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Abstract: This paper describes experiments on finned tube heat exchangers, focusing on reducing the
thermal contact resistance at the contact between the pipe and the lamella. Various contact materials,
such as solders and adhesives, were investigated. Several methods of establishing contact were tested,
including blowtorch soldering, brazing, and furnace soldering. Thermal camera measurements were
carried out to assess the performance of the contact materials. Moreover, finite element analysis
was performed to evaluate the contact materials and establish guidelines in the fin–tube connection
modeling by comparing simplified models with the realistic model. Blowtorch brazing tests were suc-
cessful while soldering attempts failed. During the thermographic measurements, reflective surfaces
could be measured after applying a thin layer of paint with high emissivity. These measurements did
not provide valuable results; thus, the contact materials were assessed using a finite element analysis.
The results from the finite element analysis showed that all the inspected contact materials provided
better heat transfer than not using a contact material. The heat transfer rate of the tight-fit realistic
model was found to be 33.65 for air and 34.9 for the Zn-22Al contact material. This finding could be
utilized in developing heat exchangers with higher heat transfer with the same size.

Keywords: heat exchanger; contact material; thermal conductivity; soldering; brazing; thermal
resistance; thermal imaging; finite element analysis

1. Introduction

In present industrial technology, heat exchangers are indispensable parts of various
industries and applications, from HVAC systems to power plants. Among the diverse
types of heat exchangers available, finned tube heat exchangers have attracted attention
for their efficiency and versatility [1,2]. However, plenty of room for improvement re-
mains. A promising area of development is the contact quality between the tube and the
fin [3]. Relevant literature is very scarce in this area, but it is proven that proper contact
is required for low thermal contact resistance [4,5]. Spiral-fin tube heat exchangers can be
welded [6], but that is not the case for fin–tube heat exchangers. Currently, the method
of production of these copper–aluminum heat exchangers, which is the most widespread
material combination used, excludes using any bonding methods between the fin and
the pipe. The connection is usually instituted by pulling a bullet through the pipes, thus
expanding their walls onto the fin collars to attain a tight metal-to-metal contact between
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the two [7–9]. Press-fitting presents disadvantages, however, including a substandard fit
ascribed to surface voids, the presence of contaminants, material defects on the surface,
and undesired ductile distortions, such as warping or the breaking of fin collars during
the tube expansion process [10]. In bimetallic configurations, loosening of the fins may
occur due to an increasing temperature caused by varying degrees of thermal expansion
between the two materials, different stages of fatigue caused by thermal cycling, or surface
roughness. The temperature discontinuity due to contact resistance is widely known [11].

This study investigates the potential methods for improving pipe–fin contact, fo-
cusing on the evaluation of different contact materials concerning thermal conduction
in comparison to conventional press-fitting techniques. The research initially examined
the solderability and brazeability of commonly used materials, such as those found in
aluminum-finned copper pipe heat exchangers, which are universally utilized in HVAC
systems both industrially and domestically. Additionally, heat-conducting adhesives were
tested as prospective interface materials. This study provides an in-depth analysis of the
challenges encountered during the production of test specimens and measurements and
discusses the results of thermal tests performed on the selected materials. Thermal testing
of filler metals for soldering and brazing was deemed necessary to validate the thermal
properties specified in their data sheets and to assess the accuracy of temperature control
in the electric furnace used. Potential opportunities are considered for future research to
improve the effectiveness of finned tube heat exchangers.

In this research, thermal imaging is highlighted as a key inspection method. Gen-
erally, image processing in thermal imaging cameras is divided into three categories of
methods and algorithms. The first category includes algorithms essential for the thermal
imaging camera’s operation, such as correcting detector response unevenness in FPA [1,2]
and triggering signals from faulty detectors. The second category comprises algorithms
designed to enhance image quality, thereby enabling or facilitating thermal image interpre-
tations by operators or vision systems. The third category consists of data analysis methods
used for the automatic detection and tracking of objects within the image, as well as for
scene interpretation.

The algorithms and processing methods in the first category are based on infrared detector
system operations and the fundamental laws of infrared radiation. Key processing algorithms
include correcting response mismatches among detectors in the array and identifying and
replacing damaged detectors. Various algorithms address detector response mismatches, with
the most widely used being single and two-point correction methods [12,13].

