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ABSTRACT 
Concentric arrays of tube bundles are applied extensively 

in heat exchangers at nuclear power plants. Flow induced 

vibration is one of the main causes of heat exchanger failures. 

However, there is no corresponding standard and basic 

parameters in the design code of different countries for 

concentric arrays of tube bundles. The fluid elastic instability 

of this type of heat exchangers cannot be calculated, and the 

design criteria is lacked. In this paper, a circulating water 

tunnel experimental facility were set up to test the vibration 

characteristic of concentric arrays subjected to cross flow. A 

non-contact measurement method based on high-speed 

photography imaging technology were adopted, which 

improved the accuracy of the test. Three kinds of tube bundles 

(0-degree angle, 15-degree angle and 30-degree angle 

arrangement, radial/circumferential pitch being 33.6/36.4 mm) 

were studied. The vibration frequency, amplitude and critical 

velocity of the tube bundle were investigated by changing the 

flow velocity. Computational fluid dynamics and fluid-structure 

interaction method were applied to simulate the fluid elastic 

instability of tube bundles, that were further verified by the 

experiments. Meanwhile, the numerical simulation supplements 

the contents of the experimental studies, which is utilizable to 

investigate and research the fluid elastic instability. The results 

of this work could provide references for the design of 

concentric array heat exchangers. 
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INTRODUCTION 
Concentric tube arrays are widely adopted in heat 

exchangers in nuclear industry. Safety is more important for 

radioactive nuclear components, which should be given 

sufficient attention. Flow induced vibration (FIV) often occurs 

in heat exchanger tubes bundles subjected to cross flow. Base 

on the research of Pettigrew et al [1] and Gorman [2], the 

mechanisms of FIV include periodic vortex shedding, random 

excitation due to turbulence and fluid elastic instability (FEI), 

among which FEI is the most common and destructive 

mechanism. FEI is the result of a dynamic fluid force 

interacting with the motion of a tube. Once the flow velocity 

reaches critical value, it causes a substantial vibration and leads 

to rapid wear of the tube at the support. 

In order to predict the FEI of heat exchanger tube bundles, 

many scholars put forward different mathematical models, 

which can be expressed in a unified formula [3, 4] 
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where  Q ,  Q  and  Q  are the acceleration, velocity and 

displacement of the structure, respectively; [Ms] and [Mf] are 

the structural and additional mass, respectively; [Cs] and [Cf] 

are structural and fluid damping, respectively; [Ks] and [Kf] are 

structural and fluid stiffness, respectively; {G} is external 

exciting force. Existing mathematical models can be mainly 

grouped into three categories, quasi-static model [5, 6], quasi-

steady model [7, 8] and unsteady model [9, 10 and 11]. There 

are also jet switch model proposed by Roberts [12], semi-

analytical model proposed by Lever and Weaver [13]. 

When the tube bundle is excited by FEI, it is common to 

use the semi-empirical formula first proposed by Conners [5] to 

calculate the critical velocity from a practical point of view, 
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where vc is critical velocity (m/s); m is the mass of unit length 

tube, including the additional mass of the fluid (kg/m);   is 

the density of the fluid outside the tube (kg/m3); f is the natural 

frequency of tube (Hz);   is logarithmic decay rate of tube; K 

is experience coefficient. 

The earliest recorded systematic experiments on FEI was 

from Grover and Weaver [14]. A set of tube bundle containing 

19 tubes was used in the experiment. One of the tubes was a 

flexible tube and the other were rigid. The similarities between 

the instability of single tube and that of the whole tube bundle 

were summarized through experiment. Tanaka et al [15] 

experimentally determined the unsteady fluid force applied to 

the tube bundle at various pitch-to-diameter ratios. Critical 

velocity characteristics of tube bundles with different pitch-to-

diameter ratios were discussed after analyzing the results. 

