
 
Jurnal Riset Rumpun Ilmu Teknik 
Volume 5, Nomor 2, Agustus 2026 

e-ISSN: 2829-016X; p-ISSN: 2829-0178, Hal. 141-152 
DOI: https://doi.org/10.55606/jurritek.v5i2.8602 

Tersedia: https://prin.or.id/index.php/JURRITEK 

Artikel Masuk: 06 Januari 2026; Revisi: 10 Februari 2026; Diterima: 07 Maret 2026; Tersedia: 09 Maret 2026 
 
 
 
 
 

The Effect of Thermal Conditions on Airflow and Heat Transfer in a Test 

Object: An Experimental Study 
 

Hilmala Nurmualimah1*, Nur Rohmat2, Alvian Harris Gita Purnama3 

1-3 Program Studi Teknik Mesin, Universitas Pamulang, Indonesia 

Email: hilmalanurmualimah1@gmail.com 1*, dosen000597@unpam.ac.id 2, alvianharris4@gmail.com 3 

 

*Penulis Korespondensi: hilmalanurmualimah1@gmail.com 1 

 
Abstract. This research aims to analyze the influence of thermal conditions; specifically the temperature 

difference between the test object and the environment; on the characteristics of air flow and heat transfer around 

it. The object of this study is a test piece subjected to free air flow under various temperature conditions; focusing 

on the convection heat transfer phenomenon. The main problem addressed is how temperature variations affect 

the convection heat transfer coefficient; heat transfer rate; and heat flux; as well as changes in air velocity and 

pressure profiles. Therefore; the objective of this research is to quantitatively compare and assess these thermal 

and fluid parameters through an experimental study approach and Computational Fluid Dynamics (CFD) 

simulation. The methodology involves direct measurement of temperature and pressure parameters under low 

and high-temperature conditions; which are then processed to determine the convection coefficient (ℎ); heat 

transfer rate (𝑞); and heat flux (𝑞"). The main findings indicate that at low-temperature conditions; the heat 

transfer coefficient (ℎ) was found to be 53.26 𝑊/𝑚2𝐾; the heat transfer rate (𝑞) was 24.99 W; and the heat flux 

(𝑞") was 537.87 𝑊/𝑚2𝐾; with a pressure drop of 0.86 Pa. In conclusion; thermal conditions play a crucial role 

in determining the dynamics of air flow and the efficiency of heat transfer; the greater the temperature difference 

(∆𝑇); the higher the potential heat transfer rate; establishing a strong correlation between thermal conditions 

and the convection phenomenon. 
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1. INTRODUCTION 

Energy recovery from waste into productive energy input constitutes a vital aspect of 

industrial sustainability. This study specifically analyzes the optimization of waste air from 

exhaust systems by regulating the flow; with the aim of enhancing its utilization. Furthermore; 

production efficiency encompasses another critical element: heat transfer; which is closely 

related to effective airflow control. By analyzing the airflow generated by the exhaust fan; this 

airflow can also be leveraged to drive a wind turbine; owing to its high velocity and consistency 

(Kusuma Wardhana et al., 2021). 

To optimize the airflow; a wind tunnel is constructed with the goal of focusing the air 

stream. Given the dispersive characteristic of airflow; efforts are made to create a channel that 

concentrates the flow onto a single point to achieve optimal airflow (Aji Saputra et al., 2021). 

Research conducted by Chen et al. (2021) and Ikram et al. (2021) emphasizes the presence of 

both stable and unstable flow rates when coupled with heat transfer. Consequently; there 

remains a necessity for in-depth research regarding how airflow characteristics change when a 

temperature variation occurs. 
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Therefore; this research aims to address the issue of heat transfer control by analyzing 

the impact of temperature on airflow characteristics through the utilization of exhaust waste 

energy. By leveraging this previously wasted energy; the overall efficiency of the production 

process is increased. 

