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Received: 22 February 2022

Accepted: 1 April 2022

Published: 10 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Experimental Investigations of Expansion Strength of
Hydraulic Expansion Joints Interconnecting Tube and Fins
Heat Exchanger
Haimei Han, Lianfa Yang *, Jingyu Jiang and Jianping Ma

School of Mechanical and Electrical Engineering, Guilin University of Electronic Technology,
Guilin 541005, China; hanhaimei@guet.edu.cn (H.H.); j_jingyu@163.com (J.J.); majianping1229@163.com (J.M.)
* Correspondence: y-lianfa@163.com

Abstract: As a high expansion strength corresponds to a high heat transfer efficiency, this study
investigated the expansion strength of an air-conditioning heat exchanger jointed by hydraulic
expansion. A device that would be reliable and adaptable to different types of tubes and fins
was designed and developed for testing hydraulic expansion. The device was used to perform a
non-pulsating hydraulic expansion experiment on samples comprising tubes and fins to determine
the hydraulic pressure range. The expansion strength was tested by performing tensile tests to
evaluate the pull-out force at different bulging zones of the same sample with the selected hydraulic
pressure. A series of pulsating hydraulic expansion experiments were performed on the joints of
tubes and fins with different pulsating amplitudes and frequencies. Tensile tests were performed on
the pulsating hydraulic expansion samples to study the influence of the pulsation parameters on the
pull-out force. When the amplitude was fixed, an increase in frequency led to uniform expansion
in the exchanger. This indicates that joint expansion in tubes and fins results in a more reliable heat
exchanger performance.

Keywords: heat exchanger; hydraulic expansion; pulsation parameter; bulging zone; pull-out force

1. Introduction

The air heat exchanger is the core component of an air-conditioning system because
heat exchange occurs in it. An air heat exchanger comprises copper tubes with a spiral-
grooved inner surface and hydrophilic aluminium foil fins. The grooved inner surface
of the tubes, collar design, and uneven structures on both sides of the fin increase the
heat transfer efficiency by 20–30% and reduce energy consumption by 15% compared to
a smooth inner structure [1–3]. This heat exchanger design is widely applied in power
generation, air conditioning, and many other industries. Energy-saving air conditioners
are suitable for applications requiring reductions in energy consumption and emissions [4].
Figure 1 shows an air heat exchanger.

Figure 1. Air heat exchanger, comprising inner grooved copper tubes and hydrophilic aluminium
foil fins.
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A heat exchanger can be designed with small-diameter heat exchange tubes and fins,
which help maintain the heat transfer performance and reduce the weight, package volume,
airflow resistance, and manufacturing complexity [5]. Although reducing the tube diameter
decreases the heat exchange area, it improves the heat transfer performance. For example,
using a Φ5 mm tube instead of a Φ9.52 mm tube increases the heat transfer coefficient by
10%. In addition, the reduced amount of copper reduces the cost by more than 50% and the
filling volume by about 25% [6]. Therefore, research on the joints of small-diameter heat
exchange tubes and fins is of great significance.

To improve the joints of tubes and fins, tube hydroforming (THF) is an alternative
to mechanical roll expansion that uses hydraulic fluid as a uniform forming medium to
transform metal tubes into complex hollow parts [7]. THF can be applied to heat exchange
tubes and fins to solve problems such as the wrinkles and bending caused by mechanical
roll expansion. THF does not damage the inner grooved structure. Typically, THF results
in a 1–3% wall reduction due to the uniform hydraulic pressure; in contrast, mechanical
roll expansion results in a reduction of 3–12% because of the uneven axial compression [8].
Consequently, THF can potentially be applied to the joints of heat exchangers, which
undergo an expansion process, as shown in Figure 2. However, research on the hydraulic
expansion of tubes has been limited.

Figure 2. Diagram of the hydraulic expansion process in the air heat exchanger.

