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Abstract The effect of oscillations on the heat transfer in

a vertical tube has been studied experimentally. A vertical

tube was mounted on a plate and the whole plate was

subjected to oscillations in the vertical plane using a

mechanical oscillator to provide low frequency oscilla-

tions. A section of the tube in the middle is subjected to a

constant heat flux. The effect of the oscillations on the heat

transfer coefficient has been examined. It was found that

the heat transfer coefficient increased with oscillations in

the laminar regime. In turbulent flow regime (Re > 2,100)

it is found that the effect of oscillations did not show any

change. A correlation has been developed for enhancement

of the local Nusselt number in terms of the effective

acceleration and Reynolds number. Using this, an expres-

sion has been proposed to calculate the mean Nusselt

number as a function of the tube length.

List of symbols

a acceleration (m/s2)

D diameter of pipe (m)

g gravitational acceleration (m/s2)

Gz Graetz number

hx local heat transfer coefficient (W/m2 �C)

k thermal conductivity (W/m �C)

L length of the tube (m)

Num,os mean Nusselt number under oscillating

conditions

Num,s mean Nusselt number at steady state

Nux local Nusselt number

Nux,os local Nusselt number under oscillating

conditions

Nux,s local Nusselt number at steady state

Pr Prandtl number

q heat flux (W/m2)

Re Reynolds number

Tbx bulk liquid temperature (�C)

Twx tube wall temperature (�C)

Q volumetric flow rate (m3/s)

DQ magnitude of variation in flow rate (m3/s)

x axial distance (m)

x frequency (radians/s)

1 Introduction

Barge-mounted floating nuclear plants offer an attractive

alternative to land-based power plants to drive desalination

plants to provide drinking water for coastal communities.

Some of the advantages of barge-mounted nuclear reactors

are lower land cost and lesser construction time, simpler

anti-seismic design measures and decommissioning tech-

nology [1, 2]. The main difference from a heat transfer

point of view between land-based and barge-mounted

equipment is the influence of sea wave oscillations on the

latter. The thermal hydraulic behaviour of barge-mounted

equipment is influenced by different motions such as

heaving, rolling and pitching [3] that the barge is subjected

to. Oscillations change the effective forces acting on the

fluid (gravitational, pressure and frictional) and induces

flow fluctuations [4, 5], which result in a change in

momentum, heat and mass transfer characteristics. In some
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cases, the change is beneficial, for example, in the form of

increased heat and mass transfer rates. However, the fluc-

tuations in the flow rate and pressure drop may induce

further flow instabilities in equipment involving phase

change and may have a deleterious effect on their perfor-

mance. For example, studies [6, 7] indicate that the critical

heat flux in a steam generating tube may be reduced by as

much as 50% in case of severe oscillations. The objective

of the present study is to examine the effect of such

oscillations on the single-phase heat transfer characteristic.

Oscillating and pulsating flows have been studied both

experimentally and theoretically for a number of decades.

In one of the earliest experimental studies, Martinelli et al.

[8] obtained an increase of 10% in the Nusselt number for

the Reynolds number range 300–2,000 and frequency range

13–265 cycles/min. Similar increase of the heat transfer

coefficient under pulsating flow conditions has been re-

ported by a number of investigators [9–12]. Enhanced mass

transfer rates in a pulsed column have been achieved [13] by

inducing pulsations either by liquid pulsing or by using

reciprocating sieve plates in the column. This augmentation

of heat and mass transport was attributed to changes in the

lateral diffusion, accumulation near the wall and convective

motion forced by the oscillation. Pulsations can also reduce

the thickness of the thermal/concentration boundary layer

near the wall and therefore decreases the thermal/mass

transfer resistance [9].

Analytical and numerical studies of flow and heat

transfer in pulsating flow in a circular tube have been re-

ported in the recent literature. An analytical expression for

the oscillating velocity profile in fully developed laminar

flow subjected to a periodically varying pressure gradient is

given by Schlichting [4]. The corresponding case of flow

with wall oscillations has been studied experimentally and

theoretically by Clamen and Minton [5]. While good

agreement was found between theory and experiment at

low Reynolds numbers, considerable deviation was found

at higher Reynolds numbers. The experimental data

seemed to indicate the flow rate fluctuations to be less

intense than predicted. Direct measurement of the induced

flow rate fluctuations by the present authors [14] showed

that the intensity of flow rate fluctuations decreased with

increasing Reynolds number. Numerical studies of heat

transfer under imposed flow oscillations have been con-

ducted by a number of researchers [15–24].

