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Abstract:

 With an increased awareness of sustainability issues, natural ventilation has become an elegant method for reducing the costs and environmental effects of the energy that is used to maintain comfortable indoor air quality rather than using mechanical ventilation. The windows in many industrial buildings are continuously open to exhaust pollutants and intake fresh air. Though windows are functional and efficient for natural ventilation, rainwater is able to penetrate through the windows during wind-driven rain. For industries in which the moisture content affects the quality of the product, the intrusion of a large amount of rainwater through windows must be prevented without compromising the effective ventilation. The aim of this research is to determine an innovative design for windows to accomplish the optimum of high ventilation and low rain penetration. For this purpose, windows are variously innovated and tested in full-scale measurements, reduced-scale wind-tunnel measurements and computational fluid dynamics (CFD). An artificial rain and wind velocity to mimic the average of the maximum values in Korea are created. The maximum reduction in rain penetration of over 98% compared to basic 90° open windows is attained with only a 4%–9% decrement of ventilation efficiency in the two recommended designs.
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1. Introduction

Ventilation is used by industrial, residential, and commercial buildings to displace stale and polluted air with fresh external air to maintain a good indoor air quality (IAQ) and thermal comfort. Insufficient ventilation in enclosed spaces can cause problems such as excessive pollution, odors, overheating, and humidity, which can lead to adverse effects for an individual, such as nuisances, tiredness, suffocation, and sickness. The required air quality for any building is developed using either mechanical or natural ventilation. Mechanical ventilation, which is usually used as part of the heating, ventilation and air-conditioning (HVAC) systems, is desired because of its easy control. However, mechanical ventilation is also a major part of the building energy consumption and accounts for more than one third of the total energy used worldwide [1,2,3,4,5,6]. Natural ventilation uses natural forces, i.e., external wind and thermal buoyancy, as the main driving forces to introduce fresh air into the building [5,6]. Because of these natural factors, the ventilation depends on the size, shape and position of the openings such as the doors, windows, louvers, and gravity ventilators [2,7]. These ventilation devices are designed to facilitate the exchange of air without utilizing any energy or forced flow [1,2,8]. This process is designed to obtain satisfactory IAQs while realizing energy savings and sustainable development [4,9]. Natural ventilation is promoted for its adaptability into buildings and more comfortable environments when it is integrated correctly compared with mechanical ventilation. Mechanical ventilation is prone to complaints from users because of its noise, consumption of energy, requirement of routine maintenance and potential occurrence of health problems (sick building syndrome) [10,11]. Additionally, people are fascinated with natural ventilation because of its cost effectiveness, i.e., the capital, operational and maintenance costs, compared with those of mechanical ventilation [11]. To design a building that uses natural ventilation is more difficult than designing a similar building that uses mechanical ventilation because of the natural inconstancy of factors such as the external temperature, wind speed, occupant activities, and internal heating loads [12]. Therefore, an interdisciplinary knowledge of factors such as the climate, topography, orientation, and pollution is required for the proper design of naturally ventilated systems [13]. Despite the difficulty of such a design, people are encouraged to use natural ventilation because of its advantages over mechanical ventilation (no energy requirements and substantial cost effectiveness).

In previous years, the selection of windows based on its ventilation performance was judged rather qualitatively by using theoretical assumptions, and the effect of different window types was usually discounted because of the lack of quantitative information [14]. However, studies have been performed to quantify the performance and efficiency of windows using several methods, including full-scale measurements, reduced-scale wind-tunnel measurements and computational fluid dynamics (CFD). These methods each have their advantages and disadvantages [15]. Advantage of the full-scale on-site measurements include the assessment of true physical conditions and the avoidance of the scaling dilemma; this method was utilized by Van Hooff and Blocken [16] to generate data for the indoor environmental conditions that could be used in a CFD model validation. They concluded that the vital limiting factors for the reliability of the data were the lower number of measurement points and the ambiguity of measured data because of the limited repeatability of the analysis due to varying meteorological conditions. Gaoand Lee [17] and Fracastoro et al. [18] also performed full-scale measurements and used the results to perform a numerical analysis to compare the ventilation rate through open windows with different dimensions, ultimately producing a faster estimation of ventilation effectiveness and assisting in the design of buildings using natural ventilation. Reduced scale models display good repeatability in the measurements but the problem is lean possibility to perfectly imitate phenomena of a full-scale building [16]. Walker et al. [19] and Teppner et al. [20] adopted reduced-scale models to perform experiments, validate the numerical models, and understand phenomena related to a naturally ventilated building. CFD modeling could be utilized to imitate a full-scale experiment, but this process requires validation by a full- or reduced-scale measurement, and data for these indoor environmental parameters for the validation of the model remain scarce [16]. CFD was exploited by Stavrakakis et al. [4] and Shetabivash [21], and the CFD model was verified using available climatic and experimental data to investigate the effect of the opening on the airflow characteristics of the room and suggest optimum design variables for good ventilation. Additionally, studies have been conducted based on CFD, full-scale and reduced-scale measurements and have focused on natural ventilation through windows with varying factors, such as their types, opening angles, dimensions, opening configuration, building orientations, air velocities, and temperature differences [12,13,14,15,17,18,19,20,21,22,23,24]. Despite the abundance of research, most of the studies on the design and optimization of window openings for better ventilation and thermal comfort have been implemented for residential buildings, and minimal research has focused on industrial windows.

