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Abstract. Elastic tube bundle heat exchanger uses fluid induced elastic tube bundle vibration to
achieve passive enhanced heat transfer. Due to the structural characteristics of traditional flat
elastic tube bundle, the heat exchange area per unit volume in the heat exchanger is small and the
comprehensive heat transfer performance is low, which makes the overall efficiency of the heat
exchanger poor. Based on the design concept of fluid-induced vibration to enhance heat transfer
and the structural characteristics of traditional shell and tube heat exchangers, a spiral elastic tube
heat exchanger is proposed to make it efficient, reliable and flexible, taking miniaturization,
lightweight and compact as the basic design criteria.
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1. Introduction

Traditional shell-and-tube heat exchangers [1] transfer heat energy to the cylinder through closed
heat pipes. They are by far the most commonly used heat exchangers. The internal heat transfer
element of this heat exchanger is usually made of stainless steel, which is characterized by low cost
and large effective heat transfer area, but its disadvantages are low overall heat transfer capacity,
large footprint, easy scaling and short service life. The traditional shell and tube heat exchanger [2-5]
assembles two tubes of different diameters concentrically together to form a certain closed space, so
that the two kinds of thermal working medium flow in the opposite direction (or the same direction)
in the jacket. / On the pipe side. The purpose of achieving heat exchange is shown in Figure 1. It
has simple structure, small footprint, and can freely increase or decrease the heat transfer area
(multiple groups are used in series), but it also has disadvantages such as low overall heat transfer
capacity, easy scaling, and short service life. . The vibration caused by the flow will lead to fatigue
failure of the heat exchange tube of the heat exchanger, thus shortening its service life. Damage to
the heat exchange tube bundle due to liquid-induced vibration is one of the most significant
problems encountered in heat exchangers. Design and use of heat exchangers [6-8]. In addition, the
vibration caused by fluid is a negative factor affecting the fatigue life of heat transfer tubes, and it is
also a positive factor to improve heat transfer. The elastic tube bundle heat exchanger [9-10]
changes the internal heat exchange tube from the original rigid structure (stainless steel) to the
elastic structure (copper), and uses fluid impact to vibrate the internal elastic tube bundle to achieve
the purpose of enhancing heat exchange.

Figure 1. Tube heat exchanger
In the flexible tube bundle heat exchanger, the fluid causes the vibration of the heat transfer

element to achieve the purpose of improving the heat transfer effect, without consuming additional
energy, which has great advantages in energy saving and consumption reduction, and has automatic
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descaling function, which belongs to the category of passive technology enabling, is the subject of
current academic research. However, a large number of studies have shown that this flexible tube
bundle heat exchanger has the following shortcomings:

Flexible tube bundle heat exchanger is bulky, covers a large area and has low application
flexibility. Affected by the structural characteristics of the internal copper heat transfer elements,
the heat transfer area per unit volume in the heat exchanger is small and the overall heat transfer
efficiency is low, which makes the overall performance of the heat exchanger not significantly
improved [11], which is also the technical bottleneck that cannot be overcome in the design, testing
and application of the flexible tube bundle heat exchanger.

Based on the basic idea of vibration strengthening heat transfer of flexible tube bundle heat
exchanger, combined with the design advantages of the existing shell and tube heat exchanger and
sleeve heat exchanger, it has the characteristics of miniaturization, lightweight and compact. The
new type of flexible tube bundle heat exchanger not only meets the basic design criteria, but also
has the characteristics of high efficiency, reliability and flexibility, which is the key to break
through the technical bottleneck of heat exchanger. Therefore, it is urgent to optimize the flat vortex
structure of the existing heat transfer tube to achieve the high efficiency and flexibility of the heat
transfer device, which has important guiding significance for the development of the heat transfer
device, energy saving and consumption reduction.

