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ABSTRACT: This study presents the design and performance evaluation of a smart kinetic double-skin window system designed 
to enhance natural ventilation in buildings, especially those limited to single-sided airflow. The system dynamically adjusts external 
blade angles in response to real-time wind conditions, using environmental sensors and automated control to optimise airflow 
distribution and energy performance. Computational fluid dynamics (CFD) simulations were conducted for two blade 
configurations (7° and 15°) under varying wind speeds and directions. Results show that the 15° configuration enhances airflow 
reach and achieves up to 40% higher air change rates (ACH) compared to the 7°, making it more suitable for high-demand 
ventilation scenarios. In contrast, The 7° configuration produces lower but more uniform airflow, which is more appropriate for 
occupant comfort in residential or office environments. Detailed analysis of velocity fields, pressure distributions, and airflow paths 
confirms that the system effectively adapts to wind direction, maintaining balanced ventilation through integrated airflow channels. 
The simulations were validated against experimental data, achieving a Close correlation. While thermal and buoyancy effects were 
not included, future work will extend the model to hybrid ventilation scenarios. The proposed system demonstrates significant 
potential for sustainable ventilation applications in new and retrofitted building envelopes. 

Keywords: Adaptive window systems; Natural ventilation; Computational fluid dynamics (CFD); Smart building technologies; 
Energy-efficient façades; Double-skin façade design 
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1. Introduction 

The continued global reliance on fossil fuels has led to significant environmental degradation, highlighting the 
urgent need for sustainable energy alternatives. Among all energy-intensive sectors, the construction industry remains 
one of the world’s largest energy consumers. As a result, energy reduction through innovative, context-sensitive design 
has become a major focus for researchers and a pressing concern for global policymakers [1]. Energy use within 
buildings is multifaceted, encompassing lighting, heating, cooling, and ventilation. Thoughtfully designed systems, 
tailored to local environmental conditions, can significantly reduce energy consumption while enhancing occupant 
comfort and conserving valuable natural resources. Despite technological advances, many contemporary façade designs 
overlook critical climatic and environmental factors. This oversight often results in suboptimal thermal performance 
and an increased reliance on energy-intensive mechanical systems to maintain indoor comfort [2]. Natural ventilation, 
a traditional strategy for regulating indoor air quality and removing odors, has long supported passive thermal comfort 
[3]. However, with the advent of mechanical ventilation systems in the mid-20th century, the architectural focus shifted 
toward flexibility in façade design and open-plan layouts. While mechanical systems have enabled greater design 
freedom, they have also substantially increased energy consumption, with ventilation accounting for up to 39% of 
energy use in buildings [4]. This figure rises dramatically in some regions, such as the United States, with ventilation 
and lighting comprising 79% of total energy consumption. Similarly, in the United Kingdom, these functions account 
for 72% of building energy use [5]. Natural ventilation offers a sustainable solution to reduce reliance on fossil fuels 
and minimize the environmental footprint of buildings [4]. Its efficacy depends on external environmental factors such 
as temperature, solar radiation, humidity, and wind. The building envelope, as the interface between the controlled 
indoor environment and the unpredictable outdoor conditions, plays a pivotal role in optimizing ventilation and energy 
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efficiency [6]. Controllable façade openings, particularly windows, are critical for facilitating natural airflow. Windows 
are among the most widely used and adaptable components for enhancing natural ventilation [7]. Consequently, 
considerable research has been dedicated to designing windows that maximize airflow efficiency while addressing 
various environmental challenges [7]. Modern urban developments are increasingly characterised by dense building 
configurations, where many residential and office units can access only one façade for natural ventilation and daylight. 
This architectural limitation stems from the need to maximize land use efficiency, resulting in a proliferation of single-
aspect units. Such designs inherently restrict cross-ventilation, leading to suboptimal air exchange rates and a reliance 
on mechanical systems to meet indoor air quality and thermal comfort requirements [8]. Single-sided ventilation, while 
an unavoidable reality for these units, often suffers from inadequate airflow dynamics. The lack of distinct inlet and 
outlet paths for air significantly hampers the ability to create effective natural ventilation. Consequently, a substantial 
portion of the indoor air remains stagnant, exacerbating issues such as poor air quality, overheating in summer, and 
insufficient cooling. Given these limitations, the development of solutions tailored specifically to single-sided 
ventilation is imperative. This study proposes a novel kinetic window system to enhance the role of windows as dynamic 
components of single-sided façades. By dynamically adapting to varying environmental conditions, the proposed 
window aims to overcome the inherent disadvantages of single-aspect units while reducing reliance on energy-intensive 
mechanical systems. To achieve this, the study explores the optimal air change rates required for indoor air quality and 
assesses the performance of single-sided windows in modern construction. The proposed kinetic window adapts 
dynamically to varying ventilation needs, supported by computational fluid dynamics (CFD) simulations to evaluate its 
performance at different angles and wind speeds. The findings in a comprehensive table, offer practical insights for 
optimizing natural ventilation in real-world applications. Figure 1 summarizes the research process, beginning with the 
identification of ventilation challenges in modern single-sided designs. It proceeds through the conceptual design of the 
kinetic window, CFD-based performance evaluation, and result analysis to support practical implementation. 

 

Figure 1. Research process outlining problem identification, system design, CFD simulation, and performance evaluation. 

Research Background 

Adequate air exchange is essential for maintaining indoor air quality, with significant implications for energy use 
and environmental pollution [1,9]. Indoor air quality is shaped by a complex interplay of fixed and variable factors, 
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making it challenging to define and regulate. Pollutant concentrations and ventilation effectiveness typically assess 
indoor air quality. It is adversely impacted by substances such as carbon dioxide, water vapor, volatile organic 
compounds (VOCs), dust, and fungal spores [1]. Adequate air exchange and the provision of fresh air are essential for 
maintaining human comfort, contributing to body cooling through air movement, heat transfer, and the evaporation of 
skin moisture [6]. On average, each person requires a minimum fresh air flow rate of 10 L/s to effectively remove odors 
from indoor air [10]. Air movement at 0.5 m/s and 1.0 m/s can reduce perceived temperature by approximately 2 °C 
and 4 °C, respectively. In general, velocities between 0.25 m/s and 1.5 m/s produce a cooling effect ranging from 0 °C 
to 6 °C [11]. 

The functional purpose of air changes differs depending on the building type. For instance, factories rely on 
ventilation to remove heat, pollutants, and toxic fumes, while closed garages and tunnels require air exchanges to 
mitigate exhaust gases and potential fire hazards. Hospitals depend on ventilation to reduce infections and airborne 
bacteria, and residential buildings benefit from air changes to improve thermal comfort and air quality [12]. Table 1 
outlines recommended air change rates for various spaces, illustrating the potential for natural ventilation to improve 
environmental conditions while minimizing reliance on energy-intensive mechanical systems. 

Table 1. Typical air change rates (ACH) per hour across a range of building types and uses [13]. 

