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Flow-induced vibration of heat-exchanger tube bundles often causes serious damage, resulting in reduced effi-
ciency and high maintenance costs. The excitation mechanism of flow-induced vibration is classified as vortex
shedding, acoustical resonance, turbulent buffeting, or fluid-elastic instability. This paper aims to identify the
mechanism that causes flow-induced vibration in a specific heat-exchanger tube bundle with cross-flow and pro-
poses a solution to this problem. This case is investigated through acceleration and sound pressure level measure-
ments. Moreover, finite- element models are developed to view the acoustic models of the cavity and vibration
modes of the tubes and plates. The layout pattern of the tube array, the spacing ratio, the Strouhal number, and the
flow characteristics are used to determine the excitation mechanism.

1. INTRODUCTION

In cogeneration mills, the excess of energy generated can be
transferred to an electrical system.1 In an attempt to improve
the efficiency of these systems, some manufacturers have de-
veloped new heat exchangers in which the speed of the fluid
flowing around the tubes has been increased; they have also
changed their tube arrangements. The production cost of ma-
jor heat-exchanger equipment is high. Also, since maintenance
is necessary, the cost of the entire operation is quite high. Ac-
cording to the literature, many incidents of failure due to ap-
parent flow-induced vibration in heat exchangers have been re-
ported.2

Flow-induced vibration and acoustical resonance have
caused serious damage to the system integrity of heat exchang-
ers.3 The four principal sources of vibration in cross-flow tube
banks are vortex shedding, acoustical resonance, turbulent buf-
feting and fluid-elastic instability.4, 5 All these mechanisms
arise because of the various forces that act on a tube due to
the shell-side cross-flow.

During the last decades, researchers were successful (in
varying degrees) in better understanding the main sources of
noise and vibration in different kind of heat exchangers.6, 9

Distinct solutions have been proposed to control the noise and
vibration problem in heat exchangers. In order to suppress
acoustical resonances, a rigid baffle is normally placed inside
a container and is parallel to the flow stream. It modifies the
acoustical field and inhibits the instability.10 To avoid the vi-
bration of the equipment, it is sometimes necessary to reduce
the shell side flow rate, remove the tubes in the window area to
form a bypass, and redesign and reinstall a new bundle.11

However, it is difficult to find case histories presenting ex-
perimental analyses, finite element models, and a solution to
the problem. Normally, the investigations are focused on ex-
citation mechanisms, instabilities criteria, and methods to pre-
dict the problem.

2. EXCITATION MECHANISMS

Recently, a significant amount of research has been con-
ducted to predict, understand, and resolve the mechanisms that

Figure 1. Lock-in condition.

cause flow-induced vibration in heat exchangers. The follow-
ing four main mechanisms of flow-induced vibration in heat
exchangers have been investigated.

2.1. Vortex Shedding
Flow across a tube produces vortices in the wake generated

from the opposite sides of the tube. The oscillation frequency
of a wake is proportional to the flow velocity and results in
an oscillatory force on the tube. This phenomenon may excite
vibration in a liquid flow or acoustical resonance in a gas flow.

When the frequency of the vortex shedding coincides with
the natural frequency of the tube vibration, higher levels of vi-
brations and rapid tube damage may occur, especially for liq-
uid flows. The velocity range over which the tubes exhibit
high-amplitude vibrations is referred to as the ”lock-in” range,
as shown in Fig. 1. The lock-in conditions can be estimated
from the following equation:

0.8fn < fv < 1.2fn; (1)

with
fv = Stv

U

D
; (2)

where fn is the tube’s natural frequency, fv is the frequency
of vortex shedding, Stv is the Strouhal number, U is the gap
velocity, and D is the tube diameter

Recent studies have shown that this excitation results from
vortex shedding around the tubes. It occurs in the beginning of
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Figure 2. Acoustial modes inside the heat exchanger.

the section tubes, mainly in heat exchangers with little space
between tubes.12, 13

2.2. Acoustical Resonance
Acoustical resonance excited by a flow can occur in differ-

ent types of heat exchangers. Normally, they have tubes with
fluid flow inside (tube-side fluid) and a shell that wraps around
the tubes (shell-side fluid). The gas in the cavity of the heat
exchanger generates natural acoustic frequencies that depend
on the speed of sound and the shell geometry. These acoustic
modes can be excited by either vortex shedding or turbulent
buffeting.

