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Spray cooling of solid substrates is one of the methods used in various industrial processes such as forging, quenching or other metallurgical applications, electronics, pharmaceutical industry, medicine, or for cooling of powerful electrical devices. Spray cooling is governed by various hydrodynamic and thermodynamic processes, like drop impact, heat conduction in the substrate and convection in the spreading drops, and different regimes of boiling. The problem of modeling spray cooling becomes even more challenging if the liquid is multicomponent. The presence of components with various physicochemical properties (surfactants, binders, dispersed particles, etc.) can significantly affect the entire process of spray impact, as well as the outcome of the known cooling regimes and could lead to a formation of a thin deposited layer on the substrate. In this experimental study, spray impact onto a substrate, initially heated to temperatures significantly exceeding the liquid saturation point, is visualized using a high-speed video system. The heat transfer associated with spray impact is characterized using an array of thermocouples installed in a thick metal target. As a working fluid, a mixture of a distilled water and industrial white lubricant was used. It is observed that the presence of very small concentrations of lubricant augments the heat flux dramatically, particularly at high wall temperatures, at which usually film boiling is observed for spray cooling by using distilled water. Three main mechanisms lead to the increase of heat flux and shift of the Leidenfrost point. They are caused by the significant viscosity increase of the evaporating lubricant solutions, by an increase of the substrate wettability and by the emergence of stable liquid sheets between bubbles, preventing their coalescence and percolation of the vapor channels.
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1 INTRODUCTION
A spray impacting onto a heated surface is found in a broad range of industrial processes. These include, among others, wall impact of a fuel spray in engines [1,2] or gas turbines, in selective catalytic reduction (SCR) systems of diesel driven vehicles [3] as well as in a multitude of other systems. Spray-induced cooling is extensively used during die forging, hot mill rolling [4], cooling of power electronics [5], etc. An extensive overview of spray cooling technology, with water or other one-component liquids being used as a working fluid can be found in [6–11]. For moderate temperatures that do not exceed the saturation temperature, the cooling is realized mainly through the impact of single drops [12], convection in a thin liquid wall film and through the evaporation at the free surfaces of the liquid layer. The cooling is enhanced significantly on structured substrates due to the local cooling in the neighborhood of the contact lines [13–15].
At higher wall temperatures, the phenomena are accompanied by boiling and is influenced significantly by the corresponding thermodynamic phenomena. Different regimes have been observed during spray cooling at various wall temperatures and impact parameters. These regimes include the nucleate boiling regime [9,16], characterized by the heterogeneous nucleation of multiple bubbles on the wetted part of the solid surface; the transition regime, when the substrate surface is not uniformly wetted due to the percolation of the vapor in channels formed by the coalescence of the bubbles [17]; the film boiling regime [10,18,19], characterized by the complete rebound of the impacting drops; and the thermal atomization regime, accompanied by the generation of an intensive flow of fine secondary drops [20] in the case of high impact velocities of the primary drops. In order to simplify physical modeling of the associated thermal-hydraulic phenomena, a spray can be approximated as an aggregate of individual dispersed droplets, which means that mechanisms governing the impact of individual drops onto a heated surface need to be well understood as well [18].
In most cases, experiments are performed using pure liquids, with distilled water as the most commonly used liquid. However, quite recently, application of complex, multi-component liquids for the enhancement of spray cooling started to attract increased attention. As a result, spraying fluids often represent a multi-component mixture of water and lubricants and perform not only a role in cooling, but also in lubrication, for example, in cooling of dies or mechanical parts in the forging industry. Such industry level liquids, suspensions, emulsions and solutions, are designed not only to cool, but also to reduce wear and friction. In [21], an optimal concentration of the surfactants has been determined experimentally for sprays at temperatures below the boiling point. It is known that at higher wall temperatures, the addition of surfactants can significantly influence the phenomena of boiling, causing foaming in the near-wall region and thus enhancing spray cooling [22–27]. Additionally, surfactants can potentially cause the delay of the Leidenfrost point, as already reported in [28,29]. Moreover, the heat transfer can be influenced by the dissolution of different types of organic salts in the bulk liquid [30,31]. For example, [32], have noted that the heat flux at the surface of the very hot metal substrates at 900°C significantly increases by the addition of the dissolved salts in water used for cooling. Use of salt water for spray cooling produces a higher heat removal rate because of the dominance of salt deposition phenomenon, as shown in [33]. Even at relatively low temperatures for spray cooling, at 240°C, the addition of salts reduced the time required for cooling by an order of magnitude, as shown in [34]. Moreover, it has been discovered that salt solutions increase Leidenfrost point [35,36].