Building/Room 
Air Change Rates 

(ACR) (1/h) 
Building/Room 

Air Change Rates (ACR) 
(1/h) 

Attic spaces for cooling 12–15 Department Stores 6–10 
Auditoriums 8–15 Dress Shops 6–10 

Bakeries 20 Factory building, fumes, and moisture 10–15 
Banks 4–10 Fire Stations 4–10 

Beauty Shops 6–10 Precision Manufacturing 10–50 
Churches 8–15 Garages repair 20–30 

Club rooms 12 Homes, night cooling 10–18 
Computer Rooms 15–20 Kitchens 15–60 

Laundries 10–15 Restaurants 8–12 
Libraries, public 4 School Classrooms 4–12 

Malls 6–10 Shopping Centers 6–10 
Medical Centers 8–12 Substation, electric 5–10 

Municipal Buildings 4–10 Town Halls 4–10 
Museums 12–15 Theaters 8–15 

Offices, public 3 Warehouses 2 
Police Stations 4–10 Waiting rooms, public 4 

The size and placement of openings primarily determine the effectiveness of air intake and circulation in buildings. 
Openings smaller than 1/16 of the façade area contribute minimally to airflow, while those smaller than 1/6 of the façade 
have negligible influence on external air distribution [14]. Proper building orientation, wind patterns, and façade design 
play critical roles in ensuring natural ventilation effectiveness [15]. Additionally, the number and configuration of 
windows, doors, and façade-integrated components significantly influence ventilation performance [8]. When 
appropriately designed and strategically placed, these elements can significantly enhance the overall airflow and 
ventilation efficiency within a structure. 

Ventilation strategies are generally categorized as distributed natural ventilation or stack ventilation. Distributed 
ventilation relies on openings such as windows and doors to facilitate airflow, while stack ventilation utilizes vertical 
shafts and pressure differences to direct airflow. Central ventilation shafts, often found in older buildings, are a classic 
example of stack ventilation [16]. In such systems, air enters through wall-mounted inlets and exits via elevated outlets, 
creating a self-contained vertical airflow loop. 

Distributed ventilation, on the other hand, can be further divided into two subcategories: 
Cross-ventilation method uses openings on opposite façades to allow airflow across the space, achieving high air 

exchange rates and improved indoor air quality. 
Single-sided ventilation occurs when air enters and exits through the same opening, inherently limiting ventilation 

efficiency due to constrained airflow dynamics (Figure 2). The absence of distinct pathways for air entry and exit 
reduces the overall effectiveness of ventilation, making it difficult to achieve adequate air exchange rates. This 
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limitation is especially pronounced in modern windows, where stale air becomes trapped, further reducing ventilation 
performance. 

Building designs must incorporate strategies that establish distinct zones of positive and negative pressure to address 
these limitations. For instance, ventilation remains negligible when two windows are positioned on walls experiencing similar 
pressure conditions (positive or negative). Effective ventilation requires controlling wind pressure and airflow direction, 
which can be achieved by incorporating vertical blades or louvers to redirect and enhance circulation. 

These interventions improve a building's ability to create the necessary pressure differentials, facilitating efficient 
airflow patterns and ensuring proper air circulation. Considering the pivotal role of windows in ventilation, ongoing 
innovation in window design remains essential. A well-optimised window system boosts airflow efficiency and reduces 
dependence on mechanical ventilation systems, contributing to energy conservation and improved indoor air quality. 

 

Figure 2. The schematic comparison of cross ventilation (right) versus single-sided ventilation (left) highlights airflow dynamics 
and limitations. 

Windows are among the most critical components of the building envelope, expected to meet a range of high-
performance criteria [17]. They are pivotal in energy conservation and indoor environmental quality [18]. The design 
and material selection of windows are essential in achieving the desired balance of functions, particularly in facilitating 
natural ventilation. However, achieving these functions often involves addressing conflicting performance requirements. 
For example, increasing a window's transparency improves natural lighting andaises its thermal conductivity, thereby 
reducing the overall thermal insulation of the system [17]. These trade-offs underscore the importance of adopting 
thoughtful strategies in window design to optimize ventilation without compromising other performance attributes. 

Modern windows are often designed to be airtight to improve energy efficiency, but this characteristic limits their 
ability to support natural ventilation. To address this, controllable openings such as air vents have become essential 
features to allow fresh air to enter the building envelope [19]. The development of effective window designs is 
particularly critical in urban environments, where multi-room layouts and limited façade areas necessitate single-sided 
ventilation. Single-sided windows, where openings are confined to one building shell, have become the most practical 
solution for contemporary cities. 

Despite their utility, single-sided windows face significant limitations. These include an inability to define effective 
routes for air exit, insufficient differentiation of positive and negative pressure zones for air movement, and limited 
penetration depth of airflow—typically only 2.5 times the ceiling height. Such shortcomings drastically reduce the 
effectiveness of natural ventilation in buildings. These inefficiencies often lead to recommendations against the use of 
single-sided ventilation in certain scenarios [11]. Zhao et al. [20] examined single-sided ventilation in urban residential 
settings using CFD simulations, confirming its lower effectiveness compared to cross-ventilation due to limited air 
change rates (ACH) and weaker airflow dynamics. The study highlights how the window-to-wall ratio and building 
orientation critically impact ventilation performance. Zhao et al. recommend adaptive window designs to mitigate these 
challenges, particularly in densely populated urban areas with restricted natural airflow pathways. These findings align 
with earlier research by Allocca [21] and Erhart et al. [22], which emphasized the inherent challenges in single-sided 
ventilation systems, such as fluctuating airflow patterns and dependency on static configurations. Despite advancements 
in modelling and experimental validations, previous studies lack integration of real-time adaptive technologies capable 
of dynamically optimizing ventilation performance. Xu et al. [23]developed a smart façade control framework 
integrating real-time sensor feedback to optimize ventilation and comfort in naturally ventilated buildings. Similarly, 
Liu et al. [24] employed multi-objective AI optimization to fine-tune window geometry in mixed-mode systems, 
demonstrating the value of real-time data and controllable components (Table 2). 
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Table 2. Components of the Smart Kinetic Window System. 

Component Function 
Aluminium Blade Panels (14,16) Adjustable elements that redirect airflow based on wind direction 

Main and Sub-Levers (40,42) Mechanical linkages that transfer rotational motion to the blade system 
Control Microcontroller (28) Processes sensor data and actuates levers accordingly 

Actuators (38) Provide motion to adjust blade angles dynamically 
Frame and Housing (12) Structural enclosure supporting the system and protecting electronics 

While these contributions affirm the growing importance of adaptive building envelopes, they often overlook the 
architectural and mechanical challenges of implementing effective single-sided ventilation. Specifically, few have 
addressed the physical design constraints that prevent reliable airflow modulation in such systems. 

