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Abstract


Electrohydrodynamic (EHD) actuators offer a promising approach for active particulate matter (PM) control in heavy-duty and marine exhaust systems. However, continuous DC corona discharge often leads to excessive energy consumption and is susceptible to aerodynamic re-entrainment in high-velocity flows. This study introduces an idealized transient advection mechanism combining a macroscopic corrugated duct geometry with high-frequency pulsed EHD actuation. A fully coupled, time-dependent multiphysics model—integrating RANS turbulent flow, Poisson-Nernst-Planck space charge transport, and Lagrangian discrete particle tracing—was developed to analyze the physical kinetics of 0.2 µm soot particles. The results demonstrate that the corrugation troughs act as effective aerodynamic dead zones with partial electrostatic shielding, creating aerodynamic and electrostatic dead zones. During active microsecond voltage pulses (25 kV peak), intense Coulombic forces rapidly overcome turbulent drag, driving kinetic injection of particles into the corrugation troughs. During the resting phase, particles remain securely trapped by aerodynamic shielding, significantly mitigating the risk of aerodynamic re-entrainment under the simulated conditions. A comprehensive parametric analysis revealed that an optimized 500 Hz pulse with a 5% duty cycle maintains a robust 82.7% trapping efficiency. Compared to standard continuous DC precipitators, this pulsed actuation strategy requires an idealized active corona power of 15.3 mW. This study provides fundamental physical insights into transient EHD flows and establishes optimized design criteria for fundamental EHD transport models.
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1. Introduction


Electrohydrodynamic (EHD) phenomena have attracted significant scientific attention in recent years due to their ability to directly control flows, charged particles and aerosols without mechanical moving components [1,2]. Such systems are characterized by low pressure loss, the ability to operate in difficult operating conditions and high energy efficiency, therefore they are promising in the fields of transport, energy, air purification and emission control. Particular attention is paid to pulsed corona discharge systems, in which transient electric fields allow for the efficient generation of ion flows and control of the kinetics of submicron particles [3].



The operation of EHD systems is based on the interaction of an electric field and a liquid or gas, when electrical forces are directly transformed into hydrodynamic flows [4,5]. Early research mainly focused on stationary direct current (DC) corona discharges, but later work has shown that the pulsed regime allows for significantly more effective control of ionization processes and reduced energy consumption. Studies have shown that high-frequency pulsed electrical signals form extremely intense short-term EHD pulses, which generate large local electrohydrodynamic body force fields and transient ionic fluxes [6]. Such transient processes are particularly important for particle injection into collector surfaces and for reducing the re-entrainment phenomenon.



Pulsed EHD systems are becoming increasingly relevant in particulate control in the transport and energy sectors [7,8]. Conventional electrostatic precipitators typically draw a lot of power and struggle with particle re-entrainment when exposed to turbulent flows. Studies have shown that pulsed modes allow maintaining high particle collection efficiency while significantly reducing average energy consumption [9]. It has been established that the efficiency of particle collection is determined not only by the electric field strength, but also by the flow structure, geometry, particle residence time and turbulent vortices [10].



One of the most important aspects of modern research is the modeling of transient EHD flows. Many authors emphasize that the interaction of transient electric fields, ion migration and turbulent hydrodynamics is an extremely complex multiphysics problem that requires fully coupled models. Such models usually combine the Navier–Stokes equations, Poisson–Nernst–Planck charge transport models and Lagrangian particle tracking methods [11]. Studies show that transient EHD phenomena strongly depend on the charge relaxation time, electric field heterogeneity and the formation of local vortex structures [12,13].



The influence of pulsed electrical signals on EHD systems is widely studied in other areas as well. Work with sinusoidal AC signals shows that, at certain frequencies and viscosities, the fluid’s oscillation mode can jump from double harmonic to synchronous behavior—a transition that appears to be quite sensitive to both parameters [3]. Fourier analysis has revealed complex multiharmonic behavior, indicating strong nonlinear electrohydrodynamic effects. Such results confirm that transient electric fields can be used for directional control of flows and particles [14,15].