 

2. LITERATURE REVIEW 

Theoretical Foundations of Fluid Mechanics and Convection Heat Transfer 

Fluid Mechanics is an applied branch of science that studies the behavior of fluids in both 

static and dynamic conditions (Mukhlisin et al.; 2022). The flow analysis in this research is 

based on the classification of Laminar and Turbulent flow; where the primary determining 

criterion is the Reynolds Number (Re). (Liu et al.; 2022) 

Re =  
ρv∞C

μ
           (1) 

The flow investigated in this study is in the turbulent regime (Re>5000); which is a 

complex flow event characterized by fluctuations in velocity; pressure; and multi-scale vortices 

(Cafiero et al.; 2021; Asim et al.; 2023). Heat transfer in fluids primarily occurs through the 

convection mechanism. The analysis performed focuses on the forced convection process. This 

forced convection is driven by an external source which facilitates the energy transfer process. 

The calculation source for this convective heat transfer is Newton's Law of Cooling: 

q = hA (Ts − T∞)         (2) 

In the heat transfer efficiency process; the Nusselt Number (Nu) is typically employed 

for measurement. The Nusselt Number is a dimensionless quantity that describes the ratio of 

convective heat transfer to fluid conductive heat transfer. (Cheilytko.A.; et al 2024) 

Nu =  
h.Lc

k
         (3) 

The Reynolds Number (Re) and the Nusselt Number (Nu) share a close correlation; as 

an increase in the Reynolds Number directly affects or leads to an increase in the Nusselt 

Number (Han et al.; 2025). Beyond the Nusselt Number; other critical parameters for 

analyzing thermal characteristics and mixing scales are the Prandtl Number (Pr) and the Peclet 

Number (Pe). (Petropoulos et al.; 2024; Lawson; 2021) 
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Fractal Geometry as a Turbulence Enhancer and Research Gap 

In heat transfer engineering; structural strategies to promote fluid mixing and turbulence 

intensity are highly needed. Fractal Grids have been proven as a state-of-the-art approach 

superior to conventional grids. The self-similar geometry of the fractal grid can generate 

stronger turbulence and vortices at various (multi-scale) levels simultaneously; which is proven 

to enhance convective heat transfer. (Lee et al.; 2021) For instance; a study by Lee et al. (2021) 

confirmed that the use of a fractal grid significantly increases flow fluctuations compared to a 

regular grid; making it a promising solution for heat dissipation applications. Although the 

potential for turbulence generation by fractal geometry has been widely validated; most 

previous research has focused on flow characterization under isothermal conditions (cold 

flow/without heat load). 

Research Gap: Investigation into the effectiveness of heat transfer on Fractal Geometry 

under non-isothermal conditions (with heat load) and the specific role of the generated 

turbulence in increasing the convection coefficient remains limited. A critical analysis is 

needed to understand whether the dominant turbulent flow generated by the fractal structure 

directly correlates with increased thermal efficiency; or whether a decoupling phenomenon 

occurs between the increase in turbulence and the heat transfer itself. This research aims to fill 

this gap by experimentally analyzing (and supported by CFD simulation) the Impact of 

Thermal Conditions on a fractal geometry object; specifically by testing the phenomenon of 

thermal invariance that occurs when forced convection is applied. 

Computational Fluid Dynamics (CFD) as an Analytical Tool 

Computational Fluid Dynamics (CFD) is an essential numerical analysis tool for 

modeling and visualizing complex fluid dynamics and intricate heat transfer phenomena (Li et 

al.; 2025) In this context; CFD is utilized to evaluate flow characteristics around the fractal 

geometry; including pressure distribution; turbulence intensity; and vortex patterns that are 

difficult to measure precisely through experiments alone (Mahon et al.; 2022). The use of CFD 

also facilitates the analysis of thermal boundary conditions and the validation of experimental 

results to gain a deeper mechanistic understanding. 

