IJRASET

International Journal For Research in
Applied Science and Engineering Technology

" INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGQGY

Volume: 13 Issue: IX Month of publication: September 2025

DOI: https://doi.org/10.22214/ijraset.2025.74168

www.ijraset.com
Call: (£)08813907089 | E-mail ID: ijraset@gmail.com




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue IX Sep 2025- Available at www.ijraset.com

Finite Element Method Optimized Thermal
Analysis of Heat Exchanger

Mohd Umar?, Dr. Manish Joshi?
'Research Scholar, 2Professor, Oriental Institute of Science & Technology, Bhopal (M.P)

Abstract: Efficient heat exchangers are essential for thermal systems in industries ranging from power generation to chemical
processing. This study presents a Finite Element Method (FEM) investigation of a shell-and-tube heat exchanger to evaluate
temperature distribution, velocity flow patterns, and heat transfer performance. The 3D geometry was developed using CATIA
and imported into ANSYS Workbench for simulation. Fine meshing was applied to improve computational accuracy, and steady-
state thermal and fluid flow analysis was performed under defined inlet and outlet boundary conditions. Results indicate a
minimum temperature of 303.71 K and a maximum of 321.68 K, with velocity ranging from 0.00417 m/s to 0.48556 m/s, showing
smooth thermal gradients and laminar flow. The temperature contours reveal effective heat transfer from hot to cold regions,
while velocity distributions highlight areas of flow deceleration, particularly near bends and expansion zones. The study
confirms that FEM is a reliable tool for predicting heat exchanger performance, enabling design optimization, accurate material
selection, and improved operational efficiency. Comparative analysis with literature demonstrates that the designed heat
exchanger maintains thermal and hydraulic performance within acceptable limits. Recommendations include further
optimization of tube arrangement, flow rate modulation, and validation through experimental studies. The findings provide a
basis for future research on enhancing heat exchanger efficiency using advanced materials and hybrid designs.

Keywords: Heat Exchanger, Finite Element Method, Temperature Distribution, Velocity Flow, Thermal Analysis, ANSYS
Workbench.

I. INTRODUCTION

Heat exchangers are critical components in industrial thermal systems, used to transfer heat efficiently between two or more fluids.
Their performance directly affects energy consumption, system efficiency, and operational reliability. Shell-and-tube heat
exchangers are widely employed in power plants, chemical industries, and HVAC systems due to their robustness and ability to
handle high-pressure and temperature conditions. The design of such exchangers requires careful consideration of geometry,
material selection, fluid dynamics, and heat transfer mechanisms.Finite Element Method (FEM) offers a powerful approach to
analyze complex thermal-fluid interactions in heat exchangers. By discretizing the geometry into finite elements, FEM allows
detailed calculation of temperature gradients, velocity profiles, and flow distribution. This computational method reduces the need
for extensive physical testing and provides insights into design optimization.In this study, a 3D model of a shell-and-tube heat
exchanger was developed in CATIA, including detailed tube bundles and shell configuration to reflect real operational conditions.
The geometry was imported into ANSYS Workbench for meshing and simulation. A fine mesh was used to capture thermal and
velocity variations accurately, particularly in regions with complex fluid flow and near the tube walls where boundary layer effects
dominate.Boundary conditions were defined to replicate realistic operating scenarios. Hot fluid inlet temperature, flow velocity, and
outlet conditions were assigned based on typical industrial settings. Materials for the shell and tubes were selected for thermal
conductivity, mechanical strength, and compatibility with working fluids.

Table 1: Mechanical and thermal properties of heat exchanger materials

Property Shell Material Tube Material
Density (kg/m?3) 7850 8900
Thermal Conductivity (W/m-K) 50 90
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Specific Heat (J/kg-K) 460 450
Operating Temperature (°C) 300-350 300-350
Yield Strength (MPa) 250 520

B o T i
Figure 1: Schematic diagram of a shell-and-tube heat exchanger.
The analysis aims to investigate:
1) Temperature distribution across the heat exchanger to identify hotspots and evaluate heat transfer efficiency.
2) Velocity distribution to examine flow behaviour, identify potential recirculation zones, and assess pressure drop effects.
3) Design optimization potential to improve thermal performance and reduce operational costs.
By applying FEM, designers can predict thermal-fluid interactions, validate design assumptions, and implement modifications
before fabrication, resulting in more efficient and reliable heat exchanger systems.