Heat flux can be enhanced by the addition of a certain amount of a polymer [37,38]. An optimum polymer concentration can be determined experimentally for a maximum heat flux.
Emulsions can also be useful for metal quenching if the formation of a solid deposition layer is not desirable. Experiments show, that using emulsions as the cooling liquids can potentially influence the heat flux. In [39] it was shown that the heat flux provided by an oil-in-water emulsion is lower than that of pure water at the same temperatures while using kerosene-based emulsions enhances cooling during the quenching process. It is interesting that using oil-in-water emulsion for jet cooling leads to a significant cooling enhancement in comparison to pure water jet [40].
Among the other fluids which can potentially enhance the spray cooling are nanofluids [41–43].
The behavior and properties of the liquid during spray cooling of hot substrates can change significantly due to the partial liquid evaporation. Correspondingly, intensive local evaporation leads to the fast increase of the less volatile components concentrations near the wall. In some cases, this phenomenon leads to the deposition of additives at the wall surface. This process is used in some applications for applying surface coatings or lubrication. On the other hand, in other applications, such as in engine fuel sprays, the fuel deposition is not a desirable process [44]. The main influencing factors affecting the behavior of multi-component liquids in a spray impacting a hot substrate still have to be identified in this study. However, recently, attention of various researchers has been directed towards drop impact of a variety of compound drops [45] as well as impact on lubricated and coated surfaces [46,47]. Splashing of binary drops, such as particle dispersion [48], as well as numerous effects which occur during the heat transfer between the heated substrate and impacting drop [49,50], were studied intensively for different experimental system configurations. During impact of a such complex solution drop, a deposited solid layer is formed at the wetted part of the substrate due to the local liquid evaporation, which leads to the accretion of the dissolved phase from the solution. At the wall temperatures below the limit for drop boiling, when the drop evaporates, the deposition occurs mainly near the receding contact line, leading to the formation of coffee stain patterns [51–53]. At higher temperatures, corresponding to the nucleate boiling regime, contact lines are formed by each of the multiple vapor bubbles. The dissolved phase from lubricant can deposit at the substrate interface, wetted by the liquid drops. This deposited layer can potentially influence the heat transfer.
The main goal of this investigation is to observe, characterize and analyze the evolution of the heat flux during the spray cooling experiments, using an industrial water/lubricant mixture in different mixture ratios. The aim is to identify possible mechanisms and factors influencing the thermodynamic and hydrodynamic phenomena accompanying the spray impact of lubricant solution onto a heated substrate. Also, the addition of lubricants can lead to a significant change of the liquid viscosity, surface tension, thermal diffusivity and conductivity, as well as other relevant thermal properties. Therefore, the liquid properties have to be measured for different lubricant concentrations. However, in the present case, the addition of lubricants does not significantly change these properties.
In the present study, temperature and heat flux measurements are performed during continuous cooling of a thick metal target from 445°C to 100°C. These measurements are accompanied by high-speed visualizations of an impacting spray at various time instants, allowing identification of the different spray cooling hydrodynamic and thermodynamic regimes, as well as the influence of different lubricant concentrations on the latter.
It is found that the addition of even small amounts of lubricant increases significantly the heat flux due to spray cooling, especially at relatively high wall temperatures. The cooling time is therefore notably reduced in comparison to the pure water case. Moreover, spray cooling is accompanied by extensive foaming in the near wall region on substrates at high temperatures. Foaming is caused by the pinning of the impacting drops to the accreted deposited layer of the dissolved salts from the lubricant. This layer significantly influences the intensity of heat transfer. Moreover, foaming phenomena are associated with a significant increase of the temperature of the Leidenfrost point and almost total suppression of the film boiling regime.
2 EXPERIMENTAL METHODOLOGY
An experimental facility for observation and characterization of heat transfer due to spray impact onto a heated substrate is shown schematically in Figure 1. The setup consists of six main systems, comprising a spray generation system connected to a fluid supply, a heating system with temperature measurement and control, an observation system with a high-speed camera with backlight illumination and a computer control unit for data acquisition and control of the experimental flow in LabView software.
[image: Figure 1]FIGURE 1 | Schematic representation of the spray cooling experimental setup.