2. spiral elastic tube bundle heat exchanger vibration-heat transfer numerical
calculation method

2.1 Connotation of elastic tube bundle heat exchanger

At present, the traditional plane elastic bundle is affected by its structural properties. The heat
exchange surface area per unit volume is small, and the overall heat transfer capacity is low,
resulting in poor overall performance of the heat exchanger. There is an urgent need for
optimization. Compared with the flow of the tubular process fluid in the heat exchange tube, the
flow of the shell process fluid is more complicated and changeable due to the influence of the tube
bundle in the heat exchanger tube. In this paper, a helical elastic bundle heat exchanger is developed.
The bundle structure model and shell flow model are established, and the grids of the structure
model and shell flow model are divided accordingly. In addition, by comparing the calculated
results of this paper with the experimental results obtained in the public literature, the correctness of
the numerical simulation strategy proposed in this paper is verified, and the foundation is laid for
the subsequent analysis. The current flat elastic tube bundle has some shortcomings due to the
copper plane eddy current structure, which leads to low unit volume heat transfer coefficient and
poor overall heat transfer performance. However, the coil bundle can be installed multiple times.
The spiral coil group solves the shortcomings of the existing plane elastic tube bundle. Based on the
design concept of the existing elastic tube bundle heat exchanger to improve heat transfer through
fluid-induced vibration, combined with the advantages and disadvantages of the traditional shell
and tube heat exchanger, to achieve miniaturization and portability based on the basic design
criteria, a spiral elastic tube bundle heat exchanger is proposed, and its main structure is shown in
Figure 2. It is mainly composed of a left and right end, a left and right tube plate, a simplified body
and a heat transfer component. The heat transfer element is composed of a number of copper spiral
tubes with two sections fixed on the tube plate.

523



Advances in Engineering Technology Research AIMMEE 2025
ISSN:2790-1688 Volume-15-(2025)

Mmmn— ’

A
i T

U T
I

— J |

s
Figure 2 Components of spiral elastic tube bundle heat exchanger

For the existing shell-and-tube heat exchangers, the heat transfer parts are affected by the impact
of the working medium, and fatigue failure is easy to occur. If its structure is improved, it can not
only achieve the purpose of strengthening heat transfer by fluid-induced vibration, but also will not
cause the failure of heat transfer components. In this case, the vibration caused by fluid action is
worth making full use of. According to the core idea of improving heat exchange through vibration
of heat exchange components, the structure of the heat exchange tube inside the traditional heat
exchanger was improved, and an elastic tube bundle structure [78-80] was proposed, which was
used as a heat exchange component. Figure 3 shows its structure. The proposed planar elastic tube
bundle is composed of a number of copper vortex tubes and two stainless steel mass blocks (III and
IV), as shown in Figure 3, and the end faces of the I and II tube bundles are set as fixed constraints.
When the heat exchanger is in normal operation, the working medium of the pipe enters from the
port of I, flows through the channel in the mass block III and the mass block IV, and flows out from
the port of 1.

The results show that the low intensity vibration of shell/tube working medium in heat exchanger
can greatly improve the heat transfer performance of tube bundle at low flow rate. In addition, the
fatigue failure caused by high-intensity vibration is avoided, and the noise can be reduced to a
certain extent. In addition, the vibration of the elastic tube bundle also has a remarkable descaling
effect.

Figure.3 Structure diagram of plane elastic tube bundle

2.2 Basic governing equations

In the calculation of this study, the influence of physical degeneration and the heat loss between
the heat exchanger and the environment are ignored. Fluid flow and heat exchange obey the basic
law of conservation of energy.

Mass conservation equation:

a(p)+ a(pu)+ a(pv)+ a(pw) —0 (1)
ot dx oy 0z

Where,p -- density:

t -- Time:

X, y, Z - three-dimensional coordinate axes:

U, v, w- the flow rate of the fluid in the x, y, and z directions.

Momentum conservation equation:

i R 1 Ul i Evi vt ] e (Y Eviuts] R s | R
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Where, p -- dynamic viscosity:
p -- Pressure:
fxf,f: -- The component of the fluid force in the x, y, : directions.

2.3 Grid independence verification

In order to test the dependence of the numerical results on the mesh density, the heat transfer
coefficient h and pressure drop AP of the tube under different mesh numbers were calculated.
Taking the model with a spiral diameter of 110mm as an example, when the inlet flow rate is 1.0m/s,
the influence of four different mesh quantities on the numerical results is shown in Table 1. When
the grid number is 3.76 million, the relative errors of pressure drop and heat transfer coefficient are
less than 5.0%. It can be considered that a solution independent of mesh density has been obtained.

