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Abstract

:

Ventilated windows have the potential to contribute to both indoor air quality and energy efficiency in cold climates. A typical ventilated window functions as a solar collector under inward air flow direction and incident solar radiation. The ventilated window is a modification of the multiple pane windows in which air is drawn in from outside and is heated through conduction, convection, and radiation in the cavity. In this study, a detailed parametric analysis was conducted to investigate the thermal performance of ventilated windows and their capacity to preheat ventilation air. High-resolution 3D steady RANS computational fluid dynamic (CFD) simulations were performed for six ventilated window geometries. Model results were compared with measurements. The following geometric characteristics were evaluated in detail: (i) The height of the window, (ii) the width of the cavity, (iii) the location of double-layered glazing, and (iv) the width of the supply air opening. The results suggested that taller cavities and a smaller cavity depth can provide higher incoming air temperature. Windows with inner double-layered glazing and a smaller width of supply air opening displayed a better thermal performance.
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1. Introduction


Windows represent essential elements of buildings’ envelope. Given their higher thermal transmittance, improving their thermal behavior has been a persistent subject of interest [1]. Different approaches to energy-efficient glazing systems are still debated among scientists [2,3]. Optimum glazing is expected to allow for high solar gains and low heat loss in winter. Windows are also expected to facilitate sufficient air change rates [4]. To achieve these attributes, various transparent building components have been developed, including ventilated windows [5]. These type of windows have received increasing attention since their introduction in Northern Europe [6]. As the name implies, the main difference between conventional windows and ventilated windows is the existence of free or forced convection in the interstitial cavity between the window’s layers. In certain instances, operable vents positioned at the top and bottom of the frames enable, depending on the operation mode, the flow of air in the cavity [7].



The five main operation modes of a ventilated window are schematically illustrated in Figure 1. These are referred to here as supply (i), exhaust (ii), indoor air curtain (iii), outdoor air curtain (iv), and insulation mode (vi) [8,9]. The appropriate ventilated window configuration depends on the method of operation as well as the climatic circumstances. For instance, a high supply air temperature to the indoor space in the cold season would be desirable [10]. Ventilated windows, which could be in principle deployed both in new and old buildings, have the potential to provide preheated ventilation air during the wintertime [11,12,13]. The supply air window is a modification of the multiple pane windows in which air is pulled in from outside then is heated through convection, conduction, and radiation within the cavity [12,14]. Solar radiation, absorbed by the louvers and glazing panels converts into heat, which is carried both to the interior and exterior space via conduction, long-wave radiation, and convection. Moreover, convection due to wind and buoyancy contributes to heat transfer between glazing panes [15]. The design and operation of ventilated windows must take a number of challenges into consideration. Open cavities raise issues such as security, acoustics, air quality, cleaning and maintenance, and condensation [16]. If falling below the dew point temperature, low surface temperature of glass panes may trigger condensation risk [8].



According to the previous studies, condensation occurs on the outer glass pane at the cavity side when the vents operate in reverse (i.e., when indoor air enters into the cavity). In general, this phenomenon occurs when the oscillating pattern of airflow through the vents is not sufficient to dispel the condensation from the surfaces [17]. The result of an experiment by Baker and Mcevoy (2000) indicates that when the doors of the test room (including the exhaust vents) are closed, the airflow velocity reduction inside the cavity can lead to condensation [17]. Other studies suggest that the application of single-layer glass as an outer pane can result in lower surface temperatures and condensation [18].



To achieve the optimum configuration of the ventilated windows, analyzing their thermal performance is essential. Hence, the thermal behavior of ventilated windows, or supply air windows, have received notable observation in the literature in the past few decades [8,14,19,20,21,22,23]. The thermal performance of the ventilated window has been investigated via experimental methods [8,24,25]. Oftentimes, experiments were conducted to validate either CFD or energy balance models or to assess the risk of condensation [8,17,25,26]. Experimental studies are of course highly instructive, but also rather expensive and time-consuming. This makes them less effective for parametric studies. Deployed carefully, CFD-based numerical simulations can provide alternative or at least complementary means of investigation [27]. As such, there have been advances in CFD application regarding ventilated windows. Some of the related studies have concentrated on the CFD simulation of the flow in the cavity [8,21,26,28,29,30,31,32], some have concentrated on the overall energy performance [25,33,34,35,36], and some compared supply air window with the other alternatives [37,38,39,40,41,42,43]. As many studies have confirmed, CFD simulation has the potential to yield high-resolution information about the flow field nature. Needless to say, the resources needed for detailed 3D simulations are considerable [25,27].



