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C is created on the interface,
not on the zone of apparent overlap

Kapoor, V., L. W. Gelhar, and F. Miralles-Wilhelm 1997
Bimolecular second-order reactions in spatially varying 
flows…WRR, 33(4), 527–536.

1-D Upscaled product concentration C is overestimated
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Souzy 2020 Passive tracer
Scheibe 2013
In silico

Klise 2008
KI(odine)
Massillon 
Sandstone slab

Yoon 2008
Passive tracer
MgCl2
sandbox

Oates & Harvey 
2006 FAST (G02)
Bead pack

Le Borgne 2017 Passive tracer

de Anna EST 2014

We can see the “segregation zones”
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Our approach

Ginn, WRR 2018.  Gurung and Ginn, WRR 2023

𝐴!"#$%&' 	 → 	 𝐴#$%&' , 𝐵#$%&' 	 ← 	 𝐵!"#$%&'
𝑘 𝜔 𝑘 𝜔
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ADE, BVP.         ADE, source     ADE, IVP.



Mixing via 1st-order mobile-mobile mass transfer with rate coeff: 

𝑘 𝜔 =
γ
𝜔

From Sanchez-Vila et al. 2010 WRR who used it for the reaction itself, 
not mass xfer and put it in t not age.
…
when rate is dispersion-limited (Le Borgne and Heyman ARFM 2026) 

𝐴!"#$%&' 	 → 	 𝐴#$%&' , 𝐵#$%&' 	 ← 	 𝐵!"#$%&'
𝑘 𝜔 𝑘 𝜔
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𝜕𝑡  +𝑣
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𝜕𝑥 + 1
𝜕𝐴!

𝜕𝜔 −D
𝜕"𝐴!

𝜕𝑥"  = −𝑘 𝜔 𝐴!

 

E.G., for the unmixed BVP influent solute 𝐴!#$%&'(



1-D Solution
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𝜋
-
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x

C(x,t)

Exploits irreversibility of mixing

Classical endmember solutions, now with Hydraulic ‘activity coefficient’ 1 − 𝑒,- .

Closed-form solutions (for fast rxn; easy finite differences for slow reactions)
- Pre-Asympotic Dispersion, transient velocity

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



Ginn, WRR 2018.  Gurung and Ginn, WRR 2023

based on analysis of 
RK00, G02, and 
Alhashmi 2015 data

Buckingham P
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       Rate of Reaction  Metrics    PAD

RK00.       Slow   BTCs    No

G02.       Fast    Profiles, 𝐶!"!#$ 𝑡 *  No
Alhashmi, 2015    Fast (G02 redo) Profiles, 𝐶!"!#$ 𝑡   Yes

_______________________________________________________________________

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

”New” Experiments 



RK00.       Slow   BTCs    No

G02.       Fast    Profiles, 𝐶!"!#$ 𝑡 *  No
Alhashmi, 2015    Fast (G02 redo) Profiles, 𝐶!"!#$ 𝑡   Yes

_______________________________________________________________________

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

 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 !

”New” Experiments 



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



Zhang, 2023
Zhang, 2014  

Slow system
Aniline + NQS -> NQAB.

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

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



Ginn, 2018

How did the g model do ? 



Ginn, 2018

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) 9//

With minor 
exceptions,
No parameter 
fitting 
otherwise.



Ginn, 2018

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) 9//

   Closing Notes from a practical 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 ∝ 𝜔0,/" (should it be 𝜔02 * 	? )
o de Anna et al. 2014 => two regimes …
o Farhat et al. 2025 => three
o which ones matter in particular contexts (Molz & Widdowson) ?

   Thank You.

Supported by NSF EAR 2142165 &CBET 1855211, and by the Boeing Fund in Environmental Engineering at WSU.



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

This is the Pe = 103.5 case         Yes PAD
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Liu et al., 
2020
Xu et al., 

2024

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



Ginn, WRR 1999…Gurung and Ginn, WRR 2023
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[18] Our results should be contrasted with those of Edery et 
al. [2009, 2010] who showed that a particle tracking scheme 
in conjunction with an ADE‐based depiction of transport 
could not reproduce the concentration profiles of the product, 
neither at the peak, nor at the tails. The agreement observed 
in Figure 1 is of similar quality to that obtained by Edery et 
al. [2010; their Figure 1a] when their PT scheme is 
implemented within a non‐Fickian model based on a CTRW 
approach. They simulated the bimolecular reaction by 
introducing two types of particles (marked “A” and “B”)
into the simulation domain and then letting them migrate 
within the system until the relative distance between two 
given A and B particles was smaller than a prescribed value, 
R. When this happens, the two particles are replaced by a 
“C” particle, mimicking the occurrence of a reaction. 
Therefore, the model of Edery et al. [2009, 2010] has 
essentially two key adjustable parameters, one governing the 
probabilistic distribution of the particles transitions times, 
and a second one being the “effective” reaction radius, R. 
The latter is found to be orders of magnitude larger than the 
molecular interaction radius, which specifies the capability of 
two molecules to react and is usually in the order of 
nanometers. Establishing a relationship between these two 
parameters and those appearing in our model is not trivial 
and needs to be further investigated. 

Sanchez-Vila et al., 2010