The results of Cho and Hyun [15] and Kim et al. [16]

showed that the heat transfer rate may either increase or

decrease and that the effect of pulsation was more pro-

nounced at higher amplitudes of pulsation, lower Prandtl

numbers and in the entrance region. The effect on Nusselt

number was more noticeable at low and moderate fre-

quencies; while at higher frequencies the heat transfer was

found to be unaffected. Similar results were also obtained

by Moschandreou and Zamir [17], Guo and Sung [18] and

Yu et al. [19].

In addition to these theoretical studies, a number of

experimental studies of heat transfer in pulsating flow

conditions have been reported. Gbadibo et al. [20] found

enhancement and reduction in the heat transfer coefficient

in their experimental study of the thermal entrance region

in a pipe using air in the turbulent flow region with uniform

heat flux. The improvement in mean Nusselt number

peaked at a particular pulsating frequency depending on the

Reynolds number. Similar results were also reported by

Habib et al. [21] and Zohir et al. [22]. Baird et al. [12],

Mamayev et al. [23] and Liao and Wang [24] conducted

heat transfer experiments under pulsating turbulent flow

conditions. They found that pulsations improve the heat

transfer in the turbulent flow only at sufficiently high

amplitudes to cause flow reversal for part of the cycle.

Thus, there is a vast amount of literature on experi-

mental and theoretical studies of the effect of pulsation on

the heat transfer in pipe flow. While a broad range of flow

conditions, namely, Reynolds number, frequency and

amplitude of pulsation, have been covered, all the available

results have been obtained under liquid pulsing conditions.

Most of the results obtained have also been for cases in

which the effective acceleration due to oscillations is rather

large (either due to large frequency or large pulsation

amplitude) compared to that encountered in typical sea-

wave induced oscillations where oscillations have a max-

imum frequency of about 0.5 Hz and a maximum effective

acceleration of 0.1 g [6]. The objective of the present work

is to investigate the effect of pipe oscillations on the con-

vective heat transfer for pulsations induced by wall oscil-

lations. To this end, single-phase heat transfer experiments

have been conducted in an oscillating tube in which the

instantaneous wall temperature and the fluid temperature

have been measured in a tube with an imposed, uniform

heat flux. The parameters studied include the effective

acceleration (a/g) and the Reynolds number. Details of the

experiments and the results obtained are discussed below.

2 Experimental set-up

2.1 The flow loop

The schematic diagram of the experimental set up is shown

in Fig. 1. The test section consists of a vertical stainless

steel tube of 16 mm ID, wall thickness of 2 mm and a

length of 1.75 m. The ends of the tube were connected to

the rest of the test loop by flexible hoses. A central section

of length 0.55 m of the tube, electrically insulated from the

rest using Teflon washers and was heated electrically using

DC power supply from a 28.8 kVA rectifier with copper
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cables clamped at both ends. Thus, the heated section of the

pipe is 34 diameters long and is connected at either end by

calming sections of 38 diameters length. The test section is

insulated with asbestos rope of 3-mm thick, wound three

layers over the heated length. The electrical connection to

the rectifier is by copper cables which are flexible, to en-

able the test section to oscillate. Power input to the test

section was varied using a step-up/step-down arrangement

in the rectifier. A 1.12 kW (1.5 hp) multistage centrifugal

pump was used to pump water from a storage tank to the

test section. A by-pass valve is provided to recycle excess

liquid, which is pumped back to the storage tank. A needle

valve is used to control the flow to the test section and a

gate valve is used to control the bypass. A pre-heater was

used to control the temperature of the water at tube inlet.

The pre-heater is a stainless steel cylindrical vessel with

5 kW immersion heater. An on/off controller regulates the

outlet temperature of the pre-heater, so that the inlet tem-

perature to the test section can be maintained at the desired

level. The heated fluid from the test section is discharged

into an open tank (which may serve as a steam separator in

case steam is produced) and is drained eventually to the

water tank connected to the pump. Thus, there is no direct

feedback of the flow rate oscillations in the test section to

the pump intake. While the water tank temperature slowly

rises over the course of the experiment, the temperature at

the inlet to the test section is kept constant using the pre-

heater. Thus, it can be stated that there is no coupling

between the test section outlet and inlet.