The study of the literature in this area reveals many different approaches to numerical simulation. This is due to the variety of possible geometric configurations as well as to the diversity of the heat transfer modes (natural or forced convection, with or without consideration of radiation). In this context, Table 1 summarizes the results of a comprehensive review of the topically relevant CFD applications (from the oldest to the most recent one). It entails information on the studies’ turbulence modeling approach, the solar radiation modeling approach, the main objective of the study and considered parameters, the type of the window, and if coupled (indoor airflow and outdoor wind flow), decoupled (just indoor airflow), two-dimensional, or three-dimensional simulations were performed.



As such, the review supported a number of observations:




	
The majority of CFD studies focused on (i) the heat gain capacity of the window, (ii) buoyancy-driven ventilation, or (iii) overall heat transfer within the window;



	
The standard k-ε or the RNG k-ε turbulence model has been widely implemented for CFD simulations of ventilated windows;



	
A large number of CFD investigations focused on DSF, whereas few addressed supply air windows [1,8,9,12,14,34,35];



	
The majority of the conducted studies were limited to 2D models and in many of these studies the solar radiation was not considered. In some cases heat sources were applied instead of solar radiation [5,28,31];



	
Some studies did not consider the dependency of material-related properties on temperature [8,10,12,21,25];



	
Most CFD models considered the thermal performance of windows under the assumption of a constant outdoor temperature and did not consider the wind impact. These factors are, however, important, when assessing the thermal performance of the ventilated windows;



	
The majority of studies did not consider indoor or outdoor conditions. In some cases [1,9,14,47,48,51], heat transfer coefficients for indoor and outdoor surfaces were considered. In one case, the radiative temperature on the glazing surfaces was considered [1].








These observations suggest that, despite considerable advancement in the CFD-supported study of ventilated windows, the intricate nature of heat transfer and airflow within a ventilated window is far from being fully understood. Therefore, further research in this area is needed.



Predicting the thermal performance of a ventilated window is not a trivial task. The cavity flow patterns are the consequence of various flows and simultaneous physical processes. These highly dynamic processes are in constant interaction with each other. This feature makes them depend on the geometric, optical, thermo-physical, as well as aerodynamic properties of the different window components. Moreover, the dynamics of indoor and outdoor temperatures, outdoor wind speed and direction, and solar radiation intensity influence the windows’ behavior [8,15,26,48,57]. Hence, to consider a ventilated window in building physic simulations, various phenomena must be considered (Figure 2):




	
Conductive heat transfer within the glazing layers;



	
Convection and long-wave radiation between the inner glass and the inside environment, between the outer glass and outdoor conditions, and also within the glazing panes;



	
Convective heat transfer among the glazing panes caused by airflow (unknown convective coefficients in the windows interstitial cavity makes the modeling challenging);



	
Absorbed solar radiation by the glass panes [1].








Given the complexity of the physical processes involved, a candidate simulation model should ideally incorporate complete three-dimensional processes, suitable turbulence models, solar radiation influences, realistic boundary conditions, and temperature-dependent material properties [14]. The simulation models should be also tested and—to the extent possible—calibrated against measurement data.



In this context, the present study concerns the investigation of a supply-type ventilated window in terms of its emergent field characteristics (velocity and temperature distribution) and thermal performance.




2. Methodology


As mentioned earlier, in this study the thermal behavior of ventilated window cavities with buoyancy-driven airflow was investigated through the CFD simulation. The following variables were considered in the simulation:




	(1)

	
Environmental conditions:




	
Outdoor air temperature;



	
Insolation (double-layered glazing).









	(2)

	
Cavity geometries




	
Depth: 50, 25 mm;



	
Height: 2.0, 1.0 m;



	
Opening width: 24, 12 mm.














The values of these variables were computed by numerically simulating the heat transfer within the window and solving the model in a commercially available CFD code. Moreover, available measured data obtained from an empirical set-up were applied to evaluate the CFD model and examine the heat gain ability of the window as well as the effect of solar radiation on temperature distribution and ventilation behavior. The CFD model was subsequently utilized to compute air temperature and air velocity distributions. A CFD-based approach can support the detailed study of the complex flow and thermal characteristics of ventilated windows [35]. Our main objective here was to explore the optimization potential of the window design with regard to the geometry of the cavity (height, depth, opening size) as well as the position of the double-layered glazing (inside versus outside). Condensation risk of the outer glass pane at the cavity side was evaluated for each case.



2.1. Modeling the Ventilated Window


2.1.1. The CFD Model


The simulation included buoyancy-driven air flows resulting from solar and thermal radiation and conduction within the ventilated window system.