In Figure 2 all the components involved in the spray generating process are presented. The mixture of water with industrial white lubricant in exact desired ratio, thus achieving desired salt volume concentration, is stored in a reservoir. If an elevated fluid temperature is required, the immersion heater connected to a temperature controller is used. Mostly, in the present experimental campaign, the working fluid remains at ambient temperature, due to the limited need for elevated fluid temperatures in the field of die forging. A one component atomizer is driven by a gear pump, while corresponding fluid properties are measured by a pressure sensor and a temperature sensor. A check valve separates the atomizer from the main supply line. A directional valve connects the supply line to the recirculating line. Finally, a movable shutter is situated immediately beneath the atomizer opening. This shutter can deflect the entire spray that comes out of the atomizer for some amount of time, and serves to eliminate any initial unsteadiness of the flow rate. It moves through the action of a pneumatic cylinder, which instantly pushes the shutter into or out of the fluid stream. When the spray has reached a steady state, the shutter moves out of the flow and the spray can reach the hot substrate. This process prevents large fluid ligaments during the atomizer unstable start-up phase to reach the heated substrate. This configuration ensures development of a stable, full cone spray on the substrate surface.
[image: Figure 2]FIGURE 2 | Scheme for the atomizer and water supply system used for spray generation [54].
After each spray experiment is completed, a solid residue forms on the substrate, due to the presence of organic salts and surfactants in the lubricant liquid. For high substrate wall temperatures, after water evaporation, deposition of the mentioned components occurs. In order to start the next experiment with the same experimental conditions as the previous one, the substrate surface needs to be thoroughly cleaned. For that purpose, an additional reservoir with a mixture of water and isopropanol is connected with mini-ball valves to a supply line (not presented in Figure 2). Given that organic salts entirely dissolve in water, the aforementioned mixture was chosen for a cleaning liquid. During the cleaning process, the mini-ball valves downstream of the fluid tank are closed in order to supply only the cleaning liquid to the whole system. After thoroughly cleaning the substrate, the visual appearance was checked to identify possible stains or damage to the surface. Upon the end of all experiments and cooling to room temperature, cleaning of the surface was once more done using distilled water. The impact surface was next polished with a mirror polishing paste to attain an average roughness of 0.03 μm. Isopropanol alcohol was subsequently employed to remove polish residuals. Cleaning the surface ensured good repeatability, which is confirmed by repeating of the experiments with the same parameters.
The spray is produced by a liquid driven commercial nozzle (Lechler 490.403), a full-cone, pressure swirl and one component nozzle type. Different impact velocities of the spray droplets are achieved by varying the height of the spray above the hot substrate using a linear traverse. By adjusting the distance between the atomizer and the heated surface, and by varying the pressure supplied to the nozzle, sprays of different impact properties can be generated.
The atomizer has a bore diameter 1.25 mm, spray angle 45° and operating pressure from 1.5 to 10 bar. The upper limit of operational pressure is, however, dictated by the maximum differential pressure of the gear pump. The spray is characterized using phase Doppler measurements and the mass flow rates. The results of these measurements can be found in [54].
In order to measure a flow rate of the fluid passing through the atomizer, a Coriolis mass flow meter (Optimass 7,400 C from Krohne) was installed.
The heating system consists of the spray impact target as a part of a watertight housing, including the heater. The heated target is the top end of a circular cylinder (diameter dt = 100 mm and height ht = 53.2 mm). The target is heated by four cartridge heaters hotset hotrod HHP with an overall power of 2 kW. All the heaters are placed in a copper disc, which is screwed to the bottom of the cylinder. The side and bottom of the target are insulated in order to ensure that heat transfer only occurs through the top surface. The target is placed in a water-resistant housing.
The material of the target is stainless steel with a mirror polished upper surface made by lapping and polishing. The average roughness of the polished surface is [image: image] 0.03 μm. It was shown that stainless steel exhibits good resistance against corrosion and oxidation, thus, the spray target used in this experimental campaign endured more than 200 cooling experiments. The main challenge during the construction of the heated target are achieving good thermal insulation and maintaining a watertight housing to ensure that a complete flooding of the target is possible without any damage to components. The setup is designed for surface temperatures up to maximum 500°C.
The observation system consists of a CMOS high-speed camera equipped with two different lenses and a backlight illumination source. A camera is Vision Research Phantom v2012 which can achieve a maximum resolution of 1,280 × 800 pixels at 22,000 fps, is used to record side-view images and videos of the spray impact. The high-speed camera is additionally equipped with a Tamron 180 mm macro optical lens. The backlight illumination consists of a high-powered light source (LED Illumination) and a diffuser plate. Illumination is placed behind the spray (and directed co-linear with the high-speed camera) resulting in shadowgraphy imaging.