Based on the unsteady theory, Chen et al [16] proposed a 

number of fluid elastic force coefficients and added the force to 

the system as excitation source. The mechanical equation was 

similar to the linear expression established by Tanaka. The 

conclusion was drawn that the fluid elastic coefficient was 

related to the bundle array, pitch-to-diameter ratio, amplitude, 

critical velocity and Reynolds number. Prakash et al [17] 

studied the FIV measurements carried out in 60-degree angle 

sector model of concentric array tube bundles. Although a large 

number of theoretical and experimental studies have been 

conducted on FIV since 1960s, there is not a criterion that can 

ubiquitously and accurately predict the FEI of the tube bundle 

in all cases, among which there are few studies on concentric 

arrays of tube bundles. 

The visual image processing system has potential 

application for vibration analysis [18], which was first 

proposed in the 1980s [19, 20]. With the development of 

computer technology and image acquisition technology, this 

method has been widely applied in recent years. The basis of 

this method is that the surface of the testing object is coated 

with a pigment that is clearly distinguishable from the 

background, making it easy to be identified [21, 22]. This is a 

non-contact test method. Compared with the contact test 

method, it is easy to monitor multiple tubes simultaneously, 

with high accuracy and low cost, and also there will be no test 

components interfering with the flow field. 

With the rise of computational fluid dynamics (CFD) in 

recent years, numerical methods are widely applied in the study 

of FIV. Large eddy simulation (LES) technique is a direct 

calculation of large vortex scale, while small vortex scale is 

approximated. Hassan et al [23-26] first used two-dimensional 

LES model to study the flow around the tube. Omar [27] 

applied commercial CFD simulation software ANSYS CFX to 

study the FEI of flexible tube bundle in two-dimensional scale. 

The results were compared with the previous experiment, 

which were in good agreement. A lot of research has been done 

on the flow around the tube bundle, but still lack of numerical 

studies of the tube bundle vibration. As the FIV of the tube 

bundles usually involves complex phenomena of fluid-structure 

interaction, the numerical realization is a bit difficult and the 

numerical study in this area still needs further study. 

In the existing heat exchanger standards and design codes, 

only several of the most common arrays of tube bundles are 

specified. With the development of nuclear power, more and 

more special arrays of tube bundles are utilized, including 

concentric array. In order to study FEI of concentric arrays of 

tube bundles, a set of visualized vibration measurement system 

was adopted, and a comparative study was carried out by using 

CFD. This work lays emphasis on the critical velocity, 

vibration frequency, amplitude, the main vibration direction 

and other FEI characteristics, in the hope of providing guidance 

on the design and operation of this kind of heat exchangers. 

NOMENCLATURE 
FIV Flow induced vibration 

FEI Fluid elastic instability 

M Mass matrix 

Q, Q , Q  Structure displacement, velocity and acceleration 

C Damping matrix 

K Stiffness matrix 

vc Critical velocity 

  Fluid density 

f Tube natural frequency 

  Tube logarithmic decay rate 

CFD Computational fluid dynamics 

LES Large eddy simulation 

F Composition of forces on the tube 

kspring Stiffness coefficient of spring 

Ug Mean gap velocity 

SUBSCRIPT 
f Fluid 

s Structure 
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EXPERIMENTAL SETUP 
In order to measure the vibration of tube bundles, a visual 

vibration measurement system, shown in Fig. 1, based on high-

speed photography imaging technology, was designed, 

consisting of a test tube bundle, a water tunnel test system, a 

visual image processing system and a data processing system. 

 
Fig. 1 Schematic of the visual vibration measurement system 

Test tube bundles 
In this paper, the concentric arrays of tube bundles were 

studied. The fluid normally flows into the tube bundle from all 

directions in this arrangement. It has a rotational periodicity, 

which takes 60-degree angle as a cycle. Three representative 

incident angles can be selected, 0-degree angle, 15-degree 

angle and 30-degree angle, respectively, as shown in Fig. 2. 

The tube pitch is same for all three locations 

(radial/circumferential pitch being 33.6/36.4 mm). 

 
Fig. 2 Tube bundles 

 

There are two kinds of tubes, flexible tubes and rigid 

tubes, as shown in Fig. 3. Flexible tubes are made of aluminum 

alloy and rigid tubes are made of steel. Both of them have 

similar surface roughness to real heat exchanger tubes. Flexible 

tubes consist of thick parts (250 mm) and thin parts (100 mm). 