Tube hammering/pulsating hydroforming was first proposed by Rikimaru and Ito [9]
in 2001 and was applied to the hydraulic expansion of a tube to improve performance.
They found that applying pulsating hydroforming could delay the rupture time of tubes [9].
In 2004, Di Lorenzo et al. [10] used artificial intelligence techniques, numerical simulations,
and experiments to realize a tube hydroforming design. Other research on tube hammer-
ing/pulsating hydroforming has shown that hydraulic expansion increases the height of
the expanded tube and produces a more uniform wall thickness in the bulging zone of the
tube [11,12]. Yang et al. [13] and Mohamed et al. [14] simulated the pulsating hydroforming
process while considering the expansion pressure and time increment. They proposed
new indicators for evaluating the uniformity of the tube wall thickness, reliability, moulds
fillability. They found that the expansion of the tube increased as the expansion pressure
and time increment decreased and the pulsating hydraulic amplitude increased. Thus, tube
hammering/pulsating hydroforming is considered a promising method for fabricating the
joints of heat exchange tubes and fins and improving the reliability of heat exchangers.

An important mechanical property [15] for the performance of the heat exchanger is
the expansion strength [16] of the joint between a tube and fin, which is denoted by the
pull-out force. The pull-out force after hydraulic expansion is mostly evaluated through
tensile tests. Merah et al. [17,18] performed finite element analysis and found that, for
low clearances, the calculated residual contact pressure of the analytical results compares
well with those inferred from the experimentally measured pull-out force. Wang et al. [19]
used the finite element method to analyse a shell-and-tube multiple fixed-tube plate heat
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exchanger for three cases and calculated the pull-out force for a heat exchanger and tube-
sheets at different temperature distributions. Their results showed that the effect of the
pull-out force on the different locations of a heat exchanger tube is greater for multiple
exchangers. However, most of the above studies were based on mechanical roll expansion.
Few studies have evaluated the pull-out force of tubes and fins in air heat exchangers
fabricated by hydraulic expansion.

In this study, a device was designed for the hydraulic expansion of heat exchange tubes
and fins; the device is reliable and adaptable to tubes and fins of different numbers and
lengths. A non-pulsating hydraulic expansion experiment was performed on test samples
comprising copper tubes and fins. Based on the experimental results, the appropriate
hydraulic pressure range was determined. The same test results were used to evaluate
the pull-out force of different bulging zones of the same test sample expanded at the
proper hydraulic pressure. The influence of different bulging zones on the pull-out force of
heat transfer tubes was evaluated. A hammering/pulsating hydraulic expansion test was
applied to the joints of tubes and fins with a varying pulsating amplitudes and frequencies.
After the expansion, a tensile test was performed on the samples, and the maximum pull-
out force with different pulsation parameters was determined. The results were used to
characterise the influence of the pulsation parameters on the pull-out force.

2. Geometries of Tubes and Fins

The study objects were seamless inner grooved copper tubes and hydrophilic alu-
minium foil fins. Figure 3 shows the heat exchange tubes and fins that formed the test
sample, and Table 1 lists their geometric and material properties. The seamless inner
grooved tubes were composed of TP2 copper, and the hydrophilic aluminium foil fins were
composed of 8006 aluminium. The dimensions are also shown in Figure 3.

Figure 3. Test sample comprising details of cross-section of tubes and fins.

Table 1. Geometric and material parameters of the TP2 tube and fin made of 8006 aluminium.

Tube Value Fin Value

Outer diameter Φ0 (mm) 5 Arrangement length l1 (mm) 355
Wall thickness δ (mm) 0.5 Width d0 (mm) 40

Length l0 (mm) 375 Height h0 (mm) 11
Density (g·cm−3) 8.916 Density (g·cm−3) 2.780

Young’s modulus (GPa) 127 Young’s modulus (GPa) 68
Poisson’s ratio 0.33 Poisson’s ratio 0.33

Tensile stress (MPa) 205.807 Tensile stress (MPa) 136.889
Yield stress (MPa) 66 Yield stress (MPa) 132

3. Design of the Hydraulic Expansion Device

The joints of air heat exchangers are mostly formed by mechanical roll expansion;
hydraulic expansion has not been promoted. Therefore, mature equipment for expanding
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the test samples was not available, especially those with small diameters. One of the pri-
mary contributions of this study was the design and development of a hydraulic expansion
device suitable for small-diameter heat exchange tubes and fins.

The self-designed hydraulic expansion device comprises a hydraulic pressure gen-
erator, liquid sealing system, and the test sample location. Designing each component
required considering the sealing performance during the expansion process. In addition,
the applicability and flexibility of the device needed to be considered.

