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Sustainably enhancing condensation heat transfer performance is a major challenge in thermal management and energy systems, since typical condensation enhancement methods (i.e., dropwise condensation with low surface energy coatings) have limited lifetime/durability, restricted compatibility with working fluids, and sustainability concerns due to the coating composition (e.g., fluorinated compounds). The robust and scalable capillary-enhanced filmwise condensation mode presented in this work demonstrates high heat transfer coefficients for water and low surface tension liquids condensing in a porous wick. Thin porous wicks offer the highest enhancements in heat transfer, however such thin porous wicks have thickness-dependent permeability, and the effective liquid thickness of the wick depends on the shape of the liquid-vapor interface. In this study, we leverage a spatially-discretized porous media model to characterize the effect of the wick thickness on condensation heat transfer performance. The model uses a spatially-varying permeability that depends on the local liquid-vapor interface shape/curvature and the resulting effective wick thickness. We apply this model to investigate the correlation between the heat transfer enhancement and various geometric factors, which enables the design of optimal porous structures for relevant phase-change application. We also predict favorable enhancement in condensation performance with a few common hydrocarbon and fluorocarbon fluid refrigerants. This study provides fundamental insight into the effects of the shape of the liquid-vapor interface on the phase-change performance in the capillary-enhanced filmwise condensation mode.
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INTRODUCTION
Vapor condensation is prevalent in various industrial and heat/mass transfer applications, such as electric power generation, water recovery/purification, and electronics thermal management (Faghri, 1995; Rose, 2002; Webb and Kim, 2005; Enright et al., 2014; Wang et al., 2021). Improving condensation heat transfer performance can result in considerably reduced energy consumption, operational costs and enhanced cycle efficiency in such water-energy nexus industrial systems (Schilling, 1993; Beér, 2007; IEA, 2015; Liu and Preston, 2019). Prevailing condensation enhancement techniques developed in recent decades include i) coatings deposited on heat exchanger surfaces to facilitate the efficient dropwise condensation mode with fast droplet shedding on both hydrophobic (Das et al., 2000; Rose, 2002; Lee et al., 2013) and hydrophilic surfaces (Cha et al., 2020), and ii) slippery liquid-infused porous surfaces (SLIPS) or lubricant-infused surfaces (LIS) that utilizes the lubricant film imbibed in textured solid surfaces to achieve a low contact angle hysteresis dropwise mode of an immiscible condensate (Wong et al., 2011; Anand et al., 2012; Preston et al., 2017). However, the durability of these enhancement techniques is currently the primary limitation that prevents industrial applications: all dropwise promoters, especially thin coatings (i.e., sub-1 µm), degrade during continuous vapor condensation at timescales much shorter than industrial requirements (Enright et al., 2014; Preston and Wang, 2018; Wang et al., 2021; Wang et al., 2022), and lubricant depletion remain unsolved for SLIPS/LIS devices (Anand et al., 2012; Preston et al., 2018a; Adera et al., 2020). Therefore, the predominant condensation enhancement technique used in commercial systems is increasing the surface area for heat transfer by roughening the condenser surface with microfins or cross-grooved fins (Shekarriz and Plumb, 1989; Cavallini et al., 2003; Dalkilic and Wongwises, 2009). These rough condenser surfaces, also known as finned tubes or enhanced tubes, typically operate in the filmwise mode with a flooding liquid film, limiting heat transfer enhancement to ≈1–3 times compared to the traditional filmwise mode on unmodified condenser surfaces (Wilke et al., 2020). In a previous study, we proposed a capillary-enhanced filmwise condensation mode, where water vapor condenses within a high thermal conductivity porous structure and condensate removal is actively driven by a pump to prevent formation of the flooding film (i.e., condensate is restricted within the condenser surface structures) (Wang and Antao, 2018). Significant enhancement on the condensation heat transfer coefficient over the traditional filmwise mode was predicted for water (>2 times) and various low surface tension liquids (≈8–10 times), since the capillary-enhanced mode leverages the high effective thermal conductivity of the condensate and surface structure composite without any low surface energy coatings (Wang and Antao, 2018). Similar studies with the mechanism of increasing the effective thermal conductivity of the liquid film includes work by Preston et al. (Preston et al., 2018b) and Renken and Mueller (Renken and Mueller, 1993). However, our own prior work (Wang and Antao, 2018) and that of Preston et al. (Preston et al., 2018b) assume constant liquid permeability within the wick, and neglect the effects of the meniscus (or liquid-vapor interface) curvature and the curvature gradient which sustain condensate removal from the condenser surface. In this work, to highlight the effect that the meniscus shape may have on the permeability and hence condensation performance, we consider capillary-enhanced filmwise condensation within a model porous surface structure, i.e., pillar arrays, and incorporate the precise meniscus shape into the modeling framework to accurately predict heat transfer enhancement. The effect of the meniscus curvature/shape on the model framework predictions is via corrections for the effective liquid height/thickness and the actual liquid-vapor interface surface area for phase-change.