Thermal images typically depict the infrared radiation emitted by the observed object
and its surroundings, and these thermal scenes look quite different from those captured by
video cameras. Consequently, interpreting thermal images can be challenging. Accurate
interpretation requires a sound understanding of infrared radiation properties, as well as
specific object characteristics and the surrounding environment. During the perception
process, both objective factors, such as an object’s emission factor, and subjective factors,
such as human visual perception, play significant roles [14]. However, merely setting
optimal infrared camera parameters (like sharpness and temperature range) does not
guarantee accurate perception and interpretation.

In this study, one of the primary tools utilized is finite element analysis (FEA), a critical
computational technique within the field of engineering. FEA is employed to simulate
and analyze intricate structures by discretizing them into smaller, finite elements, thereby
enabling detailed examination of their behavior under various conditions. This technique
solves partial differential equations governing phenomena such as stress distribution
and heat transfer. FEA has become indispensable for predicting the performance and
reliability of complex systems in engineering and is thus widely used in the research of heat
exchangers [15–19]. The modeling of heat exchangers poses some widely known meshing
difficulties [20], which come from the dimension difference of the thin lamellae and other
volumes. Thus, another aim of this research is to establish some guidelines for modeling
the fin–tube contact region of heat exchangers for a specified purpose.
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2. Materials and Methods

Contact material research aimed to improve a lamella’s heat transfer on an applicable
copper tube. Different contact materials were used in the experiments.

To carry out the measurements, standard 5/8′′ nominal diameter Cu-DHP copper
tubes of 25 cm length were manufactured from tubes supplied by CAADEX (Mindszent-
godisa, Hungary), with a lamella placed in the middle. The connection between the lamella
and the tube was made using various contact materials and manufacturing techniques
(gluing, soldering, etc.). Two types of lamellae were supplied by CAADEX, both of the
Al 8006 alloy, the difference being that one was an uncoated aluminum lamella, and the
other was the same type of lamella but coated.

From the received lamella plates, smaller-sized lamellae were cut out, which was the
optimized size for the modeling, i.e., they were cut out smaller at the pipe centers with a pipe
joint, as demonstrated by Figure 1a, with a finished measurement specimen shown in Figure 1b.
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Figure 1. (a) Dimensions of the lamellae prepared for testing; (b) The formed lamella fixed with
contact material.

The grade of the joining and the heat transfer efficiency were assessed using thermal
camera measurements and FEA.

2.1. Contact Materials and Applying Them

Based on Ref. [21], and after consultations with experts, contact materials were selected
for the research. These consisted of four solders, a heat-conducting adhesive, and a brazing
filler metal. A bottle of Inoflux brand soldering flux was also procured, which is stated to
be used for the application of a wide range of metals, including aluminum, stainless steel,
iron, brass, and copper.

Sn-4Ag solder and Loctite SI5404 adhesive materials were provided by manufacturers
free of charge for research purposes, denoted by a * in Table 1, which shows the relevant
properties of all inspected contact materials.

For brazing, a Rothenberger LPG handheld blowtorch was used with nominal and
operating temperatures of 1800 ◦C and 650 ◦C, and soldering was attempted with the
mentioned device, as well as a Hőker 4/1230 programmable industrial electric oven with
a peak power of 7 kW. For the tests in the furnace, the pipe and fin were kept upright
by supports. For soldering and brazing, the pipe was secured in place by a V125-type
parallel vise.

A thin layer of heat-conducting adhesive was applied on the surface of the middle
section of the pipe, and then a fin piece was secured to it. After the removal of the excess
adhesive, the test piece was left on a horizontal stand to solidify before curing.
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Table 1. Properties of inspected contact materials.

Contact Material Sn-40Pb Sn-4Ag * SAC-305 Zn-22Al Sn-9Zn Loctite SI5404 *

Type of contact material solder solder solder filler metal for brazing solder adhesive

Composition
Sn 60% Sn 96% Sn 96.5% Zn 78% Sn 91% N/A
Pb 40% Ag 4% Ag 3% Al 22% Zn 9%

Cu 0.5%

Density [kg/m3] 8900 7400 7400 5250 7300 2400

Specific heat capacity
(Cp) [J/kg·K] 180 220 220 ~420 240 est. 800

Thermal conductivity
[W/m·K] ~50 ~78 58 125 61 ≥0.95 LMS

Supplier - Castolin Zrt. (Pécs,
Hungary)

Szinker Ltd.
(Budapest,
Hungary)

SolderWeld Inc. (Spanish
Fork, UT, USA)

Szinker Ltd.
(Budapest,
Hungary)

Henkel Hungary Kft.
(Budapest,
Hungary)

* materials were provided by manufacturers free of charge for research purposes.