2.1 Measurement technique for heat flux and surface temperature
In order to evaluate both temperature and heat flux on the surface of the target, the inverse heat conduction problem (IHCP) [55] needs to be solved by using the temperature readings from inside the substrate as input data. The temperature readings are acquired from thermocouples embedded inside the target. In Figure 3 the position of the thermocouples is shown. The thermocouples are arranged in two rows. The first row is located 0.5 mm below the surface to achieve a quick response time. The holes, inside which the thermocouples are placed, are produced using the spark erosion technique. The resulting hole diameter is 0.6 mm. The thermocouples are bonded inside the holes using a thermally high conductive adhesive (Aremco Ceramabond 569 VFG) to ensure good thermal contact. Temperatures are sampled at a sample rate of 95 Hz using National Instruments NI 9212 thermocouple input modules attached to a National Instruments cRio 9074.
[image: Figure 3]FIGURE 3 | Sectional view of the heated target showing the thermocouple positions. Dimensions are in mm.
The radial distance between each sensor in the first row is 3.5 mm to account for any radial distribution of the heat flux. The second row is 20 mm below the surface to make the IHCP procedure independent of the boundary condition at the bottom of the target. The heat flux problem is assumed to be two-dimensional, axisymmetric and having adiabatic boundary conditions at the curved surface area. It is, therefore, assumed, that the heat transfer occurs only through the top surface exposed to spray.
The thermocouples are type K, class 1, with 0.5 mm shield diameter. The measuring tip is open and aligned with the shield. This configuration ensures the shortest possible response time for this type of thermocouples. The response time of the thermocouples was measured, yielding 0.7 s. Such response time makes it problematic to accurately follow the sharp jumps of the temperature and to measure the precise values of heat flux near sharp peaks, for example, in the region of critical heat flux. The measurements are reliable over the entire measurement period except this region. This has been confirmed by comparison of the measured heat flux and predicted using direct numerical simulations of heat conduction in the wall, using a commercial code.
In the present work, an existing algorithm [55,56] is used for calculating the heat flux and target temperature at the wall surface from temperature readings of the thermocouples. Initially, the two-dimensional heat conduction problem is transformed from polar-cylindrical to the Laplace space. Time evolution of the measured temperature inside the target is approximated as a series of half power polynomials in time, and as Fourier-Bessel series in space. After solving the problem in Laplace space, an inverse Laplace transform leads to the solution.
2.2 Preparation of lubricant solutions
The industrial lubricant LUBRODAL F327,1 produced by company Fuchs LUBRITECH, is used as a base for the preparation of the lubricant solutions. The lubricant LUBRODAL F327 represents a water based, water-miscible, die lubricant with excellent separation effects for hot and warm forging of steel. It is widely used for different forging operations in industry due to the quick formation of a clearly visible and touch-resistant lubrication film after spraying to the hot tool surfaces, thus achieving good wetting and reducing the friction between tools and working parts.
The lubricant is supplied as a concentrate, containing a specific amount of organic salts that provide lubrication when utilized. In order to stabilize the concentrate and aid the spreading and formation of the adherent lubricant films on the die surface, organic and inorganic components (surfactants and binders) are present in the lubricant concentrate as well. The exact component present in the concentrate is: Isothiazolone derivative from 0.002% to less than 0.01%. Concentration is given in percent by weight. Prior to experiments, the lubricant is diluted with distilled water to the desired ratio prior to use in the spraying system, thus further decreasing the concentration of the additional components, leaving dissolved organic salts as a dominant influencing factor. Standard values for the dilution of LUBRODAL F 327 with water are from 1:1 for very difficult forging operations, to 1:40 for simple forging operations. The dilution ratio 1:1 was not applied in the present experimental campaign, due to the spraying difficulties of such a dense solution. In the forging industry today, dilution ratios from 1:2 to 1:20 are most common, depending on specific operating properties. For that reason, dilution ratios from 1:2 to 1:16 were used in the present experimental campaign. After diluting, a further stirring of the working mixture is not necessary, because the main component, organic salt, is completely dissolved in water.
Solutions of different salt volume concentrations are prepared by mixing the lubricant concentrate with distilled water. In this study, the volumetric concentrations of the solutions range from φ = 0.97% to φ = 5.47%. Experiments were conducted with 8 different lubricant-to-water mixture ratios, thus achieving different volumetric concentrations. In most industrial applications, the maximum volumetric concentration of φ = 8.2% is typically the upper limit, which is very rarely reached because of the spraying difficulties.
Since the concentration of the organic salts is small, it is expected that most of the thermal properties are similar to that of water. The boiling temperature of the lubricant solution is measured for a few mixture ratios, resulting in boiling temperature of Tsat = 100°C. The surface tension of the different solutions has been measured with a tensiometer. The surface tension of the solutions is respectively: σ = 58.95 mN/m for φ = 5.47%, σ = 61.63 mN/m for φ = 2.34% and σ = 64.28 mN/m for φ = 1.49%.