Although windows are efficient and useful for natural ventilation, they are also prone to rainwater penetration during wind-driven rain. Wind-driven rain has oblique paths because of the horizontal velocity component of the wind [25] and is a serious moisture source that has a great effect on the performance of the building [26] because it creates problems such as mold growth, wood decay, corrosion, paint peeling, and moisture penetration [27]. The passage of rain into a building depends on the driving rain loads. These loads are driven by topological and building geometrical factors, in addition to the wind velocity, rainfall intensity and raindrop size distribution [28]. An investigation into the performance of residential windows subjected to wind-driven rain was performed by Lopez et al., who provided a technique to evaluate the water tightness of windows [29]. However, studies on windows are generally limited to residential buildings or public housing with a focus on ventilation characteristics. Additionally, studies on rainwater penetration during wind-driven rain are confined to rain seepage and runoff through walls, facades, and wall-window interfaces on residential buildings [29,30,31,32,33,34,35,36]. Kim et al. [6] performed an experimental study on the rain penetration through industrial gravity ventilators that were used for natural ventilation and revealed that different factors affect the amount of rain penetration into the building; however, a lack of research on rainwater penetration through window openings remains. Various industries that use natural ventilation generally have their windows open continuously, and the entrance of moisture into the room must be avoided because moisture may also have a significant effect on the quality of the product and the interior components of the building. Therefore, industries that utilize natural ventilation must consider both aspects (i.e., building ventilation and moisture avoidance) when installing windows. Therefore, parallel studies on the ventilation and rainwater penetration must be conducted for the different types of windows used in industrial buildings.

The purpose of this study is to develop a design for windows to achieve the optimum combination of lower rain penetration and higher ventilation for better IAQ and thermal comfort. To achieve this objective, the following must be executed: (1) select the window type to secure efficient ventilation; (2) understand different paths and trajectories through which raindrops entered through the selected window; and (3) add design supplements that could be used to intercept and prevent the raindrops from following those paths while maintaining the ventilation efficiency. Both numerical and experimental methods are applied to select window configurations. In the preliminary study of selecting the proper type of window, CFD is exploited to assess the ventilation efficiency inside a designed full-scale industrial model, and an experimental study is conducted on a reduced-scale model for the validation. For the addition of supplements, a small portion of the building with the actual size of window is created to obtain more accurate results in the experimental examination of rain penetration and ventilation. Reduced-scale testing requires fulfilling similarity criteria with a full-scale building, which could be problematic, particularly for the measurement of rain penetration [37]. The application of CFD in wind-driven rain is limited because of reasonable inconsistencies that are noted between simulated and experimental results and might be due to the varying role of the turbulent dispersion of raindrops, which depends on the geometry and position of building [26,37]. Therefore, in this phase, a numerical method is exercised only to study the ventilation and not to consider rain penetration. The combination of design factors that produces the best possible decrement in rainwater penetration without compromising the required ventilation capacity is selected as the optimum window design.



2. Experimental Section


2.1. Preliminary Study: Window Type Selection

The objective of the preliminary study is to detect the change in ventilation that is induced by the use of different window types using experimental and numerical methods. This comparison provides sufficient information on ventilation efficiency to select a type of window in advance of a comprehensive study. For this purpose, 90° open, 45° open and louver windows (the three basic types extensively used in industries) are initially investigated. Theoretically, the airflow through a window opening is given by



Q = Av



(1)




where A is the minimum cross-sectional area of the flow through the opening (m2) and v is the airflow velocity through the area (m/s). Greater opening sizes supply higher air flows when the velocity is constant [14]. Therefore, the 90° opening should have the largest cross sectional area and should correspond to the best ventilation capacity among these window types. Experimental and numerical studies are conducted on these three types of windows to assert this concept. The significance of these changes on the superiority of ventilation is the key to judging whether further studies on rain penetration should be conducted. The schematic diagram of the basic windows used for the preliminary study is shown in Figure 1. The sizes of the windows considered are regularly found in industries. Each blade of the louver type is 0.1 m in length and spaced at 0.1 m from each other, and the length of each windowpane for both 90° and 45° type windows is 0.8 m. In addition to these selected sizes of windows, an extensive experiment is performed on the ventilation and rain penetration through variations of the size, angle, and modification of the selected window (by use of supplements, as described in the comprehensive study—Section 3.2.1).



