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Abstract 
Natural ventilation is widely applied in tropical residential buildings to improve indoor environmental quality and 

reduce cooling energy demand. However, increasing opening size does not always proportionally enhance ventilation 

performance. This study aims to experimentally determine the relationship between inlet opening variation and 

natural ventilation performance in a residential test room (6.0 m × 2.5 m × 3.5 m; 52.5 m³) oriented along the 

Southwest–Northeast axis. The investigation was conducted by measuring variations in indoor air velocity, 

temperature, relative humidity, and estimating the air change rate (ACH) under different inlet opening conditions. 

The inlet door opening was varied from 20% to 100%, while the outlet door remained fully open. Results indicate a 

non-linear relationship between opening variation and ventilation performance. Indoor air velocity increased from 

0.09 m s⁻¹ at 20% opening to a maximum of 0.11 m s⁻¹ at 60%, then decreased at larger openings. ACH followed a 

similar trend, peaking at the intermediate configuration. Temperature differences remained minimal, confirming the 

dominance of wind-driven airflow, while relative humidity varied with airflow distribution and dilution effects. The 

findings suggest that moderate inlet openings may provide more efficient ventilation than fully open configurations 

in tropical residential buildings. 
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INTRODUCTION 
Natural ventilation remains a primary passive strategy to improve indoor environmental quality and 

reduce building operational energy, particularly in tropical residential buildings where cooling loads are 
high. Standards and guidance increasingly acknowledge natural ventilation as a viable design option when 
climate, building form, and occupant behavior are considered together. The thermal and airflow parameters 
that determine occupant comfort—air temperature, relative humidity, and air speed are explicitly recognized 
as interacting factors in international standards and design guides (Ashrae, 2023).  

The effectiveness of natural ventilation is controlled by multiple interacting drivers, including wind-
induced pressure differences, thermal buoyancy, opening geometry, and the relative positions of inlet and 
outlet openings. Recent experimental and numerical studies demonstrate that opening size and position do 
not yield a strictly monotonic improvement in ventilation performance; instead, airflow patterns, jet 
formation, and flow dispersion yield nonlinear responses to opening configuration. Such non-linear 
behavior implies that larger openings are not always synonymous with improved volumetric ventilation or 
local airspeed at occupied locations(Q. Li et al., 2023; Moey et al., 2022).  

Although numerous computational studies and wind-tunnel experiments have explored the fluid 
mechanics of cross-ventilation and opening effects, field-based measurements that capture real 
environmental variability remain comparatively limited. Field investigations are essential because they 
integrate environmental variability (wind gustiness, microclimate, and transient thermal conditions) and 
occupant operation patterns that simplified numerical setups may not reproduce. Recent field and applied 
studies thus underscore the need for realistic, in-situ evaluation of ventilation strategies, particularly in the 
tropics, where the relative importance of wind-driven versus buoyancy-driven mechanisms may shift 
diurnally(Seol et al., 2023).  
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A common simplification in prior experimental work is simultaneous variation of both inlet and outlet 
openings or use of idealized boundary conditions, which limits the ability to isolate the aerodynamic role of 
a single opening. In practical residential operation, occupants frequently adjust only the inlet (e.g., window) 
while outlets such as vents or eaves remain fixed or fully open. The isolated effect of inlet opening variation 
on airflow development, velocity distribution, moisture transport, and volumetric exchange, therefore, 
remains an important but under-examined question. Recent numerical and laboratory studies indicate that 
paired configurations (e.g., small inlet with large outlet) can sometimes enhance ventilation rates, 
suggesting that inlet sizing alone may be a practical control variable worth examining under field 
conditions(Moey et al., 2021).  

Furthermore, many studies characterize ventilation using a single metric—commonly local airspeed 
or simulated flow rate—without concurrently assessing thermal interactions and moisture transport. For 
design-relevant conclusions in tropical environments, integrated metrics that combine air velocity, 
indoor/outdoor temperature differentials, relative humidity behavior, and estimated air change rate (ACH) 
provide a more robust basis for evaluating occupant comfort and latent cooling implications. Recent 
research and natural-ventilation classification frameworks advocate using ACH and combined comfort 
indices alongside local airflow measures to inform early design decisions(W. Li et al., 2024).  

