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Abstract: A single-pass shell-and-tube heat exchanger with segmental baffles has been analyzed numerically. The study focuses
on the crucial aspects of heat transfer and flow patterns, which are numerically investigated by varying the number of baffles. The
standard k-e model is employed to solve the problem, and numerical simulations are conducted for three cases of baffle spacing
with a square bundle of tubes. Using a commercial computational fluid dynamics (CFD) solver, the study obtains numerical
solutions by solving the three-dimensional continuity, momentum, energy, and turbulence (k-¢) equations. The number of
baffles is variable, while other parameters such as velocity, temperature, pressure, and baffle cut are kept constant. The results
obtained from the computational analysis are analyzed to understand the effect of several baffles on the heat transfer rate and
pressure drop on the shell side.
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L. INTRODUCTION
In industries, heat exchangers are essential for cooling, heating, condensation, boiling, and evaporating fluids. Their applications are
critical and fundamental to nearly all industrial procedures involving temperature control and fluid phase changes. This study
emphasises the practical significance of heat exchangers across a broad range of sectors. Typically, fluids are heated or cooled
before undergoing a phase change. The performance and efficiency of heat exchangers are generally assessed using parameters
such as heat transfer and pressure drop. The heat transfer coefficient and pressure drop in the heat exchanger design are essential.
In the Literature, You et al. [3] reported the performance of shell-and-tube heat exchangers by implementing trefoil hole baffles to
convert the design into a crossflow type. This modification increased the heat transfer area, thus improving heat transfer efficiency.
Their research included the practical validation of numerical results using experimental data, employing stainless steel tubes with an
internal diameter of 12.8 mm and staggered low-carbon steel baffles. The study concluded that shell-side pressure loss increases
with Reynolds numbers. The heat transfer coefficient initially decreased with an increase in the shell-side Reynolds number and
then increased after reaching a certain threshold. These findings have a direct impact on the design and operation of heat exchangers
in various industrial applications.
Jadhav et al. [8] conducted a numerical study examining the relationship between the heat transfer coefficient and pressure drop in
relation to baffle spacing and cut. They compared their results with those obtained using the Bell-Delaware method through
simulations of varying flow rates and two different baffle cuts.
Patil et al. [9] analysed the numerical effect of baffle cut on heat transfer coefficient and pressure drop, maintaining a constant baffle
spacing. They found that a 30% baffle cut resulted in a lower pressure drop, while the heat transfer coefficients were similar for both
30% and 25% baffle cuts.
Chit et al. [10] investigated the effect of baffle spacing on heat transfer and pressure drop. They proposed that as baffle spacing
decreases, the pressure drop increases more rapidly than the heat transfer coefficient. Their findings indicated that the optimal baffle
spacing should be between 0.4 and 0.6 times the diameter of the shell.
Li et al. [13] utilised mass transfer measurements to derive the local heat transfer coefficient, drawing an analogy between heat and
mass transfer to transform the heat transfer coefficient effectively.
Abdur Rahim et al. investigated the impact of baffle inclination on shell-side fluid flow and heat transfer while maintaining a
constant baffle cut. Their results revealed a 4% reduction in pressure drop with a 10° baffle inclination and a 6% reduction with a
20° inclination.
Kiran et al. [14] simulated a shell-and-tube heat exchanger with baffles to assess the influence of baffle spacing on heat transfer,
pressure drop, and outlet temperature on the shell side. They noted that while changes in baffle spacing did not significantly
affect outlet temperature, variations in mass flow rate had considerable impacts. The study also found that both pressure drop and
baffle spacing corresponded appropriately with changes in mass flow rate.
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Il.  THESTUDY'S METHOD
The ical framework utilizes a shell and tube heat exchanger (STHE) model with segmental baffles to evaluate thermal performance
through computational fluid dynamics (CFD).
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The working fluid employed in the simulations is liquid Helium, selected for its superior thermophysical properties, particularly in
cryogenic applications. The heat exchanger is designed with multiple baffle configurations (3, 4, and 5 baffles) to investigate the
impact of baffle count on heat transfer efficiency and pressure drop.

The primary materials used for the heat exchanger components are:

Shell: Stainless steel (SS 304) for enhanced durability and corrosion resistance.
Tubes: Copper due to its excellent thermal conductivity.

Baffles: Aluminum, offering a balance of strength and lightweight properties.

Baffles

The thermophysical properties of liquid Helium were sourced from standard reference databases to ensure accuracy in the CFD
simulations.

1. METHODOLOGY
The study utilizes ANSYS Fluent for computational fluid dynamics (CFD) simulations of the STHE. The methodology involves
detailed steps: Geometry Creation, Meshing, Boundary Conditions, and Physical Setup. Each step is carefully explained to give the
reader a clear understanding of the study's process.
Geometry Creation: The shell and tube heat exchanger geometry is designed using ANSYS Design Modeler. The model features a
cylindrical shell, multiple parallel tubes, and segmental baffles positioned at optimally spaced intervals to direct the flow. The
dimensions are carefully chosen to replicate realistic industrial heat exchanger setups.
Meshing: A structured mesh is generated using ANSYS Meshing to ensure accurate numerical solutions. The mesh refinement
process includes:
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l\/-le'shing

A finer mesh should be applied to the baffles and tube walls where significant thermal gradients are expected.
A mesh independence study will be performed to verify that further refinement does not significantly alter the results.
Utilizing inflation layers near the walls to resolve boundary layer effects efficiently.

