


Figure 1 : Structure of the foam after reaction Figure 2 : Structure of the foam after compression 

Volumetric mass 
Total Porosity 
Volumetric mass of the fibbers 
Swelling during fuel oil absorption 
Fuel oil conductivity in saturated medium 

Table 1 : Sorbent characteristics 

The capillary characteristics of this sorbent enable it to 
separate water from the other products. Therefore, if a piece 
of foam is placed in a bowl containing water and fuel oil 
(figure 3), only fuel oil will be absorbed. The fuel will 
completely saturate the sorbent volume below the oil surface 
but also oil will be absorbed by capilarity in the volume 
above the oil surface. Experiments have shown that the oil 
content progressively decreases as the distance above the oil 
surface increases. 
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Figure 3 :Selective sorbent 

Experiments were performed to characterise the sorbent capacity to absorb the fuel oil by capilarity 
by observing the evolution of the absorption in time and space. 

The test {Figure 4) consists in placing the lower extremity of a column of foam in fuel oil during a 
set period. When a given time of absorption is reached, the column is cut in small pieces. The fuel oil 
content of each piece and the height of the piece above the oil surface are then measured. Representing 
the measurements of the oil content of each piece as a function of the height of the corresponding 
piece, it is possible to determine the absorption curve of the fuel oil in the foam for the time chosen for 
the test. Resuming this procedure for different absorption times, it is possible to determine the 
evolution of the absorption as a function of time (figure 5). 
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The experimental results show the 
progression of a front line that progressively 
goes to the equilibrium. The absorption curve 
at the equilibrium has a shape similar to the 
curves measured for a soil with an air entry 
point equal approximately to 120mm. The 
evolution of the fuel oil content below the air 
entry point is the result of two phenomena that 
take place simultaneous: first, the tortuosity of 
the foam delays the total saturation and, 
secondly, the volume of the sorbent increases 
progressively and can reach 112% of the initial 
volume. 

Absorbent - Measurement of the fuel oil 

The absorption curve at the equilibrium 
(Figure 6) can be described with the van 
Genuchten equation (1980). This empirical 
equation is traditionally used to characterise 
the absorption curve in soil : 

where Or: is the degree of saturation 
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Figure 4: Experimental set-up. 

(1) 

h the height above the fuel oil surface in the reservoir [mm] 
a. and m are empirical parameters 
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Figure 5 : Evolution of fuel oil absorption. 

FLOW EQUATIONS IN UNSATURATED SOIL. 
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Figure 6 : Modelisation of the absorption curve 
with the van Genuchten model 

The flow of water in a unsaturated column of soil can be modelled with the well-known equation of 
Richards (1931 ): 

c(h) & = !!_ (k(h) & ) + Bk(h) 
a az az az 

(2) 

where c(h) is the specific capacity ofretention [m-1] 

k(h) is the conductivity curve [ m/s] 
z is the vertical axis [m] 
h(z,t) is the suction applied at the height z and the time t [m] 



The specific capacity of retention c(h) is defined as the slope of the retention curve and can be 
described with an equation deduced from the van Genuchten equation: 

d0 
c(h)= dh (3) 

The conductivity curve k(h) represents the evolution of the conductivity when the water content of 
the soil decreases under the effect of the suction h. Indeed, when a suction h is applied on a soil, the 
water content, and therefore the degree of saturation OE decreases. Therefore, the number of pores that 
are able to participate to the flow decrease 
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conductivity curve based on the absorption curve. In ~ q7 ; 0 q" Pores empty 

Mualem's model (figure 7), pores participate to the -~ q• q10 , · · 

flow only if the size of the pore is small enough to be J 
filled at the suction h: when the soil is completely 
saturated, all the pores participate to the flow and the 
conductivity is maximal. When the suction increase, 
the water content decreases following the absorption 
curve. The decrease of the number of pores q, l 
participating to the flow results in a decrease of the I 
conductivity. The model calculates the flow Vp(ri) that I I 7 
goes through each pore with a radius ri using the I I m- f-17 
Poiseuille equation. Based on the pore size curve f(ri), '· '2 '3 '· ,, '• '1 '• '• '10 r,, ',2 '13 '14 ,,, ,,. 