The results of CFD simulations were highly sensitive to the boundary condition assumptions [34]. The total solar energy transmittance depended on outdoor conditions (air temperature, radiant temperatures, solar radiation, wind), indoor conditions (air and radiant temperatures, air velocity), façade geometry, optical (solar reflectance and transmittances), and thermal properties (emissivity, thermal conductivities) of all layers [28]. A previous study indicates that the precision can be enhanced by modeling ambient outdoor conditions [58]. Hence, to simulate the thermal performance of the ventilated window, the analysis applied high-resolution coupled (outdoor wind flow plus indoor space) 3D steady Reynolds-averaged Navier–Stokes (RANS) computational fluid dynamics (CFD).



The finite volume code applied was ANSYS FLUENT 19.0 [59]. Ansys design modeler and Ansys meshing were applied as a pre-processor to create the geometry, mesh, and the computational domain. Figure 3 represents the computational domain.



In this model, a mesh with a hexahedral element was generated. A finer mesh was applied between the glass sheets to achieve higher resolution concerning the air movement in the cavity. The mesh and the relevant number of cells was a crucial parameter that strongly affected the computational time [58]. A grid independence study was performed to assure the sufficiency of the mesh density. To check the grid independency, different mesh sizes were applied to the cavity. The mean temperature and mean velocity of the cavity were monitored, and the results are presented at the Table 2.



For different element sizes, almost the same temperature and velocity value were obtained. Based on these results, the mesh size of 4 × 4 mm was selected for the cavity. The total number of the mesh for the whole domain was 2,939,898. Figure 4 displays a vertical section of the cavity grid generation.



The inflow section of the outdoor space was set as a velocity inlet boundary and the parameters were set according to local meteorological parameters. The outflow section of the outdoor space was set as a pressure outlet boundary and the lateral section was set as a symmetric boundary. A constant value of 8.7 (W·m−2·K−1) was assumed for the heat transfer coefficient between the inner pane of the internal façade and the indoor air, and the indoor air temperature was set at 20 °C corresponding to the experimental conditions, described later in this paper [60].



Due to the transient variations of solar radiation and outdoor air temperature, the thermal behavior of the window units was rather dynamic. However, due to their relatively small thermal mass, the glazing units reacted relatively swiftly to the dynamics of prevailing thermal conditions. Based on this observation, and given considerations pertaining to computational efficiency, thermal processes in the ventilated window were modeled assuming a steady-state mode [47].




2.1.2. CFD Setup


As mentioned above, the present study applied a three-dimensional domain in a steady-state mode. The conservation equation for mass, momentum, and thermal energy, which is known as Reynolds-averaged Navier–Stokes equation, was solved to predict the field variables temperature and velocity. The subsequent partial differential equations—(1) continuity equation; (2) momentum equation; (3) energy equation—were utilized as a governing equation concluded from the mass conservation law, and conservation law of momentum [52].


   ∂  ∂ t   (   ∫  V    ρ d V ) +   ∮  A    ρ  V r  . d a = 0  



(1)
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(3)




where v presents continuum velocity,    v r    is the relative velocity; V is volume; a is the area; p is the pressure; I is the unit vector; T presents the viscous stress tensor; E is the total energy; H is the enthalpy; q” is the heat flux vector;  ⊗  is a Kronecker product; and    S E    radiation energy source.



Buoyancy due to density change was applied in the energy equation. The discrete ordinates (DO) model was applied as the radiation model [15,61]. This model was suitable for modeling glass, a semi-transparent media [8]. Three radiative processes were mainly relevant for the window system, namely the incident solar radiation, radiation exchange between glass panes, and inward thermal radiation. The widely deployed K-ɛ realizable turbulence model was applied [58,62]. The pressure-based solver was applied [20]. The SIMPLE segregated solver was used for pressure–velocity coupling [20]. The discretization scheme employed for the energy, momentum, turbulent kinetic energy, and specific dissipation rate was the second order upwind scheme. The pressure staggering option (PRESTO) was used for the pressure discretization scheme. Gradient reconstruction was done using the least squares cell-based method [20]. The acceptable residual limits were set at <10−3 for continuity, x, y, and z momentum, turbulent kinetic energy, and turbulent specific dissipation, whereas this limit for energy was <10−6 [20]. Monitors for area weighted static temperature on the supply vent, maximum velocity within the cavity space, and supply vent mass flow rate were set up. When the changes in the monitor variables were less than one percent, the monitors were considered as stable. Three types of materials were applied in each simulation, namely transparent fluid (air), semi-transparent solids (glazing), and opaque solids (frames and walls) [63]. Table 3 summarizes the thermal conductivity and solar (infrared) property of the layers. These parameters were adopted from ASHRAE Fundamentals Handbook [63].



To evaluate the CFD model’s reliability, a reference case which corresponds to the actually implemented experimental setup was considered [60]. Figure 5 schematically illustrates the vertical section of the ventilated window with free convection that was applied as a reference case. To generate information relevant to design considerations, first the effect of height of the cavity was evaluated. Second, the influence of the cavity depth, and then the width of the opening and the position of the double-layered glazing were analyzed.






