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SL:MMARY: J.ight non-aqueous phase liquids (Ll\AJ>L) represent a great categmy of soil 
c.ont~min~m~ that can consist a p~rsistent, secondary and long tenn ~ourcc of concamination. In 
order to successfully confront with LNAJ>L pollution, their infiltration and distribution in the 
;,ub;;urface must he studied. The purpose of this project was to inve•tigate the tlow and 
dishibution of two typical T .NAPI. (Soltrol 220 and Diesel Yud) in two dilfercnt types of 
un.>aturated porous media (s;mds). Four J.N;\PL spills were .,imulated in an expetiment~l s<ttul 
matrili. and image• were taken under stable conditions. Two types of sand configurations were 
studied, specifically, two experiments consisted of L:-.it\l'L infiltration into a coarse Rand layer 
upper a tine sand layer whereas th~ last two experiments had the inverse sand configuration. The 
movement of the liquid was defined by an image anAlysis technique and finally saturation 
profiles were produced, allowing the study of LNAl'L infiltrdtion and distrilmtion. A., it wa.~ 
expected, LN/\l'L moved slower in the fine sand than in the coarse s<md, due to ils small 
coefficient of permeability. L:-.1!\l'L sahJration was estimated to he 80-100% mainly in the 
interface of the two •and layer.>, where \'erticalmovement was limited and hori7ontal dominated. 
It was proved that the interface of tine and COaJ'$e layer is able to act as a capillary barrier which 
prevents the LNAPL infiltration in the coarse layer. 

1. JN'I'ROJ>t:CTION 

J.ight 1\on-Aqueous Phase Liquids (LN1\PL) arc immiscible, h11.ve low water solubility and, in 
the case of 3 . spill on the soil surface, tend to stay entrapped in the vadose :r.one ofthc suhsurface, 
causing residual conUJmination. In mo•t cases, they become persistent· sources of conUJtninat.ion 
that can greatly influence the quality of the underlying aqltiter. While knowledge of LNAl'L 
distribution io the Slthsurtace is important, in order to implement elfectivc remediation measures 
at t'ont<unioatcd ~itcs, the complexity of Ll'\Al'L flow is liule understood, since it is determined 
hy a c.omplex interaction between gravity and viscous capillary tbrces. Therefore several 



~xpcri1nemal studies have heen conducted on L:-IAI'L distribution within the soil, e .g. (Van G~el 
et <tl. 1994, Wipfer eta! 1999). 

The ohjcctive of this paper is to present data sets which result i'rom two-dimensional now 
experiments that $ilnulat~ the ;.pill of two typical LNAPL in an unsaturated porous medium 
(sand). For this purpm;e <1 special MatLa!J algorithm was dcvclop~d and applied. This alg,ol'ilhm 
al lowed a detaikd qualitative mapping of the L:-IAPL intiltration and <.lisllibution, itS well a8 a 
protile of the Ll\APL saturation tltro~tghout the plume area. The results of this study c.an be 
further used to validate existing numcriealmodels and simulate real field conditions. 

2.1!:XPimiMENTAJ. MATF.RJALS A';l) METHODS 

2,1 F.xpet·imencal apparatus and procedure 

ror the lahoratory simulation of a LJ\Al'L spill a rectangular cell of 100cm in length, 120 em in 
height and 2 em in depth was made out of glass. The glass cell was fill~d with deioni:.:ed wat.cr 
and sand wots dropped in, using a ~and pouring apparatus, until a sand matrix of 44cn height was 
achieved. After the packing, water was removed through two valves at the bottom of the cell and 
sand was allowed to dry for seveml days at room temperature. 1\r:lerwards, 100 ml of L;\IAPJ. 
were add~d on the suo·tace of the sand matrix dropwise at a rate of 1 mlimin, using a peristaltic 
pump. LN/\l'L was colored with 0,001% Sudan Ill. The whole matrix was photographed at 
regular time intervals, in order to depict tlre LNAPL movement versu~ time. 

Four exp~riments were conducted, using, respectively: 
• Soltrol 220 and a s~rics of coarse sand layer (12 em height) and tine sand layer (35 em 

height). 
• Diesel rue! and a serie.> of coarse sand layer (10 em height) and fine sand layer (34 em 

height) . 
• Soltrol220 <tnd a series of fine sand lay~r(4 em height) and eoarse~and layer (1 em height) . 
• Diesel ruel and aseries of tine sand layer (4 em height) and coars~ sand layer (4 em height). 