This study experimentally evaluates natural ventilation in a residential room under controlled 
variation of inlet opening variation (20–100%) while the outlet was maintained fully open throughout the 
measurement period. Field measurements of indoor air temperature, relative humidity, and local air velocity 
were recorded together with representative outdoor climatic parameters. From these measurements, we 
estimate ACH (using measured indoor velocity and effective inlet area) and analyze the interrelationships 
among ΔT (outdoor–indoor temperature difference), indoor velocity, humidity transport, and ACH. The 
measurement protocol and analysis are designed to reflect realistic occupant operation, specifically, the 
common case of varying inlet opening while leaving the outlet fully open, thus providing practical design 
insight for tropical residential ventilation.  

Our results demonstrate a non-linear relationship between inlet opening variation and ventilation 
performance metrics: ACH and local indoor velocity increase with opening up to an intermediate variation 
(observed at ~60% inlet opening), after which further increases in inlet area reduce local airspeed and ACH 
due to flow dispersion and reduced volumetric efficiency. Investigating optimal inlet opening size and 
configuration is important because ventilation performance does not necessarily increase with larger 
openings, and understanding this relationship is critical for improving passive cooling and humidity control 
in tropical residential buildings. These field-based observations complement recent numerical and 
experimental work and should inform both designers and occupants when selecting window operation 
strategies in tropical climates.  

 

METHOD  
Experimental Room and Opening Configuration 
The study was conducted in a naturally ventilated residential test room with internal dimensions of 2.5 m × 
6.0 m × 3.5 m (H), corresponding to a total volume of 52.5 m³ (see Figure 1). The building openings are 
aligned along the Southwest–Northeast axis, with the inlet door positioned on the Southwest façade and the 
outlet door on the Northeast façade, and the primary airflow direction is SW–NE. The inlet opening 
consisted of a rectangular aperture measuring 0.9 m × 2.1 m, resulting in a maximum effective opening area 
(A_max) of 1.89 m². This maximum area was defined as the reference opening from which the tested inlet 
opening variations (20%, 40%, 60%, 80%, and 100%) were derived. The outlet opening remained fully open 
(100%) throughout all measurements to isolate the aerodynamic influence of inlet opening variation. 
Controlling only one opening while keeping the other fixed is recommended to evaluate opening-specific 
airflow effects and avoid confounding flow interactions (Ashrae, 2023; Etheridge D., 1996). 
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Figure 1. Experimental Setup and Sensor Positioning 

 
Instrumentation 
Indoor environmental parameters measured included air temperature (T), relative humidity (RH), and air 

velocity (v). Measurements were conducted using calibrated environmental monitoring instruments that 
met international field measurement standards (Hodder & Igor Palella, 2024). 

Parameter Instrument type Typical accuracy 

Temperature Digital thermo-logger ±0.5 °C 

Relative Humidity Hygrometer sensor ±3% RH 

Air velocity Hot-wire anemometer ±0.01–0.03 m/s 

 

Low-velocity sensors were used because airflow in naturally ventilated indoor environments typically ranges 
from 0.02 to 0.30 m/s, requiring high-resolution measurement capability. Outdoor environmental 
parameters (T_out, RH_out, v_out) were simultaneously measured using a portable weather station placed 
at an unobstructed upwind location. Concurrent outdoor monitoring is necessary because natural 
ventilation is directly driven by external boundary conditions such as wind speed and temperature 
gradients. 
 
Sensor Placement 
Indoor sensors were installed at breathing height (1.1 m above floor level) at three representative locations: 

inlet zone, room center, and outlet zone. This height corresponds to the standard occupant exposure level 
defined in international indoor environmental measurement protocols (Hodder & Igor Palella, 2024). 
Multi-point measurement is recommended in natural ventilation studies because airflow distribution inside 
rooms is spatially non-uniform and influenced by jet formation and recirculation patterns (Karava & 
Stathopoulos, 2011). 
 
Measurement Procedure 

Each inlet opening configuration was tested for 120 minutes, with measurements recorded at 0, 30, 60, 90, 
and 120 minutes. Time-resolved monitoring was adopted because airflow and indoor environmental 
parameters in naturally ventilated spaces typically undergo transient adjustment before approaching quasi-
steady conditions. Data logging from all sensors was synchronized to ensure temporal consistency across 
variables. Indoor heat and moisture sources were minimized, and occupant activity was restricted to 
sedentary conditions to maintain a realistic yet controlled residential operation. Maintaining stable internal 
boundary conditions is recommended in ventilation experiments to isolate the influence of opening 
configuration on airflow behavior. Measurement uncertainty was estimated using standard error 
propagation of velocity and opening area measurements, a commonly applied approach in experimental 
airflow studies. 
 