 

3. PROPOSED METHOD 

This research employs a Research Methodology involving two complementary main 

approaches: (1) Experimental Study using a wind tunnel for field data acquisition; and (2) 

Numerical Analysis using Computational Fluid Dynamics (CFD) for model visualization and 

validation. 
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Algorithm 

Subsection 

This research process involves two distinct phases: an experimental phase in the wind 

tunnel and a numerical phase using CFD. The sequence of structured steps is presented as 

follows: 

INPUTS: Fractal Geometry (Test Object); Free Stream Velocity (V); Heater Power 

(Pheater). OUTPUTS: Velocity Distribution; Temperature Difference (∆T); Nusselt Number 

(Nu). 

Step-by-Step Procedure: 

a. Design and Preparation of the Data Acquisition System: Prepare the measuring 

instruments (K-Type Thermocouples; Anemometer) and assemble the Data Acquisition 

System (DAQ) based on the Arduino Uno Microcontroller. The system is configured for 

real-time recording of temperature (Ts) and flow velocity (T∞). 

b. Experimental Test Configuration: Install the Fractal Geometry within the Wind Tunnel 

Test Section. Install Thermocouples at designated points for measuring the surface 

temperature (Ts) and free stream temperature (T∞ ). 

c. Isothermal Flow Characterization: Conduct initial data collection for air velocity and 

pressure drop (∆P) under no thermal load condition (Pheater = 0) to verify that the flow 

is operating in the target turbulent flow regime. 

d. Non-Isothermal Thermal Testing: Collect velocity and temperature data across three 

variations of thermal load conditions to measure the temperature differential (∆T): a. 

Isothermal/Ambient Condition (Room Temperature). b. Medium Heat Condition 

(Medium Power setting). c. High Heat Condition (Maximum Power setting). 

e. Numerical Simulation (CFD): Perform analysis using CFD software; applying a suitable 

Turbulence Model (e.g.; k-epsilon or k-omega) and Boundary Conditions that accurately 

replicate the experimental conditions (including variations in temperature/heater power). 

f. Data Verification and Confirmation (Repeatability): Repeat the experimental data 

collection runs and confirm the simulation results to ensure repeatability and minimize 

random error. 

g. Data Processing and Analysis: Calculate the dimensionless thermofluid parameters 

(Reynolds Number (Re); Convection Heat Transfer Coefficient (h); and Nusselt Number 

(Nu) from the experimental data. Compare the numerical results with the experimental 

results for Model Validation. 
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h. Conclusion Drawing: Analyze the processed data; particularly the phenomenon of 

Thermal Invariance (if observed); and draw conclusions based on the fulfilment of the 

research objectives. 

i. Result Dissemination: Prepare and submit the scientific article for publication. 

Fractal geometry spesification 

 

Figure 1. Fractal Geometry. 

a. Material conductor using an iron plate 

b. Total Surface Area: A total surface area of 464.61  

c. Dimensions of the Base Triangle: The base length of the fundamental triangle is 16 and 

the side length is 14. 

Mathematical Component Formatting 

In this section; we present the definitions of the various thermodynamics and fluid 

parameters used in this analysis. 

Temperature Difference (ΔT) 

The equation used to calculate the Temperature Difference is: 

∆T = Tout − Tin (1) 

Eq. (1) is fundamental in determining the transfer of energy to or from a fluid. 

Convective Heat Transfer Rate (q) 

To calculate the heat transfer rate; the computation utilizes the formula derived from 

Newton's Law of Cooling; which is defined as follows: 

q = h. A. (Ts − T∞)(2) 

Equation (2) is utilized when calculating the convective heat transfer rate between a solid 

surface and a fluid. 

Heat Flux (q′′) 
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Heat Flux is understood as the heat transfer rate divided by the unit area; which is 

calculated by dividing the heat transfer originating from Equation (2) by the surface area. 

Reynolds Number (Re) 

The Reynolds Number (Re) is a Dimensionless number that predicts the flow pattern of 

a fluid; whether specifically the flow is Laminar or Turbulent. 

