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The flow-induced vibration in heat exchanger is usually considered as a detrimental factor for causing the
heat exchanger damage and is strictly prevented from its occurrence. Its positive role for the possible heat
transfer enhancement has been neglected. In this article a novel approach is proposed to enhance the
heat transfer by using the flow-induced vibration of a new designed heat transfer device. Thus the
flow-induced vibration is effectively utilized instead of strictly avoiding it in the heat exchanger design.
A heat exchanger is constructed with the new designed heat transfer devices. The vibration and the heat
transfer of these devices are studied numerically and experimentally, and the correlation of the shell-side
convective heat transfer coefficient is obtained. It is found that the new designed heat exchanger can sig-

nificantly increase the convective heat transfer coefficient and decrease the fouling resistance. Therefore,
a lasting heat transfer enhancement by the flow-induced vibration can be achieved.

© 2008 Published by Elsevier Ltd.

1. Introduction

In heat exchangers, especially shell-and-tube heat exchangers,
the flow-induced vibration can damage the heat transfer devices
and tubes, and generate noise. Much effort has been devoted to
the study of the influence of the shell-side flow on the vibration
of the heat transfer devices. Weaver and Fitzpatrick [1] studied
the vibration problems induced by the shell-side single phase flow
in shell-and-tube heat exchangers and proposed the preventive ap-
proaches against the tube bundle damage caused by the vibration.
Pettigrew and Taylor [2] reviewed the main mechanisms of vibra-
tion induced by the two-phase flow and the impacts of dynamic
parameters on the tube vibration. They revealed the damping
properties of the shell-and-tube heat exchanger vibration induced
by the two-phase flow by using a semi-empirical formula, and
established a practical design criterion by integrating the dynamic
parameters related to the damping into the empirical formula [3].
The flow-induced vibration problems in spiral finned gas tube bun-
dle heat exchangers were studied by Michael [4]. After modified
with both static and dynamic experimental results, a theoretical
computational method, which normally uses for calculation of
the natural frequencies of ordinary tubes, was used to handle the
spiral-fin tube case, and some case studies regarding the damages
caused by the fluid elastic instability in the spiral-fin tube heat ex-
changer were carried out. The vibration of the double 90° U-tubes
used frequently in the steam generators for nuclear reactors was
studied by Choi et al. [5]. They believed that when the shell-side
flow velocity does not reach the critical value but is near the
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sub-critical value, the turbulence-induced vibration is the main
cause for the vibration damages. A theoretical analysis model for
the double 90° U-tubes was established based on the theoretical
analysis model for the equal spacing straight tube, and was cor-
rected further by the experimental data. The analysis model was
used to predict the vibration-induced abrasion for the bent tubes
in steam generators. A computational method for the shell-side
critical velocity with non-equidistance nonlinear supports was re-
ported by Au-Yang and Burgess [6], which provided the theoretical
basis for precisely predicting the occurrence of the flow-induced
vibration. The new type of heat exchanger with rod baffles devel-
oped for preventing from the flow-induced vibration was described
in Ref. [7]. In order to protect the heat exchanger from vibration-
induced damage, the supports to the heat transfer tubes were
strengthened by changing the structures of the circular plate baf-
fles [8]. Helical baffles were employed to change the shell-side
velocity field, which not only mitigate the vibration-induced dam-
age, but also enhance the heat transfer [9]. The fact, however, is
that the design method for appropriately addressing the flow-in-
duced vibration problems in heat exchangers has not been well-
developed yet.

The essence of vibration is that the mechanical energy continu-
ously accumulates and dissipates. The flow of media in the heat ex-
changer may cause the energy buildup due to the fluid viscosity.
Therefore, it is almost impossible to completely avoid the vibration
of the heat transfer devices. It is not always an effective approach
to prevent heat transfer devices from the vibration by increasing
the strength of the devices. Sometime it may be better to dissipate
the energy by the limited vibration to prevent the devices from
damage and avoid noise caused by the strong vibration. If we can
find a way to induce the heat transfer device vibration, which
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Nomenclature

Cp specific heat at constant pressure, J/kg K
d diameter of heat transfer tube, m

F heat transfer area, m?