Since the effects of the additives on the main thermal properties of the solutions in these experiments are minor, one could expect that the outcome of spray cooling will also be similar to that of pure water. In this study we show that addition of salts and surfactants can cause significant changes in the dynamics of spray impact, boiling and therefore in the values of heat flux. These effects are explained in §3.2 and §4.
3 RESULTS AND DISCUSSIONS
Experiments in this study were performed with different lubricant-to-water mixture ratios (different organic salt volumetric concentrations), thus achieving various lubricant solution compositions. Additional experiments with the same operational parameters were carried out with a distilled water spray, for comparison purposes.
To evaluate the boiling curve in many heat transfer studies, setup configurations are usually designed to keep the substrate temperature constant. However, in the present case, in order to evaluate effects of transient phenomena during spray cooling and at the same time ensure lubrication of the contact surfaces, the heated target temperature is kept constant only until the spray starts. First, the target is heated until a uniform initial temperature of 445°C is reached. Heating is stopped immediately after the start of spraying, enabling to capture transient phenomena during continuous cooling. Only once the spray has fully developed and the target has been uniformly heated, does the experiment begin.
Throughout the duration of the experiment, the spray parameters are kept constant, with the supply pressure of the atomizer at 2 bar. Visualization and heat flux measurements are temporally matched, and therefore visual observations can be directly associated with the instantaneous local heat flux and target surface temperature.
The spray parameters at the spray axis are the same for all the experiments in this study: the mean drop diameter D10 = 78.7μm, the mean impact velocity U = 14.05 m/s and the mass flux [image: image] kg/m2s. The mass flow of the nozzle is [image: image] 62.1 kg/h. Distance between atomizer and the heated surface was 300 mm. In order to maintain the same spray parameters, this distance was kept constant during the whole campaign.
After each experiment (and complete liquid evaporation), a solid residue remains on the substrate, due to the complexity of the used liquids. In order to start the next experiment with a clean surface, a cleaning liquid is pushed through the system. In this manner, good repeatability throughout the experiments is achieved, with almost identical surface conditions.
3.1 Evolution of the heat flux and the wall temperature during spray cooling
In Figure 4, the results of the measurements of the heat flux [image: image] and the interface temperature T during water spray impact onto a hot substrate, initially heated to 445°C, are shown as a function of time. The temporal evolution of [image: image] and T are determined by the instantaneous local thermodynamic regime. In these experiments the film boiling regime switches to the transition boiling regime at the time instant tL corresponding to the Leidenfrost point TL at which the heat flux [image: image] is minimum. In the transition boiling regime the heat flux quickly rises and reaches the critical heat flux. Next, the evolution of the heat flux is governed by the heat transfer in the nucleate boiling regime. The results shown in Figure 4 are similar to existing literature measurements and analysis of spray cooling using distilled water [57].
[image: Figure 4]FIGURE 4 | Temperature and heat flux at the spray and target axis at the wall surface as a function of time for spray cooling by distilled water. Initial substrate temperature was Tw0 = 445°C.
The effect of the addition of lubricants in the cooling liquid is shown in Figure 5 for various lubricant concentrations. The addition of even a small amount of lubricant, results in significant qualitative and quantitative changes. As the lubricant concentration increases, the local heat flux, the value of critical heat flux and the Leidenfrost point TL increase.
[image: Figure 5]FIGURE 5 | (A) Temporal evolution of the heat flux for different volume concentrations. (B) Temperature evolution through time for different volume concentrations. Temperature and heat flux at the spray and target axis at the wall surface as a function of time during spray cooling for different volume concentrations of lubricant solutions. Initial wall temperature was Tw0 = 445°C. The spray parameters are: the mean drop diameter D10 = 78.7 μm, the mean impact velocity U =14.05 m/s and the mass flux [image: image] kg/m2s. The corresponding datasets are in the Electronic Supplementary Material [58].
In Figure 6, the dependence of the boiling curves of a lubricant solution φ = 1.49% is shown for different initial wall temperatures. With the increase of wall overheat temperature, different physical mechanisms act on the surface, leading to a substantial increase in heat flux in comparison with the cooling by pure water spray.
[image: Figure 6]FIGURE 6 | Comparison of the boiling curves of a lubricant solution φ = 1.49% for different initial substrate temperatures: Tw0 = 140°C, Tw0 = 250°C and Tw0 = 445°C. The spray parameters are: The mean drop diameter D10 = 78.7 μm, the mean impact velocity U = 14.05 m/s and the mass flux [image: image] kg/m2s.