Nusselt Number (Nu) 

The Nusselt Number (Nu) is defined as a dimensionless quantity that represents the 

enhancement of heat transfer (due to Convection relative to pure Conduction). The Nusselt 

Number can be calculated using the following formula: 

𝑁𝑢𝐿 = 0; 037Re0;6Pr1/3(3) 

Eq. (3) is valid for specific turbulent flow conditions; and it allows for the calculation of 

the convective heat transfer coefficient (h). 

Pressure (Pa) 

Pressure (P) It is measured in units of Pascal (Pa); which is defined as force per unit area 

(N/m2). 

 

4. RESULTS AND DISCUSSION 

This section presents the findings from the testing conducted in accordance with the 

methodology outlined in Section 3. These results encompass the measured data for temperature 

and air velocity; as well as the analysis and calculation of heat transfer performance and 

dimensionless numbers. Subsequently; these results will be discussed and analyzed in relation 

to the research hypothesis and objectives. 

General Description of the Research 

 

Figure 2. Wind Tunnel. 

The objective of this research is to analyse the characteristics inherent in a fractal test 

object placed within the test section of a wind tunnel. The core investigation focuses on 

characterizing air flow dynamics and heat transfer performance across this object. This analysis 

is conducted using a combination of experimental methodology and numerical simulation via 

Computational Fluid Dynamics (CFD) software. The primary focus of this study is to perform 
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a comparative analysis of the fluid flow behaviour and temperature distribution between a non-

heated condition (isothermal/ambient) and a heated condition provided by a cartridge heater. 

 

Figure 3. Test Section. 

Figures and Tables  

Computational Fluid Dynamics (CFD) Simulation Results 

The following presents the visual data (images) and discussion derived from the 

computational fluid dynamics (CFD) simulation results within the test section. 

Table 1. Velocity In CFD Simulation. 

Comparison Aspect Velocity (𝐯) 

Room Temperature 

 
Figure 4. CFD Velocity Simulation At Room 

Temperature 

Medium Temperature (𝟓𝟎℃) 

 
Figure 5. CFD Velocity Simulation At Room 

Temperature 

High Temperature (𝟕𝟎℃) 

 
Figure 6. CFD Simulation Of Velocity At High 

Temperature 
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In every CFD simulation process conducted under different applied temperatures; the 

fluid flow characteristics remained largely consistent. This is evidenced by the flow 

convergence (density) observed at the sharp edges of the test object; which signifies a 

significant increase in flow velocity and the immediate onset of high turbulence in those 

regions. 

Table 2. Cfd Simulation Calculation Results. 

Point of Comparison Room Temperature Medium 

Temperature 50℃ 

High Temperature 

70℃ 

Temperature Difference (∆𝐓) 3; 43℃ 10; 1℃ 7; 99℃ 

Heat Transfer (𝐪) 5; 74W 24; 99W 11; 57W 

Heat Flux (𝐪") 123; 54W/m2 537;87W/m2 249; 03W/m2 

Reynolds Number (𝐑𝐞) 
1; 39x106

kg

m. s
 

Re > 5.000 

2.337.551
kg

m. s
 

Re > 5.000 

1.726.314
kg

m. s
 

Re > 5.000 

Nusselt Number (𝐍𝐮) 160; 34 218; 54 123;55 

Pressure (𝐏) 0; 48Pa 0; 86Pa 0; 27Pa 

Velocity (V) 190;131m/s 365;152m/s 297;723m/s 

In addition to the data obtained from the CFD simulation process; quantitative data was 

acquired through direct measurement using physical instruments. This measurement was 

performed directly using the K-Type thermocouple and the anemometer. The following data 

was obtained: 

Table 3. Calculation Results From Experiments. 