M additional mass, kg

m mass flow rate, kg/s

Nu Nusselt number

Pr Prandtl number

Pr¢ Prandtl number at fluid average temperature
Pr,, Prandtl number at wall temperature

Q heat transfer rate, W

Re Reynolds number

R radius of curvature of the curved tube, m

tf outlet temperature of fluid, °C

tt inlet temperature of fluid, °C

tw wall temperature, °C

o convective heat transfer coefficient, W/m? K
é wall thickness, m

p fluid density, kg/m>

At temperature difference, °C

can be controlled by adjusting its damping to avoid the occurrence
of vibration-induced damage, then the flow-induced vibration may
be beneficial to the heat transfer. This article presents a new ap-
proach to enhance the heat transfer by the flow-induced vibration.
The convective heat transfer coefficient is increased significantly
for low velocity cases. Furthermore, the fouling problem on the
heat transfer surface can be related to the flow-induced vibration,
namely, the flow-induced vibration can be employed to restrain
the fouling, thus reduce the fouling resistance. The heat transfer
device used here is quite different from the normal one. It is an
elastic tube bundle consisting of the coupled curved beams. The
theoretical analysis and experimental study about the vibration
and heat transfer of this new heat transfer device is performed, a
novel approach to enhance heat transfer by the flow-induced
vibration is established.

2. The structure of the new heat transfer device

In fact, a weak vibration of the heat transfer device always oc-
curs when the fluid flows in a shell-and-tube heat exchanger. This
weak vibration will neither cause the vibration-induced damage
nor apparently impact on the heat transfer. Although many theo-
retical and empirical formulas are available for predicting the pos-
sibility of the occurrence of the flow-induced vibration, the fact is
that the flow-induced vibration always occurs randomly. There-
fore, to avoid such vibration encounter the same difficulty as to
use it. In the present work we attempt to seek a new type of heat
transfer device, which can freely vibrate under the influence of the
fluid flows, and dissipate some energy through the continuous lim-
ited vibration, thus avoid the violent vibration, meanwhile it en-
hances the heat transfer by the continuous disturbance exerted
on the flow by the vibration.

Both the structure and the arrangement of the new heat trans-
fer device in the heat exchanger are different from the conven-
tional one. It exhibits complex nonlinear features. The main
structure of this device is a tube bundle which consists of four cir-
cular copper tubes with different radius of curvature as shown in
Fig. 1. There are two solid joint bodies in points E and F. Both of
them have additional masses and can freely vibrate. Their function
is to adjust the natural frequencies of the tube bundle, in the same
time they can serve as expanding joints. The points I and II are the
clamped ends. They are connected with the inlet and the outlet of
the heat exchanger standpipe, respectively. The hot medium flows
into the heat transfer tubes from point I and out from the point I
after releasing the heat. The heat transfer devices are arranged
layer by layer as horizontal cantilevers. By adjusting the parame-
ters of the radius of circular tube curvature R, the tube diameter
d, the tube thickness ¢ and the additional masses of the solid
bodies at points E and F, an appropriate natural frequency could
be obtained, and thus the vibration with a desired magnitude could

Fig. 1. The sketch of the nonlinear heat transfer device.

be induced by the pulsation in the flow process, which would be of
benefit to the heat transfer in the heat exchanger.

3. Vibration analysis

Since the shape of the nonlinear heat transfer device as shown
in Fig. 1 is not regular, the dynamic sub-structure method is ap-
plied to its vibration analysis. According to its structure feature,
it can be divided into six sub-structures: four curved beams de-
noted as A, B, C and D for the copper tubes, two solid bodies de-
noted as E and F for the joint bodies. On the interface between
the solid body E and the curved beams, there are four nodes de-
noted as 1, 2, 3 and 4, the solid body F is connected to the curved
beams by nodes 5 and 6. The coordinates at the interface nodes are
set to {u;} (i=1,2,3,...,6).

Following the sub-structure synthesis method, the vibration
governing equations of the curved beams A, B, C and D in the modal
coordinate system are written as

w2} {2
)20} {2
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where [m;] and [k;] (i = A, B, C, D) are the mass and stiffness matrixes
of the curved beams in the modal coordinate system, {f}
(i=1,2,...,6) are the interface forces, {Pia}, {P;s}, {Pic} and {P;p} are
the modal coordinate vectors. When the joint bodies are treated
as solid bodies, the coordinates {u;}, {u,}, {us} and {u,} at the inter-
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face nodes are not independent. Similarly, {us} and {us} are not
independent either. If {u;} and {us} are taken as the independent
variables, we have the following transformations

u; I
u ?
2= = g (5)
us ?3
Uy (2]
u |
| =]} Jus = orms 6)
Ug Ps

The vibration governing equations of the two solid bodies in the
physical coordinate system is

u; —f1
il . £,
e i3 | —f3 7)
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Instituting Eqs. (5) and (6) into Egs. (7) and (8) and multiplying both
sides of the resulting equations by ¢f and ¢f, respectively, yield

mguy =f 9)
ﬁl}:“5 :fF (]O)

where Mg = o[Mg@;, Mp = iMer,

fe=—F1+ 03>+ 0if 3+ 0if 4),
Je=—(Fs + oife).