2.2 Mechanical oscillator

A mechanical oscillator, consisting of an eccentrically

mounted connecting rod device [14], was used to generate

the low frequency oscillations in the test section. It consists

of a three-phase motor rotating a constant speed of

1,440 rpm, a mechanical gear box to reduce the shaft speed

to the desired range of 8–30 rpm, and a connecting rod

mounted eccentrically on a disk attached to the shaft. The

eccentric rod arrangement converts the rotational motion of

Fig. 1 Schematic diagram of

the test loop
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the motor shaft to a vertical, oscillatory motion of the

connecting rod.

The test section was fixed on to a plate, which is attached

to the connecting rod. Well-lubricated guide shafts were

provided at the ground level to keep the motion of the plate

smooth and vibration free. To maintain structural integrity,

the test section was connected to the rest of the flow loop

with flexible hose connections. The mechanical oscillator

can produce heaving motion with an amplitude of 0.125 m

with a period of oscillation varying from 8 to 30 cycles/min,

which is equivalent to an acceleration in the range of 0.1–

1.125 m/s2. A variable reduction gear was used to set the

test section oscillation period manually at the desired value.

2.3 Instrumentation

The wall and the fluid temperatures were measured using

Chromel–Alumel thermocouples (K-type). The thermo-

couples are silver-brazed into grooves of depth 1 mm on the

test section. The bulk fluid temperature was measured at the

inlet to the test section and at an axial distance of 0.23 m

from the end of the heated section at the outlet. Wall tem-

peratures were measured at an axial distance of 1 mm from

the end of the heated section at the outlet. The power input

to the test section is estimated from the product of the

voltmeter and ammeter readings. The voltage drop across

the test section was measured using a voltmeter connected

to two ends of the test section and the current was recorded

from an ammeter located in the rectifier. A linear variable

displacement transducer (LVDT) was used to track the

displacement of test section with time from which the fre-

quency and the time period of oscillations were obtained.

An orifice flow meter fixed after the outlet of the pump was

used to measure the flow rate. The orifice meter is con-

nected to a differential pressure transducer, which measures

the pressure difference online. Calculations show that the

flow rate measuring system has adequate dynamic response.

A computer-based data acquisition system with ana-

logue-to-digital (A/D) cards was used to record the

instantaneous position (displacement) of the test section,

the flow rate, the pressure drop in the test section and the

temperatures. The voltages from thermocouples were

amplified to the required range needed for the data acqui-

sition system. A data-sampling rate of 250 samples per

second has been found to offer sufficient resolution of the

transients in the frequency ranges of interest.

3 Experimental procedure

Experiments were conducted over a range of oscillation

frequencies and flow rates. Oscillation periods were varied

from 2 to 8 s for different flow rates covering the Reynolds

number range of 500–6,500. The measured LVDT reading

was used to determine the kinematics of the tube oscilla-

tions. The wall heat flux was varied in the range of

3.4–10.8 kW/m2. The temperatures were measured for a

period of 300 s for each flow condition after reaching

steady state. The local heat transfer coefficient at the end of

heated length was obtained from the imposed wall heat flux

and the measured values of the wall and the bulk fluid

temperature by

hx ¼
q

ðTwx � TbxÞ
ð1Þ

where hx is the local heat transfer coefficient, q is the wall

heat flux, Twx and Tbx are the wall and the bulk

temperatures at the end of the heated section. The local

Nusselt number is then given by

Nux ¼
hxD

k
ð2Þ

where k is the water thermal conductivity evaluated at the

bulk temperature of water.

The rig was commissioned by conducting experiments

under non-oscillating conditions. The heat transfer coeffi-

cients found under laminar and turbulent flow conditions

agreed well with well-established empirical correlations as

shown in Fig. 2, where the measured Nusselt number is

compared with that obtained from the Graetz analysis for

laminar flow conditions [25] and that obtained from the

correlation of Hausen [26] for turbulent flow conditions.

3.1 Data reduction

The data reduction was achieved from the measurement of

four primary parameters, namely, the displacement from

which the frequency, amplitude and thus the effective
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Fig. 2 Heat transfer without oscillations
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gravity have been obtained; the pressure drop across the

orifice flow meter to measure the flow rate; the voltage and

the current measurements from which the imposed wall

heat flux is determined; and the wall and the bulk fluid

temperatures at inlet and outlet using which the heat

transfer coefficient is calculated. The resolution of the data

acquisition system used in the present study is 10–4 V out

of a maximum of 10 V. Using the calibration curves, this

corresponds to a resolution in the measurement of pressure

at ±0.25 N/m2, in the LVDT displacement at ±0.015 mm,

in temperature at ±0.1�C. The resolution of voltmeter and

the ammeter used in the DC heating of the tube are 0.001 V

and 10 A, respectively.