Point of comparison Room Temperature Medium Temperature 

50℃ 

High Temperature 

70℃ 

Temperature Difference 

(∆𝐓) 

1; 5℃ 1; 75℃ 1; 75℃ 

Heat Transfer (𝐪) 0;18699W 0;12265704W 0;305481075 

Heat Flux (𝐪") 4;024W/m2  2;64W/m2 6;575 W/m2 

Reynolds Number (𝐑𝐞) 13.391;54 

Re > 5.000 

16.629;9 

Re > 5.000 

16.484;9 

Re > 5.000 

Nusselt Number (𝐍𝐮) 9;86 11;224 11;15 

Pressure (𝐏) 2;07936N/m2 3; 2400368N/m2 2; 885625N/m2 

Velocity (V) 1;9m/s 2;38m/s 2;25m/s 

Comparative Analysis of Flow Characteristics and Thermal Impact 

Comparison of Experimental and Numerical Flow Visualization 

The following section presents the comparative data derived from the direct experimental 

observation (using smoke media) and the numerical simulation using CFD. 

The research findings demonstrate that the implementation of the Sierpinski fractal 

geometry (featuring a repeating triangular configuration) on the test object significantly 

influences the fluid flow characteristics; primarily marked by a pronounced increase in 

turbulence intensity. 

This phenomenon can be mechanistically explained based on the principles of fractal 

geometry. Fractal geometries are characterized by the property of a high surface area within a 
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limited volume and a repeating structure across multiple scales. When the fluid flows past the 

test object arranged with this fractal pattern; the fluid is forced to navigate through a complex; 

tortuous path. The combination of these factors results in localized acceleration of the fluid 

flow. As explained in fluid mechanics theory; when flow passes through sections with complex 

or multiplied cross-sectional areas; the fluid flow velocity increases. Visually; the Sierpinski 

fractal geometry acts as a static mixer; constantly breaking up the boundary layer and 

regenerating fresh; high-intensity turbulence. 

Effect of Heating: Heat Transfer Efficiency and Temperature Distribution 

Increased Heat Transfer Efficiency The testing results indicate that the fractal geometry 

enhances the heat transfer efficiency from the test object to the fluid. This improvement is a 

direct consequence of the high turbulence induced by the fractal structure; which promotes 

vigorous mixing between the hot surface layer and the cooler bulk fluid. 

Temperature Profile Analysis A crucial finding in this analysis is the significant 

temperature change observed in the fluid as it passes the test object. The fluid experiences a 

temperature rise upon interaction with the fractal surface; followed by a subsequent 

temperature drop after traversing the test object zone. This demonstrates the effectiveness of 

heat transfer concentrated in the fractal area. 

Limitation of Temperature Increase in the Test Section (Thermal Invariance) Although 

heat transfer efficiency increased; the testing also recorded that the actual temperature in the 

test section did not deviate significantly from the ambient temperature; even when medium or 

high power was applied. This phenomenon is attributed to the material's ability to maintain its 

thermal properties (thermal mass) and the massive heat transfer capacity of the fractal structure. 

The massive heat transfer from the test object to the fluid meant that the surface temperature 

did not have time to surge (thermal inertia); because the supplied thermal energy was 

immediately channeled to the moving fluid. Consequently; the surface temperature tended to 

retain the environmental temperature; indicating a state of thermal invariance under forced 

convection. 

 

5. CONCLUSION 

In conclusion; the investigation into the influence of thermal conditions on air flow and 

heat transfer around a fractal geometry test object yields two primary findings: 

Consistent Flow Regime: 

The air flow around the fractal geometry test object is consistently dominated by the 

turbulent regime under both isothermal and non-isothermal conditions. Under isothermal 
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conditions; the fractal geometry effectively creates high local velocity concentrations at the 

apex points of the structure; confirming its function as a turbulence enhancer. 

Thermal Invariance and Low Efficiency:  

Under non-isothermal conditions with forced convection; the system exhibited a strong 

thermal invariance phenomenon. Consequently; the measured temperature increase was 

minimal (∆Tremained very low). This low ∆T renders the convective heat transfer process 

ineffective in terms of thermal gradient; although the consistent turbulent dominance implies a 

high inherent potential for heat dissipation that warrants future investigation under different 

thermal boundary conditions. 
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