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Abstract 
 

"The present study aims to study the dissolution and mass transport of trichloroethylene (TCE) as Dense Non Aqueous Phase Liquid 

(DNAPL) in saturated porous media." A rectangular Perspex tank of internal dimensions (150cm length 20cm width and 40 cm height) 

used to represent the model aquifer. The tank was packed with homogenous soil (Karbala sand)"."Unidirectional flow at five different 

interstitial velocities (0.9, 1.8, 2.34, 2.7, and 3.6) cm/hr assumed to study the process. The average mass transfer coefficient" was deter-

mined for each velocity .Their values were increased with increasing the velocity reaching a limit value" .A conservative tracer is used to 

obtain the longitudinal and transverse aquifer dispersivities"."An elliptic shape of (TCE) pool was used to carry out the dissolution pro-

cesses. Steady state dissolved (TCE) concentrations at downstream were collected from ten ports with two different depths under five 

interstitial velocities". Two linear relationships are created from an elliptic trichloroethylene pool: these relationships were between the 

average Peclet number in x-direction (Pe*x(e)) with the overall Sherwood number (Sh*
(e )), and the other between the average Peclet num-

ber in y-direction (Pe*
y(e) ) with the overall Sherwood number (Sh*

(e))". A numerical modeling was achieved using COMSOL software. 
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1.Introduction 

Natural subsurface water system contamination by Non-Aqueous 

Phase Liquids (NAPLs), has taken a wide attention by numerous 

environmental scientists and engineers. Petroleum hydrocarbons 

and organic solvents are the most NAPLs ,the main causes of  

these liquids reaching to the subsurface formation are by leakage 

from underground storage tanks, landfills of hazardous waste, 

disposal sites, pipelines ruptured , leaching from recycled wastes, 

and surface spills. Chlorinated solvent like trichloroethylene (TCE) 

and tetrachloroethene (PCE) are widely used in different industrial 

actions. After the spilling of NAPL, it migrates to the subsurface 

environment by the vadosezone,  part  of it may be confined and 

restrained within the (unsaturated porous formation) in the shape 

of ganglia or pools, that are no more time takes to get in touch 

with the main body of (NAPL). The entrapped NAPLS both pools 

and ganglia would be a continuous ground water contamination 

source because of their low solubilities and slow dissolution rates 

within the ground water [1]. 

   When NAPLs reaching the water table, the compounds that have 

densities more than water, which called sinkers (chlorinated sol-

vents); gives  pressure head at the capillary fringe is large enough, 

continuing in  downward migrate and leaving trapped ganglia until 

they touch the solid layer (impermeable layer), where small cross 

section pools (a flat source zone) would stars form [2], while 

NAPLS compound that have densities lighter than of water "float-

ers, e.g., Petroleum products"  would spread laterally when they 

reach the saturated region, forming a pool floating on the water 

table [3]. In case of the inclined impermeable layer the sinker 

pools would migrate along the formation; but the floater pools 

would move in the declining hydraulic gradient direction. When 

the pollution occurs; many dangers substances transports through 

the ground water entering the food, water chain and finally harm 

human directly or indirectly [4,5]. 

    A large number of computers, experimental and also theoretical 

studies have concentrated on the both ganglia dissolution [6,7,8] 

and the pools dissolution [9,10,11,12,13]. On the ground- water 

the dissolved concentration of  NAPL is mostly controlled by the 

processes of mass transfer interface which are rate limited and 

slow [14,15]. The NAPL dissolves to the aqueous phase through 

the physical contact with the ground -water. The"solubility" of the 

organic materials represents the equilibrium concentration of these 

materials in water at a certain temperature and pressure. For all 

practical objectives, the maximum concentration of that material 

in water represents the solubility [16]. 

The"experimental and numerical studies"that focused on the dis-

solution process of NAPL in three dimensions are very limited 

[5,17,18,19,20,and 21].The present study focused on the dissolu-

tion of trichlororethylene as (DNAPL) in three dimensional satu-

rated" homogeneous, and isotropic porous medium". 

2. Material and Methods 

         Tap water was used in the experiments, the biological growth in 

the experimental aquifer was prevented by adding sodium azide 

200 (mg/l) to thewater storage tank (water source). Trichloroeth-

ylene is used as Dense Nonaqueous Phase Liquid. 

