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Abstract: Highly efficient heat exchange tubes are special tube shapes that are widely used in heat
exchangers to enhance heat transfer. In this study, experimental measurements and numerical
simulations were carried out on two types of highly efficient heat exchange tubes, namely, spirally
grooved tubes and converging—diverging tubes, to investigate changes in their mechanical properties
after rolling from smooth tubes. It was found that, unlike the smooth tubes, all axial, circumferential,
and radial stresses exist at the two types of tubes under axial loading, and the maximum axial stress
is much larger than that at the smooth tubes. Compared to the smooth tubes, the yield strength
and ultimate strength of the highly efficient heat exchange tubes increase while the axial elastic
stiffness decreases. Although the capability of resisting fatigue fracture of the highly efficient heat
exchange tubes is less than that of smooth tubes, they still meet the requirements of the heat exchanger
under fatigue loading. Axial stress concentration factors and stiffness equivalent factors for the
highly efficient heat exchange tubes are regressed as a function of the structural parameters for
engineering applications.

Keywords: highly efficient heat exchange tubes; stress analysis; axial stiffness; fatigue strength;
numerical simulation

1. Introduction

With the rapid development of industry, a lot of methods to enhance heat transfer have been
developed, among which highly efficient heat exchange (HEHE) tubes are most commonly used in
engineering. A lot of research has been performed in the literature on the heat transfer performance
of heat exchangers with HEHE tubes [1-5]. Kareem et al. [6] presented an extensive review of
numerical and experimental studies on the heat transfer enhancement of corrugated tubes, which
cover laminar and turbulent flow. In order to improve the heat and mass transfer performance of
falling film and develop a new type of falling film evaporator, Huang et al. [7] studied the heat and
mass transfer characteristics of falling film evaporation and sensible heat in four different sizes of
converging—diverging tubes. Rashid et al. [8] presented a novel model of a parabolic trough-based
solar thermal and natural gas hybrid power plant. Due to the intermittence of solar energy, the model
can make use of natural gas combustion to supplement steam when cloud cover and solar intensity
are reduced, which can improve the reliability and efficiency of solar power generation. It is worth
noting that the system uses a shell and tube heat exchanger to extract more heat from the heat transfer
fluid before returning to the parabolic trough. In this case, HEHE tubes are very effective in improving
energy efficiency.
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Due to the irregular shape and rolling from the smooth tubes, the load-carrying capability of
HEHE tubes may be quite different from that of smooth tubes, of which sufficient attention should
be paid in order to ensure reliable operation of heat exchangers constructed with HEHE tubes.
Eyvazian et al. [9,10] studied the effect of crushing parameters on an aluminum corrugated tube and
the compression response under transverse quasi-static loads by corrugations of different geometries
through experiments and numerical simulations. The results showed that by changing the shape of
the corrugations, the stress distribution pattern changed significantly. Wang et al. [11] used the finite
element method to simulate and analyze corrugated tubes in the heat exchanger. An analysis method
for the stability of the corrugated tubes under internal and external pressure was proposed, and the
calculation formula of single wave stiffness was obtained. Singace et al. [12] conducted an experimental
study on the energy absorption characteristics of corrugations. The experimental results show that the
corrugations are an ideal controllable energy-absorbing element. Song et al. [13] analyzed the stiffness
and strength of cylindrical rods and tubes from material mechanics. It was found that when the masses
of the two were the same, the cross-section stiffness of the circular tube was three times that of the
cylindrical rod. Using the basic theory of elastoplasticity, the yield stress of a liquid-filled cylindrical
tube was studied. Due to the incompressibility of the liquid and the strain hardening effect of the
material, the yield stress of the liquid-filled tube increased and the bending strength increased. Under
the dynamic load, compared to the hollow tube, the impact resistance of the liquid-filled tube was also
raised due to elastic recovery. Li et al. [14] studied the influence of heat transfer tube stiffness and tube
sheet thickness on the thermal stress of tubes and tube sheets. It was found that the use of corrugations
to reduce the stiffness of the tube can reduce the axial thermal stress at the tube, thus reducing the
possibility of failure of the connection strength between the tube and the tube sheet. Qian et al. [15]
conducted numerical and experimental research on the axial stiffness of the corrugated tubes. Based
on the analysis of axial load-displacement, the stiffness weakening factor Ky of the corrugated tubes
was proposed and formulated. Yang et al. [16] analyzed the axial stiffness of the twisted tube by finite
element and experimental methods. The results showed that the increase in the twist ratio or decrease in
the lead will lead to the decrease in axial stiffness, and a formula for reducing the stiffness of the twisted
tube was proposed. Shen et al. [17] analyzed the leakage of titanium tubes in condensers of nuclear
power plants, including analysis of the chemical composition of the alloy, mechanical properties,
metallographic structure, and micro-morphology. The results showed that the leakage of the titanium
tube is mainly caused by fatigue failure. Fatigue tests were carried out in air and steam environments,
and the fatigue resistance of the titanium tube in the steam environment was significantly reduced.
Vetriselvan et al. [18] established an experimental device to simulate thermal fatigue on the inside
diameter side of the tube. Based on the decoupling analysis of thermal and inelastic stresses, finite
element analysis was performed to calculate the total plastic strain range of the boiler tube. Finally,
the number of cycles of crack initiation was obtained through experiments, and the number of cycles
of crack initiation was calculated using the modified Coffin-Manson relation. It provides a reliable
basis for the fatigue failure analysis of °Cr!Mo steel tubes for boilers. Sajuri et al. [19] characterized the
metallurgical, mechanical, and fatigue properties of copper-phosphorus alloys and aluminum-copper
bimetallic tubes by metallographic analysis and tensile, bending, and fatigue tests. The results showed
that a fragile Al-Cu intermetallic compound was found in the transition layer between Al and Cu.
The bending performance of the tube was affected by the volume fraction of Cu in the material.
The fatigue strength of the aluminum-—copper bimetal tube was reduced by nearly 55% compared to the
copper alloy tube. Leber et al. [20] studied the microstructure changes of isothermal low-cycle-fatigue
samples made from industrial steel tube processing. The volume fraction of martensite determined
by the optimized magnetic nondestructive test method was generally small, but it was large near
the crack tip with high plastic strain, and martensite was found at the intersection of the slip zone.
Hsu [21] studied the fatigue fracture of the industrial pure titanium tube in the shell and tube heat
exchanger at low temperature. As industrial titanium tubes are subjected to vibration and compressive
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axial loads caused by flow during use, the combined stress causes many intergranular cracks in the
circumferential direction. Fracture analysis showed that the fracture was caused by high cycle fatigue.