3. Comparison with Measurements


3.1. Laboratory Test


The ventilated windows under optimum flow conditions can operate as a heat gain device. Escaping indoor space heat through the inner pane enters the window cavity and returns into the room [64,65]. These features enable the window to function as a passive solar element. The window’s ventilation ability, as well as heat loss recovery, was examined in the laboratory tests, and subsequently, the effect of solar radiation was analyzed in the field trials by “Holzforschung Austria” [60].



To examine the performance of the CFD model, the simulation results were compared with measurement data from both trials (laboratory and field test). The aim of the laboratory test was to estimate the capability of ventilated window to preheat the supply air. To this end, a mock-up ventilated window (1.2-m wide and 2.1-m high) was installed in a window test facility. Outside and inside air temperature was set to −1 and 20 °C respectively. A pressure difference of 5 Pa between indoor and outdoor was generated in the test facility. During the laboratory test, thermocouples with a measurement accuracy of ±1.5 K were installed to measure air and surface temperature [60]. The CFD simulation model replicated the experimental configuration, also in terms of the boundary conditions. Figure 6 illustrates the temperature distribution profile (along the depicted path) obtained from the CFD simulation, together with the measured temperature at two sensor locations in the window specimen.



The measurement results documented the potential of the ventilated window to pre-heat the incoming air for ventilation during the winter season. Simulation results may be suggested to agree in tendency with the measurements. The larger disagreement between simulated and measured value in case of sensor 2 may be due partially to the difficulty to superimpose the position of this sensor in reality and in the simulation model.




3.2. Field Trial


As stated earlier, the results achieved from the numeric model were compared to the results of field trial measurements. The aim of the field trial was analyzing the thermal performance of the ventilated window and the influence of solar radiation under real outdoor climate conditions [60]. The location of the field trial was Stetten, Austria (latitude: 48°14’ N; longitude: 16°21’ E). A 1.2-m wide and 2.1-m high ventilated window was installed in the Holzforschung test facility [60]. The west side of the façades was exposed to real weather conditions and the other side faced the thermally conditioned room. The tested window had a sealed double-glazing on the interior side and a single uncoated glass pane on the exterior. All glass panes were 4-mm thick, the air gap was 50 mm, and the argon-filled cavity in the double-sealed glazing was 12 mm. The inlet valve-in was positioned in the bottom frame and the air was sucked under the external sash. Measurements of the temperature were made along the window air gap. The air speed, the solar irradiance on the west-facing vertical surface, and the outdoor and indoor air temperatures were recorded every 10 min over five winter days (11–16 January 2016). During the experiment, indoor temperature was kept at an almost constant level (around 20 °C). Standard equipment was installed to monitor and record temperature, global and diffuse solar irradiation, wind speed, and humidity. The measurement accuracy of the air temperature sensors and thermocouples were ±0.1 and ±1.5 K, respectively [60].



The experimental results did not reveal any significant relationship between wind speed and the air temperature in the ventilated window’s cavity. On the other hand, the solar radiation was shown to have a strong influence on the air temperatures in the buffer space. Generally, the measured temperature of the air supplied to the space was found to be between 10 to 20 K higher than the outdoor air entering the window’s inlet [60]. A one-hour-long segment of measured data from the first day of measurements could be identified as involving relatively small fluctuations of the boundary conditions. We thus could treat this period as a quasi-steady state. The registered mean values of the boundary condition during this one-hour period (13:00, 11 January 2016) were treated as the applicable boundary conditions for the CFD simulation model (see Table 4).



In addition, in this case, the simulation model overestimated the temperatures at positions A (3.9 instead of 3.5 °C) and B (17.48 instead of 16.7 °C). However, the simulated air temperature increase (13.6 K) in the cavity matched fairly well with the measured value (13.2 K). Figure 7 presents velocity and temperature distribution within the cavity.



Given steady-state boundary conditions, the effective capacity of ventilated windows in terms of preheating magnitude of the outdoor air may be expressed in relative terms as follows:


  η =    θ s  −  θ e      ·        θ i  −  θ e      − 1   ,  



(4)







In this equation, η denotes a measure of the window’s preheating capacity under specified boundary conditions, and θs, θe, and θi denote supply air temperature, outdoor temperature, and indoor temperature, respectively. As applied to previously described experiments, the η-value can be shown to be 0.49 for the laboratory experiment and 0.84 for the field trial. This difference can be readily explained given the presence of solar radiation and the associated warming effect in the case of the field trial. Figure 8 illustrates the temperature distribution in the window’s cavity as computed by CFD simulation together with the measurements obtained from the two sensors.





