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ABSTRACT 
Steam injection is an example of thermal remediation technology which involves the injection of steam into the 

sub-surface and simultaneous recovery of fluids from extraction wells. The injected steam heats the soil and 

created a steam zone that expands from the injection wells as more steam is injected. The main objective of the 

research work was to carry out numerical modeling and laboratory experiments in order to evaluate the 

effectiveness of steam injection for remediation of soils contaminated with Light Non Aqueous Phase Liquids 

(LNAPLs). MATLAB (Matrix Laboratory) package was used for the numerical modeling while the 

experimental aspect involved the injection of dry steam produced from a boiler into a sand column which 

contain a saturated mixture of LNAPL contaminant (i.e. Kerosene) and sample of sand (two samples of sand 

were used; fine and coarse grain sand). As steam was introduced into the column, the viscosity of the 

contaminant reduces due to increase in temperature which makes the contaminant to flow and was recovered at 

the base of the set-up over time. It was discovered that increase in pressure and the soil grain size increases the 

LNAPL flow rate and reduces the time of treatment. Also the sand grain size affect the recovery rate and 

efficiency as well as the time of treatment for possible clean up to be achieved. Steam injection was found to be 

about 80-85% efficient in the removal of LNAPL contaminants from contaminated soil. The result has therefore 

demonstrated the effectiveness of steam injection process as a thermal soil remediation technique.    
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I. Introduction 
Industrial activities during the last five to six 

decades have created a large number of sites where 

chemical spills have contaminated the subsurface. 

Many sites in which industrial activities take place in 

Nigeria are contaminated due to accidental surface 

spills, intentional dumping at disposal sites, or 

leakages from underground storage tanks and 

landfills. These contaminants include chlorinated 

solvents, gasoline or fuel, coal tar and creosote. 

These contaminants are almost immiscible with water 

and will often be present as non aqueous phase 

liquids (NAPL). Non Aqueous Phase Liquids 

(NAPLs) are hazardous organic liquids such as dry 

cleaning fluids, fuel oil, and gasoline that do not 

dissolve in water, of which there are two classes: 

light NAPLs (LNAPL) and  Dense NAPLs 

(DNAPLs). LNAPL is one of a group of organic 

substances such as gasoline, fuel oil and petroleum 

chemicals (mainly benzene, toluene, xylene and 

benzene derivatives) that are relatively insoluble in 

water and are less dense than water. LNAPLs such as 

oil, tend to spread across the surface of the water 

table and form a layer on top of the water table. 

Dense NAPLs (DNAPLs), such as the common 

solvent trichloroethylene, other DNAPLs include 

coal tars, which contain PAHs (Polycyclic Aromatic 

Hydrocarbons), and transformer oil, which may 

include mixtures of PCBs (Polychlorinated 

Biphenyls). DNAPL is one of a group of organic 

substances that are relatively insoluble in water and 

are denser than water. DNAPLs tend to sink 

vertically through sand and gravel aquifers to the 

underlying layer. A significant portion of 

contaminated soil and groundwater sites contain 

NAPLs, and they are particularly hard to remove 

from the water supply. NAPLs are always associated 

with human activities and cause severe 

environmental and health hazards. As a result of the 

risk of human exposure to these chemicals, it maybe 

necessary to remediate a contaminated site. This is 

most often done by excavating the contaminated soil 

and treating if off site. However, at some site the 

volume of contaminated soil might be too large or 

there might be buildings that make it impossible to 

excavate, therefore remediation has to take place in-

situ without disturbing the buildings in the 

environment. In-situ remediation technique seeks to 

treat the contamination without removing the  soil 

vapor extraction in the unsaturated zone. 

Unfortunately, these technologies have shown to be 

very inefficient at NAPL sites. The mass transfer rate 
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from the heterogeneously distributed NAPL becomes 

diffusion-limited and large volume needed to be 

flushed to achieve clean-up. At heavily contaminated 

sites, the clean-up maybe in order of decades when 

applying these technologies. Steam injection is the 

most commonly used thermal technology during 

which the contaminated soil is heated and this 

strongly affects the physical-chemical properties of 

the contaminants in most cases to the benefit of the 

recovery process. 