As HEHE tubes, spirally grooved (or SG) tubes and converging—diverging (or CD) tubes are
widely used in heat exchangers. However, a literature review found that with the considerable
research addressing the heat exchange enhancement properties of the HEHE tubes and some on the
load-carrying capability of HEHE tubes, there are few studies on the changes in their mechanical
properties after rolling from smooth tubes. In this paper, the mechanical properties of the SG tubes and
CD tubes are studied and compared to those of smooth tubes. The purpose is to ensure the reliable use
of HEHE tubes in heat exchangers.

2. Structure of the Studied HEHE Tubes

In this paper, SG tubes and CD tubes are studied numerically and experimentally. Figure la
illustrates the structure of the SG tubes, where D is the nominal outer diameter of the tube, which is
equal to the outer diameter of the smooth tube before rolling, P is the pitch of the tube, ¢ is the depth of
the spiral groove, and ¢ is the thickness of the tube. Figure 1b illustrates the structure of the CD tubes,
where D is the nominal outer diameter of the tube, which is also equal to the outer diameter of the
smooth tube before rolling, L is the length of a period section, L; is the length of the tapering section,
which is about 1/8 L1, and H is the rib height. The materials of the above two HEHE tubes are carbon
steel No. 10 or austenitic stainless steel S30408.

Figure 1. Schematic structures of two highly efficient heat exchange (HEHE) tubes: (a) Spirally grooved
(SG) tube, (b) Converging-diverging (CD) tube.

In engineering applications, heat exchange tubes generally undertake pressures inside, as well as
outside, the tubes, and also axial loading. As the tubes are small in cross-section but long in length,
axial loading is critical for the reliable use of the tubes. Therefore, in this paper, mechanical properties
of the SG tubes and CD tubes under axial loads are investigated experimentally and numerically to see
if the load-carrying capability of these HEHE tubes changes after rolling from smooth tubes.

3. Experimental Measurements

The purpose of the experimental study is to investigate changes in the mechanical properties of
the HEHE tubes after rolling from smooth tubes.
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3.1. Axial Strength and Stiffness

For a tube with a given length, axial stiffness refers to the axial deformation of the tube under
unit axial tensile or compressive load. In this study, the axial stiffness of two HEHE tubes is tested
on an Instron-8800 electro-hydraulic servo universal material testing machine (Boston, MA, USA).
The measuring range of the extensometer is 50 mm and the measuring accuracy is 1 micron. Figure 2
compares the tensile load and displacement curves of a SG tube, CD tube, and smooth tube with their
diameter of 19 mm and thickness of 2 mm. Test results for tubes with other sizes are similar to Figure 2.