MODEL DEVELOPMENT
For capillary-driven transport in a pillar array during condensation phase-change, we consider the pillar array to have a length L with pillars of diameter d, pitch l and height h arranged in a square pattern on the condenser surface. This assumption of a pillar array here is for simplicity, however the meniscus shape prediction model (Lu et al., 2017) can accommodate different porous media structures including woven wire mesh, membranes and sintered particles. The wick is assumed to have a uniform porosity ε, and the flow and pillar height directions are in the x- and y-coordinate directions, respectively. Gravity acts in the x direction, with the condensate flow. The velocity of the condensate/liquid flow through the wick is obtained by solving a form of the Brinkman equation with the physical velocity as follows:
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where, μ is the dynamic viscosity of the fluid, u is the local x direction physical velocity of the condensate in the wick, ρ is the liquid density, p is the local pressure, and κ is the two-dimensional (2D) wick permeability developed in Wang et al. (Wang et al., 2019) We discretize the modeling domain into individual unit cells (i.e., a liquid region surrounded by four pillars in a square pattern as shown in Figure 1A) and solve for the velocity locally:
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where, hi is the local effective height, Γ is the bottom wall viscous effect factor from the solution of the Brinkman equation, (Wang et al., 2019) and the subscript i indicates the ith discretized unit cell. The effective liquid height is defined as the average height of the center plane in the flow direction. (Wang et al., 2019) The pressure boundary conditions applied to calculate the velocity are zero-gradient and the maximum capillary pressure (≈15° receding contact angle) at the beginning and the end of the pillar array, respectively. Additional details on the modeling and discretization can be found in our previous work where we study evaporation heat transfer from micropillar arrays. (Wang et al., 2019) The condensation mass flux (or vcond) is obtained from a mass balance for individual unit cells:
[image: image]
where, AR represents the area ratio of the actual liquid-vapor interface (curved meniscus) where condensation occurs to the projected area of the unit cell (i.e., ε∙l2).
[image: Figure 1]FIGURE 1 | (A) The trimetric view of a discretized unit cell in a pillar array. (B) Schematic figure of the pillar arrays representing the non-discretized model and the discretized models with constant and varying liquid thickness (or pillar height). (C) Profiles of relative liquid (water) pressure along the pillar array wick calculated by the three different models with d = 100 μm, l = 300 μm, h = 200 µm and L = 25.4 mm. The predicted condensation heat flux is ≈ 105.5 W/cm2 for the data in (C) with spatially varying effective liquid height, and the working fluid is water at 30°C. 
In the capillary-enhanced filmwise mode, the heat transfer coefficient (HTC) is defined as:
[image: image]
where, keff is the effective thermal conductivity of the porous media (i.e., pillar and condensate) (Li and Peterson, 2006; Gong et al., 2014), ks and kl are the solid and liquid/condensate thermal conductivity, respectively, and h is the pillar height. The surface subcooling (i.e., temperature difference between the vapor and the condenser surface) is calculated from an energy balance:
[image: image]
where, q" is the condensation heat flux, and hfg is latent heat of vaporization for water. The heat transfer coefficient (HTC) enhancement is defined as the ratio of the average capillary-enhanced HTC to the traditional filmwise condensation HTC: (Wang and Antao, 2018)
[image: image]
where, hcond-film or hNusselt, is calculated by integrating the local HTC along the condensate flow predicted by the Nusselt model for a thin falling film on a vertical flat substrate: (Nusselt, 1916)
[image: image]
where, ρv is the vapor density, and kl is the condensate thermal conductivity. Thermophysical properties for the different fluids studied here are obtained from the NIST REFPROP program (Lemmon et al., 2018).
