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Abstract 11 

Managing extreme thermal loads in safety-critical quenching and emergency cooling systems 12 

remains a critical bottleneck for energy-intensive industrial processes, where vapour-mediated 13 

interfacial resistance suppresses energy extraction and constrains operational stability. Existing 14 

passive and active strategies are constrained by their inherent latency in enabling effective 15 

thermal energy transport pathways during critical transient cooling periods. To address this 16 

bottleneck, a hybrid strategy is developed that couples an additive manufactured point-contact 17 

cellular surface architecture with electrohydrodynamic (EHD) interfacial actuation. The 18 

synergistic effects of architected interfacial pathways and EHD actuation are evaluated on 19 

stainless steel (SS316L) substrates using high-speed visualization and transient heat flux 20 

analysis. The hybrid approach effectively suppresses vapour-mediated insulation, increasing 21 

the minimum film boiling temperature (Tmin) from 281 °C to 436 °C. By expanding the 22 

operational window of efficient cooling to higher temperatures, the system achieves 2.7 times 23 

increase in cumulative energy extraction, reaching 1.8 MJ/m² during the critical initial period 24 

of quenching. Furthermore, the active control modulates the energy release profile, converting 25 

stochastic thermal shock into a rate-controlled dissipation trajectory. These results establish a 26 

scalable design principle for safety-critical systems, in which energy extraction rate, 27 

operational stability, and auxiliary energy cost are simultaneously constrained.  28 
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Nomenclature 31 

Symbols   

𝑐𝑝 Specific heat capacity (J/kg.K) 𝛿 Vapour film thickness (m) 

𝐷𝑐𝑒𝑙𝑙  Characteristic cell dimension (m) 𝜅−1 Debye length (m) 

𝐸 Electric field strength (V/m) 𝜆𝐻  Instability wavelength (m) 

𝐸𝑛,𝑙 Normal electric field at liquid interface (V/m) 𝜌 Density (kg/m3) 

𝐹 Faraday constant (C/mol) 𝜎 Surface tension (N/m) 

𝑔 Gravitational acceleration (m/s2) Φ Electric potential (V) 

ℎeff Effective heat transfer coefficient (W/m2.K) ∅ Sensitivity coefficient (K.m2/W) 

ℎr Linearized radiation heat transfer coefficient (W/m2.K) 𝜇𝑖𝑜𝑛 Ionic mobility (m²/V·s) 

𝑘 Thermal conductivity (W/m.K)  𝑣 Drift velocity (m/s) 

𝑘𝐵 Boltzmann constant (J/K)   

𝑚 Global time steps (s) Subscripts 

𝑁𝐴 Avogadro constant (1/mol) 0 Reference or ambient condition 

𝑃𝑒𝑠 Maxwell electrostatic stress (Pa) c Computed value 

𝑞 Boundary heat flux (W/m²) cell Cellular structure 

𝑅 Gas constant (J/mol.K) dest Destruction 

𝑅th 
′′  Interfacial thermal resistance (m2.K/W) eff Effective 

𝑟 Sample radius (m) es Electrostatic stress 

𝑆̇𝑔𝑒𝑛
′′  Entropy generation rate per unit area (W/m²·K) gen Generation 

𝑇𝑖𝑛𝑖  Initial temperature (°C, K) H Hydrodynamic instability 

𝑇𝑚𝑖𝑛 Minimum film boiling temperature (°C, K) 𝑖𝑛𝑖 Initial 

𝑇𝑠𝑎𝑡  Saturation temperature (°C, K) ion ionic species 

𝑇𝑤 Wall temperature (°C, K) 𝑗 Sensor 

𝑋̇𝑑𝑒𝑠𝑡
′′  Exergy destruction rate per unit area (W/m²) 𝑙 Liquid phase 

𝑌𝑗 Measured temperature at 𝑗𝑡ℎ  sensor (°C, K) 𝑚𝑖𝑛 Minimum 

∆𝑞 Correction term 𝑣 Vapour phase 

Δ𝑇𝑠 Wall superheat (°C, K) 𝑠 Superheat 

  𝑠𝑎𝑡 Saturation condition 

Greek  𝑤 Wall 

𝜖0 Permittivity of vacuum (F/m)   

𝜖𝑙 Permittivity of liquid phase (F/m)   

𝜖𝑣 Permittivity of vapour phase (F/m)   
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1. Introduction 32 

Managing extreme thermal loads fundamentally constrains the energy efficiency of heavy 33 

industrial processing and high-power electronic infrastructure. In sectors ranging from 34 

advanced metallurgy to power generation, thermal energy extraction rates directly dictate 35 

production throughput and operational safety [1]. Inefficient heat removal strategies prolong 36 

cycle times and increase specific energy consumption, constituting a substantial source of 37 

industrial energy waste [2]. As system power densities escalate, rapid and controlled energy 38 

extraction determines system viability [3] and economic performance [4]. A thermal resistance 39 

barrier forms spontaneously during peak load operations, limiting performance in high-flux 40 

environments. The barrier insulates the component and severs the thermal connection between 41 

the heat source and the coolant [5]. Consequently, energy extraction rates decline, causing 42 

uncontrolled temperature excursions that compromise material integrity and system reliability.  43 

The operational constraint intensifies during transient operational phases, such as rapid 44 

quenching cycles or emergency power-down events. Conventional thermal management systems 45 

are inherently constrained by their latency in restoring effective cooling pathways rapidly enough 46 

to accommodate changing thermal loads under dynamic conditions [6]. Because current systems 47 

cannot actively modulate heat extraction rates during critical windows, operators rely on 48 

conservative, energy-intensive safety margins. Further, existing thermal management strategies 49 

aimed at restoring high-rate energy extraction under vapour-dominated transient conditions often 50 

incur prohibitive auxiliary energy costs or sacrifice operational stability. Therefore, next-51 

generation energy systems require strategies that actively breach the thermal barrier and 52 

accelerate thermal energy transfer restoration to minimize energy waste and ensure stability [7]. 53 

The operational bottleneck arises physically from the Leidenfrost phenomena. The Leidenfrost 54 

state creates an operational bottleneck by forming a stable, insulating vapour layer at the solid–55 

liquid interface [8]. Rapid vapour generation sustains a continuous vapour blanket that separates 56 

the coolant from the high-temperature surface. The vapour barrier increases thermal resistance 57 

and stalls energy extraction. Conventional passive approaches manage these interfacial 58 

dynamics by modifying coolant thermophysical properties [9] or engineering the boiling 59 

surface [10]. For instance, depositing porous layers via alumina nanofluids improves capillary-60 

driven flow and nucleation activity [11]. However, these additive-based methods introduce 61 

operational liabilities. Excessive nanoparticle deposition creates transport resistance, while 62 

dissolved salts pose erosion and spalling hazards that compromise structural integrity and 63 

infrastructure lifespan. Alternative strategies involving stochastic porous materials, such as 64 
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foams [12], address surface area constraints but introduce substantial hydraulic 65 

bottlenecks [13]. The disordered, tortuous pore structure of these materials frequently traps gas, 66 

impeding release and creating localized instabilities. To resolve these geometric limitations, 67 

Kou et al. [14] demonstrated that ordered, periodic lattice structures fabricated via 3-D printing 68 

suppress bubble coalescence and entrapment. By replacing random pore networks with 69 

deterministic flow paths, these engineered architectures ensure rapid phase separation. 70 