However, when appropriately designed, single-sided windows can overcome these challenges and emerge as a 
viable solution for modern buildings. Optimised designs can mitigate these limitations by ensuring better airflow 
dynamics, reducing reliance on mechanical cooling systems, and achieving energy savings of up to 30% [25]. 
Recognizing this potential, the present study proposes an innovative single-sided window design tailored for diverse 
environmental conditions. By addressing the inherent inefficiencies of conventional single-sided windows, this study 
aims to provide a practical, energy-efficient solution to enhance natural ventilation in various building types. 

This paper presents the first-phase design and validation study of a novel adaptive double-skin window system. 
The objective is to test whether such a system can achieve dynamic ventilation control through computational 
simulations before physical prototyping. Building on the identified limitations of traditional single-sided ventilation 
systems, this study introduces an innovative solution to address these challenges. By incorporating advanced design 
principles and smart technologies, the proposed kinetic double-skin window aims to enhance natural ventilation 
efficiency, making it a viable option for modern building applications. Unlike previous designs, which rely on static 
configurations or intermittent manual operations, this system ensures continuous and efficient ventilation across diverse 
scenarios, including residential, commercial, and industrial applications. Additionally, the generalization of the design 
facilitates scalability, reduces manufacturing costs, and broadens its applicability to various building typologies and climates. 

2. Proposed Design of the Kinetic Double-Skin Window System 

The innovative double-skin window system comprises inner and outer frames (Figures 3 and 4, elements 34 and 
34a) securely anchored to the frame base (12). The system is designed to dynamically transition between sealed and 
ventilated states, responding to varying environmental demands. In the closed position, the system functions as a tightly 
sealed double-skin unit working as a thermal buffer, while in the open position, it enables optimised natural ventilation. 
The internal frame operates through centrally positioned hinges (Figure 4, element 36), which allow for smooth opening 
and closing. The external frame is motorized, enabling precise adjustments to respond to environmental conditions such 
as wind speed and direction. 

The system incorporates carefully positioned openings on the inner and outer frames (Figures 3 and 4, elements 
14, 14a, 16, and 16a), facilitating effective airflow. The internal frame features inward-facing openings, while the 
external frame includes outward-facing ones. These openings are coordinated to create synchronized zones for air entry 
and exit. A flexible material (Figures 3 and 4, element 32a) is situated between the two frames, acting as an adaptable 
channel for directing airflow. This material extends and retracts as needed to accommodate varying environmental 
conditions and ventilation requirements. When the window is closed, the flexible material retracts into a designated 
compartment (Figure 4, element 32), maintaining system compactness and aesthetics. 

The external blades (Figures 3 and 4, elements 14 and 16) are critical for generating positive and negative pressure 
zones, which drive efficient air exchange. The system uses an external anemometer to monitor wind speed and direction, 
enabling adaptive blade positioning. For instance: 

State A: When wind blows from right to left (0–90°), the external frame opens on the right, directing airflow 
through the left-side openings (16, 16a) for interior ventilation. 

State B: When wind blows from left to right (0–90°), the external frame opens on the left, while the right-side 
openings (elements 14 and 14a) facilitate ventilation. 

Strategically positioned openings on both the inner and outer frames facilitate airflow into and out of the room, 
while additional structural elements such as element 18 (intermediate panel) and element 18a (inner blade panel) 
optimize the air distribution. The intermediate panel (element 18) enhances insulation when the window is closed and 



Smart Energy System Research 2025, 1, 10002 6 of 19 

channels airflow effectively when the window is open. The inner blade panel (element 18a), mounted on the internal 
frame, works in coordination with external blades (elements 14 and 16) to direct airflow dynamically, ensuring balanced 
and efficient ventilation inside the room. 

In State A, blade 14 on the right side channels airflow into the room with the assistance of the flexible material 
(element 32a), while blade 14a directs the airflow further into the interior. On the opposite side, blade 16 exhausts 
indoor air to the exterior, supported by negative pressure, while blade 16a minimizes direct air escape, maintaining 
balanced airflow dynamics. 

The system's motorized adjustment mechanism (Figure 5, element 38) enables precise angular modifications of the 
external frame (element 34). This is achieved via main levers (element 40), which slide along rails (element 48) to 
ensure stability and alignment during movement. Secondary levers (elements 42 and 46) are connected to axial bearings 
(element 44), providing additional flexibility and structural resilience. This configuration ensures the system maintains 
performance and stability under varying environmental conditions, such as high wind loads. 

 

Figure 3. Visual representation of the proposed double-skin window system installed on a building wall in operational (ventilation) mode. 

The window system supports two modes: 
Smart Mode: This mode leverages environmental sensors, including an anemometer, thermometer, and hygrometer, to 

collect real-time data. The integrated AVR microcontroller processes this data and adjusts the blade angles accordingly, 
ensuring optimal ventilation. This automated mode minimizes human intervention while maximizing efficiency. 

Manual Mode: In cases of system malfunctions or power outages, the blades can be operated manually. The 
motorized components are strategically designed for easy access and maintenance, ensuring system reliability. 

The control panel (element 28) serves as the system's intelligent monitoring and management hub. Equipped with 
sensors such as anemometers, thermometers, and hygrometers, the panel collects real-time environmental data, 
including wind speed, direction, temperature, and humidity. The control panel processes these inputs using advanced 
algorithms and communicates with the motorized components to adjust the blade angles and frame positions accordingly. 
Users can operate the control panel in two modes: smart mode for automated adjustments or manual mode for direct 
intervention during maintenance or emergencies. In addition to measuring wind velocity, the sensor network can be 
expanded to include temperature, humidity, and CO2 sensors, enabling multi-variable environmental sensing. These 
inputs can feed into a multi-objective control algorithm that adjusts blade angles based on both ventilation demand and 
thermal comfort priorities. 

While the proposed window system operates primarily in automated smart mode, user override functions are 
available to accommodate individual comfort preferences and maintenance scenarios. The control panel includes 
manual adjustment options, allowing occupants to intervene if environmental conditions deviate from subjective 
comfort thresholds. In future development, a user-friendly interface—such as a touch display or mobile app—may be 
integrated to enable remote monitoring and control. The system’s algorithm can incorporate customizable setpoints 
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(e.g., temperature range: 21–25 °C; humidity: 40–60%; CO2 threshold: 1000 ppm), ensuring that blade adjustments 
align with ventilation demand and occupant thermal comfort. This combination of automation and user flexibility 
enhances system responsiveness and usability across diverse occupancy scenarios. 

This advanced structural and mechanical integration enhances the window’s adaptability and reinforces its 
durability, making it suitable for a wide range of environmental and building conditions. 

 

Figure 4. Operational states of the smart window system under different wind directions and opening angles, showing adaptive 
responses. (A) Opened position. (B) Opened position. (C) Closed position. 

 

Figure 5. Mechanical configurations of the main and sub-levers responsible for adjusting the smart window angle. 