The diameter of test section of cylinders is 25 mm. All tubes 

are threaded into the replaceable tube plate. 

(a)  

(b)  

Fig. 3 Tube specimens. (a) flexible tube; (b) rigid tube 

 

The tube bundle consists of flexible tubes in the center 

region and surrounding rigid tubes. The natural frequency of 

rigid tube is 140.6Hz, which is far greater than that of flexible 

tube. Therefore, in this experiment, rigid tubes are considered 

to be stationary. 

Water tunnel test system 
Water tunnel test system includes a horizontal water 

tunnel, a test section, a flowmeter, a centrifugal pump, a water 

tanks, perforated plates, pipelines and valves. Perforated plates 

are set to obtain uniformly distributed inflow. The flow is 

changed by adjusting the opening of valves. 

The length of the test section is 500 mm with a rectangular 

cross section. Cross-sectional schematic is shown in Fig. 4. 

Tubes are placed horizontally in order to facilitate the vibration 

test. The effect of gravity on the tubes is small and negligible. 

The turbulence intensity of the fluid is very low (<5%) through 

the steady-flow zone in the upstream of the test section. 

 
Fig. 4 Cross-sectional schematic of test section 

Visual image processing system and data processing 
system 

Visual image processing system is adopted, as shown in 

Fig. 5. High-speed camera sampling frequency is set to 400 

FPS and the movement of the tubes can be clearly recorded at 

0-degree angle 

15-degree angle 

30-degree angle 

rigid tube 

flexible tube 
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this frame rate. A high-frequency floodlight provides sufficient 

brightness to make the image contour clear. The ends of the 

tubes are painted white for easier identification. Electric power 

source can provide high-frequency AC, which is much higher 

than sampling frequency, to improve image qualities. A self-

developed software is used to process the motion images of 

tubes. 

 
Fig. 5 Visual image processing system 

 

The principle of the analysis software is to identify tubes 

and record the movement of tubes. The images captured by 

high-speed camera are converted to black-and-white mode. The 

flexible tubes are clearly separated from the background by 

adjusting the brightness and contrast. Then the boundaries and 

centroids of tubes are recognized. Envelope circles based on 

the boundaries of tubes are also generated. The centroids of the 

boundaries and the centers of the envelope are compared. If the 

difference between the two is within the acceptable error range, 

the recognition is considered as accurate, as shown in Fig. 6. 

Then motion coordinate information in the time domain are 

outputted as text documents. 

Experimental design 
Experiments design in air 

In order to obtain the natural frequency of the flexible tube 

and to compare the visual vibration measurement method with 

the traditional strain test method, a free attenuation vibration 

test in the air was required. Visual vibration measurement 

method analyzes from the perspective of displacement, while 

traditional strain test method analyzes from the point of force. 

Therefore, it was necessary to convert the strain data to the 

displacement of the tube end face. Strain gauges are set on the 

thin part of flexible test tube in advance. When the device was 

installed, the free end of the tube was knocked to make the tube 

free attenuation vibrate. Both methods were tested at the same 

time. Sampling time should be longer than 10 seconds to ensure 

the accuracy of the result. 

 
Fig. 6 Data processing system 

 

Experiments design in water 

The establishment of full-size tube bundle model will 

undoubtedly greatly increase the manufacturing and test 

workload. For the purpose of conducting a comprehensive 

study on the characteristics of FEI of concentric arrays of tube 

bundles and reducing the workload at the same time, three 

representative locations were selected for local experimental 

study, and named according to the inflow angle, which were 0-

degree angle, 15-degree angle and 30-degree angle 

arrangement. 

The 0-degree angle arrangement contained 25 flexible 

tubes, while the 15-degree angle arrangement and 30-degree 

angle arrangement contained 22 and 23 flexible tubes, 

respectively. Rigid tubes were placed around the flexible tubes 

to simulate the real heat exchanger flow field environment and 

minimize end-effects of the test section walls. Flexible and 

test section high-frequency floodlight 

electric power source 

high-speed camera 
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rigid tubes distributions are shown in Fig. 7. For each 

arrangement, a flexible tube at the center was selected as the 

key item, which was identified as tube C. 

