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Heat pipes, renowned for their efficient heat transfer capabilities, can be further enhanced by 

leveraging the power of nanofluids. However, optimizing their performance can be challenging 

due to the complex interplay between various factors. This work explores applying fuzzy logic, a 

powerful artificial intelligence (AI) technique, for optimizing heat transfer in cylindrical heat 

pipes filled with ZrO2-CeO2/Water-Ethylene Glycol (WEG) nanofluids. Heat pipes offer 

exceptional heat transfer capabilities due to capillary action and phase change. However, their 

performance can be further enhanced using nanofluids. This work explores the application of 

fuzzy logic for optimizing heat transfer in a cylindrical heat pipe filled with ZrO2-CeO2/Water-

Ethylene Glycol (WEG) nanofluids. The fuzzy logic system takes power input and nanofluid 

concentration as inputs and predicts thermal Resistance and heat transfer rate as outputs. 

Membership functions and fuzzy rules are established to capture the relationships between these 

parameters. The effectiveness of the fuzzy logic system is evaluated by comparing its predicted 

optimal operating conditions with experimental results obtained in a heat pipe apparatus 

operating within a 30-60 W power range. This approach offers a novel and intelligent 

optimization technique for improving heat pipe efficiency with nanofluids. 
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1. INTRODUCTION 

In the ever-evolving realm of thermal management, a revolutionary innovation known as nanofluids has emerged, 

forever altering the landscape of heat transfer applications. Pioneered by the groundbreaking work of Choi [1], 

nanofluids represent a paradigm shift, offering superior thermal properties compared to traditional fluids [2-4]. This 

remarkable accomplishment hinges on the ingenious incorporation of nanoparticles, microscopic entities with 

exceptional thermal conductivity, into a base fluid. The resulting concoction, the nanofluid, boasts a dramatically 

enhanced ability to conduct heat, surpassing the capabilities of its conventional counterparts. 

This transformative property of nanofluids translates into a multitude of practical benefits. One of the most 

compelling advantages lies in their ability to reduce energy consumption within heat exchangers significantly. Heat 

exchangers are crucial in various industrial processes and everyday applications, from power plants to air 

conditioners. Employing nanofluids as the working fluid within these systems minimizes the Resistance to heat 

transfer. It translates to a remarkable reduction in energy required to achieve the desired heat transfer rate. The 

implications are far-reaching, leading to substantial cost savings, reduced environmental impact, and a more 

sustainable approach to thermal management. 
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The impact of nanofluids extends beyond mere heat exchangers. Heat pipes, renowned for their efficient heat transfer 

capabilities, can be further optimized by leveraging the power of nanofluids [5]. Traditional heat pipes utilize a 

working fluid to transfer heat from a hot source to a cool sink. However, a significant improvement in thermal 

performance can be achieved by replacing the conventional working fluid with a nanofluid. Nanofluids offer a distinct 

advantage over traditional fluids due to their enhanced thermal conductivity. It translates into a faster and more 

efficient heat transfer within the heat pipe, improving overall system performance [6, 7]. 

The potential of nanofluids in heat pipes has captured the scientific community's attention, prompting numerous 

investigations into their capabilities. Researchers have explored various heat pipe configurations employing various 

nanofluids [8-14]. 

2. FUZZY LOGIC OPTIMIZATION 

While traditional optimization methods like Response Surface Methodology (RSM) have been valuable in heat pipe 

research, fuzzy logic offers a more robust approach for dealing with uncertainties and non-linearities inherent in heat 

transfer processes [15]. By incorporating expert knowledge and empirical data, a fuzzy logic system can effectively 

model the complex relationships between input parameters (power input, nanofluid concentration) and output 

responses (heat transfer coefficient, thermal Resistance). This approach can lead to superior optimization and 

performance improvements in cylindrical heat pipes. 

2.1 Fuzzy Logic System Design 

The fuzzy logic system takes two critical input variables: 

• Power Input (Watts): This variable represents the heat load applied to the pipe. 

• Nanofluid Concentration (%): This variable represents the volume fraction of nanoparticles suspended 

in the WEG base fluid. 

The system aims to predict two key output variables: 

• Thermal Resistance (°C/W): This parameter indicates the heat pipe's Resistance to heat flow. Lower 

thermal Resistance signifies better heat transfer performance. 

