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1. Introduction

Our group, Physicochemical Hydrodynamics laboratory 

at Hanyang University, pursue the understanding of 

physicochemical hydrodynamic behaviors. Physicochemical 

hydrodynamics, which was set as a discipline by 

Benjamin Levich and Ronald F. Probstein, describes 

hydrodynamic movements of physical/chemical/ 

electrical/ biological components1. Applications that 

can benefit from an improved understanding in this 

field are desalination, electrochemical systems (e.g. 

fuel cell), and particle manipulations. Briefly, our 

research topics can be categorized in three topics: 

fluid dynamics of electrohydrodynamic instability, 

transport phenomena in electro-membrane desalination, 

and physicochemical hydrodynamics for bio-agent 

pretreatment (Fig. 1).

Fig. 1. Major research topics in Physicochemical 
Hydrodynamics Lab. at Hanyang University 
(Advisor: Rhokyun Kwak). 

2. Summary of Research Achievements

Until now, our research has been focused on 

electrohydrodynamic instability and its application 

to electrodialysis (ED). First, we have clarified 

how shear flow effects on an electric field-driven 

instability. Similar to conventional hydrodynamic 

instability such as Rayleigh-Bénard convection, ion 

conduction into a charge selective solid induces 

flow instability2. An ion exchange membrane transports 

cation or anion selectively. Such a biased ion 

transport drives the strong depletion of co-ions, 

generating an unstable charge separation layer and 

vortical flows, i.e. electroconvection (EC)(Fig.2a-b). 

After Rubinstein & Zaltzman suggested the mathematical 

Fig. 2. a) Charge separation layer (CSL) becomes 
unstable under tangential electric field Et, 
and b) symmetric EC vortices are 
generated under a non-sheared condition2. 
c) Stable/chaotic ECs under shear flow3.



6     곽노균, 강수현, 김성훈, 김상하, 박수동, 김동호, 김준현, 이한솔, 최진아, 김민찬, 임승빈, 김민규, 유연욱, 임준범

model2, EC dynamics was well documented, but 

only for non-sheared conditions. Consequentially, 

they failed to capture shear flow effects, even 

though related engineering systems operate under 

shear flow. Therefore, we have explored EC under 

shear flow for the first time, and revealed i) the 

unique characteristics of sheared EC (unidirectional 

vortex pattern, size selection, vortex advection)4, 

and ii) two interaction between EC and shear 

(shear sheltering and vortex sweeping)3. These effects 

govern the periodic-to-chaotic transition (Fig.2c).

The scientific understanding on the electrohydrodynamic 

instability affects a broad range of applications, 

including desalination and energy devices. Second, 

we have applied our understanding on EC to 

enhance desalination process, i.e. ED5. ED is one 

of membrane-based desalinations utilizing ion 

exchange membranes. ED has important advantages 

(scalability and portability), but it becomes a niche 

technology with lower salt removals than other 

methods. Departing from previous attempts focused 

on membrane performances, we have revisited ED 

with fluid dynamics between the membranes, i.e. 

ion concentration polarization (ICP) and EC6, and 

proved how this approach can open the door for 

enhancing salt removal. Initially, a miniaturized ED 

platform was developed, which can visualize in 

situ ion concentration profiles and fluid flows7. 

This allowed us to observe ICP/EC, and enhanced 

salt removal as EC vortices deliver ions 

convectively. We then firmly improved A.A. 

Sonin’s hydrodynamic model of ED by integrating 

EC. Going one step further, a novel desalination −

ICP desalination− was developed by conducting 

only cation with only cation exchange membranes8. 

We demonstrated that such unipolar ion conduction 

conspires with salts’ inherent asymmetry (DNa+=1.33, 

DCl-=2.03[10-9m2s-1]), stronger EC vortices are 

generated on cation exchange membranes, and salt 

removal is enhanced ~20% than ED8.

3. Current Researches

Based on the previous achievements, now we 

pursue three research thrusts in the fields of 

hydrodynamics, desalination, and bioparticle manipulations. 