5x10° 4 /

4x10° 4 \

Converging-diverging tubes

= Spirally grooved tubes
T 3x10' |

S

=

@

E 2x10° 4 Smooth tubes

1x10%

0

T T T T T T 1
0.0 0.5 1.0 1.5 20 25 3.0 35

Tensile displacement(mm)

Figure 2. Comparison of experimental load-deformation curves of the two HEHE tubes and a
smooth tube.

From Figure 2, it is found that the smooth tube is the first to present a yield trend under the
tensile loading. As a result of straining—strengthening during the rolling process, the yield strength
and ultimate strength of the SG tube and CD tube are enhanced. In the elastic stage, the slope of the
straight line represents the stiffness of the tubes. Clearly, as the cross-section changes periodically,
the axial elastic stiffness of the SG tube and CD tube is lower than that of the smooth tube.

In order to deeply investigate the stiffness of HEHE tubes, the ratio of the stiffness of HEHE tubes
to that of smooth tubes under the same nominal outer diameter and thickness is defined as the stiffness

equivalent factor K.
Ky
-1 1
Kz M)
where Kj is the axial elastic stiffness of the HEHE tubes and Kj is the axial elastic stiffness of the smooth
tubes. Obviously, Ky must be related to the structural parameters of HEHE tubes. The closer K¢ isto 1,
the closer the axial elastic stiffness of the HEHE tubes is to that of the smooth tubes with the same
nominal outer diameter and thickness.

Several groups of tensile tests were carried out to measure Ky of the SG tubes and CD tubes.
The experimental results are listed in Tables 1 and 2 respectively for the two HEHE tubes with
different sizes.

Ky =
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Table 1. Experimental measurements of the stiffness equivalent factor of the SG tubes with different sizes.

Tube Size
No. Ky
D P E t
1 19 113  0.95 2 0.7583
2 19 11 0.85 2 0.7768
3 19 10.8 0.9 2 0.7625
4 25 12.5 0.9 3.1 0.8521
5 25 125 0.85 3 0.8724
6 25 12.5 1 3 0.8293

Table 2. Experimental measurements of the stiffness equivalent factor of the CD tubes with different sizes.

Tube Size

No. Ky
D L H t

19 12 1.06 2.64 0.8481
19 12 1.08 2.64 0.8252
19 12 1.06 2.62 0.8367
25 15 1.40 3 0.7983
25 15 1.42 3 0.7896
25 15 1.36 3 0.8463

NCT WD

3.2. Fatigue Strength

In engineering, some heat exchangers with highly efficient heat exchange tubes undergo changing
pressures and/or temperatures. Therefore, it is necessary to know the change in fatigue-resistant
properties of the HEHE tubes after rolling from the smooth tubes and forming structural discontinuities.
In this part, the fatigue tests were carried out on the SG tubes and CD tubes. The materials of the
tested tubes were carbon steel No. 10 and austenitic stainless steel S30408 with their yield strength
being 205 and 210 MPa, respectively. The maximum load Fj, for the fatigue tests was determined as
follows [22]:

Os
= —, 2
Omax " )

Finax = Omax®S, 3)

where 05 is the yield strength of the material, # is the safety factor, and S is the cross-sectional area of
the base tube.

In engineering applications, the axial stress of heat exchanger tubes is usually not allowed to
exceed the allowable stress of the material for which the safety factor n corresponding to the yield
strength o5 is 1.5. For the fatigue tests in this study, 0,4x was also determined by taking # = 1.5. The tests
were carried out under tensile loading with the load ratio R (the minimum load to the maximum load)
being 0.01. The results of fatigue tests in each group are listed in Tables 3 and 4 respectively for SG
tubes and CD tube. Figure 3 shows some fractured fatigue test specimens. Smooth tubes with the
same materials were also tested under the maximum loading with n = 1.5 in Equation (2), and no tubes
were fractured within 1,000,000 cycles.
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Table 3. Fatigue experimental results of the SG tubes with different sizes and materials.

