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The reliability of electronic devices can be significantly 
compromised by moisture condensation within enclosures, leading 
to corrosion, electrical faults, and pollution accumulation. To 
address this, a numerical simulation study investigated the impact 
of ventilation hole dimensions and placement, enclosure material 
(aluminum, polystyrene, and polyvinyl chloride), and enclosure size 
under realistic 24-hour weather conditions in humid (Nowshahr) 
and dry (Tabriz) regions of Iran. Analyzing 15 distinct models 
through 24-hour transient simulations, the research found that in 
humid winter conditions, enclosures experienced over 14 hours 
daily with relative humidity exceeding 95%. Key results indicate 
that placing ventilation at the top minimizes condensation, and 
while more holes don't guarantee improvement, their location is 
critical. Smaller ventilation holes increase condensation, while 
larger ones are more effective. Notably, polymeric enclosures 
reduced condensation risk by 19.6-20.6% compared to aluminum in 
humid climates, whereas increasing enclosure size from 50mm to 
100mm only yielded a 2-3% reduction. These findings provide 
valuable guidance for designing electronic enclosures that 
effectively mitigate moisture and enhance device longevity. 
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Introduction 
The environment and its various characteristics can significantly affect electronic 

boards. One of the most common environmental effects that has a noticeable effect on 

the performance of electronic boards is relative humidity. Moisture can lead to 

corrosion and rusting of the metal components of the electronic board, disruption of 

electrical circuits, reduction of useful life, and accumulation of pollution on the 

electronic board, each of which in turn can disrupt the performance of electrical 

components and lead to the loss of effective electrical connections [1-3]. In addition, 

moisture can change the insulation properties of the materials used in the electronic 

board, which can reduce the electrical security of the device and increase the risk of 

accidents such as electrocution [4-5]. The meaning of humidity is water in the gas 

phase that is dispersed in the air as vapor. Humidity is known as a measure of the 

amount of water vapor in a gas (usually air) and is generally defined as absolute 

humidity and relative humidity. Absolute humidity is the amount of mass of water 

vapor in kilograms or grams that is present in a unit volume of air, while relative 

humidity specifies the current ratio of water content to the maximum water content. 

Condensation refers to the change of vapor state to liquid water and occurs when the 

relative humidity reaches 100%. It can be achieved by increasing the concentration of 

moisture in the air or decreasing the temperature to the saturation point. The state of 

condensation appears in the form of a water drop or water film, depending on the type 

of surface [6]. The majority of scholarly investigation [7-18] has concentrated on the 

materials used in the manufacturing of electronic components. In contrast, a more 

circumscribed subset of research has been dedicated to elucidating the influence of 

relative humidity on the operational characteristics of electronic boards, with selected 

instances presented subsequently. In his research, Khoshnav studied the effect of 

humidity and pollution on the performance of electronic equipment. He showed that 

the penetration of water molecules and pollutant ions causes serious disruption in the 

performance of electronic equipment and increases the energy required for signal 

transmission [19]. In another study, Grandi gave suggestions for optimal temperature 

and humidity according to environmental conditions [20]. Also, in research, Jakonen 

et al. studied the thermal performance and the effect of temperature on electronic 

components (lighting systems). The data provided by them provides information about 

the changes in the cooling parameter as well as about the average and worst 

environmental conditions at night, which are experienced by outdoor LED lamps. This 

information can be considered in lamp cooling design as well as in research on thermal 

management, reliability, and optical performance of outdoor LED lighting systems 

[21]. Circuit analysis to predict moisture-related failures in electronics was done by 

Jashi et al. They provided methods and recommendations to improve the performance 

of electrical circuits [22]. Conseil-Gudla et al. [23] conducted an experimental 

investigation into the water absorption and regeneration performance of various 
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desiccants. Their analysis and test results demonstrated that a desiccant system can 

continuously maintain lower humidity levels within electronic enclosures during 

cyclic exposure, provided it can be regenerated using the device's self-generated heat. 

