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Abstract: The actual thickness of lighter-than-water non-aqueous phase liquid (LNAPL) on the groundwater
table is always different from the apparent thickness (measured in the monitoring well). There are several
methods developed for estimating the actual LNAPL thickness on the base of the apparent thickness, but the
results obtained with different formulas are inconsistent and (in many cases) very imprecise. The obtained
results of laboratory investigations indicate that the appropriate model for estimating the actual thickness of
light non-aqueous phase liquid should include the properties of soil and LNAPL. The investigations
confirmed that the hydraulic conductivity is very important parameter in the case of homogeneous soils.

On the base of the results the empirical model was developed. This model includes the hydraulic
conductivity of soil and the density and dynamical viscosity of LNAPL. The results of the verification of
developed model indicate that the calculated values corresponded in many cases with the values obtained
during laboratory investigations.
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The main sources of soil and groundwater contamination with lighter-than-water
non-aqueous phase liquids (LNAPL) are surface spills from cisterns and leakages from
underground storage tanks and pipelines. If the layer of LNAPL floats on the
groundwater table the initial remediation step should be its recovery [1-3]. A proper
design of recovery requires an assessment of the contamination plume volume on the
base of the LNAPL thickness measured in specified points of the contaminated area [1].
Unfortunately, the thickness of LNAPL on the groundwater table (the actual thickness)
is different from the thickness observed in the well (the apparent thickness) [4—6] and
this difference depends on the properties of soil, and the properties and amounts of the
free product floating on the groundwater table [7-9]. The results obtained with different

" Institute of Environmental Engineering, Czestochowa University of Technology, ul. Brzeznicka 60A,
42-200 Czgstochowa, Poland, phone: +48 34 325 09 17, email: ideska@is.pcz.czest.pl



788 Iwona Deska and Anna Tkaczynska

formulas for estimating the actual thickness are inconsistent, and in many cases
inaccurate [4, 5, 10, 11]. The results of laboratory investigations indicate that the
appropriate model for estimating the actual LNAPL thickness should include the
properties of both: soil and LNAPL [7, 10].

This paper presents the developed empirical model for estimating the actual LNAPL
thickness on the groundwater table. The model is based on the properties of soil
(hydraulic conductivity) and properties of LNAPL (dynamical viscosity).

Materials and methods
Laboratory experiments were conducted in Plexiglas columns with filter-tubes as

monitoring wells (Fig. 1) with use of six model soils and six types of LNAPL. The
properties of soils and LNAPLs are given in Tables 1 and 2.
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Fig. 1. The experimental columns with filter-tubes connected with equalizing columns

The experimental columns were packed with the soil samples (soils 1-6) and filled with tap
water until the water table reached the assumed elevation. After 3—4 days 50 cm’
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Properties of soils used in the experiments

Table 1

Soil Type of soil Soil [gr;z::; size Medium [sr?lirln]grain size Hy(ll;a;l(l)igé(;(n[cllll;;(tji]vity
1 fine sand 0.1-0.25 0.175 1.0-10'
2 medium sand 0.25-0.315 0.2825 2.3-10'
3 medium sand 0.315-0.5 0.4075 7.1-10'
4 coarse sand 0.5-0.63 0.565 1.1-10°
5 coarse sand 0.63-0.8 0.715 1.5-10°
6 | coarse sand 0.8-1.0 0.9 2.3 107
Table 2
Properties of LNAPLs used in the experiments (at temperature of 20 °C)
LNAPL | Notation Type of LNAPL Density p, Dynamic viscosity n,
[kg/m’] [kg/m - s]
LNAPL 1 LI Petroleum 820 1.8-107°
LNAPL 2 L2 Rape oil 918 0.072
LNAPL 3 L3 Mineral oil “Lotos” 880 0.30
LNAPL 4 L4 Semi-synthetic oil “Orlen” 872 0.22
LNAPL 5 L5 Synthetic oil “Lotos” 855 0.18
LNAPL 6 Lo Synthetic oil “Orlen” 871 0.19

of diverse LNAPLs, coloured with the pigment — Sudan III, were injected above the
capillary fringe zone. After subsequent 3—4 days, the apparent and actual LNAPL
thicknesses were measured in the well and in soil. This procedure was repeated at least
10 times. The actual thickness was the distance between LNAPL-water interface in the
soil and air-LNAPL interface in the well (without the capillary fringe of LNAPL in the
soil). The columns were hydraulically connected with equalizing columns which aim
was to keep the water table constant during experiments. The styropore covers protected
the top of columns.

