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Abstract 

Dispersion is a key process controlling transport of solutes and gases in porous 
media. Performing tracer tests for dispersion measurements with solutes is 
generally much more time consuming compared to used gases. The goal of this 
study is to estimate the solute dispersion based on gas dispersion measurements 
to reduce time consumption. Solute (chloride ion) breakthrough curves were 
measured at different fluid velocities, covering the identical Reynolds range used 
in a previous study on gas dispersion. Commercial gravel, consisting of solid 
particles, has been used as a porous medium. Chloride and oxygen dispersion 
coefficients were determined based on the measured breakthrough data and in 
turn used to calculate solute and gas dispersivities as a function of the particle 
size (Dm) and particle size range (R). Solute dispersivity increased with 
increasing particle size range, in agreement with the previous study. Data 
showed that dispersivity increases more gradually with decreasing mean 
diameter. 
Keywords: solute dispersion, gas dispersion, dispersivity ratio, porous medium, 
Reynolds number, particle size range. 

1 Introduction 

Movement of solutes and gases in a porous media is controlled by fluid phase 
advection, molecular diffusion and mechanical dispersion. Dispersion in solute is 
important in case of contaminant transport in both saturated and unsaturated soil 
[1–3], as well as nutrient transport in the root zone [4]. Gas phase dispersion 
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controls processes such as radon migration into buildings [5], soil aeration and 
movement of volatile contaminants for instance at contaminated soil sites [6, 7]. 
Gas dispersion also plays an important role for processes such as migration and 
emission of methane (and other volatile compounds) at landfills, methane 
emissions from wetlands [8–13] and oxygen and CO2 movement in passively 
aerated compost piles [14, 15]. 
     Dispersion in porous media has been investigated for several decades, since 
the 1960. These studies focused chiefly on physical parameters, such as fluid 
phase velocity, fluid filled porosity and particle size distribution [16–21]. 
Accurate studies on gas dispersion were first introduced in the late 1960s [22–
28]. An excellent review of the existing knowledge about dispersion of solutes 
and gases in homogeneous porous media has been published from Delgado [29]. 
This and later studies [28, 30–33] confirmed that dispersion increases with fluid 
phase velocity, distance travelled, particle shape deviation from spherical, 
particle size range, and pore system tortuosity. 
     A large number of researches on solute dispersion in both artificial and 
natural porous media is available into literature [34–38]. On the contrary, the 
majority of studies on gas dispersion are mainly related to artificial media. 
Despite this, the parameters affecting solute and gas dispersion are the same and 
they affect both gas and solute dispersion in a similar manner. 
     Measurements using gases as tracers, through a porous media, are much faster 
of those using solutes. In coarse-grained materials, such as sand, this difference 
is equal to 10-100 times under identical conditions. In finer grained material, 
such as fine sand and silt, the difference might be even larger. At present, 
however, no studies focusing on corresponding measurements of liquid and gas 
dispersion coefficients, in identical natural porous media, have been published. 
Therefore the identification of the link between gas and solute dispersion has not 
yet been obtained. The objective of this study was to investigate solute and gas 
dispersion, in a natural media under identical conditions. A simple relationship 
among the two tracers, yielding considerable time savings, was found. Solute 
measurements were carried out using NaCl as it is cheap, simple and safe to use. 
Gas measurements belong to a previous study [32], based on the same procedure 
but using O2 as a tracer. 

2 Theory 

Transport in porous media is generally described by the advection dispersion 
equation (ADE). For one-dimensional transport of a conservative tracer in a 
column containing homogeneous porous medium, under assumption of uniform 
flow and dispersion, and the presence of both a mobile and a immobile fluid 
phase, the ADE is given as: 

 𝜕𝐶𝑚
𝜕𝑡

= 𝐷 𝜕2𝐶𝑚
𝜕𝑥2

+ 𝑢 𝜕𝐶𝑚
𝜕𝑥

+ 𝜏(𝐶𝑖𝑚 − 𝐶𝑚) (1) 

where Cm and Cim are the tracer concentrations in the mobile and immobile fluid 
phases (kg m-3), D is the overall dispersion-diffusion coefficient (m2 s-1), 𝑢 is the 
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pore fluid velocity (interstitial velocity) in the mobile phase (m s-1), 𝜏 is the 
tracer mass transfer coefficient (s-1) for mass transfer between the mobile and 
immobile fluid phases, and x and t are the space (m) and time variables (s) [32]. 
     Tracer concentration for the immobile fluid phase is expressed as: 