3. Methodology 

The study of fluid mechanics involves three primary approaches: experimental, analytical, and numerical methods. 
Experimental methods provide empirical insights but are often costly and time-intensive. Analytical methods, though 
precise, are limited in their application to simplified systems and are often unsuitable for the complex, nonlinear 
scenarios typical in engineering problems. Numerical methods have emerged as a powerful alternative due to 
advancements in computational tools and algorithms, offering a cost-effective and versatile means to solve intricate 
fluid mechanics problems. These methods have become indispensable for understanding and predicting airflow 
dynamics in complex geometries, such as those encountered in natural ventilation systems. 
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3.1. Computational Workflow 

The computational methodology employed in this study is a multi-step process designed to evaluate the impact of 
window geometry on airflow and ventilation efficiency. The workflow includes: 

Geometric Modelling: To assess their impact on airflow circulation and indoor ventilation, the study modeled two 
computational domains, representing windows with 7° and 15° opening angles. The geometries were created using 
Gambit software and imported into ANSYS Fluent 18.0 for simulation (Figures 6 and 7). In addition to the simulated 
blade angles (7° and 15°), interpolated estimates were later computed for 9°, 11°, and 13° to extend the design space. 

Boundary Conditions and Turbulence Modelling: To replicate real-world scenarios, the simulations employed 
appropriate boundary conditions, including inlet velocity, outlet pressure, and no-slip wall conditions. The standard k-
Epsilon turbulence model was selected for its robust performance in simulating natural ventilation flows. 

Numerical Simulation: Airflow and air exchange rates were simulated under steady-state conditions to evaluate 
the window's performance at different wind angles and speeds. 

Validation: Numerical results were validated against experimental data from Reyes et al. [26]. Air velocities were 
compared at two critical sections: the bottom of the wind tower and the room window. The maximum velocity 
discrepancy between numerical and experimental data was approximately 2 m/s, confirming the accuracy and reliability 
of the computational model (Figure 7). 

 

Figure 6. Modeled room geometry used for CFD simulation, showing the spatial configuration and boundary setup (m). 

 

Figure 7. Comparison between measured experimental airspeeds and simulated results at the bottom of the window structure, 
experimental data from Reyes et al. [26], simulated data (present study). 

3.2. Governing Equations and Numerical Modelling 

Numerical simulations were conducted for incompressible, three-dimensional airflow under steady-state 
conditions. The Finite Volume Method (FVM) was employed for discretizing the Navier-Stokes equations, and the 
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SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm was used for velocity-pressure coupling to 
ensure numerical stability [27]. 

3.2.1. Navier-Stokes Equation for Incompressible Flow 

The continuity equation ensures the conservation of mass for incompressible flow [27]: 

𝜕𝜌
𝜕𝑡

൅  ∇. ሺ𝜌
௏
→ሻ ൌ 0 (1)

In steady-state incompressible flow, the density (ρ) is constant 
Where: 
ρ: Density of the fluid 
t: Time 
V: Velocity vector 
∇: Divergence operator. 

The Navier-Stokes equations govern the momentum conservation in the fluid [28]: 

𝜕
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where: 
V: Velocity vector 
t: Time 
ρ: Fluid density 
P: Pressure 
ν: Kinematic viscosity 
g: Gravitational acceleration vector 
𝜏௧: Turbulent stress tensor. 

3.2.2. Standard k-Epsilon Model 

This section describes the turbulence model applied in the study and provides a detailed discussion of its governing 
transport equations. The standard k-Epsilon, a widely utilized turbulence model, is based on transport equations for two 
key turbulence quantities: the turbulence kinetic energy (𝜅) and the turbulence dissipation rate (𝜖). This model operates 
under the assumptions of fully turbulent flow and negligible molecular viscosity, making it particularly suitable for 
modelling high-Reynolds-number flows where turbulence dominates [27]. 

The standard k-Epsilon model has been extensively validated and is well-regarded for its robust performance and 
computational efficiency in modelling natural ventilation scenarios. It is popular due to its ability to produce results that 
closely match experimental data, particularly for applications involving room airflow and building ventilation [29,30]. 

Governing Transport Equations: 
The turbulence kinetic energy (𝜅) and dissipation rate (𝜖) are governed by the following transport equations: 

𝜕
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where: 
ρ: Fluid density 
𝑢௜: Velocity component in the iii-th direction 
𝐺௞: Generation of turbulence kinetic energy due to mean velocity gradients 
𝐺௕: Generation of turbulence kinetic energy due to buoyancy 
𝑌ெ: Contribution of compressibility to the overall dissipation rate 
𝑆௞ and 𝑆ఌ: User-defined source terms 
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𝜇: Molecular viscosity 

𝜇௧: Turbulent viscosity (modeled as 𝜇௧ ൌ 𝜌𝐶ఓ 
௞మ

ఢ
 ) 

𝜎ఌ  𝑎𝑛𝑑 𝜎௞: Turbulent Prandtl numbers for 𝜖 and 𝑘, respectively 
𝐶ଵఌ ,𝐶ଶఌᇱ 𝐶ଷఌ: Empirical model constants. 

3.2.3. Physical Interpretation of Terms 

Turbulence Kinetic Energy (𝑘): 
Represents the energy contained in turbulent eddies. 
Generated by shear (𝐺௞) and buoyancy effects (𝐺௕). 
Dissipated by viscous effects, represented by the term 𝜌𝜀. 
Turbulence Dissipation Rate (𝜀): 
Measures the rate at which turbulence kinetic energy is converted into thermal energy through viscous dissipation. 
Additional Terms: 
𝑌ெ: Accounts for dilatation effects in compressible turbulence. 
𝜎ఌ  𝑎𝑛𝑑 𝜎௞: Control the diffusion rates of 𝑘 and 𝜖, respectively. 
𝑆௞ and 𝑆ఌ: Provide flexibility to include user-defined effects in the governing equations. 
Model Constants 
The standard k-Epsilon model employs empirically determined constants that have been widely validated in 

various flow scenarios: 
𝐶ଵఌ  = 1.44 
𝐶ଶఌ = 1.92 
𝐶ଷఌ  = Depends on the flow's buoyancy effects 
𝜎௞  = 1.0 
𝜎ఌ  = 1.3. 
The standard k-Epsilon model is particularly effective in natural ventilation studies because it balances 

computational efficiency with accuracy. As demonstrated in this study, its adaptability to varying flow conditions and 
its compatibility with experimental data make it an ideal choice for simulating airflow through windows and within 
rooms. By incorporating the effects of turbulence generation, dissipation, and diffusion, the model provides a 
comprehensive framework for analyzing and optimizing ventilation performance. 

3.3. Design Geometry and Mesh Generation 

The computational domain was developed using Gambit software, which allowed for precise creation of the room 
and window geometries. The room geometry is shown in Figure 6, and the window was modeled with two distinct 
opening angles, 7° and 15°, to evaluate their impact on airflow circulation and indoor ventilation (Figure 6). These 
specific angles were selected to represent typical configurations for natural ventilation studies and to assess their 
effectiveness in promoting air exchange. 

