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A physical experiment on the accumulation of a light petroleum product (LPP) layer in the capillary
zone with following formation of a floating lens on the water table (WT) was carried out. The pro-
cedure was developed and justified experimentally to calculate the thickness and the location of
a LPP layer in the capillary zone and on WT, the distribution and the volume of LPP from the mea-
surements of LPP levels in the observation well. The thickness and the location of a LPP layer on
WT, contents of water and LPP were calculated based on Lenhard and Parker (1987, 1988) and
van Genuchten (1980).
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BukoHaHn di3nyHMIN EKCNEPUMEHT 3 AOCAIAXKEHHS HAKOMUYEHHS LWapy Nerkmux HapTonpoaykTiB
(JTHM) y kaninapHi 3oHi 3 noganswinm GopMyBaHHAM NaaBatoyoi iH3M Ha PiBHI FPYHTOBUX BOS,
(PIB). Po3pobneHa Ta ekcnepumMeHTanbHO NiaTBEpPAXEeHa MeToamKa po3paxyHKy MOTY>KHOCTI Ta
nokanisauii wapy JIHM y kaninapHin 3oHi Ta Ha PI'B, posnogainy Ta

06’emy JIHI 3a gaHnMu BUMIPIB Y CNOCTEPEXHUX cBepasioBMHax. MoTyXHICTb Ta nokanizauis
wapy JIHM Ha PIB, BmicT Boam Ta JIHIM po3paxoBaHi Ha niacTasi pobit Lenhard and Parker (1987,
1988) Ta van Genuchten (1980).
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BbInonHeH GU3MYEeCKnNii 3KCNEPUMEHT MO N3YHEHUIO HAKOMIEHNS CNOS NIErknx HePTENPOaYKTOB
(JTHI) B kanunnsipHoOM 30He ¢ nocnenyowmmMm GopMUPOBaHNEM MIaBaOLWEN NNH3bI HA YPOBHE
rpyHTOBbIX BOA, (YIB). PaspaboTaHa n skcnepmMeHTanbHO NOATBEPOKEHA METOAMKA pacyeTa
MOLLIHOCTM 1 nonoxenHus cnos JIHIM B kanunnapHoi 3oHe n Ha YIB, pacnpegeneHus n oobema
JIHI no paHHbIM 3aMepoB B HabaaTeNbHbIX CKBaxuHax. MOLWHOCTb 1 nonoxeHune cnost JIHT
Ha YI'B, coaoepxxaHune Boabl 1 JIHI paccumtaHbl Ha ocHoBaHuKn paboT Lenhard and Parker (1987,
1988) n van Genuchten (1980).

KrnroueBsbie cioBa: cnom nerknx HeptenpoaykTos, YI'B, kannnnspHas 30Ha, GU3nyeckmin akcne-

PVMEHT, pacyeThl.

Introduction

LPPs released to the subsurface environment
move down through the unsaturated zone, ac-
cumulate in the capillary zone and descend on
WT forming a floating lens. Both LPP levels and
the thickness of a mobile LPP layer observed
in wells do not correspond to the true levels
and thickness within the surrounding porous
medium. A number of papers [Blake, Hall,
1984; CONCAVE..., 1979; Hall et al., 1984]
studied a LPP layer on WT to found correcting
coefficients to determine a true LPP layer
thickness in soil (7) using an apparent thick-
ness in an observation well (T'"). Laboratory
experiments [Hampton and Miller, 1990]
showed that in fact there is no calculating co-
efficient between LPP thickness in sand and in
the well. T.P. Ballestero [Ballestero et al., 1994]
obtained the relationship between T'and 7" for
the capillary zone when the weight of a single
LPP column p,gT < 26 4,C08P/Fmax (Po is LPP
density, g is gravitational acceleration, 6,4, is
surface tension at an air—-LPP (a—0) boundary,
¢ is a wetting angle, and 7,y is @ maximum
pore radius):

T=(1-v)T"~ ha, (1)

where Yo = po/pw is specific gravity; p,, is water
density; /15 is a distance between the bottom of
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a LPP layer and WT corresponding to an active
capillary height (it is not indicated there how to
receive it).

