(Mohammadi, 2015; Yitbarek et al., 2013
ool e g8 slaen o 51 solanl
G 3l gladls o 58 B yee (SolS g (S5
oyl obaes bs, 5! (Rohallahi, 2011)
Olgzel (Seabiadgien alpd 055l (sl S5
L1, sl oyg0s] sloosls yliol .oges ooliwl of;]

$o

50055 5920 Eltl 2 09 5l el D9y® 42 393 50
P bl whaw g5, 5o sl slaY ©jee
g 035 oS ol by b ogeen 5 0)S
5 Sl sln (Blie slohy, il oo (S
5SS s 35 olssel 5 e LNAPL (g5lusly
ool e all se <L 5L L Recovery e Siuss oyl
2 5 o gy Ol 5l oy aesgll T
GF Oeein) 4 0,led 9 ol bl gl O js0
g, LNAPL a oogJl slaglgsul o 040 o
el o 5wl Sglite (Sogll & p2lee 5 25 >
Sl Thy ol » Fogll dla (Soalyog e
ol Glaul Gl s 50 5l glase ¢ Jlow
15 s (Saolizdspaed calyd 8l s asllas
Seoliydg,id culys wil e LNAPL cylan
5 e loggesl bwsi ojlse el o Jlw
Sl 5 ARl lagseil  (rizes
ARy g ,lebs el dS Wgdge (yend wsSae
Adshze 5 o laibial SSS sy (905

Olyzul Sealindg,nme culps s olp SSS
0 S Lol S 5l ol cudls p aleg 4 45
gtfl chw sl Ol s odnlive g pxio Lol
So b Ko sloaslive ol g0 b SG 0 (S
SoSoslal cd by g ol ol 5l asrin alold
S Sygpe ey or ol gl
cus opl o .(Ghafoori., 2012; Kresic, 2007)
oy Gk 5l plsl g bl plojdl ol

ouls Mol ol (ol Jow i ol slo >


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

-0 A Wil oo Solinog one ol o i Cu
Oladlas 05 Tl JILL 5 Jlasl cllegs jo Wlgs
&l MODFLOW 3l solaw! acwe) ,o glos s
o o)l ol Mol b g (Sdgyoue sl il 8k
Don et al., 2005; Mirabbasi ) ¢l 48,5 & g0

and Rahnama, 2008; Thorley and Callander,
(Abedi Koupaei ;,LzuMs ¢ b sS sule (2005

Cug> 3¢5 aslllas 4o and Gholabchian, 2015)
alppsS jetl ads> (Sealudg e calpo (b))
ol 53 008 ,S ool MODFLOW Jas 5l (¢35
ad Tzl Il g Jlal cdl g gl Jow asdlas
She o 6, S glocalie jyolie b 5 b
ol Joe 5 (Maleki et al., 2010) ), Ken
GMS 31,5 Lauls 5 s MODFLOW s} 5
cs gl i ol ol @sledse sl
Slyp oo @l 5l e 9 00,5 oolatul og,0L%
5o idged oslaiwl  (Swlpogane ol Aol
LNAPL cLams 5 S5 g0 Jow g5 yol> aslllae
alpo 2L adlle ol 5 GBae g sl e o
LS 5 5 LNAPL .ol LNAPL _Sosliyg o0
o ay pl] whw 9, 53 5 005 Sew (S
Sebosgyien ulps alply il e (Sb ol
Db e audy 5l glase Slesul i
Slr Wl oo bz 9 JUEl 556 v sla o
bsgi oogll (g 3Ly Glasil il arwys
dnosgs ol 5,956 s 5 olr e 38
b, Blp Wlg o mizmen (goas sla Jos .l
@ 5 oledl (Sl 5 armme Ceny SlaSn,

1

SeiS p Ghalel g 0ad 2ol Gl sragd g A
Sl ogkre ol sl g ols S8 (cw) g s 390
o8l 5 e 20,5 oolawl Aquifer test Jow
e g lejradl polis syl sln S
LS s ogas ooliiul  Seoliysg s oyl
S S Gy, 4 Cumd oyl a5 wisls
Ohles g (Gbl adbse S ponghe
9 Sy e sl I (Bateni et al ., 2015)
Seelindg;oed culp eS8 90 (S35
a5 020 o ol Ll ulis 5 woges coliawl gzl
@AY &8s hls g uld sledy, Sl sl
5 (25515 5 s Joo) (SEIS slagty; 4 S
S iyl eian 5 035 GAMS Jas
Jooly @ Gy 50 6PV Sy il g
Al (SIS slahy, o5 J o wil e aie
2bise 2ok
5l ooliiasl aiee; ) (glod yiS lalllas prizon
e Sz Slding sladse g eglan hge
El Harrouni et ) cool suis plos! 5l (9031 gulis

al., 1996; Jha et al., 2006; Li et al., 2006;
S .(Lingireddy, 1998; Rajesh et al., 2010