4. Results and Discussion


4.1. Thermal Performance of Ventilated Window Configuration


As mentioned before, the main goal of the present contribution was to computationally examine the effects of the height and depth of the cavity, width of the supply air opening, and the position of the double-layered glazing (inside versus outside) on the performance of the ventilated window. Note that the assumed boundary conditions matched the previously mentioned assumptions in the case of the field trials, namely 20 and 3 ℃ for indoor and outdoor temperatures, respectively (see Table 4). The solver settings were indistinguishable from those used for comparison with the experiment. Generally, the thermal performance of a ventilated window can be assessed by four criteria, namely (i) airflow rate through cavity openings; (ii) average cavity air temperature; (iii) incoming air temperature; and (iv) heat flux through interior glazing [34,66].



4.1.1. Cavity Height


The complex convection fluid flow induced by solar radiation within the interstitial space depends strongly on the height of the cavity [27,35]. A taller cavity is more exposed to the solar radiation and consequently, provides a more effective buoyancy force [34]. To evaluate the effect of cavity height, the thermal behavior of two ventilated windows under the identical boundary conditions and different height (1 and 2 m high and 0.050 m cavity depth) were estimated. To decrease the number of influencing parameters, the dimensionless aspect ratio was applied. The aspect ratio describes the ratio within the entire cavity height and the cavity depth [67]:


A = H·L−1



(5)







Here, A represents the aspect ratio, H is the height of the cavity, and L represents the thickness or depth of the cavity.



Table 5 includes the simulation results for the aforementioned cases. The table also includes the computed air flow rates as well as the values of the aforementioned heating capacity indicator η, plus aspect ratio.



The results suggest that the window with the higher vertical dimension and aspect ratio provided higher incoming temperature, as a larger part of the glazing was exposed to the solar radiation.




4.1.2. Cavity Depth


A previous study determined that in the case of double-skin façades, the cavity widths does not have a substantial impact on the overall thermal behavior [34]. Hence, the decision regarding the sufficient depth of the cavity is based on the following parameters: (a) Considering ventilation requirement; (b) providing adequate space for the shading device; and (c) cleaning and maintenance [34]. To investigate the effect of cavity depth on the thermal performance of the ventilated window, two cases with different cavity depths (25 and 50 mm) were evaluated. Note that the dimension of the window kept as 1-m high and 1-m width. Table 6 provides the numerical results of the simulation.



According to these results, the supply air temperature was slightly higher in the ventilated window with a smaller cavity depth and higher aspect ratio. However, the ventilated window with a 50-mm cavity depth could provide sufficient space to accommodate adequate shading elements.




4.1.3. The Effect of Opening Size and the Type of the Glazing


As mentioned earlier, another aim of the investigation was to computationally investigate the effects of the width of the supply air opening and the position of the double-layered glazing (inside versus outside) on the performance of the ventilated window. The incoming airflow behavior depends strongly on the opening geometry and thermal property of the glazing [36]. The temperature of supply air depends on absorbed solar radiation by glazing and the heat lost from the indoor space to the cavity [68]. The total solar heat gain depends on the incident solar radiation on the outer glazing unit and the portion that could reach the inner glazing. As the cavity between glazing units is ventilated and the airflow heats by convection, the absorbed solar radiation by both glazing units influence the heat exchange between the surfaces and the airflow. With higher absorbance values of the inner pane, more solar energy is transferred into the cavity [68]. Single-layered glazing in the inside wing transfers more solar radiation to the indoor space.



To assess the effect of opening size and the position of double-layered glazing, four cases were considered as per Table 7. The assumed window dimensions were identical in all four cases (1-m wide and 1-m high).



Table 8 summarizes the simulation results for the four cases in terms of the temperature of the supply air entering into the room. The effect of the aforementioned variables can be clearly seen in Figure 9, which illustrates the computed temperature profile along the depicted path in the window cavity. Figure 10 presents the temperature contours for the aforementioned simulated cases.



According to the results, a significant temperature rise within the cavity was noticeable in all cases. Two sources of thermal energy could be assumed to contribute to the preheating of the air flowing through the cavity, namely incident solar radiation and conductive heat transfer from inside the room through the inner glass pane to the cavity. Cases B and D displayed a significantly higher average temperature in the buffer space as compared to the other two cases. This indicates the effect of conductive heat transfer from indoor space to the cavity via the single pane of glass. Consequently, reduced heat transfer from indoor space to the cavity in cases A and C can be suggested to be responsible for the lower values of the computed supply air temperature.