The window opening angle directly influences ventilation performance by altering the flow pathways and 
turbulence intensity. For this reason, the 7° and 15° configurations were chosen to capture the variations in airflow 
dynamics and their effect on achieving optimal indoor air quality. 

3.3.1. Mesh Generation 

A structured mesh was generated for the computational domain, ensuring accurate resolution of key flow features. 
The mesh was refined near critical areas, such as the window openings, walls, and regions of expected high turbulence, 
to improve accuracy in capturing boundary layer behaviour and flow separation. 

Key Mesh Specifications: 

 Mesh Type: Structured grid for enhanced numerical stability and accuracy. 
 Refinement Zones: High-resolution mesh in the proximity of window edges and airflow interaction zones. 
 Element Count: The mesh density was optimised to balance computational efficiency and solution accuracy. 

3.3.2. Boundary Conditions 

 To replicate real-world conditions, boundary conditions were applied as follows: 
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 Inlet: Prescribed velocity boundary to simulate external wind. 
 Outlet: Pressure-outlet boundary to allow free airflow. 
 Walls: No-slip condition to model wall friction effects accurately. 

This carefully designed geometry and mesh setup ensured reliable simulation results, providing insights into the 
influence of window angles on ventilation efficiency. 

To ensure the accuracy and reproducibility of the CFD simulations, a mesh independence (grid convergence) study 
was conducted. Three structured mesh configurations were tested: coarse (~0.8 million cells), medium (~1.6 million), 
and fine (~3.2 million). Velocity magnitudes were monitored at three key reference points—near the inlet, mid-room 
(occupant level), and near the outlet—under identical boundary conditions. The maximum deviation between the medium 
and fine meshes was less than 3.2%, confirming mesh independence at the medium resolution. Therefore, all subsequent 
simulations were performed using the medium mesh to balance computational efficiency with numerical accuracy. 

The computational domain was defined to extend 10 m upstream and 20 m downstream from the window surface, 
with a lateral extension of 5 m and a vertical height of 8 m. These dimensions exceed standard CFD best practices for 
external flow simulations to prevent backflow at the outlet and ensure fully developed inflow conditions. A logarithmic 
wind profile was imposed at the inlet, representative of suburban terrain with a roughness length of 0.5 m. The top 
boundary was set as a symmetry condition, and a pressure outlet with zero gauge pressure was used at the downstream 
end. All wall boundaries were modelled using no-slip conditions. 

The simulations were conducted under isothermal conditions at 298 K to isolate wind-driven ventilation effects. 
Radiation and ambient temperature variation were not explicitly included in this model; this simplification is acknowledged 
as a limitation, particularly under low wind speeds where buoyancy effects may dominate. Future work will incorporate 
thermal gradients and radiative exchange to simulate hybrid ventilation scenarios in naturally ventilated buildings. 

No wall heat transfer coefficients were applied. Instead, standard wall functions were employed to resolve near-
wall flow, with the dimensionless wall distance (Y⁺) ranging from 30 to 140—appropriate for the high-Reynolds number 
regime of the standard k-ε turbulence model. 

The standard k-ε turbulence model was employed in this study due to its robustness, computational efficiency, and 
widespread validation in ventilation and airflow applications. This model is particularly effective for simulating fully 
developed turbulent flows in domains where wall effects and recirculations are present, such as building interiors and 
façade-adjacent regions. 

While it is acknowledged that alternative models, such as RNG k-ε and SST k-ω, offer enhanced accuracy in 
predicting flow separation, streamline curvature, and near-wall phenomena, these models come with higher 
computational costs and convergence sensitivity. The RNG k-ε model, for example, incorporates additional terms for 
strain rate and better handles swirling flows, whereas the SST k-ω model is more adept at resolving boundary layer 
transitions and adverse pressure gradients. 

However, several comparative studies have shown that for high-Reynolds number flows where gross flow patterns 
and bulk air exchange rates are the primary metrics—as is the case in this study—the standard k-ε model performs 
satisfactorily, especially when combined with appropriate wall functions. This choice also aligns with the validation dataset 
employed from Reyes et al. (2015) [26], which was modelled and compared using the same turbulence formulation. 

Given the objective of this study—to evaluate the macroscopic ventilation performance of an adaptive façade 
system under various wind conditions rather than resolve microscale turbulence or heat transfer interactions—the 
standard k-ε model offers an optimal balance of accuracy, numerical stability, and computational efficiency. 
Nonetheless, future work may include model comparisons with RNG k-ε and SST k-ω formulations to assess turbulence 
sensitivity and near-wall resolution improvements further. 

To ensure the numerical model's accuracy and reliability, the simulated air velocity resultsere validated against 
experimental data reported by Reyes et al. [26]. This validation process was critical to establishing the capability of the 
computational model in predicting airflow behaviour within the room. 

The validation focused on two specific sections: the bottom of the wind tower and the room window. Figure 7 presents 
a comparative analysis of air velocity profiles obtained from the numerical simulations and experimental measurements. 

3.4. Quantitative Validation Metric 

To further quantify the agreement between simulated and experimental results, the root-mean-square deviation 
(RMSD) [31] was calculated. The RMSD measures the average percentage deviation between simulated velocities 
(Simn) and experimental velocities (Expn), normalized by the simulated values. The equation takes the squared 
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difference between the simulated and experimental data, scales it by 100 to express it as a percentage, sums these 
squared deviations over all data points (N), and then divides by the number of data points before taking the square root. 
RMSD provides a single value that quantifies the overall accuracy of the simulation relative to the experimental data, 
with lower values indicating better agreement. The RMSD is defined as follows: 

RMSD ൌ
ඩ∑ ൤

100ሺ𝑆𝑖𝑚௡ െ 𝐸𝑥𝑝௡ሻ
𝑆𝑖𝑚௡

൨

𝑁

ଶ

 
(5) 

The RMSD for the air velocity comparison was determined to be low, indicating a strong correlation between the 
numerical model predictions and experimental observations. The visual comparison in Figure 7 further supports the 
validity of the model, showing consistent trends and minimal deviations in air velocity profiles. This visual comparison 
offers valuable insights into the concordance between our modelling predictions and the empirically observed outcomes. 
The RMSD was calculated to be 0.33%. The relatively low RMSD value signifies a good degree of agreement between 
our model's predictions and the experimental data. This agreement demonstrates the effectiveness of the developed 
model in capturing the behaviour of the suggested window in natural ventilation. 

While this study relies on validated computational fluid dynamics (CFD) simulations, no physical prototype was 
constructed at this stage. Validation was conducted by comparing simulated air velocities with third-party experimental 
data from Reyes et al. [26], using 12 measurement points under equivalent wind conditions. The Root Mean Square 
Deviation (RMSD) between simulated and experimental values was calculated as 0.33%, representing the normalized 
deviation relative to the mean experimental velocity. This exceptionally low RMSD confirms the model’s high accuracy 
and reliability in capturing realistic air circulation behavior. Future research will focus on building a full-scale prototype 
and conducting wind tunnel tests further to verify system performance under controlled and real-world conditions. 