The significant changes in the values of heat flux shown in Figures 5, 6 cannot be explained only by the variations of the thermal properties of the liquids. It seems that the addition of the lubricants leads to the emergence of the new physical processes, which will be investigated below.
3.2 Phenomena of spray impact onto a hot substrate
To better understand the physical reasons for the strong effect of the additives on the heat flux and on the thermodynamic regimes of spray impact, the phenomena have been observed using a high-speed visualization system. The results of observations of pure water spray and of lubricant solutions are shown in Figure 7. Exemplary snapshots were taken at the surface temperature 280°C. In Figure 7A for impact of a distilled water spray, the observations correspond to the typical fully developed nucleate boiling regime. The same phenomena have been observed also in the recent experiments on spray cooling by distilled water [57]. The observations for the lubricant solutions in Figures 7B, C are completely different. The impact is accompanied by an intensive formation and expansion of a relatively thick foam layer. This phenomenon is probably a main reason of the increase of the heat flux by addition of the lubricants to the sprayed liquid, as shown in Figure 5.
[image: Figure 7]FIGURE 7 | Shadowgraphy visualizations of observed phenomena for φ = 0% (distilled water), φ = 1.09% and φ = 3.28%. The spray parameters are: the mean drop diameter D10 = 78.7 μm, the mean impact velocity U = 14.05 m/s and the mass flux [image: image] kg/m2s. Initial wall temperature was Tw0 = 445°C. Snapshots were taken at surface temperature T = 280°C. (A) distilled water, (B) 1.09% lubricant solutions and (C) 3.28% lubricant solution. 
The appearance and the formation of the foam layer at different initial wall temperatures are shown in Figure 8. In all the cases, the first stable bubbles are created by initial drop impacts and their nucleate boiling at the surface. With time the number of bubbles grow, they coalesce and finally create a stable foam. The observations in Figure 8 correspond to the boiling curves shown in Figure 6.
[image: Figure 8]FIGURE 8 | Observations of the phenomena accompanied by spray cooling using lubricant solutions φ = 1.49% and φ = 2.34% for different initial wall temperatures. (A) 1.49% solution at 140°C wall temperature, (B) 1.49% solution at 250°C and (C) 2.34% lubricant at 445°C). The development of a foam layer can be clearly seen at all the initial temperatures. The spray parameters are: the mean drop diameter D10 = 78.7 μm, the mean impact velocity U = 14.05 m/s and the mass flux [image: image] kg/m2s. The corresponding videos are in the Electronic Supplementary Material [58].
Now, evolution of the heat flux associated with spray cooling can be explained using a boiling curves for distilled water and for lubricant solution, shown exemplary in Figure 9. The strong difference in the boiling curves of these two liquids is associated with the intensive liquid foaming of the lubricant solutions. As a result of a foam expansion, the cooling process is promoted, resulting in a heat flux increase, (orange line, Figure 9), consequently reaching the critical heat flux point. After reaching CHF and with still continuous spray deposition, breakage of a foaming layer occurs. However, even at low temperatures near saturation temperature, foam is still present as the part of a liquid layer.
[image: Figure 9]FIGURE 9 | Boiling curves for distilled water in comparison with that for a lubricant solution φ = 2.34% for the same initial substrate temperature Tw0 = 445°C. The spray parameters are: the mean drop diameter D10 = 78.7 μm, the mean impact velocity U = 14.05 m/s and the mass flux [image: image] kg/m2s.
4 SUPPRESSION OF FILM BOILING AT HIGH WALL TEMPERATURES
In the experiments, shown in Figure 5B, the values of the Leidenfrost point increase from approximately 350°C (for distilled water) to 420°C for the lubricant solutions φ = 5.47%. The effect of salt of surfactant additives has also been observed in the literature [22–24,26,30]. It is interesting to understand the mechanism leading to the shift of the Leidenfrost point.
Spreading of a single drop onto a substrate is governed by inertia, viscous stresses and capillary forces. Impact with high Reynolds and Weber number leads to formation of a thin radially spreading lamella. If the thickness of the lamella is much larger than the thickness of the viscous boundary layer, expanding near the substrate, the effect of the viscosity is negligibly small. Remote asymptotic solution for the flow in the lamella, developed from the mass and momentum balance [59,60] yields the expression for the evolution of the lamella thickness in the form [image: image], where D0 and U0 are the drop diameter and impact velocity, respectively.