The review by Bahrua et al. [24] synthesizes current research on the simulation design 

of thermal models for electronic devices. The increasing compactness and power of 

electronic devices underscore the crucial role of effective thermal management in 

ensuring their reliability, performance, and longevity. Simulation is vital in the design 

and optimization of thermal solutions, enabling engineers to predict and analyze heat 

generation and dissipation within these complex systems. Acknowledging a research 

gap in the existing literature, this research numerically simulated the risk of moisture 

condensation on electronic boards using COMSOL software. It analyzes the impact of 

ventilation hole dimensions and location, enclosure material, and overall enclosure 

dimensions on this condensation phenomenon. Transient simulations, conducted over 

a 24-hour cycle, were employed to investigate 15 distinct models. These models 

systematically varied in their geometric configurations and/or material compositions 

and were analyzed under diverse weather conditions.                 

Description of the problem 

Environmental conditions and humidity play a vital role in the reliability of 

electronic boards, significantly impacting their performance through corrosion, 

electrical circuit disruptions, and the accumulation of pollutants on wet surfaces. 

Therefore, this research focuses on the risk of moisture condensation on electronic 

boards across diverse weather patterns. A comparative case study of Nowshahr and 

Tabriz cities was performed, utilizing simulations of 15 distinct models under non-

steady conditions. Figure 1 illustrates the simulated geometry, and Table 1 presents 

additional specifications. The thermophysical properties of the materials and the 

weather data (temperature and humidity charts) for the selected cities are detailed in 

Table 2 and Figures 2 and 3.  
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Figure 1. Schematic of the studied geometry. 

 

 

 
Figure 2. Climate characteristics of Nowshahr city, Iran [25]. 
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Figure 3. Climate characteristics of Tabriz city, Iran [26]. 

Table 1. Geometric specifications of the studied models 

Geometric specifications Size Geometric specifications Size 

H 50 w 14 

W 50 H1 9 

D 1-8 H2 15 

h 4   

Table 2. Thermophysical characteristics of materials 

Material Density(m3/kg) Heat 

Capacity 

J/(kg·K) 

Thermal 

Conductivity 

W/(m·K) 

Water Vapor 

Permeability 

(kg/(m·s·Pa)) 

Water 

Contact 

Angle (°) 

Aluminum 2700 900 238 10−18 80 

Silica glass 2203 703 1.38 10−15 30 

Polystyrene 1050 1250 0.14 10−13 100 

polyvinyl 

chloride 

(PVC) 

1380 1000 0.16 10−14 90 

 Boundary conditions 

Given the prevalence of natural convection conditions within the studied 

enclosures, a convection coefficient (h) of 10 W/m²K is adopted for air. This value 

aligns with typical ranges reported in the literature [27] for natural convection 

scenarios. Also due to the compact size of the electronic board examined in this study, 
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a power dissipation of 1 W has been adopted as a realistic value. The temperature and 

humidity of the external environment and the material of the enclosure vary according 

to the weather conditions and the type of selected material. Also, the boundary 

condition at the entrance of ventilation holes is considered to be an open boundary 

condition.  

Solution method and governing equations 

This study employs a two-dimensional numerical model developed within 

COMSOL 6.1 software to simulate heat transfer and fluid flow within the enclosure, 

encompassing the electronic board with ventilation holes. The model accounts for the 

transport of water vapor (humidity) via both natural convection and diffusion, which 

are significant due to air movement and concentration gradients. Transient simulations 

were conducted by solving the momentum and energy equations based on the 

underlying physics of the problem. For the continuous air phase, incompressible and 

laminar fluid flow was assumed due to the low flow velocities, and the Navier-Stokes 

equations were utilized [28]: 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝐮) = 0  (1) 

𝜌
𝜕𝐮

𝜕𝑡
+ 𝜌(𝒖. ∇)𝐮 = ∇. [−𝑝𝐈 + 𝐊] + 𝐅+ 𝜌𝐠 (2) 

 
Where I is the unit matrix and K is:  

𝐤 = 𝜇(∇𝐮 + (∇𝐮)𝑇) −
2

3
𝜇(∇. 𝐮)𝐈 (3) 

The heat transfer within the moist air domain was simulated using the "Heat Transfer in Moist 

Air Interface" in COMSOL Multiphysics 6.1. This interface solves a modified energy 

equation that incorporates the effects of humidity on heat transfer [29]: 

