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* Transport of dissolved mass (solute transport)

— Groundwater contamination,
technological processes

— Fundamentals, equations, parameters

e Different behaviour

— Scale dependent
* Transition to REV

— By parameter relations (process dominance)






Quantities of solute transport

System: water + dissolved specie
>>

C(x,t) concentration = dissolved mass / water volume
[kg/m?]
Transport mechanisms:
— With flowing water ... advection (convection)
— Diffusive
Equation:
— Fluxes as function of concentration
— Mass balance
Mass flux: mass per time per area .... kg/s/m?

Advective flux (in sense of REV)

adv

q. = cq



Molecular diffusion

* Free water at rest ... Fick’s Law ... D*grad c ... 3—; — D.Ac= D, 3—{3
* Two steps of generalisation o
— Continuous Free space to (homogenized) pores
— Water at rest to flowing water
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Alternative description / parameters of diffusion

e Simplified
— Lumped empirical

parameter
“tortuosity”

q. = —nD,,©™Vc = —nD,, Vc
<1 Il

T~ 3n

e Detailed

— Physical meaning of parameters
(but also not measurable)

S(dmax» dmin) <1

Less
important

LA '

tortuosity  constrictivity

T2 D, pore diffusion c.
D, effective diff. c.
D,, d.c. in free water
G geometric factor
F: formation factor

D, = D,,— = GD,,

D, =nD, =nD,,G = FD,,



@ Flowing water in porous medium
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X: distance

Micro scale:
advection + molecular diffusion

\ Macro scale:

mixing of individual pores ... homogenization

 “dispersion”
Mathematically as diffusion ... from
higher concentration to lower

Solid: Average of two positions
Dashed: Average across the whole

mechanical dispersion” ... just an
effect of averaging over REV
-~ (homogenization)
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3. Causes the plume r—
to spread




Dispersive transport quantification

Same equation, different coefficient ... tensor
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Combination of transport mechanisms

— governing equation

* Molecular dif. + mechanical disp.
= hydrodynamic dispersion

D,= D,, + D; m? /s

q. = n(cv—D,Vc)
L]

* Balance equation (mass)
— Change mass = mass flux + sources/sinks
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With pumping water Chemical
in/out ... given/unknown reaction
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Differential equation of solute
transport

)
ey = - ‘/’q,w -dS + f(P*c:“ + P c)dV + /rdV

ot
1% av 1% V
de L _
n—-+V-(q.)=Pc+Pc+r
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Substitute q_c (()—; +V .- (cq) —nV - (DyVe)=P ¢+ P c+r
ot Advection-diffusion equation
. e 1 . _ 1 Second-order PDE, parabolic type
Divide by n Y (e . N (P AN ' P yp
Y or = V() VDV b PR PR etermined by the diffusion term)
Dh(v)
dc
Alternative "N-E +V-(cq) =V -((D.+Ds(q)Ve)=...(P)...
dc
Advection only: ot +V-(ev) =...

1stder. 1stder. First-order PDE, hyperbolic type



Dimensionless number ... Péclet

Analysis of equation properties
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Necessary to consider observation
scale ... characteristic length L



Péclet number demonstration
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Thought experiment: Perfect mixed reservoir and an infinite pipe

Steady state
0 =0
oL
0(
= —D— —
ox oe
<A x
- c(x)=$ )

L@ ..D A c(¥=0

Analytical solution
of diff. eq.



Peclet versus Reynolds number

_v-L [m/s|[m] _v-L  [m/s|[m]
Pe = D,  [m?/s] Re=—" [m?/s]
Advection x diffusion inertial force x internal friction
Analogy?
Viscosity:

force proportional to velocity difference
brakes quick particles, accelerates slow particles
“diffusive process”

(low Re laminar flow, high Re turbulent flow)



Other Pe context
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