Some of the knowledge  and technique 

developed in petroleum engineering for enhanced oil 

recovery by steam injection are useful to the problem 

of steam stripping for remediation of LNAPL 

contaminated soils. Steam injection also termed 

steam enhanced extraction was initially developed by 

the petroleum industry for enhancing oil recovery and 

was more recently been adapted to remediate soil and 

aquifers  [1] [2]. It has been applied in unsaturated as 

well as saturated zone [3] and is generally more 

efficient in porous media such as sand [4]. However, 

there is a distinct difference between enhanced oil 

recovery and ground water remediation. In enhanced 

oil recovery, the objective is to remove the maximum 

amount of oil from the reservoir for a long as it is 

economically feasible. Small amount of oil left in the 

formation are usually ignored. In contrast, the 

purpose of remediation efforts is to remove as much 

of the contaminants as possible until possible clean 

up level are achieved.  

Steam injection is rather new and very 

promising technology for remediating subsurface 

hydrocarbon contamination convectional 

technologies like pump-and-treat and soil vapour 

extraction have shown to be inadequate in many 

cases, in particular for highly heterogeneous 

conditions. Very often these techniques have failed to 

reach the desired clean up level [5] and therefore new 

technologies are needed to remediate the large 

number of contaminated sites. Several one 

dimensional laboratory experiments have shown that 

steam can efficiently remove volatile or semi-volatile 

contaminants in any concentration from both 

saturated and unsaturated porous media [6]. Two 

dimensional studies have shown that also 

heterogeneous porous media can be remediated by 

steam injection [7],[8]. Full scale operations have 

supported these results suggesting that the technique 

ensures rapid and satisfactory clean up of even very 

complicated contaminants [9],[10]. 

Steam injection is an example of thermal 

technology which involves the injection of steam into 

the sub-surface and simultaneous recovery of fluids 

from extraction wells. The injected steam heats the 

soil and created a steam zone that expands from the 

injection wells as more steam is injected. If the steam 

temperature is high enough to heat the contaminants 

up to its boiling point the contaminants will vaporize 

and will be recovered as vapor, on the other hand if 

the boiling point is not reached, increase in the 

temperature of the soil reduces the viscosity of the 

contaminant and in so doing make the contaminants 

to flow in the phase and it is recovered as liquid 

contaminant from the soil. Early exploratory 

experiments with steam injection for soil remediation 

were carried out in the Netherlands by [11]. [12] 

performed laboratory experiments to study 

fundamental aspect and to demonstrate the feasibility 

of steam injection as an in-situ remediation 

technique. They found in some cases that only one 

pore volume of fluid had to be displayed by steam 

injection to achieve cleanup standards. Simplified 

measurements of recovery efficiency of kerosene in 

one-dimensional experiments to vacuum assisted 

steam stripping were conducted by [13], who also 

performed observations of two dimensional steam 

front movements. 

Several mechanisms are responsible for 

LNAPL recovery by steam injection 

([14],[15],[16],[17]) primary mechanisms include 

evaporation in steam zone, vaporization in the hot 

water zone, and large pressure gradients at the 

condensation front that result in increase in capillary 

number. The effectiveness of steam injection as a 

remediation technology technique depends on the 

ability to enhance these mechanisms. During steam 

injection, high volatile components having high 

vapor pressure and a boiling point below the steam 

condensation temperature vaporized as the steam 

front approaches. The LNAPL vapor is subjected to 

local gaseous-phase mass transfer mechanisms, 

which in a steam injection process dominated by the 

large convective flux of the steam, and the LNAPL is 

carried along as hydrocarbon component in the gas 

phase. Thus any generated vapors are advected 

toward the cooler region, where condensation of both 

the steam and the vaporous contaminant occurs. A 

bank of liquid distillate develops ahead of the 

condensation front, if contaminant is completely 

vaporized at a temperature less than the steam 

condensation temperature, complete removal of the 

LNAPL is possible. The LNAPL components 

remaining in the steam zone that do not completely 

vaporize (semi volatile components) evaporate at an 

enhanced rate due to increase temperature and 

increased liquid phase molar fraction [18]. In the oil 

recovery literature, the term steam distillation is 

commonly used to describe the two different 

phenomena, vaporization and evaporation. Hence, the 

primary recovery mechanism for LNAPLs is steam 

distillation. The third major mechanism is due to high 

pressure gradients that occur in the steam zone close 

to the condensation front and that facilitate 

displacement of LNAPL ganglia into the 

condensation zone, where they are transported by the 

liquid bank. Furthermore, the steam-water 
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thermodynamics equilibrium constant at the pore 

level in conjunction with the high steam water 

interfacial tension, produces an additional pressure 

increment at the upstream end of a ganglion 

extending through the stream condensation zone. 