This equation has two unknown variables,
therefore only the sum (7" + k) can be determi-
ned. Moreover, it is not known how to determine
the location of a mobile LPP layer (either in the
capillary zone or on WT) using the values of 7.

A.M. Farr [Farr et al., 1990] and R.J. Len-
hard and J.C. Parker [Lenhard, Parker, 1990]
described the distribution of LPP in the forma-
tion during the accumulation of LPP above the
water-saturated zone using oil-air and oil-water
interfaces in the monitoring well under the equi-
librium state. However, it was not mentioned
about a zone from which LPP can flow into a well,
i.e. azone called “true thickness” by previous re-
searchers. It is necessary to determine the size
of “true thickness” and the quantity of contained
LPP to plan the methods of pumping and the vol-
ume of mobile LPP that can be withdrawn.

The purpose of this research was to carry
out an experiment on simulation of the forma-
tion of a kerosene layer above WT. The results
of this experiment were used to justify the pro-
cedures for calculations of LPP thickness, dis-
tribution and volume at different stages of the
accumulation of a kerosene lens.
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Experimental materials

In order to study the formation of a LPP lens
above WT and represent this process by a well,
we carried out the experiment in a plexiglas
column (Fig. 1) installed in a pan and filled with
sand. A diameter of grains was less than
0.5 mm and porosity was 0.376.
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Fig. 1. The equipment for studying of kerosene
layer accumulation in sand and its representation
by the observation well

1 — a plexiglass column filled with sand; 2 — a plexiglass
pan; 3 — a branch line for keep of a column water level;
4 — an observation well; 5 — piezometers; 6 — measuring
vessels; 7 — a tube for kerosene input; 8 — a filter; 9 — a tap;
10 - a branch line to specify a boundary condition in the well
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Movement of mobile kerosene levels, i.e.
H,, (air-LPP) and H,,, (LPP-water) in sand
along the column was registered by kerosene
appearance in piezometers (5) installed into
the wall of the column in every two centimeters
in the range of level move. An aluminium per-
forated gauze corner stuck to the wall of the
column represented an observation well (4).
Location of levels in the well (H,," HOWW) was
determined visually through the ’Eransparent
wall of the column by a measuring bar stuck
nearby. The initial water level in the column was
specified at a 49-cm depth that was consid-
ered to be WT. At this level the return tubes im-
itating boundary conditions were installed from
the column (3) and the well (10). It was consid-
ered the measured water volume flowing out
from the tube during kerosene input on a sand
surface represented a relationship between
water in the column and the aquifer.

Infiltrating through the unsaturated zone,
kerosene wetted pores in which the a-w inter-
face was replaced with the o—w interface with
a much less surface tension. This resulted in
decrease of the capillary water height in pores
wetted with kerosene and the water output
from the column was observed.

The accumulation of kerosene started at
the elevation / 7“*= h " above WT [Brooks and
Corey, 1964], which corresponded to the head
of water displacement into kerosene until inter-
facial tension (c,.,) held the weight of the
kerosene column, T¢. The level H,, rose in the
capillary zone filling free pores while the bottom
of the mobile kerosene layer (H7) descended
displacing water from capillaries with a radius

r> 2040 until it reached WT, then T,= T.ma~,
Tegpo

After this, we observed the accumulation of the
kerosene layer under WT for ten days. Fig. 2
demonstrates changes of water and kerosene
levels in the well and in the column (a) during
the input of kerosene volume, Vo and the
output of water volume, Vy, (b).