All thrusts are related to fundamental approaches 

with fluid dynamics, transport phenomena and 

physicochemical hydrodynamics. Three topics can 

be proceeded independently, but they also share 

interconnected goals to develop sustainable fluid 

processes.

3.1 Field-induced Hydrodynamic Instability

Intro: Hydrodynamic flows are sometimes stable, 

but often unstable. This lies in an inherent stability 

to sustain flows against small perturbations9. Such 

stability problem expands to electrically conducting 

fluids in the presence of electric fields. This 

electrohydrodynamic (EHD) stability associates with 

various engineering applications such as electrospray 

ionization and electrostatic spinning. Coupling the 

basic concepts in continuum electromechanics and 

hydrodynamic stability, the pioneering works by 

Melcher, Taylor, and Levich, successfully described 

EHD instability in those systems. Recently, a new 

example of EHD stability was uncovered on ion 

exchange membranes, i.e. electroconvection (EC)2. 

Selective ion flux through the membranes drives 

the strong depletion of co-ions, generating unstable 

charge separation layers and vortical flows10. This 

phenomenon also has a significant relevance in 

practical applications including electro-membrane/ 

-chemical systems.

Challenges: After Rubinstein and Zaltzman2 

theoretically proved the existence of EC, experimental 

verifications had been followed by direct 

visualizations4,10 and electrochemical measurements11. 

Through these works, researchers hold clear visions 

on the onset of EC and its structure. However, EC 
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dynamics is still eluding comprehensive, so no 

research has been applied to practical systems yet. 

It is presumably because the previous works have 

been performed in the limited condition with no 

fluid flow in Newtonian fluids. In addition, no 

work brings a relevance to classic hydrodynamic 

stabilities, even though EC was described as the 

reminiscent of Rayleigh-Bénard convection2, 10.

Approach: Our model platform of the field- 

induced hydrodynamic instability (i.e. EC) enjoys a 

great controllability by decoupling the source of 

instability and fluid flows4, 7. By using this 

platform, we aim to elucidate i) EC’s vortex 

structures (e.g. vortex asymmetry and 3D patterns) 

and ii) the dynamics of chaotic EC compared with 

conventional inertia-driven instability & turbulence. 

First, our group continue to investigate the pattern 

selection of EC, but in 3D. Recently, we obtain 

preliminary results to visualize 3D structures by 

using transparent membranes at a specific 

wavelength (Fig.3a). Combining this platform and 

3D microscopy, the detail pictures of 3D EC and 

its asymmetry under shear flow will be uncovered. 

Furthermore, the numerous results of Rayleigh- 

Bénard convection9 will give us a strong insight on 

EC. Various Rayleigh-Bénard patterns will be 

reproduced in EC, including convective/absolute 

instability and longitudinal/ transversal rolls. Second, 

EC-induced chaotic flow reminds inertia-driven 

turbulence, but EC’s spatiotemporal perturbation 

occurs at low Reynolds number (Re < 10). Until 

now, there is no clear explanation for the 

discrepancy between the field-induced chaotic flow 

at low Re vs. inertia-driven turbulence at high Re. 

Combining experiment, simulation, and theoretical 

analysis, we will clarify the route to chaotic EC, 

its spectral dynamics, and similarity/difference with 

turbulence. As a start of this research, we identify 

that EC also has multiple routes to chaos (Fig.3b)12.

Next, we also explore complex situations in 

practical systems, where EC occurs with iii) other 

sources of hydrodynamics instabilities (e.g. temperature 

/ chemical gradients), and/or in iv) other fluid 

environments (e.g. porous media flow, non- 

Newtonian fluids, field-activated fluids). In practical 

fields of water industry, we need to consider 

temperature, chemical components/ reactions, and 

visco-elasto-plasticity of sample solutions. These 

can be a source/sink of hydrodynamic instability. 

For example, joule heating on electrodes or 

different water sources (e.g. cold deep seawater 

and warm groundwater), can generate temperature/ 

density gradients inducing Rayleigh-Bénard / 

Rayleigh-Taylor instabilities. In addition, electro- 

membrane processes are applicable to desalt ink, 

milk, and crude oil, which are particle-laden 

non-Newtonian fluids. Such other hydrodynamic 

instability and/or visco-elasto-plasticity of fluids 

would interact with EC by changing its criteria, 

regime, etc.