This resonance, if and when excited, is established within
the tube bundle in a direction perpendicular to the flow and the
tube axis, as shown in Fig.2. For a cylindrical heat exchanger,
the natural acoustic frequencies can be predicted by the fol-
lowing equation:

fa =
nUs

2d
; (3)

where fa is the acoustic frequency, n is the mode number, d is
the shell diameter, and Us is the velocity of sound in shell-side
fluid.14

Acoustical resonance requires two conditions: (i) coinci-
dence of vortex shedding and acoustic frequency and (ii) suffi-
ciently high acoustic energy or sufficiently low acoustic damp-
ing to allow sustained acoustic standing-wave resonance.15 An
acoustical resonance can be broken by inserting acoustic baf-
fles into the shell. These baffles can change the natural acoustic
frequency and the mode shape.

2.3. Turbulent Buffeting
High flow rates produce turbulent flow within a fluid, which

can be a cause of structural excitation. In any flow, there exists
a range of oscillatory flow components spread over a broad
range of frequencies. Tubes respond randomly to flow tur-
bulence. Turbulent buffeting is a low-amplitude vibration re-
sponse of the tube bundle below a certain critical velocity.16

Although the vibration amplitudes are small, the phe-
nomenon persists over the entire life of the heat exchanger,
because some wear is inevitable. Even when other vibration
mechanisms are successfully mitigated, this turbulent buffet-
ing may eventually cause tube damage. For the heat exchanger
to remain in operation for many years, the potential for wear
due to turbulent buffeting needs to be considered in the design
stage of the heat exchanger.

Flow turbulence is a significant excitation mechanism in a
heat exchanger with cross-flow. The dominant frequency of
excitation can be determined by Owen’s equation:17

Figure 3. Fluid-elastic instability, turbulent buffeting, and vortex shedding.

Sttb =
ftbD

U
XlXt =

[
3.05

(
1− D

Lt

)2

+ 0.28

]
; (4)

where Sttb is the Strouhal number considering turbulent buf-
feting, ftb is the turbulent buffeting frequency, U is the cross-
flow velocity, D is the outer diameter of the tube, Xl is the
longitudinal pitch ratio (Ll

D ), Xt is the transverse pitch ratio
(Lt

D ), Ll is the longitudinal pitch and Lt is the transverse pitch.

2.4. Fluid-Elastic Instability
Fluid-elastic instability can be defined as a mechanism

where fluid forces cause tube movement in the heat exchanger.
At a critical flow velocity, tube banks subjected to increas-
ing flow velocity begin to vibrate with a large amplitude, as
shown in Fig. 3. The resultant tube failure can occur in a rela-
tively short period due to fluid-elastic instability, which can be
avoided by controlling the cross-flow velocity.

The flow field around a tube bundle causes displacement of
a tube. This displacement modifies the flow field, changing the
fluid forces acting on the tube. Damping and stiffness forces of
the tube act to restore the tube to its initial position. The com-
petition between the energy input from the fluid flow across the
tube and the energy dissipated by damping and stiffening will
determine the amplitude of the vibration. If the energy dissi-
pated by damping and stiffening is less than the energy input
from the fluid flow, then fluid-elastic vibrations will establish
themselves.