2.1.1. Numerical Study

Figure 2 shows the 3D model of the simulation of a full-scale industrial building of dimensions L ×W × H = 50 × 50 × 25 m3 (with a roof height of approximately 16.3 m) and a control volume of L × W × H = 120 × 120 × 50 m3. CO2 (with a concentration of 5000 ppm) is selected as the tracer gas and is continuously released at a velocity of 5 m/s through a 5-cm-wide rectangular slot at the center of the building along the longitudinal direction. The monthly average of the maximum wind speed in 2014 for the Seoul area ranges from 5.3–9.7 m/s, and the average annual value is approximately 7 m/s. In the annual data, the highest average wind speed (33.9 m/s in May) is not included [38]. This average annual value (7 m/s) acts perpendicular in the near distance to the building in all of the experiments. However, the study also determines the effects of varying the wind speed with different designs of windows to confirm the robustness of the results. All three basic windows in Figure 1 (with the identical opening size (total height = 1.6 m) at 3.2 m from top) and a single opening (with a width of = 2.5 m, at 1.25 m from the bottom of the wall) on both the windward and leeward sides of the building, along with a gravity ventilator (opening width = 5 m) at the top of the building, are present throughout the building length. These three different types of openings are used to mimic the actual conditions in the factory, in which each of these inlet and outlet openings is present. The inlet through the control volume is the velocity inlet, and the outlet of the control volume and all openings present in the building are the pressure outlets. The wall and air temperature is considered to be ambient (20 °C) and is assumed to be constant. The commercially available CFD software ANSYS Airpak 3.0.16 (Fluent Inc., Lebanon, NH, USA) is selected for designing the model and predicting the ventilation capacity of the windows. Airpak uses Fluent to solve turbulent flow equations based on the finite volume method. Equations for the conservation of energy, mass and momentum of incompressible air are solved by Fluent to determine a solution for the model. The two-equation K-ε turbulence model is used to solve the turbulent flow conditions, in which k is the turbulent kinetic energy and ε is the rate of dissipation of the turbulent kinetic energy. A fine mesh of hexa-unstructured geometry is used to discretize the domain with cell numbers approximately equal to 1.4 million. All the cases are iterated up to the convergence level of 10−3, at least, and the solutions are stable with increasing number of iterations. At this stage, the scaled residuals are about 2.7 × 10−4 for continuity, 1.0 × 10−3 for k and 1.0 × 10−3 for ε. The performance of each window type is evaluated through the flow of air, mean age of air, and concentration of CO2 present inside the model room by applying the post production tools in Airpak.

Figure 2. Model of the full-scale building in Airpak.
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2.1.2. Experimental Study

As shown in Figure 3, a reduced-scale model (scale = 1:50) representing the industrial building is built to perform the wind tunnel experiment and validate the CFD model for all three window types. The walls and windows of the model are built using transparent Plexiglas acrylic sheets. The model is designed to be adjustable to enable the use of 45° open, 90° open and louver type windows, as shown in the supplementary file (Figure S1). A multi-fan (DWV-20, 250 m3/min, 750 W, MJ AIRTECH) is placed 3 m from the right wall of the building to generate the air speed. The desired air speed of 7 m/s is achieved by taking the average of the speed measured using a hot wire anemometer (AVM430A) at 20 different points across the face with a distance of 1.5 m from the wall. The measurement plane is divided into four rows that are spaced at a distance of 0.2 m. Each row consists of five measurement points separated by 0.2 m. Smoke and CO2 are released from a generator located at the center of the building, identical to the location of the pollutant source in the numerical study of the full-scale industrial building. The diffusion of smoke is monitored to visualize the airflow inside the model. Two sets of CO2 meters (GrayWolf Sensing Solutions) are placed in the middle of half of the room between the wall and pollutant source and at the height of 0.25 m from the floor. The concentration at both CO2 meters is measured 10 min after 5000 ppm of CO2 is continuously released at a velocity of 0.1 m/s. The experiment on each window is repeated three times, and the average of both meters is considered to be representative of the CO2 concentration in the room. The window type with the lowest average CO2 concentration is considered to be the best option for ventilation.

Figure 3. Experimental setup for assessing the ventilation of smoke and CO2 through different types of windows, i.e., 90°, 45° and louver types (the 90° open type is presented in this figure).
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Figure 1. Basic windows used in the preliminary study.
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2.2. Optimization Study: Addition of Supplements for a Selected Window

The investigation of the addition of supplements is performed in an experimental model room with a size of L × W × H = 3.6 × 1.0 × 2.4 m3 (Figure 4) and a control volume for CFD simulation is L × W × H = 10 × 6 × 4 m3. The distances between the model room and faces of the domain are 4.2 m, 2.5 m, 1.6 m and 2.2 m, in the upstream, sideward, upward and downstream directions, respectively. The walls and windows of the model are Plexiglas acrylic sheets that are attached to an aluminum frame. A two-stepped adjustable window with each step of dimensions L × W = 1.0 × 0.8 m2 is presented as the base case scenario (case study 1) for comparison. The length and height of the model are taken as 3.6 m and 2.4 m, respectively, to prevent unstable movements of the air inside the room, which can cause possible errors in the measurements of the airflow and rain penetration. A rainfall intensity of 120 mm/h is selected because this value was observed as a maximum value in Korea [39]. Artificial wind is generated by blowers that contain multiple fans (DWV-20, 250 m3/min, 750 W, MJ AIRTECH). The wind velocity is measured at 10 locations, i.e., the 4 corners (each at a distance of 0.2 m from the adjacent walls) and the center of each opening, and the average of the values is calculated. These measurements are performed at a distance of 1.5 m from the model room using a hot wire anemometer (AVM430A), and the required average velocity of 7 m/s is generated by setting the number of revolutions in the blower. Therefore, for all simulations in this study, we control the value of average velocity to be as close as possible to 7 m/s at the same area and same distance with the desired measurement. The artificial rainfall device consists of 5 pipes with an inner diameter of 0.025 m and a length of 1 m that are placed at an interval of 0.4 m. Three nozzles with a 2 mm diameter are installed at the lower part of each pipe at an interval of 0.3 m. The pipes are placed 1 m above the experimental room, and the rain is sprayed towards the top of the window openings.

