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ABSTRACT: The objective of this study was to achieve results verifying the remediation factor of sand contaminated by light non-
aqueous phase liquids (LNAPLs). The focus was on analyzing the effect of the temperature of the specimen and water, used as the 
injection fluid, on remediation. Tests were carried out at temperatures of 20 °C and 60 °C. First, the authors developed a special test 
apparatus to inject water into LNAPL-saturated sand under regulated temperatures of 20 °C and 60 °C. Then, a micro-focused X-ray 
Computed Tomography (CT) scanner was used to visualize pore structure and residual LNAPL after water injection. 

RÉSUMÉ : L’objectif de cette étude est de vérifier les facteurs de remédiation d’un sable contaminé par des liquides légers en phases non 
aqueuse (LNAPL). Les paramètres d’intérêt pour la remédiation sont la « température » de l’échantillon et l’eau comme fluide injecté. 
Dans cette étude, les températures de 20°C et 60°C sont testées. Les auteurs ont développé un dispositif spécial pour réaliser l’injection 
d’eau dans un sable saturé en LNAPL sous des conditions contrôlées de température de 20°C et 60°C respectivement. Puis, un micro-
tomographe à rayons X a été utilisé pour visualiser la structure porale et le LNAPL résiduel avec injection d’eau.  
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1  INTRODUCTION 

Light non-aqueous phase liquids (LNAPLs) such as oils flow in 
the ground governed by gravity-driven flow and percolate into 
unsaturated zones mostly because of capillary pressure. 
Capillary pressure depends on pore structure, pore shape, and 
pore connectivity (Morrow, and Songkran, 1981 and Dullien, 
1992); hence, LNAPLs are trapped in the pores of sand. 
Authors focused on studying the mechanism of LNAPL flow 
and remediating LNAPL in the ground. However, it is 
important to evaluate the pore structure of sand. Hence, we 
have proposed an image processing technique to evaluate the 
pore structure of sandy soil using micro-focused X-ray CT 
(MXCT) and morphological image processing (Soille, P., 2002 
and Mukunoki et al., 2016). The objective of this study is to 
analyze the flow mechanism of LNAPL and water in sandy soil 
at different temperatures. Mukunoki et al. (2013) developed the 
MXCT fluid injection system used in this study to evaluate 
residual LNAPL in the pores of granular materials (Shiota et al., 
2016). In the present study, the authors have modified the test 
apparatus for one-dimensional (1-D) injection using a 
temperature-controlled system (Shiota and Mukunoki 2015); 
then, water is injected into sandy soil, saturated with LNAPL, at 
different temperatures. Each specimen is scanned using MXCT; 
the effect of temperature on residual LNAPL in the sandy soil is 
evaluated by image analysis.  

2  EXPERIMENTAL METHODS 

2 .1  Materials  

Toyoura sand was used for this study; it has a particle density of 
2.64 g/cm3. The fluids chosen for the experiment were water 
and LNAPL. Since water and LNAPL have similar densities, it 
is difficult to distinguish each liquid phase by MXCT because  

MXCT images are composed of CT values, which are related to 
material density. Therefore, the water was modified by adding 
potassium iodide (KI) to facilitate better separation of the liquid 
phases. Isoparaffin was chosen for modifying the LNAPL phase.  
Interfacial tension between the LNAPL and KI solutions is 54.5 
mN/m at 20 °C. Table 1 lists the basic properties of the fluids 
used in the experiment. 
 
Table 1. Specification of fluids tested 
Fluids LNAPL KI solution
Density (g/cm3) 0.75 1.25
Viscosity (cp)  1.29  0.97
Surface tension (dyn/cm) 20.0 72.3
Contact angle (degree)  6.4  62.1
Interfacial tension (mN/m) 54.5

2 .2  Apparatus and Experimental procedures 

2.2.1 Test apparatus and test procedures 
Figures 1 and 2 show the photograph of 1-D fluid injection 
system and the schematic diagram of the entire test system, 
respectively. The insulated specimen container was placed in 
the temperature-controlled box. A heating system with two 
heaters and a temperature sensor was installed in the system 
such that the temperature sensor was close to the specimen 
container to monitor temperature variation during injection.  

The process for 1-D fluid injection test included the following 
steps: 

1) Dry Toyoura sand was filled into the specimen container 
that already contained LNAPL. The sand was filled 
gradually with tamping to avoid air entrapment. The dry 
density of the sand was 1.55 t/m3. Once the specimen was 
prepared, it was scanned for evaluation before starting the 
test as initial condition of specimen.  
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2) After the CT scan, the specimen container was placed in 
the injection test system, and it was connected to a 
pressure sensor and syringe pump. All the tubes in test 
system were filled with KI solution. A temperature 
system regulated the temperature 20 oC or 60 oC. In 
particular, the single and multi-valves (see Fig.2) should 
be opened for tests conducted above ambient temperature 
to avoid fluid expansion because of increasing 
temperature.  