(a)  

(b)  

(c)  

Fig. 7 Flexible and rigid tubes distribution. (a) 0-degree angle; 

(b) 15-degree angle; (c) 30-degree angle 

 

After installing the tube bundle, the motion characteristics 

of tubes under different inflow velocities (0~0.97 m/s) could be 

obtained by adjusting the water channel flow (0~300 m3/h), 

while Reynolds numbers varied from 0 to 3×105. After each 

adjustment of the flow rate, wait for the flow rate to stabilize 

and start sampling. To ensure adequate data, the sampling time 

should be at least 10 seconds. Through the experimental data 

analysis, the main vibration direction, vibration amplitude, 

critical velocity, vibration frequency and other parameters were 

analyzed. 

NUMERICAL SIMULATION SETUP 
The numerical simulation models of FEI of concentric 

tubes for heat exchange tube bundle was established by using 

commercial numerical simulation software ANSYS CFX. The 

simulation study on FEI was carried out compared with the 

experimental results. 

Fluid-structure interaction model of tube bundles 
FEI involves the bidirectional interaction of fluid and solid 

domains, and large-scale numerical simulations are still 

difficult to achieve. A simplified fluid-structure interaction 

model was established through the use of rigid body structure 

and dynamic mesh technology. 

Actual heat exchanger tube is very long. The large size of 

model will lead to too many meshes, which is difficult to 

calculate. Therefore, periodic boundary conditions were used to 

simplify the model. Quasi two-dimensional model was 

established that only a layer of meshes was generated, and the 

symmetric plane was set. 

The rigid body structure was adopted to simplify the 

model, indicating that tubes were considered as non-

deformable rigid bodies and spring restrains were applied at 

both ends of tubes, as shown in Fig. 8. This kind of model is 

widely used in the study of FEI of heat exchanger tube bundles. 

 
Fig. 8 Rigid body cylinder vibration system 

 

The motion equation of the rigid body can be expressed as 

  0D spring ExtmQ F F k Q Q F      (3) 

where F is composition of forces on the tube (N); FD is fluid 

force on the tube (N); FExt is extra force on the tube (N); kspring 

is stiffness coefficient of spring (N/m); Q, Q0 are displacement 

and initial displacement of the tube (m). Bundle stiffness could 

be entered directly in rigid body of calculated boundary. For 

damping force, tube velocity was extracted from each iteration 

firstly and then multiplied by the damping. Damping force in 

the form of extra force was fed back to iterative computing. 

Model geometry and boundary conditions setup 
Corresponding to the experiment, numerical simulation 

models are shown in Fig. 9. The flexible tubes were 

correspondingly set as rigid body motion boundaries and as 

independent coordinate systems. The LES turbulence model 

was used to calculate the free vibration of the tube bundle 

C 

C 

C 
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under the action of fluid force. Sampling time was 5 seconds. 

The calculation setup and boundary conditions are shown in 

Table 1. 

(a)  

(b)  

(c)  

Fig. 9 Numerical simulation models. (a) 0-degree angle; (b) 15-

degree angle; (c) 30-degree angle 

 

Table 1 Calculation setup and boundary conditions 

Items Setup 

analysis type transient analysis 

fluid medium water 

turbulence model LES WALE 

inlet condition even flow 

outlet condition pressure outlet 

symmetry surface condition periodic boundary condition 

tube wall condition rigid body wall, dynamic mesh 

wall function scalable wall function 

 

RESULT AND DISCUSSION 

Free attenuation vibration 
The purpose of free attenuation vibration test in the air is 

to verify the accuracy of the visual image processing system, 

get the logarithmic decay rate and other key parameters by 

acquiring the natural frequency. The results were averaged 

from three tests to reduce errors and the two methods were 

compared in Table 2. It can be seen that the results of natural 

frequency are very similar with a difference of 0.16 Hz. Visual 

vibration measurement method can be considered accurate, 

which will be adopted in later experiments. 

Table 2 Result of free attenuation vibration test in the air 

Visual vibration 

measurement method /Hz 

Traditional strain 

test method /Hz 

Relative 

error /% 

19.19 19.03 0.8 

Critical flow velocity 
The critical flow velocity is an important indicator of FEI. 