Tube Size
No. Safety Factors  Materials Cycles Results
D P & t
1 19 7.0 1.36 2.0 1.5 10 1,000,000 Unbroken
2 19 7.0 1.34 20 1.5 10 1,000,000 Unbroken
3 19 7.0 144 20 1.5 10 1,000,000 Unbroken
4 25 7.0 142 25 1.5 10 1,000,000 Unbroken
5 25 7.0 136 2.5 1.5 10 1,000,000 Unbroken
6 25 70 138 25 1.5 10 1,000,000 Unbroken
7 19 7.0 1.36 2 1.5 530408 1,000,000 Unbroken
8 19 7.0 1.34 2 1.5 530408 1,000,000 Unbroken
9 25 70 142 2 15 530408 1,000,000 Unbroken
10 25 7.0 1.40 2 1.5 530408 1,000,000 Unbroken

Table 4. Fatigue experimental results of the CD tubes with different sizes and materials.

Tube Size
No. Safety Factors = Materials Cycles Results
D Ly H
1 19 12 104 25 1.5 10 980,000 Broken
2 19 12 106 25 1.5 10 520,000 Broken
3 19 12 106 25 1.5 10 560,000 Broken
4 25 15 128 3.0 1.5 10 480,000 Broken
5 25 15 130 3.0 1.5 10 460,000 Broken
6 25 15 128 3.0 1.5 10 850,000 Broken
7 19 12 1.06 2 1.5 530408 320,000 Broken
8 19 12 1.08 2 1.5 530408 210,000 Broken
9 25 15 128 3 1.5 530408 1,000,000 Unbroken
10 25 15 126 3 1.5 530408 1,000,000 Unbroken

o e
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Figure 3. Some fractured CD tubes.

From Tables 3 and 4, it is seen that for the SG tubes, when the maximum load is determined by
Equations (2) and (3) with n = 1.5, all specimens underwent 1,000,000 cycles without breaking. For CD
tubes, however, as listed in Table 4, most tested specimens were broken with a cycle less than 1,000,000
but more than 100,000. Thus, it seems that SG tubes are more capable of resisting fatigue fracture than
CD tubes. This may be owed to the fact that CD tubes more sharply change in structural profile, and it
is easier for them to initiate fatigue cracks than SG tubes after rolling.

As mentioned above, in engineering applications, the axial stress of heat exchange tubes is
usually controlled to be less than the allowable stress, which is obtained by Equation (2) with n = 1.5.
In addition, most heat exchangers, if fatigue-loaded, undergo low cycle fatigue or, in other words,
the working cycle is less than 100,000. Thus, it is reached that although the capability of resisting



Materials 2020, 13, 382 7 of 14

fatigue fracture of the SG tubes and CD tubes may be less than that of smooth tubes, they still meet the
requirements of engineering applications.

It turns out that the fracture of tested specimens was all initiated from the trough of the outer
surface of the CD tubes, which is clearly due to the stress concentrations in these places. The next
section will numerically study the stress distributions under the axial loading with more attention on
the stress concentrations.

4. Numerical Simulations

4.1. Numerical Models

In this study, hexahedral elements are used to establish the finite element mesh models of the
tubes. In order to ensure the accuracy of the numerical calculation, mesh independence is verified.
The results are shown in Tables 5 and 6 respectively for the SG and CD tube. It is seen that for the three
listed mesh methods, their differences in stress intensity are very small. Based on the results, the mesh
models with 2.8 million meshes for the SG tube and 1.2 million meshes for the CD tube are employed
in the following analysis. In addition, in this study, the axial tensile load is applied on one end of the
HEHE tubes, while the other end is fixed. To eliminate the local effects of the ends, the analysis results
in the middle section of the tubes are considered. Figure 4 shows the mesh models of the middle
segment of the SG tube and CD tube.

Table 5. Results of grid independence test for SG tube.

No. of Nodes (Million) Stress Intensity (MPa)  Relative Change (%)

0.93 77.02 -1.17
2.8 77.53 -0.51
5.7 77.93 0

Table 6. Results of grid independence test for CD tube.

No. of Nodes (Million) Stress Intensity (MPa)  Relative Change (%)

0.52 91.63 -3.05
1.2 91.81 -2.87
3.2 94.52 0

(b)

Figure 4. Mesh models of two HEHE tubes: (a) SG tube, (b) CD tube.
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4.2. Stress Distributions

As mentioned before, axial loading is critical for HEHE tubes in engineering applications. Thus,
in this section, stress distributions are investigated at the SG tubes and CD tubes under the axial
loading and will be compared to those at the smooth tubes with the same nominal size and under the
same loading. If only for comparison, the magnitude of the axial loading is not meaningful. In this
study, the axial loading F is set to be 5000 N under which the deformation of the tube is elastic.

