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Abstract In this study, the heat transfer enhancement due to
the surface vibration for a double pipe heat exchanger, made
of PVDF, is investigated. In order to create forced vibrations
(3–9 m/s2, 100 Hz) on the outer surface of the heat exchanger
electro-dynamic vibrators are used. Experiments were per-
formed at inner Reynolds numbers ranging from 2533 to
9960. The effects of volume flow rate and temperature on heat
transfer performance are evaluated. Results demonstrated that
heat transfer coefficient increases by increasing vibration level
and mass flow rate. The most increase in heat transfer coeffi-
cient is 97% which is obtained for the highest vibration level
(9 m/s2) in the experiment range.

1 Introduction

Nowadays, there have been many prior attempts to enhance
double pipe heat exchangers heat transfer [1–8]. Enhancement
techniques essentially reduce the thermal resistance in a con-
ventional heat exchanger by promoting higher convective heat
transfer coefficient with or without surface area increases.
Generally enhancement techniques can be classified broadly
as passive and active techniques. Passive techniques do not
require direct input of external power. These methods gener-
ally use surface or geometrical modifications to the flow chan-
nel, or incorporate an insert, material, or additional device. In

the case of active techniques, the addition of external power
essentially facilitates the desired flow modification and the
concomitant improvement in the rate of heat transfer.

Surface vibration is one of the active techniques which has
been considered by researchers for heat transfer enhancement.
Surface vibrations give rise turbulence intensity in boundary
layer and increase the heat transfer rate. Furthermore the vi-
brations increase fluid mixing which leads to increase in the
heat transfer coefficient.

For almost three decades, starting in the late 1930s, much
work was done on inducing enhanced heat or mass transfer
by effecting sufficiently intense surface vibrations or oscil-
lations, particularly in the free convection mode. Depending
on oscillation amplitude-to-tube diameter ratios and vibra-
tion Reynolds numbers, up to 20-fold increases in heat
transfer coefficient compared with those for stationery tubes
have been reported [9]. Experimental and numerical results
reported by Gould [10] showed that heat flow from a metal
into a bathing liquid in the presence of acoustic vibrations
produced by a vibrating air bubble increases approximately
linearly with the vibration amplitude. Experimental studies
with flexible tube heat exchangers [11, 12] showed that
there is a considerable increase in the average heat transfer
coefficient of the tube bundles because of the increase of
fluid mixing. Shokouhmand et al. [13] studied the effect of
flexible tube vibration on pressure drop and heat transfer in
heat exchangers considering viscous dissipation effects. In
addition, Chatter and Sandeep [14] investigated the effects
of vibration on heat transfer enhancement of water-water
rectangular channel heat exchanger. Their research indicat-
ed that with increase in vibration intensities, heat transfer
characteristics can be improved to some extent.

In metal heat exchangers, especially shell-and-tube heat
exchangers, the flow-induced vibration can damage the heat
transfer devices and tubes, and generate noise [15]. Also
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increase of vibrations over a limit can cause corrosion in the
metal heat exchangers [14].

Recently the use of heat exchangers made of PVDF and
other plastics is becoming common practice in corrosive en-
vironments such as strong acids. Consistent performance over
the life of the heat exchanger and resists chemical attack at
elevated temperatures are other benefits of PVDF heat ex-
changers. They are also used in applications where metal heat
exchangers can be compromised when buildup of solid resi-
due occurs. On the other hand, these PVDF tubes may be
vibrate with the amplitude of the same order of the tube diam-
eter because of high flexibility, therefore these tubes have
better performance for heat transfer enhancement due to the
surface vibrations [13]. Because of low thermal conductivity
of PVDF materials, the heat transfer coefficient of the PVDF
heat exchangers may be low with respect to the metal heat
exchangers thus, increasing their heat transfer coefficient is
more important. One of the best methods for this aim is using
surface vibrations because of the high flexibility and vibra-
tional characteristics of PVDF materials. Furthermore, be-
cause of low thermal conductivity, using the PVDF shells,
improves the insulation of the heat exchanger which increase
the heat exchanger efficiency.

In the present study, for the first time, the effect of surface
vibrations on the heat transfer coefficient of a flexible tube
heat exchanger is examined. The shell of heat exchanger (out-
er tube) is made of PVDF because of high flexibility and high
damage resistance and the inner tube is of Copper. In order to
create forced vibration, electro-dynamic vibrators are used on
the external surface of the shell.