A heating experiment was conducted on the solders to verify their melting points,
or solidus-liquidus temperatures, as well as their behavior under elevated temperatures.
Therefore, small solder pieces were put on fin material pieces and placed in the electric
furnace one by one, which was preheated to just under the solidus of the material being
tested, then raising the temperature by 5–10 ◦C and keeping it for 1–2 min before checking.
This process was repeated until the test piece was in a liquid form.

2.2. Thermal Camera Mesurements

Initially, thermocouple measurements [22] were attempted, but there were problems
with the fixture, and the environmental effects caused inaccuracies. Thus, thermocouple
temperature measurement was replaced by a thermographic solution. In the measuring
loop, the fin measurements were carried out in parallel, with the fin and tube connected in
a Tichelmann system to ensure uniform conditions, as shown in Figure 2. The measuring
loop was insulated to maintain a constant and uniform temperature. A vacuum chamber
could be effectively utilized [23], but that would exclude air side effects.

Energies 2024, 17, x FOR PEER REVIEW 4 of 16 
 

 

supports. For soldering and brazing, the pipe was secured in place by a V125-type parallel 
vise. 

Table 1. Properties of inspected contact materials. 

Contact Material Sn-40Pb Sn-4Ag * SAC-305 Zn-22Al Sn-9Zn Loctite SI5404 * 
Type of contact material solder solder solder filler metal for brazing solder adhesive 

Composition 
Sn 60% Sn 96% Sn 96.5% Zn 78% Sn 91% N/A 
Pb 40% Ag 4% Ag 3% Al 22% Zn 9%  

  Cu 0.5%    
Density [kg/m3] 8900 7400 7400 5250 7300 2400 

Specific heat capacity (Cp) 
[J/kg∙K] 

180 220 220 ~420 240 est. 800 

Thermal conductivity [W/m∙K] ~50 ~78 58 125 61 ≥0.95 LMS 

Supplier - 
Castolin Zrt. (Pécs, 

Hungary) 
Szinker Ltd. (Bu-
dapest, Hungary) 

SolderWeld Inc. (Span-
ish Fork, UT, USA) 

Szinker Ltd. 
Henkel Hungary Kft. 
(Budapest, Hungaria) 

* materials were provided by manufacturers free of charge for research purposes. 

A thin layer of heat-conducting adhesive was applied on the surface of the middle 
section of the pipe, and then a fin piece was secured to it. After the removal of the excess 
adhesive, the test piece was left on a horizontal stand to solidify before curing. 

A heating experiment was conducted on the solders to verify their melting points, or 
solidus-liquidus temperatures, as well as their behavior under elevated temperatures. 
Therefore, small solder pieces were put on fin material pieces and placed in the electric 
furnace one by one, which was preheated to just under the solidus of the material being 
tested, then raising the temperature by 5–10 °C and keeping it for 1–2 min before checking. 
This process was repeated until the test piece was in a liquid form. 

2.2. Thermal Camera Mesurements 
Initially, thermocouple measurements [22] were attempted, but there were problems 

with the fixture, and the environmental effects caused inaccuracies. Thus, thermocouple 
temperature measurement was replaced by a thermographic solution. In the measuring 
loop, the fin measurements were carried out in parallel, with the fin and tube connected 
in a Tichelmann system to ensure uniform conditions, as shown in Figure 2. The measur-
ing loop was insulated to maintain a constant and uniform temperature. A vacuum cham-
ber could be effectively utilized [23], but that would exclude air side effects. 

 
Figure 2. Lamella measurement setup in a Tichelmann system. 

By using contact materials, heat transfer may be improved, in which case the fin tem-
perature would increase; thus, a thermographic measurement is used. The instrument 
used was a Testo 882 thermal imaging camera (Testo Inc., Sparta, NJ, USA). The camera’s 
sensitivity does not determine the accuracy of the temperature measurement, as it is de-
termined by the emissivity factor of the inspected surface in addition to the measurement 
accuracy of the thermal camera. We can usually determine the emissivity with a lower 
accuracy. 