Figures 5 and 6 show the three-dimensional stress distributions at the SG tubes and CD tubes,
respectively. It is seen that under the axial loading, axial stress, circumferential stress, and radial
stress all exist at the tubes, which is totally different from the smooth tubes where only axial stress
exists under the axial loading. Obviously, the circumferential stress and radial stress are caused by
the bending moments, which are induced by the axial loading acting on the periodically changing
cross-section of the HEHE tubes.

Il T
77735 60933 44131 27.329 10528 -6274 2303 15825 93474 2869 -36081 -10086 10426 75227 46195 L7164 L1867 40899
(a) (b) ()

Figure 5. Three-dimensional stress distributions at the SG tubes: (a) Axial stress, (b) Circumferential
stress, (c) Radial stress.

. | |
T o — w6l 106 208 630 308
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Figure 6. Three-dimensional stress distributions at the CD tubes: (a) Axial stress, (b) Circumferential
stress, (c) Radial stress.

Figures 7 and 8 show the stress distributions on the outer and inner surfaces of the SG tube and
CD tubes along the tube length. Due to the periodic expansion and contraction of the cross-section of
HEHE tubes, the stress distribution presents a complex cyclical trend. It is seen that under the action
of axial tensile load, the axial stresses on the inner and outer surfaces are the most significant and
change rapidly along the tube length. Specifically, at the bottom of the groove on the outer surface of
the SG tube, the axial stress is the largest, which is about 2.8 times larger than that of the smooth tube
with the same nominal size under the same loading condition. On the inner surface of the SG tube,
the maximum axial stress appears near the two sides of the spiral groove, which is about 2.2 times
larger than that at the smooth tube. The maximum value of the axial stress on the inner surface of the
CD tube is about 3.3 times larger than that at the smooth tube and appears at the top of the tensile
section, and the maximum value on the outer surface is 3.5 times larger and appears at the bottom of
the tapered section.
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It should be noted that for a structure made from a ductile material, peak stress may not affect the
static load-carrying capability of the structure, but cracks could be initiated in the places with peak
stress and, thus, decrease the fatigue strength of the structure. In this study, although the SG tube
and CD tubes may have stronger static load-carrying capabilities as the yield strength and ultimate
strength are enhanced because of the work hardening, their fatigue strength is reduced as cracks could
be easily initiated compared to the smooth tubes.
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Figure 7. Stress distributions along tube length on inner and outer surfaces of the SG tubes: (a) On the
outer surface, (b) On the inner surface. (D =25 mm, P = 13 mm, { = 2.5 mm, ¢ = 1 mm, F = 5000 N).
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Figure 8. Stress distributions along tube length on inner and outer surfaces of the CD tubes: (a) On the
outer surface, (b) On the outer surface. (D =25 mm, L1 = 15mm, { =2.5 mm, H = 1.25 mm, F = 5000 N).

In addition, although the axial stress at the above two HEHE tubes changes significantly along
thickness of the tube, the average axial stress is the same as that at the smooth tube if the thickness of
the HEHE tubes does not change after rolling. In addition, the radial stress in Figures 7 and 8 should
be understood as the stress close to the surfaces, because the radial stress at the outer or inner surfaces

must be zero.

As mentioned above, if the HEHE tubes are fatigue-loaded, the maximum stress or peak stress at
the tubes is critical because the peak stress could initiate a fatigue crack and lead to fracture of the
tubes. Therefore, in this study, the maximum axial stress at the SG tubes and CD tubes are evaluated
by introducing a so-called axial stress concentration factor R;, which is defined as the ratio of the
maximum axial stress at the HEHE tubes over the axial stress at the smooth tubes with the same

nominal size under the same axial load.
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For the SG tubes, if we define R% as the axial stress concentration factor, it turns out that R% is
mainly affected by the tube structural parameters t and ¢. By defining dimensionless variables &/D and
t/D and using the multivariate linear regression method based on enough numerical results regarding
the influences of these variables on R%, the axial stress concentration factor R; can be regressed into
the following formula:

RS = —2035.93% - (£)° +121.598 - & +85.5995
2 .

‘ @)
+157.108(%)” —29.1994% + 1.1037

Equation (4) is applicable for D =19 or 25 mm, 1.5 <t <3.5mm, 0.8 < ¢ < 1.2 mm, and P = 13 mm.
Within these ranges, R; is about 2.2-2.8.