Calculation of Air Change Rate (ACH) 
The volumetric airflow rate entering through the inlet was estimated as: 

 𝑄 = 𝐶𝑑 × 𝐴𝑣 
 
The air change rate (ACH) was calculated using: 
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𝐴𝐶𝐻 =
𝑄 × 3600

𝑉
 

 
In this study, a discharge coefficient (Cd) of 1.0 was assumed for comparative analysis, as the objective was 
to evaluate relative performance trends rather than absolute ventilation rate accuracy. This approach is 
commonly applied in field-based comparative ventilation studies when tracer-gas methods are not feasible. 
This velocity–area method is widely applied in experimental ventilation studies when tracer-gas techniques 
are impractical and is considered acceptable for comparative performance analysis. 

 
RESULTS AND DISCUSSION 
The field measurement results for different opening scenarios are summarized in Table 1. 

 

Table 1. Indoor environmental parameters under different opening conditions 

Inlet Opening 
Variation (%) 

Outdoor condition Indoor condition 

T_out 
(°C) 

RH_out 
(%) 

v_out 
(m/s) 

T_in 
(°C) 

RH_in 
(%) 

v_in 
(m/s) 

20% 30.4 83.4 0.21 30.4 81.8 0.09 

40% 30.3 84.6 0.29 30.2 84.2 0.10 

60% 30.2 85.9 0.37 30.0 86.4 0.11 

80% 30.6 82.5 0.34 30.6 82.1 0.06 

100% 31.0 76.1 0.31 31.1 78.7 0.03 

 

Overall Environmental Conditions and Temporal Behavior 

Tropical daytime boundary conditions in this study (T ≈ 30.2–31.0 °C, RH ≈ 76–86%, wind speed 

0.21–0.37 m·s⁻¹) are consistent with reported field conditions for humid tropical urban areas and are 
appropriate for wind-driven ventilative assessments. Field investigations emphasize that when ambient 
conditions remain quasi-stationary, the influence of architectural variables (e.g., opening variation) on 
interior airflow can be separated from meteorological noise; conversely, large fluctuations in wind speed or 
direction can dominate or confuse results, particularly in low-rise residential contexts typical of tropical 
cities(Handayani et al., 2024). 

The observed transient adjustment—larger variability during the first ~60 minutes followed by 

gradual stabilization—is consistent with tracer-gas and field monitoring studies that document the time 
required for a room to undergo multiple air exchanges and reach a new quasi-steady state after a change in 
boundary conditions. Tracer-decay experiments and recent methodological reviews demonstrate that 
equilibration time depends on room volume, ventilation rate (ACH), and internal mixing; therefore, allowing 
sufficient stabilization time or averaging over several exchange cycles is necessary to obtain representative 
ventilation metrics(Remion et al., 2019). 

For comparative evaluation of opening configurations, time-averaged metrics (e.g., 30-minute or 
longer block means) are recommended because they filter out high-frequency turbulence and gust-induced 
variability that do not represent the sustained ventilation regime. Practical field protocols and recent 
methodological studies provide guidance on averaging windows and on the use of complementary methods 
(e.g., tracer-gas decay vs. velocity×area estimates) to cross-validate ACH estimates under quasi-steady 
conditions. Adopting such standardized averaging and cross-validation approaches increases the robustness 
and reproducibility of in-situ natural ventilation assessments(Choi & Song, 2020). 

 

Effect of Inlet Opening Variation on Indoor Air Velocity  

Indoor air velocity exhibited a non-linear relationship with inlet opening variation, rising from 0.09 