3) Once the temperature reached a steady value in the 
temperature-controlled box, the single valve was closed, 
and the injection test was started. Pressure was recorded 
every two seconds, and the test ran for a duration of 5000 
s. After injection for 5000 s, the specimen 
container/holder was placed in the MXCT room for 
scanning. This scan was performed to evaluate the 
specimen after injection. 
 
 

Table 2. Test cases. 
 Fluids  LNAPL KI solution

Pre-test 
Case A 24 °C 24 °C
Case B 22 °C 26 °C

Actual test 
Case 1 20 °C 20 °C
Case 2 60 °C 60 °C
Case 3 60 °C 20 °C

Test cases 
Table 2 lists the test cases. As the authors modified a previously 
used test apparatus, a trial test was required. Case A and Case B 
are trial tests. The authors confirmed that the temperature 
system was needed to adjusted temperature slightly and then, it   
could regulate the temperature in the injection room. Three tests 
under different temperature conditions were performed, as 
shown in Table 2. Case 1 and Case 2 have the same pore fluid 
and injection fluid temperature at 20 °C and 60 °C, respectively. 
In Case 3, the temperature of the injection fluid is 20 °C and 
that of the pore fluid is 60 °C. The specimen container was 
scanned before the test, and water, in the form of KI solution, 
was injected into the sandy soil saturated with LNAPL. The 
specimen was scanned by MXCT for each test case at the initial 
condition and after 5000 s.  

3  RESULTS AND DISCUSSION  

3.1 Injection test  

3.1.1 Case 1 and Case 2 
Figure 3 shows the pressure profile for Case 1 and Case 2. It 
can be observed that the pressure for both cases increased 
drastically until 500 s of elapsed time. The pressure for Case 2 
is less than that for Case 1 entirely because the temperature of 
60 °C caused a reduction in the viscosity of the liquids in the 
specimen container. Hence, the entry pressure was also less than 
that of Case 1. Figure 4 shows the profile of the cumulative 
mass recovered at the outlet. It should be noted that the total 
recovered mass (referred to as TRM) includes both the KI 
solution and LNAPL; hence, a greater TRM value indicates that 
the amount of KI solution is higher than the recovered LNAPL. 
In Case 1, the breakthrough time for of the injected fluid (i.e. KI 
solution) was 808 s, and the recovered mass was 4.109 g. 
According to the test results in Case A, using deionized water, 
the breakthrough time was 820 s. This indicates that the effect 
of gravity when using KI solution could be negligible. In Case 2, 
the breakthrough time was 588 s, and the recovered mass was 
2.764 g.  
From the standpoint of TRM, the percentage of LNAPL in the 

TRM until the breakthrough time was 88.2 % in Case 1 
and58.9 % in Case 2. At 5000 s, the TRM was 40.807 g in Case 
1 and 41.548 g in Case 2. 
 The TRM for Case 2 is greater than that for Case 1 indicating 
that LNAPL recovery in Case 2 is less than that in Case 1. 
These results indicate that high temperature causes a reduction 
in the viscosity and interfacial tension; therefore, fingering 
behavior of injection fluid (i.e. KI solution), in which a local 
flow path is created, is dominant in Case 2.  

3.1.2 Case 3 
In Case 3, the temperatures of the injection fluid and pore fluid 
were 20 °C and 60 °C, respectively. The profile of the recovered 
mass for Case 3 was the least values in all test cases; the 
breakthrough time was 896 s, and the recovered mass was 4.440 
g. This corresponds to 94.9 % of the initial mass of LNAPL. 
Therefore, the test cases can be ordered according to their 
effectiveness in recovering LNAPL as follows: Case 3, Case 1, 
and Case 2. These results can be explained based on the 

Figure 2. Schematic diagram of entire test system in temperature-
controlled box shown in Figure 1.  

Figure 1. Photograph of entire injection test system.  
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Figure 3. Pressure profile during injection for Cases 1 and 2. 
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  capillary number. The capillary number (Ca) is defined by the 
following general equation: 
 
Ca = u/,     (1)  
 
where is the kinematic viscosity (Ns/m2), u is the fluid 
velocity in pore (m/s), and  is the interfacial tension (N/m). A 
high Ca value is obtained when fluid velocity increases because 
of a reduction in viscosity and interfacial tension. A high Ca 
value indicates that the capillary fingering flow is dominant 
(Lenormand and Zarcone, 1989). Hence, a local flow path is 
created. On the other hand, a low Ca value indicates viscous 
flow. Therefore, it can be concluded that the fluids in Case 3 
show the most viscous flow. For LNAPL recovery in polluted 
areas, an effective remediation method would be one in which 
the temperature of the injected fluid is lower than the 
temperature at the polluted area. 