Connor’s equation is used as a parameter to verify the possi-
bility of developing fluid-elastic instability in a tube array. The
equation below calculates the critical flow velocity based on
tube parameters:

Ucr

fnD
= K

(
mδ

ρD2

)a

; (5)

where Ucr is the critical pitch flow velocity, D is the diameter
of the tube, fn is the natural structural frequency, m is the
tube mass per unit length, ρ is the density, δ is the logarithmic
decrement, and K and a are Connor’s constants.18

3. EXPERIMENTAL AND NUMERICAL
ANALYSIS

The heat exchanger under analysis is a cross-flow type with
a geometric tube distribution, as shown in Fig. 4. The tubes
have an external diameter of 63 mm, length of 3.80 m and a 4-
mm-thick wall. They are distributed over 26 rows by 54 rows.
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Figure 4. Cross-section of tube geometric distribution.

Figure 5. Accelerometer and microphone positions in the heat exchanger.

The heat exchanger is 3.80 m in height, 3.50 m in width, and
6.70 m in length.

A 350 hp fan blower insufflates an airflow through the heat
exchanger. To identify the cause of excessive noise and vibra-
tion, the rotational speed of the fan is varied from 450 to 750
rpm, which corresponds to an upstream air velocity of 2.90 to
5.00 m/s, respectively. The inlet air temperature is 25◦C and
the air temperature at the end of the heat exchanger is 240◦C.

According to the configuration of the heat exchanger anal-
ysed in this paper, the space ratio Xp

(
Lp

D

)
= 1.44, the

Strouhal number from the literature is St = 1.0 19 and the
Strouhal number considering turbulent buffeting Sttb = 1.14,
as calculated by Eq. (4).

3.1. Experimental Analysis
To help with the problem identification, noise and vibration

measurements are performed at various speeds of the primary
fan blower, resulting in a range of mean flow velocities in the
heat exchanger. This procedure is used to analyse situations
when the excitation frequency coincides with the acoustic or
structural modes of vibration.

The vibration is measured on the side wall of the heat ex-
changer inlet duct. The sound pressure level (SPL) is measured
in front of the blower inlet nozzle, distant 1.0 meter of fan at-
tenuator. The vibration is measured on the side wall of the ex-
changer inlet duct. The sound and vibration measurements are
made simultaneously. These quantities are measured for dif-
ferent fan rotation values. The microphone and accelerometer
position, as well as the main components of the heat exchanger
can be identified at Fig. 5.

Analysing the results shown in Figs. 6 and 7 enables the
identification of the highest amplitude of the frequency gener-

Figure 6. Sound pressure level measured in front of the fan inlet.

Figure 7. Acceleration measured on the lateral plate.

ated as approximately 53 Hz along with its resultant harmon-
ics.

3.2. Numerical Analysis
The correct identification of the mechanism that generates

noise and vibration requires a precise knowledge of the natural
acoustic frequencies of the tubes and their respective vibration
modes. Numerical models are developed to analyse the vibra-
tions of the tubes, the side plate, and the acoustical field in the
heat exchanger.

3.2.1. Tube Vibrations

A bundle of tubes is modelled by a finite-element method
using a shell element. These tubes are coupled to 20-mm-thick
plates at the ends. When the tubes are welded to the plate, it
is considered to be a rigid connection. In this model, a larger
number of tubes produce a slow computational solution. It is
assumed that the model can reproduce the true behaviour of the
tubes in the heat exchanger. Due to the fixation of the tubes in a
rigid structure, the behaviour of this system is associated with
the modes located on each tube. The steel damping coefficient
is defined as 0.05%.

The objective of the model is to obtain the frequency ranges
of the natural vibration modes. Figure 8 demonstrates that it is
possible to identify a typical frequency response for each tube
excited by a point force. The first three modes are plotted in
Figs. 8 and 9.

There is no peak at 53 Hz; however, the second mode of
vibration occurs between 62 and 68 Hz. Experimentally, the
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Figure 8. Frequency response function of tubes.

Figure 9. Modes of vibration.

Figure 10. Frequency response function of the acoustical field.

modes occur at 21 Hz, 58 Hz, and 118 Hz. The excitation is
applied at one side of the tube e the response measured at the
other side of the tube.