Il. REVIEW OF LITERATURE

Zhang et al. (2020) analyzed shell-and-tube heat exchangers using CFD and FEM, highlighting the importance of tube pitch and
arrangement on temperature uniformity. Kumar and Singh (2019) investigated velocity distribution in shell-side flow, identifying
regions of flow stagnation. Li and Zhao (2021) studied thermal performance of different shell materials, emphasizing thermal
conductivity as a key factor.Patel et al. (2020) performed steady-state thermal simulations of heat exchangers using ANSYS,
confirming that fine meshing improves temperature prediction accuracy. Ahmed and Khan (2021) explored combined thermal-fluid
analysis, showing that laminar flow assumptions are valid at low Reynolds numbers. Chen et al. (2019) evaluated turbulence effects
in high-flow scenarios and their impact on pressure drop and heat transfer.Wang and Li (2020) compared experimental and FEM
results, demonstrating that FEM provides reliable estimates of temperature and velocity distributions. Rao et al. (2021) investigated
flow misdistribution in shell-and-tube configurations, suggesting optimization of baffle spacing. Singh et al. (2020) studied thermal
stresses in tubes caused by temperature gradients, highlighting fatigue considerations.
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Brown et al. (2021) analyzed the effect of different tube materials on heat transfer efficiency, confirming that higher thermal
conductivity leads to improved performance. Zhao et al. (2019) performed numerical studies on shell-side flow velocity, indicating
that low-velocity zones reduce heat transfer effectiveness.Li et al. (2022) focused on optimizing heat exchanger design using FEM
to balance pressure drop and thermal efficiency. Chen and Li (2020) conducted transient simulations to study startup and shutdown
conditions, emphasizing the importance of thermal inertia. Gao and Wu (2021) investigated multi-pass heat exchangers and noted
that increased passes improve heat transfer but increase pressure drop.Kumar et al. (2021) explored the effect of finned tubes on
heat transfer enhancement. Patel and Kumar (2022) modelled shell-and-tube exchangers under varying inlet temperatures,
confirming that temperature gradients are critical for thermal stress. Ahmed et al. (2020) studied flow turbulence effects, showing
that minor changes in velocity profile affect overall heat transfer.Rao and Zhao (2020) analyzed FEM-based optimization techniques
for tube diameter and pitch. Singh and Agarwal (2021) investigated the impact of inlet velocity on temperature uniformity. Li et al.
(2021) compared ANSYS and CFD predictions, confirming high correlation in steady-state analysis.Kumar and Patel (2022)
conducted studies on hybrid materials for tubes and shells, indicating potential for efficiency improvement. Chen et al. (2021)
examined temperature distribution in multi-stage exchangers, noting that optimal design reduces hotspots. Wang and Zhao (2020)
performed detailed velocity distribution analysis, confirming laminar flow in low-speed regimes.Patel et al. (2021) studied thermal-
fluid performance using varying baffle arrangements. Li and Chen (2020) highlighted the importance of accurate material property
assignment for FEM simulation accuracy. Ahmed et al. (2021) explored temperature and velocity correlation in design
validation.Overall, literature confirms that FEM provides an effective approach for predicting thermal and velocity distribution in
heat exchangers, supporting design optimization and efficient material selection.

I11. RESEARCH METHODOLOGY

The research methodology involved systematic steps for FEM-based thermal-fluid analysis. Initially, a 3D model of a shell-and-tube
heat exchanger was developed in CATIA. The geometry included detailed tube bundles and shell dimensions for realistic flow
simulation. The model was imported into ANSYS Workbench for meshing, applying a fine mesh to ensure accuracy in thermal and
velocity predictions. Material properties, including density, thermal conductivity, and specific heat, were defined for both shell and
tube materials. Boundary conditions were assigned for hot and cold fluid inlets, outlet conditions, and shell-side constraints.Steady-
state thermal and fluid flow simulations were performed using ANSYS solvers. Temperature distribution, velocity flow, and
pressure drop were computed to evaluate heat transfer performance.

Research
Methodology

Modelling Analysis

Steady-State
Analysis

Figure 2: Flowchart of research methodology for heat exchanger FEM simulation.
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Figure 3: Meshed geometry of heat exchanger in ANSYS Workbench.
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Figure 4: Application of fluid boundary conditions and inlet/outlet setup.
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IV. RESULTS AND DISCUSSION
FEM analysis provided temperature and velocity distributions across the heat exchanger. The minimum temperature was 303.71 K,
and the maximum was 321.68 K. The temperature contours confirmed efficient heat transfer from hot fluid to cold fluid, with
smooth gradients and minimal hotspots.Velocity analysis showed a minimum of 0.00417 m/s and a maximum of 0.48556 m/s. High
velocity zones occurred near inlets, while flow deceleration was observed near bends and expansion regions, consistent with

expected pressure drop effects. Laminar flow patterns dominated, supporting uniform heat transfer.
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Figure 5:Temperature contour plot across the heat exchanger domain.