The main aim of the research work was to 

carry out numerical modeling and laboratory 

experiments in order to evaluate the effectiveness and 

efficiency of steam injection for ex-situ remediation 

of soil contaminated with Light Non Aqueous Phase 

Liquids (LNAPLs).The effect of various parameters 

were investigated on LNAPL recovery efficiency. 

These parameters include (1) Steam injection 

pressure, (2) Soil-grain-size distribution, and (3) time 

of treatment 

 

II. Model Formulation 
The following equations were formulated by 

[19] 

i. Permeability determination 

ko =
Qμ

o
L

A∆P
          ………… . (1)   

Where   

ko − peremability (Darcy) 

μ
o
−  viscosity (Cp)  

L −   lenght of cell  m  
 A − cross sectional area (m2) 

∆p − pressure drop                                                                

ii. Hydraulic conductivity  

K =
koρg

μ
o

    …………  ……………………………… (2) 

where   K − hydraulic conductivity    
m

s
     

ko − permeability  m2 = 1.01 × 1012  darcy  

ρ − fluid density  
kg

m3   

μ
o
− fluid viscosity (pa) 

g − gravitational constant (9.8 m
s2 )  

 

iii. Critical flow rate determination 

qoc =  
πkoho

2g∆ρ

μ
o

ln  
r2

r1
 

  ……………………… . . …… . . (3) 

where     
qoc −  the critical flow rate 

ko  – LNAPL permeability 

ho −  the depth of the LNAPL pool 
∆ρ

− density difference between the LNAPL and the  
overlying ground water 

μ
o
−  the viscousity of the LNAPL                                

r1 −  the radius of the well bore 

r2 −  the radius of the pool 
The model predicts a particularly strong influence of 

the depth of the LNAPL pool on the critical LNAPL 

flow rate. 

iv. Porosity determination 

∅ =  
Vv

Vb
    …………………………………… . (4) 

where  
∅ − porosity 

Vv −  volume of void space   
Vb −  bulk volume  cross sectional area × length   
v. Energy, E, needed to heat a volume, V, of 

soil to a temperature, T. 

E = V T − Ti  Crρr
 1 − ∅ + ρ

w
CwSw∅ 

=  V T − Ti  ρc  ………………………………… . (5) 

Where  
Ti −  the initial temperature 

C𝑟 −  the heat capacity of the soil grains 

 ρ
r
−  the density of the soil grains 

Cw −  the heat capacity of water 

ρ
w
−  the density of water 

∅ − the porosity 

Sw −  the water saturation in the heated zone 

ρc −  overall heat capacity   

vi. The energy released when injecting steam 

into a porous media with the temperature 𝐓𝒊 

E =  ms(H + T − Ti)Cw) …………………… . . … . (6) 

Where 

ms −  the mass of steam 

H − enthalpy of vapourisation of water 

T − the steam temperature 

 

vii. 𝐘𝐢𝐞𝐥𝐝 =
initial  oil−produced oil

initial  oil
 × 100% ……….(7) 

 Initial oil i.e. quantity of oil mixed with the 

sand 

 Produced oil i.e. quantity of oil recovered 

from the sand 

viii. % 𝐋𝐍𝐀𝐏𝐋 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 =

 
Total volume  of LNAPL recovered

initial  volume  of LNAPL in the soil
 ……………….  (8) 

 

ix. 𝐒𝐭𝐞𝐚𝐦 𝐟𝐥𝐨𝐰 𝐫𝐚𝐭𝐞 =  
recovered volume  of LNAPL 

time
  

……………………………..……………    (9) 

 

3.1 Numerical Simulation 

Using MATLAB, we solve technical 

computing problems fatter than with traditional 

programming languages such as C, C++, and 

FORTRAN. MATLAB is used to code the above 

listed governing equations for numerical simulation, 

a graphic user interface (GUI) is design for easy input 

of data’s and output of results. Necessary 

relationships have been plotted on a graph then 

compared with the simulated values.  