Figure 4. Experimental model and PIV system setup for studying the ventilation and the paths and intensity of rainwater penetration through the windows (a 90° open type window with a length = 0.8 m (the base case (case study 1)) is presented in this figure).
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Because the windows and walls are composed of transparent sheets, the raindrop paths can be viewed through the windows. Particle image velocimetry (PIV) is used to measure the raindrop size and their trajectory. PIV can identify the size, movement path and speed of particles through a high-speed focusing method. The PIV system consists of the following: (1) a laser light source to generate the light sheet across the vertical plane of the rainfall through the windows; (2) a high-speed camera for recording and (3) a computer for visualizing and interpreting the results. First, the raindrop size is measured to adjust and maintain the water injection pressure in the nozzle to produce artificial raindrop sizes identical to the size of a natural raindrop (0.5–5 mm) [40]. Second, the PIV system is applied to visualize the movement path of the raindrops through the windows. After the major paths of rainwater are identified, various designs for the window are invented to reduce the amount of rainwater penetrating into the building. To investigate the ventilation efficiency of the newly designed windows, the wind velocity is measured at 10 places across the outlet face (size = 1.0 × 2.4 m2), which are divided into two rows spaced at a distance of 0.25 m from the rim of the outlet. Each row consists of five measurement points, which are equally separated at a distance of 0.48 m (the gap between the highest and lowest rows with the rim of the wall is 0.24 m). The application of the CFD simulation, as verified in the previous step, is adopted to cross-examine the average wind speed at the outlet of the model room.

To investigate the protection efficiency from rain penetration for each designed window, the rainwater inflow into the model is measured using 10 water buckets (L × W × H = 0.2 × 0.1 × 0.04 m3; weight of vessel = 152 g) that are made of plastic material and are placed inside the room, each at a distance of 0.35 m (center-to-center distance) in the longitudinal direction of the model. All experiments are performed for 3 min, and the weight of rainwater collected in the buckets after each experiment is measured using an electronic scale (MW-200, Maximum capacity: 200 g; least count: 0.01 g). The difference between the initial and final weight of the bucket donates the weight of the rainwater collected. The weight of the rainwater collected in an individual bucket is converted into an intensity (R: mm/h) using Equation (2), and each bucket is examined to obtain the average intensity value. This experiment is repeated three times for each window type, and the resulting intensity values are averaged to obtain the final value of rainfall intensity into the building.
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(2)




where

	R = Flow rate (intensity) of rainwater into each bucket (mm/h),


	M = Total weight of inflow rainwater collected in the buckets (g),


	W = Density of rainwater (g/mm3),


	S = Cross sectional area of each bucket (mm2), and


	H = Measurement time (h).






2.3. Sensitivity Analysis

The outcome of the situation may change when a parameter value is different, notably when the wind speed fluctuates naturally. According to the referred maximum wind speeds in 2014, the monthly average value has a range from 5.3 to 9.7 m/s [38]. Therefore, apart from the fixed speed value (7 m/s), wind speeds of 3, 5, and 9 m/s are tested to evaluate the confidence in the results.

Besides, the actual natural airflow that should be applied in this situation is atmospheric boundary layer (ABL) wind flow, occurring due to the local terrain applying a shear effect to the wind. As a result, the velocity of the flow in part that is tangent to the surface falls close to zero [15,20,22]. However, due to difficulty in creating ABL flow for the experiment, a simulation with a uniform velocity profile is performed so as to compare consistently with measurement results by varying the wind speed. To investigate how this simplification of the wind flow conditions can lead to deviations from reality and its influence on the results and the conclusion of research, the CFD simulation of the flow through the windows with an ABL wind profile is carried out. ABL wind profiles, generated from 2 terrain types: (1) urban, suburban, wooded areas; and (2) scattered obstacles on open terrain, can be produced, using optional function available in Airpak program.

Grid-sensitivity analysis is also performed to determine the dependence of the flow field on the change of the cell. To conduct grid independence test for both preliminary and optimization studies, four different mesh systems (coarser, course, medium, and fine) are created and compared. The results of these sensitivity analyses are presented in Section 3.2.3.




3. Results and Discussion


3.1. Preliminary Study: Comparison of Numerical and Experimental Methods for Window Type Selection

Comparison between the simulated and experimental results is performed to validate the numerical model and the measurement method. The comparison is based on the CO2 concentration measured at two center points on either side of the source in the reduced scale and predicted through the CFD model. The initial concentration of CO2 inside the model and the concentration of CO2 in the supplied air are assumed to be 400 ppm (the general concentration of CO2 in the atmosphere) [41]. The resulting measured and predicted CO2 concentrations for the three basic window types are shown in Table 1. The results are analogous to each other, with a maximum error of 8.3% for the 45° open type window at the center of the leeward side (Point 2).


Table 1. Predicted and experimentally measured CO2 concentrations and the mean age of air.