3.2 Image analysis 

3.2.1 Calculation of total recovered mass of LNAPL 
An X-ray CT image is a digital image with 256 grey level 
colors and it shows the spatial distribution of material density. 
Figures 5 and 6 show the X-ray CT images for Case 1 and Case 
2 before and after injecting KI solution, respectively. The 
dimension of one voxel is 6 m, and all images were extracted 
at 256×256×256 voxels from the central area of entire CT 
images. Based on the image analysis, the volume percentage of 
recovered LNAPL was 94.7 % for Case 1 and 74.7 % for Case 
2. Assuming that the entire specimen was homogeneous, the 
volume of LNAPL was measured by image analysis, and the 
TRM of LNAPL (TRMLNAPL) was calculated using the formula 
 
TRMLNAPL= PLNAPL × PV ×ρLNAPL,                     (2) 
 
where PV is the pore volume of the specimen, PLNAPL is the 
percentage of recovered LNAPL, and LNAPL is the density of 
LNAPL. Based on this calculation, TRMLNAPL was 4.433 g for 
Case 1 and 3.497 g for Case 2. Originally, TRMLNAPL, after 
breakthrough, was 0.307 g for Case 1 and 0.733 g for Case 2. 
Therefore, PLNAPL after breakthrough is only 6.9 % for Case 1 
and 21 % for Case 2. Hence, more than 90 % of the LNAPL 
was washed out in Case 1 and 80 % in Case 2. 

3.2.2 Pore size analysis  
Figures 7 and 8 show the 3-D X-ray CT images of residual 
LNAPL for Case 1 and Case 2, respectively. Compared to Case 
2, it can be observed that the LNAPL in Case 1 is distributed 
independently. In Case 2, fingering flow was dominant, and the 
flowing KI solution made a local flow path. Hence, the LNAPL 
remains as a lump, as shown in Figure 8.  
Figure 9 (a) and (b) show the histogram of the pore size and 
ratio of recovered LNAPL for each pore size before (grey) and 
after (white) injecting KI solution in Case 1 and Case 2. The 
pore size was determined using the method developed by 
Mukunoki et al. (2016). Figure 9 helps in determining how 
much LNAPL was recovered for each pore size and which pore 
size was preferred by the KI solution or LNAPL. Based on the 
pore size distribution for both Case 1 and Case 2, the specimen 
had a pore size of 42～78 μm, and its volume was more than 
50 % of the total specimen size. The mode for Case 1 is 42 m, 
and its pore volume was 16.8 % of the total specimen volume; 
the mean pore size was 69 m. The mode for Case 2 is 66 m, 
and the pore volume constituted 14.1 % of the total specimen 
volume; the mean pore size was 77 m. It is necessary to 
understand the geometry of pore space before starting the test. 
After injecting the KI solution, the mode of the pore containing 
LNAPL for Case 1 was still 42 m, but the occupation volume 
was only 0.82 %. On the other hand, the mode of the pore with 

LNAPL for Case 2 was 102 m, but the occupation volume was 
4.0 %. Further, the mean pore size with LNAPL after injection 
changed to 89 m.  

 

Figure 5. X-ray CT images before and after KI injection for 
Case 1. 

(a)Before injection of KI (b)After injection of KI 

(a)Before injection of KI (b)After injection of KI 

Figure 6. X-ray CT images before and after KI injection for C
ase 2. 

 (b) Case 2（60 oC） 

(a) Case 1（20 oC） 

Figure 4. Cumulative mass of recovered fluids.  
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 3.2.3 Recovery mechanism of LNAPL with temperature effect 
White bar graph in Figure 9 (a) shows that the volume of 
LNAPL in pores measuring 30–102 m was less than 1 % in 
Case 1. On the other hand, 90 % of the initial volume of 
LNAPL in pores with a size of 30–66 m was recovered; 
however, the recovery ratio of LNAPL in pores with a size of 
42–150 m decreased. In short, LNAPL was left in a relatively 
large pore space in Case 2 as shown in Figure 9(b). A 
temperature of 60 °C increased the fluidity of both LNAPL and 
KI solution, thereby causing the capillary effect to dominate. 
Therefore, the wetting material (water) chose a smaller pore 
size, and the non-wetting material (LNAPL) chose a larger pore 
size. Thus, an increase in temperature decreases the quantity of 
LNAPL recovered. 

4  CONCLUSIONS  

This paper presents an analysis of LNAPL behavior in sandy 
soil when water is injected under different temperature 
conditions. To achieve our research objectives, a new test 
apparatus was developed, and X-ray CT image analysis was 
performed. The important findings of the study are summarized 
as follows: 
1) A temperature of 60 °C increased the fluidity of both the 

pore fluid (LNAPL) and injection fluid (water). The 
capillary effect was dominant resulting in increased 
mobility of the fluids. Hence, the recovery ratio was lower 
than that observed when the test was carried out at 20 °C.  

2) The recovery ratio of LNAPL becomes steady until the 
breakthrough point of water injection is reached.  

3) The recovery ratio improved when water was injected at 
20 °C and the LNAPL in the pores was at 60 °C.   

 
Additionally, it is necessary to conduct further tests with respect 
to Case 3 for studying the relationship between flow parameters 
and pore structure because of a different injection temperature.  
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Figure 9. Histograms of pore diameters and recovery ratio 
of residual LNAPL.  

Figure 7. 3-D image of residual LNAPL for Case 1. 

Figure 8. 3-D image of residual LNAPL for Case 2. 
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