In the tube bundle, when the fluid flow velocity reaches the 

critical flow velocity, the tube will vibrate violently under the 

mechanism of FEI. Therefore, the sharp increase of root mean 

square (RMS) amplitude is an important criterion for judging 

FEI. However, it is also considered as the appearance of FEI 

when RMS amplitude reaches 2% of the tube diameter (0.5 

mm) if not with a sharp increase. During experiments, the 

whole process of vibration could be observed through visual 

inspection method. When the velocity increased to a certain 

extent, significant vibration occurred in the tube bundle, 

showing that FEI occurred.  

In the analysis of the tube bundle system, mean gap 

velocity, Ug, is commonly used to characterize the flow 

velocity in the tube bundle. Trial and CFD methods were 

applied respectively to obtain displacement responses of three 

kinds of arrangements. RMS amplitudes at different mean gap 

velocities were obtained as shown in Fig. 10. 

The critical flow velocities of different arrangements are 

different, as listed in Table 3. It could be seen that the CFD 

results are the same as the experimental results on the overall 

trend of change, which verifies the feasibility of CFD method. 

However, the results obtained by the two methods are a bit 

different for two main reasons. Firstly, in order to reduce the 

calculation scale, the actual three-dimensional models were 

simplified to two-dimensional models, resulting in a certain 

impact on the accuracy of the calculation. Secondly, the tubes 

were in an ideal and uniform state in CFD, while there were 

inevitably some deviations in the actual manufacturing and 

installation of experimental equipment, which affected the 

experiment results. In general, the CFD method of fluid-

structure interaction used in this paper could be applied to 

study the FEI of tube bundle vibration even with minor 

deviation. 

U 

U 

U 

6 Copyright © 2018 ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 11/27/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

(a) (b)  

(c) (d)  

(e) (f)  

Fig. 10 Curve of RMS amplitude to mean gap velocity. (a) 0-degree angle, stream-wise; (b) 0-degree angle, cross-stream; (c) 15-

degree angle, stream-wise; (d) 15-degree angle, cross-stream; (e) 30-degree angle, stream-wise; (f) 30-degree angle, cross-stream 

 

Table 3 Critical flow velocity obtained by trial and CFD methods 

Tube arrangement Vibration direction Trial method /(m/s) CFD method /(m/s) Relative error /% 

0-degree angle 
stream-wise 1.12 1.17 4.5 

cross-stream 1.12 1.17 4.5 

15-degree angle 
stream-wise 1.04 1.17 12.5 

cross-stream 0.98 1.06 8.3 

30-degree angle 
stream-wise 1.04 1.17 12.5 

cross-stream 1.04 1.06 1.9 
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According to the results in Table 3, 0-degree angle 

arrangement is least likely to be unstable and the instability 

occurs firstly in 15-degree angle arrangement in the cross-

stream direction. 

The experimental results are compared with former 

researches summarized by Au-Yang [28], shown in Fig. 11. The 

data points in this paper are all above the suggested line around 

the mean line. Therefore, it can be considered that the existing 

experience coefficient K still applies to the concentric arrays in 

this paper. It can also be seen from Fig. 11 that the 0-degree 

angle arrangement is the most stable and the 15-degree angle 

arrangement is the most unstable. 

 
Fig. 11 Stability diagram for tube arrays 

Spectral response 
Spectral response of tubes reflects the coupling frequency 

of interaction between the tube bundle and surrounding flow 

field. The change of spectrum from a wide band to a narrow 

band indicates the occurrence of FEI, where the narrower the 

band is after instability, the stronger the instability of the tube 

bundle is. In general, the vibration of the tube in the cross-

stream direction is considered more [29]. Accordingly, the 

spectral response of cross-stream direction is mainly discussed. 

Spectral response of tubes at different locations are shown 

in Fig. 12. At low flow velocities, turbulence buffeting 

occurred mainly in the tube bundle in a wider band at different 

coupling frequencies, and as the flow rate increasing, it 

converted to a narrow band at a single frequency, which was 

called main vibration frequency. Critical flow velocity could 

also be estimated from the spectral response [11, 30]. 