Figure 2. Lamella measurement setup in a Tichelmann system.

By using contact materials, heat transfer may be improved, in which case the fin tem-
perature would increase; thus, a thermographic measurement is used. The instrument used
was a Testo 882 thermal imaging camera (Testo Inc., Sparta, NJ, USA). The camera’s sensi-
tivity does not determine the accuracy of the temperature measurement, as it is determined
by the emissivity factor of the inspected surface in addition to the measurement accuracy
of the thermal camera. We can usually determine the emissivity with a lower accuracy.

The measurements’ design is based on circulating heating water at a constant temper-
ature in the tubes to ensure the same conditions between the different lamellae. The system
was running with high-temperature water as far as possible so that larger differences
could be detected. The principle of measuring contact materials is based on comparing the
evolution of surface temperatures.
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2.3. Finite Element Analysis

The finite element analysis had two main goals. One of them was to find the lamella
shape in the contact region that can be optimally used in the simulations. The other goal
was to compare different contact materials with each other and with the air gap.

The study aimed to compare models and materials proportionally with each other,
not to calculate actual heat transfers. For this reason, significant simplifications have been
made in the modeling. Therefore, an axisymmetric simulation environment was used.
This greatly speeds up the calculation and does not require the meshing of volumes, thus
allowing a much more detailed geometry and finer meshes while the simulation still runs
relatively quickly. Inspecting only one lamella instead of modeling a whole heat exchanger
is a great simplification but allows the aimed comparison. It does not matter that the
calculated heat transfer is small; for a proportional comparison, a model with 100 lamellae
would not be better. For measurement, it would be a problem because such a small value
cannot be measured, but it is not an issue for calculation. In an axisymmetric model, the
direction of the airflow cannot be correctly provided; thus, it is neglected.

Finite element analysis was carried out using AnSYS 2023 R2 and Fluent 23.2.0. For
this study, turbulence was not the focus, so there was no need for complex turbulence
models, but a laminar model provides unrealistic results, so the k-ω shear stress transport
(SST) turbulence model was chosen.

This turbulence model is based on the Wilcox model [24] but refined in a way that it is
less sensitive outside the shear layer. It employs a blending function to add the k-ω model
of the near-wall region and the k-ε model of the far-field, the same as in the baseline (BSL)
model [25]. Apart from this, the modeling constants are also different, and the transport of
the turbulence shear stress is taken into account. Thus, the SST k-ω model is more robust
and accurate for various flows.

The water flow has Re~24,000, so it can be considered fully turbulent. The simulation
conducted in this study was performed under steady-state conditions. At every wall
boundary of the model, the condition is no slip, so the fluid boundary layer velocity is zero
at the wall relative to it. Therefore, the heat flux can be calculated using Fourier’s Law. The
convection heat flux can be calculated using Newton’s law of cooling. These fluxes are
equal near the wall, and the flux balance is maintained; thus [26],

q′′x = h(T1 − T2) = −k
∂T
∂x

where T1 is the wall’s temperature of the wall, T2 is the temperature of the fluid, k is the
heat conductivity and h is the local heat transfer coefficient. The total heat transfer rate can
be provided:

q = h ∗ A ∗ (T1 − T2)

where A is the total surface area and h is the area-averaged heat transfer coefficient.
From the heat flux balance, the general form of the equation of the heat transfer can be

provided for the simplified geometry:

d2T
dx2 +

(
1

AC

dAC
dx

)
dT
dx

−
(

1
AC

h
k

dAS
dx

)
(T1 − T2) = 0

where AC = AC(x) is the cross-sectional area, AS = AS(x) is the surface area of the fins varying
by distance.

AnSYS Fluent uses the following energy equation:

∂

∂t

[
ρ

(
e +

v2

2

)]
+∇

[
ρv
(

h +
v2

2

)]
= ∇

(
ke f f∇T − ∑

j
hj Jj + τe f f

→
v

)
+ Sh
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where ke f f is the effective conductivity depending on the turbulence model used, so

ke f f∇T represents energy transfer due to conduction, Jj is the diffusion flux, and τe f f
→
v is

viscous dissipation. Sh are volumetric heat sources, in the case of the current study, the
radiation source.