The thickness of the viscous boundary layer in the spreading drop [61] is scaled as [image: image]. At some instant, denoted tν, the thickness of the lamella becomes comparable with the thickness of the viscous boundary layer. This time and the corresponding lamella thickness hν at this instant can be estimated in the form
[image: image]
At times t > tν the flow in the lamella is governed by the viscous stresses, which lead to a fast decay of the spreading. The final, residual lamella thickness is scaled well [61] by the expression for hν.
If a single drop impacts onto a hot substrate of the temperature exceeding the saturation temperature of the liquid, a number of vapor bubbles are nucleated at the interface after a certain bubble waiting time [62]. The intensive formation of the bubbles leads to the prevention of the drop receding. The interface temperature of the evaporating bubbles and thus of the wetted substrate surface is close to the saturation temperature [16,57]. The heat transfer in the substrate is governed by the heat conduction in a thin expanding thermal boundary layer of thickness [image: image], where αw is the thermal diffusivity of the substrate. The heat flux through the substrate interface is therefore [16].
[image: image]
where ew is the thermal effusivity of the substrate, Tsat is the saturation temperature. The heat from the substrate goes on the liquid evaporation and expansion of the volume concentration of the vapor bubbles.
The residence time of a single drop in the nucleate boiling regime is determined by the balance of the heat transferred from the hot substrate and the heat required for the drop evaporation and splash [16].
[image: image]
where L* is the sum of the latent heat evaporation of the liquid and the enthalpy difference between the initial drop and the saturated liquid. The dimensionless coefficient kw is the geometrical factor based on the spreading area A of a single liquid drop,
[image: image]
The value of the coefficient kw is influenced significantly by the substrate wettability. In the case of lubricate solution, the value of kw increases also due to the drop foaming.
At some instant the volume concentration of the vapor phase reaches the percolation threshold of the liquid phase, associated with the bubble coalescence leading to formation of vapor channels, as shown schematically in Figure 10. This instant is estimated in [17] from the energy balance in the form
[image: image]
where L* is the sum of the latent heat of evaporation L and the enthalpy difference between the initial drop and saturated liquid, ρ is the density of the liquid.
[image: Figure 10]FIGURE 10 | Sketch of (A) the nucleation of the vapor bubbles, (B) their random coalescence, leading to the formation and expansion of the vapor channels, and (C) subsequent vapor channels percolation. If the time for channels’ percolation is smaller than the viscous time tν, the consequent drop receding leads to the drop rebound.
If the percolation time tpercolation is smaller than the spreading time, tν the drop boiling is influenced by the vapor channels formation which do not prevent drop receding, unlike what happened during the bubble expansion regime. The condition tpercolation < tν determines therefore the drop rebound temperature [17].
[image: image]
which is linearly proportional to the Leidenfrost temperature tLeidenfrost for spray impact over a wide range of impact parameters and substrate properties. Equation 6 cannot be directly applied to the description of the Leidenfrost point of multi-component liquids since the viscosity of this changes during the drop evaporation, leading to the increase of the concentration of the dispersed or dissolved phase. At the temperature associated with the drop thermal rebound, the relative volume of the liquid phase reduces to the percolation threshold ɛc ≈ 0.32. Therefore, the average concentration of the lubricants at the instant of vapor percolation can be estimated as
[image: image]
To examine the effect of lubricants on the value of the Leidenfrost temperature, let us introduce a dimensionless number
[image: image]
where ΔTrebound,water is based on the Leidenfrost point of distilled water. The measurements of ω are shown in Figure 11 for various concentrations of the lubricant solutions. These results are compared with the experimental data for Leidenfrost point [35,36] for NaCl solutions obtained using the observations of the boiling of a liquid near the surface of a heated immersed metal ball. These results are rather close to the data from this study, which indicates the independence of the phenomena associated with spray impact. Additionally, the data [30] for MgSO4 water solutions are shown in Figure 11, which indicates much stronger effect of MgSO4 on the value of the Leidenfrost temperature.
[image: Figure 11]FIGURE 11 | Dependence of the dimensionless number ω, defined in Eq. 8) on the lubricant solution concentration φ in comparison with the experimental data for NaCl [35,36], MgSO4 [30] and with the theoretical estimation (Eq. 9), developed for one-phase liquids. The corresponding datasets are in the Electronic Supplementary Material [58].