Collectively, these findings establish that ordered, predictable geometries outperform stochastic 71 

structures for maintaining system stability under high-load conditions [15]. 72 

Despite the stability improvements provided by ordered geometries, passive strategies for 73 

managing vapour-mediated interfacial resistance remain constrained under the high-flux [16], 74 

transient conditions relevant to practical thermal processing and safety-critical cooling 75 

operations. Passive architectures, including additively manufactured or wettability modulated 76 

surfaces [17], rely on a static balance of buoyancy, capillary, and drag forces to guide vapour 77 

removal. Transient thermal loading overwhelms this balance, causing intense bubble 78 

coalescence and forming a persistent insulating vapour layer that restricts energy extraction 79 

rates and compromises operational stability [18,19].  80 

On the other hand, active strategies mitigate the insulating vapour phase by inducing bulk fluid 81 

motion via forced convection [20] or jet impingement [21]. Alternative method involves applying 82 

discrete energy fields to manipulate the liquid-vapour interface [22]. Although bulk liquid 83 

circulation increases cooling capacity [23], hydraulic instabilities [24,25] and non-uniform 84 

pressure gradients [26] compromise performance. Furthermore, mechanical pumps introduce an 85 

additional energy load. The resulting energy penalty degrades net system efficiency. Active 86 

methods therefore compel a trade-off between enhanced heat transfer and operational cost. 87 

Field-based techniques restrict actuation to the phase interface to mitigate the additional energy 88 

costs inherent to bulk fluid displacement. By modulating forces directly at the liquid-vapour 89 

boundary rather than accelerating the total fluid volume, such interventions minimize the 90 

energy expenditure required to disrupt the thermal barrier. However, magnetic or centrifugal 91 

systems often require cumbersome infrastructure, including heavy permanent magnets [27] or 92 

rotating assemblies [28]. These hardware dependencies create integration bottlenecks and limit 93 

scalability in compact energy systems. Electrohydrodynamic (EHD) forces offer a 94 

geometrically flexible alternative. Celestini et al. [29] demonstrated that applying a DC electric 95 

field suppresses the insulating vapour layer (Leidenfrost state) by inducing electrostatic 96 

attraction. By utilizing EHD stresses to destabilize the vapour film, this electrokinetic strategy 97 
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overcomes the thermal limitations of passive boiling without incurring the hydraulic energy 98 

penalties associated with mechanical pumping. Consequently, substituting bulk actuation with 99 

interface-targeted EHD stresses optimizes net system energy efficiency. However, when 100 

applied to smooth, unstructured surfaces, these methods encounter saturation effects such as 101 

contact angle saturation [30] and vapour elongation [31] that promote vapour accumulation 102 

rather than eliminating it. These limitations indicate that neither passive structuring nor active 103 

forcing alone ensures stable energy dissipation under transient, vapour-dominated conditions 104 

Recent efforts combining structural modification with active energy field attempt to resolve 105 

the operational limitations of isolated strategies. For example, Wei et al. [32] experimentally 106 

demonstrated that attaching a passive honeycomb plate to the electrode promoted the 107 

directional phase separation. However, their work used the non-conductive porous ceramic 108 

structure (CaO.Al2O3 fused SiO2 and TiO2) as an attachment which introduces an additional 109 

high-resistance pathway and non-uniform field distribution. These drawbacks limit broader 110 

applicability and obscure the role of conductive, architected surface integration in sustaining 111 

reliable high-rate energy extraction. Therefore, existing studies provide limited guidance on 112 

deploying electrically conductive ordered porous geometries to alleviate vapour-mediated 113 

transport resistance during transient operation. 114 

A critical assessment of the literature reveals two unresolved gaps relevant to energy systems 115 

regarding the architectural integration and dynamic regulation of these vapour-management 116 

strategies. First, most structured surface strategies rely on full-contact integration via direct 117 

fabrication or bonded porous layers, for maximizing surface contact and enhancing energy 118 

transport. Alternative architectural concepts that exploit partial or point-contact integration to 119 

enforce localized pressure gradients and directional vapour expulsion remain largely 120 

unexplored. Second, majority of passive and active enhancement studies evaluate performance 121 

under steady-state conditions, even though many industrial thermal processes and emergency 122 

cooling scenarios are inherently transient. As a result, there is a need for experimentally 123 

validated strategies capable of sustaining high and predictable energy extraction rates during 124 

the critical initial stages of safety-critical quenching systems, when vapour insulation is most 125 

prevalent and operational risk is highest. Figure 1 schematically summarizes this limitation and 126 

the associated process-design challenge. The left panel shows the conventional operating 127 

regime, in which vapour-film formation introduces a high thermodynamic resistance that 128 

constrains the usable operating range and suppresses energy extraction under increasing 129 

thermal load. These limitations raise a fundamental process-design question: can active 130 
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interfacial actuation combine with architectural enforcement accelerate transient energy 131 

dissipation without affecting stability or introducing prohibitive auxiliary energy costs? 132 

 133 

Figure 1. Process-design challenge and hybrid intensification framework: conventional 134 

vapour-mediated operational bottleneck (left panel). Active regulation via synergistic electro-135 

architected control enabling high-rate energy extraction pathways (right panel). 136 

To address this process-design challenge, a hybrid strategy is introduced that couples a 137 

conductive, point-contact surface architecture (cellular structure) with externally applied 138 

electric field. The strategy targets the stabilization and acceleration of transient energy 139 

dissipation at superheated surfaces, directly addressing reliability and throughput constraints 140 

inherent to vapour-limited thermal processes. Confined, pressurized regions formed through 141 

point-contact integration impose deterministic vapour expulsion and promote sustained liquid 142 

replenishment at the interface. In parallel, the applied electric field provides complementary 143 

interfacial actuation that destabilizes the insulating vapour layer during high-superheat 144 

operation. The combined architected interfacial pathways and EHD actuation enables faster 145 

and more predictable energy extraction during quenching, thereby extending the viable 146 

operating envelope of vapour-dominated thermal processes, as shown in Fig. 1 (right panel). 147 

The resulting framework provides practical design principle for active two-phase systems in 148 

which operational stability, processing throughput, and energy efficiency are simultaneously 149 

constrained. Emphasis is placed on sustaining reliable high-rate energy dissipation during the 150 

most critical phases of thermal operation, aligning the proposed approach with the performance 151 

and reliability requirements of high-energy-intensive systems. 152 
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2. Experimental methods 153 

In this work, a transient immersion cooling platform was employed to investigate the active 154 

regulation of vapour-mediated thermal resistance under transient high-flux conditions. The 155 

experimental framework is specifically designed to replicate the adverse thermal constraints 156 

characteristic of safety-critical quenching systems and emergency core cooling systems, where 157 

the formation of a stable, insulating vapour layer imposes a fundamental limit on energy 158 

extraction rates and system reliability [33]. The following sections detail the experimental 159 

apparatus, operational procedure, data reduction, and uncertainty analysis.  160 

2.1 Experimental apparatus 161 

Figure 2(a) schematically depicts the experimental test facility. The facility comprises a 162 

customized ceramic tubular furnace, a programmable electronic slider, an electrolyte bath, test 163 

section, a data acquisition system (National Instruments NI9212), high-speed camera 164 

(PHANTOM MIRO LAB110), and a DC power supply.  165 

The tubular furnace capable of reaching 900 °C, under the control of an integrated proportional-166 

integral-derivative (PID) controller and K-type thermocouples was employed to heat the sample. 167 

The sample was suspended from the tail end of a stainless-steel holder, with the front end affixed 168 

to an electronic slider. A programmable single-axis vertical slider equipped with limit switches 169 

was used to immerse the heated sample into the bath with minimal motion perturbations. To 170 

minimize radiation heat losses, the sample was rapidly submerged into the electrolyte bath at a 171 

velocity of 200 mm/s. The electrolyte bath is the 2.5 L transparent borosilicate container. The 172 

transparent configuration allowed for high-resolution visualization of interfacial phenomena, 173 

including bubble layer formation and vapour coalescence on the test sample.  174 

The test section and electrolyte solution preparation were detailed in Section 2.2. The 175 

temperature of the sample was acquired via a 1 mm diameter K-type thermocouple (uncertainty 176 