	
Window Type

	
CFD Predicted Values

	
Measured Values




	
Mean age of air (s)

	
CO2 Concentration (ppm)

	
CO2 Concentration (ppm)




	
Point 1 (windward side)

	
Point 2 (leeward side)

	
Average

	
Point 1 (windward side)

	
Point 2 (leeward side)

	
Average






	
90° open type

	
58.0

	
608.8

	
609.0

	
608.9

	
568

	
580

	
574




	
45° open type

	
62.7

	
622.7

	
644.5

	
633.6

	
583

	
591

	
587




	
Louver type

	
63.1

	
627.0

	
643.1

	
635.1

	
585

	
599

	
592











The selection of the basic window is based on the predicted and measured results for the CO2 concentration, the diffusion of smoke (compared with the predicted velocity vectors), and the predicted results of the mean age of air. The mean age of air is the average time of air movement through the room that provides the magnitude of the freshness of air and helps determine the ventilation efficiency of the building [42,43,44]. From Table 1, the 90° open type window has the best ventilation capacity, as supported by the least average indoor CO2 concentration, followed by the 45° type and the louver type windows. A comparison of the mean age of air also shows results with the identical tendency and with a value of 58 s for the 90° window and indisputably higher values for the other two types. The paths followed by the generated smoke are visualized (Figure S2) using each window type, and the time required for the clearance of smoke from the room is noted: 27, 35 and 42 s for the 90° open type, 45° open type and louver type, respectively. The cause of these differences is demonstrated by the velocity vectors and drawings of the smoke paths (Figure S3). An important note from this demonstration is that the ventilation flow rate can be significantly increased/decreased by a single modification and that the internal airflow pattern can change to adversely affect the discharge of pollutants. From the support of experimental and numerical results in this section, the 90° open type is shown to be the best window among the three types.



3.2. Optimization Study: Addition of Supplements for 90° Open Windows


3.2.1. Identification of the Rainwater Inflow Path

A PIV system is used to determine the trajectories of the rainwater inflow paths through the windows during wind-driven rain conditions. This determination is performed to assist in the selection of control measures that intercept each path and prevent rainwater from entering the windows. The results of the PIV experiment shown in Figure 5 demonstrate three different inflow paths depending on the size and initial position of the raindrops. These paths are listed below:

Figure 5. Schematic diagram of different rainwater inflow paths (visualized by a PIV system as presented in Figure S4).
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	Path 1: The small raindrops near the entrance of windows instantly gain horizontal velocity from the wind and enter directly into the room.


	Path 2: The rainwater that fell onto the upper surface of window creates bigger drops at the edge, and when the drops fall, they are carried with the wind. Those drops collide with the bottom window surface, thereby creating a splash and generating small drops that enter through the window opening with the assistance of the wind and the momentum of the bigger drop.


	Path 3: The smaller raindrops relatively far away from the window are unable to enter directly but collide with the bottom window surface, thus producing a similar phenomenon as path 2.






Apart from the above-mentioned paths, select minor unknown flow paths may have been disregarded for the ease of determination of paths and application of the control measures.



3.2.2. Remedy Methods and Consequences According to the Identified Rainwater Inflow Path

The identification of the rainwater penetration paths is followed by the selection and use of additional components to intercept these paths. The selection of additional components is based on the experience, ease of usage, and function of each component. Notably, the final solution loses significance when the designed structure is too weak or unpractical. The modifications used are the window angle, window extension, rainwater gutter, bended sheet, cushion, and screen.

Function of each additional component/modification:


	(1)

	Window angle: As the window angle deviates from 90°, the area of the opening changes accordingly, which results in the increase/decrease of airflow and rain penetration rate through the opening (Figure 6, cases 2–5, 13–20 and 23–24).

Figure 6. Addition of the supplement for the 24 case studies.
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	(2)

	Window extension: Extensions of the windows decrease the distance that raindrops can travel to enter through the opening, predominantly intercepting path 1 flows (Figure 6, cases 6–15 and 17–24).



	(3)

	Gutter: A gutter collects and funnels the rainwater that falls on the surface of the window and decreases the amount of rainwater following path 2 (Figure 6, cases 10–15, 17–20 and 22–24).



	(4)

	Bended sheet: A bended sheet directs rainwater on the upper surface of the window towards the gutter to block path 2 flows (Figure 6, cases 10–12 (blue color)).



	(5)

	Cushion: The use of buffer material such as artificial grass to facilitate the soft landing of raindrops on the window surface reduces the entry of water through splashing, thus countering the effect of path 3 flows (Figure 6, cases 21–24).



	(6)

	Screen: A screen allows airflow but obstructs rain penetration because of the presence of small sieves (Figure 6, cases 14–15 and 23). Adjustable screens further aid in manually modifying the orientation of the screen, depending on the rainfall conditions for cases 15 and 23.





These techniques are either used independently or in combination to develop several experimental cases. Outstanding cases or cases with notable issues are presented in Figure 6. The experiments were executed at a velocity of 7 m/s for all cases to measure the rain flow and ventilation. The rainwater inflow is measured following the procedure described in Section 2.2, and the ventilation is evaluated by using measured and CFD predicted values of the average wind speed on the leeward outlet of the model. The details of the additional adjustment for all studied cases are shown in Tables S1 and S2, and the experimental and simulation results according to the adjustments are shown in Table 2.


Table 2. Measurement results for the rain penetration and ventilation and the CFD simulation results of the ventilation for modified windows.