(1) Hydraulic pressure generator: This is a liquid-filled bolt connected to an external
pressure liquid supply system. The liquid-filled bolt has a through-hole in the middle.
One end of the bolt is connected to the liquid supply apparatus, and the other end is
connected to the heat exchange tube.

(2) Liquid sealing system: Each end of the tube is connected to a fastening tube sleeve
and sealing nut. The tube sleeve has two threaded holes to connect the sealing nut
and liquid-filled bolt. To ensure the sealing performance, both ends of the tube are
connected with the liquid-filled bolt, and the sealing nut has an O-ring to prevent
liquid leakage when the device is hydraulically expanded. The O-rings act together
with the threaded hole in the tube sleeve to form a tightening seal with the sealing
nut and liquid-filled bolt.

(3) Test sample location: This part comprises two long screws, a fastening tube sleeve,
and a guiding sleeve. Both sleeves have through-holes to allow the long screw to pass
through, and the nut is tightened to support the device. A flexible cushion block is
between the guiding sleeve and end of the tube to protect the tube during hydraulic
expansion. To ensure the applicability and flexibility of the device, the guiding sleeve
and fastening sleeve were designed with the same external dimensions and volume.
The two ends of the sleeves have through-holes for the long screw to pass through to
cooperate with the nut. Hence, the device can adapt to different lengths of tubes and
numbers of fins.

Figure 4 shows the structure and photographs of the test sample and device. The
assembly process was as follows. First, the fins were placed on the tube and pressed against
each other to eliminate any gaps. The two ends of the tube were inserted in the holes of the
fastening sleeve. Second, the O-rings were placed on the two ends of the tube, and the short
end of the liquid-filled bolt was placed at one end and screwed in to form a seal. Third,
the long end of the liquid-filled bolt was connected to the liquid supply device, which was
operated until liquid flowed from the other end of the tube to ensure that any remaining air
was removed. Fourth, the sealing nut was screwed into the other end of the tube to form a
seal. Finally, the threaded end of the long screw was inserted into the through-holes on
both sides of the fastening sleeve and the guiding sleeve and screwed in with a nut.

Figure 4. The hydraulic expansion device and sealing part. (a) The design of the device; (b) The
photo of device.
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4. Experiments
4.1. Non-Pulsating Hydraulic Expansion

Non-pulsating hydraulic expansion was performed for a preliminary observation
of the joint of the test sample. Eight to ten tests were conducted on each sample under
the same experimental conditions, and three to five similar results were selected as our
experimental data. Accordingly, the proper expansion pressure range of the small-diameter
tube and fins was determined for the pulsating hydraulic expansion and tensile tests.
Figure 5a–e show the parts of the experimental platform.

Figure 5. Non-pulsating and pulsating hydraulic expansion experimental platform. (a,d) External
pressure liquid supply device; (b) data acquisition system; (c) stamping machine; (e) self-designed
hydraulic expansion device; (f) non-pulsating hydraulic pressure; (g) pulsating hydraulic pressure.

A pump was utilised as the external pressure liquid supply device and could supply a
continuously rising pressure. After the expansion device and test sample were assembled,
the air inside the tube was evacuated, and the tightness of the device was checked. The
pump was connected to supply hydraulic pressure, and the expansion process was observed
for further analysis. Smacq multifunctional data acquisition equipment is well designed to
meet various testing needs. Figure 5f shows the acquired curve of the hydraulic pressure
with the loading time. The fluctuations in the curve indicate natural fluctuations of the
liquid, which differ from that due to pulsating hydraulic expansion.

The first hydraulic expansion experiment showed that the test sample may bend as
the tube decreased in diameter and increased in length and as the loading speed of the
liquid increased. Figure 6a shows a bent test sample. When the liquid leaked upon the
sample bending, the maximum pressure was only 11 MPa. Thus, the tube and fins were
not jointed well. Reducing the hydraulic pressure loading speed of the 4DSY pump (i.e.,
pressure frequency of the liquid) during the test prevented the copper tube from bending
and improved the forming quality. In subsequent tests, the hydraulic pressure loading
speed of the 4DSY pump was reduced; the tube did not bend, and the liquid did not leak
out. After many non-pulsating hydraulic expansion tests, the test samples began to expand
outward at a hydraulic pressure of about 10 MPa, and the samples burst at a maximum
hydraulic pressure of about 24 MPa. Figure 6b shows a burst sample.
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Figure 6. (a) Bending failure and (b) bursting failure in the sample due to hydraulic expansion.