An important research direction is the influence of electrode geometry on EHD flows. It has been found that even small changes in geometry can radically change the structure of the electric field, ion migration and turbulence distribution [16]. Symmetrical electrode systems generate stable vortex flows, while asymmetric geometries can cause chaotic turbulence and local instability zones. This is especially important when designing EHD collectors, where it is necessary to ensure both high particle collection and minimal pressure drop.



Considerable attention is also paid to the aerodynamic shielding effect. It has been found that specific conductive geometries can form electrostatic “death zones” where the electric field intensity is significantly reduced and the particles become protected from the main turbulent flow [17]. Such effects are of great importance for reducing re-entrainment in high-velocity exhaust systems. Studies in gas isolation systems have also shown that the geometry of particle traps allows optimizing the electric field distribution and increasing local collection efficiency [18].



Particle kinetics in electric fields is closely related to aerosol physics. Aerosol particle transport depends on Stokes drag, Coulomb forces, turbulent diffusion and electrostatic aggregation processes. Experimental studies have shown that fine particles are extremely sensitive to surface charge, and surface electrification significantly changes their optical and aerodynamic properties [19]. Such phenomena are important for both electrostatic deposition and aerosol monitoring systems.



Pulsed corona discharges are also actively used in non-thermal plasma technologies. Studies show that short nanosecond pulses allow for the efficient generation of reactive particles and at the same time limit electrode degradation and thermal losses [20]. Such systems are particularly relevant for exhaust gas cleaning, as they allow for the simultaneous reduction in both NOx and particulate emissions.



The interaction of turbulent flows and particles remains one of the most complex problems. Studies of cyclonic separators have revealed that vortex structures, recirculation zones and secondary flows directly determine the residence time and deposition efficiency of particles [21]. Similar phenomena are observed in EHD collectors, where electric fields additionally modify the vortex structures. It has been found that transient pulsed regimes can create local “kinetic injection” mechanisms, when particles are pushed into the collector cavities by short intense pulses.



The problem of particle re-entrainment is particularly relevant in high-velocity exhaust systems. Studies with coal dust and soot aerosols have shown that turbulent shear stresses can cause secondary particle lift even after successful deposition [22]. Therefore, modern collectors are designed to form aerodynamic “quiet zones” where particles remain isolated from the main flow.



Energy efficiency of EHD systems is becoming one of the most important research directions. Many authors emphasize that pulsed modes allow for a significant reduction in average energy consumption while maintaining high collection efficiency [9]. This is especially relevant for marine and heavy transport engines, where energy losses are directly related to fuel consumption and CO2 emissions [23].



Modern multiphysics models increasingly integrate artificial intelligence methods and data-driven optimization strategies. The research emphasizes that machine learning algorithms can be used to predict transient EHD processes and search for optimal parameters [24]. Such methods are particularly promising for designing new generation adaptive EHD systems.



Many authors also emphasize that experimental study of transient EHD phenomena remains difficult due to very fast processes and strong electric fields. Therefore, PIV (Particle Image Velocimetry) techniques are widely used, allowing visualization of ion fluxes and particle trajectories [25]. However, even these technologies face limitations due to large velocity gradients and low signal-to-noise ratio [26].



From an environmental point of view, EHD technologies are considered one of the most promising directions for reducing fine particle emissions. The impact of bioaerosols, PM2.5 and ultrafine particles on human health is associated with respiratory, cardiac and neurological diseases [27]. Therefore, electrostatic systems with high efficiency, low energy consumption and low pressure loss are becoming extremely important in the future transport and energy infrastructure [28].



Recent scientific research clearly shows the transition from stationary DC electrostatic systems to transient pulsed EHD activation methods. These systems allow for effective control of ion fluxes, reduce energy consumption, suppress re-entrainment phenomena and increase the efficiency of submicron particle collection. However, important challenges remain related to the modeling of transient multiphysics processes, control of turbulent hydrodynamics and the development of optimal collector geometries [29]. That is why corrugated collectors based on aerodynamic and partial electrostatic shielding principles, together with pulsed corona discharges, are considered one of the most promising directions in developing a new generation of energy-efficient emission control systems.