	
Case Study

	
Rain Penetration (mm/h)

	
Ventilation (m/s)

	
Rain Penetration (%)

	
Ventilation (%)




	
Measurement

	
CFD

	
Measurement

	
CFD






	
1

	
3.70

	
1.96

	
1.89

	
100.0

	
100.0

	
100.0




	
2

	
1.20

	
1.85

	
1.72

	
32.4

	
94.4

	
91.0




	
3

	
0.20

	
1.81

	
1.83

	
5.4

	
92.3

	
96.8




	
4

	
0.09

	
1.61

	
1.54

	
2.4

	
82.1

	
81.5




	
5

	
0.00

	
1.21

	
1.14

	
0.0

	
61.7

	
60.3




	
6

	
3.31

	
1.95

	
1.88

	
89.5

	
99.5

	
99.5




	
7

	
2.02

	
1.94

	
1.89

	
54.6

	
99.0

	
100.0




	
8

	
0.97

	
1.90

	
1.87

	
26.2

	
96.9

	
98.9




	
9

	
0.82

	
1.92

	
1.86

	
22.2

	
98.0

	
98.4




	
10

	
0.21

	
1.89

	
1.85

	
5.7

	
96.4

	
97.9




	
11

	
0.15

	
1.69

	
1.82

	
4.1

	
86.2

	
96.3




	
12

	
0.10

	
1.88

	
1.85

	
2.7

	
95.9

	
97.9




	
13

	
0.24

	
2.03

	
1.96

	
6.5

	
103.6

	
103.7




	
14

	
0.04

	
1.34

	
-

	
1.1

	
68.4

	
-




	
15

	
0.05

	
1.79

	
-

	
1.4

	
91.3

	
-




	
16

	
2.21

	
1.89

	
1.72

	
59.7

	
96.4

	
91.0




	
17

	
1.54

	
1.34

	
1.25

	
41.6

	
68.4

	
66.1




	
18

	
1.03

	
1.45

	
1.38

	
27.8

	
74.0

	
73.0




	
19

	
0.06

	
1.78

	
1.63

	
1.6

	
90.8

	
86.2




	
20

	
0.03

	
1.59

	
1.45

	
0.8

	
81.1

	
76.7




	
21

	
0.89

	
1.90 *

	
-

	
24.1

	
96.9

	
-




	
22

	
0.06

	
1.88 *

	
-

	
1.6

	
95.9

	
-




	
23

	
0.04

	
1.79 *

	
-

	
1.1

	
91.3

	
-




	
24

	
0.02

	
1.59 *

	
-

	
0.5

	
81.1

	
-




	
25

	
0.16

	
2.03 **

	
-

	
4.3

	
103.6

	
-




	
26

	
0.20

	
2.03 **

	
-

	
5.4

	
103.6

	
-




	
27

	
0.23

	
2.03 **

	
-

	
6.2

	
103.6

	
-




	
28

	
0.14

	
2.03 **

	
-

	
3.8

	
103.6

	
-




	
29

	
0.23

	
2.03 **

	
-

	
6.2

	
103.6

	
-






* Ventilation efficiency for case 21, 22, 23, and 24 is assumed to be equal to the original cases (case 8, 12, 15, and 20, respectively). ** Ventilation efficiency for cases 25–29 (use of different cushions: Table S2) is assumed to be equal to the original case (case 13).





Effects Resulting from Changing the Opening Angle (Cases 1–5)

The analysis covering the influence of the opening angle on the ventilation efficiency was briefly performed earlier in the preliminary analysis. In this step, to measure the effectiveness of the opening angles on the reduction of rain penetration, four additional windows types were utilized with our basic window (90°) (Table 2). The results show that starting from 90° open windows, a gradual decrease in rainwater penetration is noted as the angle of the window is decreased, and a window opening angle of 30° displays no rainwater inflow into the room. However, along with the reduction of rainwater inflow, the ventilation of the room with a window angle of 30° is also decreased by approximately 40% compared with the 90° angled window. For industries with windows that are continuously open, the selection of the window opening angle could be a major factor in reducing the rainwater inflow. Additionally, a higher reduction in the rainwater penetration might be obtained at the expense to the ventilation of the room.







Effects Resulting from Changing the Windowpane Length (Cases 6–9)

The length of the windowpane is extended gradually by 0.2 m on both the upper and lower windows. An immediate improvement in the reduction of rainwater of approximately 50% is observed by increasing the upper and lower windowpanes by 0.2 m in case 7. This reduction in rain penetration is further increased to almost 80% by extending the upper window by another 0.2 m in case 8. With this extension of the windowpane, the ventilation capacity remained approximately 97%–100% of the basic window (0.8 × 0.8 m2). A comparison of cases 8 and 9 shows only a slight increase in rainwater inflow reduction; case 8 is therefore selected as the optimum from this set of cases. Further reduction in rainwater inflow could be achieved by longer extensions to the windowpanes, but this could affect the structural stability of the window, which would require additional studies.



Effects Resulting from the Addition of a Bended Sheet and Gutter (Cases 10–12)

Rainwater gutters at the base and a bended sheet with changing angles at the front edge of the 1.2 × 0.8 m2 windows are added, as shown in cases 10–12. The length of the gutter (0.1 m) is included in the total length of the windowpane in all cases. The combination of the gutter and bended sheet produces an angle of 135° (case 12) with the windowpane and results in a rainwater inflow reduction of approximately 95% and a small reduction in ventilation capacity. This combination is significantly better than the other setups, which use 45° and 90° angled bended sheets. In addition to the better effect in blocking rainwater following path 2 flows, this change in angle may serve as a longer length of the windowpane.