3.2.2. Acoustic Modes

This simulation considers air with a variable temperature
distribution over the length of the exchanger, from 30◦C at
the blower exit up to 225◦C at the end of the exchanger. The
finite-element method can be used to consider the temperature
variation in the acoustical field of the exchanger. The speed of
sound in the longitudinal and transversal directions is consid-
ered to be 95% of that in air due to the porosity caused by the
tubes. In the model, there is no coupling between the acous-
tic and structural components. A typical frequency response
function can be observed in Fig. 10.

The boundary condition defined at fan inlet is a panel veloc-
ity. At heater outlet is applied an admittance. The damping is
considered as the imaginary part of the velocity and the value
used is 0.1% of the real part.

The modes around 53 Hz are 51 Hz, 55 Hz, and 59 Hz,
as seen in Fig. 11. This indicates the presence of acoustical
resonances around 53 Hz, which can be easily excited.

3.2.3. Plate Vibrations

High vibration levels at the lateral duct plates are observed
during operation. Severe fatigue problems require permanent
welding repairs due to strong excitation levels.

A finite-element model of a detailed and full-length lateral
duct plate is developed using shell and beam elements for the

Figure 11. Acoustical modes of the heat exchanger.

Figure 12. Frequency response function of the lateral duct plate.

Figure 13. Vibration modes of a lateral duct plate.

reinforcements. A typical frequency response function for this
model can be observed in Fig. 12. The presence of a global
mode resonance of 51 Hz can be observed, which is very close
to the acoustic mode and the high response frequency (53 Hz)
observed during the measurements.

The three vibration modes with frequencies of around 53 Hz
can be observed in Fig. 13.

4. RESULTS AND DISCUSSION
The noise and vibration measurements show a high level

of responses at 53 Hz using a blower fan speed of 550 rpm.
Through the use of numerical models, an acoustic mode of the
heat exchanger, and a mode of plate vibrations have been iden-
tified within this frequency band. Beyond this, however, it is
important to identify the excitation mechanism.

Eq. (5) is used to calculate the critical speed for fluid-elastic
instability to occur, using the data of the heat exchanger under
study. The value is found to be 73 m/s, which is well above the
operating speed of the equipment. This shows that fluid-elastic
instability is not the excitation mechanism responsible for the
flow-induced vibration.

Another possible cause cited in the literature is turbulent
buffeting. Eq. (4) is used to obtain values for the frequency
at which this phenomenon would occur. Using the data from
the heat exchanger under study, these values are found to be
above 53 Hz. Thus, turbulent buffeting is not the excitation
mechanism for flow-induced vibration.

The last mechanism to be analysed is vortex shedding. Eqs.
(1) and (2) are used to calculate the frequency of vortex, which
is shedding in this case. Using the flow rate data generated by
the fan, the frequency values are found near 53 Hz, indicat-
ing that vortex shedding is the likely excitation mechanism for
flow-induced vibration.
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(a)

(b)

Figure 14. Vortex shedding frequency (a) and the vibration response at 53 Hz,
as a function of flow velocity (b).

4.1. Problem Identification
Using Eqs. (1) and (2), it is possible to create a graph that

correlates the vortex shedding frequency with flow velocity.
Figure 14(a) plots the vortex shedding frequency and the nat-
ural frequencies of the structure and the acoustical field. The
velocity values on the x-axis are indicated by the correspond-
ing blower fan rotation, in revolutions per minute.

At the air velocity of 3.5 m/s, the vortex shedding frequency
coincides with the transverse acoustic mode of the heat ex-
changer and with a global mode of the side plate, Figure 14(a).

According to Fig. 14(b), it is possible to identify the vibra-
tion response measured at lateral duct plate at 53 Hz for the
various fan rotation values. A large response is initiated at an
air velocity value of approximately 3.25 m/s. Around this fre-
quency there is an acoustics mode and the lateral duct plate
mode. These modes can be excited by vortex shedding. Tube
vibrations do not play a role in this excitation mechanism.