Results and discussion

On the base of the experiments for each composition of soil and LNAPL the graphs
and trend lines were plotted which present the relationships between apparent and actual
thickness [9]. Results and high values of the determination coefficients (R?) for linear
functions show that these relationships have the linear character. Then were fixed the
values of apparent thicknesses corresponding to the actual thicknesses of 5, 10 and 15
cm (for each composition of soil and LNAPL). On the base of these results the graphs
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were plotted which show the influence of the hydraulic conductivity of soil in 10 °C (k)
on the difference between apparent and actual thicknesses (AH = H, — H)) for three
selected actual thicknesses: 5, 10 and 15 cm (Fig. 2). The results indicate that the
difference between apparent and actual thicknesses increases with the decrease of the
hydraulic conductivity of soil. This relationship has the logarithmic character. It can be
confirmed by high values of the determination coefficients derived for logarithmic
functions. These high values suggest the functional relationship.

Hf=5cm

120
100 Q L3: y=-33.03Ln(x) + 184.9 L2:y=-24.14Ln(x) + 135.4
Q'\\‘ R?=0.9609 R? = 0.9975
= 80 1 S X\.\
S ol N L4:y=-36.9Ln(x) + 192.2 L5:y =-30.3Ln(x) + 160
b 0 ‘<. _RE=09974 R? = 0.9975
I 1 S TR
T oogd T —e A L6:y=-29.17Ln(x) + 156.8
0l L1:v=-2303n00+ 1185 S rﬁgi'o'asjf;é
20 R? = 0.9544
0 50 100 150 200 250
Hydraulic conductivity k [m/d]
Hf;=10 cm
140
120 1 L3:y=-33.58Ln(x) + 201.2 L2:y=-28.5Ln(x) + 157.4
100 ‘\\ R2=0.8828 L4:y=-37.5Ln(x) + 204.4 R2=0.9938
= A R? =0.9542
S, 80 X :
T 601 L5: y =-30.29Ln(x) + 165.9
| 40 L6:y=-31.32Ln(x) + 173.4
£ 20 4 T S T ~..R%=0.9999
0 L1:y=-2561Lnx) + T81.7 -4
20 R2 =0.9331
0 50 100 150 200 250
Hydraulic conductivity k [m/d]
Hf=15cm
160
1401 L3:y=-34.13Ln(x) + 217.4 L2: y=-31.84Ln(x) + 174.8
120 1 ﬁ R?=0.7612 R?=0.9891
= L4:y=-38.13Ln(x) + 216.5
g 100 1 N
~ 80
I| 60 1
T 401
ng L1:y=-28.17Ln(x) + 144.8 ST T e 3
20 R? = 0.8954 i i i
0 50 100 150 200 250
Hydraulic conductivity k [m/d]
—a— LNAPL1 —&—— LNAPL 2 —-—&—-- LNAPL3
——4&—— LNAPL 4 —-—o——- LNAPL 5 ---¢--- LNAPL6

Fig. 2. The influence of the hydraulic conductivity on the difference between apparent and actual thickness
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On the base of the results presented in the Fig. 2 the empirical model was developed
that describes the relationship between apparent and actual LNAPL thicknesses
(Equation 1). Model is based on the hydraulic conductivity and the dynamic viscosity of
LNAPL. The actual LNAPL thickness can be derived from equation:

H;=H,—(on,+p)Ink-xn,—§ M
where: H; — actual LNAPL thickness [cm],
H, — apparent LNAPL thickness [cm],

k — hydraulic conductivity in 10 °C [m/d]
17, — dynamic viscosity of LNAPL [kg - m! s,
w, ¢, ¥ and & — factors depending on actual LNAPL thickness [-].

Factors w, ¢, y and & can be calculated from the equations 2-5:

w =1989 H;, —52.006 2
@ =—0.6445H,, —19.457 (€)
x =—0878 H,, +24729 4)

£=2932H, +10429 )

where: Hy, — initial estimated actual LNAPL thickness [cm].

Use of proposed model requires initial estimation of actual thickness (Hj) to
determine the proper values of factors w, ¢, y and &. The calculation should be repeated
until the calculated actual thickness is equal to the initial estimated value.