(4) 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝐮. ∇𝑇 + ∇. 𝐪 = Q + 𝑞0 + 𝑄𝑃 + Qvd + 𝑄𝐻     

Here, the terms q, q0, Qv, and QP are defined as: 
(5) 𝐪 = −𝑘∇𝑇 
(6) 𝑞0 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇) 
(7) Qvd = 𝜏: ∇𝐮 
(8) 𝑄𝑝 = 𝛼𝑝𝑇(

𝜕𝑃

𝜕𝑡
+ 𝐮. ∇𝑝) 

where Q represents the heat generated by internal heat sources, and the remaining 

terms in Equation 4 account for heat conduction, convection, and the influence of 

viscous dissipation and pressure work. Crucially, the model incorporates the QH 

term, representing the diffusive flux of thermal enthalpy due to water vapor 

concentration gradients within the moist air mixture. As detailed in Ref. [30], this 

term is defined as: 
(9) 𝑄𝐻 = −(𝐶𝑃,𝑣 − 𝐶𝑃,𝑎)𝐠𝑤. ∇𝑇 

 
In this equation, CP, v  and Cp, a  are the specific heat capacities at constant pressure 

for water vapor and air, respectively. The term gw  represents the vapor flux due to 

diffusion, calculated according to the following equations: 
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(10) 𝐠𝑤 = −𝜌𝑔𝐷∇𝜔𝑉
 

(11) 
𝜌𝑔

𝜕𝜔𝑉

𝜕𝑡
+ 𝜌𝑔𝐮. ∇𝜔𝑉

+ ∇. 𝐠𝑤 = G 

(12) 
𝜔𝑉 =

𝑀𝑉𝐶𝑉
𝜌𝑔

 

(13) 𝐶𝑉 = ∅𝑤𝐶𝑠𝑎𝑡 

where Mv is the molar mass of water vapor, W  is the relative humidity, Csat is a 

constant related to saturated vapor concentration, D is the vapor diffusion coefficient, 

and G represents any moisture sources. 

Physically, the QH term arises because the diffusion of water vapor carries its 

associated thermal enthalpy. When a concentration gradient exists, the diffusion of 

vapor (or air) results in a net heat transfer if the specific heat capacities of the two 

components differ. This mechanism becomes significant in scenarios involving 

varying humidity levels. Using the governing equations 1 to 13, the simulation of the 

studied model was performed to investigate the effect of various parameters, 

including the location and dimensions of the ventilation holes, as well as the material 

and dimensions of the enclosure, on heat transfer and fluid flow. 

Result and discussion 

 Validation 

The accuracy of the present numerical model in predicting condensation within 

electronic enclosures was assessed by comparing its results to the experimental study 

conducted by Staliulionis et al. [31]. Their research provides detailed measurements 

of transient temperature and relative humidity within an aluminum enclosure subjected 

to controlled oscillating ambient temperatures, directly capturing the complex 

interplay of heat and mass transfer leading to condensation. The simulated temperature 

and relative humidity profiles on the inner wall surface of the enclosure showed good 

agreement with the experimental data (Figures 4,5), indicating the model's capability 

to capture the key physical phenomena. Moreover, a calculated Root Mean Squared 

Error (RMSE) of approximately 2% supports the conclusion of acceptable simulation 

performance.           
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Figure 4. Relative humidity over time: Comparison of the current model's simulation 

and experimental results from Staliulionis et al. [31]. 

 

 
Figure 5. Tempreture over time: Comparison of the current model's simulation and 

experimental results from Staliulionis et al. [31]. 

Mesh Independency 

In order to check the independence of the presented numerical model from the 

computational grid and to ensure insignificant changes of the evaluated quantity by 

refining the computational grid, the studied problem has been simulated in three 
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different types of mesh (Table 3). Figure 6 shows the relative humidity as a function 

of time in these cases. As it is observed, the results in the cases where the number of 

mesh elements is 7330 or 5594 are nearly the same, while the difference is large for 

the case where the number of mesh elements is 2531. Therefore, to obtain more 

accuracy in results with the minimum computational costs, a finer grid resolution (case 

2) is considered.  