While CFD simulations were performed for two mechanical limits of blade deflection (7° and 15°), we recognized 
the value of predicting performance at intermediate blade angles. To this end, we estimated air circulation and ACH 
values for additional angles of 9°, 11°, and 13° using linear interpolation between the simulation outputs for 7° and 15°, 
under fixed wind conditions of 3 m/s wind speed and 45° wind direction. This approach was supported by the quasi-
linear trend observed between blade angle and average air velocity and ACH in the CFD results. The method assumes 
steady-state boundary conditions and uniform geometry. These interpolated values are not substitutes for full CFD but 
offer design-level estimates to guide performance comparisons across the operational range of the window system. All 
interpolated results are clearly identified in the relevant tables and figures. 

4. Results 

This section presents the findings from the numerical simulations conducted to evaluate the performance of the 
proposed smart window under varying wind velocities and directions. The analysis investigates the influence of window 
opening angles on airflow dynamics and indoor ventilation efficiency. Key parameters studied include wind velocity, 
wind direction, and the opening angle of the window, which are critical in determining the air circulation behaviour. 

Numerical simulations were performed for four wind velocities (1, 2, 3, and 4 m/s) and three wind directions (0°, 
45°, and 90°) to evaluate the interaction between airflow and the smart window. Two window configurations with opening 
angles of 15° and 7° were analysed to assess the impact of window positioning on air circulation. These simulations aimed 
to quantify the effect of wind velocity, wind direction, and window angle on natural ventilation performance. 

The performance of the 15° window configuration was evaluated under varying wind velocities (1, 2, 3, and 4 m/s) 
and directions (0°, 45°, and 90°), as presented in Figure 8. The airflow velocity contours indicate that the window's 
orientation significantly influences indoor ventilation by directing airflow into the room and generating circulation 
patterns that enhance air mixing. 

As the wind direction transitions from 0° to 90°, the volume flow rate entering the room increases. At 0°, the wind 
aligns directly with the window opening, resulting in a linear airflow pattern that primarily follows the wind direction. 
This configuration exhibits limited internal air mixing, as the airflow directly enters and exits the room without 
significant interaction with indoor air. 

In contrast, at 45°, the airflow creates more dynamic circulation patterns within the room, improving air distribution 
and enhancing ventilation. The 90° wind direction, where the window is perpendicular to the incoming wind, produces 
the maximum airflow rate. This is attributed to the large pressure differential between the windward and leeward sides 
of the window, driving efficient air exchange. 
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Wind velocity further amplifies the ventilation efficiency. As the velocity increases from 1 m/s to 4 m/s, the air 
exchange rate rises proportionally due to enhanced pressure gradients. The airflow penetrates deeper into the room, 
reducing stagnant zones and improving overall ventilation. The results indicate that the 15° configuration effectively 
balances airflow stability and circulation, making it suitable for moderate wind conditions. 

The 7° window configuration was also analysed under the same wind conditions (1, 2, 3, and 4 m/s, and 0°, 45°, 
and 90°), as shown in Figure 8. The narrower window angle exhibited superior natural ventilation performance by 
significantly increasing inlet airflow velocities compared to the 15° configuration. 

The velocity contours reveal that the reduced angle accelerates the incoming air, enabling greater air penetration 
into the room. This results in enhanced ventilation efficiency, particularly at higher wind velocities. The airflow 
dynamics indicate that the 7° window performs exceptionally well at 90°, where the perpendicular wind direction 
maximizes the pressure differential and generates the highest air exchange rate. At 45°, the window maintains a strong 
circulation pattern, effectively mixing the fresh air with indoor air. At 0°, the narrower angle creates a more focused 
and intense airflow, further improving ventilation performance. 

Wind velocity continues to play a critical role in the performance of the 7° window. Higher wind speeds result in 
greater airflow rates, which enhance the overall ventilation efficiency. This configuration minimises stagnant air zones 
and enhances air mixing, making it suitable for environments with high ventilation demands. However, the increased 
velocity and intensity of airflow may lead to slightly less stable indoor air circulation compared to the 15° configuration. 

  

Figure 8. Simulated air circulation contours for the smart window at 15° (left) and 7° (right) opening angles under varying wind 
directions (0°, 45°, and 90°) and velocities (1–4 m/s), illustrating air circulation and penetration. 

The comparative analysis of the 15° and 7° window configurations reveals distinct advantages and performance 
characteristics under varying wind conditions. Both configurations effectively promote natural ventilation; however, 
the choice of angle significantly influences airflow behaviour, ventilation efficiency, and stability. To further 
characterize the performance potential of the kinetic window system, we estimated air change rates at three intermediate 
blade angles (9°, 11°, and 13°) using linear interpolation between the validated CFD results for 7° and 15°. These 
estimates were based on the nearly linear airflow behavior observed across angles and were calculated under a fixed 
wind condition of 3 m/s and 45° wind direction. The resulting values (see Table 3) provide additional design insight 
into performance tuning for various space types. 
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The 15° window configuration demonstrates a balanced approach to ventilation. Its moderate angle directs airflow 
into the room while maintaining stability and consistent circulation patterns. This configuration is particularly effective 
at 45° and 90° wind directions, where air circulation and exchange are optimised. At higher wind velocities, the 15° 
configuration ensures a steady airflow, making it suitable for environments requiring consistent indoor air quality 
without excessive turbulence. 

On the other hand, the 7° window configuration excels in achieving higher air velocities and more intensive 
ventilation. The narrower angle focuses the incoming airflow, significantly increasing air exchange rates and improving 
indoor air distribution. This configuration performs exceptionally well under high wind velocities and at 90° wind 
direction, where it achieves the highest ventilation efficiency. However, the focused nature of the airflow may result in 
less stability compared to the 15° configuration, which could impact applications requiring steady indoor conditions. 

As illustrated in Figure 9, wind direction strongly influences the average and maximum air velocities within the 
room. At a constant wind velocity of 3 m/s, increasing the wind direction angle from 0° to 90° results in a proportional 
increase in average air velocity. Specifically, the average velocity rises from 0.65 m/s at 0° to 1.88 m/s at 45°, and to 
2.03 m/s at 90°. Similarly, the maximum air velocity increases from 3.58 m/s at 0° to 9.83 m/s at 45°, and reaches a 
peak of 12.23 m/s at 90°. These findings emphasize the effectiveness of larger wind angles in promoting natural 
ventilation by creating more favorable pressure differentials that drive airflow into and through the room. 

The comparison of two window configurations at a wind velocity of 3 m/s is presented in Figure 10, highlighting 
the impact of window opening angles on airflow dynamics. The 15° window configuration achieves significantly higher 
average and maximum air velocities compared to the 7° configuration. Specifically, the 15° window increases the 
average velocity by approximately 40%, from 1.88 m/s to 2.59 m/s, and the maximum velocity from 9.83 m/s to 13.78 
m/s. This enhancement in airflow velocities demonstrates the superior performance of the 15° configuration in achieving 
desirable air exchange rates. 