4.1.4. Condensation Issue


As stated earlier, one of the challenges regarding ventilated windows pertains to the risk of condensation on the outer glass pane at the cavity side. The evaluation of condensation risk in case of complex fenestration systems is a non-trivial challenge. A first, a rather basic possibility to query this issue would be to consider the profile of the surface temperature on the inner layer of the window element. Based on simulated minimum surface temperature values, the dimensionless temperature factor at the outer glazing panes of ventilated window (fRsi) [69] can be derived as per the following equation:


frsi = (θsi − θe)·(θi − θe)−1,



(6)







Herein,    θ  s i     denotes the temperature at the internal surface at the point with the lowest temperature,    θ i    indoor temperature, and    θ e    outdoor temperature.



Table 9 provides numeric information regarding the minimum inside surface temperature of the outer glass layer as the dimensionless temperature factor for the aforementioned scenarios. As it could be expected, when the double-layered glazing was used for the outside window wing (i.e., cases B and D), the temperature factor value (fRsi) clearly exceeded the minimum recommended value of 0.7 according to the applicable regulation in Austria [70]. In case A, the smaller size of the width of the supply air opening could be assumed to have contributed to somewhat higher cavity temperature.






5. Conclusions


The results of the present study are compatible with general assumptions concerning the functionality of ventilated windows. The most distinctive characteristic of the ventilated windows is the potential to contribute to indoor air quality and higher energy efficiency. In general, this window serves as a solar collector under inward flow conditions and incident solar radiation. The solar radiation absorbed by the layers of the window as well as heat transferred from the indoor environment preheat the air within the gap and creates buoyancy forces that induce an upward flow of air. The temperature inside the ventilated window is expected to be higher than the outdoor temperature during most of the day. This results in lower conductive heat losses depending on ambient temperature and solar radiation level.



Our study covered a thermal analysis of several ventilated window configurations. The thermal performance of these models was evaluated numerically by a commercially available CFD under winter conditions. To gain confidence concerning the model’s reliability, its performance was first compared with laboratory and field measurements before its deployment toward the aforementioned parametric analysis.




	
The results point to the ventilated windows’ potential to deliver preheated fresh air to indoor spaces;



	
A temperature rise in the order of 3 to 18 K was computationally observed in the windows’ cavity under the specified boundary conditions. The field studies proved the strong effect of solar radiation on the thermal behavior of the ventilated window; nevertheless, they did not display a clear influence of the wind velocity. Rather, the thermally driven buoyancy force in the cavity seems to be the principal driver behind the airflow;



	
Amongst the simulated alternatives, analyzing the geometry of the cavity showed that taller cavities and smaller cavity depth can provide higher incoming air temperature;



	
Evaluating the width of the inlet opening and position of double-layered glazing indicated that case B with a 12-mm opening width displayed better results in terms of higher cavity temperatures and higher minimum surface temperatures (inner glass surface of the outer wing), also resulting in a lower risk of condensation in the cavity. However, case A had the advantage of higher energy efficiency given the lower rate of heat transfer from the indoor space to the cavity.








Ongoing and future studies in this context intend to address a number of limitations of the present treatment. For instance, additional investigations are necessary to both empirically and computationally determine the annual energy saving potential related to the use of ventilated windows, as compared to the standard double-layered window. These investigations would also have to address the monetary and environmental implications regarding the production, installation, and maintenance of ventilated windows under different boundary conditions (e.g., performance during the summer condition and under different local climatic conditions).
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Figure 1. Schematic illustration of the principle operation modes of a ventilated window. Adapted from [8,9]. i: Supply, exhaust ii: exhaust, indoor air curtain iii: indoor air curtain, outdoor air curtain iv: outdoor air curtain, and insulation mode vi: and insulation mode 
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Figure 2. Schematic diagram with electrical analogy; λg: Thermal conductivity of the glass; Tex: Outdoor temperature; Tse: Outdoor surface temperature of glass; Tsin: Indoor surface temperature of glass; hr: Radiative heat transfer coefficient; hgext: Heat transfer coefficients (external glazed surfaces); hgint: Heat transfer coefficients (internal glazed surfaces); qsol: Total solar radiation; q: Heat flow; hc: Heat transfer coefficient. 
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Figure 3. Computational domain. 
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Figure 4. (a) Grid generation in the indoor space. (b) Vertical cross section of the cavity. 
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Figure 5. Schematic illustration of the ventilated window. 
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Figure 6. Left: Schematic section through the examined ventilated window with the position of the two temperature probes (A to B); right: Measured (sensors A and B) and simulated temperature profile. The distance information (x-axis) denotes the relative distance from the position of sensor A). 






Figure 6. Left: Schematic section through the examined ventilated window with the position of the two temperature probes (A to B); right: Measured (sensors A and B) and simulated temperature profile. The distance information (x-axis) denotes the relative distance from the position of sensor A).