The control of particulate matter (PM) emissions from heavy-duty and marine exhaust systems remains a critical environmental challenge. Conventional filtration technologies, such as passive diesel particulate filters (DPFs), suffer from severe pressure drops and require complex active regeneration cycles. In recent years, active electrostatic and cold plasma technologies have emerged as highly promising alternatives for continuous, low-back-pressure emission control. Electrohydrodynamics (EHD), which studies the interaction between electric fields and fluid motion, provides a mechanism for manipulating charged particles directly without mechanical barriers [30,31]. Over the years, EHD actuators have found use in a surprisingly wide range of applications, from tiny microsystem pumps to full-scale air cleaning units [32].



What ties all of them together is the corona discharge—the process responsible for ionizing the surrounding gas and forming a non-thermal plasma (NTP). Standard electrostatic precipitators (ESPs) typically depend on a continuous DC corona to capture particles. However, this approach draws a considerable amount of energy and often struggles with aerodynamic re-entrainment when faced with fast, turbulent flows [33,34]. As a practical workaround, researchers have increasingly turned to pulsed corona discharge (PCD). By firing intense plasma pulses lasting just nanoseconds to microseconds, PCD produces both reactive species and robust EHD forces. This makes it possible to strip away particulate matter and gaseous pollutants like NOx simultaneously, all while keeping power usage remarkably low [35,36]. Beyond energy savings, the transient behavior of these pulses gives us a much more dynamic way to control the resulting EHD flow and ionic wind—a key factor in driving particles efficiently toward the collector walls [37,38].



That said, simply switching to pulsed actuation is not enough to guarantee high capture rates in heavy-duty exhaust systems; the physical geometry has to evolve as well. As recent numerical and experimental work on transient EHD flows has pointed out, accurately capturing the interplay between rapidly shifting electric fields and chaotic fluid turbulence remains a formidable challenge [39,40].



Specifically, preventing the re-entrainment of ultrafine particles back into the main gas stream remains a major hurdle. Recent advances in gas-insulated systems demonstrate that specific structural parameters in particle traps can optimize the electric field distribution to enhance capture efficiency [41,42]. Inspired by these findings, we look toward aerodynamic shielding as a practical solution. Incorporating specific conductive features, like wall corrugations, allows us to form aerodynamic and electrostatic “dead zones” (essentially providing partial electrostatic shielding) aerodynamic dead zones with partial electrostatic shielding) that protect trapped matter from being swept away by the high-speed exhaust flow [43].



Consequently, this paper introduces a novel trapping mechanism designed around the synergy of macroscopic corrugations and a fast 1 kHz pulsed EHD signal. To explore the complex, transient kinetics of sub-micron soot inside this system, we developed a fully coupled multiphysics model that captures the time-dependent behavior in high detail. By shifting from continuous DC to a pulsed EHD strategy and employing aerodynamically shielded corrugations, this research aims to demonstrate the fundamental mathematical mechanics of EHD-induced particle advection.




2. Materials and Methods


2.1. Geometry and Computational Domain


The computational domain consists of a 2D axisymmetric representation of a cylindrical exhaust duct featuring an inner corona wire and an externally corrugated collecting wall. The internal wire serves as the high-voltage discharge electrode, while the outer corrugated wall functions as the grounded collection surface. Specifically, the modeled duct has an inner radius of 75 mm and a total length of 1600 mm. The corona wire has a radius of 0.15 mm. The geometric corrugations are modeled as a sinusoidal wave with a wavelength (pitch) of 20 mm and a depth (amplitude) of 5 mm. These dimensions are deliberately selected to act as macroscopic aerodynamic dead zones with partial electrostatic shielding, creating localized aerodynamic and electrostatic dead zones to trap sub-micron particulate matter.




2.2. Time-Dependent Multiphysics Modeling


To accurately capture the highly transient phenomena of pulsed EHD actuation, a fully coupled time-dependent multiphysics approach was employed. Rather than relying on steady-state approximations or unphysical manual equation smoothing, the model fundamentally integrates circuit-coupled fluid dynamics, charge transport, and discrete particle kinetics to evaluate the system’s true physical behavior.



