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Article 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.

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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Table 1. Observed and calculated volume values using the Rockwork model and calculated specific oil yield
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Table 2. LNAPL recovery data measured from well CW-101

() oo M%) LNAPL oo
0.03 5.15
0.05 10.30
0.08 12.87
0.11 15.53
0.14 18.11
0.16 20.59
0.19 25.65
0.22 30.41
0.25 35.43
0.27 4059
0.30 4575
0.33 50.91
0.36 53.29
0.38 55.87
0.41 58.44
0.44 61.02
0.47 63.59
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