 

 

http://creativecommons.org/licenses/by/3.0/


International Journal of Engineering & Technology 589 

 
2.1. Porous Medium Characterization 

 
The porous medium that used in the present study was Karblalaa 's 

sand which is a sand obtained from Karblaa 's Governorate lands 

south of Iraq. The used sand was passing through 1mm mesh. 

Tests such as particle size distribution and porosity were per-

formed on Karblaa's sand. 

2.2 Particle size Distribution 

Mechanical sieve analysis was used to obtain the particle size 

distribution as shown in Fig (1).The range of grain sizes was indi-

cated by the coefficient of uniformity (Cu), this coefficient was 

(2.21).The dry sand bulk density and porosity were 1.6 g/cm3 and 

0.312 respectively. 

 
Fig 1: Particle size distribution curve of Karblaa's sand 

3. Experimental Aquifer Setup 

Three dimensions bench scale laboratory aquifer was used in the 

present study to carry out the dissolution experiment as shown in 

Fig(2a) and Fig (2b) The internal dimensions of the tank are 

(150cm×20cm×40cm) length ,width , and height respectively. The 

tank was made of 1cm thick Perspex plate. The tank contains" 

three chambers: the middle chamber which filled with sand and 

the two other chambers are 10 cm away from the both sides of the 

tank" (the side chambers are represent clear wells) ,the clear wells 

are filled with water, maintaining constant heads, and separated 

from the middle chamber by two perforated Perspex plates cov-

ered with  a filtration cloth to "prevent the sand passing to the side 

chambers". A peristaltic pump was used to control the flow rate 

through the model aquifer, and the tap water was pumped from 60 

liters storage tank to the influent clear well by 0.5cm inner diame-

ter tube. The effluent clear well is connecting also by 0.5 inner 

diameter tube to a valve and 8 liters constant head tank to achieve 

the outflow rate. 

 
Fig 2 a: Schematic diagram of the bench-scale  laboratory aquifer 

 
Fig 2 b: A picture of the laboratory aquifer. 

 

3.1. DNAPL Pool Formation and Aquifer Packing 
 

A flat DNAPL pool formation with the pool water interface is a 

significant key to this experimental design. The preceding work by 

[17] producing significant details about the formation of DNAPL 

pool and dissolution with bench scale laboratory aquifer''. The 

DNAPL pool represented by 5cm deep perspex elliptic pan pad-

ded with aluminum sheet to avoid the corrosion, the ellipse pan is 

15 cm (the major axis) and 10 cm(the minor axis), the cause be-

hind the using of this pool shape is it represent the closest shape to 

the actual pool.7This  pan was filled with a layer of sand and other 

of gravel and it covered with stainless steel mesh'. "The DNAPL 

(TCE) was injected to the pan from the bottom face by horizontal-

ly (0.3 cm)PVC tube connected to 500 ml conical funnel which 

contain a valve to control the flow rate" . In the upper half of the 

perspex pan the residual (DNAPL ganglia formation) can form 

when the injected DNAPL move the water from the gravel and 

sand layers within the pan. An aluminum plate is used at the bot-

tom of the aquifer in order to prevent the corrosion, the plate di-

mensions are (130 cm length, 20 cm width and 0.3 cm thick-

ness)."An elliptic disk with (15cm length and 10 cm width) was 

removed from the aluminum plate to confine the Perspex experi-

mental pool. 

 

4. Tracer analysis Test 

 
The most common system which used to determine the dispersion 

coefficient represent by the tracer transport analysis, the tracer 

using is brine solution . Conductivity and resistivity are used to 

determine the tracer concentration [20]. The longitudinal disper-

sion coefficient values in the sand tank were found by the tracer 

transport experiment, and according the longitudinal coefficient 

the lateral and vertical dispersion coefficient were obtained to 

measure the concentration in three dimensions . An initial concen-

tration of (1000 mg/l) of sodium chloride is used. The tracer 

transport is performed by injecting a solution of sodium chloride 

continuously under five different water velocities (0.9, 1.8, 2.34, 

2.7, and 3.6) cm/hr. The observation points of the breakthrough 

data is recorded continuously 40 cm from the injected tracer. A 

portable ohmmeter probe employing to measure the concentration. 

The probe is fixed at the top of the tank at a depth of 3cm of the 

observation point in the saturated sand. The concentration is ob-

tained according to the measured resistance by the ohmmeter. 