Seelindgyoand ol 8L sl oSl b,
ol 00 ablige (e o 53l jl eolinl
gl 0o Jie pslae slo i 5l oolainl b i,
e 08 (rmesd (Slgyden slayiall oo
OBl S dely sl Gy e
Sl gl Joe o)ls g2y (Sgyoum slo sl
e pymte 5 o MODFLOW i)y


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

LNAPL by &) Jisl slacekl 5 (ogee
3, g, 35S it O (o90e Sz 5o
Lo oylsse 4 (Lenhard and Parker, 1990) 5L 4
5 ZIS by adl sy 300 ladue sl
s ! ¢ (Kaluarachchi and Parker, 1990) ,5 |,
b 53 &S > i 6l (APLL 2007)
e 5 5,k sl .ol sass solizsl LNAPL
o35 Gl Jaw S (Lenhard et al., 2017)
b 5 0331 play el LNAPL o35 slapn>
LNAPL sl slecoll g, » Ll 56
ohBes 5 (eealpl Guizen o) oleiin
Joe 3l s Soxe L (Ebrahimi et al., 2019)
LB 5 o sloam> 5 Junl coLls LDRM
ool Lesl s b1, LNAPL _Sogll Jlascul
@Blge 1151 )0 aivgal 09l ol o 039 Dliogas
s rSosll oasll (lsi 10 (53555 (slayial )y don
ke slagmass §I IS j5b &y Slalllas 5 555 o
SrSojlul Sleogaz g byl ly 5l olaas g oud
S B b 3 anlllae () aiiS e ool ool
S g Selae s LB (Seslusg e ol o
oletos gl anlllas )l o ceul ous plol sar Y
@ 5l eais opSojlal sla sl 5 (S
adllae 5,90 aihie (g5, o0l Lzl lasjlo oo
odlizl (GMS) (toej s o (iloae ozeen
@i Ol aslllas (nl o eizen 35
o391 plyel (pocd Ll (liee (Byre sl o%is
0519 (PO o Awbe gl ayo S ol
LNAPL Y lp Aquifer Joo cole a pladl

1%

VAA- ans baulyl 5l b Jas ol e a3 5 S

(Abriola and Pinder, 1985; Baehr and
Corapcioglu, 1987; Kaluarachchi and Parker,

4 i ¢ 1989; Kuppusamy et al., 1987)
Pruess and Battistelli, 2002;) ,3! b Jls
4ol 4 .aslaisl, axwgs (Sookhak Lari etal., 2018
Sl g30e o Jae 5l eslal pla o S
g adgl lulyd plgie 4 b 5 Jlow Sliogas
S, Swmoim S S il ees

tes Slllas jo .0l polas LNAPL xlass s
“x 5 b Sileante sladae 5l bz 3]
wogi lp goae gladoe b cuS S o S
Sas wlsi b5k a5 g5LaSy Foe slagssl il
Glas b pxn o (Ao giludeS Jold)
Dokou and Karatzas, 2013; Qin et al., 20093; )
S oo oolatwl wsl (Sookhak Lari etal., 2019

slaS oz Jda sl (S laJse (ol 4z 51
b lulne slagsainils oaes 5 it
Qinet) wiils 0,5 Lo loas o 9 5,5