To optimize computational efficiency, the simulation employed 2D axisymmetric
models (Figure 3) to simplify the geometry while maintaining the ability to utilize a fine
mesh.

Energies 2024, 17, x FOR PEER REVIEW 6 of 16 
 

 

𝜕𝜕𝑡 ቈ𝜌 ቆ𝑒 + 𝑣ଶ2 ቇ቉ + ∇ ቈ𝜌𝑣 ቆℎ + 𝑣ଶ2 ቇ቉ = ∇ ቌ𝑘௘௙௙∇T − ෍ ℎ௝𝐽ఫഥ + 𝜏̿௘௙௙𝑣⃗௝ ቍ + 𝑆௛ 
where 𝑘௘௙௙  is the effective conductivity depending on the turbulence model used, so 𝑘௘௙௙∇T represents energy transfer due to conduction, 𝐽ఫഥ is the diffusion flux, and 𝜏௘̿௙௙𝑣⃗ 
is viscous dissipation. 𝑆௛ are volumetric heat sources, in the case of the current study, the 
radiation source. 

To optimize computational efficiency, the simulation employed 2D axisymmetric 
models (Figure 3) to simplify the geometry while maintaining the ability to utilize a fine 
mesh. 

 
Figure 3. Contact models for FEA. 

The finite element mesh was created with a 0.1 mm maximum element size and a 1.2 
growth rate. For the realistic model, a mesh refinement with a 0.02 mm and 0.05 mm ele-
ment size was applied for the contact material gap and the aluminum fin, respectively. 
This was necessary because of the complex geometry of the realistic model. Figure 4 shows 
the mesh image of the realistic and the 45° loose fit models. 

 
Figure 4. Mesh images of the contact regions of the realistic and the 45° loose fit models. 

The inlet boundary condition of the fluid used in the copper pipe was water at 48 °C, 
flowing at a velocity of 1.5 m/s, with a pressure outlet at the exit. The air domain bound-
aries are pressure outlets, allowing the air to flow freely. The fin had a diameter of 200 
mm, and the model incorporated a single fin per simulation. It is important to note that 
this setup does not reflect realistic conditions; rather, it was specifically designed to com-
pare different tube–fin contact geometries. An idealized model was created under 

Figure 3. Contact models for FEA.

The finite element mesh was created with a 0.1 mm maximum element size and a
1.2 growth rate. For the realistic model, a mesh refinement with a 0.02 mm and 0.05 mm
element size was applied for the contact material gap and the aluminum fin, respectively.
This was necessary because of the complex geometry of the realistic model. Figure 4 shows
the mesh image of the realistic and the 45◦ loose fit models.
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Figure 4. Mesh images of the contact regions of the realistic and the 45◦ loose fit models.

The inlet boundary condition of the fluid used in the copper pipe was water at 48 ◦C,
flowing at a velocity of 1.5 m/s, with a pressure outlet at the exit. The air domain boundaries
are pressure outlets, allowing the air to flow freely. The fin had a diameter of 200 mm,
and the model incorporated a single fin per simulation. It is important to note that this
setup does not reflect realistic conditions; rather, it was specifically designed to compare
different tube–fin contact geometries. An idealized model was created under hypothetical
factory conditions where there is no gap between the tube and the fin, except at the radius
of the fin. The total heat transfer rates obtained from these idealized conditions were then
compared to those from more realistic contact models. This comparative analysis aims to
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provide insights into how aging and the associated increase in the tube–fin contact gap
would proportionally reduce the total heat transfer rate over time.

3. Results
3.1. Testing and Applying Contact Materials
3.1.1. Heat Test of Contact Materials

Materials that underwent thermal input testing melted 5–10 K higher than that of their
specified melting or liquidus points except the SnPb alloy, which exhibited no perceivable
changes even when warmed by 30 K above its specified liquidus, except a barely noticeable
color change.

A disinclination was noted with all solder alloys adhering to the aluminum substrate
regardless of utilization of flux. The solder pieces formed a sphere instead of spreading on
the substrate, demonstrating subpar wetting of the surface. The SAC-305 solder piece held
onto the substrate in a small area but was effortlessly removed, as no metallurgical bond
was established.

