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The shell-and-tube heat exchanger is an important equipment in various applica-
tions. However, the bundle vibration and low heat transfer efficiency are the main
shortcomings. In this article, ANSYS platform was used to simulate and analyze the
shell-and-tube heat exchanger, the natural frequency was calculated, and the dom-
inant factors affecting the vibration were determined. The theory of inventive prob-
lem solving was used to design the heat exchanger for anti-vibration. The results
show that the improved heat exchanger's natural frequency is much larger than the
fluid excitation frequency, as a result, the resonance is avoided.
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Introduction

Vibration is double-edged, it can be used for energy harvesting [1-3], but it can also
cause damage. Vibration analysis becomes a useful tool for nano/micro devices, e.g., hano-
beam vibration [4-6], and micro-electromechanical systems pull-in instability [7-9]. In many
engineering applications, anti-vibration structures [10] were designed to reduce the vibration-
induced failure.

The shell-and-tube heat exchanger has seen its wide applications due to its low pro-
duction cost, high reliability, easy manufacturing, simple structure, strong processing capaci-
ty, and ability to withstand high operating pressure and temperature [11-15]. Due to the need
for installation and disassembly, there is a gap between the baffle and the tube in the shell-
and-tube heat exchanger. In the actual use, due to thermal expansion and contraction and tube
vibration, there will be relative displacement between the baffle and the tube, and the connec-
tion position between the tube and the baffle will collide due to tube vibration, causing wear
and fracture of the tube. Based on the problem of vibration-induced failure, this article con-
ducts vibration analysis of the shell-and-tube heat exchanger and uses the theory of inventive
problem solving (TRIZ) [16, 17] for optimization design.

Theory of inventive problem solving

The TRIZ is an innovative method proposed by a team of Soviet inventors and sci-
entists [16, 17], it is a systematic scientific theory method that includes invention problem
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analysis tools such as component analysis, function analysis, substance-field analysis, and re-
source analysis. It also includes invention problem-solving tools such as algorithm for in-
ventive problem solving (ARIZ) algorithm, invention principles, 76 standard solutions, and a
scientific effects library. Users can use the analysis process and tools provided by TRIZ to
conduct innovative design, predict future product development trends using tools such as the
evolution tree, and conduct scientific product layout [18, 19].

Fluid induced vibration mechanism

In recent years, in order to enhance heat transfer and improve production efficiency,
heat exchangers are developing towards large-scale and integrated direction, and nanofluid
technology is one of the best candidates for enhancing heat transfer through the boundary lay-
er [20-23]. The heat exchangers with high pressure and high-flow rate are extremely welcome
in enterprises, but the high pressure and high flow rate of fluids can cause serious vibration,
including fluid-induced vibration, elastic excitation, turbulence-induced vibration, vortex
shedding, and acoustic resonance.

Vortex shedding and turbulent excitation

According to the design and principle of heat exchanger, when the spacing between
heat exchange tubes is small, the vibration of heat exchanger tube bundle is mainly caused by
turbulence buffeting. When the spacing between tubes is large, the effect of vortex shedding
is greater. Studies have shown that when the ratio of pipe spacing to pipe diameter is less than
1.5, vortex separation will not cause violent vibration of tube bundle due to dense bundle ar-
rangement. In our study, the tube spacing of the heat exchange tube is 32 mm, and the outer
diameter of the heat exchange tube is 25 mm, so the ratio of tube spacing to tube diameter is
1.28, which is less than 1.5. Therefore, turbulent chattering is the main exciting factor.

When the flow in the shell is turbulent, the pulsation changes in the turbulent flow
act on the heat exchange tube, and the pressure field and the velocity field provide energy to
the heat exchange tube and exert exciting force on the heat exchange tube. When the main
frequency stimulated by the pulsation changes of the heat exchange tube is near to the natural
frequency of the heat exchange tube, the heat exchange tube absorbs energy and produces vi-
bration. The dominant frequency of turbulent buffeting is expressed by [24]:

vd d
f, = I—T‘)[3.05(| —?szo.zs} 1)

where f; [Hz] is the turbulent buffeting frequency, | [m] — the longitudinal heat exchange tube
center distance, T [m] — the transverse heat exchange tube center distance, and do [m] — the di-
ameter of heat exchange tube.

