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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu Heat exchangers are essential for various thermal applications, and their performance could be
improved by optimization of layout/operating conditions or materials. The layout/operating con-
ditions optimization has been widely subjected to research and development, while the imple-
mentation of different materials has been limited to the available joining solutions. Joining by
CFD analysis forming allows to circumvent the existent limitations, since it utilizes plastic deformation to pro-
Joining by forming duce multi-material mechanical joints between thin sheets and thin-walled tubes. Here, joining
Mechanical joints by forming is adopted for the first time, to manufacture multi-material transversal finned tube
heat exchangers. The numerical-experimental analysis explores the production of tube compres-
sion beads obtained by plastic instability to fix and support fins, and therefore manufacture a
novel design of finned heat exchanger with improved performance. A case study is carried out
with the help of computational fluid dynamics simulations to find an optimal layout. Then, finite
element simulations are employed to analyse the joining by forming process. A prototype model
of transversal finned tube heat exchangers was finally manufactured and experimentally tested.
Results show considerable gains in comparison with conventional finned tube heat exchangers
made from steel tubes and fins, being the multi-material heat exchanger effectiveness doubled
with respect to traditional designs.

Keywords:
Heat exchanger
Thermal optimization

1. Introduction

The production of compact finned tube heat exchangers comprises the joining of tubes and fins of different configurations and
sizes [1-3]. These parts that are found inside the shell structure are commonly joined with fusion welding processes that rely on the
development of weld seams by means of gas tungsten arc welding (GTAW) performed with automated orbital welding machines
[4,5]. The drawbacks of this joining technology are not only found for its productivity, cost, and inspection requirements, but also due
to the distortions and microstructural problems resulting from the heating and cooling cycles of welding, as well as the limitations
when dissimilar material connections are to be welded. The latter presents a critical limiting factor for the thermal efficiency of the
heat exchanger and compromises its evolution.

To join the different arrays of orthogonal fins to the inner tube, mechanical expansion by means of hydraulic, mechanical, or ex-
plosive pressure [5-10] is commonly utilized to expand the tubes against the fins and produce force-fit joints (or interference-fit
joints), that are built upon the residual normal stresses (pressures) created between the contact interfaces after tool unloading. This
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joining by forming process is carried out at ambient temperature but, to ensure the robustness and leak tightness of the assembly, it is
still frequently combined with seal welds made by GTAW [5]. Another joining by forming alternative was already developed for at-
taching tubes to fins that combines flaring of the free tube end with indentation of the fin by pressing the tube flange against its sur-
face [11]. The mechanical joint results from the combination of force and form-fit mechanisms, in which the latter is obtained from
the mechanical interlocking created between the tube and fin [12]. This joining solution can be applied to different material combina-
tions [13,14], however it is limited to the tube ends and therefore to the outer fins.

The objective of this work is to propose and evaluate the utilization of joining by axial tube compression instability [15] to pro-
duce joints between a tube and an array of orthogonal fins made from different materials than that of the tube, with the aim to en-
hance heat exchange efficiency while reducing manufacturing costs. To produce this mechanical joint, a tube is axially compressed
while leaving a gap in-between the upper and lower dies that support the tube externally, while a mandrel placed inside the tube
avoids inward material flow (leftmost side of Fig. 1a). Along the deformation, the tube collapses under local buckling and gives rise to
an axisymmetric compression bead at the gap opening (rightmost side of Fig. 1a). Then, the fin is placed on top of that compression
bead (leftmost side of Fig. 1b) and the compression of the free tube end is again repeated to allow the production of another compres-
sion bead that will lock the two geometries together (rightmost side of Fig. 1b). To join additional fins to the same tube, the process is
repeated several times until all the fins are attached (Fig. 1c).
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Fig. 1. Schematic representation of (a) axial tube compression instability and (b) subsequent joining of that tube to a single fin and (c) to an array of three fins.