Samples of known concentration used to calibrate the measured 

resistance , for  this reason a calibration curve was prepared. 

 

5. Dissolution experiments 

 
In the Perspex front face of the aquifer model ten ports (A-J) were 

made (Figure.3 ), five of them at 3cm and the rest on the 6 cm 

from the base of the aquifer. Ten points were used to draw the 

samples. All the sampling points located at 10 cm in the y-
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direction of the aquifer (in the center line) to study the concentra-

tion distribution in the x-direction at the two depths mentioned. In 

addition to that in the centerline of the plume the maximum con-

centrations are form. In the direction of flow (longitudinal direc-

tion) the dispersion coefficient is more than it in the vertical and 

transverse directions. Five different interstitial velocities (0.9,1.8, 

2.34,2.7, and 3.6) cm/h were used in this study to implement the 

dissolution experiment. 10-guaged stainless with steel needles 

"manufactured by Sherwood Medical, St. Louis, MO, USA" was 

inserted into the porous medium by pushing them in the ports in 

order to collect the samples, and to forbid the needles clogging a 

wire inserted inside them during the process of the placement. Ten 

dissolution experiments were done (five in each depth); five se-

lected points at each depth at the downstream of DNAPL pool and 

at a certain  interstitial velocity . The first sampling group coordi-

nates are (15,10,3), (30,10,3), (45,10,3),(60,10,3), and (75,10,3) , 

respectively at 3 cm depth from the pool surface. The second sam-

pling group coordinates: (15,10,6), 

(30,10,6),(45,10,6),(60,10,6),and (75,10,6), respectively at 6 cm 

depth from the pool surface. The range of the flow rate was from 3 

to 12 ml/min, these yield the velocities (0.9 - 3.6 cm/hr). The ex-

perimental conditions were at a temperature of 27 ◦C. 

 

6."Samples collection and analysis" 

 
When the steady state concentrations are obtained at the farthest 

port (J) from the DNAPL pool, the aqueous phase DNAPL is col-

lected. The syringe volume with 5 ml is used to collect the intersti-

tial water from the port points. From each location 1ml sample is 

obtained and saved in a glass vial. 200 samples were collected 

from the five ports in the sand at 3cm depth and 200 other samples 

collected at 6cm from the top of the pool.  The ten samples col-

lected every 24 hours. The analysis of the samples was by"Gas 

Chromatograph(Shimadzu2010,Japan) equipped with flame ioni-

zation detector" (FID). 

 

 
Fig 3:Sketch illustrate the sampling point locations within the saturated 
sand.     

 

7."Transport Model" 

 
The contaminant transport of the NAPL pool in the saturated ho-

mogeneous porous medium in three*dimensions,*under steady-

state uniform flow conditions, the dissolved organic, non-decaying, 

and sorption occurring under local equilibrium conditions; is de-

fined by the following equation "[5,22]: 

𝐷 x
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2
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𝜕
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 −  𝑉 x

 𝜕∁(𝑡,𝑥,𝑦,𝑧)   

𝜕𝑥
= 𝑅 f  

𝜕∁(𝑡,𝑥,𝑦,𝑧) 

𝜕𝑡
                                                                   (1)  

 

Where: Dx, Dy, and  Dz are the longitudinal, lateral, and vertical 

hydrodynamic dispersion coefficients respectively, Vx is the aver-

age unidirectional interstitial velocity of water; Rf is the retardation 

factor (dimensionless) and it value was 1.52 obtained by the fol-

lowing equation: 

R f = 1 +
ρ b K d

n
                                                                                              (2) 

Where: n : porosity, Kd: soil distribution coefficient ,ρ b :soil bulk 

density(g/cm3). 

 

8.Model Parameters Estimation 

 
8.1 Interstitial velocity 

 
The following equation describes the determination of "interstitial 

velocity" within the sand model aquifer [23]: 

V x =
Q

    hwn     
                                                                                            (3) 

 

Where: Q is the volumetric flow rate of water, h  is the water 

head ,w is the aquifer width, and n is the porosity of sand. Five 

interstitial velocities were used in the present study 

(0.9,1.8,2.34,2.7,and 3.6) cm/h. 
 