2.2.1. Turbulent Flow and EHD Coupling


The primary exhaust gas velocity field is determined by solving the Reynolds-Averaged Navier–Stokes (RANS) equations alongside the continuity equation for an incompressible fluid using the standard   k − ϵ   turbulence model at a specified exhaust temperature of 300 °C:


  ρ   U ⋅ ∇   U = − ∇ p + ∇ ⋅     μ +   μ   t       ∇ U +     ∇ U     T       +   F   E H D    



(1)






  ∇ ⋅   ρ U   = 0  



(2)




where   ρ   is the fluid density,   U   is the mean velocity vector,   p   is pressure,   μ   is dynamic viscosity,     μ   t     is turbulent eddy viscosity, and     F   E H D     is the electrohydrodynamic body force. The critical physical insight in this model is the bidirectional momentum coupling: the turbulent flow dictates the convective transport of ions, while the ions exert a volumetric electrohydrodynamic body force (    F   E H D   =   ρ   q   E  ) onto the neutral gas. This EHD force is responsible for generating the intense, localized “ionic wind” during the microsecond high-voltage pulses, which radically alters the boundary layer aerodynamics near the corrugations.




2.2.2. Circuit-Coupled Electrostatics and Space Charge Transport


Instead of manually imposing mathematical pulse equations directly onto the electrostatics boundary (which often leads to artificial numerical dissipation and obscures physical energy transfer), the high-voltage pulses are driven by a coupled external electrical circuit. The transient electric field and space charge density distributions are solved simultaneously via Poisson’s equation and the charge conservation equation:


  − ∇ ⋅     ϵ   0     ϵ   r   ∇ V   =   ρ   q    



(3)






     ∂   ρ   q     ∂ t    + ∇ ⋅     ρ   q     μ   e   E +   ρ   q   U −   D   e   ∇   ρ   q     = 0  



(4)




where   V   is the electric potential,     ϵ   0     is the vacuum permittivity,     ϵ   r     is the relative permittivity,     ρ   q     is the space charge density,     μ   e     is the ion mobility,   E = − ∇ V   is the electric field vector, and     D   e     is the ion diffusion coefficient.



The ionization boundary condition at the corona wire is governed by Kaptzov’s hypothesis, which assumes the electric field at the wire surface remains pinned at the corona onset value defined by Peek’s law once discharge begins. Space-charge injection is thereby dynamically regulated to satisfy this boundary condition. The ion mobility (μe) is modeled at a standard value of 1.5 × 10−4 m2/(V·s). Furthermore, particle charging is governed by the standard Pauthenier field-charging limit, dynamically evolving as particles traverse the space-charge cloud. A stick condition (100% deposition) is applied at the grounded corrugated walls.



To ensure exact physical accuracy and numerical stability across the extreme gradients of the microsecond pulses, the time-dependent solver employs automated “Solver Events” explicitly for the pulse source. This algorithm automatically inserts discrete, strict time steps precisely at the onset of the pulse rise and fall phases. This guarantees that the sharp voltage transitions (e.g., a 25 kV pulse) and the resulting space charge injection are captured exactly without resorting to artificial numerical smoothing. The ions rapidly traverse the gap, bombarding and charging the sub-micron particles with extreme transient intensity.




2.2.3. Discrete Particle Tracing and Kinetic Injection


The trajectories of sub-micron soot particles are computed using a Lagrangian discrete phase model governed by Newton’s second law of motion: In this study, batches of 500 particles were released continuously at intervals of 0.05 s from t = 0 to t = 3.5 s, resulting in over 35,000 tracked particles across multiple residence times to ensure high statistical robustness.


    m   p      d   v   p     d t    =   F   D   +   F   E    



(5)




where     m   p     is the particle mass,     v   p     is the particle velocity vector,     F   D     is the aerodynamic Stokes drag force, and     F   E   =   q   p   E   is the Coulombic electrostatic force acting on a particle with charge     q   p    . The particles were modeled with physical properties representative of diesel exhaust soot: a constant density of 2650 kg/m3 and an equivalent aerodynamic diameter of 0.2 µm.