Capillary pressure meusurcmems were conclltclcd via a tensiometer (SKTD 690) which was 
huried in sand with known saturation in order t.o create the k-s-p curves rhat correspond to each 
one of our experiments. 

2.2 Porous medium and LNAPL properties 

The b•sic p;U1.iclc si7.C distribution parameters of the two types of sand used lor til<' flow 
experiments are shown in Ta hie I. 

Table !.. Typical patticle si7.e distribution parameters of the sands used. 

SHo1ll'ype 
Medium gntiu size {mm) L:niformity CIJefficienl 

d1u 1160 cu (dwdlu) 
Fine 0.09 0.5 5.6 
Coarse 0.)8 198 l l 

As tar as the hydraulic properties of the sauds are conc~mcd, flow rate cxpcrirnent~ using warer 
provided the following values of coefficient of permeability (k): 8.53·10'6 cm/s for the line ~and 
ami 1.5·10·~ cmis for rh~ coarse sand. nased on these values, the desired absolute penneabi lity K 

was estimated based on the following e<tu•tion: k = K Pf? ? K ~ k Jl 
/1 pg 

where K is th<:' •bsolutc permeability (tn\ r is the fluid den;;ity (kgicm\ g is the g~avity 



•cccl~ration constant (cm/s•) and IJ is the fluid viscosily (kglcm s). 

Finally, both sands porosity n wa$ calculated lL>ing the Karman-Co7.coy equauon (I lead. 19<12): 

A= p · g ._:_·• 
C·f· p ·.S"' 1-e 

whm: (' is a .;hape factor, equul to 5 for spherical particles, f is an anguluriLy fttcr.or, S is the 
specific surface of s~nd gr·ain (mm' 1

) umJ c is a j)ar·am~ter· related ro porosity, as !())low~: 
c n - --. 

1-e 

'fable 2 presents the results of the above rtcscri hed calculations. 

Table 2. Hydraulic properties of the sands used. 

Parameter Poro5ity n Absolute Absolute 
perm e.~ bility permcabillty 

~:~ (m K";~ (m 
[iine sand 0.37 3.66"10'" 3.23 • JO'" 
Coarse sand 0.42 6. 4 3" 10'" 5,69•'10'" -

The ti rst Ll:\t\Pf. used was Soltrol 220 (Ccvron Phi llirs Chemical Compuny, USl\J. Soltrol 220 
i~ an isopamffinic solvent, mixture of C l3 to C17 hydrocarbons chains. It hus negligible 
strlubiJity in water. low vapor pressure (27.6 Pn), gravity density of 0.79 g/cm ~and vi~cosity of 
0.0048 Pa s. The interfacial tensions between Soltrol 220 - waler and Soltrol 220 - air are 0.036 
and 0.026 N/m, respectively (Kechav~r:d eL a!. 2005). Soltml is colorless; so in order to enhance 
vi~unl observations and achieve optimum results using image analysis technique, it was dyed red 
us!n~ 0,003% Sudan [J l. 

The sewnd LNAPJ. u.~ed was J.)iesel fuel (}lcllenic Petroleum :,,1\ .• Ore..."CC). 1)ic_~d ha~ 
negligible solubility in watc•·, low vapor pressure (27.6 Pa), gravity density of O.M4 glcm·3 tUld 
viscosity of 0.0036 l'a s. ' I 'hi! imcrfacial ten.~ ion between Dit'Sci- air is 0.05 Ntm. Diesel is ulso 
ahnusl colorless and it the.-refun: was dyed red u~ing 0,003% Sudan Ul. 

3. f MAGF: ANALYSIS Tt:CHNTQl lt. 

3.1 Gcncn1l 

Color can be expressed ill ditl.~•·ent formats. l'erhaps the most common one is ns u combina1ion 
of red, green and blue (RGB); a formJl.t u~ed by video camem~ and computer grnphic5. Hue, 
Saturation m1d Intensity (IllS) are Ve(;tOr comp~'ncnts of another format·, which is \l~ed tor color 
specification. In HSl format, hue i5 the color attribute that dcscribe5 the.- pul'e color, suluraLion 
corresponds to the degree to which the color i5 di luted with whit.c and il)t.enslty corre5ponds lo 
tht> grey level. 