Similarly, for the CD tubes, we can define Rg as the axial stress concentration factor. It is found
that R% is mainly affected by structural parameters t and H, By defining dimensionless variables #/D
and H/D and investigating their effects on RS, a regression formula for R% can be obtained based on
sufficient numerical simulations:

RG = 368151% - (f;)° ~1358.18f - {§ +155.3975

z 12 ¢ (5)
—78.568(4)” + 26.3384 —1.207

The applicable scope of Equation (5) is as follows:

(1) D=19mm,L1=12mm,2.00<t<3.00mm, 0.8 <H<1.2mm;
2) D=25mm,Ll1=15mm, 2.00 <t<3.00 mm, 1.05 < H < 1.45 mm.

4.3. Axial Stiffness

As found by experiments in Section 3.1, compared to the smooth tubes, the axial stiffness of
two HEHE tubes decreases to some extent and, in this study, a so-called stiffness equivalent factor
Ky is defined there by Equation (1). In this section, numerical simulations are performed to deeply
investigate Ky and its influence factors.

Like the stress concentration factor R, the stiffness equivalent factor K ris also a function of the
tube structural parameters. Specifically, for the SG tubes, the stiffness equivalent factor Kjf is mainly
affected by the pitch P, depth ¢, and thickness ¢. A lot of numerical calculations were carried out to find

the relations between K? and P, and ¢ and t. By defining dimensionless variables P/D, ¢/D, and #/D and

using the multi-regression analysis method based on sufficient numerical results, K? can be regressed
into the function of P/D, ¢/D, and t/D as follows:

KS= 56.05515 45 —1.05405 - 5 —5.8063% - 5 —12.73325 - &

f 6
~9.80775 + 4.7160% + 0.6357 5 + 0.5841 ©)

Equation (6) is applicable for D =19 or 25mm, 1.5 <t <3.5mm, 08 < e <1.2mm,and 9< P <
17 mm.

It turns out that for the CD tubes, the stiffness equivalent factor K}j is mainly influenced by the
structural parameters H, t, and L. Similarly, by defining dimensionless variables H/D, ¢/D, and L;/D
and using the multi-regression analysis method based on sufficient simulations, K¢ can be regressed

f

C _ H. t L H L ¢ L H ¢
Kf= ~95718 f5- 5 +151715 - B + 13655 5 + 969978 - f5
~19.1262 ~1.350 —0.187% +1.229

as follows:

@)

The scope of application of Equation (7) is as follows:

(1) D=19mm,2.00<t<3.00mm,0.8<H<12mm,10 <[ <14 mm.
2) D=25mm,2.00<t<3.00mm,1.05<H<145mm,13<L; <17 mm.
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Equations (6) and (7) were verified by experimental measurements. Tables 7 and 8 list the results

respectively for SG tubes and CD tubes, where KJ’E is the stiffness equivalent factors obtained by

experiments and K3 and K¢ are the stiffness equivalent factors respectively obtained by Equations

f f
(6) or (7), where the error is defined as (str or KJ?—KJ’; )/K]h:. It is seen that the errors are less than 10%,

implying that the accuracy of Equations (6) and (7) is acceptable in engineering. There could be several
sources for the error, and the following two may be involved: (1) Error caused by deviation in the
structure and size of the actual tubes from the ideal modelled tubes; (2) error caused by the deformation
measurements of the extensometer, which is hard to tie to the non-smooth outer surfaces of the tubes
during the test process.

Table 7. Experimental verification of K for the SG tubes.

f
Tube Size E S
No. Ky K; Error
D p £ t
1 19 11.3 0.95 2 0.7583 0.6948 —8.37%
2 19 11 0.85 2 0.7668 0.7215 -5.91%
3 19 10.8 0.9 2 0.7625 0.6969 —8.60%
4 25 125 0.9 3.1 0.8521 0.8230 —3.42%
5 25 12.5 0.85 3 0.8724 0.8305 —4.80%
6 25 12.5 1 3 0.8293 0.7795 -6.01%
Table 8. Experimental verification of Kjg for the CD tubes.
Tube Size £ c
No. Kf Kf Error
D Ly H t
1 19 12 1.06 2.64 0.8481 0.7935 —6.44%
2 19 12 1.08 2.64 0.8252 0.7873 —4.59%
3 19 12 1.06 2.62 0.8367 0.7938 -5.12%
4 25 15 1.40 3 0.7983 0.7579 —5.06%
5 25 15 1.42 3 0.7896 0.7537 —4.55%
6 25 15 1.36 3 0.8463 0.7663 —9.45%

5. Conclusions

In this study, experimental measurements and numerical simulations were carried out to investigate
changes in the mechanical properties of SG tubes and CD tubes after rolling from smooth tubes. The main
conclusions are drawn as follows.