3.2 Fluidic Approaches for Sustainable 
Desalination

Intro: There is a global trend to interconnect 

water, energy, and sustainability together. The 

purpose of the so-called Water-Energy Nexus is 

securing sustainable supplies of water and energy 

for both socio-economic benefits and environmental 

safety. Narrowing down the topic on desalination, 

current methods, i.e. consuming fossil fuels and 

discharging high saline brine, are not sustainable at 

all13. To address this sustainability issue, many 

attempts have been made to operate desalination 

processes by renewable energies (e.g. photovoltaics) 

and/or to reduce brine disposals.

Challenges: Although previously methods are 

promising, the ways to meet sustainability are still 

complex and energy consuming. For example, 
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Fig. 3. a) 3D EC (left) and spatial Fourier transforms (right). Longitudinal rolls at high Re and/or low 
electric Rayleigh number RaE (i) and omnidirectional rolls at low Re and/or high RaE (ii). b) 
Fluorescent images (left) and attractors in a time-delay space (right) capture sub-harmonic 
oscillation (i) and weak chaotic state of EC (ii). 

photovoltaic desalination should install many expensive 

solar panels and batteries to generate high pressure 

or heat to operate a reverse osmosis or thermal 

desalination (i.e. evaporation). To reduce brine 

disposal, a reverse osmosis was combined with the 

secondary reverse osmosis, chemical precipitation, 

or thermal desalination. However, this rendered the 

process to have many instruments, chemical 

additives, and energy demands.

Approach: In contrast with other methods, 

electrodialysis (ED) requires only electricity and 

ion exchange membranes that can be small or 

large, and it is operated by electricity (not pressure 

or heat). Such scalability and simplicity are the 

key requirements of a sustainable process. This 

size-variable electrical platform can reduce a capital 

cost, response climate changes, and optimize/hybrid 

for low-density renewable energy. Therefore, in this 

project, we will seek a sustainable desalination 

based on the scalable ED. To this end, we will 

overcome ED’s two major limits (high energy 

consumption and brine discharging) i) by enhancing 

ion transport microscopically and ii) by bypassing 

the basic concept of current desalination mechanisms.

Microscopically, we exploit two “fluidic” ways 

to cut the power consumption up to operable level 

of low-density renewable energies. One is enhancing 

hydrodynamic instability on the membranes, and 

the other is adopting passive vortex generators 

between the membranes. Those two methods have 

the same purpose, i.e. agitating ion concentration 

polarization layers on the membranes, and enhancing 

ion flux convectively beyond the diffusion-limited4,10. 

First, in conjunction with Thrust 3-1, we will 

secure the active ways to control EC, and apply 

the methods to enhance ion transport in ED. This 

research can be started with two general 

approaches of membrane modification: controlling 

the membrane’s surface properties and embedding 

mechanical patterns on the membranes. In the 

former case, we can adjust the structure of 

polymer reinforcement in the membrane, or can 

pattern hydrophobic/hydrophilic materials on the 

membrane. Such heterogeneity would define EC 

initiation, its size, and strength. As the initial 

experiment, we identified that the non-conductive 

polymer reinforcement can initiate EC along with 

its structure (Fig. 4a). In the latter case, we plan 

to design corrugated membranes, which can hide 

EC from shear flow (strong shear flow sweeps the 
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Fig. 4. a) EC on the heterogeneous FTCM-E with 
polymer reinforcements (i) and homogenous 
Nafion (ii). b) Schematic diagram of sheltered 
EC behind the prism patterns. Targets of 
biomimetic approaches: c) hollow spiral 
shape of seaweeds and d) salt glands.

vortices4)(Fig.4b). On this membrane, the stagnation 

points are developed behind the patterns, so EC 

lasts a long time in there as enhancing ion flux 

even under high fluid flows. Second, we will 

provide a biomimetic spacer that can promote 

vortical flows without sacrificing low hydrodynamic 

resistance. Spacer is a fluidic component used in 

most membrane processes. The role of spacers is 

literally spacing between the membranes and let 

fluid flows. Generally, polymer meshes have been 

used as a spacer. Here, people expect that the 

blunt body of the spacers can promote eddies, so 

ion transport would be enhanced convectively. 

