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SUMMARY: Light non-agueous phase liguids (LNADPL) represent a great category of soil
conlaminants hat ¢an congist g persistent, secondary and long tenm souree of contamination. Tn
order to successfully conlronl with LNAPT. pollution, their infiltration and distribution in the
subsurface must be studied. The purpose of this project was to investigate the flow and
distribulion of twe typical TNAPL (Seltrol 220 and Diesel Fuel) in two different types of
unsaturated porous media {sands), Four TNAPL spills were aimulated in an experimental satd
matrix and images were taken under stable conditions, Two types of sand contlgurations were
sludied, specifically, two cxperiments consisted of LNADPL infiliration into a coarse sand layer
upper a fine sand layer whercas the last two experiments had the inverse sand conliguraiion, The
movement of the liquid was defined by an image analysis technigue and finally saturation
profiles were produced, allowing the study of LNAPL infiliration and distribution. Az it was
expected, LNADPL moved slowar in the fine sand than in the coarse sand, duc (o its swall
coctficient of permeability. LNAPL saturation was estimated to be 83-100% mainly in the
inlerfuce of the twao sand layers, where vertical movement was Jimited angd horizontal dominated.
It was proved thal the interface of fine and coarse layer is able to acl as 4 capillary barricr which
prevents the LNAPL infiltration in the coarse laver,

1. INTRODUCTION

T.ight Non-Agquecus Phase Liguids (LNAPL} are immiscible, have low water solubility and, in
the case al o spill an the soil surface, tend to sty enlrapped in e vadose zanc of the subsurface,
causing residual contaminagtion, Tn most cases, they become persistenl sources of contlamination
that can greatly influence the guality of the underlying aquifer. While knowledge of LNAPL
disiribution in the subsurface is Important, in order to implement cifective remediation measures
at conlaminaled sites, the complexity of LNAPL flow is lille undersiood, since it {s determined
by a complex inleraction belween gravity and viscous capillary forees. Therefore scveral



exparinental studies have heen conducted on LNAPL distribution within the soil, ¢4 (Van Geel
etal, 1994, Wipler el al 1999),

Tha abjective of this paper is to present data sels which result [om two-dimensional Qow
experiments thal simubate the apill of two typical TNAPL in an unsaturated porous medivm
(sand). For this purpose a special MalLab alporithm was develeped and applied. This algacithm
allowed a detailed gualitative mapping of the LNADPL infillralion and distibuion, us web] 39 2
profile of the LNAPL saturstion throughout the plume area. The results ot this study can be
further used to validale exisling nuncrical madels and simalate real ficld conditions.

2. EXPERINMENT AL MATERTALS AND METHODS

2.1 Fxperinental apparatus and procedure

For the laboratory simulation of 4 LNADPL spill a rectangular cell of 100cm in length, 120 em in
hieight and 2 ¢m in depth was made out of glass. The glass cell was Olled with deionized waler
and sand was dropped in, using & sand pouring apparatus, untit a sand matrix of 44cn height was
achieved. After the packing, water was removed lhrough twe valves at the battom of the cell and
sand was allowed to dry for several days al room lemperature. Allcrwards, 100 ml of TNAPL
wore added on the surface of the sand matrix dropwise at a rate of 1 mlinin, using a peristaltic
pump. LNAPL was calored with 0,003% Sudan [1[. The whole matrix was photopraphed ar
regular tits intervals, in order Lo depiel the LNAPL movement yersis time.
Four experiments wera conducted, using, respectively:
o Sollrol 220 and & scrics of coarse sand laver {12 om heighth and fine sand layer {35 ¢m
height),
» Diicsel Fuel and a series of coarse sand layer (10 em heighl) and lne sand laver (34 ¢m
heigrht),
« Soltrol 220 and a series of (ne sand laver (4 cm height) and coarse sand layer (4 cm height).
« Diesel Tuel and a series of tfine sand layer (4 ¢in height) and coarse sand Jayer (4 ¢m height).

Capillary pressure measuremenis were conducted via a tensiometer {(SKTD 6903 which was
buried in sand with known saturation in order W ercale the k-s-p curves that correspond to cach
o1 of our oxperiments.

2.2 Porous medinum and LNAPL propertics

The basic particle size distribution parameters of the two types of sand used lor the flow
experiments are shown in Lable 1.

Table 1., Typical particle size distribution parameters of the sands used.

| s Medium grain size (mm) | Uniformity cvellicient
) l.im l]{.'n Cu {dw:l"[lm]

| Fine 0.09 1.5 36

| Coarse 0.18 | 08 11

As far as the hvdraclic properties of lhe sands are concerned, low rale experiments using water
provided the following values of coefficient of permeability (k): £.53-10™ ¢nfs for the fine sand
and 1.5-107° emés for the coarse sand. Based on these values, the desired absolute permeability K

. X . : K &
was estimated based on the following equation: s ind e B
H e

where Kois the absoluls peemcabdlity {m™), p is the fluid density {kgicm’), & is the gravity



seccleration constant {emys”) and p is the fluid viscosity (kesem s).