The only inspected brazing metal was the Zn-22Al alloy, which spread out on the
surface and bonded to the substrate. The brazed fin piece could be bent and held strong
without apparent damage to it. Due to the fin having been made of this specific material,
other filler metals could not be considered, as part of the fin was destroyed when heating
the furnace above 570 ◦C.

3.1.2. Adhesive

After the specified curing process, the connection was inspected. The joint produced
was satisfactory in both adhesions to surfaces as well as mechanical strength for the
expected loads, regardless of the joined surfaces having been prepared by grinding and
polishing processes. The performance of heat conductivity was lined up to be appraised
against other bonding methods upon the successful creation of various uniform specimens
of tube and fin.

3.1.3. Soldering and Brazing

The furnace and torch soldering trials ended in virtually the same outcome: the
different alloys bonded to the copper surface but did not even wet the aluminum fin and
no metallurgical bond was established.

It was observed throughout several production processes that the molten solder would
not remain between the pipe and the lamella during gas torch and furnace soldering attempts.

Two brazing attempts were made in the furnace. The outcome was the same: no
connection was built, as the filler metal melted at a much higher temperature than expected,
and the middle part of the fin was destroyed by the heat.

Brazing with the blowtorch was a success, and the proper bond between the fin and
the pipe was created with adequate-for-purpose mechanical strength, although a tiny
piece of the fin was incinerated, and the surface coating layer was ruined in the small
surrounding area.

3.2. Thermal Camera Measurement Results
3.2.1. Measurement Results of 40 mm × 40 mm Fins

During the measurements, problems were encountered, which made it necessary to rethink
the experiment. The first problem was that due to reflective surfaces, the surface temperature of
the lamella cannot be measured directly by thermography (Figure 5 and Table 2).

A solution to this problem was to make the surface to be measured matte, which can
be achieved by applying a thin layer of paint that does not affect the measured values.
Therefore, the lamella and part of the pipe were painted and imaged, as shown in Figure 6.
The temperature values are shown in Table 3.
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For thermal imaging measurements, it is essential to know the emissivity of the surface
in order to determine the exact temperature. Since the emissivity of the paint was not
known, it was determined after the painted surface was formed. The emissivity of the paint
was determined to be ε = 0.95 [-] using an emissivity strip of known parameters.

It is difficult to compare the surface temperatures of the fins measured with a thermal
camera because the location of the measurement points and their measured temperatures
cannot be determined exactly for each fin. In addition, the problem is that there is only
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a minute difference in temperature between the base of the lamellae and the ends of the
lamellae, resulting in inaccurate measurements that cannot be compared in this form. A
graph is made to compare measurement results, as demonstrated in Figure 7, with thermal
images of measured samples shown in Figure 8.
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The use of a fan was also considered to achieve a higher heat transfer coefficient so
that the temperature difference between the base of the blades and the ends of the blades is
higher than the natural airflow. The issue with this added circumstance in the experiment
is that it is difficult to ensure the same airflow condition.

3.2.2. Measurement Results of 200 mm × 116 mm Fins

Based on the previous measurement experience, it was necessary to use a larger fin.
It is important to note that the larger slat size is not a model of the real situation. The
arrangement of the tubes is closer in reality, so a lamella of this size around a single pipe
does not exist. However, this approach is suitable to study the effect of heat conduction,
as a larger fin size will result in a larger temperature drop. In this case, a tight fit may
improve the contact between the tube and the fin, and then there would be better thermal
conductivity. Consequently, the temperature difference may rise towards the edge of
the fin, compared to a poorer thermal conductivity connection. Two sample fins were
prepared for the measurement, one with a loose fit and one with a tight fit. During the
measurement, thermal images of the surface of the fins were taken. For a given fin, two
thermal images were taken from two angles along a given line, providing a basis for
validation and comparison. The measurement line (P1) of the surface temperature was
placed at the same location in both fins (Figure 9).
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Figure 9. Thermal image of the 200 mm × 116 mm lamella and measurement point locations.

To interpret this in the thermal image, a small hole was made in the fin at the start and
end points of the line, and a control point was placed between them. This ensures that the
line can be placed in the same location for each measurement when processing the thermal
image. A histogram is created with the acquired measurement data (Figure 10).
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Figure 10. Line histogram with temperature values (Minimum: 31.5 ◦C, Maximum: 43.7 ◦C, Mean: 34.8
◦C).