8.2Hydrodynamic Dispersion Coefficients 
 

The tracer transport test was used  to determine thelongitudi-

naldispersion coefficient as mentioned previously, by using rela-

tive concentration (C/C ͦ ) versus the time on arithmetic probability 

paper (the graphical technique) as [5]:  

 

D x = 0.5

[
 
 
 
 t 84 − t 16

2t 50 ]
 
 
 
 

V x                                                                           (4) 

 

where t84, t16 , and t50 are the" times corresponding to3 (C/C ͦ ) 

ratios of 84%",16%, and 50% respectively. The final hydrodynam-

ic longitudinal dispersion coefficient is "equal to the summation of 

dispersive flux" which resulted from the equation (3) and diffusive 

flux which resulted from multiplying the dispersion coefficient of 

TCE (8.4*10-6) cm2/s by the sand tortuosity 1.43 [5].The lateral 

dispersion coefficient Dy are used as "0.1 of the longitudinal dis-

persion coefficient" and "the vertical dispersion coefficient is 

equal to the lateral dispersion coefficient". 

 

9. The Numerical Modeling. 

 
A numerical solution using (Comsol Multiphysics Softwarev5.3a) 

employed in the present study to solve the advection-dispersion -

mass transport equation in a three dimensional model in saturated 

isotropic-homogenous sandy soil and uniform flow. Fig (3,4) 

shows the geometry of the model and mesh details respectievely. 

The number of Tetrahedral is 74801,the mesh settings were repre-

sented by : sequence type of physics –controlled mesh and the 

element size is extremely fine which is the most precision using 

by this software .The input parameters are shown in table (1). 

 
Table 1: Input parameters of numerical modeling 

Parameter Value Unit 

L,H,b 1.3,0.31,0.2 m 

Cs 1100 mg/l 
Dx,Dy,Dz (0.3-1.01),(0.03-0.101) cm2/h 

n 0.312 Dimensionless 

ρ 1.6 gm/cm3 
Vx (0.9,1.8,2.34,2.7,and,3.6) cm/h 

Rf 1.52 Dimensionless 

 

The "initial and boundary conditions for circular–elliptic shaped 

NAPL pool are: 

 
∁(0, x, y, z) = 0                                                                                                     (5) 
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∁(t,∓∞, y, z) = 0                                                                                                (6) 

 

∁(t, x, y, 0) = ∁ s               x, y ∈ R )(e                                                              (7) 

∂∁(t, x, y, 0)

             ∂z          
= 0              x, y   R )(e                                                        (8) 

∁(t, x, y,∞) = 0                                                                                                    (9) 

Cs is the solubility concentration of DNAPL for trichloroethylene 

is 1100 mg/l, and R (e)  is the elliptic DNAPL-water interfacial area 

as: 

 

(x-l x )
2

a
2

+

(y-l y )
2

b
2

≤1                                                                                  

Where: a, b are the major and minor semiaxes respectively, which 

center located at x= l x ,y=𝑙 y . 

These conditions were represented numerically by:no flux at all 

the boundaries of the geometry at time equal to zero,the 

concentration equal zero at any point at time equal to zero(initial 

values), the concentration is equal to 1100 mg/l at z=0 (in the 

elliptic pool), the inflow of water at the first boundary with zero 

concentration, and the outflow at the last boundary. 

 

10. Results and Discussion 

 
   Figures (5) to (9) show a comparison of the calculated and  meas-

ured trichloroethylene (TCE) concentration with time 8days 

downstream of the pool at two distances (15,and 75) cm and two 

depths (3 cm, 6 cm) above the pool surface under five interstitial 

velocities (0.9, 1.8, 2.34, 2.7,and 3.6) cm/h. 

 

 
 
                                                  Port (A)  

 
                                                    Port (J)  

Fig 5: TCE concentration with time  at the( first port (A)  at Z=3cm), 

and the (end port (J) at Z= 6cm) at v=0.9 cm/h. 

 
                                                  Port (A) 

 
                                                 Port (J) 

Fig 6: TCE concentration with time  at the( first port (A) at Z= 3cm), and 

the (end port (J) at Z= 6cm) at v=1.8 cm/h.  

      Port (A) 

 
                                             Port (J) 

Fig 7: TCE concentration with time  at the( first port (A) at Z=3cm), and 

the (end port (J) at Z= 6cm) at v=2.34 cm/h. 

 
                                               Port(A) 
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                                                  Port (J)  

Fig 8: TCE concentration with time  at the( first port (A) at  Z=3cm), and   

the (end port (J) at Z= 6cm) at v=2.7 cm/h. 