The results for ω are also compared with the theoretical predictions ωνNaCl, which for the same substrate can be estimated with the help of the expression (Eq. 6)
[image: image]
The viscosity νNaCl of the mixture is determined from the existing database for NaCl solutions [63] for the lubricant concentration φrebound defined in Eq. 7). The theoretical predictions agree well with the measurements only for the smallest concentrations φ < 1%. For larger salt concentrations, the deviation of the measurements and the theory, developed for one-phase liquids, becomes significant. This deviation indicates that we deal with some physical phenomena or processes which become dominant only for the multicomponent liquids and are minor for a pure one-component liquid. These specific phenomena include foaming and substantial changes of the substrate wettability. The processes associated with these phenomena are shown schematically in Figure 12.
[image: Figure 12]FIGURE 12 | Two major mechanisms leading to a significant change of the value of the percolation time and therefore of the Leidenfrost point: (A) increase of the wettability of the substrate after evaporation of the previous lubricant drops in the impacting spray; (B) presence of the surfactants and salts in the lubricant solution prevent the bubbles’ coalescence by formation a stable separating film between bubbles. This phenomenon not only increases the value of the percolation time, but also leads to the formation of a foam.
The first influencing factor is caused by the formation of a hydrophilic spot after impact and evaporation of the first drops in the spray. Formation of these hydrophilic spots has been identified during a series of consecutive impacts of liquid lubricant drops onto a hot substrate. After impact of a first drop, a solid deposited layer remains on the substrate. The impact point of the second, pure water drop was shifted from the center of the deposited layer. It impacts onto an edge of the deposited spot. The outcome of the impact is shown in Figure 13. Almost immediately, the boiling droplet migrates from the edges of the layer towards its center, due to the hydrophilic nature of organic salts [64] forming the deposited layer.
[image: Figure 13]FIGURE 13 | Different stages of distilled water drop onto a solid deposited layer from the impact of solution φ = 2.34% at the moment of impact (A), 2.0 ms after impact (B), 16 ms (C) and 76 ms after impact (D). The impact parameters are d0 = 2.2 mm, impact velocity U0 = 1.7 m/s and initial wall temperature 170°C. The corresponding video is in the Electronic Supplementary Material [58].
This leads to the decrease of the projected area of the bubbles on the wall surface, even if the volume of the bubbles remains the same. Correspondingly, the time required to achieve the percolation threshold for the bubbles increases, and thus the Leidenfrost point. The bubbles on the hydrophilic spot are shown schematically in Figure 12A.
The second major mechanism is associated with the presence of the surfactants and salts dissolved in the lubricant. They prevent bubble coalescence, as shown on the sketch in Figure 12B and thus significantly increase the percolation time. The same mechanism leads to the formation of the foam after spray impact onto a hot substrate, as shown in Figure 7.
5 CONCLUSION
The spray impact of lubricant solutions of different concentrations onto a hot substrate has been investigated in the present work. The heat transfer regimes and the heat flux during the spray cooling process are considerably influenced by the presence of the dissolved organic salts from the lubricant.
The presence of the surfactants and salts in the lubricant solutions leads to a significant increase of heat flux and a significant shift of the Leidenfrost point. The Leidenfrost point is associated with the percolation of the vapor channels formed during drop evaporation at the surface of a very hot substrate. If the time required for percolation is shorter than the typical time of drop impact, the collision with the wall will lead to the rebound.
The aforementioned salts and surfactants significantly increase the percolation time and thus shift the temperature for the drop thermal rebound. Three main mechanisms are identified. The first, which is relevant only for rather small lubricant concentrations, is caused by the viscosity increase of the evaporating liquid. The second mechanism is caused by the increase of the substrate wettability since it is coated by the hydrophobic residuals after previous drop impacts in the spray. And the third reason is associated with the formation of the stable liquid sheets separating the bubbles and preventing their coalescence. The same mechanism also leads to the formation of a foam covering the substrate.
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NOMENCLATURE
t Time [s]
dt Target diameter [mm]
ht Target height [mm]
φ Volume concentration [%]
[image: image] Spray mass flow [kg/h]
D10 Mean drop diameter for spray [m]
U Mean droplet velocity for spray [m/s]
d0 Single drop diameter [mm]
U0 Impact velocity of single droplet [m/s]
Re Reynolds number [-]
ρ Density [W/m3]
ν Kinematic viscosity [m2/s]
L Latent heat of evaporation [J/kg]
σ Surface tension [N/m]
αw Thermal diffusivity of the substrate material [m2/s]
ew Thermal effusivity of the substrate material [J/[image: image] m2K]
ω Dimensionless number
h Lamella thickness
T Surface interface temperature [°C]
Tw0 Initial wall temperature [°C]
Tsat Saturation temperature [°C]
TL Leidenfrost temperature [°C]
Trebound Rebound temperature [°C]
[image: image] Local heat flux [W/m2]
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