A statistical method, the Wilcoxon rank sum test, was used to compare the resulting
data series. The data series are not normally distributed as they follow a trend, and the
comparison of continuous data points is a more expedient method.

The Wilcoxon test is a non-parametric statistical test used to test for differences between
two linked samples. There are two variants, more powerful and flexible than parametric
tests (t-test, etc.), especially when the data are not normally distributed or have a small
sample size.

There are two versions of the Wilcoxon test. The Wilcoxon signed-rank test is used to
compare paired samples and considers the sign and magnitude of the variances. Wilcoxon
rank-sum test is used to compare independent samples, also known as the Mann–Whitney
U-test. It is used when two samples are not normally distributed and the sample size is
small [27,28]. This latter was applicable in this case.
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The results of the application of the statistical methods show that the data series one and
two measured from different angles on sample one are statistically different (p < 0.001), but
this is not relevant as we are dealing with the same sample and the temperature distribution
measured in the same straight line. Furthermore, the thermal images were taken with a second
offset. The same finding holds for the two data series of sample two (p < 0.001). The results
show that data set two of sample two and data set one of sample one is identical (p = 0.106).
This also shows that the plots show congruent curves with the other data sets. Summarizing
the results, it can be concluded that no difference or relevant result can be detected with this
method. Likely, the measurement accuracy and conditions are not appropriate for this study.

3.3. Finite Element Analysis Results

The total heat transfer rate results of the finite element analysis can be seen in Figure 11
for each model type and the realistic model. The results show the values for each inspected
contact material and the absence of any contact material using an air gap.
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There is a marked difference in total heat transfer rate between the idealized and the
realistic models in case of an air gap. This difference is demonstrated in Figure 12.
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It is demonstrated that the models with no gap between the fin and tube provide closer
results to the realistic models than the others. Thus, after further inspection of these results,
the models with the gap are neglected. The relation between the thermal conductivity
of the contact material and the simulated heat transfer rate can be an important thing to
investigate. This relationship is shown in Figure 13.
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4. Discussion

A few heat-tested solder alloys behaved unpredictably in the furnace. Examples
include but are not limited to a piece remaining solid despite temperatures reaching well
over its stated liquidus point, only a slight darkening of the surface being apparent.

Possible explanations for this phenomenon were considered, and the following con-
clusions were entertained:

• One alloy piece was contorted several times, which could have left stresses inside the
material, changing some of its properties;

• A second piece was from an older soldering wire; it may have been mishandled or held
in storage improperly, allowing the surface to oxidize or be fouled with contaminants;

• During one of the tests, flux was applied to the substrate after the solder piece was
placed on it. The flux may have changed the chemistry of the surface layer of the
solder segment, which resulted in this layer remaining solid despite the elevated tem-
peratures.

Our trials concluded with a failure to solder copper to aluminum and a partially
successful brazing attempt.

The potential causes for the unsuccessful soldering processes were

• Improper grit sandpaper was used during preparation;
• Used fluxes were ineffective;
• Aluminum oxide;
• Execution inadequately planned or performed;
• Too large gap size between pipe and fin;
• Used soldering methods allowed oxidization during the processes;
• Contaminated surface of solders or substrates (grease, dust, oxides);
• The slow manual process allows for the growth of aluminum oxide on the surface of

the fin after grinding, even in the few seconds it took to apply flux;
• The used aluminum alloy is not good for soldering;
• Not enough time left for diffusion;
• Equipment not up to par for the conducted study.
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Diffusion takes more time than the time the test samples were kept at said temperature,
which would be essential for a soldered bond without an immediate metallurgical bond
forming between the solder and substrate.

Literature also confirms that there is an optimal gap size for soldering, which dif-
fers between different solder alloys on each distinct substrate, depending on the wetting
angle [21].

The brazing was successful using the gas torch, but the fin was slightly burnt. This
could be avoided by slowing down the process and managing heat input better or using
a slightly lower aluminum content alloy with lower solidus and liquidus temperatures,
requiring lower working temperatures.