Through the heat exchanger parameters provided by the enterprise, the longitudinal
heat exchange tube center distance | = 0.0277 m, the transverse heat exchange tube center dis-
tance T =0.032 m, by eq. (1), we predict the turbulent buffeting frequency f; = 54 Hz.

Elastic excitation

For heat exchangers with a ratio of tube spacing to tube diameter less than 1.5, tur-
bulence buffeting is the main influence, elastic vibration is also one of the reasons for the heat
exchanger vibration. When any one or several heat exchange tubes in the tube bundle has an
instantaneous displacement, the balance state is broken, as a result, vibration arises. When the
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transverse flow velocity of the fluid reaches a certain value, the work of the fluid elastic force
on the tube bundle is greater than the work of the tube bundle own damping, and the heat ex-
change tube will produce violent vibration, the reason for this vibration is the fluid elastic ex-
citation. The above transverse velocity is the critical cross-flow velocity [25].

The critical cross-flow velocity is related to fluid elastic parameters, the natural fre-
quency of the heat exchange tubes, mass damping and other parameters. Cording to Chinese
standard GB 151, we have:

V, =K, f,dyo? )
mo

5, = 3

s ndoz ®)

where V. is the critical cross flow velocity, ds — the mass damping parameter, m [kgm™] — the
per unit length mass of heat exchange tube, 6 — the logarithmic decay rate of the heat ex-
change tube, gas is ¢ = 0.01~0.06, po [kgm] — the shell path fluid density, do [m] — the outer
diameter of heat exchange tube, f, [Hz] — the natural frequency of the heat exchange tube, and
K¢ — the proportionality coefficient.

The GB-151-1999 appendix is shown in tab. 1.

Table 1. Choices in different situations

Flow angle Os Ke b
. 0.1~2 3.58 (S/do— 0.9) 0.1
Regular triangle > 1~300 6.53 (S/do— 0.9) 0.5
Corner triangle >O'10~13~010 gg 00'157
0.03~0.7 2.1 0.15
Square > 0.7~300 2.35 0.5
Corner square 0.1~300 3.54 (S/do— 0.5) 0.5

In the gas environment, the logarithmic decay rate, a, of the heat exchange tube J is
0.01~0.06, and the heat exchanger with high damping and low frequency is the maximum
value. Here, ¢ is 0.06, the shell path fluid density po = 36.0489 kg/m?, and Js = 1.638 can be
obtained by calculating according to eq. (3). By referring to tab. 1, it can be obtained that the
proportional coefficient K. is 2.8, b is 0.5, the critical cross flow velocity V¢ = 1.55 m/s.

Acoustic resonance

Acoustic resonance occurs only when the fluid is a gas. When the flow of the gas to
the tube bundle forms a vortex separation, the longitudinal wave perpendicular to the direc-
tion of gas flow and the direction of the heat exchange tube axis is generated, and it changes
periodically. The longitudinal wave propagates in the shell path, thus forming an acoustic
standing wave between the shell walls. When the frequency is coupled with the vortex fre-
quency, the turbulent buffeting frequency, and the natural frequency of the tube, noise and
sound resonance are produced. Acoustic vibration in tube-shell heat exchangers is caused by
gas vortex separation, so acoustic vibration is not considered in this paper.
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Calculation of natural frequency
of heat exchange tube

Since the finite element method was first proposed in 1943, the finite element theory
and its application have been developed rapidly, and have been widely used in chemical in-
dustry, aerospace, machinery and automobile fields.