[image: Energies 14 02420 g006]







[image: Energies 14 02420 g007 550] 





Figure 7. (a): Temperature distribution; (b): velocity contours within the cavity. 
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Figure 8. Left: Schematic section through the examined ventilated window with the position of the two temperature probes (used in the course of field measurements); right: Measured (sensors A and B) and simulated temperature profiles. 
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Figure 9. Simulated temperature distribution in window’s cavity space. 






Figure 9. Simulated temperature distribution in window’s cavity space.



[image: Energies 14 02420 g009]







[image: Energies 14 02420 g010 550] 





Figure 10. Temperature distribution within the cavity for the different cases. 






Figure 10. Temperature distribution within the cavity for the different cases.



[image: Energies 14 02420 g010]







[image: Table] 





Table 1. Overview of ventilated window thermal performance studies based on CFD simulations.
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	Ref.
	Window Type
	Dimension/Coupling/Steady or Transient
	Main Objective of the Study
	Turbulence and Radiation Modeling





	[12]
	SM
	2D/S/DC
	Different glass types, configurations, and ventilation were considered to evaluate the thermal performance of the window in summertime.
	K-ε/NS



	[28]
	OAC
	2D/T/DC
	The impact of the glazing layer order also ventilation properties on the total solar energy transmittance plus the thermal performance of double façades were evaluated.
	Standard K-ε/HS



	[44]
	IM
	3D/S/DC
	The heat transfer rate from a window surface was evaluated for different aluminum blade angles for both summer and winter conditions.
	K-ε/NS



	[21]
	DSF

(OAC)
	3D/S/DC
	The impact of blind position, angle, and air outlet position on the airflow development of the window was numerically analyzed.
	K-ε realizable/NS



	[8]
	SM, EM
	3D/S/DC
	A new method was suggested to apply both in CFD and radiation calculations to determine airflow, and heat transfer within the window.
	K-ε RNG/S2S



	[34]
	SM
	3D/S/C
	Building energy simulation, moreover integrated CFD was applied to assess the double-skin façade energy performance.
	K-ε RANS/NS



	[27]
	DSF

(OAC)
	2D/S/DC
	A numerical method was employed to evaluate the thermal behavior of the ventilated faced with different angles of the venetian blind.
	K-ω model MC model



	[15]
	OAC
	2D/T/DC
	The main goal of the study was to investigate the influence of solar radiation on the airflow behavior as well as temperature distribution on a glass façade including external louvers.
	K-ε RANS/DO



	[35]
	DSF

(SM)
	3D/S/DC
	A simple analytical technique was introduced to the contribution of solar radiation in the DSF’s energy balance.
	K-ε RANS/HS



	[31]
	OAC
	2D/S/C
	To numerically evaluate the buoyancy force and address the high computational cost, the porous model was suggested, and the accuracy of the model was investigated.
	Standard K-ε/HS



	[45]
	IAC
	2D/S/DC
	Overall forced convective heat transfer within an airflow window was estimated.
	K-ε RNG/NS



	[46]
	EM
	3D/T/C
	Different building envelopes and building orientations and their effect on DSF thermal performance were examined numerically.
	K-ε RNG/DO



	[14]
	SM
	3D/S/DC
	The thermal behavior of the supply air window was compared for the natural and forced flow cases.
	SST K-ω, DO



	[47]
	EM, OAC
	2D/S/DC
	The total heat gain decrease provided by ventilated glazing units was examined to insulated units under summer conditions. A different operating design, as well as optimum cavity space, were investigated.
	laminar flow/S2S



	[1]
	SM
	2D/S/DC
	CFD simulation was applied to recalculate windows simulation parameters and apply them in a simplified building simulation model.
	Laminar, radiative temperature



	[48]
	DSF

(OAC)
	3D/T/DC
	The impact of various constructions, optical, and operation parameters of a DSF in terms of energy savings was estimated in terms of decreasing the solar load entering the building.
	RNG K-ε, P1 radiation model



	[49]
	OAC
	2D/T/O
	The CFD and BS models were combined to obtain a realistic picture of the DSF thermal performance.
	SST K-ω RANS/NS



	[50]
	DSF

(OAC)
	2D/T/DC
	The heat transfer of a combined double-skin façade plus phase change material (PCM) blind was evaluated.
	K-ε RNG/DO



	[9]
	SM, EM, OAC, IAC
	2D/S/DC
	The effect of different glazing, opening, and airflow size on the thermal performance of the airflow window was investigated for both summer and winter time.
	Standard K-ε/NS



	[51]
	IM
	2D/S/DC
	CFD + ray-tracing method was applied to both standard and complex fenestration systems with integrated blinds, and the results were compared with the ISO 15,099 standard.
	K-ε RNG/S2S



	[52]
	OAC, IM
	3D/S/C
	The cavity air temperatures plus solar heat gain coefficients (SHGC) were analyzed to the closed and open conditions of the window’s external opening.
	Realizable K-ε RANS/S2S