A difference between kerosene thickness
in the column (T) and in the well (T%) was max-
imal when the kerosene layer accumulated in
the capillary zone. As the kerosene layer
reached WT, the difference decreased. Below
WT the difference (T" - T),, fluctuated about
50.9 cm due to atmosphere pressure changes
with the value of correlation coefficient 0.84
and the displacement on one day (Fig. 2, c).
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Fig. 2. Changes of water and kerosene levels in the well and in the column filled with sand (a) during
kerosene input and water output (b) in correlation to atmospheric pressure (c)

In the field, if the accumulation of a mobile
LPP layer discontinues in the capillary zone
due to a small leakage, LPP levels and thick-
ness in a well do not provide correct informa-
tion about the location of a LPP layer and LPP
levels. Therefore, calculations of distribution of
LPP contents in the formation under such con-
ditions by A.M. Farr [Farr et al., 1990] and R.J.
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Lenhard and J.C. Parker [Lenhard, Parker,
1990] seem to be noncompletely correct.

For correct interpretation of monitoring
data, it is necessary to determine the location
and thickness of the mobile LPP layer in the
capillary zone or on WT, which will be described
in the next section. Proposed calculations are
verified with experimental data.
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Calculations of LPP layer location,
thickness, and LPP content
As we can see in Fig. 2, the location of the LPP
layer is in the capillary zone for T, + h, < Tp™ax,
In case of T, + h, = T.m*, the LPP layer
reaches WT. If the o—w interface locates below
WT, the following condition takes place:
T} > T, where T} is a part of LPP layer thick-
ness in the well above a piezometric surface (H).
Based on (1) and J.P. Hughes [Hughes
et al., 1998], we have the following:

T, +h,=T"=T"(1-vy,). (2)

T.m stipulates on LPP thickness, which
makes a pressure hj"i.e.:

. h;nax h;)w
==y ®
In this experiment h7“=hj" = 11.4 cm.

Then, according to (3) when y, = 0.790 and
hl*™=11.4 cm, T = 11.4 cm, which corre-
sponds to the measured value.

In the process of kerosene movement
through the capillary zone the magnitude
(Te + hg) changes from hg* = h3" at Tc= 0

ow

upto T/ = at h,=0. Therefore, the mag-

Yo
nitude (7, + h,) changes in direct proportion to:

h —h

T. +h, = v,

ath, (4)

5,
< ew eo h°<0
h,>0
v
h,<0
v

volume liquid contents

Fig. 3. LPP accumulation in the capillary zone represented by
a well and distinguished zones with different LPP and water

contents and pressure

ISSN 0367-4290. leon. xxypH. 2015. N2 2 (351)

Rk, R (1-y,)
OrTc”’a‘ 7, "7, The= Ty

y (T +h,)=hg" =h,(1-7,).

Based on (5), the value A, could be deter-
mined as:

h = haUIW_Yo(Tc +ha)

¢ 1- Yo .

The magnitude (7.+4,) is determined by (2),
and

(6)

Tc =(T'c +ha)_ha' (7)

The calculated values of T, differed from
the values measured experimentally for
0.35-0.75 cm. We consider that it is sufficient
accuracy in case of installation of piezometers
in every two cm within the column.

In the process of kerosene movement
through the water capillary zone the following
zones are formed (Fig. 3): (1) air — water (a—w)
unsaturated zone with residual LPP; (2) air -
LPP — water (a—o-w) unsaturated zone; (3) sat-
urated zone with a mobile LPP (o-w); (4) water
(w) capillary zone.

In the upper zone (1) LPP locates as
individual drops and films remained after LPP
infiltration. A LPP content (Go’r) determined
by laboratory measurements at the “Mikran”
devise was 0.016.

contamination source

AR VIR VIRV I RURRURR R

>
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The unsaturated zone (2) is formed above
the level H,,. The height of this zone reaches a
level where capillary pressures 4., and A,,, co-
incide. The capillary pressures are calculated
as a difference of the heads of water (4,,), LPP
(hy) and air (h,) in the point z.

ha:O;ho:(Z—Hao)pu;hw:Z_H; (8)

H=H, +7,T,,
h, =h-h, h,=h-h h, =h —h,. (9)

Water (0,,) and LPP (6,)) contents were de-
termined using van Genuchten function (VG)
according to [Lenhard, Parker, 1987; Lenhard,
Parker, 1988]:

01 = Hw+o = 0:0 (hao) =

= [1+(aaohao)8]_m(9s _Hr,w)+0r,w’ (10)
0,=06"(,)=

owhow)(e ]_m (es - er,w) + er,wa
90 = 9w+0 - 9w 4

where 0y is total actual saturation, 0,.,, is irre-
ducible saturation, a and e are affecting factors
1

(11)
(12)

=[1+(a

of pore-size distribution, m =1 —

0.00

—

0.00
5.00
Fig. 4. Distribution of calculated

contents of water and kerosene
above WT in sand
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b

20.00+

25.00

m
<
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30.004

35.00

40.00

6,
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eo
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554.90
587.90
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In order to estimate the parameters of VG
function, o and g, we fitted the experimentally
measured magnitude 0,, — /4, to VG function
in the main drainage path for experimental
sand. We obtained the following values:
Ogw=0.0287 1/cmand € =7.4552. The values,
Oow and Oy required for calculations were
found from the relation: 0.z Ggw=0ow Cow =
=0lg0 Ogo [Lenhard, Parker, 1987]. The values,
Oow = 0.072 1/cm and a4, = 0.0812 1/cm
were obtained at o4y = 69.5 din/cm,
Gg0=24.55din/cm and 6y, = 27.7 din/cm.

In the saturated zone (3) 0,,+, = 05, so

0,=0,-0,,. (13)
LPP and water volumes were calculated for
everyinterval Az=z;+1—z:

0 0

0,i + 0,i+l w,i+ 9w,i+1
0,Az 2 2 AZF’
where Fis the area of the column.

The distribution of calculated kerosene and
water contents and volumes in sand during the
accumulation of a mobile kerosene layer in the
capillary zone in the interval Hyy = 35.8 cm —
Ht=42.0 cmis shown in Fig. 4.

The total LPP volume within separate zones
and in the column in whole was determined by
summing Vg, o> and was 615.1 cm3, which
practically cdrresponds to the kerosene vol-
ume in the sandy column calculated by the
measured volumes (700 cm?® of kerosene was
entered, 70 cm?® was drained in the well and
15 cm?® was drained with piezometers). The
distribution of kerosene within the zones was
the following (%): (1) — 7.14; (2) — 76.14;
(3)-16.72.

Calculations of the thickness of mobile LPP
accumulated on WT in the sandy column and
the distribution of kerosene content by the

measurements of LPP and water levels in
the observation well justified the theory
in [OrHgaHmk n gp., 2006] and [MNapa-

MoHoBa, 2003] based on [Hughes

et al., 1988; Lenhard, Parker,
1987; Lenhard, Parker, 1988;

AF; = (14)

45.00

N\

Van Genuchten, 1988]. Calcu-
lations were carried out in 10
day after kerosene descending

0.15 I 0.25 I
0.10 0.20 0.30
Kerosene (0,) and water (0,) contents

on WT by the equation:

ao

250 | 350 | a0 |
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650 | T=T"- d P
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where y, = po/pw =0.79, h°=10.5 cm is the
head of kerosene displacement into air. At the
value measured experimentally, T*=101.3cm
(Fig. 2), T =51.3 cm, which corresponds to the
experimental value. Distribution and volumes of
LPP and water contents were calculated using
equations (10-14). A difference between the
calculated kerosene volume in the column and
the true kerosene volume is 8.7%. Kerosene
distributed along the column in the following
way (%): (1) - 0.7; (2) - 26.2; (3) — 71.8;
(4)-1.8.

Conclusions

The accumulation of LPP above WT including
the capillary zone was studied experimentally.
Based on the results of the physical experi-
ment, we proposed the procedure for calcula-
tions of the location, thickness of a mobile LPP
layer, and volume and distribution of LPP and
water in depth by the measurements of LPP
levels in the observation well.

1. H,,and H,,, are measured in the well;
T"= Hg,— Hpyand H = Hyy, + y,T" are calcu-
lated.

2. T.mexis determined by the equation (3).

3. T+ h,is determined by the equation (2).
If T, + h, < T.m aLPP layer is above WT in the
capillary zone.

4. The value of i, is calculated by the equa-
tion (6).

5. The value of T.is calculated by the
equation (7).
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