Finally, both sands porosily n was calculated using the Karman-Cozcay equation (| lead. 1992)
__ex &
o Cofop §° -
where C is a ahape factor, equal o 5 [or spherical particles, fis an angularily actor, § is the
specific surlface of sand grain (mm™) and ¢ is a paramcter related 10 porosity, as follaws:
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T'able 2 presents the resulty of the above described caleulations,

Table 2. Hydraulic properiics of the sands used,

Parameter | Porosity n Absolute Absolute
permeahlicy permeability
Kyicse: Keiirot
(m’) (m®)
Tine sand 037 3.66%10°" 3.23*10"
Coarse samd 042 6437107 569107

The first LNAPI. used was Soltrol 220 (Cevron Phillips Chemical Company, USA), Soltrol 220
is an isopuraffinic solvent, mixture of C13 to C17 hydrocarbons chains, It lias ne;,lu_.,ib]c
sulubility in water, low vapor pressure (27.6 Pa), gravity densily of 0,79 g,;"l..m and viscosity of
(.0048 Pa 5. The interfacial lensions between Soltrol 220 - water and Saltral 220 - air are 0.036
and 0,026 Nim, respectively (Kechavarz el al. 2005). Soltral is colorless; so in order to enhance
visual observalions and achicve optimum resulls using image analvsis technigue, it way dved red
using 0.003% Sudan [I1.

The second TNAPIL used was Diesel [uel (Hellenic Petroleum S.A., Greece). Dicsel has
negligible solubilily in wartcr, low vapor pressure (27.6 Pa), gravity density of .84 wcm™ and
viscosity of 0.0036 Pa s. ‘The imerfacial tension between Diesel - air is 0.05 N/m. Diesel is also
almost ¢olorless and it therefore was dyed red using 0,.003% Sudan LI

L IMAGE ANALYSIS TECHNIQUT.

3.1 General

Color can be expressed in ditferent formats, Perhaps the most commeon one 15 as o combination
of red, green and blue (RGB); a format used by video cameras and computer graphics, Hue,
Saturation and Tntensity (HIE) are vector camponents of another formal, which is used for color
specification, In HSI [ormat, hue is the color attribule that describes the pure color, saluration
corrcsponds to the degree 1o which the color is diluted with white and intensity corresponds lo
the prey level.

In order to convert RGB inlo HSL hue can be expressed as (Wilson 1988):
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Intensity (1) is caleulated as | Damault el al. 1997]: F - 255 R+{3:+B]
\

3.1 Calibrution of the methaod

In order to deline LNAPL saturation during the experiment, a calibration scale was created for
both sands and LNAPL. "I'he calibration cells were tilled with the same coarse and ine sand that
wis used for the Now experiments, Certain volume of TNAPL was added in the cells, s0 s 10
achieve 1, 20, 40,60, 80, 100 % of T NAPL satwation, lmages of the calibration cclls were taken
under constant lighting conditions, These images were edited using a Mallab algorithm that
estimailes Lhe average intensity for every image. Ay a result, every LNAPL saturation percentage
corresponds o a cerlain value of mean intensity. ‘lable 3 containg the calibration data for the
coarse and fine sand [or both LNAPT., These values were used Lo creale & calibration scale, on
which the definition of LNAPL saturation in every pixel of the images was based.

Tahle 3. Calibration dala for the coarse and fine sand.

Volametrie (em /em’) Average Intensity

Sa t:r::?:nL[% ) Coarse Fine Coarse sand Fiue Sand

i sand Sand Saltrol 220 | Diesel | Solteol 220 | Diesel
<0104, 0 0 214 193.4 1574 219,5
H) g 3(3 ?4 ].f]fl ].'?3,3 |2| ll‘:’?,l
44) v T 14,8 117 150 7 131,5
&0 %4 758 222 76 125 42.4 107
80 % 14.4 29.6 61 102 23 | oo
100 % 43 37 25 80 15 50

Acecording to the calibraled dala, it can be assumed that the colour inensity, which expresszs
LNAPI. presence, is a linear function of saturation. Other studies conchxded that the hue of the
transmitled Light is dircetly related 1o the water content within the porous media (Kechavara el
al. 20035),

4. RESULTS AND DISCUSSION

As mentioned above, mages of the experimental apparatus were laken al cortain time intervals
and edited using special MalLab algorithms, Tigure | shows the LNAPL movemenl profiles
during the spill for the four experiments,

It is evident that the same volume of LNAPL causcd a different size and shape of
comtamination plume in the same unsaturated porous material.
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Figure 1. Digsel (a), {B) annd Solieal (&), (dimovement protitea.