 𝜕𝐶𝑖𝑚
𝜕𝑡

= − 𝜀𝑚
𝜀𝑖𝑚

𝜏(𝐶𝑖𝑚 − 𝐶𝑚) (2) 

where εm and εim are the mobile and immobile volumetric phase contents  
(m3 m-3) in the porous medium, respectively. The immobile fluid phase content 
and the fluid pore velocity are calculated as: 

𝜀𝑖𝑚 = 𝜀𝑡𝑜𝑡 − 𝜀𝑚                                                    (3)  

𝑢 = −
𝑄
𝐴𝜀𝑚

                                                        (4)  
 

where εtot is the total fluid-filled porosity (assumed equal to medium total 
porosity), 𝑄 is the applied volumetric fluid flow rate (m3 s-1), and A is the 
column cross-sectional area (m2) perpendicular to the fluid flow direction. In 
case of a medium without an immobile fluid phase the tracer transport process is 
described by eqns. (1), (2) and (4) with 𝜏 equal to zero and εm equal to the total 
fluid phase filled porosity. D can be expressed as: 

𝐷 = 𝐷𝑑𝑖𝑓𝑓 + 𝐷𝑚𝑒𝑐ℎ                                                 (5)  
 

where Ddiff represents the contribution by molecular diffusion and Dmech the 
contribution from mechanical dispersion. Assuming for a one-dimensional 
configuration that Dmech increases linearly with increasing fluid flow pore 
velocity [28, 32, 39, 40] we obtain: 

𝐷𝑚𝑒𝑐ℎ = 𝑢𝛼                                                        (6)  

where 𝛼 is the tracer mechanical dispersivity in the mobile fluid phase (m). 
Combining eqns. (5) and (6) yields: 

𝐷 = 𝐷𝑑𝑖𝑓𝑓 + 𝛼𝑢                                                    (7)  

     A straight line characterizes the plot of D versus 𝑢, identified by the slope 
𝛼 and the intercept Ddiff, except at very low fluid flow velocities [28]. 

3 Materials and methods 

Measurements of gas and liquid phase dispersion coefficients were carried out 
using, as a porous medium, commercially available gravel. Particles were sieved 
into fractions with 2 mm particle size range (R = 2), and particle diameter (D) of 
2–4, 4–6, 6–8, 8–10, 10–12 and 12–14 mm, corresponding to a mean particle 
diameter (Dm) of 3, 5, 7, 9, 11, 13. Combining these 2 mm fractions additional 
particle size fractions were produced having R = 4 mm (Dm = 4, 6, 8, 10, 12),  
R = 6 mm (Dm = 5, 7, 9, 11), R = 8 mm (Dm = 6, 8, 10), R = 10 mm (Dm = 7, 9), 
R = 12 mm (Dm = 8). A uniform particle size distribution was achieved by using 
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equal masses of each 2 mm particle size fraction. A total of 21 particle size 
fractions were produced. The gravel was packed into clear acrylic columns 
100 cm in length and 14 cm inner diameter. Packing was conducted taking care 
to reduce differences in packing density of each column. Physical particle 
properties are shown in table 1. 

Table 1:  Properties of gravel used in the measurements of dispersion. 

Particle size 
(mm) 

ρb 
(g/cm3) 

εtot 
(cm3/cm3) 

Ddiff-gas 
(cm2/min) 

αg            
(cm) 

αw           
(cm) 

αg/αw   
(cm/cm) 

2-4 1.55 0.42 4.55 0.38 0.68 0.56 
2-6 1.54 0.42 4.52 0.79 - - 
2-8 1.56 0.41 3.75 1.24 0.58 2.15 

2-10 1.59 0.40 4.22 1.88 - - 
2-12 1.58 0.40 3.63 2.08 - - 
2-14 1.61 0.39 4.17 2.55 0.79 3.22 
4-6 1.54 0.42 4.02 0.46 - - 
4-8 1.53 0.42 4.30 1 - - 

4-10 1.54 0.42 3.80 1.34 - - 
4-12 1.58 0.40 3.65 1.8 0.47 3.81 
4-14 1.59 0.40 3.64 2.03 - - 
6-8 1.54 0.42 3.82 0.51 0.60 0.85 

6-10 1.54 0.42 4.03 0.91 0.67 1.35 
6-12 1.55 0.42 3.90 0.78 - - 
6-14 1.56 0.41 3.85 1.32 - - 
8-10 1.55 0.42 4.38 0.61 0.34 1.79 
8-12 1.56 0.41 3.85 0.71 - - 
8-14 1.56 0.41 3.96 1.07 0.36 2.96 