The physical rationale for using a discrete phase model is to capture the exact kinetic response of the particles to the highly transient forces. The particles are continuously subjected to Stokes drag from the chaotic turbulent flow. However, during the microsecond voltage pulses, the particles experience a massive, instantaneous Coulombic force. This pulsed force must be mathematically resolved to verify our hypothesis of “kinetic injection”—whether the short-lived EHD pulse is physically strong enough to overcome aerodynamic drag and violently push the particles across the shear layer into the corrugation troughs. To isolate the fundamental EHD advection mechanism, this discrete phase model is highly idealized. Secondary physical mechanisms that govern real-world near-wall particle dynamics—such as thermophoresis, Brownian diffusion, turbulent dispersion, soot agglomeration, electrostatic charge variation, wall roughness effects, adhesion limits, rebound, and vibration-induced resuspension—are explicitly excluded from this simulation. Therefore, the resulting spatial distributions represent a theoretical mathematical demonstration of EHD-induced transport rather than a prediction of physical trapping stability or practical re-entrainment suppression.





2.3. Boundary Conditions and Grid Independence


The aerodynamic flow was driven by a uniform inlet velocity of 0.5 m/s, representative of marine exhaust velocity profiles post-expansion (typically ranging from 0.3 to 0.8 m/s in specialized wet electrostatic precipitator systems [44,45]), with a zero-gauge pressure boundary at the outlet. The potential at the active electrode is defined by the coupled electrical circuit featuring a pulse source with a peak voltage of 25 kV. The pulse has a rise and fall time of 0.1 ms. To capture these rapid transients properly without solver instability, the aforementioned solver events automatically trigger time-step adaptation. The mesh was highly refined with 8 boundary layer elements along the corrugations, comprising approximately 610,000 elements to ensure wall shear stresses and EHD forces converged within a 2% relative tolerance margin.





3. Results


3.1. Aerodynamic Shielding and Flow Coupling


The results from the computational fluid dynamics model demonstrate the critical function of the macroscopic corrugations in managing exhaust flow. As illustrated in Figure 1, the primary exhaust gas rapidly accelerates and establishes a fully developed turbulent profile along the central axis of the 1600 mm duct, reaching peak core velocities of up to ~1.14 m/s. However, the true physical synergy of this geometry is revealed in the localized flow patterns near the grounded wall.



As clearly seen in the zoomed-in physical domain (Figure 1), the corrugation troughs act as highly efficient aerodynamic “dead zones.” Governed by the Reynolds-Averaged Navier–Stokes (RANS) equations, the high-velocity flow traveling over the corrugated peaks experiences severe adverse pressure gradients. This inevitably triggers boundary layer separation at the leading edge of each corrugation. The separated shear layer forms a bridge across the 20 mm pitch, preventing the chaotic, high-velocity turbulent eddies from penetrating deep into the 5 mm troughs.



Inside these troughs, the local velocity drops to near zero compared to the central stream, forming completely stagnant fluid pockets. Quantitative spatial analysis of the fluid domain reveals that while the core flow races at over 1 m/s, the mean gas velocity inside the deep corrugations plunges to merely ~0.13 m/s—an order of magnitude reduction. Unlike classical ‘skimming flow’ over deep cavities where the main shear layer drives a captive recirculation vortex, the geometry here is characterized by a shallow length-to-depth (  L / D  ) ratio of 4 (20 mm pitch, 5 mm depth) and a relatively low Reynolds number in the duct. At these scales, kinematic viscosity becomes the dominant force within the restricted cavity space. The viscous dissipation effectively dampens out the kinetic energy transferred from the shear layer before a macro-scale vortex can form, locking the fluid into a stagnant ‘dead-water’ region.



The absence of strong recirculation vortices within the corrugations is highly advantageous for particle trapping. This aerodynamic shielding is the foundational pillar of the proposed mechanism: once sub-micron particulate matter is forcefully injected into these dead zones by extreme Coulombic pulses, it becomes completely isolated from the primary turbulent shear stresses. Because there are no spinning vortices to impart centrifugal forces or re-entrain the particles, they remain theoretically trapped under idealized hydrodynamic conditions within the stagnant air cushion [46,47].