]J1 orrter to convert KGB i!lto HSI. hue can be expressed <ll> (Wilson l9RR): 

fl = 225{ 1·-lY-arctan -2R""-~--0-' -_n 1} 
. 360 .J3(G- B ) _ 



lntcn9ity (l) is calculaled as LOamauh .,, al. 1997]: J -155( R +G+ B) 
\ 3 , 

J.l <:nlibru lion of the method 

In order to deli n.: LN/\PL santration during the experim~nl, a calibration ~cale wa~ created for 
both so.nds and LNAI'L. The calibnniotl cdls w~re ti lled with the sam.: t.oat:s<.: and llnc SRnd that 
wus useu for the flow expet·iments. CertMin volume ofTNAPI. wa.~ added in the e<:ll s, so ~~ to 
achieve 0, 20, 40,60, 80, I 00 % ofl.NA'Pl. saturation. Images of the calibration ce lls were tGken 
uudcr co11stant lighting conditions. These images were edited using a Mai.Lab 1\Jgoritlun that. 
eslimul#s lhc avc!'11gc intensity for every imuge. A-; a result., every LNAPL saturn1ion percentage 
corresponds lo <t certain value of mean intensily. Table 3 contains the calihration dam for lhe 
coarse and fine sand fur both LN.<\PJ .. The.~.: values were used Lo create a ealibrBtiM .<ca.le, on 
wloicb \Jlc definition of LNAJ'L satura1ion ill CYel)' pixel of the irrutges was based. 

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

LNA¥L 
Volunlc!trk(cm'/cru') Average lnten§itv 
Coarse f ine Coarse sand flue .Sand Satur:ttiou (%) 
saod Sand Solh·ol 220 Diesel Soltrol 220 Ui~8el 

<20% 0 0 21,1 I '13,4 157,4 219,5 

20 'Yo 8.6 7.~ 166 173,3 '11 1 167,2 

40% 17.2 14.8 ll7 150 77 131,5 

60% 25 .8 22.2 76 125 42,4 107 

lW% 34.4 29.6 61 102 22,3 60 

100 % 43 37 25 80 15 so 

Acc<"~rding to the calibrdt.od dat.'l, it can he a<sumed that the ooloor illlcnsily, which cxp=s::s 
LN/\PJ. pl'C\>Coce, is a linear function or saturation. OUler studies conclud~d lhatthc hue of 1hc 
lnmsmilled light is dir~tly related to the wuter content ...,;lhln the porn~ media (Kechavur.ci et 
al 2005). 

4. R.ESLLTS ANl.l DISCUSS£0N 

As merrtioned above, images of the experimental apparatus were taken M certain time intervals 
aucl edited using special Mar·Lal:t algorllhm~. Figure I shows the LJ<AJ'L lll(W<.\Illelll profiles 
during the spill for the four experiments. 

It is evident cltat the same volume of LNJ\l'L caused a ditlerent size and shape of 
comamination plume in the same uns~t.uroted r>omus material. 
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Figure 1. Diesel (a), (b) and Sollrol (c), (d)movcmcnt pmtilc.~. 

According to the results of the image analysis technique, Solti'Ol flow took place both verl.ic<~lly 
and horizontally and mainly in the coarse sand layer and le;; in the tine sand. The migration of 
the Ll\APL was slowed down in the fine layer because of the lower NAPL relative pcnncahility 
in the fllle sand layer (Van Geel et al. 1994). The low unsatumted hydraulic conductivities of <1 

coarse sand prevents large now rate; and as rcsttlt a semi-permanent retention can he observed, 
which means that contaminant saturations higher than expected may be retained in layered soils 
(Walser et al. 1999). 

The hori:.:ont.'llmovemcnt followed the gravitational one. The maximum horizontal spread of 
Soltrol was 32 em for the first experim~Ill and the respective maximum vertical extent was 13 
CllJ within 160 min. According to the image analysis results, saluralion cqu~l to 20% and 40% is 
not oft~n recorded th.l'Ollg)IOI.lt the expcrimenl.. Very low and very high ;aturation was limitedly 
traced. The dominant saturalion percentage was estimated to be between 60%-80% nnd increased 
with the depth. The saturation level which was measured in the huger part of tltc plume area for 
th~ first two experiments was ahout 60%. while !10% saturation was noticed in an area of 683 
cm2

• Also, it was observed 1l1at in stratified media highet· oil contents are measured at the 
boundary between Jess penueable and more permeable layers (Schwi llc F. 1967). 