Combining Eqgs. (1)-(4) with (9) and (10) and eliminating the
dependent generalized modal coordinates by the continuous condi-
tions on the interface, we obtain the following free vibration equa-
tions of the tube bundle in the modal coordinate system,

mq+Kq=0 (11)

where q is the independent generalized modal coordinate vector, m
and k are the mass and stiffness matrixes of the tube bundle,
respectively.

The natural frequencies and mode shapes of the considered
device are obtained by solving the characteristic equation of

Table 1
The first six natural frequencies and mode shapes of the nonlinear heat transfer
device

Order  Natural frequencies Order
and modal shapes

Natural frequencies and
modal shapes

13.4Hz, in-plane vibration

52.5Hz, in-plane vibration

8.75Hz, out-plane vibration

3 4 (1 *ﬁ
o/

Eq. (11). The application of the above method on the heat trans-
fer device leads to the first six natural frequencies and mode
shapes, which are documented in Table 1. From this table, one
can see that the vibration of the heat transfer device is not lim-
ited to the in-plane vibration which refers to the vibration in the
plane of the tube bundle, but there also exists complex vibra-
tions in the other directions. In the heat exchanger constructed
by these heat transfer devices, the interaction of this three-
dimensional vibration with the working fluid outside the tubes
plays a very important role for improving the heat transfer per-
formance and reducing the fouling resistance.

4. Heat transfer experiment

In order to study the heat transfer characteristics of the heat ex-
changer consisting of the nonlinear heat transfer devices, the heat
transfer experiment is conducted under the constant heat flow
condition. The constant heat flow condition is achieved by the elec-
tric heating inside the heat transfer tubes. The variation of the con-
vective heat transfer coefficient outside the heat transfer tubes
with the flow rate is investigated. In order to exhibit the effect of
the heat enhancement by the flow-induced vibration, the experi-
mental convective heat transfer coefficient is compared with that
of the fixed bare tube for the same shell-side velocity. At the same
time, the feature of the fouling resistance is experimentally
studied.

The constant heat flow experiment system consists of the test
part, water circulating system, electric heating system and the data
collection system, as shown in Fig. 2. The test part is the heat ex-
changer constructed by the nonlinear heat transfer devices. In
the water circulating system, the cold water from the water tank
enters to the cycling pump via the filter, and then goes through
the regulating valve and the flowmeter, and finally flows into the
heat exchanger. After the heated water in the heat exchanger is
cooled down, it flows back to the water tank. The nickel chromium
resistance wire uniformly arranged inside the nonlinear heat trans-
fer devices is employed to get the constant heat flow condition. The
electric heating wire is drawn out from the inlet of tube 1 and the
outlet of tube 2, respectively. The wire goes through the trans-
former, and is connected to the AC source with the voltage 220 v.
The heating power can be changed by adjusting the voltage of
the transformer. Its value can be obtained by the power meter.
The inlet and the outlet temperatures of the heat exchanger can
be measured by @ 0.2 mm copper-constantan thermoelectric cou-
ples, which are verified by the standard thermometer with the
accuracy 0.1 °C. The wall temperature of the nonlinear heat trans-
fer device is also measured by copper-constantan thermoelectric
couples. All the temperature signals are handled by the FLUKE data
collection instrument. The inlet and the outlet pressures of the heat
exchanger are measured by an elastic spring tube pressure gauge
in order to obtain the flow friction of the working fluid outside
the tube.

The steady heat flow method is employed to measure the con-
vective heat transfer coefficient outside the nonlinear heat transfer
device. Based on Newton’s law of cooling:

Q Q

*T AT R - T)

(12)

where « is the convective heat transfer coefficient, Q is the heat
transfer rate, F is the heat transfer surface area, and

B 1 28

tw:ﬁ ;tw.i (13)
¥ ] ! /

fr=5(tf +1p) (14)
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Fig. 2. The sketch of the experiment apparatus.

where t,, is the average temperature on the circular tube wall sur-
face, ty,; (i=1,2,3,...,28) are the temperatures at uniformly distrib-
uted 28 points on the wall surface, and they are measured by the
thermoelectric couples, t; and t; are the inlet and the outlet temper-
atures which are directly measured by the thermoelectric couples
located in the inlet and the outlet of the tube. Under the adiabatic
condition, the heat transfer rate is given as follows:

Q = gt} —t}) (15)

where ¢, is the specific heat of fluid at constant pressure, i1 is the
mass flow rate.