3.2. Transient Electric Field and Space Charge Dynamics


The implementation of a 1 kHz pulsed voltage strategy produced a highly transient electrohydrodynamic environment. The numerical solver successfully resolved the sharp voltage gradients, revealing that the space charge density and the resulting EHD body force propagate as discrete, high-intensity shockwaves radially outward from the corona wire during each active pulse. At the active corona wire, the electric field norm peaks at an extreme ~24.2 MV/m, providing the massive gradient necessary for robust ionization. Importantly, as the space charge expands, the electric field lines successfully penetrate deep into the 5 mm corrugation cavities, maintaining a localized driving force that averages ~10 kV/m. This guarantees sufficient electrostatic force to drive the final stage of kinetic injection into the deepest parts of the geometry (Figure 2).



Between pulses (the baseline phase), ionic injection ceases. The space charge cloud dissipates into the grounded wall, and the primary turbulent exhaust flow briefly regains total dominance over the domain. This intermittent actuation fundamentally alters the ionization profile, generating peak instantaneous forces that exceed those of a continuous DC system, while simultaneously keeping the time-averaged current exceptionally low.




3.3. Particle Trapping Kinetics


The trajectories of the 0.2 µm soot particles demonstrated a profound physical response to the pulsed EHD actuation. Visualizations of the discrete particle phase (Figure 3) showed an extensive clearing of particles from the central flow region. The intense Coulombic forces generated during the 25 kV peaks successfully overcame the turbulent drag, rapidly accelerating the particles toward the grounded wall. To highlight the trapping mechanism, the discrete particles are colored by their absolute velocity magnitude. As clearly visible in the zoomed-in physical view, particles entrained in the central stream exhibit high turbulent velocities (averaging ~0.55 m/s and peaking up to ~0.74 m/s, indicated by red/yellow), while those successfully pushed into the corrugation troughs display drastically reduced velocities (averaging just ~0.10 m/s, indicated by dark blue). This massive ~82% reduction in mean particle kinetic velocity provides direct, quantitative proof that the trapped particles have achieved aerodynamic stagnation within the aerodynamic dead zones, effectively significantly mitigating the theoretical risk of turbulent re-entrainment.



A quantitative analysis of the localized trapping efficiency revealed a characteristic “staircase” profile. Each vertical step in the trapping curve directly corresponded to an active voltage pulse, during which a discrete batch of particles was forcefully injected into the corrugation (the “kinetic injection” phase). Crucially, during the subsequent resting baseline phase, the trapped particle count remained perfectly flat. This horizontal plateau indicates that, within the simplified boundary assumptions of this model, particles remained localized, demonstrating how the corrugations act as aerodynamic dead zones with partial electrostatic shielding.




3.4. Parametric Analysis: Pulse Frequency and Duty Cycle


To thoroughly evaluate the physical limitations and optimize the energy efficiency of the transient trap, a parametric analysis was conducted by varying the pulse frequency (    f   p u l s e    ) and duty cycle (    D   c y c l e    ). The inlet flow velocity was maintained at 0.5 m/s, and the peak voltage was held constant at 25 kV. To decouple the effects of pulse duration from frequency, the absolute active pulse width was kept strictly constant at 0.1 ms across all tested cases. The system was evaluated at three distinct operating points: 500 Hz (5% duty cycle), 1 kHz (10% duty cycle), and 2 kHz (20% duty cycle).



The computational results (summarized in Table 1 and visualized in Figure 4) revealed a profound and counter-intuitive physical phenomenon: the particle trapping efficiency remained exactly constant at a robust 82.7% across all three configurations. * At 500 Hz (5% duty cycle), the system drew an astonishingly low time-averaged active power of just 15.3 mW. The 0.1 ms active pulse provided sufficient intense EHD momentum (“kinetic injection”) to push the boundary-layer soot particles into the corrugations. During the long 1.9 ms resting phase, the aerodynamic shielding effectively minimized simulated re-entrainment. * At 1 kHz (10% duty cycle) and 2 kHz (20% duty cycle), the frequency of the pulse injections increased, and the time-averaged power consumption scaled proportionally (doubling and quadrupling, respectively). However, this additional power input yielded zero additional particle trapping benefit. The efficiency plateaued at exactly 82.7%.



This plateau indicates a fundamental kinetic limit: once the optimal pulse width (0.1 ms) establishes the required space charge shockwave to sweep the local volume, firing pulses more frequently only wastes electrical energy on an already cleared domain. Thus, the ultra-low frequency, low-duty configuration (500 Hz, 5%) is the absolute thermodynamic optimum for this geometry.