• Heat Transfer Rate (Watts): This variable represents the heat transferred by the heat pipe per unit time. 

3. EXPERIMENTAL VALIDATION 

The effectiveness of the fuzzy logic system is evaluated through experimentation. A cylindrical heat pipe apparatus is 

fabricated, and ZrO2-CeO2 nanoparticles are synthesized and characterized. Nanofluids with varying concentrations 

are prepared, and experiments are conducted to measure heat transfer characteristics at different power input levels 

within the designated range (30-60 W).  

3.1 Experimental Setup 

A cylindrical heat pipe apparatus is designed and fabricated based on the specifications used in a previous study. The 

heat pipe's dimensions (length, diameter, wick thickness, etc.) and material properties (wall material, working fluid) 

are clearly specified. 

3.2 Nanofluid Preparation 

• Synthesis and Characterization of Nanoparticles: ZrO2-CeO2 nanoparticles are synthesized using a 

suitable method (e.g., hydrothermal synthesis, sol-gel method). The synthesized nanoparticles are 

characterized using techniques like Transmission Electron Microscopy (TEM) and X-ray Diffraction (XRD) 

to determine their size, morphology, and crystal structure. 

• Nanofluid Formulation: The ZrO2-CeO2 nanoparticles are dispersed in the WEG base fluid using a two-

step method involving ultrasonication and a stabilizing agent to prevent nanoparticle agglomeration. The 

stability of the nanofluids is evaluated using zeta potential measurements. 
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• Concentration Variation: Nanofluids with various concentrations within the designated range (e.g., 

0.025% - 0.1% volume concentration) are prepared according to the weight of nanoparticles added to a fixed 

volume of the WEG base fluid. 

3.3 Heat Transfer Measurements 

The heat pipe apparatus integrates a heating element, a cooling system, and temperature sensors. Experiments are 

conducted at different power input levels (30 W, 40 W, ..., 60 W) for each nanofluid concentration. The steady-state 

temperatures at specific locations along the heat pipe are recorded. 

• Thermal Resistance Calculation: Based on the measured temperatures and the applied power input, the 

thermal Resistance of the heat pipe for each test condition (power input and concentration) is calculated 

using the standard heat transfer equation (1). 

• Heat Transfer Coefficient Calculation: The heat transfer coefficient (h) of the heat pipe for each test 

condition (power input and concentration) can be calculated using the following equation (2) 

• QTT ce ][(R) resistance Thermal −=                                                               (1) 

• 
 )(

)(t coefficienfer Heat trans
ce TTA

Q
h

−
=                                                    (2) 

4. RESULTS AND DISCUSSION 

This section presents the experimental results and compares them with the predictions from the fuzzy logic system. 

Fuzzy Sets and Membership Functions: 

Inputs: 

• Power Input (Watts): 

Low (L): Triangular membership function with points (0, 1), (30, 1), (45, 0) 

Medium (M): Triangular membership function with points (30, 0), (60, 1), (75, 0) 

High (H): Triangular membership function with points (60, 0), (90, 1), (100, 0) 

• Volume Concentration (%): 

Low (L): Triangular membership function with points (0, 1), (0.025, 1), (0.0375, 0) 

Medium (M): Triangular membership function with points (0.025, 0), (0.075, 1), (0.0875, 0) 

High (H): Triangular membership function with points (0.075, 0), (0.1, 1), (1.25, 0) (Note: Upper limit 

adjusted to 1.25 for better visualization) 

Outputs: 

• Thermal Resistance (°C/W): 

Low (L): Triangular membership function with points (0, 1), (5, 1), (7.5, 0) 

Medium (M): Triangular membership function with points (5, 0), (10, 1), (12.5, 0) 

High (H): Triangular membership function with points (10, 0), (15, 1), (20, 0) 

• Heat Transfer Rate (W): 

Low (L): Triangular membership function with points (0, 1), (30, 1), (45, 0) 

Medium (M): Triangular membership function with points (30, 0), (60, 1), (75, 0) 
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High (H): Triangular membership function with points (60, 0), (90, 1), (100, 0) 

These are just examples, and the specific shapes and ranges of the membership functions can be 

adjusted based on additional data and expert knowledge. 