10-12 1.55 0.42 4.30 1.18 - - 
10-14 1.55 0.42 3.88 0.78 - - 
12-14 1.55 0.42 4.53 0.94 0.28 3.41 

 
     Soft Teflon tubing (inner diameter 4 mm) was used to connect system 
components. A 1 mm aluminium sheet with 2 mm opening was installed at both 
ends of the column to prevent movement of the media. Different flow rates were 
used for both solute and gas measurements in order to obtain comparable results 
covering the same Reynolds range (0.04 ≤ Re ≤ 2.13).  
     Measurements of solute dispersion were carried out using a peristaltic pump 
connected to the bottom of the column (inlet). The outlet was connected to a 
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measuring tube holding 12 ml of liquid, equipped with a TETRACON 925 
conductometer. A schematic of the experimental set-up is shown in fig. 1. 
     Due to the high time consumption only 9 out of 21 fractions were used for the 
measurements. After flushing the column with demineralized water at a certain 
flow, a NaCl (5 g l-1) solution was injected at the same flow. Effluent NaCl 
concentration was logged every 10 seconds using a data logger (Multi3420, 
WTW®, Herlev, Denmark). Breakthrough curves for NaCl replacing 
demineralized water were measured for gas flow rates of 0.015, 0.5, 0.075, 0.1, 
0.125, 0.15 l/min in duplicate. Measurements were terminated when in and outlet 
NaCl concentrations were identical. 
 

 

Figure 1: Experimental set-up for measurements of NaCl. 

     Gas dispersion data were taken from Sharma [32], following the approach of 
Poulsen [28]. O2 breakthrough curves were measured in duplicate at gas flow 
rates of 0.2, 0.5, 1.0, 1.5, and 2 l/min. All 21 fractions were used for the 
measurements.  
     The measured breakthrough curves were fitted to eqns. (1)–(4) by optimizing 
the values of D, 𝜏 and εm. Initial conditions for the solute and gas transport 
simulations were: 

𝑡 = 0, 𝑥 ≥ 0          𝐶 = 0                                             (8)  

     Boundary conditions for the solute and gas transport simulations were: 

𝑡 > 0, 𝑥 = 0          𝐶 = 𝐶0                                            (9)  

     Eqns. (1)–(4) were solved using an explicit finite difference method, 
corrected for numerical dispersion. Optimum values of D, 𝜏 and εm for each of 
the 318 measured gas and liquid breakthrough curves were determined by 
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minimizing the sum of squared errors (SSE) between measured effluent tracer 
concentrations and corresponding tracer concentration values predicted by the 
numerical model as: 

𝑆𝑆𝐸 = � �𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) − 𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑡)�2                        (10)
𝑡 𝑚𝑎𝑥

𝑡=0

 

where Cmeasured (t) and Cpredicted (t) are the observed and predicted (by the model) 
effluent tracer concentration at time t, respectively, while tmax is the time at 
which each individual experiment was terminated. The minimization procedure 
was carried out using a non-linear least square method. 

4 Results and discussion 

Selected measured NaCl breakthrough curves for the 6-8 mm particle fraction 
are shown in fig. 2(a). The four curves, representing four different flow rates, all 
exhibit a sigmoid shape generally expected for this type of experiments. Similar 
trend was identified for all the 108 breakthrough curves (solute measurements). 
A small tailing, indicating the presence of an immobile solute phase, is mainly 
exhibited at low flow rates (< 0.075 l min-1) and in the upper part of the curves 
(near C/C0=1). Fig. 2(b) shows selected O2 breakthrough curves for the 6-8 mm 
particle fraction. Curves are not completely symmetrical but exhibit some little 
tailing, indicating the presence of an immobile gas phase (𝜏 > 0) for some 
experiments. This was the case for Q ≤ 0.5 l min -1 indicating that all air was 
mobile above this flow rate. A typical sigmoid shape is also exhibit for all gases 
measurements (210). Comparing flow and pressure gradients for all solute and 
gas data, shows that under identical conditions and for identical Re number, 
measurements of the solute breakthrough curves takes 12 times longer than for 
the gas. 
 

 

Figure 2: Measured and fitted values of effluent NaCl (a) and O2 
(b) concentration. 