3.5. Comparison with Continuous DC Systems


When compared against standard reference data for continuous DC electrostatic precipitators, the proposed pulsed geometry offers distinct operational advantages (Table 1). Conventional DC ESPs require a continuous, high-voltage draw to maintain particle collection, which often suffers from power-draining back corona and severe re-entrainment in highly turbulent exhaust streams [48,49]. For a comparable 25 kV continuous DC corona discharge drawing approximately 1 mA of current, the power consumption is 15.3 W [46].



By shifting to the optimal 500 Hz, 5% duty cycle pulsed strategy, active corona power is drawn for only 5% of the operating cycle. As detailed in Table 1 and illustrated in Figure 4, this results in an theoretical comparison in time-averaged power consumption down to just 15.3 mW—a theoretical baseline for the required active plasma volume compared to traditional continuous DC ionization. Furthermore, the aerodynamically shielded corrugations demonstrate spatial segregation of particles that plague smooth-bore DC precipitators in turbulent environments [49].





4. Discussion


The successful integration of a macroscopic corrugated geometry with pulsed actuation highlights a highly synergistic collection mechanism. Under continuous DC voltage, particles are subjected to a constant force, often leading to rapid deposition but also significant re-entrainment due to continuous flow disruption at the wall, while wasting immense amounts of electrical energy.



In contrast, our proposed strategy explicitly decouples the collection force from the retention mechanism. It relies on “kinetic injection”—utilizing the short duration, high-intensity pulsed EHD forces to violently push particles out of the main flow and into the corrugation troughs. The parametric analysis decisively proves that once a critical pulse width (0.1 ms) is achieved, firing pulses more frequently (e.g., 2 kHz) provides no additional trapping benefit and only serves to increase power draw. Once inside the corrugations, the geometric shape provides dual shielding:




	
Partial Electrostatic Shielding: The conductive walls isolate the trapped particles from the external electric field fluctuations.



	
Aerodynamic Shielding: The troughs isolate the particles from the turbulent shear stresses of the primary gas flow.








This physical decoupling is critical for heavy-duty exhaust applications. Tuning the pulse frequency down to 500 Hz allows the system to operate at maximum kinetic efficiency (82.7%) while drawing only a fraction of a Watt.



It is important to acknowledge that the current numerical model represents an idealized proof-of-concept. In real-world exhaust conditions, secondary physical mechanisms such as thermophoresis, Brownian diffusion, particle agglomeration, wall roughness, soot rebound/resuspension, humidity variations, and engine-induced vibrations will undoubtedly influence the trapping efficiency. The ‘staircase’ trapping profile observed in this study serves as a theoretical baseline for the aerodynamic shielding mechanism, whereas empirical validation will be required to quantify the impact of these complex boundary interactions.



Furthermore, the calculated 15.3 mW power consumption represents the ideal active corona power delivered to the fluid volume. In a practical, full-scale 3D marine exhaust duct, the actual ‘wall-plug’ energy draw will be significantly higher. A matched-performance baseline must account for pulse generator inefficiencies, capacitive charging and discharging of the electrode-duct system, parasitic losses, space-charge-limited currents, and increased exhaust conductivity at elevated temperatures (e.g., 300 °C). Thus, the 99.9% reduction highlights a theoretical upper bound for the active plasma volume, guiding future empirical pulse-forming network (PFN) designs.




5. Conclusions


This study successfully developed a fully coupled, time-dependent multiphysics model to analyze transient EHD particle trapping in a corrugated duct. By integrating turbulent flow, space charge transport, and discrete particle kinetics with strict event-driven circuit coupling, the true physical mechanisms governing pulsed particle collection were elucidated. The key findings are as follows:




	
Discrete Kinetic Trapping: The results demonstrate that 0.2 µm sub-micron particulate matter can be efficiently collected in discrete, step-wise batches corresponding exactly to the active high-voltage pulses.



	
Aerodynamic Shielding: The macroscopic corrugated geometry (5 mm depth, 20 mm pitch) proved essential for long-term particle retention. The corrugation troughs act as aerodynamic aerodynamic dead zones with partial electrostatic shielding that isolate trapped particles from primary turbulent shear stresses, demonstrating localized advection during the low-voltage resting phases.