Table 3. Geometric specifications of the studied models 

 Number of elements Average element quality 

Normal mesh 2531 0.768 

Finer mesh 5594 0.812 

Extra fin mesh 7330 0.818 

 

 

 
Figure 6. Relative humidity changes diagram of the simulated model for different 

number of nodes in order to check the independence of the network. 

Simulation of Air Humidity Condensation Risk on Electronic Boards 

Considering the adverse effects of humidity on the performance of electronic 

boards, in this research, the risk of condensation of air humidity on the electronic board 

has been numerically simulated using COMSOL software. In order to investigate the 

effect of weather on the studied problem, simulations have been carried out for the first 

day of January in the two cities of Nowshahr and Tabriz with wet and dry weather, 

respectively. The studied geometry and thermophysical characteristics of the materials 

in both models simulated in this section are the same, according to Figure 1 and Tables 

1 and 2. Figure 7 shows the changes of relative humidity during the first day of January 
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inside the electronic enclosure for Nowshahr city. As it can be seen, due to the high 

humidity of Nowshahr city and as a result of moisture infiltration through holes into 

the electronic enclosure, the relative humidity of the air inside the enclosure is around 

90% only during the hours of 14:00 to 22:00 and the humidity is 100% during the rest 

of the day. In other words, in a period of about 14 hours, moisture condensation occurs 

on the internal surfaces of the enclosure and the electronic board, which is very 

undesirable, and there is a risk of damage to the electronic board. It should be noted 

that in the simulation, the electronic board is considered as a heat source. 

 

 
Figure 7. Relative humidity changes over time in the studied electronic enclosure for 

Nowshahr city. 

 

The relative humidity changes during the first day of January inside the electronic 

enclosure for the city of Tabriz are shown in Figure 8. As can be seen, the highest 

relative humidity is around 7:00 am and is 97%; in other words, there is no risk of 

moisture condensation in the compartment and on the electronic board. Therefore, it 

can be concluded that there is no risk of moisture condensation for cities with climate 

conditions similar to Tabriz or drier. 
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Figure 8. Relative humidity changes over time in the studied electronic enclosure for 

Tabriz city. 

The effect of the location of the holes 

One of the effective parameters in the amount of condensation of air humidity on 

the electronic board is the placement and location of the holes in the enclosure, so in 

this research, by changing the location and number of ventilation holes and placing 
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the most air circulation, as a result, the most mixing of warm and cold air and diffusion 

of moisture occur. Therefore, moisture condensation reaches the highest value 

compared to the other two modes. 

 

 
Figure 9. Changes of water vapor condensation on the surfaces of the electronic 

enclosure over time (case of two holes). 
b) The case of three holes 

The modeling done in this section includes three holes; one hole is placed on the 

left side of the enclosure, and the second and third holes are placed in three positions, 

top-right, bottom-right, and top-bottom, respectively. Figure 10 illustrates the time-

dependent moisture condensation on the internal surfaces of the electronic enclosure 

for three simulated configurations with three ventilation holes. The highest 

condensate level, approximately 134.9 mg/cm² (occurring around 8:30), corresponds 

to the lower-right hole placement. Conversely, the upper-right configuration exhibits 

the lowest condensation at about 41.6 mg/cm².The reason for this phenomenon is 

that in the case of having three holes, it is similar to the case of having two holes 

(considering that the first hole is located in a fixed place and in the upper and left 

position of the chamber), while the second and third holes are located at the bottom 

and right. The most circulation of moist air inside the enclosure occurs due to natural 

convection and diffusion, and as a result, the moisture condensation has the highest 

amount. 

On the other hand, as can be seen from the comparison of Figures 8 and 9, the 
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condensation is related to cases with two holes, when the second hole is at the top, 

and three-hole cases, when the second and third holes are at the top-right. In other 

words, the simulation results show that increased number of holes doesn't always 

mean more condensation: this is a very important finding. Simply adding more holes 

can alter the airflow patterns in ways that actually reduce condensation. If the 

additional holes facilitate the removal of warm, less humid air or create a flow path 

that bypasses critical surfaces, they can be beneficial. In essence, the location of the 

holes dictates the airflow pathways and the extent of mixing between the incoming 

ambient air and the air within the enclosure. Configurations that force the cool, moist 

air to circulate more thoroughly around the electronic components are more likely to 

lead to condensation. Adding more holes can either enhance this circulation or create 

pathways that reduce it, depending on their placement. Therefore, the strategic 

placement of a certain number of holes is more critical than simply maximizing the 

number of holes. 