the flow qi that goes trough all the pores with a radius l EquMJlentporeradws 

ri, is equal to f(ri).Vp(ri). The total flow q that goes . . . R(hl 

trough the section of soil under a suction his the sum Figure 7: Pnnc1ple ofMualem model. 

of all the flows qi of each class of pores that are filled under the suction h: 

q = L qi = .!_ J~(hJ VP (r) f (r) dr = k(h) i 

i T " 2 Li JI.i; .f(ri) 

(4) 

where r is the radius of the pore [ m] 
1' is the tortuosity defined as the ratio between the distance in straight line and the 

distance really followed by the fluid [-] 
Vp(r) is the flow that goes trough a pore with a radius r [m/s] 
f(r) is the number of pores with a radius r [-] 
R (h) is the size of the biggest pores that is still filled under the suction h {rn] 
i is the hydraulic gradient [-] 

The absorption curve is calculated using the empirical equation of van Genuchten ( eq. 1) and the 
pore size curve is deduced from this absorption curve. 

A correction is introduced in the equation 4 to take into account the increasing of the tortuosity 
when the water content decrease. This phenomena is described with the exponential model of Carey: 

T = Ts .0i (5) 

where 1's is the tortuosity in saturated condition [-] 
~ is the degree of saturation [-] 
b is a empirical parameter [-] 

Using van Genuchten equation and Carey's model, the expression 4 can be developed and the 
conductivity is calculated with the expression (Mualem, 1976): 

k(0E) = ksat fie [1 - (1 - 0imrr (6) 

where ksar is the conductivity in saturated condition [m/s] 
~ is the degree of saturation [-] 
b, m are empirical parameters[-] 



In this equation, the exponent b describes the tortuosity of the soil and is generally equal to 0.5 for 
the soil. The parameter m is deduced from the measured absorption curve at the equilibrium modelled 
with the van Genucten model. The Mualem model allows to integrate the Richards equation by 
knowing only the absorption curve and the conductivity in saturated condition. 

MODELISATION OF THE ABSORPTION OF FUEL OIL IN THE SORBENT 

The Richards equation combined with the Mualem model was used to calculated the evolution of 
the absorption of fuel oil in a band of foam used in the experiments described above. The differential 
equation of Richards was integrated with the finite difference method using the numerical code 
WA VE. The empirical parameters a and m of the van Genuchten equation were chosen to fit of the 
absorption curve measured near the equilibrium (Figure 6). The conductivity in saturated condition 
was measured in a permeameter (ksat = 1.6 104 m/s ). 
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figure 8 : Comparison between calculated and 
experimental results for b=0,5. 

The result of the calculation for 2 
different absorption times ( 40 minutes and 4 
hours) is compared with the experimental results 
on figure 8. The poor fit between the model 
results and the experiments is probably caused by 
the difference in the structure between the foam 
and the soil. Indeed, the soil is a granular material 
whereas the foam is a set of crushed "shells" 
intertwined together. Therefore, the tortuosity is 
more important in the foam than in a soil and, in 
particular, when the fuel oil content decreases 
under the effect of the suction. The parameter b 
that describes the tortuosity in the Mualem model 
is increased and it was found that for a value of 1.3 
{instead of 0.5 for the soil) the model is able to 
represent correctly the evolution of the absorption. 
Figure 9 compares the results of the calculation 
with the experiments and Figure 10 shows the 
evolution of the absorption. 
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figure 9 : Comparison between calculated and 
experimental results for b=l,3. 
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Figure 10 : Calculated absorption curves. 



CONCLUSION 

The present paper presents the result of a investigation where equations developed for a granular 
material have been applied to an artificial sorbent. The sorbent is not a granular material but a set of 
"shells" intertwined together: it is like a "anti" soil. It was shown that the Richards equation combined 
with the Mualem model is able to represent the evolution of the absorption of fuel oil by capilarity in a 
column of foam. Only the parameter that represents the tortuosity had to be increased to take into 
account the differences in the structure between the soil and the foam. 
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NOTATIONS 

h Height above the fluid, suction height 
t Time 
z Vertical axis 
0 Volumetric water/ fuel oil content 
0E Degree of saturation 
c(h) Specific retention capacity 
a, m Empirical parameters of the van Genuchten equation 
q Flow 
k.at Conductivity in a saturated media 
k(h) Conductivity under a suction h 
-r tortuosity 
'ts tortuosity in a saturated media 
b Empirical parameter of the Carey model 
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