According to the results of the image analysis technique, Soltrol flow took place both verlically
and horizontally and mainly in the coarse sand laver and less in the fine sand. The migration of
the TN APL was slowed down in the fine Luyver because ol the lower WAPL relative permeability
in the fne sand layer (Wan Geel et al. 19943 The low unsaturated hydraulic conductiviliss of 4
coarse sand prevents larce Dow rales and a3 result 4 semi-permanent retention can be observed,
which means that contaminant salurations higher than expecied may be retained in Tayered soils
(Walscretal. 19990

The horlzontal movement followed the gravitational one. The maximum horizontal spread of
Soltrel was 32 cm for Lhe first experiment and the respeetive maxiom vertical extent was 13
con within |60 min. According to the image analysis results, saluralion sqgual 1o 20% and 40% is
not ofien recorded througheat the experiment. Yery low and very high saturation was limitedly
traced. The dominant ssluralion percertage was estimated o be hetwean 60%4-80% and increased
with the depth. The saturation level which was measured in lhe lurrer part of the plume arca for
the [rst twoe xperiments was about ad%, while 80% saturation ways noticed in an area of 683
em®. Also, it was observed that in stratified media higher oil contents are measured at the
boundary between less permeable and more permeabls layers (Schwille F, 19670,

Triesel fuel distribution during the first experimenl alse presents dilTersnt satluralion
percentages in the plume arca. More specifically, although 60% is the average LNAI'L
saturation, many areas appedar o have smaller values of samuration, such as 20% or less,
gapecially during the tlow in the fine sand layer, Importanl changes in DHesel distribution were
nol ohserved 270 min after the spill. The maximwn depth of Diesel spread was 17 om below Lhe
spill poinl and 28cm horizomally, The experimental saturation peofile shows an eftective
saturation close to 1 at zero elevalion and apain gl 1he [nc-coarse sand inlerface (Walscr ¢t al,
1999 Camparing the flow of the two LNAPL, it is concluded that Diesel spread s wider and the
maximum spread of Soltrol 220 was achieved in a smaller period of time,

Dring the last two experiments (e flow was much more slawer, the magimum horizontal
spread of TNAPT. was 6 em for the Soltrol experiment and the respective mazimum verlical
extent was 5,5 em within 130 min, As far as the second Diesel experiment is concerned the
maximum harizantal spread of LNAPL was 8 cm and the maximun vertical exlent was 7 ¢in in



the same period of tme. In bath experiments with the fing layer of sand being upper the coarse
sand layer the zaturation was estimated Lo be fow in lhe fne layver aud higher o the coarse sand
laver,

T all experiments flow in the Ting sund is slower, due o e smaller parosity al the ne sand,
compared to the coarse. When redistribution started and gravitational flow became dominant, the
rale of horizontal migeation, dus to capillary forces, hecame small, compared to the rate of
vertical migration, in both experiments. The minin dilTerence between the twe sots of experinems
is that the interface of finefcoarse sand acts as a capillary banier which prevents sivongly the
LNAPL Lo infiltrale in the below  fing laver. Whereas, in the interface of coarsefdine sand even
though the horizontal movemenl became dominany  the pravitational one alaa cxists, This
conclusion is also confirmed by Wilfler e al. who indicae thal o case of 2 weuting uid
imihibing a fing sand overlving a coarse sand, capillary forces will retain the fluid in the fine sand
al Lhe inrerlace.

Also, 25 a result of the image analysis, the [ollowing picires that depict the LNAPL
salration in the soil matrix were created. Figures I and 3 show the saturation profiles that
sorrespond o e nal images of cach cxperiment.
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Figure 2. Soltrol final distribubion and saluration versus Llime,
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Figure 3. Diesel final distribution and salsration versus time,

Finally. k-s-p curves were created for each one of the cxperiments, I owas concluded that the fins
sand had higher capillary pressure duc 1o the pore sk,
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Figure 4. P-8 curves for coarse and {1ine sand angd bolth LINAPL.



5. CONCLUSIONS

Four laharatory experiments were performed to qualitatively study the movement of ENAPL,
The image analysis technigues provided a uselful non-destructive method of determining the
distribution of LMAPI. at varicus time during a apill, Analyzing the flow ficld in HSI {Hue-
Saturation-Tntensity} formal detennined (he LNAPL saluration percenlags, As it was proved,
Soltrol and Dissel Fuel present quite difterent flow patterns and distrilation in the sane sand
matrix, indicating the ditficulty in stadying cach INAPL movement and relenton in the
subsurface in cach sad] type, Additionally, the sand conlipuration plays a simificant role in the
LNAPL rtention in layered soils.
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