Effects Resulting from the Addition of a Gutter and a Screen Plus a Change in the Angle (Cases 13–15)

From cases 13–15, the possibility of using obtuse angled windows (100°) to direct the rainwater flow into the gutters instead of a bended sheet is tested. This design is intended to reduce the burden of the water weight that remains on the window surface, notably at an angle of 90° (case 10–12). Additionally, screens of two different inclinations (90° and 135° with horizontal ground) were added on the lower and upper windows of the model to strengthen the rainwater reduction potential. Using 100° inclined windows (case 13) to replace the bended sheets (case 12) caused a slight increase in the rainwater inflow but increased the ventilation rate. The ventilation efficiency of case 13 is the best among all of the created windows because of its largest cross-sectional area, which results from the increased angle and length of the upper window. The addition of screens to the model is followed by a substantial reduction in the rainwater inflow (to negligible amounts) with a decrease in the ventilation rate. However, instead of using 90° screens, 45° screens could be used to achieve ventilations of approximately 90% (case 15) in exchange for a small increase in the rain penetration amount. An additional advantage of the screens used in this model is that they are adjustable; thus, the angle could be manually changed according to the comfort of the users (Figure S5). The ventilation for cases 14 and 15 cannot be simulated because the Airpak program does not have the functionality to create such a screen.



Effects Resulting from the Addition of a Gutter and the Length Plus a Change in the Angle (Cases 16–20)

A contrasting method of employing obtuse angled windows (cases 13–15) is used in cases 16–20, i.e., the use of acute angled windows (80°) to reduce the angle though rain might enter directly (path 1). These cases employ rain gutters at the front edge of the windowpane to drain surface water and utilize a varying windowpane length. The extension of windows and the use of a gutter for cases 17 and 18 reduced the rainwater inflow by approximately 60% and more than 70%, respectively, with an associated reduction in the ventilation efficiency of approximately 30% for both cases. The identical design with a shorter (case 16) and a longer (cases 19 and 20) length of windowpane displayed a better ventilation performance. This unexpected result may be because of the wake of the airflow created by the attached gutter at the front edge (shown in Figure S6). Surprisingly, in cases 19–20, which used a longer windowpane compared with cases 17–18, the overall performances (decrease in the rain penetration and increase in ventilation) improved. The extension of the windowpane in this length may have provided sufficient space to create a smoother airflow to the entrance of inlet and reduce the effect of the wake (Figure S7: a weaker wake effect still appears). Compared with case 20, adding a gutter at the upper window with a slightly shorter length of the lower windowpane (case 19) provided a better ventilation rate but increased the amount of rain penetration. Selecting between these cases (19–20) thus depend on the desired preference. Among all cases, the case that displayed the most substantial difference between the measurement and simulation value is in this group, i.e., case 16 at 9.0%.



Effects Resulting from the Addition of a Cushion (Buffer Material Code JN 108: Table S2) (Cases 21–24)

A cushion is provided to the best performing windows from the preceding sections (cases 8, 12, 15, and 20) to prevent the splashes from the raindrops from falling onto the surface of the lower window. The use of cushions has a slight effect on reducing the rainwater inflow (notably for cases 12, 15, and 20; therefore, rainwater paths 2 and 3 for these three cases are mostly prevented after the previous modifications). Although the reduction in the rainwater inflow was not significant, this improvement is achieved without compromising the ventilation efficiency. For the comparison among these best cases, the use of a window with the upper window extended by 0.4 m, with gutters and with bended sheets (135°) on both the lower and upper windows along with a cushion (case 22) is judged as the best performing combination to achieve a higher ventilation and lower rain penetration. The ventilation for cases 21–24 (and 25–29) is not simulated based on the assumption that the cushions do not affect the ventilation efficiency.



Effects Resulting from the Use of Different Cushions (Cases 25–29)

The cushions used in this section are selected from the set of 5 different types of materials and file lengths (Table S2). These cushions are added to case 13 to determine their effect in preventing path 3 rain entry (assuming that path 2 entry should be intercepted because of the angle of the windowpane). The addition of cushions (cases 25–29) to case 13 shows a reduction in the amount of rainwater inflow. As the file length of the cushions used increases, the rainwater inflow unexpectedly increases, except when using a JNE 135 that is composed of polyester and nylon and has a file length of 35 mm (case 28). This material is able to reduce approximately half of the rainwater entry that would otherwise enter the building (case 13). These results confirm the significant effect of rainwater path 3 flow. Therefore, JNE 135 is recommended as a buffer material because of its ability to reduce rainwater inflow.




3.2.3. Sensitivity Analysis and Correlation Coefficient

A sensitivity analysis is implemented to infer when the designed windows with the best possible performances for both objectives (high ventilation and low rain penetration) can work properly for all situations by varying the wind speed: 3, 5, 7, and 9 m/s. The plot for the rain penetration against the ventilation results for the four wind speeds is shown in Figure 7 (raw data in Table S3). As concluded above, case 22 is a good option for all wind speeds because it displays a combination of better ventilation with lower rain penetration. In addition, case 23 (case 15 with the addition of a cushion) performs well in all four wind speeds. The utilization of case 23 with an adjustable screen (Figure S5) is also suggested as an option because the ventilation efficiency can be maximized (equaling the best study case (case 13)) in the case of no rain. The correlations between the measurement and simulation results for the ventilation efficiency are presented in Table S4. The numerical prediction of the ventilation based on the velocity at the leeward outlet is performed for all external wind velocities (3, 5, 7, and 9 m/s) and is validated using the experimental results for the identical conditions. A good correlation coefficient between the predicted and measured values of the wind velocities was obtained (the lowest correlation coefficient was 0.87 for a wind speed of 5 m/s). Thus, the results of this study were considered to be robust.