To evaluate the proper expansion pressure for hydraulic expansion of the air heat ex-
changer, maximum pressures of 14, 16, 18, and 20 MPa were considered. After the hydraulic
pressure reached the pre-set value, the hydraulic expansion device was disassembled. Then,
the test sample was taken out of the self-designed device after expansion. This completed
the non-pulsating hydraulic expansion experiment.

4.2. Pulsating Hydraulic Expansion

To evaluate the influence of pulsating hydraulic parameters on the pull-out force,
multiple tensile tests were conducted on multiple sets of pulsating hydraulic expansion
experiments with varying amplitudes and frequencies. To study the effect of the pulsating
hydraulic parameters on the pull-out force, the maximum pressure for pulsating hydraulic
expansion needed to be established within the range set for non-pulsating hydraulic expan-
sion. In addition to the apparatus of the non-pulsating hydraulic expansion experiment, the
BD-868A servo stamping machine shown in Figure 5c was used in the pulsating hydraulic
expansion experiments. Figure 5a–e show parts of the experimental platform for pulsating
hydraulic expansion [20].

The BD-868A servo stamping machine could move the mould up or down under
manual or automatic control. The hydraulic pressure was output through the 4DSY pump
and flowed through the pulsating hydraulic pressure generator. The piston rod of the
device could generate a given amplitude and frequency based on the reciprocating motion
of the screw in the BD-868A servo stamping machine. The parameters could be varied
by adjusting the stamping stroke and motor speed of the servo stamping machine. Fig-
ure 5 shows the pulsating hydraulic pressure generator and its working principle. The
stroke s of the servo stamping machine affected the pressure amplitude ∆P, and the motor
speed n affected the pulsation frequency f. Table 2 presents the parameter settings of the
servo stamping machine during the pulsating hydraulic expansion test and the calculated
pulsation parameters.

Table 2. Settings for the stroke and speed of servo stamping machine and the pulsation parameters
of the amplitude and frequency.

Stroke s (mm) Speed n (r/min) Amplitude ∆P (MPa) Frequency f (c/s)

2 200 1.72 0.67
4 500 2.83 1.29
6 800 3.53 1.8

The difference between the pulsating and non-pulsating hydraulic experiments was
how hydraulic pressure was applied. If the loading curve of the non-pulsating hydraulic
expansion is taken as the reference, then the pulsating hydraulic pressure was applied
by adjusting the amplitude and frequency. Figure 5g shows a representative curve of
the pulsating hydraulic expansion varying with the loading time. Applying a pulsation
amplitude to a non-pulsating hydraulic expansion pressure of 18 MPa may cause over-
expansion of the tube, so a median value of 17 MPa was selected to ensure that the test
pressures remained within the proper hydraulic pressure range.

The process of the pulsating hydraulic expansion experiment was as follows. Before
the pulsation experiment, the tube and fins were punctured and fixed to the self-designed
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hydraulic device. The air in the tube was evacuated, and special care was taken with
ensureing the airtightness of the device. Then, the 4DSY pump was connected with
the pulsating hydraulic pressure generator, data acquisition system, and self-designed
hydraulic expansion device. The pulsating hydraulic pressure generator was fixed under
the servo stamping machine. As given in Table 2, the stroke was set to 2 mm, and the motor
speed was set to 200 r/min. The stamping stroke was set to be the same as the first return
stroke. Thus, the stop time was set to 0, and the number of times was set to a higher value.
Next, the servo stamping machine and data acquisition card were started, and the 4DSY
pump was operated to output a continuously increasing hydraulic pressure. The screw of
the servo stamping machine drove the piston rod to move up and down as it pressed the
liquid in the hydraulic chamber. The maximum hydraulic pressure value was controlled at
about 17 MPa. Finally, the measurement data were recorded in a computer and output into
figures and tables for later data analysis and calculation of the amplitude and frequency.