The gas excited vibration of the heat exchanger tube bundle is closely related to the
natural frequency of the heat exchange tube. When the gas excited frequency acting on the heat
exchanger is close to or exceeds a certain value of the natural frequency of the heat exchange
tube, it will cause the vibration of the heat exchanger tube bundle, resulting in the heat exchang-
er damage. The finite element method is used to discretize the heat exchanger model, and then
the finite element model is analyzed to get the natural frequency of the heat exchanger.

The outer diameter of the heat exchange tube studied in this paper is 25 mm, the in-
ner diameter is 23 mm, and the tube length is 5000 mm. The heat exchange tube material is
S$31608(06Cr17Nil2Mo2), and the baffle material is S30408 (06Cr19Nil0). The related phys-
ical parameters of the heat exchange tube and baffle plate are shown in tab. 2 [26].

Table 2. Physical parameters of each material

Specifi Thermal Coefficient Modulus of
- : ecific ivi i i ici
Digital Density p conductivity | of linear expansion | elasticity
code | Newbrand - nodm- [}I‘Jelfg',lip,l] AMWmIKT] |« (10° per K) E [GPa]
100 °C [ 500 °C | 100°C | 500 °C
$31608 |06Cr17Nil2Mo2|  8.00 0.50 16.3 | 215 16.0 18.5 193
S30408 | 06Cri9Ni10 7.93 0.50 16.3 | 215 17.2 18.4 193

For the modal analysis of a single heat exchange
tube, the model is simplified. The connection between the
heat exchange tube and the tube plate is a fixed support.
Due to the problems of manufacturing process and subse-
quent disassembly, the baffle plate only plays a supporting
role for the heat exchange tube, and there is a gap between
the baffle plate and the heat exchange tube. That is, the
heat exchange tube and the baffle plate are simply support-
ed constraints, and the radial displacement of the heat exchange tube is small, but it can rotate
and move axially, so the degrees of freedom in the X- and Y-directions are constrained at the
baffle position. The cross section of the heat exchange tube is @25x2, and the length
L = 5000 mm. The specific finite element model is shown in fig. 1.

In practical engineering applications, high-order modes generally have little influ-
ence on the operation of equipment. Through solving and calculating, the first eight order fre-
guencies of a single heat exchange tube are calculated, as shown in tab. 3.
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Figure 1. The ANSYS model
diagram

Table 3. Frequency table of each order

Vibration mode | First | Second Third Fourth Fifth Sixth Seventh Eighth
order| order order order order order order order
Frequency [Hz] | 5.98 16.48 32.30 53.34 79.61 111.04 147.70 189.44
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Analysis of fluid induced vibration of shell pass

In the fluid-induced vibration mentioned previously, the ratio between tube spacing
and tube diameter of the heat exchange tube is less than 1.5, and the dominant factors causing
heat exchange tube vibrations are turbulent buffeting and elastic excitation. The chatter vibra-
tion diagnosis [27, 28] is necessary to study the fluid-induced vibration.

According to the calculation analysis, when the fluid velocity reaches the critical
cross-flow velocity, the work done by the fluid elastic force on the tube bundle of the heat ex-
change tube is greater than the work consumed by the damping effect of the heat exchange
tube, and the response amplitude of the heat exchange tube will increase rapidly, resulting in
violent vibration.

The results of solving the natural frequency of the heat exchange tube are shown in
tab. 4.

Table 4. Frequency solver

Calculation method
natural frequency [Hz]

Finite element
analysis [Hz]

Vortex shedding
[Hz]

Turbulent buffet-
ing [Hz]

Elastic excitation
[ms™]

17.301

5.98

48.6

54

1.55

According to GB151-1999 shell and tube heat exchanger standard, the vibration of
the heat exchanger is determined by the basis, when the fluid excitation frequency conforms
to any of the following, the heat exchange tube will occur vibration phenomenon:

—  The vortex shedding frequency, fy, and the lowest natural frequency of the heat exchange
tube, fn, is greater than 0.5, namely f,/f, > 0.5.

— The turbulent buffeting frequency, fi, and the lowest natural frequency of the heat ex-
change tube, f,, is greater than 0.5, namely f,/f, > 0.5.