Figure 3 presents the verification of the model. The relationships between apparent
and actual thicknesses obtained from the model (the curves) were compared with the
experimental data (point graphs). The results indicate that the values calculated from the
developed model corresponded in many cases to the experimental data. In the case of
soil 1 the best results were obtained for LNAPLs 1, 2 and 6. In the case of soil 2 the
model curves are similar to the experimental graphs for all LNAPLs. The best fits are
also reached for the compositions: soil 3 — LNAPL 4; soil 4 — LNAPLs 2, 4, 5; soil 5 —
LNAPLs 1, 5, 6 and for soil 6 — LNAPL 6. Only for a few compositions of soils and
LNAPLs the results derived from the developed model differ from the experimental
data. The most unfavorable results were obtained for the compositions: LNAPL 1 —
soils 3, 4, 6 and LNAPL 4 — soil 5. The relationships between apparent and actual
thicknesses drawn on the base of the proposed model have the linear character. Further
studies aimed at the improvement of the model should include the check of the
importance of the hydraulic conductivity in the case of the heterogeneous soils. The
experiments should also include the examination of the influence of other parameters eg
the equivalent diameter and the coefficient of uniformity.
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Fig. 3. The verification of the developed model on the base of laboratory investigations

Conclusions

1. The difference between apparent and actual thicknesses increases with the
decrease of the hydraulic conductivity of soil. This relationship has a logarithmic
character.

2. The appropriate model for estimating the actual LNAPL thickness on the
groundwater table should include the properties of both: soil and LNAPL.



Empirical Model for Estimating the Actual LNAPL Thickness... 793

3. The values of actual LNAPL thickness calculated from the developed model are in
many cases consistent with the results of the laboratory investigations. The best results
were obtained in the case of the fine-grained soils.

4. Further studies aimed at the improvement of the proposed empirical model should
include the laboratory experiments with the use of heterogeneous soils to check the
importance of the hydraulic conductivity in this case and to study the influence of other
parameters of soils eg the equivalent diameter and the coefficient of uniformity.
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MODEL EMPIRYCZNY DO WYZNACZANIA RZECZYWISTEJ MIAZSZOSCI LNAPL
KORZYSTAJACY ZE WSPOLCZYNNIKA FILTRACJI

Instytut Inzynierii Srodowiska
Politechnika Czg¢stochowska

Abstrakt: Rzeczywista miazszo$¢ lekkiej cieczy organicznej (LNAPL) na zwierciadle wody podziemnej
zawsze rozni si¢ od migzszosci zmierzonej w studni (tzw. migzszosci pozornej), a réznica migdzy nimi jest
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zalezna od wilasciwosci gruntu i LNAPL oraz od ilosci cieczy organicznej na zwierciadle wody. Metody
stosowane obecnie do ustalania rzeczywistej miazszosci LNAPL na podstawie zmierzonej miazszosci
pozornej pozwalaja na uzyskiwanie wynikow bardzo rozbieznych i w wigkszosci przypadkow nieprecyzyj-
nych. Metody te sa bardzo uproszczone, uwzgledniaja zbyt matlg liczbg parametrow (jedynie wiasciwosci
gruntéw lub jedynie whasciwosci LNAPL). Poza tym, poprawne ustalenie wartosci niektorych parametrow
uwzglednionych w metodach jest bardzo trudne, zaréwno w warunkach laboratoryjnych, jak i terenowych.

Na podstawie uzyskanych wynikéw badan laboratoryjnych ustalono, ze poprawnie opracowany model
obliczania rzeczywistej miazszosci LNAPL powinien uwzglednia¢ zardwno wiasciwosei gruntu, jak i LNAPL.
Ustalono, ze w przypadku gruntéw jednorodnych, bardzo réwnomiernie uziarnionych, jednym z wazniejszych
parametrow jest wspotczynnik filtracji. Na podstawie analizy kluczowych parametréw wplywajacych na
zalezno$¢ migdzy miazszoscia pozorng i rzeczywista opracowano model empiryczny uwzgledniajacy
wspotezynnik filtracji gruntu oraz wspotczynnik lepkosci dynamicznej LNAPL. Weryfikacja modelu
potwierdzita, ze w wigkszos$ci przypadkow jego zastosowanie pozwolito na uzyskanie wynikdéw zblizonych
do ustalonych w warunkach laboratoryjnych.

Slowa kluczowe: LNAPL, miazszo$¢ rzeczywista, migzszo$¢ pozorna, wspdtczynnik filtracji, model
empiryczny