.@l., 2009b
5 o,k o (Farr et al., 1990) |, Ken 4,18

l, s Je (Lenhard and Parker, 1990) 5L
Ol o7 5 a2 50 LNAPL aj55 (s sl

(Lenhard and Parker, 1990) ,5',L g 5,lpd .25s,5

s LNAPL slaglsl s lp Ubs, <o
(oS S (80908 S )0 (g SB(6 10333985

<> ,» LNAPL ) LNAPL o5 LSLQ’P"?'}


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

O )Sen 5 sounl

] SB i el 0o i LNAPL byt
S 5l e &5 Cenl (e () 95 5] 03g90me
S Gl Sy S gsi cal ogde (53]
Silw s by 095 058 51 1) mle Soew 4 YL
wlye e asdlas pl Sloal 5l SO
CollB 5 ohg (20 i o) Seelindg e
S5 L oy & bzl cesl ( LNAPL iz
Sl gl |, g slo e o0l ey gl
CrSsl> anie Cd, 0 3l g odged Sl cws
.09.0.;
9LNAPL 5 S5 ol b bilugi
ologl 3o (L)) o b gazmai

Gt ]y oolatl 8 50 e slrosls 1 SO
=l oS el LNAPL ol zobw gl
sl Ll Sllogs § Slpds 5 (el (o ys
5 oin 2l Al Sllogs Guns slp 00,8
g O oAl ) ol s ol LNAPL
ogae JS' (gl BT 5000 row i 4y a8l s
slaglsul ;o 4 05 4z Wb wo S Slallas
wiren ghanlin ol mhw LNAPL & o34l
355 o A Olsrel o o (88l 51551 5ol

by walgs mseal 4y ld pl a5

¢A

Sl s gl 5 o Rockwork 1580 o 5 lasgs
4o b eslail LDRM Juaw 51 LNAPL e
>l polas slroslo b olbvol> (sl y ¢ Joe Tal L
—olx slawi b g Famwg odgamme sl Joo urw g
B o snnel Canay @l s el iy sle
Sl olz digy Jomo s 5 (5 jlwoslel ploaiis
A (B e 8L 5L
o559, 9 olge
6290 axdllao

IS el lgsal I LNAPL  Sogll cusls
cols p yehate ol gly ol 51 (SOl aiyjo s 4
e 28l oo (35 i 1 1 B 5 Sl
Slaal s 2l ) ez Syl 5o al> e
—aden g a3 (GileaieS Gl ol o (b
Slaal piage Hlgie 4 ooVl cuilby osle
allas 3,90 ahlaia gl o 48,5 5 5 oLl
Ly, ol ol obT Juebo! (sliwg, Gubizs ol o
2 @ G )0 g Sewload &ly IS s o
VO USS el as )3 18 s sl O gloee
olis 1y addllas 5,90 ogaome olsla> Coxdgs
5 S o 009l cows LNAPL ot aps

Sl ol cpaiz Cusl oad Liwg, cpl (o) 230!


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

o slglgsul o Swnlnsgund ol o fpeass .
SRl 2R 9 AR il po (yolu O 5 soual ol
538000 538500 539000 539500 540000
cB1
N ®
(= Wz ww
i s
= -
s s
3 E
P i TY g
e )
o<
&
{
\
i
= i - * =
H i A 8
3 \ .. W g
3 i £
i ®
!
\ o L ]
\‘v}\'\'
o 3 P =3
2 g
2 ot 2
2 . 2
b4 b4
£ | 3 £
h
Well of CW_101 I i et
B Y .
- Comparison Wells 7 & §
» Flow Line 2 i - 0 4 =
2 f@ . T/ 2
Water Level 2 izl ,;’ i S
® e ot J
— — —  Corrected Water Level W ogis | em S
i o f
@  Monitoring Wells (MW) “m\ " &
_ 1 L
@ Boring Logs = MWTA | S =
g . g
e  Collection Wells g o o015 03 08 ole iz g
[} suayarea T Km
538000 538500 539000 530500 540000

2 aleS slool> 5 3laasT il b csloanlice slaol> Jo g (o)) 5 —obT Juslowsl (sliwg,) anlllas 590 ablaio aiis -1 JSCo

Al 550 dalais

Fig. 1. Map of the study area (Esmaeilabad village-Tehran) and the location of observation wells, recovery

wells, exploratory wells and boreholes in the study
Saeaidy Jloy alols jo adllas 5,90 0ogue

s (VYA0-9F o) Do oligS 5 (b coin)
sl Syy0m §l &5 jobilen (¥ JS3) 0,8
w‘éf uL«.Lo..C ‘°L‘>u‘ Sg=>9 lJ ‘05*“‘5" oulie
Jsb ;o LNAPL ol zhw ol LNAPL
Sl )LMM.: adlao S,y90 QS’LQ) 0,99 g JL.» [P
S OO% (™) Lo w‘ J.:Ja PP e ]
pas pizmen g LNAPL clils jy (6 lgi0 5 0090
Lo ebedee 8L (olSh Sllas a4 paris
Col gy re YL (Seelugyae olps

(Ebrahimi et al., 2019)

area.