— The cross-flow velocity in shell flow field is greater than the critical cross-flow velocity,
V>V

Based on the vibration judgment criteria, the ratio between the vortex shedding fre-
quency, fy, and the lowest natural frequency of the heat exchange tube, f,, is greater than 0.5,
and the fourth-order natural frequency is 53.34 Hz, which is close to the vortex shedding fre-
quency, which will induce the vibration of the heat exchange tube. The ratio between the tur-
bulent buffeting frequency, f;, and the lowest natural frequency of the heat exchange tube, fi,
is greater than 0.5, and the fourth-order natural frequency is 53.34 Hz, which is close to the
turbulent buffeting frequency, which will induce the vibration of the heat exchange tube.

The elastic excited flow rate of the heat exchange tube is 1.55 m/s, and the average
transverse flow rate of the shell flow is about 4.5 m/s, so the elastic excited vibration is also
one of the reasons for the vibration of the heat exchange tube bundle. It can be seen that tur-
bulent buffeting is the dominant factor of heat exchanger vibration. Vortex shedding and elas-
tic excitation can also cause tube bundle vibration, but it is not the dominant factor.

Anti-vibration design

The contradictions existing in the system are shown in tab. 5, with the physical con-
tradiction expressed as the need for both fixation and gaps between the baffles and the heat
exchange tubes. Fixation between the baffle plate and the heat exchange tubes is necessary to
increase the natural frequency and reduce heat exchange tube vibration, to avoid wear and
tear. A gap is also required between the baffle and the heat exchange tube to facilitate the in-
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stallation and removal of the heat exchange tube. There are different needs at different times,
there needs to be gaps in manufacturing, disassembly and cleaning, and fixed in the work.
According to resource analysis, the shell path has vibration and belongs to high temperature
environment. Among the invention principles applicable to time separation, we choose inven-
tion Principle 1-segmentation, 15-dynamic characteristics, and invention Principle 37-thermal
expansion. According to the suggestion of principles 1, 15, and 37 of the invention, the baffle
plate is divided into two parts, the part of the baffle close to the heat exchange tube becomes
smaller in inner diameter when working, and is in close contact with the heat exchange tube to
change the natural frequency and eliminate wear.

Table 5. Contradiction description table

If There is a gap between The baffle plate is fixed between
the baffle and the heat exchange tube the heat exchange tube
So Easy to install and disassemble Eliminate wear and resonance
But Produce wear, resonance Installation and disassembly are difficult

Optimization design and feasibility analysis

According to the tips of innovative principles in the contradiction analysis, the de-
sign scheme is proposed as shown in fig. 2, where the shaded portion of the baffle plate close
to the heat exchange tube is replaced with a mate-
rial with a higher coefficient of thermal expansion,
while the rest of the baffle uses a material with a
smaller coefficient of thermal expansion. When

Baffle plate working, high temperature gas heating baffle plate,
{ 0000000 because the inner ring of the baffle plate is larger
pipe hole t-HOOQOQOOOQOQOQ || than the outer ring deformation, the inner ring is

constrained by the outer ring, and close contact
with the heat exchange tube, so as to change the
natural frequency, avoid resonance, reduce wear.
The diameter of the shell in the paper is 450 mm,
the effective heat exchange length of the heat ex-
Figure 2. Baffle structure diagram changer is 4833 mm. The baffle plate tube hole
spacing is 32 mm, the baffle plate material is
S$30408 (06Cr19Ni10), the thickness is 5 mm, the heat exchanger is provided with 22 baffle,
on both sides of the equal spacing distribution. The outside diameter of the shaded part is 29
mm and the thickness is 5 mm.

0000000

000000
000

Scheme verification

— Single tube finite element analysis

The optimized heat exchange tube was solved, and the first 8 order frequencies of a
single heat exchange tube were calculated, as shown in tab. 6.

