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1. Basic Concepts and Mechanisms 

Examples of Contaminant Transport 

 - effect of wastewater discharge to a river on downstream water quality 

- effect of an incinerator on downwind air pollutant levels 

 - overall efficiency of a waste treatment technologies is influenced by the 

contaminant transport within the control facility 

 - performance of monitoring and measurement devices depends on the 

effective transport of contaminants from the sampling point to the detector 

 

Physical Scale of Concern for Contaminant Transport 

 - Molecular dimension: transport of a contaminant into the pore of an 

adsorbent 

 - Global distance: transport of air and waterborne contaminants 

 

Transport phenomena are subdivided into  

 

 

1.1 Role of Simulation 

Limitations:  

 

 

However, still modeling and simulation is the most realistic and feasible approach to 

reach (1) quantitative answer, and (2) meaningful conclusions. 

 

“All things are numbers”     - Pythagoras (philosopher, mathematician) 

 

1.2 Law of Conservation of Mass and Energy 

 - The most important laws of environmental modeling 

 

In an environmental system without any reaction (e.g., no-interest bank account) 

 Amount of Accumulation = Amount of Input – Amount of Output 
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 Rate of Accumulation = Rate of Input – Rate of Output 

 

Assumptions 

 Completely mixed systems 

 

  

 

where V = volume of a system [L
3
]; 

  Csys = concentration of a contaminant in the system [M/ L
3
]; 

  T = elapsed time [T];  

  i = number of incoming paths of the contaminant into the system; 

  Qin,i = flowrate of the i
th

 incoming path [L
3
/T]; 

  Cin,i = concentration of the contaminant in the i
th

 incoming path [M/ L
3
]; 

  j = number of outgoing paths of the contaminant from the system; 

  Qout,j = flowrate of the j
th 

outgoing path [L
3
/T]; and 

  Cout,j = concentration of the contaminant in the j
th

 outgoing path [M/ L
3
]; 

 

If the volume of the system is constant, 

  

 

 

At steady state the rate of accumulation is zero, i.e., dCsys/dt = 0  

  

 

 

If there is any sink or gain term (i.e., conversion or transformation) ? 

 Rate of Accumulation  

= Rate of Input – Rate of Output +/- Rate of Transformation 
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where k = number of reactions that cause sink or gain of the contaminant; and 

  rk = reaction rate of k
th

 reaction [M/L
3
,T]. 

 

1.3 Contaminant Flux 

- “Flux (symbol: J)” is a vector quantity, comprising both a magnitude and a 

direction  

  

 

 

 

1.4 Advection 

- Whenever a fluid is in motion, all contaminants in the fluid including both 

molecules and suspended particles are “advected” along with the fluid. 
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1.5 Molecular Diffusion (Brownian Motion) 

- The botanist Robert Brown, who in 1827 reported observing, through a 

microscope, the wiggling motion of pollen grains suspended in water. The 

Brownian motion results from the random collisions of particles suspended in a 

fluid with surrounding molecules. 

- Although the molecular-scale motion seems hopelessly disordered, the 

macroscopic effects are well understood and predictable. Qualitatively, the 

random motion of fluid molecules causes a net movement of species from high 

concentration region to low concentration one. 

- 

 

 

1.5.1 Fick’s Law 

 

 

 

The escape rate of a volatile substance from the tube varies (1) in inverse proportion 

to the tube length, (2) in proportion to the cross-sectional area of the tube, and (3) in 

proportion to the partial pressure of the substance in the bulb. 
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where D = diffusion coefficient (or diffusivity) 

 

as the distance ∆x becomes infinitesimally small,  

 

 

 

1.5.2 Significance of Diffusion 

Diffusion is a slow transport process. Albert Einstein showed that characteristic 

distance a molecule (or a particle) will travel by diffusion in time t is given by 

  

 

For example, a gas molecule with a diffusivity of 0.1 cm
2
/sec is expected to move in 

1 second a characteristic distance, 2x = 2  0.1cm / sec   1sec   = 0.45cm× ×  

 

Diffusion is particularly important at interfaces (or boundary layer) because there is 

no fluid advection at an interface in the direction normal to the surface. 

 

Diffusivity of molecules in air (Dair) 

 = 0.05 (Naphthalene) – 0.6 (Helium) cm
2
/sec 

Diffusivity of molecules in water (Dwater) 

 = 0.8 (Methanol) x 10
-5

 – 4.5 (Hydrogen) x 10
-5

 cm
2
/sec 
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Example (Application of Diffusion) 
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1.6 Dispersion 

Dispersion is caused by nonuniform advection and influenced by diffusion.  

For example, (1) air quality engineering, (2) the impact of wastewater discharges on 

rivers, lakes, or oceans, (3) movement of contaminants in groundwater, etc. 

 

1.6.1 Shear-Flow Dispersion 

 

 

 

The velocity profile of the fluid flow is parabolic because of wall friction. Those 

molecules that lie close to the centerline of the tube are advected at a higher velocity 

than those near the wall.  

 

However, the contaminant profile of a pulse input is not a parabolic line but a 

parabolic range. Contaminant molecules positioned near the leading edge of the 

pulse and near the center of the tube tend to diffuse toward the walls. Conversely, 

contaminant molecules located near the tailing edge of the pulse tend to diffuse 

toward the center.  

In this case, the net effect of molecular diffusion is to slow the rate of dispersion. 
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Under laminar flow condition, the flux due to shear-flow dispersion is described by an 

equation analogous to Fick’s law. 

 s s

dC
J  = -

dx
ε ⋅  

where εs = shear-flow dispersivity 

 

1.6.2 Turbulent Diffusion 

 

 

 

The flux due to turbulent dispersion is described by an equation analogous to Fick’s 

law. 

  

 

 

  

where εt, εt,x, εt,y, εt,z = turbulent diffusion coefficients (or eddy diffusivities) 

It is often assumed that εt,x = εt,y. 

 

Turbulent diffusivities in rivers are one order magnitude smaller than shear-flow 

dispersion coefficient. In the atmosphere, turbulent diffusion is especially important in 

the vertical direction. 
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(Problem 1) 
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(Problem 2) 

 

 

(At the 4,000m point, not the clean water but the contaminated water is pumped at 

the flow rate of 1 m
3
/sec.) 
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(Problem 3) 
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(d) For t → ∞ and 1/√t >>> w0, derive the expression of C. Next derive the 

expression of C for t → ∞ and 1/√t <<< w0. Explain why these two 

solutions make sense (i.e., explain the effect of lake volume on the 

concentration of organic matter leaving the lake). 
 