2 Experimental set up and procedure

Experimental apparatus used in this study, includes two fluid
circulation units, measurement instruments and electro-
dynamic vibrators. The schematic diagram of the setup and
heat exchanger used in the experiments are presented in
Figs. 1 and 2, respectively. The main source of each loop is

a reservoir which holds the working fluid. The flowing fluids
for the inner and outer tubes are deionized water. For each
fluid loop, a centrifugal pump has been employed to cir-
culate the fluid inside the system. The 15-l stainless steel
tanks are used for the storage of hot and cold water. To
maintain the temperature of the fluid, a cooling tank and a
thermostat are used. An electrical heater with a thermostat
are used to maintain the temperature of water. To measure
the fluid flow, two rotameters are installed in trajectory
line of fluid. Also, to measure the inlet and outlet temper-
ature of the hot and cold water at the inlet and outlet of the
test section, 2 RTD thermometers and 4 type k thermocou-
ples are used. More details are given in Table 1. The hot
fluid temperature inside the tank was set at 35, 40, 45,
50 °C, the flow rate of hot fluid inside the inner tube was
adjusted at 100 L

h

� �
, 200 L

h

� �
, 300 L

h

� �
(2533 < Reh < 9960)

and for the cold water flow rate of the outer tube, it was
100 L

h

� �
(Rec = 335.4 at 35 °C) .The basic experimental

procedure is as follows:

(1) Filling the tanks with enough water;
(2) Keeping the water valves in full-open state, and running

the cool water pump, the hot water pump and the electric
heater in turn;

(3) Regulating the water flow rate in the hot water loop to a
certain value through adjusting the water valve;

(4) Regulating the hot water temperature in the tank to a
certain stable value through adjusting the power regula-
tor that controls the input power of the heater.

(5) Recording the temperatures of the water entering and
leaving the heat exchanger (the time interval of the data
acquisition system is set as 1 s), and meantime, observ-
ing the water flow rate in the hot water loop for every
minute;

(6) Turning on the electro-dynamic vibrators, and adjusting
the power level of vibration that is produced by the
Voltage adjustment screw (tuner); continuing on record-
ing the variables included in step (5);

(7) repeating steps (3)–(6) for the other conditions

Fig. 1 Schematic diagram for the
experimental setup
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The test section is a counter current double pipe heat ex-
changer with the length of 90 cm. The inside pipe is made of a
copper tube with the inner diameter of 19mm and thickness of
2 mm while the outside pipe is of PVDF tube with the inner
diameter of 84 mm and thickness of 4 mm. Table 2, shows the
specifications of the heat exchanger tubes.

Vibrator or oscillating system consists of a conical shape
rotor with a voltage adjustment screw (tuner) that intensity and
vibration amount can be adjusted. In order to prepare the
forced vibrations on the surface of the heat exchanger, 8 vi-
brators (Shenzhen Kinmore Motor Co) in the upper part and
lower part of the exchanger are installed. Vibration values are
continuously measured by B&K vibrotest at three perpendic-
ular axes for at least one minute with the sampling rate of 1500
samples per second. Table 3, shows the specifications of the
electro-dynamic vibrators.

Before running the experiments, test loop was cleaned
by water/ethanol solution to remove any scales inside the
pipes. After introducing the water into the tank, temper-
ature of hot water and cold water are set, followed by
setting the flow rate of each loop. Afterward, enough
time is given to the system to reach the steady state point
and then temperatures are registered. Experiments are
repeated three times to ensure the repeatability and repro-
ducibility of the results. All of the experiments are re-
peated in presence of 100 Hz vibrations with amplitudes
3, 6 and 9 m/s2.

2.1 Calculation steps for double pipe heat exchanger

The methodology adopted for calculation for experimentation
and theoretical evaluation of overall heat transfer coefficient
for double pipe heat exchanger for counter flow arrangements
are described in subsection 2.1.1 and 2.1.2 respectively.

2.1.1 Calculation steps for experimental evaluation of overall
heat transfer coefficient

Twomassflowrateisdefined, thefirstoneforthehotworkingfluid
inside the inner tube (mh

˙ ) and the second for the coolant (mc
˙ ):

m
:
h ¼ mh � ρh

3600000
; m

:
c ¼ mc � ρc

3600000
ð1Þ

Where mh and mc are the volume flow rates of the hot
working fluid and the water (cold fluid) respectively and ρh
and ρc indicate hot and cold working fluid density. Heat trans-
ferred by hot to cold fluid (Qh) and by cold to hot fluid (Qc),
are calculated by [15]:

Qh ¼ m
:
h � Cp;h T in;h−Tout;h

� �
;QC ¼ m

:
c � Cp;c Tout;c−Tin;c

� � ð2Þ

Where Cp, h is specific heat for the hot working fluid and
Cp, c is specific heat for the coolant. It should be noted that for
all test experimentsQh ≃Qc. Little difference between Qh and
Qc is because of the heat losses. The average heat transfer rate
can be expressed as:

Qavg ¼
Qh þ Qc

2
ð3Þ

Fig. 2 Double-pipe heat exchanger used in the experiment

Table 1 Accuracy and details of measuring instruments

Instrument Model Accuracy

Rotameter Glass tube Teflon 1% of readingsa

RTDs PT-100 resistance sensor 0.1 °C

Thermocouple Type k 0.1 °C

Bolt heater 1200 W, 100 mm × 10 mm (L × D) ±2% of readingsb

Vibrator Electro-dynamic ±5% of readingsb

Vibrometer Vibrotest 60 ±1% of readingsb

Pump Centrifugal, stainless steel impeller –

a Based on manufacturer claim
bBased on the calibration process

Table 2 The specifications of the heat exchanger tubes

Material Inner
diameter
(mm)

Thickness
(mm)

Length
(cm)

Inner tube Copper 19 2 87.5

Outer
tubes

PVDF 84 4 87.5
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The convective heat transfer coefficient hi can be
described as:

hi ¼ Qh

Ais;ip � Tw−Tavg;h
� � ð4Þ

where Ais, ip is the internal surface area of inner tube, Tw is
the local surface temperature at the outer wall of the inner tube
and Tavg, h is average temperature of hot working fluid. The
Nusselt number is obtained by the following equation:

Nuh ¼ hi � Dh

Kh
ð5Þ

Where Kh is the thermal conductivity of the hot working
fluid and Dh is characteristic diameter of hot working fluid.
Logarithmic mean temperature difference for counter flow
arrangement is given by:

LMTD ¼ Thi−Tcoð Þ− Tho−Tcið Þ
ln

Thi−Tcoð Þ
Tho−Tcið Þ

� � ð6Þ

Experimental overall heat transfer coefficient based on in-
ner surface area of inner pipe could be evaluated according to:

Ui;exp ¼
Qavg

Ais;ip � LMTD
ð7Þ

2.1.2 Calculation steps for theoretical evaluation of overall
heat transfer coefficient

Two Reynolds numbers, the first one for the hot working fluid
inside the inner tube (Re, h) and the second one for the coolant
(Re, c), is defined as:

Reh ¼ ρh � Vh � Dh

μh
; Rec ¼ ρc � Vc � Dc

μc
ð8Þ

where Dc is characteristics diameter of cold water, Vc is ve-
locity of cold water, Vh is velocity of hot working fluid, μc is
dynamic viscosity of cold water and μh is dynamic viscosity
of hot working fluid. The parameters k, ρ, Cp, μ are deter-
mined at average fluid temperature. Nusselt number for cold
water flow is given by [15]:

Nuc ¼ 3:657þ 0:0677� Rec � Prc � Dc
L

� �1:33
1þ 0:1� Pr;c

� �� Re;c � Dc
L

� �0:33 ð9Þ

Also Nusselt number for hot working flow is given by [16]:

Nuh ¼
f
8
� Reh−1000ð Þ � Prh

1þ 12:7� f
8

� �0:5 � Prhð Þ0:666−1
n o ð10Þ

where, f = (1.82 × log10Reh − 1.64)−2.

Table 3 Specifications of the electro-dynamic vibrators

Diameter (mm) 24

Length (mm) 12.5

Eccentric wheel dimensions R10.5 × 8.4 mm

Rated voltage (V DC) 12

Current (A) 0.84

Speed (rpm) 1750

T (C
o
)

30 35 40 45 50 55

U
i 

(w
/m

².
k
)

500

520

540

560

580

600

620

640
Experimental Data

Correlation
Working Fluid : Pure Water

mh: 300 L/h

Fig. 3 Results verification for
inner overall heat transfer
coefficient
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Two heat transfer coefficient will be defined, the first one
for the hot working fluid inside the inner tube (hh) and the
second for the coolant (hc), and they are defined as:

hh ¼ Nuh � Kh

Dh
; hc ¼ Nuc � Kc

Dc
ð11Þ

To calculate the theoretical inner overall heat transfer coef-
ficient following equation is utilized [15]:

Ui;theo ¼ 1

1

hh

� �
þ

di;ip=2
kip

� ln
do;ip=2
di;ip=2

� �� �
þ

di;ip=2
do;ip=2

� 1

hc

� �

ð12Þ
where di,ip anddo,ip are inner andouter diameters of the inner pipe.