± 4 °C at 800 °C), embedded within the sample using high-temperature thermal conductive 177 

paste. Further, temperature of the electrolyte was monitored at three distinct locations within 178 

the bath using K-type thermocouples. The thermocouples were interfaced with LabView via a 179 

NI9212 data acquisition unit. Bubble dynamics and vapour layer behaviour were captured 180 

using a PHANTOM MIRO LAB110 high-speed camera with a maximum resolution of 1280 × 181 

800 pixels at 3000 frames/s. Additional details regarding the experimental arrangement can be 182 

found in Refs. [34,35]. An external DC power source (maximum output: 1000 V, 1 A) was 183 

used to apply an electric potential across the sample during the experiments.  184 
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 185 

Figure 2. Experimental test facility: (a) schematic diagram of the test apparatus; (b) sample 186 

details: bare sample, additively manufactured cellular structure, and point-contact coaxial 187 

cellular confinement structure (magnified image shows the discrete contact points and annular 188 

gap between the bare sample and cellular structure); (c) hybrid quenching system with sample 189 

as cathode and Ti electrode as an anode; and (d) operational procedure. 190 

The voltage and current were monitored using a VI acquisition system with a sampling 191 

frequency of 100 Hz. Here, an optimized voltage of 200 V was selected based on the prior 192 
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detailed investigation [36]. In this configuration, the sample was connected to the cathode 193 

terminal, while a counter electrode Titanium Grade 1 ASTM B265 as a 0.9 mm thick w-type 194 

mesh (dimensions: 150 mm × 50 mm) was connected to the anode terminal.  195 

2.2 Test sample and coolant preparation 196 

The SS316L alloy was selected as the sample material due to its excellent corrosion resistance 197 

at high-temperature aqueous environment and ease of micromachining [37] for embedding the 198 

thermocouples. The SS316L rod was machined to the desired dimensions of 7.50 ± 0.14 mm 199 

in diameter and 60 ± 0.1 mm in length (see Fig. 2(b) for sample details). This high aspect ratio 200 

design ensures that heat dissipation predominantly occurs in the radial direction during 201 

immersion quenching [38–40]. Following the machining, internal threading was performed at 202 

one end of the rod to facilitate attachment to the holder. At the threaded end, a blind hole of 1 mm 203 

in diameter was drilled to the rod’s centre, as depicted in Fig. 2(b), for the fixation of a 204 

thermocouple. The samples were subsequently polished using emery papers ranging from #400 205 

to #2000, followed by a 10 min ultra-sonication in acetone and another 10 min cycle in DI water. 206 

Finally, the specimens were dried in an oven at 100 °C for 2 h to eliminate any residual moisture.  207 

To develop an enhanced electrode architecture, an additively manufactured three-dimensional 208 

interconnected cellular structure was prepared using the laser powder bed fusion technique. 209 

The SS316L cellular structure, with a length of 61 ± 0.2 mm and outer diameter of 10 ± 0.1 210 

mm, was fabricated using a selective laser melting (SLM) machine equipped with a Yb-fibre 211 

laser. The fabrication parameters were as follows: laser power of 275 W, layer thickness of 212 

0.05 mm, hatching distance of 0.12 mm, scan speed of 700 mm/s, and an energy density of 213 

66 J/mm³. The cell width and wall thickness of the structure, shown in Fig. 2(b), were designed 214 

such that the cell width was smaller than the bubble diameter observed on the bare sample. 215 

Figure 2(b) presents the computer-aided design (CAD) models of the standalone 3-D cellular 216 

structure and the integrated sample. The additive manufactured cellular structure was welded 217 

to the SS316L cylindrical rod using micro plasma welding (Make and model: ARCRAFT and 218 

MP25F). Here, the welding process involves discrete spot weld instead of continuous stream 219 

of weld. The resulting point-contact arrangement provides the intended coaxial geometry, 220 

maintaining the annular gap (Fig. 2b). Finally, the integrated sample (cellular structure + bare 221 

sample) was ultrasonicated in acetone and DI water, and dried in an oven for 2 h. The obtained 222 

specimen is herein designated as the point-contact coaxial cellular confinement structure.  223 
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An ionic additive, trisodium phosphate (TSP), was employed for its demonstrated capability to 224 

enhance heat dissipation during quenching [35]. Consistent with the investigations of Kumar 225 

et al. [41], a minimal concentration of 0.001 mol/L TSP was utilized to achieve the desired heat 226 

transfer enhancement without surface fouling or significant altercation of the thermal properties 227 

of the coolant. The preparation involved dissolving TSP (Sigma Aldrich; purity ∼96%) in DI 228 

water (Merck, Milli-Q) to yield a 0.001 mol/L solution, followed by stirring on a magnetic 229 

stirrer for 45 min. This low concentration minimizes froth formation during boiling, reduces 230 

surface deposition, and preserves the thermophysical properties of the fluid. Notably, the 231 

cooling solutions were prepared 6–8 h in advance to ensure complete dissolution DI water. 232 

2.3 Experimental procedure 233 

The immersion cooling experiments were performed using both the bare sample and the sample 234 

with cellular structure under conditions with and without a DC electric field, in DI water and a 235 

0.001 mol/L TSP solution. The electrochemical system with sample as cathode and Ti electrode 236 

as an anode is shown in Fig. 2(c). Figure 2 (d) shows a flowchart outlining the experimental 237 

procedures for the passive, active, and hybrid cooling approaches. Initially, DI water was 238 

subjected to vigorous nucleate boiling to facilitate degassing, and the resultant degassed DI 239 

water was used as the base coolant for all tests. The coolant bath was filled with 2 L of degassed 240 

DI water and heated to the saturation temperature. Concurrently, the sample was heated within 241 

the furnace to 440 °C and maintained at that temperature for 45 min, with both sample and bath 242 

temperatures continuously monitored via the data acquisition system. 243 

Upon reaching the target temperature and soaking time, the sample was immersed into the 244 

saturated DI water using the electronic slider. During cooling, the temperature profile was 245 

recorded via LabView, while vapour layer and bubble dynamics were captured by the high-246 

speed camera. Data logging continued until thermal equilibrium between the sample and the 247 

coolant was established, thereby concluding the experiment. In experiments involving electric 248 

field-assisted immersion cooling, the DC electric field was applied between the sample and the 249 

counter electrode. Each experimental condition was repeated for a minimum of five test runs 250 

using fresh samples, with the average values used for subsequent data processing.  251 

2.4 Data reduction 252 

The unknown boundary heat flux at the sample surface was computed using the knowledge of 253 

temperature data at selected interior point of the sample via serial inverse heat conduction 254 

algorithm proposed in Refs. [42–44]. A finite element domain was modelled, and inverse heat 255 
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conduction algorithm was solved using TmmFE (Thermal-mechanical-metallurgical Finite 256 

Elements) Inverse Solver Ver. 45. The following section details the finite element model and 257 

governing equations for computing the heat flux. 258 

2.4.1 Finite element model 259 

A single unknown heat flux at the boundary was assumed along the sample surface. Figure 3(a) 260 

shows the computational domain and the boundary conditions. The computational domain is a 261 

2-D axisymmetric representation of the solid SS316L cylinder, formulated in cylindrical 262 

coordinates (r, z). The domain represents the mid-section of the sample where the thermocouple 263 

was mounted. A similar model was also employed in the literature [45] to determine the 264 

boundary heat flux during the immersion cooling process. The grid of solution domain is shown 265 

in Fig. 3(b). The domain is discretised with 4-node quadrilateral finite elements arranged in a 266 

structured mesh generated using a 4-side linear patch with 1-side graded distribution. The 267 

grading concentrates elements towards the heat-flux boundary S₁, where spatial resolution is 268 

most critical for the accuracy. Each node carries a single temperature degree of freedom, 269 

consistent with the thermal-only formulation of the model. Following the mesh convergence 270 

study, the simulations were conducted using a total of 1250 grid elements (1326 nodes). Details 271 

of mesh convergence study are provided in the supplementary material. Boundary 𝑆1 represents 272 

the unknown heat flux, the heat transfer at 𝑆2 is negligible considering the length of the sample. 273 