The highest frequency of the imposed oscillations in

the experiments is 30 cycles/min. It is possible for higher

frequency oscillations (vibrations) to appear if the motion

of the mechanical oscillator is not smooth. In order to

resolve these and any flow-related higher harmonics,

which may appear in the measured variables, data sam-

pling is carried out at a sampling rate of 250 Hz, which

would allow frequencies of 125 Hz to be resolved without

aliasing errors. The data analysis has been done using

MATLAB. The digital data are smoothened using the

Savitzky–Golay filter, which is a digital polynomial filter.

The flow rate is obtained based on the instantaneous

pressure difference obtained from the filtered pressure

transducer signal. The wall heat flux is practically unaf-

fected by the tube oscillation and is obtained from the

manual reading of the voltmeter and the ammeter. Since

the thermal capacity of the heated tube has an unquanti-

fied role in the transient temperature distribution and since

the temperature oscillations are in any case very small, the

heat transfer coefficient is obtained from a cycle-averaged

reading of the thermocouples.

4 Results and discussion

Heat transfer measurements have been carried out over a

range of flow rates, heat fluxes and frequencies of oscil-

lation. The effect of acceleration on the wall and the bulk

temperatures at the end of the heated section is shown in

Fig. 3. Here, the wall and the bulk fluid temperatures re-

corded by the data acquisition system over a short period of

4 s, is shown for different frequencies of oscillation at a

fixed Reynolds number of 1,000 and a heat flux of

10.66 kW/m2. Typically, the temperature traces did not

exhibit significant oscillations corresponding to the forcing

frequency, presumably due to conduction effects within the

wall and within the fluid. It is seen from Fig. 3 that as the

frequency of oscillation increases, the outlet bulk temper-

ature remains more or less constant while the wall

temperature at the end of the heated section decreases. This

shows that that the heat transfer coefficient under oscil-

lating conditions increases as the oscillation frequency

increases.

The effect of Reynolds number on temperature driving

force and therefore the heat transfer coefficient under

oscillating and non-oscillating conditions is shown in

Fig. 4. That is the ratio of the wall-to-bulk temperature

difference under oscillating conditions to that under non-

oscillating conditions at different Reynolds numbers and at

different frequencies of oscillation. Typically, this ratio of

temperature difference is found to be decreasing as the

frequency increases, which confirms the trend shown in

Fig. 3 that increased acceleration increases heat transfer

enhancement. The relative enhancement appears to be
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significantly higher at low Reynolds numbers, which is in

agreement with earlier results in liquid pulsing experiments

discussed earlier. Measurements of the induced flow rate

fluctuations by the imposed tube oscillations showed that

the relative magnitude of flow rate fluctuation, i.e. mag-

nitude of the fluctuating flow rate (rms) divided by the

mean flow rate, is related to the Reynolds number as

DQ

Q
¼ 83000 � a

g

� �
1

Re1:5
ð3Þ

In the present case the relative amplitude of flow rate

fluctuation varied between 0.74 at a Re of 550–0.125 at a

Re of 1,800. Thus, the relatively large enhancement of the

heat transfer coefficient at low Re appears to be related to

the relatively large amplitudes of flow rate fluctuations. In

this sense, the present results are consistent with those for

the liquid pulsing case.

4.1 Heat transfer under laminar flow conditions

The Nusselt number at the end of the heated section

(L/D = 34.3) has been calculated from the measurements

of the local wall and bulk temperatures. The variation of

this local Nusselt number with Reynolds number and the

effective acceleration is shown in Fig. 5 for laminar flow

conditions (assuming the transition to turbulence is unaf-

fected by the low frequency oscillations). Also shown here

for reference is the measured variation under steady, non-

oscillating conditions. This also corresponds to the classi-

cal Graetz solution for laminar flow in the entrance region.

It can be seen that there is an increase in local Nusselt

number under pulsating conditions compared to that

obtained under steady flow values. As noted before, the

enhancement is higher at higher effective accelerations and

lower Reynolds numbers. The highest improvement is

found at low Reynolds numbers and high magnitude of

oscillation acceleration. The Nusselt number is increased

by about 60.3% compared to steady flow at Reynolds

number 567 and a magnitude of oscillation acceleration of

1.125 m/s2.