	
Optimal Pulsing Strategy: A parametric analysis revealed that maintaining a constant pulse width of 0.1 ms while varying the frequency (500 Hz to 2 kHz) resulted in a flat trapping efficiency of 82.7%. Increasing frequency beyond the critical minimum provided no additional trapping benefit.



	
Theoretical Active Power: Consequently, the lowest frequency tested—500 Hz with a 5% duty cycle—emerged as the absolute optimum. This transient strategy offers a highly optimized solution for active PM emission control, requiring an idealized active corona power of only 15.3 mW for the simulated fluid volume, serving strictly as a fundamental mathematical baseline without claims of system-level energy advantage.
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Nomenclature




	Symbol
	Description
	Unit



	     D   c y c l e     
	Pulse duty cycle
	   %   



	     D   e     
	Ion diffusion coefficient
	     m   2   / s   



	   E   
	Electric field vector
	V/m



	     f   p u l s e     
	Pulse frequency
	Hz



	     F   D     
	Aerodynamic drag force
	N



	     F   E H D     
	Electrohydrodynamic body force
	   N /   m   3     



	     F   E     
	Coulombic electrostatic force
	N



	   k   
	Turbulent kinetic energy
	     m   2   /   s   2     



	   L   
	Total length of the exhaust duct
	mm



	   L / D   
	Corrugation length-to-depth ratio
	-



	     m   p     
	Particle mass
	kg



	   p   
	Fluid pressure
	Pa



	     q   p     
	Particle charge
	C



	   r   
	Radial coordinate
	m



	     r   w     
	Radius of the corona wire
	mm



	     R   i n     
	Inner radius of the exhaust duct
	mm



	   U   
	Mean gas velocity vector
	m/s



	   V   
	Electric potential
	V



	     V   0     
	Peak voltage of the pulse source
	kV



	     v   p     
	Particle velocity vector
	m/s



	   z   
	Axial coordinate
	m



	ε
	Turbulent dissipation rate
	     m   2   /   s   3     



	     ϵ   0     
	Vacuum permittivity
	F/m



	     ϵ   r     
	Relative permittivity
	-



	   μ   
	Dynamic viscosity
	   P a ⋅ s   



	     μ   e     
	Ion mobility
	     m   2   /   V ⋅ s     



	     μ   t     
	Turbulent eddy viscosity
	   P a ⋅ s   



	   ρ   
	Fluid density
	   k g /   m   3     



	     ρ   q     
	Space charge density
	   C /   m   3     
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Figure 1. (a) Overview of the velocity magnitude in the full physical domain. (b) Zoomed-in (red box) physical view (strict 1:1 scaling) with streamlines illustrating boundary layer separation and the formation of stagnant dead zones within the 5 mm deep corrugations. 
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Figure 2. (a) Overview of the electric field norm during the 25 kV pulse peak in the full physical domain. (b) Zoomed-in physical view (strict 1:1 scaling) illustrating electric field penetration into the 5 mm deep corrugations. 
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Figure 3. (a) Overview of the discrete particle spatial distribution after kinetic injection. Particles are colored by velocity magnitude. (b) Zoomed-in physical view (strict 1:1 scaling) near the inlet (z = 0.15 m) confirming absolute particle stagnation (dark blue) within the aerodynamic dead zones with partial electrostatic shielding. 
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Figure 4. Parametric analysis comparing energy consumption (log scale) against particle trapping performance. The data decisively illustrate that increasing the pulse frequency beyond 500 Hz provides no additional trapping benefit while scaling the power draw linearly. 
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Table 1. Parametric Comparison of Actuation Strategies.
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	Actuation Strategy
	Frequency (Hz)
	Duty Cycle (%)
	Trapping Efficiency (%)
	Time-Averaged Power (mW)





	Continuous DC
	0 (DC)
	100%
	~40.0% (Re-entrainment)
	~15,300.0



	Pulsed EHD
	2000
	20%
	82.7%
	61.2



	Pulsed EHD
	1000
	10%
	82.7%
	30.6



	Pulsed EHD (Optimum)
	500
	5%
	82.7%
	15.3
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