 

3.2 Experimental Approach 

Laboratory-scale column experiments were 

designed to evaluate the mobilization and recovery of 

LNAPLs by steam flooding. Initial phases of the 

experimental approach included soil preparation and 

packing and evaluation of soil properties. 
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The experiment was carried out in the Fluid 

Mechanics/Thermodynamics Laboratory of Ladoke 

Akintola University of Technology, Ogbomoso,Oyo 

State in Nigeria. 

In the present work, the selected soils are 

characterized by their grain-size distribution. The test 

soil types are poorly graded soils of uniform grain 

size and well-graded soils in which several grain 

sizes was mixed to obtain different grain size 

distribution slopes. The soil was carefully placed into 

the column to avoid any segregation, density 

variation, or channeling within the column. At both 

ends of the column, a layer of gravel was included for 

better filtration and to ensure uniform axial flow 

conditions. The direct method was used to measure 

the porosity. The volume of the void space (Vv) was 

determined by volumetric analysis following water 

flooding and bulk volume (Vb) inside the column 

was calculated from measurement of the cross 

sectional area and length of the soil column. The 

porosity was then determined simply as n=Vv/Vb. 

      Steam injection experiment was conducted in an 

instrumented 1-dimensional soil column- the column 

was 50cm long and 20cm in diameter and was placed 

uniformly with a soil of selected grain-size 

distribution. Air-free saturated steam was passed 

from the steam boiler to the core face in insulated 

lines, steam straps was used to remove any 

condensate form in the lines. During steam injection, 

column effluent was passed through a condenser and 

was collected in a graduated cylinder in which 

LNAPL separated from water, allowing separated 

measurement of LNAPL and water quantities.  

Steam, at a selected pressure (and corresponding 

temperature) was then injected beyond the point of 

steam break through. The amount of LNAPL 

removed and axial temperature profile in the column 

was monitored periodically. Steam injection was 

stopped when the condensed liquid is free of LNAPL. 

The final LNAPL residual saturation and the 

corresponding LNAPL recovery efficiency was 

determined by mass balance. The residual Saturation 

is define as the fraction of void space occupied by 

LNAPL that could not be recovered by steam 

injection in additional pore volumes. The LNAPL 

recovery efficiency will be calculated as:  

% LNAPL recovery efficiency = ratio of total volume 

of LNAPL recover to initial volume of LNAPL in the 

soil. 

 
Fig 1.  Experimental Set-Up for Steam Injection Process 
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III. Results and Discussion 
The experimental data were compared with 

numerical simulation and the graphs of the 

experimental data were plotted and compared with 

the simulation graph. Higher steam injection pressure 

results in higher steam flow rate. The table 1 and 2 

below show the effect of steam injection pressure on 

LNAPL flow rate using fine and coarse grain sand. 

The variation of steam flow rate with steam injection 

is illustrated for the selected soil-grain size and it is 

shown that steam flow rate is directly proportional to 

steam injection pressure. 

   

Table 1: Steam Injection Pressure and LNAPL Flow Rate for Fine grain sand 

Sand grain size, D 

(mm) 
Steam injection pressure, bar 

LNAPL  Flow rate, 

cm
3
/min 

0.31 0.4 7.6385 

0.31 0.8 16.5539 

0.31 1.2 28.7464 

0.31 1.6 45.2158 

0.31 2.0 65.9621 

 

Table 2: Steam Injection Pressure and LNAPL Flow Rate for Coarse grain sand 

Sand grain size, D 

(mm) 
Steam injection pressure, bar 

LNAPL  Flow rate,                               

cm3/min 

1.20 0.4 19.1385 

1.20 0.8 28.0539 

1.20 1.2 42.1464 

1.20 1.6 60.8158 

1.20 2.0 89.1375 

 

Effect of Steam Injection Pressure on LNAPL 

Recovery Efficiency 

Experiments were conducted with different 

steam injection pressure and the volume of kerosene 

recovered was recorded at interval of 20 minute. At 

the beginning of the steam injection, the pressure was 

maintained at 0.5bar and the efficiency of kerosene 

recovery was calculated by dividing the total volume 

of kerosene recovered by the initial volume added to 

the soil. As the steam injection pressure was 

increased, the efficiency of kerosene recovery 

increased and reached maximum at 1.5bar. The 

experiments were carried out with the same 

concentration of kerosene in the soil and the result 

showed that the kerosene recovery efficiency 

increases with increase in steam injection pressure. 