 
                                              Port (A)  

 
                                              Port (J) 

Fig 9: TCE concentration with time  at the( first port (A) at  Z=3cm), and    

the (end port (J) at Z= 6cm) at v=3.6 cm/h . 

The present study shows  that the maximum concentration ob-

served at A(15,10,3) the nearest point to the TCE pool  but the 

minimum concentration observed at J(75,10,6) the farthest point 

from the pool. TCE concentration observed over 75 cm down-

stream of the pool for 8 days  .TCE concentration was declined 

with the time but this declining was little at little velocities and  

(0.9,1.8,and 2.34) cm/h ,more high declining observed at the ve-

locities of 2.7cm/h,and 3.6 cm/h. Port (A) shows the same behav-

ior (declining wave shape) at interstitial velocities of (1.8, 2.34, 

and 2.7 ) cm/h this may relates to "results of pore scale geometry 

and large scale shapeirregularities". But this port shows another 

different behavior at (0.9 and 3.6) cm/h .Port (J) the farthest point 

from the TCE pool shows nearly the same behavior(increasing 

curve from zero) at all the velocities  this behavior relates to the 

diffusion , but the minimum value of concentration were recorded 

at this point(23.3) mg/l at the eighth day .The measured and calcu-

lated results were not  very close  but they gave the same behav-

ior .The cause of this difference in the experimental and numerical 

results belongs to use TCE solubility Cs (maximum concentration 

of trichloroethylene) of 1100 mg/l in the numerical model but in 

fact it not reach to the max. concentration because of "vola-

tile ,cosolvents, temperature, Ph, dissolved inorganic compounds 

(salinity),and dissolved organic compound". 

 

 

 

10.1."Mass transfer correlation" 

 
The average mass transfer coefficient (K*) is computed experi-

mentally at each interstitial velocity by using the following equa-

tion [5]: 

 

k
*

= n
√    4D z V x

ԯ𝐿
                                                                                      (10) 

 

Where: L is the length of interface (15 cm) . The values of the 

average mass transfer coefficient (k*) at each velocity and the 

vertical dispersion coefficient are shown in table ( 2 ) : 

 
Table 2: Mass transfer coefficient values 

Vx(cm/h) k* Dz 

0.9 0.015 0.0300 
1.8 0.029 0.0588 

2.34 0.036 0.0684 

2.7 0.042 0.0790 
3.6 0.055 0.1010 

 

The (K*) values proportionally to the interstitial velocity, the 

reason belong to that is the increase in velocity leads to increase 

the concentration gradient at the DNAPL-water interface. The 

dimensionless mass transfer behavior is epitomized in the 

modified Sherwood number (Sh*) terms , Sh*= K* c(e ) / De as 

shown in  figures (10,11) where the characteristic length (  c(e )) 

used here is the square root of the pool area (21.7 cm ), and De 

value is 2.12*10-2 cm2/h. The average Peclet numbers ;Pe*x(e) ,Pe 

*y(e ) that represent the advection-dispersion mass transfer in x,y 

direction for elliptic pool, respectively ;were obtained by using 

equations (11), (12), and (13): 

Sh
*

)(e =

k
*

)(ec

D e

                                                                                      (11) 

Pe
*

)(ex =
V x a  

D x

                                                                                         (12) 

Pe
*

)(ey =
  V x  b  

D y

                                                                                      (13) 

 

 
Fig 10: Sherwood number( Sh∗ ) with Peclet number in x-direction 

Pe∗x(e). 
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Fig11:  Sherwood number(Sh ∗)  with Peclet number in y-direction 

Pe∗y(e). 

 

11. Conclusion    

 
Theanalysis .of experimental. and numerical investigations.are 

gave the following conclusions. The concentration profile of TCE  

declines from port (A) and continue in declining with increasing 

(the time , the interstitial velocities , and the distance) reaching to 

port (J)." The time invariant average mass transfer coefficient is 

found at different interstitial velocities".The values of this coef-

ficient are ranged from 0.015to 0.055cm/h". "It is increased pro-

portionally with velocity toward a limiting value". Parame-

ter .estimates for Pe∗x(e); Pe∗ y(e); Sh∗ (e) are .determined at 

different hydrodynamic conditions. The experimental and numeri-

cal results are not very close in their values but they  had given the 

same behavior ,  and the regression  between them are also pre-

sented here ranging (0.9107- 0.9984). 
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