(1)  Unlike the smooth tubes, as a result of the bending moments existing at the cross-section, all axial,
circumferential, and radial stresses occur at the two HEHE tubes under the axial loading Among
them, the maximum axial stress is much larger than that at the smooth tubes with the same
nominal size under the same axial loading, implying that it is much easier to initiate cracks with
the HEHE tubes than the smooth tubes.

(2) Experimental measurements show that compared to the smooth tubes, the yield strength and
ultimate strength of the two HEHE tubes are enhanced as a result of work hardening while the axial
elastic stiffness is decreased owing to the periodically changing cross-section. These results indicate
that the HEHE tubes have a stronger load-carrying capability and easier deformation ability.

(3) Although the capability of resisting fatigue fracture of the two HEHE tubes is less than that of the
smooth tubes, they still meet the requirements of engineering applications. Fatigue fracture is
initiated at the trough of the changed surfaces where stress concentrations exist.

(4) Axial stress concentration factors Rg and Rg are defined for the two HEHE tubes and regressed
as functions of the structural parameters, which could be applied in the strength design of these
tubes in engineering.
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(5) Stiffness equivalent factors K? and K? are defined for the two HEHE tubes, and formulas for K?

and K¢ are also regressed as functions of the structural parameters for engineering application.
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Nomenclature

CD Converging—diverging.

D Nominal outer diameter of the tube, mm.

F Axial loading, N.

Fruax Maximum load, N.

H Rib height, mm.

HEHE Highly efficient heat exchange.

I(1 Axial elastic stiffness of the HEHE tubes, N/m.
K, Axial elastic stiffness of the smooth tubes, N/m.
Ky Stiffness equivalent factor.

KJ(; Stiffness equivalent factor of CD tubes.

KJSC Stiffness equivalent factor of SG tubes.

K? Stiffness equivalent factors obtained by experiments.
Ly Length of a period section, mm.

L, Length of the tapering section, mm.

n Safety factor.

P Pitch of the tube, mm.

R Load ratio.

R, Stress concentration factor.

Rg Axial stress concentration factor of CD tubes.
Ré Axial stress concentration factor of SG tubes.

S Cross-sectional area of the base tube, mm?.

SG Spirally grooved.

t Thickness of the tube, mm.

€ Depth of spiral groove, mm.

Og Yield strength of the material, MPa.

Omax Maximum allowable stress, MPa.

References

1.  Zhang, X,; Liu, Z.; Liu, W. Numerical studies on heat transfer and friction factor characteristics of a tube
fitted with helical screw-tape without core-rod inserts. Int. J. Heat Mass Transf. 2013, 60, 490-498. [CrossRef]

2. Bharadwaj, P; Khondge, A.D.; Date, A.W. Heat transfer and pressure drop in a spirally grooved tube with
twisted tape insert. Int. J. Heat Mass Transf. 2009, 52, 1938-1944. [CrossRef]

3. Vicente, P.G.; Garcia, A.; Viedma, A. Experimental investigation on heat transfer and frictional characteristics
of spirally corrugated tubes in turbulent flow at different Prandtl numbers. Int. . Heat Mass Transf. 2004, 47,
671-681. [CrossRef]

4. Barba, A; Rainieri, S.; Spiga, M. Heat transfer enhancement in a corrugated tube. Int. Commun. Heat Mass
Transf. 2002, 29, 313-322. [CrossRef]

5. Hong, Y.; Deng, X.; Zhang, L. 3D Numerical Study on Compound Heat Transfer Enhancement of
Converging-diverging Tubes Equipped with Twin Twisted Tapes. Chin. |. Chem. Eng. 2012, 20, 589-601.
[CrossRef]


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.01.041
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.08.038
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2003.08.005
http://dx.doi.org/10.1016/S0735-1933(02)00321-4
http://dx.doi.org/10.1016/S1004-9541(11)60223-1

Materials 2020, 13, 382 14 of 14

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kareem, Z.S.; Mohd Jaafar, M.N.; Lazim, T.M.; Abdullah, S.; Abdulwahid, A.F. Passive heat transfer
enhancement review in corrugation. Exp. Therm. Fluid Sci. 2015, 68, 22-38. [CrossRef]

Huang, K.; Hu, Y,; Deng, X. Experimental study on heat and mass transfer of falling liquid films in
converging-diverging tubes with water. Int. |. Heat Mass Transf. 2018, 126, 721-729. [CrossRef]