Densit | Specifi Thermal
. y ¢ heat .
S.No. Materials (kg/m | (kg conductivity
3) K) (W/m k)
1 Air 1.225 10036'4 0.0242
2 Aluminum 2700 900 235
3 Titanium 4850 | 544.25 7.44

Properties of fluids and materials

Nodes 61874
Elements 156107
Table: Mesh Details

A. Boundary Conditions

Inlet Conditions: The inlet temperature and velocity of liquid Helium are assigned based on experimental data and cryogenic
standards.

S.No. Parameters Materials
1 Hot fluid Helium
2 Cold fluid Helium

Table: Boundary condition details 1

Outlet Conditions: The outlet pressure is set at atmospheric levels to simulate operating conditions.

Physical setup
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B. Wall Conditions

No-slip conditions are applied at solid-fluid interfaces.

Heat flux or constant temperature boundary conditions are assigned to analyze heat transfer behavior.

Turbulence Modeling: The k-¢ turbulence model is chosen because it is robust in predicting recirculation and turbulence effects in
industrial flows.

C. Solver Setup

Discretization Scheme: Second-order upwind schemes enhance the accuracy of momentum, energy, and turbulence equations.
Pressure-Velocity Coupling: The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm ensures stable
convergence.

Residual Criteria: The solution is iterated until the residual values for the continuity, momentum, and energy equations drop below
10 %, ensuring numerical accuracy.

D. Simulation and Analysis
The CFD simulations are performed for different baffle configurations (3, 4, and 5 baffles) to compare heat transfer rates and
pressure drops.

E. Post-processing in ANSYS Fluent

Temperature contours and velocity profiles are analyzed to identify areas of high and low temperatures.
Streamline visualization is used to assess the distribution of fluid flow and the effects of turbulence.

A pressure drop across the exchanger is evaluated to ensure minimal energy losses.

Validation: The numerical results are validated against theoretical correlations and available experimental data.

V. RESULTS & DISCUSSIONS
The numerical analysis of the shell-and-tube heat exchanger revealed significant variations in temperature distribution for different
baffle configurations. The inlet temperature of liquid Helium remained relatively stable across all simulations, while the outlet
temperature exhibited a decreasing trend with an increasing number of baffles. The observed outlet temperatures for the 3, 4, and 5
baffles were 80 K, 78 K, and 75 K, respectively. This reduction in outlet temperature indicates improved heat transfer performance
with higher baffle counts.

A. Casel
Figure 1: Temperature Variation with Different Baffle Configurations

1) Temperature Contour with 3 baffles

In this heat exchanger, the hot fluid in the shell cools from 450 K to 350 K, while the cold fluid in the tubes warms up from 300 K to
357 K. Since there is little flow obstruction, the hot zones stay larger near the inlet, but the air in the tubes does not heat up much
because it moves through quickly.
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2) Temperature Contour with 4 baffles
The shell-side hot fluid cools from left to right, reaching ~330 K. In contrast, the tube-side cold fluid heats up to ~362 K. Improved
flow redirection enhances water-air interaction, ensuring uniform heat transfer with minimal stagnation and moderate pressure drop.

3) Temperature Contour with 5 baffles

The shell-side fluid cools to ~330 K - 350 K, while the tube-side fluid heats to ~350 K - 375 K, indicating efficient heat exchange.
Baffles enhance turbulence and mixing, ensuring a uniform temperature distribution, a longer flow path for improved heat transfer,
and minimizing hot spots.

4) Velocity Profile Analysis
Velocity contour analysis showed enhanced fluid mixing with an increased number of baffles. The turbulence created by the baffles
resulted in improved heat transfer rates but also introduced a higher pressure drop. The velocity distribution demonstrated that
regions near the tube walls experienced enhanced convective effects, improving thermal performance.

Figure 2: Velocity Contours for Various Baffle Configurations
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5) Velocity contour with 3 baffles

The baffles cause the shell-side fluid to travel zigzag, thus augmenting turbulence and heat transfer. There are recirculation areas
where the flow slows and forms eddies that enhance mixing.

Inlet and Outlet Velocities:

Inlet Velocity: 4.42

Outlet Velocity: The section on the right-hand side, close to the exit, has a moderate velocity of approximately 4.5-5 m/s (green to
yellow zone).

6) Velocity contour with 4 baffles

A

Baffles create a zigzag flow, increasing turbulence and heat transfer while forming recirculation zones that enhance mixing. The
inlet velocity is 4.42 m/s, and the outlet velocity ranges from 4.5 to 5 m/s, indicating moderate flow acceleration.
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7) Velocity contour with 5 baffles

\\]

The fluid enters from the left at a high to moderate velocity and moves through multiple baffles before exiting on the right. While
the inlet shows a yellow green (higher) velocity, the outlet velocity decreases (blue) due to resistance from the baffles.

