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temperature distribution, and total heat transfer rate. Three configurations of 3-pass,
5-pass, and 7-pass simplified heat exchangers were designed using copper as the solid
wall material and water as the tube-side working fluid. Simulations were conducted
under three thermal sets with inlet and shell temperatures of 25 °C/70 °C, 15 °C/90 °C,
and 10 °C/120 °C, respectively. The inlet velocity was fixed at 1 m/s, corresponding to
a constant mass flow rate of 10.113 kg/s, to ensure consistent flow conditions across
all cases. The results revealed that increasing the number of passes substantially
enhanced heat transfer performance due to extended flow residence time and
increased surface area for heat exchange. In the high-temperature difference case (10
°C/120 °C), the outlet temperature increases from 17.66 °C for the 3-pass design to
20.20 °C for the 7-pass design. Consequently, the total heat transfer rate increased
from 323.96 kW to 431.38 kW, indicating a 33 % enhancement in energy absorption.
Similarly, under moderate and low temperature differences, the heat transfer rates
increased by 32 % and 54 %, respectively, when the pass number increased from 3 to

Keywords: 7. These findings confirm that the 7-pass configuration provides the most effective
Conjugate heat transfer (CHT); heat heat absorption across all thermal conditions. Overall, the study demonstrates that
exchanger; CFD; heat transfer rate; optimizing pass arrangement and flow path length significantly improves conjugate
thermal performance heat transfer efficiency in the simplified heat exchangers.

1. Introduction

Conjugate heat transfer (CHT) is a fundamental area of thermal—fluid science that deals with the
simultaneous interaction between convective heat transfer in fluid domains and conductive heat
transfer within solid structures. It plays a crucial role in analyzing and designing engineering systems
such as heat exchangers, cooling channels, electronic thermal management devices, and energy
conversion equipment, where the thermal response of the solid is strongly coupled with the

* Corresponding author.
E-mail address: iszat@uthm.edu.my

https://doi.org/10.37934/sjotfe.8.1.3849a

38


https://semarakilmu.my/index.php/sjotfe/index

Semarak Journal of Thermal-Fluid Engineering
Volume 8, Issue 1 (2026) 38-49

surrounding fluid flow [1]-[5]. Accurate prediction of temperature distribution, heat flux, and thermal
gradients at fluid—solid interfaces is essential for evaluating system performance, thermal efficiency,
and structural reliability under operating conditions.

The thermal behaviour in CHT problems is governed by the coupled solution of momentum and
energy transport in fluids and heat conduction in solids. Key influencing parameters include flow
regime, fluid properties, thermal conductivity of the solid, boundary conditions, and geometric
configuration. In practical heat exchanger applications, flow may be laminar or turbulent, leading to
non-uniform temperature fields and localised heat transfer enhancement or degradation along the
solid walls [6]-[9]. Simplified analytical solutions and empirical correlations often assume idealised
boundary conditions such as constant wall temperature or uniform heat flux, which are insufficient
to capture the complex thermal interactions occurring in real conjugate systems, particularly in
geometries involving internal flow passages and thick solid walls.

Computational Fluid Dynamics (CFD) has emerged as a powerful and widely adopted tool for
analysing conjugate heat transfer problems, as it enables the simultaneous numerical solution of the
continuity, momentum, and energy equations across both fluid and solid domains. Using
discretisation techniques such as the finite volume method, CFD can resolve detailed velocity fields,
temperature distributions, and heat flux continuity at the fluid—solid interface, providing a more
realistic representation of thermal behaviour compared to decoupled or one-way heat transfer
approaches [10],[11]. The accuracy of CFD-based CHT simulations depends strongly on mesh quality,
numerical schemes, turbulence modelling, and appropriate treatment of interfacial coupling between
the fluid and solid regions. Previous studies have emphasised that mesh refinement near the fluid—
solid interface and in regions of high thermal gradients is critical for accurately capturing wall
temperature variation and local heat transfer rates [12]-[14].