Adiabatic condition is assumed along central axis of symmetry. Table 1 presents the boundary 274 

conditions use in the inverse heat conduction model for computing the heat flux at the surface. 275 

2.4.2 Governing equations 276 

Transient heat conduction within a 2-D computational domain in the cylindrical coordinate 277 

system is governed by [42,43]: 278 

𝑘

𝑟

∂

∂r
(𝑟

∂𝑇(𝑟,𝑧,𝑡)

∂r
) + 𝑘

∂

∂z
(

∂𝑇(𝑟,𝑧,𝑡)

∂z
) = 𝜌𝑐𝑝

∂𝑇(𝑟,𝑧,𝑡)

∂𝑡
  (1) 

where 𝑘, 𝜌, and 𝑐𝑝 are the thermal conductivity, density and specific heat capacity of SS316L 279 

cylindrical sample. The thermophysical properties of SS316L were implemented in the inverse 280 

heat-conduction model as temperature-dependent functions. A detailed discussion is provided 281 

in the supplementary material. 282 
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 283 

Figure 3. (a) Computational domain; (b) grid of solution domain; and (c) inverse heat 284 

conduction algorithm for heat flux determination. 285 

Table 1. Boundary conditions for inverse heat transfer model. 286 

Boundary surface Boundary condition 

𝑆1 𝑞(𝑡) = −𝑘 (
𝜕𝑇

𝜕𝑟
), 𝑇(𝑟,𝑧,𝑡) =  𝑇(𝑡) 

𝑆2 𝑞(𝑡) = −𝑘 ( 
𝜕𝑇

𝜕𝑧
) = 0 

To solve the serial inverse heat conduction model for heat flux during immersion cooling the 287 

initial and boundary conditions are defined below.  288 
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Initial condition: 289 

𝑇(𝑟,𝑧,𝑡) = 𝑇𝑖𝑛𝑖 (2) 

at 𝑡 = 0 where 𝑇𝑖𝑛𝑖 = 𝑇𝑐(𝑡). 290 

Boundary conditions: 291 

−𝑘 (
𝜕𝑇

𝜕𝑟
)  = 𝑞(𝑡) on 𝑆1 (3) 

−𝑘 ( 
𝜕𝑇

𝜕𝑧
) = 0 on 𝑆2 (4) 

𝑇(𝑟,𝑧,𝑡) =  𝑇(𝑡) at 𝑟 = 𝑟0 (5) 

𝑡 = 0 < 𝑡 ≤  𝑡𝑒𝑛𝑑 (6) 

where 𝑇𝑖𝑛𝑖 is the initial temperature of the sample after its complete immersion into the coolant, 292 

𝑞(𝑡) the unknown heat flux quantity, 𝑇(𝑡) the time-dependent temperature data, 𝑟0 the radius 293 

of the sample, and 𝑡𝑒𝑛𝑑 the time of completion of immersion cooling process. Based on these 294 

conditions the unknow boundary heat flux at 𝑆1 was estimated. Figure 3(c) shows the algorithm 295 

for estimating boundary heat flux using inverse heat conduction analysis. 296 

To deduce the unknown heat flux, the objective function with respect to q is given by: 297 

𝐽(𝑞𝑚) = ∑  𝑟
𝑖=1 (𝑌𝑗,𝑚+𝑖−1 − 𝑇̂𝑗,𝑚+𝑖−1

+ )
2
  (7) 

where 𝐽(𝑞𝑚) is the linear least square norm, which is the sum of squared error between the 298 

measured and computed temperature at the measuring point inside the sample. This 299 

optimization is performed to minimize the difference between the measured and computed 300 

temperatures in future time steps. Here, 𝑌𝑗,𝑚+𝑖−1 is the measured temperature, 𝑇̂𝑗,𝑚+𝑖−1
+  is the 301 

computed temperature, 𝑗 is the number of temperature sensors in the sample (𝑗 = 1 in the current 302 

investigation), 𝑚 is global time steps, 𝑖 is the current time step and 𝑟 is the total number of 303 

future time steps (𝑟 = 4 , is considered in the present investigation).  304 

For initialization of the numerical solver an arbitrary value for 𝑞𝑚 is assumed and then heat 305 

conduction equation is solved for 𝑟 future time steps. The optimization of 𝐽(𝑞) for 𝑞𝑚 yields 306 

the correction term for deducing heat flux in 𝑚 + 𝑖 time step: 307 

(Δ𝑞)𝑚
𝑛 =

∑  𝑟
𝑖=1  [𝑌𝑚+𝑖−1−𝑇̂𝑚+𝑖−1] 𝜙𝑖

𝑛−1 

∑  𝑟
𝑖=1  (𝜙𝑖

𝑛−1)
2   (8) 

where n is number of iterations, and 𝜙𝑖
𝑘−1 is the sensitivity coefficient: 308 
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𝜙𝑖
𝑛−1 =

𝑇𝑚+𝑖(𝑞𝑚
𝑛−1(1+𝜖))−𝑇𝑚+𝑖(𝑞𝑚

𝑛−1)

𝜖𝑞𝑚
𝑛−1   (9) 

The sensitivity coefficient signifies the variation in computed temperature for a slight 309 

change (𝜖) in (𝑞)𝑚. Then this correction term is added to the obtained heat flux: 310 

𝑞𝑚
𝑛 = (𝑞)𝑚

𝑛−1 +
∑  𝑟

𝑖=1  [𝑌𝑚+𝑖−1−𝑇̂𝑚+𝑖−1] 𝜙𝑖
𝑛−1 

∑  𝑟
𝑖=1  (𝜙𝑖

𝑛−1)
2   (10) 

This iteration procedure continues until the error between the measured and computed 311 

temperature minimize to the satisfies criterion: 312 

∑  𝑟
𝑖=1 (𝑌𝑗,𝑚+𝑖−1 − 𝑇̂𝑗,𝑚+𝑖−1

+ )
2

 ≤  𝜖  (11) 

where 𝜖 =10-6. Once this condition is satisfied the iteration is stopped for time step 𝜏𝑖 and go 313 

to next time step 𝜏𝑖+1. Then the obtained final iterative heat flux value is considered as the 314 

initial known heat flux value for next time steps. The loop ends when time 𝑡 = 𝑡𝑒𝑛𝑑. 315 

To assess the irreversibility associated with vapour-mediated thermal resistance, an exergy-316 

based analysis was performed using the temperature and heat flux. The analysis evaluates 317 

entropy generation associated with heat transfer across a finite temperature difference between 318 

the solid surface and the saturated coolant. While local thermal non-equilibrium exists near the 319 

interface during film boiling, the use of a constant saturation temperature provides a 320 

conservative and reproducible reference consistent with system-level energy assessment. The 321 

instantaneous entropy generation rate per unit area (𝑆̇gen
′′ (𝑡)) associated with heat transfer is: 322 

𝑆̇gen
′′ (𝑡) = 𝑞′′(𝑡) (

1

𝑇fluid
−

1

𝑇𝑠(𝑡)
) (12) 

and the local exergy destruction rate per unit area: 323 

𝑋̇dest
′′ (𝑡) = 𝑇0[𝑆̇gen

′′ (𝑡)] (13) 