By using the computational method given in Ref. [10] and
changing the inlet velocity of water, we can obtain the variations
of the heat transfer coefficients outside the fixed single tube, the
bottom tube bundle and the top tube bundle with respect to Re
(Reynolds number), as shown in Fig. 3. It is found that since the
cold water enters into the heat exchanger from the bottom and
goes out from the top, the vibration induced by the flow pulsa-
tion occurs firstly in the bottom tube bundle. Therefore, this part
demonstrates better heat transfer. With the water flowing up-
ward, the pulsation-induced vibration becomes weak, and subse-
quently the heat transfer enhancement effect becomes worse,
which means that the convective heat transfer coefficient out-
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Fig. 3. Variation of the convective heat transfer coefficients with Re for different
heat transfer tubes.

side of the tube is also decreased. In Fig. 3, only the convective
heat transfer coefficients of the bottom and the top bundles are
depicted, and the convective heat transfer coefficients of the
middle tube bundles are between these two values. Although
the heat transfer coefficient of the top bundle is decreased some-
what in comparison with the bottom bundle, they are all en-
hanced significantly than the fixed tube bundle without the
flow-induced vibration.

In the present work the following formula is used for the data
fitting process

Nu = CRe"Pr;”* (Pr;/Pr,,)*# (16)

where C is a constant to be determined, Nu is the Nusselt number,
Re is the Reynolds number, Pr is the Prantdl number, subscripts f
and w refer to the fluid and wall, respectively. More reasonably
the algebraic average of the convective heat convection coefficients
of the top bundle and bottom bundle may be taken as the convec-
tive heat transfer coefficient outside the heat transfer tube. The data
fitting process leads to the following correlation:

0.6p.1/3 ( Py 025
Nu = 0.9Re™"Pr; <m> (17)
The comparison of the results obtained by Eq. (17) with the exper-
imental results shows a good agreement, and the errors are nor-
mally within £5%.

Note that the above expression of the convective heat transfer
coefficient under the constant heat flow condition may not com-
pletely represent the heat transfer enhancement at the normal
working condition. This is because only the tube outside vibra-
tion caused by the flow pulsation is considered in this experi-
ment, and there is no tube inside vibration since there is no
working fluid inside the tubes. In fact, the inside tube flow can
also enhance the heat transfer in the heat exchanger under the
normal working condition. The heat transfer performance of
the heat exchanger under the combining actions of the tube in-
side and outside flow-induced vibration is much better than that
in this experiment. We have also carried out the experimental
study of the heat transfer in the nonlinear heat transfer device
with the steam as the heat source so that the temperature on
the surface of the wall can be kept constant. We obtained the
variations of the convective heat transfer coefficients inside
and outside the nonlinear heat transfer device with respect to
the steam pressure and flow rate outside the tube. The details
will be reported in another paper.

Fouling resistance X10° (m’K/W)
[ ]

T T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000

Time (h)

——
0 500

Fig. 4. Variation of the fouling resistance with time.
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5. Fouling properties

The utilization of this heat transfer device not only enhances the
heat transfer by the flow-induced vibration, but also decreases the
fouling resistance outside the tubes. Although the mechanism that
the vibration can get rid of the fouling is not completely clear, it is
generally believed that the in-plane vibration of this structure
plays an important role for wiping off the fouling. We have com-
pleted several tests on heat exchangers located at five different
places with different working conditions. We found that the heat
transfer coefficient declines first, and then keeps a constant value
at about 0.54 x 10~* m? K/W, and the thickness of the fouling layer
remains almost unchanged when it reaches a certain level, as
shown in Fig. 4.

In order to assess the fouling level of the nonlinear heat transfer
device, we compared the fouling resistance of this device with that
of other heat transfer devices, and found that the fouling resistance
of this device is only one-third of the fouling resistance of the or-
dinary bare tube [11], and the antifouling ability of this heat trans-
fer device is much better than that of the low rib tube, the screw
tube and the spiral duct, etc. [12].

6. Conclusions

In the present work it is found that the vibration induced by the
pulsation flow at the low flow velocity can significantly increase
the convective heat transfer coefficient of the nonlinear heat trans-
fer device. Compared with the average tube outside convective
heat transfer coefficient of the fixed tube bundle, the average tube
outside convective heat transfer coefficient of this device is im-
proved by more than two times, while the fouling resistance is re-
duced by two-third.

The flow-induced vibration does not require additional en-
ergy. Although the vibration may increase the flow friction coef-
ficient, it seems that the heat transfer coefficient on the heat
surface is less dependent on the flow velocity. Therefore, the
low flow velocity could be used which would result in low en-
ergy consumption.

The ordinary heat transfer enhancement devices demonstrate a
good heat enhancement effect for the clear heat transfer surface,
but when the fouling layer is formed, the heat transfer performance
deteriorates rapidly. The heat transfer enhancement technology
with the flow-induced vibration not only increases the convective
heat transfer coefficient, but also decreases the fouling resistance.
Therefore, the compound heat enhancement is achieved.
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