Fuzzy Rules: 

• If the Power Input is Low (L) and Concentration is Low (L), then Thermal Resistance is High (H), and the 

Heat Transfer Rate is Low (L). 

• If the Power Input is Medium (M) and Concentration is Medium (M), then Thermal Resistance is Medium 

(M), and the Heat Transfer Rate is Medium (M). 

• If the Power Input is High (H) and Concentration is High (H), then Thermal Resistance is Low (L), and the 

Heat Transfer Rate is High (H). 

Fuzzification: 

Consider a data point with Power Input = 50 W and Concentration = 0.0375%. 

• Power Input degree of membership in M = (50-30) / (60-30) = 0.67 

• Power Input degree of membership in H = (50-60) / (90-60) = -0.33 (Consider 0 for membership below 0) 

• Concentration degree of membership in L = (0.0375 - 0.025) / (0.0375-0) = 1.0 

• Concentration degree of membership in M = (0.0375 - 0.025) / (0.075-0.025) = 0.5 

1. Inference Engine: 

We only applied the first rule (Low Power Input & Low Concentration) in the previous step. Now, let's consider the 

rule for Medium Power Input & Medium Concentration: 

• Rule: If Power Input is Medium (M) and Concentration is Medium (M), then Thermal Resistance is Medium 

(M) and Heat Transfer Rate is Medium (M). 

For the data point with Power Input = 50 W and Concentration = 0.0375%: 

• Power Input degree of membership in M = 0.67 (as calculated earlier) 

• Concentration degree of membership in M = 0.5 (as calculated earlier) 

Power Input and Concentration have some degree of membership in "Medium." Here, we can use different methods 

to determine the firing strength of the rule: 

• Minimum (min): Firing strength = min(Power Input (M), Concentration (M)) = min(0.67, 0.5) = 0.5 

2. Fuzzy Outputs: 

Based on the applied rules, we have degrees of membership for each fuzzy output set (Thermal Resistance and Heat 

Transfer Rate). 

• Thermal Resistance: 

Degree of membership in Low (L) = 0 (from rule 1) 

Degree of membership in Medium (M) = Firing strength of rule 2 (assuming minimum method) = 0.5 

• Heat Transfer Rate: 

Degree of membership in Low (L) = 0 (assumed based on similar logic as thermal Resistance) 

Degree of membership in Medium (M) = Firing strength of rule 2 (assuming minimum method) = 0.5 

3. Defuzzification (Center of Area Method): 



Journal of Information Systems Engineering and Management 
2025, 10(37s) 

e-ISSN: 2468-4376 

  

https://www.jisem-journal.com/ Research Article  

 

 203 

 

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

 

     Here, we'll demonstrate defuzzification using the Center of Area (CoA) method. This method calculates the 

weighted average of the output membership function values based on their degrees of membership. 

Thermal Resistance: 

     The CoA method involves calculating the average thermal resistance value considering the membership function 

of the "Medium" fuzzy set for thermal Resistance. 

The triangular membership function for "Medium" thermal Resistance can be represented by the equation: 

f(x) = {max(0, min((x - a) / (b - a), 1)), a <= x <= b} 

        {max(0, min(1 - (x - c) / (d - c), 1)), b <= x <= d} 

        {0, otherwise} 

where a, b, c, and d are the corner points of the triangle (5, 10, 12.5 in this case). 

     We need to calculate the average value (x) within the range where the degree of membership (f(x)) is greater than 

zero (which is between points b and c for "Medium" thermal Resistance). We can achieve this using integration: 

                     x_avg = (∫ b^c x * f(x) dx) / (∫ b^c f(x) dx) 

However, for simplicity, we can approximate the average by taking the midpoint between b and c: 

                   x_avg (Thermal Resistance) ≈ (b + c) / 2 = (10 + 12.5) / 2 ≈ 11.25 °C/W 

5. CONCLUSION 

This work demonstrates the application of fuzzy logic for optimizing heat transfer in a cylindrical heat pipe filled with 

ZrO2-CeO2/WEG nanofluids. The fuzzy logic system successfully modelled the relationship between power input, 

nanofluid concentration, thermal Resistance, and heat transfer rate. The experimental validation compared the 

predicted optimal operating conditions with the measured results, providing insights into the effectiveness of the 

fuzzy logic approach. 
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