€9

e ) O mhv mowal lp adlas ol o
chw e b e 5 Ol mho S2ie Jad
Lenhard and ) ,S,L 4 o,kd akl; 5 (ol
(V) el 00l solawl (Parker, 1990
Zaw = (1 = Pro )Znw + Py Zan )
Zemed) LNAPL o535 JIS prg alasly ol 5
Zaw + (o o &z & LNAPL > JS
gl S e b £lis | Zan o i) s ¢l
oo Syiie Jad glas)) Znw 9 LNAPL -lga
Gloosls oS b cpiman a3l oo o -LNAPL
oo 00l sl glas )l s LNAPL 5l 5 glovsliv

I sln cd g o gl Sl 81555000 O


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

ASL‘!’Q‘}’"" BN &mbos)m w‘).a e u‘)ijlfl
1007 1007
1010 1010
1006 1006
1008 1008 1005 1005
£ =1 = £
= E E . =
T 1006 1006 = | = 1004 1004 2
z ] g g
K] > = =
- CRRE =
& 5 § 1003 1003 ©
= 1004 1004 k]
=
1002 1002
1002 1002
1001 1001
1000 1000 1000 1000

1388 1390 1392 1394
Time (manth)

Cil level (M) = —w= Corrected water level (m) Observed water level (m)

. Ol level {m)

Fig. 2. Short and long term hydrograph in the study area

il e i aY S
LNAPL JUi! colils

Ol Hgme coblB a5 el (g el )b ¢ Jlasl eubls
a>lg g wos o olid Sl Y cwlxs plas o l,
oS oy sly sl 395 2 e yie ol sy llaas
caps il Ol g5 5l Gl 8 sszse Sl
Colan K as wuT so oy (1) abal, 51 Jlasl e L
il oo plggul cula b g plgsul (g0
T=Kxb \»)

Qly‘qi dallas pl jo ol aaf o5 jshiles
Seelinag o Sleogaz g Cwwl LNAPL o oo9ﬂ
sl (slys (F) all, 5l 5 009 gliie SLlS )]
Sgu 5o oolaiwl LNAPL  Jlasl ool oo
(API, 2007)

Ta(bn)=2 77 Ky (2) k(S Sp)dz ()

s oY 52 A slay s olaye e

Time (month)

Observed water level {m) Corrected water level (m)

aslllae 350 dilae 1 e aily g oligS B9 00 - ¥ S

039 (DO S

5 S dle ples s g ol cglesl dilaie jo
Slag b 83 b les sad |y gLl Jaxs ;0 59250
SES 5 J5S5e (sl oS e w50 5 o
Sl 5 oy S Gl oS cedle s
Olgel el Glsi el 5ol; oy, ol ad
el 50 .04 0 00wl 059 ol ylgie o o]
s Jlw 4 Cond oo (pl anle gl
P s .l 00 ool Mo g om0 i lgie
Wlyzel 5l plgie piz a5 cul ol ik ohus
O N RPN N GOV, | VR I SO |
alayl)) ail oo g8 Y S e 4 oad il
Y

V
08~ x100 )


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/K JES.2023.8.2.103041 ]

O )Sen 5 sounl

150l odly sl o> 5 LNAPL a5 colos
o5 ol o Gl Ll
alal, 5b ol ohyg om0 arloe (sl
Slp s g5 Y S o s wiels Y
i Y sl (Aquifer) clgsel Jae jglaie oyl
el jo .ol ags rockwork 16,1580 o 5 lawgs
ol mhaw) Ol 5 e shw sl o glas)|
O oy A it gleoyge jo (00l musral
e e a i by o YU lesl lsie
ds>g0 s &Y (gl (AQUifer) Joe o 250
S Y e g ol aisle bl mhe @Y
@ azg b (FUSD) 0o )F avulxe 0)90 52 sl
239e IS jI s ol el ko 03 pslas
abuly 5 ohg (200 Glis (lion c0)90 2 5
ol 5o il /o120 Ll 4 Sged dulxe ¥
0> OeSole bl Vy oy (2o 2k 08y akal,
3 s Y gl (Glesslivn wam) (o28ly cbls
Vi s VYOF 500 5 1YA0 o 08 Sloj alold Jsbo
(Glaswle o) (165 4Y o2 morSbe bl
slo b1 4 bogspo rOCKWOIK lawgs sois awloe
V Jgux 0 aS jshilen () Jgoz) all o0 VYA
0,90 @ 40 oy (RO Hlade gl o cdnlise
@ s o RYS Giiete 5l &5 el ol
(o Y Cwbs gl ks clly og dguse
pac 2 pletal wsgazme (v (o) SE iz