Figure 7. Sensitivity analysis for the designed windows in terms of ventilation and rain penetration for four different wind speeds (3, 5, 7, and 9 m/s); overlapped numbers are displayed again in blue blocks for clearer illustration.
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Six cases considered good representatives for the analyses of ABL wind profile and a mesh independence study, i.e., two best performing windows: cases 12 and 19 (only cases that the simulation can be performed), two best cases for ventilation: cases 1 and 13, and two worst cases for ventilation: cases 5 and 17, are selected. To create an ABL wind profile, a larger size of boundary (compared to original cases of simulations) is required. After performing many simulation cases for identifying an appropriate computational domain, modeling an ABL flow in a computation domain of dimensions L × W × H = 14 × 6 × 8 m3 is fixed and carried out. The distances between the model room and faces of the domain are 8.2 m, 2.5 m, 5.6 m and 2.2 m, in the upstream, sideward, upward and downstream directions, respectively. The test to investigate if there is a significant effect from expanding boundary size of simulation is also presented together with the simulation results of ABL flow through the windows in Figure S8 for the comparison with the results of experiment and main simulation. It is seen from Figure S8 that the volume flow rate at the exit of window configuration does not vary significantly with change in boundary size for all cases. Therefore, effect from boundary expansion can be disregarded. From this analysis, there is not much difference between the results of ABL1 and ABL2 while there are huge differences in values between original case and both ABLs, except case 5 having worst ventilation efficiency, originally. Not only the increases in the values for both cases of ABL take place immensely, but also there is a change in ranking of ventilation efficiency, i.e., cases 17 and 19. As aforementioned, it is anticipated that case 17 should have better ventilation performance than case 19 but it is contrary as explained in Section 3.2.2. Unexpectedly, applying a realistic ABL profile could help to reduce the effect of the wake. Whatsoever, this does not change the conclusion that case 12 is recommended as the best performing window (among these cases that can be tested by CFD simulation).

For the analysis to minimize the discretization errors, a grid-sensitivity test is performed based on four grids; coarser, coarse, medium and fine grid, with approximately 0.4–0.5 million, 0.8–0.9 million, 1.4–1.5 million (main cases) and 1.6–1.8 million cells, respectively. For the preliminary study, average mass flow rate through six windows in the building is used for comparison of the meshes. The differences between medium grid and the other grids, i.e., coarser, coarse and fine grids, are about 5.7%, 1.9% and 1.7%, respectively. For the optimization study, the average ventilation flow rate of six designed windows (cases 1, 5, 12, 13, 17 and 19) through the outlet opening is used for the test. The differences between medium grid and other grids, i.e., coarser, coarse and fine grid, are about 4.5%, 1.1% and 0.5%, respectively. Therefore, it is concluded that the medium grid is suitable for both preliminary and optimization studies.





4. Conclusions

This study accesses window designs to optimize the efficiency of natural ventilation, rain penetration prevention and structural composition through actual experiments on both full- and reduced-scale models with the assistance of numerical analyses of a full-scale model. A wide range of additional components that could be used in the design of windows is tested. Starting from the determination of rain flow paths, several techniques to counter those paths are tested. The use of a CFD was critical for this study to visualize the wind flow paths and compare the numerical and experimental results for validation purposes. Finally, the design for the best performing windows (cases 12 and 15 with cushion code JNE 135) during wind-driven rain over a wide range of wind speeds is proposed. Although this study is performed for a specific industrial building model, the results could also be used as a reference in designing windows for residential and public building ventilation. Furthermore, individuals can select the design of windows according to their requirement of ventilation and the desired threshold of rain penetration from the datasheet and window designs provided in this paper.

However, this study has select limitations that must be considered when applying the results in the design of the windows. These limitations could be a subject for further investigations. The main limitation is the assumption of a horizontal wind with a constant speed that act perpendicular to the window opening, distinct from the real world but it is applied for all cases in the experiment. One of the reasons is that a uniform flow acting as designed in this study can result in the highest amount of driving rain on the surface of a wall [45] considered in conjunction with the maximum values in Korea of artificial wind speed and rainfall intensity to be a potential worst case scenario of rain penetration. Nevertheless, in reality, airflow patterns in front of (and around) buildings are highly variable (and various patterns of vortices can form) due to factors such as roof shape, building height, opening location and size, surrounding buildings, and air inflow [46,47,48,49,50,51] leading to a large number of cases for consideration. Wind patterns including ABL flows from different directions and speeds may influence the performance results of not only ventilation but also of wind-driven rain protection, due to the change of raindrop paths (and intensity of each), for all designed windows. To remove this limitation, further studies could be performed, e.g., considering varying wind directions, wind speeds, etc. For other limitations, case 15 is one of the proposed methods, and the screen is an important part of the design. Varying the sieve size of the screen may also enhance the performance. In [52] (for example), many products are available for use as buffer material, and substituting the buffer does not affect the efficiency of ventilation, which encourages experimentation with other products. In addition, studies could be performed on the structural soundness of the proposed designs of windows.
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