	[53]
	DSF

(OAC)
	3D/T/DC
	The airflow and heat convection within the cavity was investigated and the results compared with the measurement outcomes.
	K-ε model, NS



	[54]
	DSF

(OAC)
	3D/S/DC
	To analyze the ability of two simulation applications, the thermal performance of DSF was evaluated with Energy Plus and Open FOAM CFD. The results compared with experimental outcomes.
	StandardK-ε/NS



	[55]
	OAC
	3D/S/C
	The main purpose was to evaluate the influence of colored or low-emissivity glass as an outer pane to improve cooling performance.
	K-ε RNG/S2S



	[56]
	ODGU
	2D/S/DC
	The numerical analysis on two configurations of ODGU indicated application of (clear glass + air + clear glass) can be the most energy-efficient option for the hot climate.
	Laminar, RIM







IM: Insulation mode; SM: Supply mode; EM: Exhaust mode; IAC: Indoor air curtain; OAC: Outdoor air curtain; DSF: Double-skin façade; ODGU: Open double-glazing unit; 3D: Three-dimensional; 2D: Two-dimensional; C: Coupled outdoor–indoor simulations; DC: Decoupled outdoor–indoor simulations; I: Indoor; O: Outdoor; S: Steady; T: Transient; S2S: Surface-to-surface radiation model; DO: Discrete ordinates radiation model; RIM: Radiosity–irradiosity method; NS: No solar radiation; HS: Heat sources instead of solar radiation model.
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Table 2. Grid test.
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	Grid Size of the Cavity (mm)
	Mean Temperature °C
	Mean Velocity (m·s−1)





	4 × 4
	8.718
	0.315



	3 × 3
	8.723
	0.312



	2 × 2
	8.728
	0.303
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Table 3. Assumed properties of simulated glazing unit.
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	Material
	Single Glazing (6 mm)
	Low-Emissivity Double-Glazing (4 + 12 + 4 mm)





	Transmittance
	0.752
	0.305



	Reflectance
	0.143
	0.402



	Absorbance
	0.105
	0.250



	Emissivity
	0.84
	0.148



	Thermal conductivity
	1
	0.043
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Table 4. Boundary condition for the CFD model.






Table 4. Boundary condition for the CFD model.





	Variable
	Value
	Unit





	Irradiance
	180
	W⋅m−2



	Wind speed
	3.5
	m·s−1



	Outdoor temperature
	3
	°C
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Table 5. Supply air temperature, heat flux, effectiveness, volumetric flow rate, and mean cavity temperature for the ventilated windows with two cavity height assumptions.
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	Cavity Height
	Supply Temperature °C
	Heat Flux W⋅m−2
	Effectiveness (η-value)
	   V ·    · (L·s−1)
	Mean Cavity Temperature °C
	Aspect Ratio





	1 m
	16.66
	1.25
	0.8
	2.11
	8.70
	20



	2 m
	17.48
	1.29
	0.85
	2.03
	9.01
	40
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Table 6. Supply air temperature, heat flux, effectiveness, volumetric flow rate, and mean cavity temperature for the ventilated windows with two cavity depth assumptions.
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	Cavity Depth
	Supply Temperature °C
	Het flux (W·m−2)
	Effectiveness (η-Value)
	   V ·    · (L·s−1)
	Mean Cavity Temperature
	Aspect Ratio





	25 mm
	16.85
	0.85
	0.81
	2.10
	8.9
	40



	50 mm
	16.66
	1.25
	0.8
	2.11
	8.70
	20
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Table 7. Summary of the simulated configurations (width of the inlet opening was assumed to be 12 mm in all cases).
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	Case
	Width of the Supply Air Opening
	Position of the Double-Layered Element





	A
	12
	Inside



	B
	12
	Outside



	C
	24
	Inside



	D
	24
	Outside
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Table 8. Supply air temperature, volumetric flow rate for the simulated scenarios.






Table 8. Supply air temperature, volumetric flow rate for the simulated scenarios.





	Cavity Depth
	Supply Temperature °C
	Effectiveness (η-Value)
	   V ˙    · (L·s−1)
	Mean Cavity Temperature





	A
	16.66
	0.8
	2.11
	8.70



	B
	17.86
	0.87
	2.23
	10.95



	C
	16.26
	0.78
	2.10
	8.63



	D
	17.23
	0.83
	2.20
	10.90
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Table 9. Minimum surface temperature obtained from CFD simulation together with calculated frsi value.
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	Simulated Scenarios
	Minimum Surface Temperature
	fRsi





	Case A
	8.70
	0.76



	Case B
	10.97
	0.88



	Case C
	8.69
	0.70



	Case D
	10.90
	0.82
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