(a) (b) 
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     Model predictions are also shown in fig. 2(a) and (b), obtained by fitting 
eqns. (1)–(4) with boundary conditions given by eqns. (8)–(9). In all cases (also 
those not shown in fig. 2) the model was able to get a close fit, especially for the 
water measurements. Fitted values of D (Ddiff + Dmech) as a function of 𝑢 are 
shown in fig. 3(a) for NaCl and 3(b) for O2.  
 

 

Figure 3: Calculated values of Ddiff + Dmech based on (a) NaCl and (b) O2 
concentration, as a function of pore fluid velocity (𝑢). 

     For solute dispersion, the u – Dmech relationship is linear for u >  5∙10 -5 m s-1. 
Below this velocity the slope of the relationship approaches zero. For O2 
measurements the u – Dmech relationship is linear for u > 2∙10 -4 m s-1. Below this 
velocity there is considerable scatter in the gas dispersion data, likely because the 
contribution by mechanical dispersion (Dmech) becomes small compared to 
molecular diffusion (Ddiff), making it difficult to get a consistent and accurate 
determination of Dmech. The u–D curves for oxygen transport intercept the D-axis 
at a D-value of approximately 15∙10-6 m2 s-1, which represents Ddiff for gas 
transport. In comparison the u–D relationship for chloride transport intercept the 
D-axis at a value close to zero, indicating that for the chloride transport Ddiff can 
be neglected. Fig. 3 also shows that the slope (representing dispersivity, α) of the 
linear parts of the u – Dmech relationship for both NaCl and O2 increases with 
increasing R in agreement with earlier observations [32]. 
     Values of α were determined for each fluid type and particle size fraction. The 
resulting α-values are given in table 1. Fig. 4(a) and 4(b) show α-values for the 
NaCl (αw) and for the O2 (αg) measurements respectively, as a function of R and 
Dm.  
     More gradual and less marked increase is exhibited from αw for increasing R. 
Values range between 2.8 and 7.9 mm. More regular and evident increase is 
exhibited from αg for increasing R, ranging between 3.8 and 25.5 mm. This is 
likely because increasing R causes increasing pore network tortuosity, and thus, 
 

(b) (a) 
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Figure 4: Contour plot of α as a function of Dm and R, for (a) NaCl and 
(b) O2. 

increasing dispersion [32, 33]. The α – Dm relationship is somewhat more 
complex but α is generally largest for small values of Dm, for both NaCl and O2. 
Fig. 5 shows the ratio αg/αw as a function of Dm and R, with values ranging 
between 0.56 and 3.81.  
     The αg/αw ratio shows no consistent relationship with neither Dm nor R, 
although there is a tendency that αg/αw is lowest for low Dm and R values. More 
data, however, are needed to verify this tendency. On average αg/αw = 2.18 for 
the 9 particle size fraction in fig. 5. This value is very likely medium dependent 
and additional measurements of dispersion in other media are therefore required 
to assess medium dependency. 
 

 
Figure 5: Contour plot of αg/αw, as a function of Dm and R. 

5 Conclusions 

Solute and gas dispersion were determined by analysing tracer breakthrough 
curves measured in gravel using chloride and oxygen as tracers. Measurements 

(a) (b) 
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were conducted using different flow velocities ranging from 1.6∙10-5– 
1.6∙10-4 m s-1 for solute and from 2.2∙10 -4–2.2∙10-3 m s-1 for gas, both covering 
the identical Reynolds range. Results indicated that, for the same fluid pressure 
gradient across the columns, measurements of the solute tracer breakthrough 
curve takes about 12 times longer than gas. Both solute and gas dispersion 
coefficients (Dmech) showed an almost linear increase with fluid pore velocity (𝑢) 
except at very low velocities. This is in agreement with earlier studies. 
     Dispersivity values (αg and αw) were determined as the slopes of the best fit 
straight lines to the linear parts of the u – Dmech relationships. A less marked 
increase of αw with R was observed in solute measurements. An evident increase 
of αg with R was shown for gas measurements, in agreement with earlier 
findings. This general trend is explained by considering the pore network 
tortuosity, which increases with R generating therefore greater α values. The 
relationship between α and Dm for both NaCl and O2 was somewhat more 
complex but α was generally largest for small values of Dm. 
     Values of αg (gas) were generally higher than αw (solute), and the average 
ratio αg/αw was 2.18. Thus, gas dispersion coefficients generally increase faster 
with gas velocity than solute. Further investigations in other media are needed to 
fully understand the relationship between αg/αw, Dm and R. 
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