Table 1 Grid independence verification

) pressure drop heat transfer coefficient
. Grid : - 5 -
serial number number numerical | Relative numerical Relative error
value error (%) ) value (%) )
1, 865,
1 549 180. 60 4.65 994 .43 3.53
2, 378,
2 675 176.27 2.14 1012.16 1.81
3, 186,
3 464 174. 12 0.89 1022.99 0.76
2, 789,
4 718 763. 33 -- 1362.85 -

Based on the conical spiral tube bundle vibration test bench in reference [1] and the single row
elastic tube bundle vibration test bench in reference [2], two numerical models are established. The
experimental data are the vibration frequency and acceleration amplitude measured by the
acceleration sensor at different inlet flow rates in the above two experiments. Using the above grid
setting and numerical simulation methods, the experimental results are compared with the
numerical results, and the results are shown in Table 3. It can be seen from Table 3 that the
numerical results obtained by the solution are basically consistent with the experimental results in
the literature, and the maximum relative error is only 6.59%. It can be seen that the vibration results
calculated in this study meet the requirements of subsequent analysis.

Table 2 Comparison of numerical data

Frequency f/Hz : Accelgratlon
Inlet Relativ amplitude Relative error
document | velocit | numeri | experi | € error . . %)
y (m/s) cal mental | (%) | humeric | experimen (%
result | result al result | tal result
(1] 0.260 19.4 19.0 2.11 0.093 0.098 5.10
0.312 19.9 19.0 4.47 0.374 0.396 5.56
0.3 29.6 29.0 2.07 0.156 0.167 6.59
[2] ) 30.8 30.0 2.67 0.179 0.188 4.79
0.5 28.5 28.0 1.78 0.721 0.747 3.48
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3. Result verification

Considering the accuracy of the numerical calculation method in this study, a quantitative
comparison was made with the experimental data of Salimpour[3] under the same conditions of
thermophysical properties and geometric parameters. Salimpour [3] analyzed the shell side heat
transfer characteristics of a spiral tube heat exchanger by establishing a heat transfer test bench, and
the experimental setting process is shown in Figure 3. In this device, hot water flows in the tube and
cold water flows in the shell. The main components of the experimental device are spiral tube heat
exchanger, centrifugal pump, water storage tank and electric heater. The spiral tube heat exchanger
comprises a spiral copper tube and an insulating shell. The flow of cooling water and hot water is
controlled by ball valve and globe valve respectively. The inlet and outlet temperatures of hot and
cold water are monitored by four RTD thermocouples inserted into small holes in the inlet and
outlet pipes of the heat exchanger.

Spiral tube TP
r—thermocouple heat exchanger | i
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gage [ [VVVVVVYV li -
stop valve ! press”rerl?Easl.lrlng
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e—pate—— e = heater

ball valve centrifugal
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Figure. 3 Flowchart of experiment setup

The helical elastic tube bundle used in this analysis has the same material, structure size and
fluid flow condition as the heat transfer tube used in the experiment in literature [4]. The structural
parameters of middle heat exchanger 1 were selected, and the spiral coil heat exchanger was
simulated with the numerical calculation method in the range of shell water flow 0.019-0.136 m?/s.
Based on experimental conditions, Nu at different Re were obtained, and the corresponding results
were represented by a 10% error line in Figure 4. Compared with the experimental data, the
deviation of Nu is 1.37%~8.66%. These small differences are attributed to the simplification of the
model and the inevitable measurement errors. This shows that the accuracy of the numerical
calculation results in this study can meet the needs of subsequent analysis.

In addition to comparison with experimental data, this study is also compared with numerical
results from Duan et al. [5]. Elastic bundle heat exchangers with tube spacing of 20mm and tube
row spacing of 50mm in literature[5]. were selected as the research object. The average heat
transfer coefficient h of the tube bundle at different Reynolds numbers Re was calculated, and the
corresponding results were represented by a 10% error line in Figure 4. Compared with the
simulated data, the deviation of h is 1 1.37%~8.66%. This further indicates that the accuracy of the
numerical calculation results in this study meets the needs of subsequent analysis.
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(b) Comparison with simulation results
Figure. 4 Verification of numerical calculation results of heat transfer

4. Conclusion

A spiral elastic bundle heat exchanger is proposed in this paper. The numerical calculation model
of vibration-heat transfer of spiral elastic bundle is established. The numerical calculation method is
determined and the boundary conditions are set. By comparing the calculated results with the
experimental results, the accuracy of the vibration and heat transfer results is verified.
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