m s⁻¹ at 20 % opening to a peak of 0.11 m s⁻¹ at 60 %, then decreasing at 80 % and 100 % despite increased 
opening area. This pattern reflects the competing effects of flow concentration and pressure redistribution 
in naturally ventilated spaces; when the inlet is moderately sized, incoming airflow accelerates due to 
contraction effects, generating a focused jet that penetrates deeply and enhances local airflow rates. Such 
behavior has been observed in experimental and numerical studies showing that moderately sized openings 
can induce higher localized velocities than very large openings, due to stronger momentum concentration 
and favorable pressure gradients at the opening(Demir & Aktepe, 2025a). To account for external wind 
variability, the ratio between indoor and outdoor velocity (v_in/v_out) was evaluated. The ratio showed a 
decreasing trend beyond the 60% opening variation, supporting the interpretation that the observed 
optimum was not solely due to higher outdoor wind speed but to aerodynamic effects associated with the 
inlet geometry. 
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When the inlet opening becomes excessively large, the aerodynamic advantage of contraction is lost, 
and the airflow tends to disperse over a wider cross-section, leading to lower local velocity readings within 
the occupied zone. Computational investigations of opening size effects also demonstrate that increasing the 
inlet beyond an optimal range can raise indoor pressure and reduce flow acceleration, thereby weakening 
the velocity field within the space. This phenomenon is consistent with Bernoulli’s principle, where pressure 
and velocity are inversely related in a flow field; a larger opening reduces contraction, raises static pressure 
near the inlet, and diminishes the driving pressure difference for accelerated flow. Therefore, opening size 
alone does not determine airflow intensity; the distribution of pressure and the resulting momentum transfer 
are critical. 

 

 
Figure 2. Non-linear response of indoor air velocity and velocity ratio (v_in/v_out) to inlet opening 

variation 

 

The observed non-linear trend in velocity is also supported by field and CFD studies of natural 
ventilation, which show that airflow patterns in naturally ventilated rooms are highly sensitive to the ratio 
of inlet to outlet sizes and to the specific geometry of the openings. When the opening becomes too large 
relative to other architectural features, flow separation and internal recirculation can occur, leading to 
stagnation zones and uneven velocity fields despite the high theoretical capacity for airflow (Tajuddeen & 
Grygierek, 2026). Together, these mechanisms explain why moderate inlet openings yielded the highest 
indoor velocities, whereas further enlarging the opening produced diminishing returns in ventilation 
performance. 

 

Air Change Rate Response to Opening Variation  

The calculated air change rate (ACH) exhibited a non-linear trend similar to indoor air velocity, 
increasing from low values at 20% opening to a maximum at 60%, and then decreasing as the opening 
approached 100%. This pattern indicates that volumetric ventilation efficiency is not maximized by the 
largest opening area. Field and simulation studies have shown that airflow through building openings 
depends not only on opening size but also on pressure differentials, discharge coefficients, and flow 
organization. When openings are moderately sized, pressure gradients are more effectively converted into 
directional airflow, resulting in higher effective ventilation rates. In contrast, excessively large openings may 
reduce pressure differentials and weaken airflow acceleration, thereby limiting volumetric exchange despite 
increased geometric area(Hirose et al., 2021). 

The decline in ACH at large openings can be explained by aerodynamic dispersion and reduced 
momentum concentration. At intermediate openings, incoming air forms a coherent jet that maintains 
directional momentum and enhances air penetration into the room. However, when the opening becomes 
too large, flow separation and spreading occur near the opening plane, causing the air to distribute over a 
wider region and lose kinetic energy. Experimental and computational investigations of cross-ventilated 
spaces confirm that overly large openings can generate recirculation zones and stagnant regions, which 
reduce effective ventilation performance even when theoretical opening capacity is high(Demir & Aktepe, 
2025b). This demonstrates that airflow effectiveness is governed by flow structure rather than opening area 
alone. 

 

0

0.1

0.2

0.3

0.4

0.5

20% 40% 60% 80% 100%
Outdoor Velocity (m/s) Indoor Velocity (m/s) Velocity Ratio (v_in/v_out)



Sainteknol Vol 23, No 2 (2025): December 2025  
 

104 

 

 
Figure 3. Variation of Air Change Rate (ACH) with Inlet Opening Variation 

 

These results reinforce a key principle of natural ventilation physics: airflow rate is controlled by 
coupled interactions among opening geometry, pressure distribution, and turbulence characteristics. 
Modern ventilation research emphasizes that the relationship between opening size and ventilation 
performance is inherently non-linear, particularly in wind-driven systems where pressure coefficients vary 
across façade surfaces. Consequently, design strategies based solely on maximizing opening area may lead 
to suboptimal performance. Instead, optimizing opening proportions and configurations is necessary to 
achieve efficient air exchange and uniform airflow distribution, as highlighted in recent multi-parameter 
ventilation optimization studies (Chu, 2023). 