The known vortex shedding frequency, fy, is 48.6 Hz, and the turbulent buffeting
frequency, fi, is 54 Hz. After optimization, the minimum natural frequency of the heat ex-
change tube is far greater than the vortex shedding frequency and turbulent buffeting frequen-
cy. According to GB151-1999 shell and heat tube exchanger standard, the heat exchange tube
does not have violent vibration.
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Table 6. Frequency table of each order
S First Second Third Fourth Fifth Sixth Seventh | Eighth
WHBTETem et order order order order order order order order
Frequency [Hz] | 468.36 471.31 472.55 496 501.56 505.59 506.12 523.04

— Integral finite element analysis

The heat exchanger analyzed in this paper is a large shell-and-tube heat exchanger
with a large number of heat exchange tubes. Due to the limitation of the simulation experi-
mental conditions, the heat exchanger is simplified:

— The heat exchanger shell, tube head and inlet and outlet are deleted
— The heat exchange tube and baffle are fixed to match, no gap

— Reserve part of the heat exchange tube.

The simplified heat exchanger model is
shown in fig. 3.

Modal analysis of the heat exchanger as a
whole, the heat exchange tube and baffle mate-
rial unchanged, fixed constraints on both ends
of the tube plate, the baffle arc side fixed con-
straints, other Settings unchanged. The first
eight orders of natural frequency of heat ex-
changer are shown in tab. 7.

Table 7. Frequency table of each order

Figure 3. Finite element model of heat
exchanger

I First Second Third Fourth Fifth Sixth Seventh | Eighth
VIR [mate order order order order order order order order
Frequency [Hz] | 291.15 | 406.73 | 452.47 | 469.05 | 478.64 | 481.92 | 48597 | 488.13

The fwgt-qrder mode_ sha_pe of the ove_ra_ll i\‘;fgﬂ'of?:fgrmfgﬁgq Type; Toaldoformation
modal analysis is shown in fig. 4. The mini-  brequeney 297,45 Rz Unit: mm
mum natural frequency of the heat exchanger is . 1s.902 Max.
291.15 Hz, the maximum deformation occurs in ig?eggo 0.00_500,00 1000.00 .
0 Min. 250.00 750.00 [mm] yrex

the center of the intermediate heat exchange
tube, and the maximum deformation is 16.9
mm. The minimum natural frequency is much
higher than the fluid excitation frequency, so

Figure 4. First-order vibration shape diagram
of heat exchanger

the optimized heat exchanger will not have violent vibration.

Conclusions

This paper analyzes the vibration mechanism of shell-and-tube heat exchanger is an-
alyzed, conducts simulation analysis, and applies TRIZ tools for optimization design. The

main conclusions are as follows.

e Inresponse to heat exchanger tube bundle vibration, simulation analysis and optimization
design were performed. Based on the analysis of the heat exchanger tube bundle fracture
failure phenomenon and failure model, the shell path fluid excitation frequency was cal-
culated to analyze the fluid excitation mechanism of the heat exchange tube. By using the
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natural frequency formula and finite element method, it is calculated that the ratio be-
tween the fluid vibration frequency and the natural frequency of the tube bundle is greater
than 0.5. And the heat exchanger tube has vibration phenomenon, which is mainly due to
turbulent buffeting vibration and elastic excited vibration. Based on the principle of the
invention, the vibration of the heat exchange tube is optimized, and it is concluded that
the vibration can be reduced by dividing the baffle and replacing the hole part of the heat
exchange tube with the material with high coefficient of thermal expansion.

e Finite element numerical simulations were conducted on the heat exchanger before and
after structural improvement. The 3-D models of the heat exchanger before and after op-
timization were constructed, and finite element simulations were conducted using the
ANSYSS platform to perform modal analysis on the heat exchanger. The results show that
before optimization, the vortex shedding frequency, fy, is 48.6 Hz, the turbulent buffeting
frequency, fi, is 54 Hz. The optimized heat exchanger minimum natural frequency is
291.15 Hz, the minimum natural frequency is much higher than the fluid excitation fre-
quency, the optimized heat exchanger will not produce resonance.
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