However, there is a trade-off issue; blunt structures 

can generate eddies, but it increases hydrodynamic 

resistance. We plan to overcome this trade-off with 

biomimetic structures that can change straight flows 

to vortical flows smoothly. For example, seaweeds 

shape their leaves into a hallow spiral, and let 

strong ocean current passes them in vortical form 

(Fig.4c).

In addition, in the long term, we will eliminate 

brine discharging by escaping from the basic 

concept of current desalination, i.e. separating salty 

water into fresh water (as product) and the brine 

(as waste) by pushing water or salt molecules 

selectively through a perm-selective membrane. To 

realize this “brine-less” desalination, we now 

consider incorporating a biomimetic function into 

desalination. One possible function we can mimic 

is the salt secretion of salt glands14. For example, 

seashore saltgrass contains specialized cells to 

pump salt ions from xylem sap, and secret the 

ions as a solid form (Fig.3d)14. By doing this, 

50-90% salt (from seawater) can leave saltgrass.

3.3 Bio-agents Preconcentration

Intro1): Microfluidic devices for molecular 

detection have been extensively pursued, due to 

many well-documented advantages of such systems; 

rapid analyses, less consumption of samples and 

reagents, and potential for massive parallelization 

and automation15. However, efficient world-to-chip 

interfacing, sample preparation and concentration of 

low-abundance analytes remain as challenges, 

especially for non-nucleotide targets. To achieve 

more sensitive detection for any given sensor 

platform, various sample preconcentration approaches 

have been developed, including electrokinetic 

trapping, isotachophoresis, membrane filtration, and 

ion concentration polarization (ICP)15-16. 

Challenges: In particular, ICP preconcentrators 

show very robust and high performance for any 

charged target sample. Therefore, enormous modulations 

of the membrane material (e.g., Nafion, charged 

hydrogel, and nanochannels), geometry (batch-types 

with single/dual channels, continuous-flow types, 

and multiplexed systems), and integration (droplet 

microfluidics and sensors) of ICP preconcentrators 

have been possible. Despite extensive research in 

1 The published journal paper (R. Kwak, S. J. Kim, and J. Han, Analytical Chemistry 83, 7348 (2011)) 
was used in its entirety for this chapter with minor modifications.
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Fig. 5. Novel ICP preconcentration platform with 
unique functionalities in our group.

the use of ICP preconcentrators, its mutliphysics 

phenomenon does not allow us to i) predict 

preconcentration conditions / sites, ii) escape 

conventional glass-polymer microfluidic platforms, 

and iii) increase the preconcentration throughputs.

Approach: To address these issues, we first 

present a new method for spatiotemporally defined 

preconcentration, which can generate target- condensed 

plugs in a very specific region (< 100 μm), 

regardless of operating conditions (time, voltage, 

ionic strength, and pH)(Fig.5)17. In contrast to 

previous devices that only use ion depletion of 

ICP, this device uses merged ICP zones with 

opposite polarity, i.e., ion depletion and ion 

enrichment. It is noteworthy that merged ICP zones 

are stable enough to preconcentrate targets with 

passive flow pumping in paper-based microfluidics18-19. 

Furthermore, we develop a high-throughtput ICP 

preconcentrator by mimiking the structures of 

electro-membrane desalination module. With these 

novel ICP preconcentration platforms with unique 

functionality, now we try to integrate ICP preconcentrator 

for real-time detection kits.

4. Concluding Remarks

Our research group -Physicochemical Hydrodynamics 

Lab. at Hanyang University made up of one 

advisor and 13 graduate students- have been trying 

hard to do research with sharp insight, passion, 

and patience.

Please visit our website for more detail 

information: https://rhokyun.wixsite.com/fluid. 
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