2.5 Uncertainty analysis 324 

In the immersion quenching experiments, the various parameters measured are temperature, 325 

voltage, current, weight of the additives, sample length, and diameter. The accuracies of the 326 

measuring equipment are listed in the Table 2. Heat flux was computed using inverse heat 327 

conduction analysis, and the cooling rate was computed from the time derivative of the sample 328 

temperature (𝑇(𝑟,𝑡)) throughout the immersion cooling process [46,47]. The maximum 329 

uncertainty in the derived parameters heat flux and cooling rate are determined using the 330 
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uncertainty analysis method developed by Blackwell and Deck [48]. For, instance, the heat 331 

flux estimation includes individual uncertainties in the parameters used:  332 

𝛿𝑞𝑐 =  √∑ (
𝜕𝑞𝑐

𝜕𝑥𝑖
 𝛿𝑥𝑖)

2
𝑛
𝑖=1   (14) 

=  √[
𝜕𝑞𝑐

𝜕∆𝑇𝑚  𝛿∆𝑇𝑚 ]
2

+  (
𝜕𝑞𝑐

𝜕𝑘
 𝛿𝑘)

2

+  (
𝜕𝑞𝑐

𝜕𝐶𝑝
 𝛿𝐶)

2

  (15) 

where ∆𝑇𝑚, 𝑘 and 𝐶 = 𝜌𝑐𝑝 are the parameters used for computing the heat flux. Table 3 333 

summarizes the maximum uncertainty in heat flux and cooling rate.  334 

Table 2. Details of accuracy of the measuring equipment. 335 

Instrument/Sensor Range 
Variable 

measured 
Accuracy 

Vernier calliper 0-150 mm Length, diameter ± 0.02 mm 

Voltmeter 0-500 V Voltage ± 0.1 V 

Ammeter 0-200 mA Current ± 0.1 mA 

Thermocouple 0-800 °C Temperature 
± 4 °C 

[@ 800 °C] 

Weighing machine 0-250 g Mass ± 0.01 g 

Measuring jar 0-500 mL Volume ± 2 mL 

Table 3. Summary of uncertainties in derived parameters. 336 

Parameter Uncertainty (max) 

Heat flux 13% 

Cooling rate 7% 

3. Results and discussion 337 

The experimental evaluation is structured to quantify the transition from vapour-limited 338 

instability to actively regulated thermal energy transport. The analysis first defines the baseline 339 

transport limitations by characterizing the high-impedance vapour barrier that constitutes the 340 

primary bottleneck during transient quenching. Subsequently, the hybrid strategy is assessed 341 

against this constraint using performance metrics, specifically the Tmin and transient heat flux, 342 

to map the expansion of the safe operating envelope. Finally, these engineering metrics are 343 

synchronized with high-speed interfacial visualization to validate the physical mechanisms 344 

responsible for process intensification and restoring process control. 345 
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3.1 Quantification of baseline thermal latency and thermal energy transport constraints 346 

The immersion cooling experiment using the unmodified SS316L sample establishes the 347 

baseline transport limitations of the passive quenching system. Upon initiation at 440 °C, the 348 

system enters a critical operational bottleneck characterized by the immediate formation of a 349 

stable vapour film (Fig. 4a). This vapour layer physically isolates the solid surface from the 350 

liquid coolant, creating a high-impedance thermal barrier that severely restricts energy 351 

dissipation. Consequently, the initial cooling phase is dominated by radiation and weak 352 

convective heat transfer across this insulating layer, resulting in a prolonged period of thermal 353 

lag. The total heat flux (𝑞′′) across the formed vapour film is: 354 

𝑞′′ = 𝑞cond 
′′ + 𝑞rad 

′′ = (
𝑘𝑣

𝛿
) (𝑇𝑤 − 𝑇sat ) + ℎ𝑟(𝑇𝑤 − 𝑇sat ) (16) 

where 𝑘𝑣 is the thermal conductivity of the vapour (W/m·K), 𝛿 is the vapour film thickness (m), 355 

𝑇𝑤 and 𝑇sat  are the wall and saturation temperatures (K), and ℎ𝑟 is the linearized radiation heat 356 

transfer coefficient (W/m2
·K). As effective heat transfer coefficient (ℎeff), is primarily limited 357 

by the conductive term (
𝑘𝑣

𝛿
+  ℎ𝑟), the system performance is inversely proportional to the film 358 

thickness. The low thermal conductivity of the vapour creates a substantial interfacial thermal 359 

resistance (𝑅th 
′′ =  

1

ℎeff

), which limits the average cooling rate to just 7.5 K/s. The observed rate 360 

represents a significant performance deficit compared to the peak cooling rate of 65 K/s 361 

achievable during the subsequent nucleate boiling regime (Fig. 4b). 362 

High-speed visualization (Fig. 4b) confirms the hydrodynamic instability of this regime, 363 

revealing oscillatory behaviour at the liquid–vapour interface. The system remains in this high-364 

thermal impedance state until the gradual thinning of the vapour layer culminates in its 365 

collapse, typically initiating at the bottom of the sample and progressing upward. This collapse, 366 

marked by the Tmin of 281 °C, precipitates the transition to nucleate boiling, characterized by 367 

rapid bubble formation and surface rewetting. These observations align with established 368 

transient boiling behaviours reported in the literature [49,50]. However, in the context of 369 

safety-critical thermal management, the primary concern is the prevalence of the film boiling 370 

phase. The passive baseline system sustains this insulating regime for 23 s, imposing a critical 371 

thermal latency where the extraction of stored energy is severely hindered. This baseline 372 

characterization confirms that the stability of the vapour film is the governing constraint on 373 

system safety, defining the specific inertial delay that subsequent active control strategies must 374 

overcome to restore thermodynamic availability. 375 
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 376 

Figure 4. (a) Baseline performance characteristics of the system showing vapour-dominated 377 

thermal resistance; and (b) bubble dynamics and cooling rate characteristics of baseline system. 378 

3.2 Process intensification via a hybrid strategy 379 

The dominant transport limitation in high heat flux quenching systems is the masking of the 380 

heat transfer surface by stable vapour films, which imposes a severe interfacial thermal 381 

impedance and constrains safe energy dissipation. As established by Niblett et al. [51], the 382 

insulating vapour phase on the surface increases interfacial resistance and degrades transport 383 

efficiency. The developed hybrid strategy addresses this safety-critical bottleneck by enforcing 384 

deterministic vapour removal and continuous coolant access to the solid surface. By combining 385 

a cellular architecture with EHD actuation, the system maintains an expanded wetted area and 386 

suppresses vapour-dominated insulation across a wide operating envelope. 387 

Figure 5(a) quantify the system-level impact of this hybrid thermal control strategy. The Tₘᵢₙ 388 

increases from 281 °C to 436 °C, indicating that the system remains within transition and 389 

nucleate boiling regimes over a substantially wider temperature range. This shift reflects an 390 

expansion of the safe operating envelope rather than a peak-performance enhancement. 391 

Moreover, the hybrid configuration exhibits rate-controlled and temporally stable energy 392 

dissipation, in contrast to the uncontrolled thermal transients observed in the passive baseline. 393 

Figure 5(b) shows the instantaneous exergy destruction rate for both the baseline and hybrid 394 

configurations over the full quenching duration. Although both systems initiate from 395 

comparable thermal states, the temporal organization of irreversibility differs substantially. 396 

 397 
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 398 

Figure 5. Process intensification: (a) performance of hybrid system in comparison to baseline 399 

system; (b) temporal evolution of exergy destruction in baseline and hybrid system; 400 

quantification of the critical process trade-off; (c, d) front-loading of irreversibility, and a 401 

cumulative energy extraction capacity (throughput) during the critical crisis window (0-10 s); 402 