RESULTS AND DISCUSSION
We first highlight the accuracy of the current model by comparing three different models to predict capillary-enhanced filmwise condensation performance: i) a non-discretized model assuming the porous media (i.e., condensate-pillar composite film) thickness is the pillar height and a uniform condensate flow velocity across the pillar array, ii) a discretized model with a uniform effective height, which is calculated by averaging the effective liquid heights in the first discretized cell (i.e., flat meniscus or pillar height) and the last discretized cell (i.e., the highest curvature meniscus obtained from the receding contact angle), and iii) the discretized model with spatially varying effective liquid height, where each discretized cell has its individual local meniscus shape, local contact angle and corresponding effective height which result in a spatially varying permeability. Schematic representations of the three models are shown in Figure 1B. In the literature, most analytical and semi-analytical models assume a constant effective permeability and thus a constant liquid height (Sangani and Acrivos, 1982; Ranjan et al., 2009; Srivastava et al., 2010; Xiao et al., 2010; Tamayol et al., 2012), which is similar to the first/second models discussed above. The average effective height from the first and the last cell in the second model is expected to give a more accurate prediction compared to using the pillar height, but the actual accuracy depends on the accuracy of the meniscus shape prediction (Alhosani and Zhang, 2017; Wang et al., 2019). Accounting for the spatially-varying meniscus shape is important because the liquid-vapor pressure difference increases in the direction of the condensate flow and hence leads to a larger meniscus curvature based on the Young–Laplace equation. Figure 1C compares the pressure profiles for a pillar array of length 25.4 mm (1 inch), and with pillar diameter, pitch and height of 100 μm, 300 μm and 200 μm, respectively, where water is the working fluid (T = 30°C). The near-linear pressure profile for the non-discretized model is calculated using the condensate velocity which is updated from the original linear pressure gradient assumption after one iteration. Both discretized models give accurate predictions that the pressure gradient is zero at the beginning of the pillar array and the highest pressure gradient exists near the end of the pillar array. A larger deviation between the two pressure profiles is expected for short pillars since the relative difference in the effective height at each location increases as the pillar height decreases due to the Γ bottom wall viscous effect factor in Eq. 2.
To emphasize the role and importance of the spatially varying effective height, we then maintain the same diameter, pitch and length of the pillar array (d = 100 μm, l = 300 μm, and L = 25.4 mm) and vary the pillar height in the model. Figure 2A presents the local HTC Enhancement along the pillar array in the flow direction for three different height ratios, short, medium and tall, which we define based on the pillar height ratio h/(l-d) = 1, 2, and 5 respectively, to demonstrate the difference between the two discretized models: constant condensate film thickness (dashed lines) and spatially-varying condensate film thickness (solid lines). The local HTC Enhancement predicted by the two models essentially overlap for tall pillars, which is expected because the variation in the two effective heights are negligible compared to the pillar height, or in other words, the effective heights themselves are close to the pillar height (i.e., a flat meniscus height). Nevertheless, as the pillar height ratio reduces, the difference between the two models increases and the model with constant condensate thickness leads to an over prediction in the local HTC Enhancement. Therefore, it is necessary to apply the locally varying effective liquid height to obtain an accurate prediction of the HTC Enhancement, especially for relatively short pillars. Furthermore, we demonstrate the difference between the varying height model and the constant height model by comparing the overall HTC Enhancement at different heights for d/l ratios of 1/3, 1/4 and 1/8 in Figure 2B. Similar to Figure 2A, the model with constant liquid height over predicts the HTC enhancement noticeably at lower height ratios, and this over prediction is higher for dense pillars (i.e., d/l = 1/3) due to the corresponding larger area ratio AR of the actual curved meniscus to the projected area. Additionally, dense pillar arrays exhibit higher HTC enhancement, because of the larger volume of high thermal conductivity material in the condensate and surface structure composite at any given length (i.e., more pillars for a dense array over a constant/fixed length of the pillar array wick), leading to a larger effective thermal conductivity and eventually the higher capillary-enhanced HTC (Eq. 4). Although increasing the d/l ratio of pillar arrays (i.e., denser pillar array) improves the HTC enhancement, Figure 2C shows that the condensation heat flux significantly decreases due to reduced condensation area (i.e., liquid-vapor interface) in denser arrays. Note, pillar diameter remains constant and pitch varies for different d/l ratios in Figure 2C, and the height ratio is kept constant at 1.
[image: Figure 2]FIGURE 2 | (A) Local HTC enhancement along the wick for geometries at different height ratios. Short, medium and tall pillars are defined based on the pillar height ratio h/(l–d) = 1, 2, and 5, respectively. Dashed lines represent the constant height discretized model, and solid lines represent the varying liquid height discretized model. (B) HTC enhancement for different d/l ratios at height ratios ranging from one to five. Open symbols represent the constant height discretized model, and filled symbols represent the varying liquid height discretized model. (C) HTC enhancement and condensation heat flux as functions of d/l ratio at a constant height ratio. The geometry is d = 100 μm and L = 25.4 mm. Water is the working fluid.