Fig. 2. Schematic of the prototype heat exchanger composed of the inner aluminium tube (1), three central copper fins (2), two outer steel fins (3) that are part of the
shell structure along with the two lateral panels (4) and the two square-to-round inlet/outlet attachments (5).
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The unique possibility of joining by forming to attach different materials while keeping negligible contact thermal resistance at
their interface is crucial to unlock a new class of heat exchangers with additional design freedom. A good case study is the joining of
tubes or pipes with lower thermal conductivity (but high mechanical strength and low cost, such as steel tubes or pipes) to fins with
enhanced thermal properties (but lower mechanical strength and higher cost, such as copper fins). Following the typical procedure
for the design of a heat exchanger, different aspects will be evaluated such as thermal performance, pressure drops, manufacturing
feasibility and weight savings.

To choose the layout that optimizes the thermal performance, parametric Computational Fluid Dynamics (CFD) analysis was car-
ried out and then, finite element simulations were employed to predict the plastic deformation mechanisms that govern the joining by
forming process. With these results, a prototype of finned tube heat exchanger was manufactured and preliminarily tested to confirm
the performance of the new joining approach and validate the CFD simulations for the experimental testing conditions.

2. Materials and methods

2.1. Material characterization

Since the utilization of joining by forming opens the possibility of producing dissimilar material combinations, aluminium tubes
AW6063-T6 were joined to 99.9 % electrolytic copper fins, while the outer shell structure was made from steel DC04 (low carbon,
cold rolled). This choice of materials was motivated by the need to maximize the thermal conductivity and thus fin efficiency, which
justifies the utilization of copper despite its cost and density, and at the same time, the utilization of aluminium is justified not only
due to its good formability, but also to balance the weight and cost of the overall assembly, while ensuring good heat exchange prop-
erties. For the outer case, the utilization of steel allows to approach the ideal adiabatic conditions defined in the parametric CFD simu-
lations (practical implementations of the heat exchanger assembly would include an additional outer layer of thermal insulation).

The mechanical characterization of the materials was performed by means of tensile tests in accordance with the ASTM standard
E8/E8M — 16 and stack compression tests. The latter tests allow to obtain the material stress-strain response for values of strain larger
than those obtained in tensile tests. The average flow curves obtained with the hydraulic testing machine Instron SATEC 1200 kN at
ambient temperature and with a crosshead speed of 10 mm/min are presented in Supplementary Fig. S1.

2.2. Prototype design and testing

The heat exchanger development started with the selection of the different geometries. Aluminium tubes with an initial length [,
of 100 mm, a wall thickness ¢, of 1.5 mm and an external radius ry of 8 mm were selected, and copper fins of different diameters dr
and thicknesses t; were subjected to several CFD simulations to identify the most suitable combination of parameters. The outer steel
case was obtained from sheet panels with a thickness t of 2 mm and the lateral panels were formed to the required shape.

As for the dies, the range of values of the initial gap opening L, between the dies and the radius ry was retrieved from a previous
work [15], where the development of plastic instability waves at tubes with the same dimensions was investigated. The values of the
previous parameters that were analysed to identify the suitable combination that allows to obtain sound compression beads necessary
to support and lock the fins are listed in Table 1.

After the identification of the suitable parameters, the joining process was carried out sequentially until the desired number of fins
is attached. Steel mandrels were placed not only inside the tube, but also in-between the fins before each joining operation to avoid
deformation of the previously joined fins (refer to Fig. 1¢). Then, the outer case was supported by an inlet and outlet aluminium tube.
The prototyped heat exchanger as case study is depicted in Fig. 2.

To assess the thermal performance of the prototype heat exchanger, a thermal camera FLIR E86 24° and VALEX P4500 thermocou-
ples were employed, the latter being used to measure the temperature differences of a water flow displaced from the inlet to the outlet
of the aluminium tube.

2.3. Parametric CFD analysis

To obtain the optimal combination between the fin external diameter and thickness, nine combinations of these parameters were
evaluated with the numerical software ANSYS Fluent®. Those nine layouts were obtained through the combination of each three fin
thicknesses of 0.5 mm, 1.5 mm, and 3 mm with each three fin diameters of 40 mm, 60 mm, and 80 mm. The resulting nine configura-
tions were then simulated, and comparisons made to identify the optimal choice.