 

 
Figure 10. Changes of water vapor condensation on the surfaces of the electronic 

enclosure over time (case of three holes). 

The effect ventilation holes size 

Another effective parameter in air humidity condensation is the size of the 

ventilation holes created on the electronic enclosure, so in order to investigate the 
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models. As observed around 8:30 AM, the highest moisture condensation (91.6 

mg/cm²) occurs when the ventilation holes are smallest. Increasing the hole size to 6 

mm and 9 mm results in a decrease in moisture condensation to 46.5 mg/cm² and 37.7 

mg/cm², respectively. The reason for this phenomenon is that with the increase in the 

size of the holes while other parameters remain constant, the flow rate of the incoming 

and outgoing air from the enclosure increases and the circulation of air inside the 

enclosure and the possibility of mixing hot and cold air and free convection decreases 

(Figure 12). as a result of which moisture condensation in the enclosure is reduced.   

 

  

 
Figure 11. Changes of water vapor condensation on the surfaces of the electronic 

enclosure over time for holes of different dimensions. 
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(A) 

 
(B) 

 
(c) 

Figure 12. Velocity contours for holes with different dimensions. A. Holes with size of 

1mm, b. Holes with size of 6mm, c. Holes with size of 9 mm. 
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The effect of enclosure size 

To investigate the influence of enclosure size on air humidity condensation, 

simulations were conducted on three square enclosures with side lengths of 50, 75, and 

100 mm, maintaining other parameters constant (similar geometry to Figure 1). Figure 

13 presents the time-dependent moisture condensation on the interior surfaces for these 

three models, revealing only minor fluctuations. Notably, doubling the enclosure size 

from 50 mm to 100 mm resulted in a small 2 to 3 percent decrease in condensation. 

This minimal change is attributed to the relatively consistent airflow within the 

enclosures across the three sizes, given the fixed size of the ventilation holes and other 

parameters.  
 

 
Figure 13. Changes of water vapor condensation on the surfaces of the electronic 

enclosure over time for enclosures with different size. 
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and therefore the cooling of the enclosure in this case is more than in other cases, and 

of course, the moisture condensation is also higher. Therefore, according to the 

obtained results, it can be said that it is better to use polymer materials for areas with 

high air humidity, and for other areas, it is more suitable to use aluminum and similar 

items.   

 
Figure 14. Changes of water vapor condensation on the surfaces of the electronic 

enclosure over time for enclosures with different materials 

Conclusion 
This research has provided a comprehensive numerical investigation into the 

critical issue of moisture condensation within electronic enclosures and its 

implications for the reliability of enclosed electronic boards. By simulating a range of 

enclosure designs and material choices under realistic environmental conditions, 

specifically contrasting humid (Nowshahr) and dry (Tabriz) climates, this study yields 

actionable insights for mitigating condensation risks. Findings underscore the 

significant impact of high ambient humidity, demonstrating prolonged periods of near-

saturation within enclosures in humid environments, which elevates the potential for 

failure mechanisms like corrosion and electrical malfunction. Crucially, the strategic 

placement of ventilation holes emerged as a key design parameter. Positioning 

ventilation openings at the top of the enclosure consistently demonstrated the most 

effective reduction in condensation. Conversely, simply increasing the number of 

ventilation holes proved to be an ineffective, and potentially detrimental, strategy if 

not carefully considered, as certain configurations amplified condensation. 

Furthermore, the size of the ventilation holes exhibited a clear inverse relationship with 

condensation levels, with larger openings promoting airflow and reducing moisture 
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buildup. The choice of enclosure material also presented a significant avenue for 

condensation control. Notably, polymeric materials, specifically polystyrene and 

polyvinyl chloride, offered a substantial advantage in humid environments, achieving 

a 19-21% reduction in condensation compared to aluminum enclosures. This 

difference is attributed to the lower thermal conductivity of polymers, which 

minimizes surface cooling below the dew point. In contrast, the overall size of the 

enclosure within the tested range (50-100 mm side length) exhibited a relatively minor 

influence on condensation.        