For the rest of this manuscript, we label/define the thickness or height of the pillar array porous media as wick thickness to demonstrate the scalability of the model. In order to present the limit of predicting the HTC Enhancement and maximum subcooling in a pillar array, we plot a regime map (Figure 3A) with the wick thickness and length as variables to display the maximum HTC Enhancement and maximum subcooling that can be achieved for specific geometries when using water as the working fluid. The colors represent the HTC Enhancement, the gray lines represent the maximum subcooling, and the condensate temperature is set to be 30°C in the model. Generally, larger enhancement is achieved at small thickness and short overall length due to the smaller thermal resistance and the lower effective HTC as predicted by the Nusselt model. Quantitatively, the HTC Enhancement predicted by the model can be determined by the pillar array dimensions (i.e., diameter, pitch, height, overall array length), the condensate temperature and the condensate properties, thus the degrees of freedom for modeling HTC Enhancement for a pillar array are 6. In an actual application scenario, some parameters such as overall array length, subcooling and working fluid, may be limited by the equipment size, cooling/heating power available or required, and the required working fluid and its chemical compatibility, in which case an optimal HTC Enhancement may be determined by tuning other parameters. For example, Figure 3B shows the maximum subcooling and the HTC enhancement as functions of wick thickness for a wick length of 100 mm. Increasing the wick thickness significantly raises the maximum subcooling (black line in Figure 3B), however, the average HTC Enhancement (red line in Figure 3B) decreases as the wick thickness increases due to the larger thermal resistance of a thicker wick-condensate composite layer (Eq. 4). Thus, a higher HTC Enhancement may be achieved by reducing the pillar height and sacrificing the maximum subcooling capability in the capillary-enhanced filmwise condensation mode without failure (i.e., flooding of the pillar array). This model is scalable and provides guidance for designing the optimal surface structure geometry for enhanced condenser applications.
[image: Figure 3]FIGURE 3 | (A) Regime map for the HTC Enhancement of water. The color contours represent the HTC Enhancement and the gray contour lines represent the maximum subcooling before condensate flooding. (B) Maximum subcooling and HTC Enhancement as functions of the wick thickness for a wick length of 100 mm. The geometry of the pillar array is d = 200 μm, l = 600 μm, and the condensate temperature is 30°C.
Another advantage of the capillary-enhanced filmwise condensation mode is its compatibility with low surface tension liquids as it does not require any low surface energy coatings. We plot the regime maps (Figure 4) for common hydrocarbon and fluorocarbon fluid refrigerants such as propane, HFE7100, R-245fa and R-134a. The magnitude of the HTC enhancement (≈18–35 times compared to the traditional filmwise mode) for these refrigerants is noticeably higher than water (≈6–12 times), because the lower thermal conductivity and latent heat of vaporization for these non-polar (or dielectric) fluids lead to a lower hcond-film or hNusselt. The maximum subcooling of these low surface tension liquids are also lower than the maximum subcooling for water because of their significantly lower latent heat of vaporization, which directly affects the maximum subcooling (Eq. 5). Note that operating at a subcooling higher than the limit results in the failure of the capillary-enhanced filmwise mode, where the pillar array is flooded by a layer of the condensate. Although this maximum HTC Enhancement cannot be achieved after flooding, some enhancement (lower than the HTC Enhancement, Eq. 6) is possible, and this enhancement is dependent on the thickness of the flooding condensate film which acts as a thermal resistance in series with the pillar array wick. A solution to this more complex mode of operation may be obtained by combining the Nusselt model with our capillary-enhanced filmwise condensation model.
[image: Figure 4]FIGURE 4 | Regime maps predicting condensation HTC Enhancement with the pillar array for (A) propane, (B) HFE7100, (C) R-245fa, and (D) R-134a. The pillar dimensions are d = 200 μm, l = 600 μm, and the condensate temperature is 30°C.
CONCLUSIONS
To summarize, we report an integrated modeling framework to accurately predict the heat transfer characteristics during steady state condensation in the capillary-enhanced filmwise mode within a pillar array wick, where heat transfer enhancement is enabled by leveraging capillary pumping within the porous structure and the overall higher effective thermal conductivity of the condensate and porous media composite. The high accuracy of this model is facilitated by discretizing the modeling domain and capturing the spatially varying meniscus curvature and local effective liquid height. Additionally, this model predicts the operational limits (i.e., maximum subcooling and HTC ratio) corresponding to operational conditions (temperature, working fluid, etc.) for real-world condenser components. The advancements from this study provide guidelines to design and optimize the geometric properties of heat exchanger materials/surface structures for condensation heat transfer applications in thermal management and water-energy nexus systems by taking into account the effect that the liquid-vapor interface shape has on performance.
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