Comitdg 5 6 S sl Sz sy ol clls

o)

LNAPL sl culls Ty (bp) cabsl, ol o

« (pr = pn /Pw) LNAPL-OT J&> cos py
Hr = pn /) LNAPL-OI e 598sy Cons iy
ol glal (Sdgae colaa Kys(2)  duy
Zmax « LNAPL o 60343585 Ky (S Sp)
oS yiie b 15| Zpyy LNAPL glis | woy Sk
Gl il gl samlie oz 5 LNAPL-_]
(LNAPL Jae 51 LNAPL Js! ol apolo

LDRM Distribution and Recovery Model)
Sl 0ol solawl alflas gk ol> o (slp

Jols LDRM oo sl 5ls 9,90 sloesss s
glogias LNAPL 5 Ol o b JBs
dsa ~ol 5 lsa- LNAPLLNAPL-T _xbav
Slo s j95 s
LNAPL silowy gl 5 oimais oyib5:50s
Sedgyous Colae (Jxlxs LNAPL F-factor |

el LNAPLy o

5lassboe LNAPL bl sles g of gl
> g (Rn) Jl_.ml J;LQ 09 x> ‘L:o‘_gabs

Jel e bls ,olie 4 (Dn) LNAPL LS
LNAPL o> sloF o pues ¢ LNAPL
sbpz> izes LDRM Jos .b\.;.‘,lso Cewds

o> slagy g Jlasial BB 5 U5 ok
8L glad 25 L1, laoly 5,0 4 LNAPL
Cdls oz anlllan (nl ;005 o (St ene
) mhaw (59, 5,0l LNAPL x> 5l Ladd
Fo ¥ edbl bty Blax cnlplo 08 o0 &)90

dwlne 4 a8l s 9 0005 jelate ol o (4l


http://dx.doi.org/10.22034/KJES.2023.8.2.103041
https://gnf.khu.ac.ir/article-1-2669-en.html

[ Downloaded from gnf.khu.ac.ir on 2026-06-11 ]

[ DOI: 10.22034/KJES.2023.8.2.103041 ]

S rSel> cam ey slazy oo b g
g0i 0,5l ol oz aly) 3lie b Sgdms

15/03/2017 Top
S oi: 15/03/2017
€ voume = 200.450

& 15/01/2017 Lithok
ogy
& oi: 15/01/2017 e i
@ volume = 128.222 N N W cay
1RO\ \ [Jsanc
15/11/2016 Water ON / S Ws
Eoi: 15/11/2016 / ) \ 3
€ voume = 261.033 [ so1
Aquiters

[ 15/09/2016 water
[E oi: 15/09/2016

@ voume = 226.183 w

-

Labels

& southern Base
7 538.800.0
7 539.000.0
7 539.200.0
7 539.400.0
7" 539.600.0 &

[E] Eastem Base o /
T 3.933.000 N S
7 3.933.500
T 3.934.000

[E southwest
7 0.0
T 250
T s0.0

;7. \\ms
SERNN

y\‘ NG 23 &
e S S Y

/
Base

ROCKWOrK lawsgs axlllas 5,90 05gawe ;0 LNAPL Y (3lw Joe =Y JSo
Fig. 3. Modeling of the LNAPL layer in the study area by Rockwork

Lglbo)jé 6‘]‘.’ Lg‘wl:u 3% ‘SQOCA.L; )‘A.BA 9 Rockwork J».\A )| salazl L: Lg‘wl?m 9 Lg‘o&.&:ti‘..a LgL‘hW J.g'dl.a.o - Jj».\?
adllas 5,90 ddlate ;o alee Sl
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Table 2. LNAPL recovery data measured from well CW-101
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Table 3. Values of parameters used in LDRM model for Cw-101 well
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each well by the LDRM model for 6 wells in the study area.
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