(e) illustration of electrophoresis and bubble evolution in the hybrid system; (f) geometry-403 

driven electric field concentration; and (g) enhanced EHD activity and bubble dynamics at the 404 

point-contact coaxial cellular confined structure. 405 
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In the hybrid configuration, the exergy destruction rate increases rapidly during the initial stage 406 

of quenching and reaches a global maximum at approximately t ≈ 3 s, followed by a monotonic 407 

decay towards negligible values by t ≈ 25 s (Fig. 5(b)). This temporal concentration indicates 408 

that the dominant irreversible processes are confined to the earliest phase of cooling, coinciding 409 

with the period of highest thermal gradients. The subsequent decay reflects the early restoration 410 

of effective thermal coupling between the solid and the coolant, thereby averting vapour-411 

mediated insulation at high superheat conditions. 412 

By contrast, the baseline system exhibits a markedly different evolution. After an initial rise, 413 

the exergy destruction rate remains at a quasi-steady plateau of approximately 25-30 kW/m² 414 

over an extended interval up to t ≈ 20 s, followed by a delayed and pronounced global 415 

maximum near t ≈ 25 s. This late-stage peak is indicative of sustained vapour-dominated 416 

thermal resistance, during which irreversibility accumulates and is released abruptly upon 417 

rewetting. In safety-critical quenching systems, such delayed irreversibility is undesirable, as 418 

it coincides with extended periods of poor controllability and elevated operational risk. 419 

The two curves intersect at approximately t ≈ 12 s, marking a transition in dominance. Prior to 420 

this point, the hybrid system exhibits a higher instantaneous exergy destruction rate, whereas 421 

beyond it the baseline system dominates. This crossover highlights a fundamental trade-off: 422 

the hybrid strategy concentrates irreversibility early in the quench in order to suppress 423 

prolonged and delayed exergy destruction later in the process. The cumulative exergy 424 

destruction, integrated over the first 10 s of quenching (Fig. 5(c)), provides a system-level 425 

measure of irreversibility during the most critical transient interval. Within this period, the 426 

hybrid system exhibits a cumulative exergy destruction of approximately 560 kJ/m², compared 427 

with 240 kJ/m² for the baseline configuration. Although the hybrid system therefore incurs 428 

greater total irreversibility during the early stage, this result must be interpreted in conjunction 429 

with the temporal distribution discussed above. In the hybrid case, irreversibility is localized 430 

within a short, controlled window, whereas in the baseline system it is deferred to later stages, 431 

where it coincides with unstable rewetting and abrupt thermal transitions. From an energy-432 

systems perspective, irreversibility localization is preferable to irreversibility persistence. 433 

Concentrating entropy generation early in the quench reduces exposure time to vapour-434 

dominated thermal resistance and limits the likelihood of delayed thermal excursions, which 435 

are particularly hazardous in safety-critical thermal operations. 436 

Figure 5(d) compares the total energy extracted during the first 10 s of quenching, obtained by 437 

integrating the measured heat flux. Over this interval, the hybrid system extracts approximately 438 
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1.8 MJ/m². This corresponds to a 2.7-fold increase in energy extraction capacity and an absolute 439 

gain of 1.2 MJ/m². Importantly, this enhancement is achieved without extending the quenching 440 

duration, indicating a genuine increase in thermal throughput rather than a temporal 441 

redistribution of energy removal. When interpreted alongside the exergy results, this finding 442 

demonstrates that the hybrid configuration removes a substantially larger fraction of the stored 443 

thermal energy during the most thermodynamically consequential phase of the process. 444 

Although the hybrid system exhibits higher early exergy destruction, this penalty is offset by 445 

the significant increase in energy extracted prior to the onset of baseline rewetting instabilities. 446 

The combined energy and exergy analyses reveal a critical trade-off in transient quenching 447 

behaviour. The hybrid system accepts increased local irreversibility during the earliest stage of 448 

cooling in order to achieve a markedly higher energy extraction rate and to suppress delayed 449 

irreversibility associated with persistent vapour insulation. 450 

In the baseline configuration, lower early exergy destruction does not correspond to improved 451 

performance; rather, it reflects ineffective heat transfer during the film boiling regime. The 452 

subsequent late-stage exergy peak coincides with abrupt thermal coupling of solid-coolant, 453 

which introduces risks of thermal shock. In contrast, the hybrid strategy front-loads 454 

irreversibility while maintaining continuous thermal contact, enabling smoother temperature 455 

decay and enhanced operational predictability. From a system-level energy perspective, this 456 

shift is advantageous. High-rate early energy extraction reduces residence time at extreme 457 

temperatures, while suppression of delayed irreversibility enhances stability and 458 

controllability. These results indicate that, in transient high-flux thermal processes, minimizing 459 

delayed or peak irreversibility is more critical than minimizing total early-stage irreversibility. 460 

The physical mechanism underpinning this process control and intensification is shown 461 

schematically in Fig. 5(e-g). An externally applied electric field (∇Φ), acts as a controllable 462 

actuator that modifies interfacial force balances at the liquid–vapour boundary. The architected 463 

conductive surface concentrates the electric field at geometric edges and corners, producing 464 

localized regions of elevated field intensity (Fig. 5(f)). These field gradients generate directed 465 

fluid motion and pressure asymmetries that promote vapour destabilization and liquid 466 

replenishment at the solid interface [52]. This developed charge structure modifies the local 467 

electric field distribution and interfacial dynamics. 468 

The synergy between these effects plays a critical role in the intensification of interfacial 469 

transport. The resulting interfacial force amplification can be expressed through the Maxwell 470 

stress (Pₑₛ), which scales with the square of the normal electric field: 471 
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𝑃𝑒𝑠 =
1

2
𝜖𝑙 𝐸𝑛,𝑙

2 (
𝜖𝑙

𝜖𝑣
− 1) (17) 

where 𝜖𝑙 is the permittivity of liquid phase, 𝜖𝑣 represent the permittivity of vapour phase, and 472 

𝐸𝑛,𝑙 is the electric field components normal to the interface on the liquid domain. Geometric 473 

field focusing increases 𝐸𝑛,𝑙 locally, thereby intensifying the destabilizing pressure acting on 474 

the vapour film. This pressure gradient accelerates vapour rupture and restores liquid–solid 475 

contact, enabling reliable heat extraction during high-superheat operation. 476 

Once liquid-solid contact is re-established, the coupled action of geometric confinement and 477 

electrically induced interfacial forcing sustains a feedback loop of vapour expulsion and liquid 478 

replenishment. Vapour is preferentially channelled away from the surface, while liquid access 479 

is continuously restored, preventing re-formation of an insulating film. The resulting dispersed 480 

vapour structures suppress large-scale coalescence and stabilize interfacial transport, ensuring 481 

that the heat-transfer surface remains accessible throughout high-temperature operation. The 482 

observed enhancement in mass and energy transport performance is attributed to the synergistic 483 

interplay between the geometric confinement, the applied electric potential, and the consequent 484 

electrohydrodynamic activities at the surface. The enhanced energy transport observed here 485 

arises from the coordinated action of architectural confinement and active interfacial forcing. 486 

To establish robust design guidance for safety-critical thermal systems, the following sections 487 

deconstruct this hybrid approach by isolating the individual contributions of passive geometry, 488 

coolant modification, and active electrical actuation to the overall process intensification. 489 

3.3 Mechanistic decoupling of passive confinement and active actuation effects 490 

This section systematically decouples the hydrodynamic stabilization provided by passive 491 

architectural confinement from the active electrohydrodynamic actuation, quantifying the 492 

distinct roles of geometry and field forces in restoring thermodynamic accessibility. 493 