 

Nomenclature Table 
 

 Symbol Definition SI Unit 

u Fluid velocity vector m/s 

p Pressure Pa 

ρ Density kg/m³ 

μ Dynamic viscosity Pa·s 

I Unit matrix - 

g Gravitational acceleration vector m/s² 

β Thermal expansion coefficient of the moist air 1/K 

T Temperature K 

Cp Specific heat capacity at constant pressure of the moist air J/(kg·K) 

t Time s 

k Thermal conductivity of the moist air W/(m·K) 

Q Heat generated by internal heat sources W/m³ 

QH Enthalpy diffusion term due to humidity gradients W/m³ 

q Heat flux vector W/m² 

q0 Convective heat flux W/m² 

h Convective heat transfer coefficient W/(m²·K) 

Text External temperature K 

Qvd Viscous dissipation term W/m³ 

τ Viscous stress tensor Pa 

QP Pressure work term W/m³ 

Cp,v Specific heat capacity at constant pressure of water vapor J/(kg·K) 

Cp,a Specific heat capacity at constant pressure of dry air J/(kg·K) 

ωv Mass fraction of water vapor - 

gw Vapor flux due to diffusion kg/(m²·s) 

D Vapor diffusion coefficient m²/s 

Mv Molar mass of water vapor kg/mol 

Ma Molar mass of dry air kg/mol 

pv Partial pressure of water vapor Pa 

W  Relative humidity - 

Csat Constant related to saturated vapor concentration kg/m³ 

A,B Empirical constants for saturated vapor pressure equation K, K 

G Moisture source term kg/(m³·s) 

 



JEAR: Journal of Engineering and Applied Research     Summer & Autumn 2025, Vol. 2, No. 2, p. 205- 225 

 

References 
[1]Noh, B.-I., & Jung, S.-B. (2008). Characteristics of environmental factor for 

electrochemical migration on printed circuit board. Journal of Materials Science: 

Materials in Electronics, 19, 952-956. https://doi.org/10.1007/s10854-007-9421-3 

[2] Nishinaka, H., Sakamoto, Y., Murayama, Y., & Iwasa, A. (2002). The effects of the 

environmental conditions of some Zener voltage references. Conference Digest 

Conference on Precision Electromagnetic Measurements. 

https://doi.org/10.1109/CPEM.2002.1034772 

[3] Van Wuytswinkel, G., Dreezen, G., & Luyckx, G. (2002). The effects of temperature 

and humidity aging on the contact resistance of novel electrically conductive adhesives. 

2nd International IEEE Conference on Polymers and Adhesives in Microelectronics and 

Photonics. POLYTRONIC 2002, Conference Proceedings (Cat. No. 02EX599). 

https://doi.org/10.1109/POLYTR.2002.1020219 

[4] Baylakoğlu, İ., Fortier, A., Kyeong, S., Ambat, R., Conseil-Gudla, H., Azarian, M. H., 

& Pecht, M. G. (2021). The detrimental effects of water on electronic devices. e-Prime-

Advances in Electrical Engineering, Electronics and Energy, 1, 100016. 

https://doi.org/10.1016/j.prime.2021.100016 

[5] Lv, Z., Liu, X., Jia, B., Wang, H., Wu, Y., & Lu, Z. (2016). Development of a novel 

high-entropy alloy with eminent efficiency of degrading azo dye solutions. Scientific 

reports, 6(1), 34213. https://doi.org/10.1038/srep34213 

[6] Cirolia, F., & Finan, C. (2001). The effects of airborne contaminants on electronic 

power supplies. APEC 2001. Sixteenth Annual IEEE Applied Power Electronics 

Conference and Exposition (Cat. No. 