Starting from nine simplified parametric CAD models defined as shown in Fig. 3a, the CFD computational domain considered the
air volume in the heat exchanger (between the outer case and the finned tube) and the finned tube itself, as depicted in Fig. 3b. To re-
duce the computational effort, both the outer case and the water volume (that was supposed to flow inside the finned tube) were con-
sidered as boundary conditions. Accordingly with Fig. 3b, a boundary condition of null heat flux (homogeneous Neumann) was as-
signed to the external surface indicated with an orange color, a ‘velocity-inlet’ condition on the inlet surface of the air volume

Table 1
Main parameters (see Fig. 1) for the numerical and experimental analysis of the tube-fins system.

Tube Fins Dies
ro (mm) to (mm) 1y (mm) df (mm) t (mm) lgap (mm) T (mm)
16 1.5 100 40, 60, 80 0.5,1.5,3 10-15 1.25
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Fig. 3. Comparison between (a) the CAD parametric model and (b) the CFD domain considered, which comprises the tube-fins system and the air volume between the
finned tube and the outer case.

(marked with a yellow color), and a ‘convection’ (Robin) and ‘outflow’ condition to the internal surface (highlighted with a green
color) and outlet surface, respectively. It is worth noting that, in joining by forming processes, parts are joined by plastic deformation
and a very tight, continuous contact area is achieved (see the inset in Fig. 4). This leads to negligible values of tube-fin contact ther-
mal resistance [16].

For the convection condition on the internal surface, a heat transfer coefficient of 5000 W/m?K and a free stream temperature of
293 K were chosen as realistic values for the typical conditions of water flowing in a tube of similar dimensions. For the inlet, since its
dimensions were proportional to the size of the assembly and therefore dependent on the fin diameter and thickness, different veloci-
ties were calculated according to the requirement of a constant Reynolds number and provided as boundary conditions. The inlet air
temperature was kept constant at 1000 K.

To close the problem, a ‘realizable k-¢’ pressure-velocity coupling method with ‘enhanced wall treatment” was chosen [17]. A
‘SIMPLE’ scheme with ‘pseudo time steps’ option enabled and a Courant number of 2 were selected. Further details on the imple-
mented numerical model are available in the Supplementary Note 1.

Annulus

Fin

Tube Tube

(@) (b)

Fig. 4. Finite element model at the (a) initial and (b) final stages of the joining process. A photograph of the cross-section of the tube-fin joint is included in the (b)
schematic.
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The mesh size was chosen based on a convergence and mesh independence study [18]. The mean outlet air temperature and the
heat flux exchanged along the inner tube surface were the controlled variables, calculated for different element sizes. As seen in
Supplementary Fig. S2, an element size below 0.4 mm was enough to guarantee mesh-independent results.

With these assumptions, the results of the simulations were collected, and the main thermal fluid dynamics quantities extracted
for assessing the heat exchanger performance. The mean outlet air temperature and pressure were calculated averaging the air tem-
perature and pressure over the fluid flow. The exchanged heat flow rate was calculated as the integral over the inner tube surface, rep-
resenting the heat transmitted to the water. The mass of the metallic parts was calculated multiplying their volumes (measured on the
CAD models) by the density of the respective materials. The Nusselt number of air flow was computed considering the middle section
between the inlet and outlet ports, being parallel to those sections and crossing the assembly at the maximum fin diameter. The effec-
tiveness ¢ of the heat exchanger was then computed according to the e — NTU method [19], as the ratio between the heat flow rate ac-
tually exchanged (Q) and the maximum heat flow rate exchangeable in those same conditions (Q,;q,), namely ¢ = & . The effective-
ness gives a direct evaluation of the overall quality of the heat exchanger design, quantifying how close to the ideal target situation
the real case is. While Q is estimated by the simulations, the ideal one is computed as: Qmax = Cmin (Thotin — Tcoldin) » Where Cmin is the
smallest between Cco1qg = McotdCp.cotd and Chor = MrotCp hot, the subscript “hot” refers to the fluid at higher temperature while “cold” to
that at lower temperature, and the subscript “in” to the inlet conditions. As the considered heat transfer fluids were water and air,
Cmin Was calculated at the air side for each configuration. Tp;, and T4, Were imposed by the inlet boundary conditions.