3.3.1 Passive modifications of interfacial stability and hydrodynamics 494 

Passive modifications to the coolant chemistry and surface geometry were evaluated to 495 

determine their ability to reduce the stability and persistence of the insulating vapour film 496 

without external energy input. The objective was to assess whether these passive interventions 497 

can meaningfully shorten the high-risk film boiling window and thereby improve baseline 498 

system reliability. Figure 6(a) presents the cooling curves showing the individual and combined 499 

effects of the passive modifications applied to the system. 500 
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The introduction of a minimal concentration (0.001 mol/L) of TSP as an ionic additive yields 501 

a modest improvement in cooling performance. As shown in Fig. 6(a), the presence of TSP 502 

shifts the cooling curve leftward, raising the Tmin from 281 °C (bare sample) to 298 °C. The 503 

observed enhancement is attributed to the chemical destabilization of the vapour-liquid 504 

interface. The dissociation of TSP produces phosphate anions (PO₄³⁻), which, due to their 505 

relatively higher polarizability, exhibit enhanced affinity for the low-dielectric interface. In 506 

contrast, the smaller and strongly hydrated sodium cations (Na⁺) preferentially remain solvated 507 

within the bulk liquid phase [53]. The preferential adsorption may impart a net negative charge 508 

to nascent bubbles, introducing a short-range electrostatic repulsion that can suppress early 509 

coalescence. The range of this force is defined by the Debye length (𝜅−1): 510 

𝜅−1 = √
𝜖𝑟𝜖0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 (18) 

Under current conditions, the theoretical 𝜅−1 is 4 nm, indicating that any electrostatic barrier 511 

to bubble coalescence is confined to the near-interface region. While this mechanism facilitates 512 

earlier vapour rupture, the enhancement is marginal and consistent with studies employing low 513 

additive concentrations [41], indicating limited control under safety-critical conditions. Higher 514 

concentrations were avoided, as excessive ionic strength has been reported to stabilize the 515 

vapour–liquid interface, thereby prolonging film boiling and increasing thermal latency. 516 

In contrast, the geometric modification induces a profound intensification of the transport 517 

process. Figure 6(a) demonstrates that the attachment of a 3-D cellular structure reduces the 518 

film boiling duration by 64%. Furthermore, the cellular surface achieves a Tmin of 371 °C, 519 

representing a 90 °C elevation relative to the bare baseline. This significant performance gain 520 

is driven by geometric confinement, which physically disrupts the hydrodynamic stability of 521 

the vapour layer and reduces the persistence of the high-impedance state.  522 

The stability of a vapour film on a plain surface is governed by the Rayleigh-Taylor instability, 523 

which dictates a critical wavelength 𝜆𝐻 = 2𝜋√
𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
 = 15.7 mm. The cellular structure 524 

features a characteristic cell dimension (Dcell = 1.3 mm) that is an order of magnitude smaller 525 

than this critical wavelength. Consequently, the geometric confinement prohibits the formation 526 

of a continuous stable vapour layer under transient quenching conditions.  527 
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 528 

Figure 6. Performance characteristics and mechanistic validation. (a) Cooling profiles quantifying 529 

the thermal latency reduction via passive geometric and chemical modifications. (b) Operating 530 

envelope expansion under active electrohydrodynamic (EHD) actuation. (c-e) High-speed 531 

visualization and schematic illustration of the governing interfacial regimes: (c) baseline vapour 532 

film insulation; (d) architected phase separation via counter-current channelling; and 533 

(e) synergistic EHD-induced vapour fragmentation. 534 
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The open-cell structure and point-contact integration establish discrete, parallel pathways for 535 

counter-current liquid and vapour flow, promoting vigorous oscillation and early transition to 536 

the high-heat-flux nucleate boiling regime. High-speed visualization and corresponding 537 

schematic (Fig. 6 (c, d)) provide validation of this operational transition. As shown in Fig. 6(c), 538 

the baseline scenario is characterized by the immediate formation of a continuous, stable 539 

vapour film that acts as a macroscopic thermal impedance. The visualization confirms that this 540 

uncontrolled vapour growth physically isolates the solid surface, creating a stochastic barrier 541 

that chokes energy dissipation. In contrast, the cellular surface architecture (Fig. 6(d)) visually 542 

demonstrates the enforcement of deterministic phase separation. The cellular structure is 543 

observed to physically segregate the transport fluxes, maintaining open channels for vapour 544 

product removal (outward flow) while sustaining capillary-assisted coolant delivery (inward 545 

reflux). The architectural control effectively eliminates the chaotic coalescence observed in the 546 

baseline, converting the stochastic interference of the vapour film into structurally driven 547 

exchange regime that actively maintains thermodynamic accessibility. Crucially, the 548 

combination of geometric attachment and TSP additives yields a cooling profile almost 549 

identical to the geometry-only case. This observation confirms that the structurally dictated 550 

hydrodynamic effect is the dominant control parameter, rendering chemical modification 551 

insufficient as a standalone mitigation strategy for the transport limitations of film boiling. 552 

3.3.2 Active intensification via electrohydrodynamic actuation 553 

The application of an external electric field introduces a tuneable control actuator that enables 554 

deterministic regulation of interfacial transport, transforming the passive quenching 555 

configuration into an actively stabilized thermal management subsystem. As evidenced by the 556 

cooling profiles in Fig. 6(b), this active intervention significantly expands the safe operating 557 

envelope by reducing the persistence of vapour-induced thermal impedance during the high-558 

superheat regime. For the bare sample in the 0.001 mol/L TSP solution, the application of a 559 

200 V potential elevates Tₘᵢₙ by 41 °C compared to the passive case, and by 58 °C relative to 560 

the baseline system. It shows that enhancement is driven by the dominance of electric field-561 

induced transport over natural diffusion processes.  562 

To get quantitative insights of this control mechanism, the transport dynamics of the working 563 

fluid were analysed. Under the applied potential of 200 V across an average vapour film 564 

thickness of 1 mm, the resulting electric field strength (2 × 105 V/m) imposes a directed 565 

electrohydrodynamic body force at the liquid–vapour interface. The calculated field-induced 566 

drift velocity, ν = μion E = 3.3 × 10-2 m/s, is approximately four orders of magnitude greater 567 
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than the characteristic velocity of natural diffusion (5.3 × 10-6 m/s). Such disparity indicates 568 

that the system response is governed by field-driven interfacial forcing rather than slow, 569 

diffusion-limited transport processes. Consequently, the resulting Maxwell stress acts as a 570 

primary destabilizing force at the liquid-vapour interface, enabling the rupture of the insulating 571 

vapour film. This enhanced hydrodynamic instability intensifies interfacial mass transport by 572 

enforcing liquid-solid contact. Concurrently, the field-induced interfacial agitation provides a 573 

secondary mechanism for transport enhancement. The nucleation and departure of these 574 

bubbles create intense local micro-convection, disrupting the thermal boundary layer and 575 

augmenting heat removal through mechanical agitation. 576 

However, the synergy between the electric field and the geometric surface modification yields 577 

the most profound performance gain. Figure 6(b) demonstrates that the combination of 578 

geometric attachment and the electric field increases the Tₘᵢₙ by 112 °C compared to the 579 

baseline system, and by 22 °C compared to the passive geometric modification alone. This 580 

additional enhancement indicates that the electric field provides an active destabilization 581 

pathway that complements the hydrodynamic confinement. The open-cell configuration creates 582 

a heterogeneous field distribution, generating localized regions of high field intensity near the 583 

cell walls and edges. This non-uniformity induces steep pressure gradients at the liquid–vapour 584 

interface. At the cell walls, the amplified electric field imposes a local normal stress that 585 

destabilizes the vapour–liquid interface, while the open cell regions retain relatively higher 586 

vapour pressure. This imbalance alters the interfacial force balance, promoting the rapid 587 

instability of the liquid–vapour interface. The resultant destabilization facilitates an early and 588 

deterministic rupture of the vapour film, enhancing liquid rewetting and ensuring robust heat 589 

transfer performance at high superheats. The visualization shown in Fig. 6(e) confirms that the 590 