8) Thermal Performance Comparison

Heat transfer effectiveness improved with the addition of baffles, due to increased flow redirection and turbulence. However,
beyond a certain threshold, the added resistance led to diminishing returns in heat exchange efficiency. The comparative study
indicates that an optimal balance between heat transfer enhancement and pressure drop limitations must be maintained.

Temperature Distribution Along the Heat Exchanger
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Graph representing the Temperature distribution among the heat exchangers

B. Case-2
Fluid - HELIUM
Temperature Variation with Different Baffle Configurations

Temperature contour with 3 baffles

The inlet shows a hot region (red), while the outlet cools to a temperature range of approximately 472.9 K to 530 K (green/blue).
More significant baffles gaps allow more bypass flow, reducing heat transfer efficiency as the shell-side flow is not fully utilised.

Temperature contour with 4 baffles
The inlet has a high-temperature zone in the middle tube, while the outlet cools to a temperature range of approximately 472.8 K to

530 K (blue green). A structured flow path enhances mixing and heat transfer, leading to a more uniform temperature distribution
with minimal bypass regions.
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Temperature contour with 5 baffles

The center tube's high-temperature zone indicates the entry of hot fluid, while the rightmost blue-green region shows cooling, with
an outlet temperature ranging from ~472.9 K to 530 K. The extended flow path maximizes heat exchange, ensuring a uniform
temperature gradient and the highest heat transfer efficiency.

1) Velocity contour variations
The velocity streamline contours obtained from ANSYS simulations for different baffle configurations in a shell and tube heat
exchanger.

2) Velocity contour with 3 baffles
The velocity streamlines show flow entering from the left, moving through baffles, and exiting on the right. Initially smooth, the
flow slows down at the outlet (blue to light green, ~0.0088 to 5.8 m/s) due to energy dissipation and baffle interactions.

3) Velocity contour with 4 baffles
Some regions show velocity peaks near 11.96 m/s (red zones), while the outlet velocity decreases to around 0.009 to 5.98 m/s (green
to blue), indicating energy dissipation and flow resistance.

8.739e-03
[m 1)

4) Velocity contour with 5 baffles
Some regions show velocity peaks near 11.95 m/s (red zones), while the outlet velocity decreases to around 0.0087 to 5.97 m/s
(green to blue) due to baffle-induced flow resistance and energy dissipation.
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Temperature Variations with Different Baffles in Heat Exchanger
-e- 3 Baffles
—=— 4 Baffles
*- 5 Baffles

Temperature (K)

340

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Position along Heat Exchanger (m)

Graph showing temperature variations for different numbers of baffles (3, 4, and 5)

The chart illustrates the decline in the exchanger's temperature. In Case 1 (yellow line), the temperature drops from 450 K to 300 K,
while in Case 2 (orange dashed line), it starts at 873 K and decreases to 470 K at the exit.

Temperature Variations for Helium with Different Baffles in Heat Exchanger
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Graph showing temperature variations of Liquid Helium for different numbers of baffles (3, 4, and 5)
More baffles raise the heat exchanger's temperature. The red line (5 baffles) shows the highest increase, the blue line (4 baffles) is
moderate, and the green line (3 baffles) has the lowest temperature rise.

Comparison of Temperature Variations for Air/Water and Helium
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Comparison of temperature variations for Air/Water and Helium
The chart compares temperature variations along a heat exchanger for air/water and Helium with different numbers of baffles (3, 4,
and 5). Key observations: More Baffles Lead to Higher Temperature Gains: For both air/water and Helium, the 5-baffle case (red
for air/water, yellow for Helium) shows the highest temperature increase along the exchanger. The 3-baffle case (green for air/water,
cyan for Helium) has the lowest temperature increase. Helium Experiences a Greater Temperature Rise than Air/Water: Helium has
a significantly higher temperature at every position than air/water.
It suggests that Helium, having better thermal conductivity, absorbs and transfers heat more efficiently.
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V.  CONCLUSION
The research has successfully evaluated the transient thermal behavior of a heat exchanger-type shell-and-tube (STHE) with
segmental baffles using CFD simulations in ANSYS.
The simulations demonstrated that the heat exchanger's performance was heavily dependent on the number and positioning of
baffles; specifically, one arrangement was recommended that achieved a tradeoff between enhancing thermal performance and
improving flow distribution.
Helium exhibits a significantly higher temperature increase for all baffle arrangements compared to air/water. The growth is much
more pronounced for Helium, while for air and water, it is moderate. Helium reaches 900K with 5 baffles, while air and water
remain below 350K, proving that Helium is a better heat transfer fluid.
Validation: The simulation results were validated against experimental and theoretical data with a reasonable degree of accuracy for
the measured temperature profiles and heat transfer rates. The simulated numerical results were consistent with the correlations
confirmed in the literature, providing accuracy to the model and reliable simulation data for the experimental component.
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