 

Indoor Temperature Response and Relative Humidity Behavior 

Indoor air temperature exhibited only minor variation across opening configurations, with differences 
generally below 1 °C. The small indoor–outdoor temperature difference indicates that thermal buoyancy 
forces were weak during the experiment, meaning ventilation was primarily wind-driven rather than 
buoyancy-driven. This observation is consistent with typical daytime tropical conditions, in which indoor 
and outdoor temperatures are similar, and wind pressure is the dominant driver of airflow. The relatively 
small temperature gradients also confirm that changes in ACH and air velocity observed across opening 
variations cannot be attributed to thermal effects, reinforcing that opening geometry was the principal 
controlling variable in this experiment(Jiang et al., 2023). 

 

 
Figure 4. a) Indoor Air Temperature as a Function of Inlet Opening Variation (left);  

b) Indoor Relative Humidity Response to Inlet Opening Variation (right) 

 

Indoor relative humidity showed a non-linear pattern similar to that of airflow variables. Indoor 
relative humidity increased from 20% to 60% opening, reaching a maximum at the intermediate 
configuration, and decreased at 100% opening, suggesting enhanced dilution at full opening. This trend 
suggests that moisture transport into the room depends on both airflow rate and mixing efficiency. Moderate 
openings allow efficient transport of outdoor moist air into the indoor space, whereas very large openings 
promote dilution through increased air exchange, thereby reducing indoor humidity levels. This result 
highlights that ventilation performance cannot be evaluated using a single parameter; airflow, temperature, 
and humidity represent different physical processes and must be interpreted collectively(Conzatti et al., 
2025). 
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Ventilation Performance  

Analysis of the temperature difference between outdoor and indoor air (ΔT) showed no strong 

correlation with ACH. The narrow ΔT range (approximately −0.1 to 0.2 °C) indicates negligible buoyancy 
effects. Consequently, airflow was dominated by wind-driven forces, confirming theoretical predictions that 
buoyancy becomes secondary when temperature gradients are small. This finding is particularly relevant for 
tropical climates, where daytime temperature differences between indoor and outdoor environments are 
often minimal. Under such conditions, ventilation design strategies should prioritize aerodynamic factors 
such as opening placement and geometry rather than relying on stack-driven airflow(Hu et al., 2023; Iqbal 
et al., 2022). 

The observed non-linear ventilation performance aligns with previous findings showing that 
ventilation rates are influenced not only by opening size but also by airflow organization and pressure 
distribution. For example, studies have demonstrated that specific opening ratios and configurations 
produce higher ventilation rates than simply maximizing aperture areas, and that excessively large openings 
may reduce effective ventilation due to flow dispersion and reduced aerodynamic efficiency(Yin et al., 2024; 
X. Zhang et al., 2023).  

 

Implications for Natural Ventilation Design 

From a practical perspective, these findings suggest that partial opening of windows or inlets may 
provide more effective ventilation than fully opening them. This has important implications for passive 
cooling strategies, energy efficiency, and indoor comfort in tropical residential buildings. Designers should 
therefore consider optimizing opening ratios and configurations rather than assuming that maximum 
opening always yields the best ventilation performance. The results provide experimental evidence 
supporting the concept of an optimal opening variation for natural ventilation, offering guidance for both 
architectural design and occupant-operating strategies (Iqbal et al., 2024; M. Zhang et al., 2024). 

This study is limited to short-term daytime measurements under quasi-stationary tropical conditions. 
External wind speed was not mechanically controlled, potentially introducing variability in absolute ACH 
values. In addition, the velocity–area method provides an estimated ventilation rate and does not replace 
tracer-gas validation. Future studies may incorporate tracer-gas decay methods and longer monitoring 
periods to strengthen quantitative validation. 

 
CONCLUSION 

The results show that natural ventilation performance is not linearly related to opening size. The 

highest indoor air velocity was observed at the 60% opening condition, indicating an optimal opening 

configuration that promotes more focused airflow. At full opening, the air velocity decreased due to a more 

evenly distributed airflow pattern. This confirms that air velocity is a local flow parameter and does not 

directly represent overall ventilation effectiveness. Indoor air temperature increased slightly with larger 

openings, indicating that natural ventilation served as a thermal equalization mechanism between indoor 

and outdoor environments rather than as a cooling system. Relative humidity showed a non-linear trend, 

with the lowest value observed at the fully open condition, suggesting more effective moisture dilution 

through uniform air exchange. Although energy consumption was not directly measured, improved airflow 

and moisture dilution may reduce reliance on mechanical cooling under certain operating conditions. 
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