 

Figure 9. Average and maximum indoor air velocity at different wind directions for the 7° window configuration at 3 m/s. 

 

Figure 10. Comparative air velocity (m/s) outcomes for the 15° and 7° window configurations under 45° wind direction. 

The performance of the proposed 7° and 15° window configurations was analysed under varying wind velocities 
and directions to determine their suitability for different building types and ventilation needs. Calculating the ACH for 
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each scenario compared the results against standard ventilation requirements outlined in Table 1. This comparison 
identifies configurations best suited for specific applications, ranging from residential spaces requiring low ACH to 
industrial environments with high ventilation demands. The following table comprehensively analyses the ACH results, 
highlighting their applicability to different building types and offering insights into optimal configurations based on 
wind conditions. 

The CFD simulations reveal distinct airflow behaviours associated with varying wind directions and window 
configurations. As illustrated in Figure 8, at 15° blade openings, airflow enters the room more forcefully and penetrates 
deeper into the interior zone, producing stronger velocity gradients along the central axis. This configuration promotes 
high-volume displacement ventilation and is particularly suitable for scenarios requiring high ACH values, such as 
workshops or production spaces. 

In contrast, the 7° blade opening moderates airflow velocities and produces more stable and laminar internal flow 
patterns, minimising turbulent zones near occupied levels. This behaviour supports occupant comfort by avoiding 
draught effects and is more suitable for office or residential applications. 

Figures 8 and 9 show that wind direction significantly influences airflow symmetry and effectiveness. Under 45° 
oblique wind incidence, intake and exhaust streams are balanced due to the strategic blade positioning on opposing 
sides. Under direct (0°) or perpendicular (90°) wind, airflow tends to concentrate on one side, leading to asymmetric 
distribution unless compensated by flexible elements (e.g., inner ducts). 

Analysis of pressure fields shows that the external blade configuration effectively creates high and low pressure 
zones at intake and exhaust openings, driving passive airflow without auxiliary fans. These pressure differentials are 
critical for sustaining flow even under moderate wind speeds. 

The flexible airflow duct (element 32a) dynamically adjusts during operation to preserve cross-room flow 
continuity, reducing flow stagnation near the rear zones of the space. In angled wind (45°) scenarios, the duct's 
adaptability maintains ventilation efficiency even with uneven pressure distribution. 

The ACH values obtained (Figure 10 and Table 3) confirm that the 15° configuration consistently outperforms the 
7° in raw air exchange but at the cost of increased flow velocity, which may not always be desirable for occupant-
centric environments. This trade-off highlights the importance of mode selection and adaptive blade adjustment. 

Overall, the CFD outcomes verify that the proposed kinetic window system responds adaptively to environmental 
inputs, optimising airflow direction and volume based on external conditions. These findings validate the mechanical 
logic and aerodynamic principles embedded in the design and form the foundation for future real-world prototyping 
and deployment. 

Table 3. Comparative analysis of ACH values for 7° and 15° window configurations under various wind conditions and associated 
building applications. 

Window Configuration ACH Range Suitable Spaces Comments 

7° Window Angle–45° Wind Direction 48.00–237.33 Garages, manufacturing spaces, not ideal for low-activity spaces Simulated 

9° Window Angle–45° Wind Direction 64.00–284.25 Classrooms, clinics, circulation spaces Interpolated 

11° Window Angle–45° Wind Direction 80.00–331.16 Offices, retail, restaurants Interpolated 

13° Window Angle–45° Wind Direction 96.00–378.08 Libraries, laundries, workshops Interpolated 

15° Window Angle–45° Wind Direction 112.00–460.00 Industrial environments, large spaces Simulated 

While velocity magnitudes provide spatial detail of airflow dynamics, the Air Change Rate per Hour (ACH) is the 
most relevant metric for quantifying ventilation performance in building spaces. ACH reflects the volumetric exchange 
of air relative to the indoor volume and is critical for assessing compliance with ventilation standards and indoor air 
quality requirements. 

In this study, ACH values were calculated by integrating inlet/outlet volumetric flow rates over the room volume 
under steady-state wind conditions. It is important to note that the ACH values presented reflect peak conditions based 
on constant external wind forces. In real-world applications, these values would vary temporally with fluctuating wind 
speed and direction, and typically average lower than peak estimates. 

High ACH values observed in some configurations (e.g., >100/h) result from forced wind conditions and an 
unobstructed internal geometry, which serve as a benchmark for evaluating system potential. These values should not 
be interpreted as continuous operational ventilation rates but rather as design-case indicators for comparative 
performance under idealised conditions. Future work will incorporate time-averaged ACH under variable 
environmental inputs and internal occupancy to reflect operational norms. 
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The results underscore the significant potential of the smart adaptive system embedded in the proposed window 
design to adjust its performance based on varying ventilation demands dynamically. The ACH values presented in this 
study represent theoretical peak ventilation rates under idealized CFD conditions, such as consistent wind direction, 
speed, and unobstructed room geometry. These high values reflect the system’s maximum performance potential, useful 
for comparative analysis and design optimization. However, actual operational ACH values in real-world conditions 
will vary significantly due to fluctuating environmental variables, internal obstructions, and dynamic occupant behavior. 
As such, these results should be interpreted as upper-limit estimates rather than continuous or average real-life 
performance metrics. 

By utilizing real-time environmental data, such as wind speed and direction, the adaptive system modulates the 
window's blade angles to optimize airflow and indoor air quality. While this study focused on wind-driven natural 
ventilation, the proposed intelligent window system is conceptually extendable to operate based on combined 
environmental criteria, including temperature, humidity, and indoor air quality indicators such as CO2 concentration. 
For example, if indoor temperature exceeds a comfort threshold and CO2 levels are elevated, the system could prioritize 
blade opening even under weak wind conditions. This multi-objective adaptive logic enhances thermal comfort and air 
quality, particularly in mixed-mode or transitional climate zones. Such flexibility positions the system as suitable for 
diverse applications, from low-demand residential settings to high-activity spaces like schools, industrial facilities, or 
healthcare environments. 

The adaptive system ensures that the window responds dynamically to changing conditions. During high wind 
speeds, the system reduces the window angle to prevent excessive airflow and over-ventilation, which could cause 
discomfort or energy inefficiency. Conversely, under low wind conditions, the system increases the angle to maximize 
air entry and maintain adequate air exchange rates. This intelligent adaptability not only enhances the window's 
performance across different environmental conditions but also reduces the reliance on static or mechanical ventilation 
systems, contributing to energy efficiency and occupant comfort. 

