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Challenges in Remediation: Mixing

 For desired in situ reactions to occur, the injected reagent 
and contaminant must first come into contact

 In porous media, effective mixing is challenging:

 Laminar flow

 Molecular diffusion very slow

 Preferential flow paths 

2
Groundwater Quality 2019

Liѐge, Belgium: 9 to 12 September 2019



Chaotic Advection

 Class of flows in which fluid particles that are initially 
nearby may travel very different paths

 Repeated stretching and folding of fluid parcels 

 Creates fluid elements stretched out into thin filaments with length 
scale for diffusion to contribute to more efficient mixing

3
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Chaotic Advection: RPM FLOW
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 Rotated Potential Mixing:

 Transient switching of flow at 
a series of radial wells

 A dipole well pair operates at 
a flow rate (Q) for a specified 
duration of time before being 
re-oriented by angle, θ

 This sequence is repeated 
around the well network

θ

Q

-Q

d

Q
-Q

Groundwater Quality 2019

Liѐge, Belgium: 9 to 12 September 2019



Chaotic Advection
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Objectives

 Investigate the feasibility of an RPM flow protocol to 
generate engineered chaotic advection in a natural aquifer 
system

 Develop quantitative methods to demonstrate the presence 
of chaotic advection and its impacts on mixing based on the 
spatial and temporal resolution of field data 
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Field Site: CFB Borden
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Methods
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Methods

 Mixing Test, RPM45-A

 Injection (10 g/L of NaCl, 0.5 hours)

 Equilibrium (~24 hours)

 Mixing (168 hours or 7 days) 

 Extraction (9 days)

Parameter Values
Flow rate, Q (LPM) ~2
Pumping duration, t (hrs) 1
Re-orientation angle, Θ 45º
Diameter between wells, d (m) 1.75
Number of iterations, n 21
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Methods

 Control test, CTR1-A

 Injection (1 g/L of NaCl, 0.5 hours)

 Natural mixing (5 days) 

 Extraction (8 days)
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Key Results: Hydraulic Data
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Key Results: Breakthrough Curves
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Key Results: Contours (RPM45-A)
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Key Results: Contours (CTR1-A)
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Key Results: Mixing Behavior
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Key Results: Mixing Behavior

16

(b)

RPM45-A

RPM135-A

CTR1-A

Groundwater Quality 2019

Liѐge, Belgium: 9 to 12 September 2019

Other quantitative 
metrics used:
- Spatial gradients
- Volume under 3D 

contours
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Summary

 Multiple lines of evidence assembled in this proof-of-
concept study demonstrate that an RPM flow system is a 
viable method for achieving chaotic advection in a porous 
medium that can significantly enhance reagent delivery
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Next Steps

 Additional field investigations:

 Larger spatial scale

 Higher K heterogeneity

 Treatability study with enhanced reagent mixing in a source 
zone
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Supportive Modeling Work

 Hydraulic tomography analysis using hydraulic data 
collected from a RPM flow system to generate a K field

 Evaluation of this K field in a groundwater flow model to inform 
the design of a RPM flow system

 Solute transport modeling under chaotic groundwater 
flow conditions
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QUESTIONS
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