Therefore, this study aims to investigate conjugate heat transfer behaviour in a simplified heat
exchanger using Computational Fluid Dynamics (CFD). Three different heat exchanger designs are
analysed under three distinct sets of thermal operating parameters. The inlet fluid velocity is
maintained constant to ensure comparable flow conditions across all cases. The simulations focus on
analysing temperature distribution contours and total heat transfer through the solid walls. The
results provide insight into fluid—solid thermal interactions and demonstrate the capability of CFD to
predict conjugate heat transfer performance in practical heat exchanger applications.

2. Methodology
2.1 Geometry of Computational Domain for the Simplified Heat Exchanger

The computational domain for this study was created to represent a simplified heat exchanger
with serpentine flow passages, as shown in Figure 1. Three different geometric configurations were
considered, consisting of 3-pass, 5-pass, and 7-pass pipe arrangements. These configurations were
selected to examine the effect of the number of passes on heat transfer performance while
maintaining the same basic layout. Each model consists of an internal fluid domain representing
water flow and a surrounding solid domain representing the copper walls of the heat exchanger. The
serpentine design increases the total flow length, allowing the fluid to interact repeatedly with the
heated solid surface. As the number of passes increases from 3 to 7, the overall flow path length and
contact area between the fluid and the solid wall increase correspondingly. This setup ensures a
consistent comparison between the three designs, so that differences in temperature distribution
and heat transfer are primarily influenced by the number of passes.
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(a) (b)

Fig. 1. Computational domain of the simplified heat exchanger (a) 3-Pass (b) 5-Pass (c) 7-Pass

2.2 Discretization

In this study, the heat exchanger domain was discretized to enable numerical solution of the
coupled fluid and solid energy equations. Three simplified serpentine heat exchanger configurations
were considered, namely the 3-Pass, 5-Pass, and 7-Pass designs. The internal fluid passages and
surrounding solid walls were divided into finite control volumes using an automated polyhedral
mesh, generated through the ANSYS Watertight Geometry workflow. This approach ensures robust
handling of complex geometries while maintaining clear separation between fluid and solid regions,
which is essential for reliable conjugate heat transfer analysis.

2.2.1 Mesh generation of the simplified heat exchanger

The watertight meshing process produced a hybrid mesh comprising structured elements in
geometrically simple regions and unstructured elements in areas of higher complexity, such as
serpentine bends. Mesh refinement was applied at fluid-solid interfaces to accurately capture heat
flux and temperature gradients between the liquid water (H,0) and the copper walls. Inflation layers
were included along the channel walls to resolve near-wall thermal boundary layers effectively. As
the number of passes increased from 3 to 7, mesh density was adjusted accordingly to maintain
solution accuracy and numerical stability. Mesh adequacy was verified through smooth temperature
contours and stable convergence behaviour, confirming that the applied meshing strategy provided
sufficient resolution for all configurations. Figure 2 show the meshing of heat exchanger.

(a) (b)
Fig. 2. Computational mesh of the simplified heat exchanger (a) Isometric (b)
Front view
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2.2.2 Grid independence test

The Grid Independence Test (GIT) is an important step in Computational Fluid Dynamics (CFD)
analysis to ensure that the numerical results are not influenced by the mesh size or grid resolution.
In this process, simulations are performed using different mesh densities while keeping the boundary
conditions and physical parameters constant. When further refinement of the mesh results in
negligible changes in the key parameters, the solution is considered grid independent. Conducting a
GIT helps balance accuracy and computational efficiency by selecting a mesh that provides reliable
results without unnecessary computational cost [15]-[17].

2.3 Governing Equation

In this study, a conjugate heat transfer (CHT) formulation is employed to analyse heat transfer in
a simplified heat exchanger, which involves internal fluid flow, external fluid flow, and heat
conduction through a solid wall. The governing equations consist of the conservation equations for
mass, momentum, and energy in the fluid domains, together with the heat conduction equation in
the solid domain. These equations are derived from first principles and are commonly applied to
internal and external flow problems in CFD analysis [18].