When the stamping stroke s was 2 mm and the motor speed n was 200 r/min, the
pulsation parameter amplitude ∆P was 1.72 MPa and the frequency f was 0.67 c/s. Thus,
the amplitude and frequency were calculated according to the other parameters. Table 3
gives the nine groups of data combinations used to obtain different amplitudes and fre-
quencies. Each group of experiments was carried out three times to eliminate accidents
and improve accuracy.

Table 3. Pulsation parameters of the amplitude and frequency in the experiment.

Stroke s (mm) Speed n (r/min) Amplitude ∆P (MPa) Frequency f (c/s)

2 200 1.72 0.67
2 500 1.72 1.29
2 800 1.72 1.80
4 200 2.83 0.67
4 500 2.83 1.29
4 800 2.83 1.80
6 200 3.53 0.67
6 500 3.53 1.29
6 800 3.53 1.80

4.3. Tensile Tests

The pull-out force was obtained from tensile tests carried out after the non-pulsating
and pulsating hydraulic expansion experiments. The test sample after the hydraulic
expansion experiment was cut into pieces of tube and fins with a handheld cutting machine.
Figure 7 shows the tensile test platform, which comprised a material testing machine,
data acquisition system, and tensile test device. The tensile test samples were fixed in the
tensile test device, which was connected with the material testing machine. The tensile test
samples were made from the non-pulsating hydraulic expansion samples at the proper
expansion pressure, and each expansion sample was cut into four parts labelled A, B,
C, and D [21]. The samples were cut into four parts because stress concentrations were
generated at bends of the tube, and the number of fins on the left end of the sample was
not sufficient for an entire sample. Figure 8 shows that each part was cut into two smaller
samples labelled 1 and 2 to increase the number of test samples. The dashed line denotes
the cutting location. The beam of the material testing machine was stretched upward at
a uniform speed of 5 mm/s to pull the fins off the tube. The tensile tests were used to
evaluate the influence of the non-pulsating hydraulic expansion pressure on the pull-out
force and determine the proper expansion pressure value.



Metals 2022, 12, 641 8 of 13

Figure 7. Tensile test platform.

Figure 8. Eight samples in the tensile test cut along the dashed lines.

For the tensile test of the pulsating hydraulic expansion samples, most of the experi-
mental steps were the same as those for the non-pulsating hydraulic expansion samples.
However, the nine sets of test samples given in Table 3 were tested to facilitate the collection
and recording of experimental data. The curve of the time and strength was observed and
recorded in real time, which was convenient for calculation and analysis.

5. Results and Discussion
5.1. Proper Hydraulic Pressure Range

In the non-pulsating hydraulic expansion experiment, the tube and fins expanded
at 14 MPa were not jointed tightly, and the fins easily slipped down the tube, as shown
in Figure 9a. However, the tube and fins were over-expanded at 20 MPa, as shown in
Figure 9b. The samples were expanded tightly at 16 to 18 MPa, and the tubes and fins were
jointed well without overexpansion. The non-pulsating hydraulic expansion experiment
showed that the self-designed hydraulic expansion device can meet the requirements for
hydraulic expansion, and the proper hydraulic expansion pressure for the test samples was
determined to be 16–18 MPa. To determine the proper hydraulic expansion pressure more
accurately for the tensile test, test samples were jointed at 16, 17, and 18 MPa three times at
each pressure.

Figure 9. Sample jointed at a hydraulic pressure of (a) 14 MPa and (b) 20 MPa.

Tensile tests were performed on samples formed at the maximum hydraulic pressures
(Pmax) of 16, 17, and 18 MPa and cut from hydraulic expansion samples (e.g., 1a/1b,
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2a/2b, 3a/3b, and 4a/4b) with the material testing machine. The tube of each sample was
pulled, and the pull-out force was recorded with the data acquisition system. The values
for the maximum pull-out force (Fmax) of the tensile test samples at 16, 17, and 18 MPa
were averaged, as given in Table 4. The results showed that the samples could withstand
Fmax = 0.47 kN at Pmax = 18 MPa. Thus, the proper hydraulic expansion pressure was
determined to be 18 MPa.

Table 4. Average value of Fmax of tensile test samples at Pmax of 16, 17, and 18 MPa.