Rashid, K.; Safdarnejad, S.M.; Powell, K.M. Dynamic simulation, control, and performance evaluation of a
synergistic solar and natural gas hybrid power plant. Energy. Convers. Manag. 2019, 179, 270-285. [CrossRef]
Eyvazian, A.; Akbarzadeh, I.; Shakeri, M. Experimental study of corrugated tubes under lateral loading.
Proc. Inst. Mech. Eng. Part L |. Mater. Des. Appl. 2012, 226, 109-118. [CrossRef]

Eyvazian, A.; Mozafari, H.; Tarlochan, F.; Hamouda, A.M.S. Numerical and Experimental Investigation
on Corrugation Geometry for Metallic Tubes under Lateral Loading. Mater. Sci. Forum 2018, 916, 226-231.
[CrossRef]

Wang, X.J.; Wang, Z.M.; Wang, N. Finite Element Analysis for the Stiffness and the Buckling of Corrugated
Tubes in Heat Exchanger. Adv. Mater. Res. 2012, 468—471, 1675-1680. [CrossRef]

Science, E.; Britain, G. Behaviour of axially crushed corrugated tubes. Int. |. Mech. Sci. 1997, 39, 249-268.
Song, Y.; Guan, Z.; Nie, Y.; Guan, X. The analysis of the bending stiffness and intensity of cylindrical tubes.
Sci. China Ser. E Technol. Sci. 2007, 50, 268-278. [CrossRef]

Li, H.F,; Qian, C.F,; Yu, X.D. Effects of Tube Stiffness and Tubesheet Thickness on the Thermal Stress of the
Tubes and Tubesheet. Adv. Mater. Res. 2011, 314-316, 1552-1555.

Qian, C.F,; Sun, C.Z.; Xiao, ]. H. Axial stiffness analysis of corrugated tubes. |. Press. Vessel Technol. 2010, 2010,
132. [CrossRef]

Yang, X.; Qian, C.F; Liu, ].Y,; Li, HE; Gao, L.; Liang, X.F. Axial Stiffness Analysis of Twisted Tubes. Procedia
Eng. 2015, 130, 298-306. [CrossRef]

Shen, S.; Li, X.; Zhang, P.; Nan, Y.; Song, X. Failure Analysis and Fatigue Investigation on Titanium Tubes in a
Condenser. |. Fail. Anal. Prev. 2016, 16, 975-981. [CrossRef]

Vetriselvan, R.; Sathiya, P.; Ravichandran, G. Experimental and numerical investigation on thermal fatigue
behaviour of 9Cr 1Mo steel tubes. Eng. Fail. Anal. 2018, 84, 139-150. [CrossRef]

Sajuri, Z.; Baghdadi, A.; Mahmod, M.E,; Syarif, J. Fatigue and Mechanical Properties of Aluminium-Copper
Bi-Metal Tubes. Adv. Mater. Res. 2014, 896, 626—629.

Leber, H.]J.; Niffenegger, M.; Tirbonod, B. Microstructural aspects of low cycle fatigued austenitic stainless
tube and pipe steels. Mater. Charact. 2007, 58, 1006-1015. [CrossRef]

Hsu, C.H. Fatigue cracking of titanium tubes in an industrial heat exchanger. J. Mater. Eng. 1988, 10, 57-60.
[CrossRef]

Beer, EP,; Johnston, E.R.; Dewolf, ].T.; Mazurek, D.F. Mechanics of Materials, 6th ed.; McGraw-Hill: New York,
NY, USA, 2012; pp. 9-50.

@ © 2020 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 (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.expthermflusci.2015.04.012
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.05.134
http://dx.doi.org/10.1016/j.enconman.2018.10.054
http://dx.doi.org/10.1177/1464420712437307
http://dx.doi.org/10.4028/www.scientific.net/MSF.916.226
http://dx.doi.org/10.4028/www.scientific.net/AMR.468-471.1675
http://dx.doi.org/10.1007/s11431-007-0031-3
http://dx.doi.org/10.1115/1.4000635
http://dx.doi.org/10.1016/j.proeng.2015.12.223
http://dx.doi.org/10.1007/s11668-016-0171-5
http://dx.doi.org/10.1016/j.engfailanal.2017.11.005
http://dx.doi.org/10.1016/j.matchar.2007.05.011
http://dx.doi.org/10.1007/BF02834114
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure of the Studied HEHE Tubes 
	Experimental Measurements 
	Axial Strength and Stiffness 
	Fatigue Strength 

	Numerical Simulations 
	Numerical Models 
	Stress Distributions 
	Axial Stiffness 

	Conclusions 
	References