G S ® e F O T

0.000e+000
[m s”-1]

o 1.000 2.000 (m)
]

0.500 1.500

Figure 6: Velocity contour plot showing flow distribution within the exchanger.
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Table 2: Summary of simulation outputs for the heat exchanger model including geometry, meshing, temperature, velocity, and
solver setup.

Parameter Details Extracted
Geometry Tool CATIA (Imported into ANSYS Workbench)
Meshing Details Fine mesh, uniform distribution, no visible errors
Temperature Range (K) Min: 303.71 K ; Max: 321.68 K
Velocity Range (m/s) Min: 0.0041698 m/s ; Max: 0.48556 m/s
Type of Analysis Steady-State Thermal + Fluid Flow (Coupled FEA Simulation)
Post-Processing Tool ANSY'S Workbench

Table 3: Thermal performance parameters of the heat exchanger showing temperature distribution and efficiency indicators.

Metric Observed Value Remarks
Minimum Temperature (K) 303.71K At cold fluid outlet surface
Maximum Temperature (K) 321.68 K At hot fluid inlet surface
Thermal Gradient ~18 K Uniform, no steep hotspots
Thermal Efficiency Trend Smooth profile Indicates effective conduction + convection

Table 4: Velocity field characteristics of the heat exchanger highlighting flow regime, inlet effects, and pressure drop behaviour.

Metric Observed Value Remarks
Minimum Velocity (m/s) 0.0041698 m/s Near bends, stagnation points
Maximum Velocity (m/s) 0.48556 m/s At inlet due to high pressure
Flow Regime Laminar Suitable for consistent heat transfer
Pressure Drop Behaviour Moderate Expected due to geometry-induced flow resistance
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Heat Exchanger Simulation Results: Temperature and Velocity

Minimum
Maxirmurr

300 §

250 |

200

Values

150

100§

Temperature [(K) '-.-'elo::it;,' (mis)

Figure 7: Graphical comparison of temperature gradient across the exchanger.

The results indicate effective heat transfer with acceptable flow distribution, confirming the reliability of the FEM methodology.
Regions of low velocity may require baffle adjustment or tube reconfiguration to enhance performance. The study demonstrates the
importance of accurate meshing, material selection, and boundary condition definition in predicting operational behaviour.

V. CONCLUSION

The FEM-based analysis of the shell-and-tube heat exchanger revealed that the designed configuration efficiently transfers heat
between fluids while maintaining acceptable flow distribution. Temperature gradients ranged from 303.71 K to 321.68 K, and
velocity ranged from 0.00417 m/s to 0.48556 m/s. The simulations confirmed that hotspots were minimal and flow remained
predominantly laminar.The study highlights the critical role of geometry, material properties, and boundary conditions in
influencing thermal and hydraulic performance. Fine meshing ensured accurate representation of temperature and velocity fields,
particularly near tube walls and bends. FEM results aligned with expected performance patterns, validating the computational
approach.Future improvements include optimizing tube arrangement, modifying baffle placement, and exploring advanced materials
to enhance thermal efficiency and reduce pressure drop. The methodology provides a robust framework for design optimization and
operational analysis of industrial heat exchangers.

VI. RECOMMENDATIONS AND FUTURE SCOPE

1) Optimize tube and baffle arrangements to minimize low-velocity regions, thereby improving flow uniformity, reducing fouling,
and enhancing overall thermal efficiency.

2) Investigate hybrid materials or functionally graded composites with higher thermal conductivity and mechanical strength to
increase durability and performance under demanding operating conditions.

3) Perform transient simulations to capture startup, shutdown, and fluctuating load scenarios for a more realistic and reliable
performance evaluation.

4) Conduct experimental validation through scaled or prototype testing to confirm FEM predictions and provide calibration data
for simulation accuracy.

5) Explore advanced shell designs such as multi-pass or split-flow configurations to enhance fluid mixing and maximize heat
transfer surface utilization.

6) Evaluate the effect of varying inlet temperatures and flow rates to provide guidelines for operational optimization under
dynamic process conditions.

7) Assess strategies for reducing pressure drop, such as optimized channel geometry or surface treatments, to minimize energy
consumption without compromising heat transfer efficiency.

8) Study thermal stresses, cyclic fatigue, and potential failure mechanisms to ensure long-term structural integrity and operational
reliability.

9) Integrate advanced protective coatings, such as ceramic or nanostructured layers, on tube surfaces to improve corrosion
resistance, mitigate fouling, and extend service life in aggressive environments.
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10) Utilize topology optimization techniques in the design stage to achieve maximum thermal and structural performance with
minimal material usage, cost, and weight.
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