2.3.1 Continuity equation

The continuity equation represents the conservation of mass. For an incompressible fluid with
constant density, the continuity equation is expressed as:

Vu=0 (1)
where u is the velocity vector. This equation ensures that mass is conserved throughout the fluid
domain and applies to both internal flow inside the heat exchanger passage and external flow over
the solid surfaces.

2.3.2 Momentum equation (Navier-Stokes)

The conservation of momentum in the fluid domains is governed by the incompressible Navier—
Stokes equations:

p (Z—‘: + wu. Vu) = —Vp — uV?u (2)
where p is the fluid density, p is the static pressure, and p is the dynamic viscosity. This equation is
widely used to model internal and external flows in engineering applications, including flow inside
heat exchanger channels and flow around solid walls.

2.3.3 Energy equation (fluid domain)

The temperature distribution in the fluid is governed by the energy conservation equation, which
accounts for heat transfer by convection and conduction:
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pc, (2{ +u- VT) = keV2T (3)

For where ¢, is the specific heat capacity, T is the temperature, and ky is the thermal conductivity of
the fluid. This equation is solved in both internal and external flow regions to capture heat transfer
between the fluid and the heat exchanger wall.

2.3.4 Heat conduction equation (solid domain)

Heat transfer within the solid wall of the heat exchanger is modelled using the heat conduction
equation, which describes energy transport within stationary solids:

aT.
PsCps 5 = ksVPTs (4)
where ps, ¢, 5, and kg represent the density, specific heat capacity, and thermal conductivity of the
solid material, respectively, and T is the solid temperature. In the solid domain, heat transfer occurs
solely by conduction, and no fluid motion is present [19]:

2.3.5 Fluid-solid interface coupling conditions

At the interface between the fluid and solid domains, conjugate heat transfer is achieved by
enforcing continuity conditions for both temperature and heat flux, ensuring physically consistent
thermal interaction between internal flow, external flow, and the solid wall [5].

Temperature continuity:
Tr =T, (5)
Heat flux continuity:

Ay _ o s
kf on _ks on (6)

where the subscripts fand s denote the fluid and solid domains, respectively, and n is the direction
normal to the interface. These interface conditions are a defining feature of conjugate heat transfer
analysis and are commonly applied in CFD simulations of heat exchangers [20].

2.4 Boundary Condition

Consistent boundary conditions were applied to all three heat exchanger configurations to ensure
a fair comparison of thermal performance [21]. Liquid water was selected as the working fluid, while
copper was assigned as the solid material for the heat exchanger walls. A uniform inlet velocity of 1
m/s was imposed at the fluid inlet, establishing a forced convection regime throughout the
exchanger. Three sets of thermal operating parameters were considered to evaluate performance
under different temperature differences: the first set had a cold-fluid inlet temperature of 15 °C and
a hot-fluid inlet temperature of 90 °C, the second set had 25 °C and 70 °C, and the third set had 10 °C
and 120 °C. Pressure outlet boundary conditions with a gauge pressure of 0 Pa were applied at the
outlets, allowing the flow to develop naturally within the exchanger. All fluid—solid interfaces were
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treated as perfectly bonded, ensuring continuous heat flux and temperature coupling between the
copper walls and the water flow.

2.5 Analysis
2.5.1 Temperature analysis

Temperature distribution is a key parameter in understanding conjugate heat transfer behaviour
in the heat exchanger. Temperature contours reflect how thermal energy is transferred between the
fluid and solid walls and indicate regions of high and low heat transfer [22]. Extracting temperature
contours along the fluid and solid domains allows identification of thermal gradients, hotspots, and
regions of uniform heat distribution. Analysing these contours provides insight into the effectiveness
of heat transfer for different heat exchanger designs and highlights the influence of the number of
passes on the overall thermal performance [23].