At low wind speeds (e.g., 1–2 m/s), larger angles such as 15° are more effective for achieving adequate air change 
rates, particularly in high-demand scenarios such as kitchens or industrial areas. In contrast, smaller angles such as 7° 
may result in insufficient airflow in such conditions unless paired with high wind directions. At high wind speeds (e.g., 
3–4 m/s), smaller angles prevent over-ventilation, making them suitable for residential and office environments that 
require controlled air exchange rates, while larger angles can achieve higher air exchange rates, ideal for industrial or 
high-activity areas. The inclusion of interpolated performance values for intermediate blade angles (9°, 11°, and 13°) 
enables a more nuanced understanding of the system’s adaptability. These angles, positioned within the system’s 
mechanical limits, correspond to ventilation needs for a wide range of space types—from moderate-occupancy 
classrooms to high-intensity areas like kitchens. By providing this performance spectrum, the study supports more 
flexible and application-specific control logic, which could be integrated into future prototypes. 

Moreover, the generalization in the window's design enhances its scalability and adaptability, reducing the need 
for multiple specialized designs and significantly lowering the costs of commercialization. This standardized yet flexible 
approach not only simplifies the manufacturing process but also broadens the market applicability of the product. By 
addressing a wide range of building typologies and environmental conditions, the smart adaptive window system 
represents a cost-effective and energy-efficient solution for modern ventilation challenges. However, further research 
and testing are necessary to assess its long-term performance, maintenance requirements, and integration with other 
building systems, ensuring its practicality and reliability in real-world applications. 

The proposed smart kinetic window system was designed with real-world feasibility in mind. It utilises standard 
construction materials such as lightweight aluminium blades and thermally stable polymer ducting, both of which are 
commercially available and cost-effective. The modular design allows integration into new and existing buildings 
without major structural modifications. Environmental sensors are embedded in a weatherproof casing and connected 
to a central microcontroller, enabling automated operation with minimal user intervention. A manual override ensures 
system functionality during power outages or maintenance. Maintenance is simplified through removable blade panels 
and easily accessible actuator housings. These features collectively support the system’s scalability, manufacturability, 
and long-term reliability in diverse building environments. 

This study is based solely on steady-state CFD simulations. It does not incorporate transient airflow behaviours, 
thermal gradients, or indoor pollutant dispersion, which may significantly influence ventilation dynamics in real settings. 
Additionally, simulations assume idealised conditions—uniform wall boundaries, absence of interior obstructions, and 
constant wind speeds—that may not fully represent actual building environments. Although model validation was 
achieved through comparison with published experimental data, no physical prototype was fabricated or tested. Future 
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work will focus on the design, construction, and testing of a working prototype under real environmental conditions to 
evaluate long-term performance, sensor integration, user interaction, and system resilience under operational variability. 
This study represents the first phase of a multi-stage research effort to develop an intelligent dynamic double-skin 
window system for enhanced natural ventilation. The focus at this stage was to validate the aerodynamic performance 
of the proposed design using computational fluid dynamics (CFD), and to evaluate how blade angle modulation impacts 
airflow and ACH under variable boundary conditions. 

Although the CFD model was rigorously validated against third-party experimental data from Reyes et al. [26] and 
achieved a root mean square deviation (RMSD) of 0.33%, we acknowledge the absence of physical prototyping as a 
limitation. All simulation results were also shown to be mesh-independent and numerically stable, increasing the 
reliability of our findings. 

Future work will involve fabrication and experimental testing of a physical prototype, including wind tunnel 
validation, energy performance measurements, and user interface testing. These efforts will enable real-world 
verification of the proposed system’s adaptive behavior and help assess its integration potential in both retrofitted and 
new construction projects. 

Although this study focused on airflow performance through CFD simulation, the system’s potential for energy 
savings and economic feasibility warrants initial discussion. Natural ventilation strategies—such as those proposed here 
— have been shown in prior studies to reduce mechanical cooling loads by 20–30% in temperate climates when used 
during transitional seasons. Given the substantial increase in ACH demonstrated by the adaptive window system (e.g., 
2×–4× improvement between 7° and 15°), it is reasonable to expect a reduction in HVAC energy consumption, 
especially in retrofit applications where cross-ventilation is not feasible. 

The proposed window system is designed with modularity and retrofitting in mind. The external blade module can 
be fabricated from standard aluminum profiles, with actuation by low-voltage servo motors and environmental sensors 
(e.g., anemometer, thermometer, hygrometer) controlled via a simple microcontroller (e.g., Arduino). Based on current 
(2025) component prices, a preliminary cost estimate suggests material costs of less than $80–100 USD per square 
meter for small-scale production. These costs are expected to decline with scaling and integration into façade packages. 

While no full life-cycle cost model is presented here, existing literature shows that the payback period for natural 
ventilation systems in moderate climates ranges from 3–6 years, depending on HVAC energy prices and maintenance. 
By avoiding full HVAC reliance and leveraging real-time environmental response, the proposed system may amortize 
its initial cost through energy savings over typical building use cycles. Future phases of this research will include 
detailed cost-benefit analysis and thermal-energy simulations to quantify these effects more precisely. 

5. Conclusions 

This study introduces an innovative smart kinetic double-skin window system designed to address the limitations 
of traditional single-sided windows and enhance natural ventilation in modern constructions. By leveraging 
computational fluid dynamics (CFD) simulations, the proposed window's performance was evaluated under varying 
wind velocities, directions, and opening angles. The findings demonstrate the ability of the smart adaptive system to 
dynamically adjust the window's blade angles based on real-time environmental data, ensuring optimal air exchange 
rates and indoor air quality. 

One critical limitation of current residential and commercial building units is their reliance on single-sided 
ventilation systems, which often result in inadequate airflow due to the absence of distinct air entry and exit paths. 
These designs are further constrained by fixed façade openings, which fail to adapt to varying environmental conditions, 
leading to inefficient air circulation, over-reliance on mechanical systems, and increased energy consumption. The 
proposed smart kinetic window overcomes these limitations by dynamically adjusting to wind speed and direction, 
ensuring efficient natural ventilation even in single-aspect building layouts. Its adaptive mechanism creates positive and 
negative pressure zones, improving air exchange rates and indoor air quality while reducing dependence on energy-
intensive systems. 

The results highlight the adaptability of the window system, which effectively balances ventilation demands for 
diverse applications, ranging from residential to industrial settings. The smart system's responsiveness ensures energy 
efficiency by reducing reliance on mechanical systems, while the generalization of its design lowers commercialization 
costs and broadens market applicability. Increasing wind velocity and adjusting the window angles significantly 
enhanced ventilation performance. Larger angles, such as 15°, are ideal for high-demand spaces, while smaller angles, 
like 7°, provide controlled airflow for environments with lower ventilation needs. Furthermore, interpolated analysis at 
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intermediate blade angles highlights the system’s ability to provide precise, tunable ventilation responses for diverse 
building environments. 

The ability to adapt to various wind conditions and building typologies underscores the system’s potential to serve 
a wide range of applications while promoting sustainable and energy-efficient practices. Further research is 
recommended to explore this window system's long-term performance and integration with other building technologies. 
Overall, the smart kinetic window represents a scalable, efficient, and cost-effective solution for addressing natural 
ventilation challenges and overcoming the inherent limitations of modern building designs. 
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