01CH37181).  https://doi.org/10.1109/APEC.2001.911654 

[7] Kumazawa, T., Oishi, M., Todoki, M., & Watanabe, T. (1997). Physical and chemical 

structure change of filled epoxy due to water absorption. Proceedings of 5th International 

Conference on Properties and Applications of Dielectric Materials.https://doi.org/ 

10.1109/ICPADM.1997.617644 

[8] Arnaldi, R., Chiavassa, E., Colla, A., Cortese, P., Dellacasa, G., De Marco, N., Ferretti, 

A., Gallio, M., Gemme, R., & Musso, A. (2004). Dependence of bakelite resistivity on 

temperature and humidity. IEEE Symposium Conference Record Nuclear Science 2004. 

https://doi.org/10.1109/NSSMIC.2004.1462249 

[9] Wang, J. Z., Dillard, D. A., & Kamke, F. A. (1991). Transient moisture effects in 

materials. Journal of materials science, 26, 5113-5126. 

https://doi.org/10.1007/BF01143201 

[10] Ma, L., Sood, B., & Pecht, M. (2010). Effects of moisture content on dielectric 

constant and dissipation factor of printed circuit board materials. ECS Transactions, 

27(1), 227. https://doi.org/ 10.1149/1.3360624 

[11] Pecht, M. G., Ardebili, H., Shukla, A. A., Hagge, J. K., & Jennings, D. (1999). 

Moisture ingress into organic laminates. IEEE Transactions on Components and 

Packaging Technologies, 22(1), 104-110. https://doi.org/10.1109/6144.759359 

[12] Zecha, H., Früh, C., Ratchev, R., Biehl, E., & Zerna, T. (2013). Absorption and 

diffusion of water in printed circuit boards. Proceedings of the 36th International Spring 

Seminar on Electronics Technology. https://doi.org/10.1109/ISSE.2013.6648227 

[13] Fan, X., Lee, S. R., & Han, Q. (2009). Experimental investigations and model study 

of moisture behaviors in polymeric materials. Microelectronics Reliability, 49(8), 861-

871. https://doi.org/ 10.1016/j.microrel.2009.03.006 

https://doi.org/10.1109/POLYTR.2002.1020219
https://doi.org/10.1016/j.prime.2021.100016
https://doi.org/10.1109/APEC.2001.911654
https://doi.org/10.1109/ICPADM.1997.617644
https://doi.org/10.1109/NSSMIC.2004.1462249
http://dx.doi.org/10.1149/1.3360624
https://doi.org/10.1109/6144.759359
http://dx.doi.org/10.1109/ISSE.2013.6648227
http://dx.doi.org/10.1016/j.microrel.2009.03.006


Ehsan Mehrabi Gohari                                  Numerical Simulation of Moisture Condensation Risk … 

 

[14] Mcmaster, M. G., & Soane, D. S. (1989). Water sorption in epoxy thin films. IEEE 

Transactions on Components, Hybrids, and Manufacturing Technology, 12(3), 373-386. 

https://doi.org/ 10.1109/33.35485 

[15] Placette, M. D., Fan, X., Zhao, J.-H., & Edwards, D. (2012). Dual stage modeling of 

moisture absorption and desorption in epoxy mold compounds. Microelectronics 

Reliability, 52(7), 1401-1408. https://doi.org/10.1016/j.microrel.2012.03.008 

[16] Ardebili, H., Hillman, C., Natishan, M. A. E., McCluskey, P., Pecht, M. G., & 

Peterson, D. (2002). A comparison of the theory of moisture diffusion in plastic 

encapsulated microelectronics with moisture sensor chip and weight-gain measurements. 

IEEE Transactions on Components and Packaging Technologies, 25(1), 132-139. 

https://doi.org/ 10.1109/6144.991185 

[17] Lu, M., Shim, M., & Kim, S. (2001). Effects of moisture on properties of epoxy 

molding compounds. Journal of Applied Polymer Science, 81(9), 2253-2259. 

https://doi.org/10.1002/app.1664 

[18] Tay, A. A., & Lin, T. (1996). Moisture diffusion and heat transfer in plastic IC 

packages. IEEE Transactions on Components, Packaging, and Manufacturing 

Technology: Part A, 19(2), 186-193. https://doi.org/10.1109/95.506103 

[19] Khoshnaw, F. M. (2010). Evaluation the moisture effects on the performance of 

electronic devices. 2010 IEEE 14th Workshop on Signal Propagation on Interconnects. 

https://doi.org/ 10.1109/SPI.2010.5483575 

[20] Grundy, R. (2005). Recommended data center temperature & humidity preventing 

costly downtime caused by environment conditions. AVTECH Software. 
[21] Jahkonen, J., Puolakka, M., & Halonen, L. (2013). Thermal management of outdoor 

LED lighting systems and streetlights—Variation of ambient cooling conditions. Leukos, 

9(3), 155-176. https://doi.org/10.1582/LEUKOS.2013.09.03.001 

[22] Joshy, S., Verdingovas, V., Jellesen, M. S., & Ambat, R. (2019). Circuit analysis to 

predict humidity related failures in electronics- Methodology and recommendations. 