Pmax (MPa) Fmax (kN)

16 0.36
17 0.38
18 0.47

5.2. Pull-Out Forces in the Bulging Zones

Figure 10 shows the fitting of the data obtained from the tensile test of the samples
formed by non-pulsating hydraulic expansion at 16, 17, and 18 MPa. The results indicate
that the samples could withstand Fmax at Pmax = 18 MPa. Thus, the proper hydraulic expan-
sion pressure was determined to be 18 MPa. For all samples, section C could withstand a
larger pull-out force than the other sections [22]. The maximum pull-out force (Fmax) of each
section of the test sample is summarised in Table 5 and visualised in Figure 11. The results
showed that the middle section of the samples could withstand a greater pull-out force than
the other sections, indicating that the middle section also provided more reliable results.

Figure 10. Variation in the pull-out force with the loading time at different hydraulic expansion
pressures: (a) 16, (b) 17, and (c) 18 MPa.
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Table 5. Fmax that each part of the test sample could withstand at Pmax = 16, 17, and 18 MPa.

Pmax (MPa)
Fmax (kN)

A B C D

16 0.35 0.36 0.38 0.36
17 0.36 0.39 0.40 0.36
18 0.40 0.50 0.51 0.45

Figure 11. Variation in Fmax at different bulging zones of tensile test samples and 16, 17, and 18 MPa.

5.3. Effect of Pulsation Parameters on the Pull-Out Force

Table 6 summarises the groups of pulsation parameters and corresponding Fmax after
the pulsating hydraulic expansion experiment and tensile test. Fmax was 0.38 kN with
non-pulsating hydraulic expansion at 17 MPa. In contrast, Fmax was 0.42 kN with pulsating
hydraulic expansion and the different groups of pulsation parameters. Hence, pulsating
hydraulic expansion can improve the expansion performance of tubes and fins.

Table 6. Fmax corresponding to each group of ∆P and f.

∆P (MPa) f (c/s) Fmax (kN)

1.72 0.67 0.391
1.72 1.29 0.394
1.72 1.80 0.359
2.83 0.67 0.404
2.83 1.29 0.396
2.83 1.80 0.419
3.53 0.67 0.389
3.53 1.29 0.403
3.53 1.80 0.391

5.3.1. Pulsation Amplitude

Figure 12 shows the relationship between the amplitude and maximum pull-out force.
When ∆P ≤ 2.83 MPa, the pull-out force increased with the amplitude; however, the pull-
out force decreased with increasing amplitude when ∆P > 2.83 MPa. When ∆P = 2.83 MPa,
the maximum pull-out force peaked at 0.406 kN.
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Figure 12. Variation in Fmax with ∆P at the same frequency.

5.3.2. Pulsation Frequency

Tensile tests were performed on pulsating hydraulic expansion samples subjected
to the same amplitude and different frequencies [23]. At frequencies of 0.67, 1.29, and
1.80 c/s, the curve of the pull-out force varied with time for the three amplitudes, as shown
in Figure 13. Increasing the pulsation frequency caused the curve of the pull-out force to
change more smoothly and rise steadily with little fluctuation. When the amplitude was
fixed, increasing the frequency increased the uniformity of the joint between the tube and
fin, which increased the reliability.

Figure 13. Variation in the pull-out force over time for the three amplitudes and three frequencies:
(a) 0.67, (b) 1.29, and (c) 1.80 c/s.
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6. Conclusions

A self-designed hydraulic expansion device was used to perform experiments on
non-pulsating and pulsating hydraulic expansion. In addition, tensile tests were performed
to investigate the pull-out force of heat exchange tubes and fins after hydraulic expansion.
The following conclusions were drawn:

(1) In the proper hydraulic expansion range of 16–18 MPa, Fmax was 0.47 kN at a Pmax
of 18 MPa. Thus, the proper hydraulic expansion pressure of the test samples was
determined to be 18 MPa.

(2) The middle section of the test sample could withstand a higher pull-out force than the
other sections, which provided better reliability in the hydraulic expansion tests.

(3) When ∆P ≤ 2.83 MPa, the pull-out force increased with the amplitude; when
∆P > 2.83 MPa, the pull-out force decreased with increasing amplitude.
At ∆P = 2.83 MPa, the maximum pull-out force peaked at 0.406 kN.

(4) When the amplitude was fixed, increasing the frequency increased the uniformity of
the joint between the tube and fin, which improved the reliability of the joint.
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