2.4. Numerical prediction of the joining process

The operating conditions for the development of plastic instability and subsequent joining process were numerically modelled
with the software i-form [20], which is based on the quasi-static finite element flow formulation and accounts for the contact and slid-
ing with friction between deformable and rigid objects.

Considering the rotational symmetry of the tube and fins, the initial cross-sections of the preforms were discretized by means of
axisymmetric quadrilateral elements as seen in Fig. 4. While the numerical evaluation considered the tube and fins as deformable
isotropic objects, the dies were modelled as rigid objects and their contours discretized by means of linear contact-friction elements.
After the end of each compression beading stage and due to the progressive distortion of the tubular mesh, large local deformations
are generated and a remeshing procedure consisting of a global remeshing of the entire deformed object was performed with appro-
priate transfer of field variables.

To analyse the plastic deformation, friction was modelled with a law of constant friction 7 = mk, where k is the flow shear
strength friction and the friction factor m on the contact interfaces between the dies and objects was selected as 0.1, since it was veri-
fied that for this condition, the predicted numerical evolutions presented a good correlation with the experimental results.

3. Results and discussion

3.1. Analysis of the plastic deformation

The first stage of the joining process to produce the compression beading of the thin-walled tube is based on a local buckling col-
lapse mechanism that forces material to flow outward and, eventually, inward if no mandrel was introduced. The numerical analysis
performed in i-form for different gaps between the upper and lower dies revealed that the development of a full plastic instability
wave is triggered for a gap of 13 mm. Fig. 5a shows the start of plastic instability until a complete compression bead is fully formed
(refer to Fig. 5b). Wider gaps will also be able to develop this compression beads but will demand an unnecessary amount of tube ma-
terial.

After the definition of the ideal gap between the dies, a copper fin was positioned in the surface of the compression bead and a sec-
ondary instability wave was produced by tube compression with the same tool system and the introduction of a steel annulus (Fig.
5¢). The gap selected was the same as before plus the thickness of the fin that was now introduced. The results allow to verify a uni-

)

(b) ©
B

[=} 0
0 N
(=} =}

1.00 I

0.75
0.00

Fig. 5. Computed distribution of effective strain: (a) during the development of a plastic instability wave, (b) after a compression bead is formed and (c) after the join-
ing operation of a single copper fin to an aluminium tube is completed with the development of another locking compression bead.
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form contact without empty spaces in-between the fins and the tube compression beads, which is a necessary requirement to guaran-
tee a proper heat conduction between the materials. For the tested conditions, the levels of deformation at the tube compression bead
are not significantly modified by the introduction of the fin and the formation of new plastic instability waves (Fig. 5b and c).

Overall, the effective strain distribution allows to conclude that the material becomes strain hardened after the first compression
stage (Fig. 5b) and, therefore, that the tube material at the compression bead region after the initial deformation will be able to offer
higher resistance to a subsequent deformation that is necessary to join the fin. At each stage, the tube material will increase its resis-
tance with the plastic deformation, which justifies the slight increment in the force of the final compression evolution at the initial
stages of the operation, in comparison with the initial compression (refer to Fig. 6). To join additional fins to the same tube and con-
trol the deformation of the previously joined fins, a steel annulus needs to be introduced between the fins as it will be described in de-
tail at a later section. It is worth mentioning that squeezing each compression bead even further - to create a larger contact surface
that will improve the heat exchange — may result in the development of cracks in the compression bead or excessive deformation of
the fin.