Microelectronics Reliability, 93, 81-88. https://doi.org/10.1016/j.microrel.2018.12.010 

[23] Conseil-Gudla, H., Jellesen, M. S., & Ambat, R. (2020). Humidity control in 

electronic devices: water sorption properties of desiccants and related humidity build-up 

in enclosures. IEEE Transactions on Components, Packaging and Manufacturing 

Technology, 11(2), 324-332. https://doi.org/10.1109/TCPMT.2020.3045495. 

[24] Bahru, R., Zamri, M. F. M. A., Shamsuddin, A. H., & Mohamed, M. A. (2022). 

Simulation design for thermal model from various materials in electronic devices: A 

review. Numerical Heat Transfer, Part A: Applications, 82(10), 640–665. 

https://doi.org/10.1080/10407782.2022.2083842 

[25] Meteoblue. (n.d.). Climate modelled: Noshahr Airport, Iran [Modeled climate chart 

for 366 days: 2023-01-01 to 2024-01-01]. 

https://www.meteoblue.com/en/weather/historyclimate/climatemodelled/noshahr-

airport_iran_7457199 

[26]  Meteoblue. (n.d.). Climate modelled: Tabriz Airport, Iran [Modeled climate chart 

for 366 days: 2023-01-01 to 2024-01-01].  

www.meteoblue.com/en/weather/forecast/modelclimate/tabriz_iran_113646 

[27] Amerine, M. A., Berg, H. W., & Cruess, W. V. (2021). Guide to sources for 

agricultural and biological research. In ASHRAE handbook (462). American Society of 

Refrigerating and Air Conditioning Engineers.  

[28] COMSOL. (n.d.). COMSOL Multiphysics Reference Manual (Version 5.5). from 

https://doc.comsol.com/5.5/doc/com.comsol.help.comsol/COMSOL_Reference 

https://doi.org/10.1109/33.35485
http://dx.doi.org/10.1016/j.microrel.2012.03.008
https://doi.org/10.1109/6144.991185
http://dx.doi.org/10.1002/app.1664
https://doi.org/10.1109/SPI.2010.5483575
http://dx.doi.org/10.1582/LEUKOS.2013.09.03.001
https://doi.org/10.1016/j.microrel.2018.12.010
https://doi.org/10.1109/TCPMT.2020.3045495
https://doi.org/10.1080/10407782.2022.2083842


JEAR: Journal of Engineering and Applied Research     Summer & Autumn 2025, Vol. 2, No. 2, p. 205- 225 

 

[29] COMSOL. (2022). Theory for heat transfer in moist air. In COMSOL Multiphysics 

Documentation (Version 6.1). from 

https://doc.comsol.com/6.1/doc/com.comsol.help.comsol/COMSOL_Reference 

[30] Bird, R. B., Stewart, W. E., & Lightfoot, E. N. (2007). Transport phenomena 

(Revised 2nd ed.). John Wiley & Sons, Inc. 

[31] Staliulionis, Z., Paukštaitis, L., & Miliauskas, G. (2022). Experimental study of 

transient heat transfer and temperature dynamics in the electronics enclosures. 2022 23rd 

International Conference on Thermal, Mechanical and Multi-Physics Simulation and 

Experiments in Microelectronics 1 and Microsystems (EuroSimE), 2 1-7. 

https://doi.org/10.1109/EuroSimE54907.2022.9758845 

[32] Mottahed, B. D., & Manoochehri, S. (1999). Design considerations for electronic 

enclosures utilizing polymeric materials. Polymer-Plastics Technology and 

Engineering, 38(5), 883-925. https://doi.org/10.1080/03602559909351621 

 

 
 

https://doi.org/10.1109/EuroSimE54907.2022.9758845
https://doi.org/10.1080/03602559909351621