2.5.2 Heat transfer rate (Q) analysis

The total heat transfer rate, Q, is an important quantitative measure of the thermal performance
of the heat exchanger [24]. By evaluating Q for each configuration, the study quantifies the amount
of energy transferred from the hot fluid to the cold fluid through the solid wall. Comparing Q values
between the 3-pass, 5-pass, and 7-pass designs allows assessment of the impact of flow path length,
surface area, and residence time on heat exchange efficiency. This analysis provides a direct metric
for design performance and can guide optimization of heat exchanger geometry.

2.5.3 Heat transfer performance analysis

The thermal performance of the heat exchanger is strongly influenced by both the geometric
configuration and the flow path of the tube-side fluid [25]. The number of passes directly affects the
residence time, defined as the average duration a fluid particle remains within the heat transfer
domain. Longer residence times, achieved with higher-pass designs, allow the fluid to stay in contact
with the hot shell-side fluid for an extended period, promoting more thorough heat transfer from the
walls to the bulk fluid. In addition, the available heat transfer surface area increases with the number
of passes, as the fluid travels a longer distance within the tubes. This larger surface area provides
more interface for energy exchange [26]-[28], enhancing the overall heat transfer efficiency. By
analysing both the residence time and surface area effects, it is possible to explain the observed
differences in outlet fluid temperatures and total energy absorbed between the 3-pass, 5-pass, and
7-pass configurations, demonstrating how geometric modifications can effectively improve heat
exchanger performance.

3. Results
3.1 Grid Independence Test Result

The grid independence test was performed to ensure that the numerical results obtained from
the conjugate heat transfer simulations are not significantly affected by mesh resolution [29]. In this
study, the pressure drop of the tube-side fluid was selected as the monitoring parameter, as it is
highly sensitive to mesh refinement in internal flows, particularly in serpentine geometries involving
multiple bends and extended wall interaction. Tables 1 to 3 shows the pressure drop obtained using
three different mesh densities under identical boundary conditions. The results show that the coarser
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mesh predicts a slightly different pressure drop due to limited resolution near the tube walls and
curved sections. With further mesh refinement, the predicted pressure drop converges, and the
results from the medium and fine meshes show very close agreement. This indicates that additional
mesh refinement does not produce significant changes in the pressure drop prediction.

Table 1

Grid independence test for the 3-pass heat exchanger

Node P;,, Pa Pyye, Pa AP, Pa Truncation error
748441 1419.0172 750.55109 668.46611

2556344 1843.041 747.91344 1095.12756 0.3896
17486585 2275.1289 725.00935 1550.11955 0.2935

Table 2

Grid independence test for the 5-pass heat exchanger

Node P;,, Pa P,,:, Pa AP, Pa Truncation error
1448864 1400.2748 754.01963 646.25517

5789386 1836.502 727.31333 1109.18867 0.4174
41279089 2192.3143 717.10244 1475.21186 0.2481

Table 3

Grid independence test for the 7-pass heat exchanger

Node Py, Pa P,,:, Pa AP, Pa Truncation error
2383099 1335.7523 722.44083 613.31147

10870772 1866.8282 730.28876 1136.53944 0.4604
79166081 2232.3143 710.113 1522.2013 0.2534

Based on the grid independence assessment, the medium mesh was selected for all subsequent
simulations to reduce computational cost while maintaining numerical accuracy. The difference in
predicted pressure drops between the medium and fine meshes was found to be very small, with a
deviation below 0.3 for all designs, which indicates that further mesh refinement produces negligible
improvement in the solution. This confirms that the medium mesh provides a suitable balance
between solution accuracy and computational efficiency for the present conjugate heat transfer
analysis.

3.2 Temperature Contour of Three Different Designs and Parameters

The temperature contours illustrate the effect of both heat exchanger design and operating
temperature on the thermal behaviour of the tube-side fluid. Figures 3 to 5 show the temperature
distribution for the 3-Pass, 5-Pass, and 7-Pass heat exchanger configurations under three different
inlet—shell temperature sets, which are 15-90 °C, 25-70 °C, and 10-120 °C. These cases are used to
examine the influence of flow path length and temperature difference on the development of the
thermal boundary layer, heat penetration into the fluid core, and overall energy absorption. By
comparing the temperature fields across all designs and operating conditions, the effectiveness of
each configuration in promoting thermal energy transfer from the shell to the tube-side fluid can be
clearly observed.