The finite element analysis demonstrated the effectiveness of the use of contact ma-
terials in the case of marked gap formation between the fin and tube of heat exchangers.
The results show that if the gap size is negligible, these contact materials make very little
difference in heat transfer. Thus, the use of these materials is only feasible if the gap forma-
tion is proven. The discovery of this phenomenon is part of further research. Furthermore,
the results show that for models with air gaps, the difference in the calculated heat flux
compared to the real geometry is striking; therefore, using models without a gap provides
more accurate results.

For solder materials with higher thermal conductivity, the model with a 45◦ corner is
the most accurate, while for materials with a lower thermal conductivity (glue, air gap),
the model with a radius corner is the most accurate, but 45◦ is also nearly as accurate.
Therefore, for simulation purposes, the most accurate and practical model is the one with a
45◦ chamfer. It is also easier to use in FEA than the radius model, as it eliminates the well-
known meshing problem where the material at the radius gradually reaches 0 thickness.

Figure 13 shows that for materials with a coefficient of thermal conductivity between
0 and 50 W/mK, none of the models follow the real model curve exactly, but above that,
they do. This discrepancy is because, in the real model, there is very little contact material
between the fin and the tube. This means a high resistance in case of an air gap, which is
not the case for models without gaps. In the models with a gap, however, this discrepancy
is too large.

Regarding the contact material, it is confirmed that even silicone adhesive is much better
than air gap; even with a coefficient of thermal conductivity of around ~1 W/mK, it makes a big
difference, as it is still a lot better than the thermal conductivity of air, which is 0.0242 W/mK.
The use of contact materials with a thermal conductivity higher than ~50 W/mK is unnecessary
and does not significantly increase the heat flux.

Further Research

Although the heat transfer efficiency may not be significantly impacted by small
variations in tube–fin contact materials or gaps, further research should investigate how
these modifications can positively influence the lifespan of the heat exchangers. Initial
findings suggest that while heat transfer power remains relatively stable, certain materials
or design adjustments could enhance durability [29] and resistance to environmental factors,
such as types of corrosion or gap deformation. Future studies should focus on how these
materials can contribute to extending the operational life of heat exchangers [30] without
compromising heat transfer; therefore, further trials also need to look into the resistance of
applied contact materials to vibration effects at operating temperatures of a heat exchanger,
as well as resistance to heat cycling.

All soldering attempts, save for vacuum chamber soldering, mandate using flux
when working on aluminum; therefore, the acquisition of varying types of fluxes could be
beneficial if soldering and brazing of these parts are to be further researched in the future.

As the investigated type of heat exchangers are composed of dissimilar metals that are
usually electrically connected (metal-to-metal contact exists), especially Cu and an Al-alloy,
examination of the parts for galvanic or other types of corrosion could be valuable [31,32].
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Other aspects for planned future research:

• Different base materials, better-chosen form, and dimensions;
• Other contact materials (graphite; HC greases, pastes, composites, ZnAl alloy with

lower Al content, nanotechnology [33]);
• Contact forming methods (TIG Imp., Sintering, CMT, ECP);
• Production and examination of cross-sections;
• Continuation of studying literature.

5. Conclusions

In this study, the thermal performance of various tube–fin contact materials in heat
exchangers was assessed using experimental and finite element analysis (FEA) methods.
Our findings indicated that contact materials with higher thermal conductivity showed
better heat transfer rates compared to those with lower thermal conductivity, such as
adhesives. However, even the lower thermal conductivity contact materials increased their
heat transfer rates relative to an air gap. The use of Zn-22Al for brazing produced promising
results, while soldering attempts faced several challenges due to material incompatibilities.

The FEA results showed the importance of minimizing the air gap between the fin
and the tube, as even small gaps can significantly reduce heat transfer efficiency. This was
particularly evident in the models where an air gap was present, which led to a significant
decrease in heat transfer.

Despite the limitations in soldering and thermal camera measurements, the results en-
able further exploration into contact materials and their long-term impact on heat exchanger
efficiency and lifespan. Moving forward, additional testing with alternative materials and
refined methodologies could offer more reliable solutions for improving heat transfer in
industrial heat exchangers.

In conclusion, while this research provides a solid foundation for improving heat
exchanger design and power, further investigations are needed to refine the use of contact
materials, particularly in overcoming soldering challenges and optimizing the brazing
processes. By addressing these areas, future developments in heat exchanger technology
could lead to more efficient, durable, and sustainable solutions for a wide range of industrial
applications.
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