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Mathematical Description for Virus Transport 

The HYDRUS (2D/3D) solves the two-dimensional form of the advection-dispersion equation 

with two kinetic retention sites having different attachment and detachment coefficients and solid-

phase inactivation rates. The aqueous phase and solid-phase mass balance equations for this 

application are given as: 

 

 

 
where t [T; T denotes the dimension of time] is time, C [NL-3; N denotes the virus concentration 

in pore-water, L denotes the dimension of length] is the aqueous phase virus concentration, 

𝜌𝑏 [ML-3; M denotes the dimension of mass] is the bulk density, 𝜃 is the volumetric water content 

[-], S [NM−1] is the solid-phase virus concentration, 𝐷𝑖𝑗
𝑤 [L2 T-1;] is the dispersion coefficient tensor 

for the liquid-phase (longitudinal dispersivity, 𝐷𝐿=6 m and transverse dispersivity, 𝐷𝑇=0.5 m were 

used), 𝑞𝑖 [LT-1] is the i-th component of the Darcian fluid flux density, 𝑥𝑖 [L] (i=1, 2) are the spatial 

coordinates, 𝑘𝑎 [T-1] is the total virus attachment rate coefficient, 𝜇𝑙 [T
-1] is the liquid-phase virus 

inactivation rate, 𝜇𝑠 [T-1] is the solid-phase virus inactivation rate, 𝑘𝑑 [T-1] is the virus detachment 

rate coefficient, and subscripts 1 and 2 on parameters indicate the solid-phase sites.  

In this study, virus attachment to and detachment from the solid surface were modeled as 

first-order processes. The value of 𝑘𝑎 was divided between the kinetic attachment sites using the 

reversible fraction, 𝑓𝑟, in Eqs. 1b and 1c (Bradford et al., 2016).  Reversible attachment (𝑓𝑟𝑘𝑎) 

occurs on site 1 because 𝑘𝑑1 =10⁻5 min⁻1, whereas irreversible attachment, (1 − 𝑓𝑟)𝑘𝑎, occurs on 

site 2 when 𝑘𝑑2 = 0 min⁻1.  The same value of 𝜇𝑠 was assumed for both sites 1 and 2.   According 

to filtration theory, the value of 𝑘𝑎 is related to the average flow velocity as (Yao et al., 1971): 

 
where n is the porosity, 𝑑𝑐 [L] is the median grain diameter, v [LT-1] is the average pore-water 

velocity, η [−] is the single-collector contact efficiency representing the ratio of the number of 

virus approaching the collector to the number of virus striking a collector (Tufenkji and Elimelech, 

2004), α [−] is the sticking efficiency representing the ratio of the rate of virus that sticks to a 

collector to the rate at which they strike the collector. In this study, the correlation equation 

developed by Messina et al. (2015) was used to predict η as a function of parameters such as Peclet 

number and virus size (50 nm). The value of dc in Eq. [2] was determined from the saturated 

hydraulic conductivity (𝐾𝑠) using the Kozeny–Carman equation (Bear, 1972) as follows: 

 
where 𝜌𝑤 [M L−3] is the density of water, 𝜇 [M L−1 T−1] is the dynamic viscosity of water, g [L 

T−2] is the acceleration due to gravity, and Ui is the uniformity coefficient that was taken to be 4.  
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Project Description 

Infiltration Basin 1: Homogenous Domain, Constant Head Simulation, 250000 min.  

The geometry, dimensions, initial conditions, and boundary conditions used in the Infiltration 

Basin 1 simulation are given below (Sasidharan et al., 2020a).  

 
 

Drywell 5: Homogeneous Domain, 1-year Constant Head simulation  

Drywell 6: Stochastic Domain, 1-year Constant Head simulation 

The geometry, dimensions, initial conditions, and boundary conditions used in the Drywell 5 and 

Drywell 6 simulation are given below (Sasidharan et al., 2020b). 
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Drywell 7: Stochastic Domain, 1-year Constant Head simulation.  

 

The drywell geometry, dimensions, initial condition, boundary conditions, and X and Z correlation 

length scale for the 2D-axisymmetrical stochastic flow domain are given below. The initial 

conditions were imported as the final pressure head profile from Drywell 6 simulation. The code 

(h2d_calc_virus.exe) runs water flow for just one-time step (to get fluxes, etc., for a given flow 

field) and then keeps conditions constant. The Drywell 7 simulation’s stochastic domain was 

created using parameters X=10, Z=1, σ=1. Virus (50 nm) removal parameters considered in this 

example project include α=0.0001, kd1=1×10-5 (Sasidharan et al., 2021). Note that in HYDRUS, 

the stochastic domain is generated as a random field using the Miller-Miller similitude 

approximation, and, therefore, output results will be slightly different for each stochastic field. 

 

 
 

When using the HYDRUS computational module (h2d_calc_virus.exe) for the Drywell 7 

subroutine, a window will appear as below. Choose ‘t’=true for considering Kozeny-Carman 

equation and Filtration model ‘=2: Messina et al. (2015)’ to predict η (Messina et al., 2015)as a 

function of parameters such as Peclet number and virus size (50 nm).  

 



Sasidharan et al. (2020a, 2020b, 2021), HYDRUS Webpage  

 

Reference:  

Bear, J., 1972. Dynamics of fluids in porous materials. Society of Petroleum Engineers: Dallas, 

TX, USA.  

Bradford, S.A., Kim, H., Headd, B., Torkzaban, S., 2016. Evaluating the transport of bacillus 

subtilis spores as a potential surrogate for cryptosporidium parvum oocysts. Environmental 

Science & Technology, 50(3): 1295-1303.  

Messina, F., Marchisio, D.L., Sethi, R., 2015. An extended and total flux normalized correlation 

equation for predicting single-collector efficiency. Journal of Colloid and Interface 

Science, 446: 185-93. DOI:10.1016/j.jcis.2015.01.024 

Sasidharan, S., Bradford, S.A., Šimůnek, J., Kraemer, S.R., 2020a. Comparison of recharge from 

drywells and infiltration basins: A modeling study. Journal of Hydrology: 125720. 

DOI:https://doi.org/10.1016/j.jhydrol.2020.125720 

Sasidharan, S., Bradford, S.A., Šimůnek, J., Kraemer, S.R., 2020b. Groundwater recharge from 

drywells under constant head conditions. Journal of Hydrology, 583: 124569. 

DOI:10.1016/j.jhydrol.2020.124569 

Sasidharan, S., Bradford, S.A., Šimůnek, J., Kraemer, S.R., 2021. Virus transport from drywells 

under constant head conditions: A modeling study. Water Research, 197: 117040. 

DOI:https://doi.org/10.1016/j.watres.2021.117040 

Tufenkji, N., Elimelech, M., 2004. Correlation equation for predicting single-collector efficiency 

in physicochemical filtration in saturated porous media. Environmental Science & 

Technology, 38(2): 529-36. DOI:10.1021/es034049r 

Yao, K.-M., Habibian, M.T., O'Melia, C.R., 1971. Water and waste water filtration. Concepts and 

applications. Environmental Science & Technology, 5(11): 1105-1112. 

DOI:10.1021/es60058a005 

 

https://doi.org/10.1016/j.jhydrol.2020.125720
https://doi.org/10.1016/j.watres.2021.117040