Further evidence of the vortex shedding acoustic mode ex-
citation can be seen from the noise spectra measured at 1 m
from the fan inlet in Fig. 6. After a specific value of fan ro-
tation, the sound pressure level measured at 53 Hz increases
the value. According to Fig. 14(a) there is an acoustic near
this frequency. Also, according to Eq. (2) the value of vortex
shedding frequency increases with fan rotation.

4.2. Proposed Solution
To avoid excitation of the acoustic modes in the heat ex-

changer, the exchanger width needs to be shortened. For this
reason, two longitudinal rows of tubes are removed, and in the
empty space, 4-mm-thick plates are placed and welded at the
top and bottom borders of the heat exchanger. In Fig. 15, it is
possible to identify the location of these plates, also known as
acoustic baffles. This procedure does not interfere significantly
with the efficiency of the heat exchanger.

Figure 15. Acoustical baffles in the heat exchanger.

Figure 16. Vibration of lateral plate with acoustical baffles installed inside the
heat exchanger.

Figure 17. SPL at the inlet of the fan with acoustical baffles installed inside
the heat exchanger.

To verify the efficacy of the proposed solution, vibration and
noise measurements are taken after the installation of the baf-
fles; the results can be seen in Figs. 16 and 17. The fan rota-
tional speed is varied again from 450 to 750 rpm, generating
typical air flows inside the heat exchanger. The accelerometer
and microphone are placed at the same position as before.

Initially, the vortex shedding mechanism was exciting the
acoustic mode at the frequency of 53 Hz. Also, the acoustical
resonance excited the lateral duct plate at the same frequency.
After installation of the baffle, the acoustical mode is not ex-
cited by vortex shedding (see Fig. 17) and the acoustical reso-
nance does not exist to excite the lateral duct plate Fig. 16.

Overall, noise levels at the sugar-refining plant are now con-
sidered perfectly acceptable and as expected from this type of
industry. The SPL measured at 1 m from the fan inlet indicates
that acoustical resonance disturbances have been completely
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avoided by this modification of the heat exchanger. Some re-
searchers have developed models and methodologies to simu-
late and optimize this kind of solution.10

5. CONCLUSIONS
This paper presents some experimental results enabling the

identification of a specific frequency of 53 Hz, which is asso-
ciated with sound and vibration measurements that cause flow-
induced vibrations in a heat exchanger. The value of accelera-
tion measured at the lateral plate of the heat exchanger is also
high at this frequency, as is the noise measured in front of the
fan, which demonstrates the same behaviour. This frequency is
correlated with a fan speed of between 500 and 650 rpm. This
indicates problems caused by flow-induced vibrations at this
fan speed.

According to the literature, the main sources of vibration in a
heat exchanger are vortex shedding, acoustical resonance, tur-
bulent buffeting and fluid-elastic instability. Using equations
from the literature to characterize each source, vortex shed-
ding is identified as the main mechanism for flow-induced vi-
brations.

Thus, it is necessary to identify which natural frequencies
are excited by this mechanism. Models are developed based
on the finite-element method. First, a bundle of tubes is mod-
elled to enable the identification of vibration modes and nat-
ural frequencies of the heat-exchanger tubes. Following this,
the acoustical field inside the heat exchanger is also modelled.
Analysis of these results indicates that there are some acous-
tical modes where the maximum frequency value is close to
53 Hz. A lateral duct plate is also modelled, and through the
results, it is possible to identify some vibration modes with
natural frequencies close to the frequency of interest.

Using the results of finite-element models and the data on
the excitation mechanism, it is possible to assume that vor-
tex shedding excites the acoustic mode of the cavity and the
acoustical resonance excites the vibration mode of the plate.
The solution to this problem is to insert an acoustic baffle in
the cavity and break the acoustic mode. The proposed solu-
tion resolves the presented problem, and the subsequent noise
and vibration measurements after the installation of the baffles
confirm this.
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