It was noted that at the 15-degree angle, the response 

amplitude of the tube at the main vibration frequency was in a 

declining trend after instability, which might be affected by the 

“static drag effect”. The 0-degree angle and the 30-degree 

angle were symmetric, while the 15-degree angle was 

asymmetric. Therefore, at 15-degree angle, a drag force that 

was biased to one side was generated in the cross-stream 

direction. Due to the drag force, the tube bundle deviated from 

original equilibrium position, resulting in a change in the tube 

bundle formation, which affected the vibration of the tube 

bundle. 

(a)  

 

(b)  

 

(c)  

Fig. 12 Spectral response of tubes at different locations. (a) 0-

degree angle; (b) 15-degree angle; (c) 30-degree angle 
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Main vibration direction 
The main vibration direction can be achieved through the 

observation of the tracks of the tube bundles. It will further 

deepen the understanding of the instability behavior of the tube 

bundle. The tracks of the tube bundles were obtained by 

simulation method, shown as Fig. 13. When the gap velocity 

was small, the amplitudes of tube bundles in the stream-wise 

direction was larger. As the gap velocity increasing, the 

amplitudes of the tube bundles in the cross-stream direction 

were larger and approximate periodic motion was formed when 

vibrations were completely controlled by FEI. This change of 

vibrational mode has also been mentioned in a previous study 

by Chen [11]. 

Moreover, front tubes showed more displacement than rear 

tubes in Fig. 13. This was mainly due to the fact that tubes in 

the front row was directly in contact with the external 

turbulence, subjected to a greater impact and absorbed more 

energy, while the rear row tubes were less affected. Still, the 

displacement of rear tubes was not negligible, that would have 

a greater impact on the equipment. 

(a) (b) (c)  

(d) (e) (f)  

(g) (h) (i)  

Fig. 13 Tracks of the tube bundles (scale: 2). (a) 0-degree angle, Ug = 1.06 m/s; (b) 0-degree angle, Ug = 1.17 m/s; (c) 0-degree angle, 

Ug = 1.28 m/s; (d) 15-degree angle, Ug = 1.17 m/s; (e) 15-degree angle, Ug = 1.28 m/s; (f) 15-degree angle, Ug = 1.38 m/s; (g) 30-

degree angle, Ug = 1.17 m/s; (h) 30-degree angle, Ug = 1.28 m/s; (i) 30-degree angle, Ug = 1.38 m/s 
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CONCLUSION 
In this paper, the FEI of concentric arrays of tube bundles 

subjected on cross flow is studied. A water tunnel experimental 

device based on visual image processing system is set up and 

ANSYS CFX is adopted for numerical simulation. Critical flow 

velocity, main vibration direction, vibration frequency and 

other characteristics are studied. The tube bundles at the three 

selected locations are analyzed comparatively. The main 

conclusions of this paper are as follows. 

(1) Through the free attenuation vibration test, it can be 

concluded that the results of visual vibration measurement 

method and traditional strain test method are in good 

agreement, and the visual vibration test method has the 

advantages of simple installation and small influence on the 

flow field. 

(2) The critical flow velocity can be obtained from RMS 

amplitudes at different flow velocities. The 15-degree angle 

arrangement is the most instable location, and the instability 

occurs firstly in the cross-stream direction. 

(3) By analyzing the amplitudes of the main vibration 

frequency in the spectral responses, it can be seen that the static 

drag effect occurs at the 15-degree angle arrangement, while 

does not appear at 0-degree angle and 30-degree angle 

arrangement. Compared with the other two arrangements, there 

is no symmetry at 15-degree angle arrangement, resulting in the 

drag force that is biased to one side in the cross-stream 

direction. The tube bundle deviates from the original 

equilibrium position and the vibration is affected. 

(4) By analyzing the vibration track diagrams, it can be 

concluded that with the increase of flow velocity, the tube 

vibration firstly occurs in the stream-wise direction and then in 

the cross-stream direction. The amplitudes of the front tubes 

are greater than that of the rear tubes. Therefore, the outermost 

tubes at the entrance should be paid more attention to in 

engineering practice. 
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