For the first temperature set (15-90°C), the 3-Pass design in Figure 5 exhibits a dominant cold
core throughout the tube, with only a thin light-blue boundary layer along the walls. This indicates
that the short flow path and limited residence time restrict heat penetration into the bulk fluid. The
5-Pass design in Figure 4 shows thicker boundary layers and partial warming of the core, although
most of the fluid remains cooler than the walls. In contrast, the 7-Pass design in Figure 3
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demonstrates significantly improved thermal development, with the wall-adjacent fluid progressing
through cyan and green regions and the core showing noticeable warming, indicating effective heat
transfer from the shell.

Temperature
Contour 1

3.898e+02
3.831e+02
3.765e+02
3.698e+02
3.631e+02
3.565e+02
3.498e+02
3.431e+02
3.365e+02
3.298e+02
3.231e+02
3.165e+02
3.098e+02
3.031e+02
2.965e+02
2.898e+02
2.831e+02 —
[K]

(a) (b) | ©

Fig. 3. Temperature contour (a) Medium (b) Low (c) High temperature differences for 7-pass design
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Fig. 4. Temperature contour (a) Medium (b) Low (c) High temperature differences for 5-pass design
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Fig. 5. Temperature contour of (a) Medium (b) Low (c) High temperature differences for 3-pass design

In the second temperature set (25-70 °C), the driving force is lower, resulting in generally softer
temperature gradients across all designs. The 3-Pass design still shows minimal core warming, with
the thermal boundary layer remaining thin and light blue. The 5-Pass design achieves slightly better
heating, with more pronounced cyan regions along the walls, but the fluid core remains largely
underdeveloped. The 7-Pass design again demonstrates the most uniform thermal penetration, with
the boundary layers expanding and the core fluid shifting towards green hues, indicating that even
with a reduced temperature difference, the extended flow path facilitates improved energy
absorption.

Lastly, for the third temperature set (10-120 °C), the high thermal driving force produces strong
temperature gradients. The 3-Pass design shows limited improvement compared to the other sets,
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with the core remaining predominantly blue, but the wall regions reach warmer colours due to the
large AT. The 5-Pass design captures more heat, with wider cyan and light-green regions along the
walls, and the core begins to warm slightly. The 7-Pass configuration exhibits the most substantial
thermal penetration, with wall-adjacent fluid approaching yellow-red hues and the core showing
distinct warming, indicating that the combination of a long flow path and high driving force maximizes
heat transfer efficiency.

Overall, comparison across all three temperature sets confirms that the number of passes plays
a dominant role in thermal development, while the inlet-to-shell temperature difference primarily
affects the magnitude of heat absorbed. The 7-Pass design consistently provides the most effective
thermal penetration, followed by the 5-Pass design, whereas the 3-Pass design remains thermally
underdeveloped in all cases. These observations highlight the combined influence of geometric
configuration and operating conditions on the heat transfer performance of simplified serpentine
heat exchangers.

3.3 Heat Transfer Rate (Q) Analysis

The total heat transfer rate, Q, represents the amount of thermal energy transferred from the
hot shell-side fluid to the cold tube-side fluid and serves as a key indicator of the heat exchanger’s
performance [30],[31]. By evaluating the heat transfer rate for the different heat exchanger designs
and operating conditions, it is possible to quantify the influence of geometric parameters, such as
the number of passes, on thermal efficiency. This analysis allows a direct comparison of energy
absorption across the 3-Pass, 5-Pass, and 7-Pass configurations, highlighting how residence time,
surface area, and flow interactions contribute to overall heat transfer. Tables 4 to 6 provide the result
of the heat transfer rate that has been extracted from the simulation.