EHD actuator physically fragments the vapour phase, suppressing the formation of cohesive 591 

vapour masses and maintaining a maximized interfacial area for transport. This transition from 592 

geometric channelling to active fragmentation ensures that the surface remains continuously 593 

accessible to the liquid coolant. The intense, localized electrostatic pressure generates a normal 594 

stress gradient that overcomes the stabilizing forces of surface tension and vapour pressure, 595 

thereby suppressing vapour-induced thermal impedance and enabling reliable heat rejection 596 

under transient high-superheat conditions.  597 

3.4 Accelerated energy dissipation under regulated thermal stress 598 

The transient heat flux characteristics were analysed to evaluate the trade-off between cooling 599 

rate intensification and thermal-mechanical integrity of the component under safety-critical 600 
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quenching conditions. Figures 7(a) and 7(b) show the heat flux profiles for the passive and 601 

active configurations, respectively. A consistent leftward shift in the heat flux curves for the 602 

modified samples indicates an earlier onset of effective heat extraction.  603 

 604 

Figure 7. Heat flux characteristics under: (a) passive modifications; (b) active electrochemical 605 

modifications; and (c,d) cooling rate profiles confirming the regulation of transient thermal shock. 606 

Figure 7(a) reveals that the passive geometric modifications drive the system toward a "thermal 607 

shock prone" regime. The sample with the cellular structure in DI water reaches a CHF of 608 

approximately 1190 kW/m² at 12 s, which is more than double that of the reference condition 609 

(500 kW/m² at 25 s). The insert in Fig. 7(a) shows enhanced liquid-vapour pathways at the 610 

cellular structure. While this increase confirms the strength of the hydrodynamic enhancement 611 

mechanism, the concentration of such a high heat load within a condensed timeframe introduces 612 

a thermal stress. The sudden rupture of the vapour film triggers a violent surge in bubble 613 

dynamics and a rapid escalation to peak heat flux. This sudden thermal impulse generates steep 614 
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temperature gradients and compressive stresses at the boiling surface, elevating the risk of 615 

thermal fatigue and reducing structural reliability over repeated operating cycles [54,55]. 616 

In contrast, the application of the electric field transforms the energy release profile from a 617 

damaging spike to a regulated discharge. As shown in Fig. 7(b), the active system significantly 618 

attenuates the peak thermal load. For the field-actuated sample with cellular attachment in DI 619 

water, the CHF is observed to be 480 kW/m² at 8 s. Similarly, in the TSP solution, the peak is 620 

modulated to 270 kW/m² at 3 s. This reflects pre-emptive redistribution of the stored thermal 621 

energy away from a single damaging peak. By destabilizing the vapour film immediately upon 622 

immersion, the active system dissipates a substantial portion of the stored thermal energy 623 

during the typically inefficient film and transition boiling regimes. Such early and continuous 624 

energy removal prevents the accumulation of the thermal load that drives the sharp CHF surge 625 

in the passive system. Consequently, the heat flux is distributed more evenly over the cooling 626 

duration, moderating the peak instantaneous rate and reducing the localized thermal gradients 627 

and stress concentration. The load-smoothing capability positions the hybrid approach as a 628 

reliability-oriented strategy for safety-critical thermal management, where protecting the 629 

component from transient thermal stress is prioritized over heat flux magnitude. 630 

The analysis of cooling rate curves provides further insight into the system's ability to shape 631 

the transient energy release trajectory. Figure 7(c) reveals that under passive conditions, the 632 

cooling rate at high wall temperatures remains critically low, throttled by the dominant thermal 633 

resistance of the stable vapour film. This delay forces the system to reject the majority of its 634 

stored energy in a condensed, high-intensity surge at lower temperatures. For the reference 635 

sample, the peak cooling rate occurs at only 191 °C, indicating that the component remains in 636 

a high-risk thermal state for a prolonged duration before efficient heat transfer is engaged. 637 

The introduction of the hybrid active control strategy fundamentally alters this profile, shifting 638 

the operational window of efficient cooling to higher temperatures. As evidenced in the cooling 639 

rate curves, the combination of coolant modification and surface attachment initiates an earlier 640 

transition to nucleate boiling. Consequently, the peak cooling rate shifts from 191 °C to 253 °C. 641 

The observed 62 °C elevation in the peak efficiency temperature signifies a meaningful 642 

expansion of the thermal safety margin, allowing the system to access high-performance 643 

cooling regimes earlier in the crisis timeline. 644 

While the cellular structure in DI water achieves the highest instantaneous peak cooling rate, 645 

such surge represents a transient instability associated with the sudden establishment of liquid–646 
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vapour contact. In contrast, the application of the electric field results in a distinct "peak 647 

broadening" effect, as shown in Fig. 7(d). This broadening indicates that stable transition and 648 

nucleate boiling are sustained over nearly the entire cooling duration, rather than being 649 

confined to a narrow, low-temperature spike. The electric field promotes this stability through 650 

two concurrent mechanisms: field-induced gas generation creates mechanical turbulence that 651 

disrupts the boundary layer, while the electrophoretic transport of the coolant ensures 652 

continuous liquid replenishment at the hot surface. Together, these active transport mechanisms 653 

overcome vapour-dominated thermal resistance, transforming the cooling process from a 654 

surge-dominated response into a sustained, rate-controlled operation that maintains high 655 

energy dissipation throughout the critical high-temperature window. 656 

4. Conclusions 657 

This work systematically addresses the process-design challenge of sustaining high and 658 

predictable energy extraction rates during vapour-dominated transient thermal operation. By 659 

coupling a conductive, point-contact surface architecture with electrohydrodynamic interfacial 660 

actuation, the proposed strategy re-establishes effective liquid-solid contact during the most 661 

critical early stages of quenching. The results demonstrate that vapour-mediated interfacial 662 

thermal resistance under transient conditions can be actively regulated through synergistic 663 

architectural enforcement and interface actuation. The key conclusions from this work are: 664 

• The combined architectural and field-based intervention enables sustained coolant 665 

access to the heated surface during high-superheat operation, eliminating delayed 666 

rewetting behaviour that constrains passive systems. As a result, the cooling response 667 

transitions from an unregulated transient dominated by vapour persistence to a 668 

predictable, rate-controlled process. 669 

• The analysis confirms a deliberate redistribution of irreversibility in time. Higher 670 

entropy generation is concentrated during the earliest phase of cooling, corresponding 671 

to restored thermal coupling and rapid energy extraction, while prolonged irreversibility 672 

associated with vapour persistence is averted. Such redistribution exhibits 673 

controllability of energy dissipation in transient processes. 674 

• Neither geometric confinement nor electrohydrodynamic actuation alone is sufficient 675 

to sustain high-rate energy extraction under transient vapour-dominated conditions. 676 

Reliable process intensification is achieved only when architectural features define 677 
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deterministic flow pathways and active interfacial forcing facilitates vapour 678 

fragmentation to alleviate vapour accumulation.  679 

• The hybrid configuration significantly increases energy extraction during the initial 680 

quenching window, when thermal resistance and operational risk are highest. By 681 

restoring effective transient thermal energy transport pathway at elevated temperatures, 682 

the system achieves a 2.7-fold increase in early-stage energy throughput. 683 

In summary, this study establishes that the limitations imposed by vapour-mediated interfacial 684 

resistance during transient thermal operation can be addressed through coordinated 685 

architectural design and interface-targeted actuation. The results demonstrate that transient 686 

heat-transfer performance can be engineered through active regulation of interfacial dynamics 687 

rather than reliance on passive boiling behaviour alone. These findings provide experimentally 688 

grounded design guidance for thermal management systems in which energy extraction rate, 689 

operational stability, and auxiliary energy cost are simultaneously constrained.  690 
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