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1-D Upscaled product concentration C is overestimated

x

C(x,t)

Any material plane perpendicular to 
flow gets sheared and diffused. 

This includes the one separating two 
interacting solutions.

Upscaled Spreading > Actual Mixing. 
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C is created on the interface,
not on the zone of apparent overlap
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We can see the “segregation zones”
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Our approach*
Both adjacent unmixed solutions deliver solute to the 
mixed zone via 1st-order mobile-mobile mass transfer 
with rate coeff. 

𝑘 𝜔 =
γ
𝜔

 

this rate coeff. originated with Sanchez-Vila et al. 2010 
WRR who used it for the reaction itself, not mass xfer and 
put it in t not age.

* Le Borgne et al. @ Geos. Rennes.  Ginn, WRR 2018.  Gurung and Ginn, WRR 2023
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based on analysis of 
RK00, G02, and 
Alhashmi 2015 data



Simple results 𝑘 𝜔 = (
)
, γ = *

/0.+
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x

C(x,t)

Exploits irreversibility of mixing

Classical endmember solutions, now with Hydraulic ‘activity coefficient’ 1 − 𝑒45 )

Remains linear

Closed-form solutions (for fast rxn; easy finite differences for slow reactions)

Separates transport & reaction (thus works with nonlinear reaction networks)
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RK00.

G02.
Alhashmi, 2015. 
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Xu, 2024

Zhang, 2023
Zhang, 2014.

Sole-Mari, 2023. 
Hallack, 2025.  
Farhat, 2025



       Rate of Reaction  Metrics    PAD

RK00.       Slow   BTCs    No

G02.       Fast    Profiles, 𝐶!"!#$ 𝑡 *  No
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_______________________________________________________________________

de Anna, 2014     Fast (adjustable) '(!"!#$

'!
	(light intensity) Yes 

Xu, 2024       Fast G02   BTCs    No ?

Zhang, 2023
Zhang, 2014     Slow RK00   BTCs    No

Sole-Mari, 2023     Fast
Hallack, 2025     (approximated G02) Profiles, 𝐶!"!#$ 𝑡   Yes
Farhat, 2025

* Wrong
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'!
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Xu, 2024       Fast G02   BTCs    No ?

Zhang, 2023
Zhang, 2014     Slow RK00   BTCs    No

Sole-Mari, 2023     Fast
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 Let’s simulate them all with the

  𝑘 𝜔 = !
"

  approach, fit the 

  γ in each simulation,

 and then see how well the obtained γ values 
 match up with the 

  	γ = #
$%&'

   model !



Colorimetric C(x,t)
RK00, Zhang 2014, BTCs.  

Colorimetric C(x,t)**
G02, profiles; Xu 2024 BTCs

Chemoluminescent dC/dt
de Anna 2014, rate of C total

Reactions      A             +          B 
                                   => C

   SLOW:  Aniline         +            NQS 
                                => NQAB

   FAST: CuSO4             +           Na2EDTA-2 
        => CuEDTA-2 
    

    ADJUSTABLE/FAST:
             DBU* + Triazole*
   + H2O2 + 3-AFA     +        TCPO
                => Light

* catalysts ** simulated: Alhashmi 2015, Sole-Mari 2023

x

C(x,t)



Xu et al., 20241 m long, 4 cm-square conduit
glass bead pack in 4 mixtures
of 4 sizes (2, 3, 4, and 5.5 mm) 

Here we do ”pattern3”

All (yes, All) parameters
refit per each experiment and
each solute.
Also anomalies… look =>

Our new solutions are in black and involve 
fitting one dispersion coeff. (for all) and four 
insane g values.



Alhashmi et al. 2015 Simulation, Particle tracking

Replicated G02, including early 
time PAD is our solution in blue

Ginn, WRR 2018.  Gurung and Ginn, WRR 2023



Sole-Mari et al., 2023 Simulation, Eulerian



G02            S-M23
P 103.35           103.5

do [mm]       1.3               2.0

Yet, a discrepancy in total mass
(G02 dots remediated by 
Alhashmi et al 2015, who ID’d 
the trouble with total product 
mass in G02).z/do

Sole-Mari et al, 2023

Our solution in black, fitted only g.  Only bracketing Peclet cases done so far.

Monodisperse case



Mathcad Code for our closed-form simulation of the Sole-Mari data.

This is the Pe = 103.5 case         Yes PAD



Zhang, 2023
Zhang, 2014  

Slow system
Aniline + NQS -> NQAB.

1m long sand (0.4-0.5mm – 
this case, also 2-3mm) 
columns 4cm diameter 

Slow, numerical (EFD) 
solution.

Our solution in green 

Aside from a
tweak of the dispersion 
coeffs following the authors,
fitted g only.

v = 5.10 cm/min

v = 7.83 cm/min

v = 10.56 cm/min



de Anna et al, 2014 With Thanks to Yves Méheust for help with some 
conditions (domain, co ...)



de Anna et al, 2014

Fitted only g
yes PAD

Slow

Medium

Fast

de Anna model

k(w) model

de Anna data
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Results 
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𝑣/𝛼

𝛾

Xu et al. (2024)
Zhang et al. (2023)
de Anna et al. (2014)
Gramling et al. (2002)
Raje and Kapoor (2000)

𝛾 = 𝑣/(160	𝛼) //6

Results 

With minor 
exceptions,
No parameter 
fitting 
otherwise.
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𝑣/𝛼

𝛾

Xu et al. (2024)
Zhang et al. (2023)
de Anna et al. (2013)
Gramling et al. (2002)
Raje and Kapoor (2000)

𝛾 = 𝑣/(160	𝛼) //6

   Closing Notes from an engineering perspective*

Theory repair 
o General: tested across all relevant data
o Parsimonious / Occam’s Razor
o Compatible with the unbroken part of the model

The result of a mixing theory controls the reaction rate
o 𝑘 𝜔  so far says rate ∝ 𝜔($/* (should it be 𝜔(+ " 	? )
o de Anna et al. 2014 => two regimes …
o Farhat et al. 2025 => three
o which ones matter in particular contexts?**

   Thank You.

* Careful !  Klemeš, V., 1986, Dilettantism in Hydrology: Transition or Destiny ?, WRR
** Molz & Widdowson’s bioremediation question…
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Liu et al., 
2020
Xu et al., 

2024

All (yes, All) parameters refit per run
Also some anomalies… looky here