J)iescl fuel distribution during the first experimenl also presents di!Terent S<tturation 
percent<Lges in the plume area. More specitlcally, although (,Q% is the average L:--IAI'L 
saturation, many areas appear to have smaller values of saturation, such ns 20% or Jess, 
especially during the tlow in the fine sand layer. Important changes in Uiesel distribution were 
not observed 270 min afteJ· the spill. T11e maximum depth of Diesel spread was I 7 em below the 
spill point and 28cm hori:t.Otllally. The experimental saturation profile shows an effective 
saturation close to l at zero elevation and <tgain at 1l1c fine-coarse .sand imcrface (Walser ct s.l. 
1999).Comparing the tlow ofthe two L>JAPL, it is concluded that Diesel spread is wider and the 
maximum spread of Soltrol 220 WJIS nch ieved in a smaller pet·iod of time. 

During the last two experimems th~ flow was much more slower, the maximum hori7.ontal 
spread of J .N A PT. was 6 em for the Soltrol experiment and the respective maximum vertical 
extent was 5,5 em within 180 min. As tar as the second Diesel experiment is concerned the 
ma.ximtlm horizontal spread of LNAPL was 8 em and the maximum vertical extent was 7 em in 



the same period of time. In both exp~l"imcnt~ with the tine layer of sand being uprer the coar~e 
sand layer the .>atur-ation wa$ estimated to be low in the fine layer and higher irr the coarse sand 
Juy~r. 

ln all experiments flow in the fine sand is slower, due tt> the smaller porosity of the fin~ ~and, 
compared to the coMse. When redistr-ibution star1ed and gravitational tlow became dominanr, the 
rate of horiLont.al mig.-ation, due to capi llary forces, became small. com11ar-ed to the rate of 
vertical migration, in both experiments. Th<' main diiTer~ncc b~twccn tlrc two set~ of C1<perimcnts 
is that the interface of tineicoar>e sand acts as a capillary ban1er which prevems strongly 1l1e 
LNl\l'L t.u infiltrate in the below tine layer·. \Vhercas, in the interface of coarseitlne sand even 
though the horizontal movement became dominam 1l1e g.-a vilational one aJ&o cxi&t~. This 
conclusion is also confirmed by Wilfler el <tl. who indicate that irr ca~c of a wcuing fluid 
imbibing a line sand ovel'iying a coar.>e sand, capillary force$ wi ll retain the fluid in the fine sand 
at' th;, interf~ce. 

Also, as a result of the image analysis, the following pictures that depict the LNAPL 
satura.tion in the soil matrix were cr-eated. Figures 2 and 3 show the saturation profiles that 
wrrespond to tile final images of each experiment. 

""" ; ~I'M. .. .,. Co:ir~~ Sctnd L:tyer 

6:% 

$0)<. fi•t s~ nd J .<tytr 

' O~".j, 

>11: 
<:00% 11'1!1'/l j('CI} 

:10% ·6 ·1 

.s.;;o/ .. 

60'.-.. 

o:% 
1CO% 

jg·, 

Fine Sand Lave•• 

Figure 2. Soltrol final dis111bution and saturation versus Lim~. 
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rinally, k-s-p curves were cJ·eated till' each one of the ex peri men~s. lt "as ct>uclud~d thai lhe fin~ 
sand had higher capillary prcs;;urc due to lhc pore siz". 
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figure 4. P-S curves for coarse and tine ~and and both LNAI'L. 



5. CONCLUSIONS 

r:our laboratory experiments were performed to qualiunivcly study the mov~ment of LN.'\l'L. 
The image anitlysis techniques provided a useful non-destructive method of determining the 
distribution of LNAPI. at various time during a spill. Analy7.ing the tlow tield in HSI (Htre
Saturation-lnten,ity} format d<~t.cnnincd the LNAl'L satumtion p<::rcenta~;<l. As it was proved, 
SoltroJ and Oi<::seJ l'ueJ present quite different flow pattems and distribution in the same sand 
matrix, indicating the rtitticulty in snJCiying each J.l\APL movcmem and rct.cntion in the 
subsurface in each soil type. Additionally, the 8and configuration plays a signifit.ant role in the 
LNAI'L retention in Jay<::red soils. 
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