The graph 2 shows the LNAPL recovery efficiency 

against time of treatment at pressure of 0.5bar, 1.0bar 

and 1.5bar. Steam injection pressure has a significant 

effect on LNAPL recovery. An increase in steam 

injection pressure yields faster LNAPL recovery and 

requires small amount of steam (number of pore 

volumes to achieve minimum LNAPL residual 

saturation. 

Effect of Soil Grain Size on LNAPL Recovery 

Efficiency 

Experiments were conducted with two types 

of sand having a uniform grain size and contaminated 

with kerosene, the sands used were fine and coarse 

grain sand. The kerosene recovery efficiency in the 

coarse sand during the experiment was plotted 

against time of treatment and compared with the 

numerical simulation (graph 3 and 4).  At the 

beginning of steam injection the recovery efficiency 

was higher for coarse grain sand compare with that of 

fine grain sand at the same interval of time, due to 

larger pore space in coarse sand which increases its 

permeability. 

 

Effect of Steam Injection Pressure on steam 

LNAPL Flow rate 

In order to investigate the effect of steam 

injection pressure on flow rate of kerosene, the 

experiments were conducted with steam injection 

pressure varied from 0.4bar to 2bar with interval of 

0.2bar and the corresponding kerosene flow rate was 

determined for each steam injection pressure. The 
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experiments were conducted with coarse-grain and 

fine-grain sand. 

Because the removal rate is proportional to 

the steam injection pressure [20], [21], and relatively 

larger amount of contaminant was recovered at 

higher steam injection pressure. Maximum kerosene 

flow rate occur at pressure of 2.0bar. 

 

Temperature Profile   

The temperature profile in the sand column 

was obtained for the experiment. Dry steam was 

injected at temperature of 160
0
C and pressure of 

1.75bar for 300 minutes. This experiment was 

conducted with kerosene-contaminated sand sample 

having a mean grain size of 0.31 mm. The column 

base temperature distribution is displayed in Figure 

4.6 for the experiment. As steam is introduced into 

the sand column, heat is been absorbed by the upper 

layer of the sand which make the temperature at the 

base of the sand column to be maintained at a 

constant value (room temperature) for a specific 

period of time before the thermometer at the base of 

the sand column sense an increase in temperature of 

the sand column. The temperature of the sand column 

increases with time as steam was continuously 

supplied into the sand column. The temperature 

profile was then generated with the temperature 

recorded at the base of the sand column against the 

time of treatment.  

  

Fig 2. Effect of Steam Injection Pressure on LNAPL Recovery Efficiency 
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Fig 3. Graph of recovery efficiency against time for coarse grain sand 

 

Fig 4. Graph of Recovery Efficiency against Time for Fine Grain Sand 
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Fig 5. Effect of Steam Injection Pressure on Kerosene Flow Rate for Coarse Grain Sand 

Fig 6. Effect of Steam Injection Pressure on Kerosene Flow Rate for Fine Grain Sand 
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Fig 7. Temperature Profile Diagram 

 

IV. Summary and Conclusion 
Experimental and numerical studies were 

performed to evaluate the effectiveness of steam 

injection for remediation of LNAPL-contaminated 

soils. Experiments were conducted in one 

dimensional sand column contaminated with 

kerosene, and parametric studies were performed to 

evaluate the effect of soil grain size, steam injection 

pressure, and steam inlet temperature on kerosene 

recovery efficiency, time of treatment and flow rate.  

The following were concluded from the results of the 

research work: 

1. Steam injection process was found suitable and 

effective for thermal soil remediation. 

2. The higher the steam injection pressure the 

higher the rate of flow of LNAPL. 

3. The higher the steam injection pressure the lower 

the time of treatment. 

4. Lesser time is needed for treatment in coarse 

grain soil compare to fine grain soil at the same 

injection pressure due to higher permeability in 

coarse grain soil 

5. In relating the numerical modeling and the 

experimental investigation, numerical modeling 

was found to be more accurate than experimental 

investigation due to loses and human error in the 

cause of carrying out the experiment.    
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