Table 4

Low temperature difference case (25 °Cinlet / 70 °C shell)

Design Outlet temperature, °C  Mass flow rate, kg/s Heat transfer rate, kW
3-Pass 27.21 10.113 93.47

5-Pass 27.92 10.113 123.49

7-Pass 28.41 10.113 144.22

Table 5

Medium temperature difference case (15 °Cinlet / 90 °C shell)

Design Outlet temperature, °C  Mass flow rate, kg/s Heat transfer rate, kW
3-Pass 20.27 10.113 222.88

5-Pass 21.19 10.113 261.79

7-Pass 21.96 10.113 294.36

Table 6

High temperature difference case (10 °Cinlet / 120 °C shell)

Design Outlet temperature, °C  Mass flow rate, kg/s Heat transfer rate, kW
3-Pass 17.66 10.113 323.96

5-Pass 19.00 10.113 380.63

7-Pass 20.20 10.113 431.38

The result demonstrates that the heat transfer performance of the heat exchanger, quantified by
the total heat transfer rate (Q), is strongly influenced by both the number of passes and the
temperature difference between the shell-side and tube-side fluids. Across all operating conditions,
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increasing the number of passes from 3 to 7 consistently enhances energy absorption by the tube-
side fluid. This improvement is attributed to two main factors, which are an increased heat transfer
surface area and a longer residence time. For example, in the high-temperature difference case, the
heat transfer rate rises from 323.96 kW for the 3-pass design to 431.38 kW for the 7-pass design,
reflecting a 33 % increase in energy transfer. In addition, the temperature difference between the
shell and inlet fluid serves as the primary driving force for heat transfer. Overall, these results
highlight the combined effects of geometry and thermal driving force on the heat exchanger’s
efficiency.

3.4 Effect of Pass Arrangement on Residence Time

The variation in thermal performance among the designs is primarily due to differences in
residence time, defined as the average duration a fluid particle remains within the heat transfer
domain. With constant inlet flow rate and tube diameter, the residence time increases proportionally
with tube length. In the 3-Pass design, the short tube length results in minimal residence time,
preventing effective heat transfer to the fluid core. The 5-Pass configuration provides a longer flow
path, allowing the thermal boundary layer to develop further, but still insufficient for full core
heating. The 7-Pass design maximizes tube length and residence time, enabling the thermal boundary
layer to penetrate the bulk fluid and achieve the highest heat absorption. This confirms that
increasing the number of passes enhances heat transfer efficiency by extending the fluid’s exposure
to the heated walls.

3.5 Surface Area and Heat Transfer Efficiency

The geometric configuration of the heat exchanger also influences thermal performance by
determining the available heat transfer surface area, A. Since the tube diameter is constant, the total
surface area increases with the tube length. The 3-Pass design has the smallest surface area, limiting
heat transfer despite the temperature difference between the shell and tube. The 5-Pass
configuration increases the total area, allowing more heat absorption, though it remains
intermediate. The 7-Pass design maximizes tube surface exposure within the shell, enhancing contact
with the hot fluid and achieving the highest heat transfer rate. Thus, increasing the number of passes
effectively amplifies the heat transfer surface area, together with extended residence time, which
contributes to superior thermal performance.

4. Conclusions

In conclusion, the CFD analysis of conjugate heat transfer in a simplified serpentine heat
exchanger demonstrates that both geometric configuration and operating conditions strongly
influence thermal performance. Increasing the number of passes from 3 to 7 significantly enhances
heat absorption due to longer residence times, allowing the thermal boundary layer to penetrate
more effectively into the fluid core. Quantitatively, in the high-temperature difference case (10 °C
inlet / 120 °C shell), the total heat transfer rate rose from 323.96 kW to 431.38 kW, reflecting a 33 %
improvement. Similar trends were observed in medium and low AT cases, confirming the combined
effects of extended residence time and increased surface area on heat exchanger efficiency. Overall,
the 7-pass design consistently provides the most effective thermal penetration and energy
absorption, highlighting the importance of optimizing pass arrangement and flow path length. This
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study confirms that CFD is a reliable tool for evaluating conjugate heat transfer and can guide
practical design improvements in serpentine heat exchangers.
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