The analysis of the force-displacement evolutions in Fig. 6 allows to observe a typical behaviour of a plastic instability mode for
the initial stage of the joining process, where the force starts to increase as the tube is axially compressed, until a point where a critical
instability load is reached and the force decays slightly as the compression bead is formed. Then, after the fin is positioned in the top
of the plastic instability wave, the process is repeated with a final compression, and the previous trend is observed until a sharp rise in
the force is verified, as the lower and upper tube beads make full contact with the fin and the joining process is completed.

Here, fin spacing was not considered as a free parameter to be optimized, since its dimension is constrained by the tube thickness
in joining by forming processes. More specifically, the axial compression of the tube creates the instability beads used to join the fins
with the tube. Therefore, the instability bead — and thus fin spacing — has a thickness equal to two times the tube thickness, as it can be
seen in Fig. 6. As a result, the fin spacing is not an independent parameter, being dependent on the tube thickness instead. The latter
was not varied in this work since different tube thickness would require the re-optimization of processing parameters for the joining
by forming process, which should be done on a case-by-case basis.

3.2. Thermal assessment

For the thermal analysis, a proper definition of the working parameters was required. From the joining process parameters identi-
fied in the previous section, the CFD analysis focused on the thickness (tp) and external diameter (dp) of the copper fins, while the re-
maining parameters were kept constant. The heat flow rate exchanged (Q), air pressure drops (4P), metallic mass, and the effective-
ness of heat exchanger (¢) were assessed for the nine different layouts and compared to a plain tube without fins. This allowed to get
reference values that are available from common literature for a plain tube (see Supplementary Note 2 for a model validation with
well-established semi-empirical correlations for such configuration without fins) and highlight the gains that come from the introduc-
tion of fins.

In both Figs. 7 and 8, the chosen inlet air temperature was 1000 K. For the fluid dynamics conditions, rather than keeping the mass
flow rate or the velocity constant, it has been chosen to lock the Reynold number (Re) and computing the corresponding air velocity.
The reason is that the Nusselt number (Nu) and, ultimately, the convective heat transfer coefficient (h) both derive from Re rather
than fluid velocity alone. A case study value of Re = 600 was then set in all configurations tested in Figs. 7 and 8 (see Supplementary
Note 3 for details).

From the relation of Q with the fin diameter and thickness presented in Fig. 7a, it is seen — in comparison with a plain tube - that
the introduction of the fins produces a considerable increase in the heat exchange. All the three fin thicknesses share the same trend,
although higher values of Q are shown for thicker fins. As the diameter increases, the heat flow rate exchanged rises consistently up to
a fin diameter of 60 mm, after which the growth becomes less relevant. For this reason, the utilization of a fin diameter of 80 mm does
not justify the increase in weight of the joined assembly (at least for the explored range of geometrical and fluid dynamic parameters).

80
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0 T T

0 2 4 6 8 10
Displacement (mm)

Fig. 6. Experimental force-displacement evolutions to produce an initial tube compression bead and a final tube compression bead for the joining of a single copper fin
(with a diameter of 60 mm and a thickness of 2 mm) to the aluminium tube.
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Fig. 7. (a) Evolution of the heat flow rate exchanged Q with the fin diameter Dy and thickness ¢ (b) Evolution of the heat power per mass with the fin diameter and
thickness. Such power per mass was calculated by the ratio between the heat flow rate exchanged and the weight of the joined assembly. (c) Evolution of the air pres-
sure drops and of (d) the effectiveness ¢ of the heat exchanger with the fin diameter and thickness. The plain tube without fins is utilized for reference purposes in both
graphs, being independent from fin diameter and thickness values.
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Fig. 8. Evolution of (a) the effectiveness ¢ and (b) the thermal power per mass with the fin diameter and thickness for different material combinations. The plain tube
without fins is utilized for reference purposes in (a).

To quantify the relation between the thermal power and the weight of the structure, their ratio was plotted in Fig. 7b for the differ-
ent fin diameters and thicknesses tested. The value of this ratio decreases as the fin diameter and thickness are increased, which again
suggests a detrimental effect of larger dimensions.