2.2 Verification of experimental system

In order to validate the heat exchanger performance, the inner
overall heat transfer coefficient (Ui) was measured for
mh = 300 L/h and compared with the reference data presented
in Eq. 12 for temperatures: 35, 40, 45 and 50 °C. As shown in
Fig. 3, experimental method has good reliability. Maximum
difference between the results is 4.4%.

3 Results and discussion

Influence of operating parameters such as: flow rate and inlet
temperature on heat transfer coefficient is experimentally in-
vestigated. Figure 4 presents the flow rate effect on heat
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Fig. 4 Heat transfer coefficient
versus volume flow rate in case of
vibration’s absence
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Fig. 5 Heat transfer coefficient
versus volume flow rate under
vibration level 3 m/s2
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transfer coefficient for different temperatures in case of vibra-
tion’s absence. According to the Fig. 4, flow rate has a strong
effect on heat transfer coefficient of water. Experiments are
performed at four different inlet temperatures of 35, 40, 45 and
50 °C. As shown in Fig. 4, results demonstrated that heat
transfer coefficient of water slightly increases with increasing
the inlet temperature, which may be due to the changes in
thermo-physical properties of water. The maximum average
enhancement for heat transfer coefficient is for volume flow
rate of mh = 300(L/h), at temperature of 50 °C.

Figures 5, 6, and 7 show the variation of heat transfer
coefficient as a function of volume flow rate for water inside
inlet pipe under vibration levels 3, 6 and 9m/s2 respectively.
As can be seen, for all inlet temperatures imposing the vi-
brations, increases the heat transfer coefficient. The

influence of fluid temperature on the heat transfer enhance-
ment assisted by vibrations investigated on different inlet
hot water temperature of 35 and 50 °C. For volume flow rate
300(L/h), the enhancement in heat transfer coefficient under
vibration level 3 m/s2 is approximately 10 and 7% for tem-
perature of T = 35 °C and T = 50 °C, respectively, while, it is
20 and 21% under vibration level 6 m/s2 and 32 and 28%
under vibration level 9 m/s2. This means that the influence
of temperature on the vibrations incremental variations is
insignificant.

For better understanding the influence of vibrations,
vibration-enhancement coefficient is utilized as:

Ev ¼ hv
hi

ð13Þ
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Fig. 6 Heat transfer coefficient
versus volume flow rate under
vibration level 6 m/s2
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where hv and hi are convective heat transfer coefficients,
calculated from Eq. 4, under vibration state and without
vibration state, respectively. Figure 8 shows the vibration-
enhancement coefficient for different levels of vibration
and volume flow rate. To illustrate, at T = 35 °C, the
enhancement in heat transfer coefficient of water under
vibration level 3 m/s2 is approximately 42, 30 and 10%
for volume flow rates of 100(L/h), 200(L/h) and 300(L/h),
respectively while it is 69, 44 and 20% under vibration
level 6 m/s2 and 97, 67 and 32% under vibration level
9 m/s2. It is certain that the higher the power level of
vibrations is applied, the higher enhanced ratio of heat
transfer will be achieved.

Also with increasing the volumetric flow rate of water,
the enhancement coefficient decreases. Similar behavior
has been reported in reference [17] for ultrasonic vibra-
tions. The heat transfer enhancement is dependent on
the velocity of fluid flow more than any other factor,
Therefore increase of flow rate over a limit can cause
reduce in the effects of vibration-enhancement coefficient
and it seems logical.

4 Conclusions

In the current investigation, an experimental study is car-
ried out to study the performance of double tube counter-
flow heat exchanger under vibration conditions. The heat
exchanger performance is tested with water. Experiments
were performed at Reynolds numbers ranging from 2533 to
9960.The influence of the volume flow rate and tempera-
ture in addition to the vibration levels of the outer tube
were investigated. According to the results:

– The heat transfer coefficient increases by increasing the
flow rate, temperature and vibration amplitude.

– The most effective factor on heat transfer enhancement is
flow rate. The vibration enhancement coefficient, Ev, de-
creases by increasing the flow rate.

– Influence of temperature on the vibrations incremental
variations was insignificant.

Regarding the cost of electricity for ultrasonic generation
which is one of the key problems of this program, 97% in-
crease of heat transfer coefficient with use of up to (80 W) in
this experiment show that the need to save energy by this
technology is more promising.
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