The local Nusselt number is affected not only by the

pulsations but also by entrance length effects. Graetz

analysis for the Nusselt number in the thermal entrance

region [27] shows that the local Nusselt number under

steady flow (Nux,s) is given by where Gz is the dimen-

sionless Graetz number and is given by

Gz ¼ Re � Pr

x=D
ð5Þ

A correlation for the local Nusselt number under oscillating

conditions (Nux,os) can now be sought in the form

Nux;os ¼ f ðx=D; Re; Pr; a=g; Nux;sÞ ð6Þ

Using the present data, the following correlation is

proposed for the enhancement of local Nusselt number

due to oscillations:

Nux;os

Nux;s
¼ 1þ 150 � x=D

Re � Pr
� a

g

� �0:75

ð7Þ

The performance of the correlation is shown in Fig. 6

(parity plot); the agreement is within ±11.4%.

The mean Nusselt numbers can be calculated by

integration of the local Nusselt number over the entire

heated length. The mean Nusselt number can be com-

puted from

Num;os ¼
1

L

ZL

0

Nux;osdx ð8Þ

¼ 1

L

ZL

0

Nux;sdxþ 150 � 1
L

ZL

0

Nux;s

Gz

a

g

� �0:75

dx ð9Þ

¼ Re � Pr
D

L

ZGz�1
L

0

Nux;sdðGz�1Þ

8><
>:

þ150 �
ZGz�1

L

0

Nux;s

Gz

a

g

� �0:75

dðGz�1Þ

9>=
>; ð10Þ

Here, Nux,s is given by Eq. (4) which can also be used to

obtain the mean Nusselt number under steady, non-oscil-

lating flow conditions for a specified Re and L/D.

Nux;s ¼ 1:302 � Gz1=3 � 1 for ð1=GzÞ� 0:00005

¼ 1:302 � Gz1=3 � 0:5 for 0:00005�ð1=GzÞ� 0:0015

¼ 4:364þ 8:68ð103=GzÞ�0:506e�14=Gz for ð1=GzÞ� 0:0015

ð4Þ

862 Heat Mass Transfer (2008) 44:857–864

123



Typical variation of (Num,os/ Num,s) for different L/D and

Reynolds numbers is shown in Fig. 7 for a Prandtl number

of 6. It can be seen that as L/D increases, the enhancement

of the mean Nusselt number is higher. It is found that this

parametric dependence on L/D, Re and a/g can be expressed

by the following simple correlation

Num;os

Num;s
¼ 1þ 62:5 � L=D

Re � Pr
� a

g

� �0:75

ð11Þ

The correlation agrees within ±1.5% error on numerical

integration (Eq. 9) and can be used to determine the net

enhancement of mean Nusselt number by the oscillations.

4.2 Heat transfer in turbulent regime

There is not much change in the heat transfer rate in the

turbulent regime. The dependence of the Nusselt number

on Reynolds numbers at varying magnitudes of oscillation

acceleration in the turbulent regime at a heat flux of

10.86 kW/m2 is shown in Fig. 8. This may be due to the

magnitude of flow fluctuations being very low.

4.3 Uncertainty analysis

The relative uncertainty in the deduced parameters such as

the heat flux and the Nusselt number has been estimated

using the method due to Moffat [28]. In the present study

the measured variables are displacement, flow rate and

temperatures. The uncertainty in measurement of voltage

and current is 1 and 1.5%. Therefore, the uncertainty in
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estimating heat flux is ±1.8%. The uncertainty in the

measurement of temperature is ±1%. As a result, the

uncertainty in Nusselt number is ±2.06%. The uncertainty

in the measurement of displacement is ±0.1%. Therefore,

the uncertainty in estimating effective acceleration is

±0.22%. The measurement uncertainty in flow rate is ±2%.

Therefore the relative uncertainty in the enhancement in

Nusselt number is estimated to be ±2.1%.

5 Conclusions

The results obtained from the experiments show that the

influence of an externally imposed periodic oscillation on

the heat transfer is stronger at lower flow rates. In laminar

flow conditions, the oscillations improved the heat transfer

coefficient. The highest improvement is found at low

Reynolds numbers and high magnitude of oscillation

acceleration. The empirical dimensionless equations for

enhancement in local and mean heat transfer rates have

been proposed. This is applicable in the laminar regime for

a Reynolds number range of 500 < Re < 2,100 and

dimensionless effective acceleration range of 0 < a/

g < 0.115. However, the effect is negligible at higher flow

rates i.e. in the turbulent regime.
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