Another important consideration concerns the air pressure drop evolution observed for the different numerical models of the
joined assembly that are presented in Fig. 7c. Unlike the previous thermal analysis, the utilization of a diameter of 60 mm presents
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lower fluid dynamic performance. However, the absolute values of the pressure drop among the considered layouts appear to be neg-
ligible from the practical point of view. Therefore, the optimal fin dimensions have been chosen based on thermal considerations
only.

Finally, the effectiveness ¢ has been computed, which provides an overall view on the quality of the design of the heat exchanger,
because it describes how far it is from the maximum thermal performance attainable. As seen in Fig. 7d, ¢ shows a clear peak for a fin
diameter of 60 mm, while being less sensitive to fin thickness.

Considering these CFD analyses, the best configuration for the fins among the considered layouts was achieved for an external di-
ameter of 60 mm. For what concerns the fin thickness, better ¢ was observed with higher thicknesses, with limited differences be-
tween 1.5 mm and 3 mm thickness. Therefore, to avoid excessive weight and reduce pressure drops, a fin thickness of 2 mm was se-
lected for the manufacturing and experimentation of the prototype heat exchanger joined by forming. Notice that the compression
beads of the inner tube after joining by forming have not been explicitly modelled in these CFD simulations, since their geometry can-
not be defined a priori for the different fin thicknesses considered. Nevertheless, a comparative analysis carried out for the best per-
forming case (i.e., 60 mm diameter and 2 mm thickness fins) demonstrates that the discrepancies between configurations with or
without compression beads are lower than 5 % in terms of both pressure losses and outlet mean air temperature.

To justify the utilization of multiple materials during manufacturing, namely copper fins, and an aluminium tube, a CFD compari-
son was carried out with a conventional steel tube and fins assembly with the same (optimal) diameter of 60 mm. The results of effec-
tiveness of Fig. 8a allow to conclude that the utilization of copper fins and an aluminium tube shows better thermal performances for
all the three tested fin thicknesses. When the effect of the weight of the tube-fin assembly is considered, the gains in performance be-
come less noticeable for larger fin thicknesses (Fig. 8b), although the enhanced heat transferred still compensates the increased
weight introduced by the fins when they are made from copper. These differences become more significant as the fin thickness de-
creases, where the advantages that come from the utilization of copper fins are more evident.

3.3. Experimental testing

After the numerical analysis performed on a simplified model, a complete prototype was manufactured considering the optimal
design of the heat exchanger identified (see Supplementary Fig. S3). This prototype included the mechanical connection between the
aluminium tube and three copper fins that are the core of the prototype heat exchanger, as well as two steel fins that work as an outer
case together with two semi-circular lateral outer cases that are kept in position by the square-round section aluminium tubes.

Such prototype was preliminarily tested with the objective of validating the CFD simulations, without the intention of reproducing
the actual operating conditions of the heat exchanger. Hence, a controlled mass flow rate of hot water was flowed through the inner
tube, whereas the outer cases were removed to facilitate natural convection with the surrounding environment. The tests were carried
out at a controlled ambient temperature of 28 °C and relative humidity of 70 %. During these characterization tests, the assembly was
positioned with its axis vertical and, with the help of two rubber connections placed at the edges of the aluminium joined tube, the
water flow was directed and guided along the tube from the bottom to the top as depicted in Fig. 9.

This natural convection test consisted in evaluating the heat exchange performance when the prototype was exposed to the room
air and hot water was flowing through the inner tube at a controlled temperature of 60 °C and mass flow rate of 0.142 kg/s. The tem-
perature distribution on the metallic surfaces was monitored with the thermal camera, while the outlet water temperature was mea-
sured with thermocouples until no significant variations with time were observed, from which was possible to conclude that a steady
state was reached after 110 s. The steady state temperature distribution at the tube and fins surface can be seen in Fig. 9. Three sam-
pling points, P1, P2 and P3, were chosen as indicated on the surfaces of Fig. 9, and their temperatures extrapolated from the available
scale of the calibrated thermal camera. The position of these three measurement points was selected to minimize the possible distor-
tion of infrared radiation and thus achieve better accuracy.

To mimic the same configuration reported in Fig. 9, a numerical CFD model was built with a domain composed by the finned tube
and a water volume flowing inside the tube. The different materials were defined with their thermophysical properties. A boundary

30.1()G N ® o0

Fig. 9. Temperature distribution on the tested prototype surface, as experimentally obtained from the thermal camera. The three sampling temperature points are high-
lighted.
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Fig. 10. Distribution of temperature (a) along line 1 and (b) along lines 2 and 3 of Supplementary Fig. S4.

condition of ‘mass-flow inlet’ was assigned to the inlet surface, an ‘outflow’ condition to the outlet surface, and a ‘convection’ condition
on all the external tube and fins surface exposed to the ambient air. A free stream temperature of 28 °C (the measured room air tem-
perature) and a convection coefficient of 5 W/m?K were chosen. The latter is a typical value for natural convection over vertical
walls.

In Supplementary Table S1, the temperature values from the experimental test are compared with those obtained numerically for
P1, P2, and P3 and the outlet water temperature. A good matching between experimental and numerical temperature fields can be ob-
served. In fact, comparing the temperature values from the thermal camera and the simulation output, differences lower than 0.5 %
can be noticed for the three sampling points considered.

Once the reliability of the numerical results was assessed, a deeper numerical analysis was carried out to obtain better insights on
the temperature distribution throughout the prototyped heat exchanger. Three axes were defined in the model (see Line 1, 2 and 3 in
Supplementary Fig. S4) and the temperature distribution along them evaluated. Line 1 allows to depict the distribution of water tem-
perature along the tube axis, whereas Lines 2 and 3 show the temperature distribution along the radial direction in the middle of the
central copper fin and of the last steel fin, respectively. In Fig. 10a, the temperature distribution along line 1 is plotted. The decrease
of water temperature is quantitatively small from the tube inlet (z = 0 mm) to outlet (z = 120 mm), since the heat exchanged with
the ambient air in natural convection is limited. However, a clear slope change in the temperature distribution is visible in correspon-
dence of the fins, where the greatest part of heat is exchanged. Fig. 10b highlights the different thermal behaviour of copper and steel
fins. The temperature remains almost constant for a radial distance smaller than the internal radius of the tube, due to the forced con-
vection of the inner water. With larger radial distances, the differences in the temperature distribution become more noticeable be-
cause of the different fin efficiency of steel and copper fins, again validating the importance of an appropriate choice of materials in
finned heat exchangers.

4. Conclusions

The use of joining by forming to create finned tube heat exchangers through axial tube compression at ambient temperature en-
hances performance by enabling the integration of dissimilar materials such as aluminium tubes, copper fins, and steel shells with
minimal thermal contact resistance. This innovative joining technology, which is a viable alternative to traditional welding, offers
considerable advantages including high repeatability, shorter production times, and elimination of thermal cycles that could induce
residual stresses at the junctions of tubes and fins. It is also capable of joining dissimilar materials and it is cost-efficient, since it elimi-
nates the need for filler materials, shielding gases and specialized operators.

In this study, a finned heat exchanger utilizing this method was developed and examined, marking a first in the research. The de-
sign process combined parametric CFD simulations for optimal tube-fin layout and finite element modeling to predict deformation
mechanisms. The numerical simulations, experimentally validated, demonstrated a potential 108 % increase in heat transfer rate and
doubled effectiveness compared to conventional all-steel designs, along with a 5 % reduction in weight.

Although the current continuum models have been preliminary explored, further investigation is necessary to broaden the range
of parameters assessed and to pursue global design optimization. Looking ahead, these multi-material finned heat exchangers could
be pivotal in applications such as thermal energy storage [21], electronics cooling [22], industrial [23], and building thermal systems
[24].
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