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Abstract The heat transfer from a surface heated with
constant heat flux to an oscillating vertical annular li-
quid column having an interface with the atmosphere is
investigated experimentally in the present paper. The
analysis is carried out for the case of different oscillation
frequencies while the displacement amplitude remains
constant. Based on the experimental data a correlation
equation is obtained for the cycle-averaged Nusselt
number as a function of kinetic Reynolds number.
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Nomenclature

A Cross-sectional area of liquid column (m2)
Ao Dimensionless oscillation amplitude
Ap Cross-sectional area of piston (m2)
c Specific heat of fluid (kJ/kg-K)
d Hydraulic diameter of test duct (m)
h Heat transfer coefficient (W/m2-K)
H1, H2 Cycle-averaged enthalpies 6 (J)
L Total distance from probe1 to probe2 (m)
lh Heater length (m)
lo Distance from probes to heater (m)
Pr Prandtl Number
Qk Total heat loss to environment over a cycle (J)
Ql Total heat transferred to water over a cycle (J)
qe Total wall heat flux (W)
q1¢¢ Heat flux from heater to control volume

(W/m2)
q2¢¢ Heat flux from glass tube to environment

(W/m2)
R Flywheel radius (m)
Rex Kinetic Reynolds number
r1 Inner radius of annulus (m)

r2 Outer radius of annulus (m)
xm Oscillation amplitude (m)
t Time (s)
T Temperature
Ta Ambient temperature (�C)
Tb Bulk temperature (�C)
Tca Temperatures of the outer surface of glass tube

corresponding to air region of the test section
(�C)

Tcl Temperatures of the outer surface of glass tube
corresponding to water region of the test sec-
tion (�C)

T10 First probe temperatures (�C)
T20 Second probe temperatures (�C)
Two Space-cycle averaged wall temperatures (�C)
T0 Averaged bulk temperature defined in 14 (�C)
u Mean velocity (m/s)
um Maximum velocity (m/s)
y Vertical coordinate
y* Distance from reference to the meniscus (m)
z Interface position (m)
z0 Oscillation axis or filling height (m)

Greek Symbols

d Momentum boundary layer thickness (m)
/ Loss parameter defined in (8)
q Fluid density (kg/m3)
x Angular frequency (rad/s)

Subscripts

l Liquid
a Air

1 Introduction

Heat and mass transfer in oscillating flow are funda-
mental investigation fields in recent years. Oscillation-
induced heat transport processes maintain an effective
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heat enhancement comparable with heat pipes. It has
many important applications in the compact heat
exchangers, cooling processes of nuclear plants, design
of Stirling heat machines and heat transport in internal
combustion machines.

Chatwin [1] and Watson [2] among many others
have discussed mass transfer in pulsating and oscil-
lating flow, in order to understand transport phe-
nomena in respiratory and circulatory organs of the
human body. They investigated the axial contaminant
dispersion in harmonic variation of axial pressure
gradient. And they presented that the axial contami-
nant dispersion increased by oscillation. Based on the
analogy between heat and mass transfer, Kurzweg [3–
4] investigated the longitudinal heat transfer process
in laminar oscillation flow inside a tube bundle which
was jointed to a hot reservoir on the upper side and
a cold reservoir at the bottom. They showed that the
longitudinal heat transfer was increased by laminar
oscillation flow to the levels similar to that of heat
pipes. The kind of heat transfer process studied by
Kurzweg is also called dream pipe, because the heat
transfer in oscillating flow is remarkably increased
depending on the amplitude and frequency.

Ozawa and Kawamoto [5] investigated the heat
transfer mechanism experimentally and numerically on a
similar setup by using thermal flow visualization. In
their study, they pointed out that the longitudinal heat
transfer was increased by means of the phase lag be-
tween the boundary and bulk regions of the fluid. Zhao
and Cheng [6] have given an extensive literature survey
on the heat and mass transfer in pulsating and oscillat-
ing flow. Zhao and Cheng [7] carried out an experi-
mental and numerical study for forced convection in a
long heated pipe subjected to uniform heat flux with a
laminar reciprocating flow of air. They obtained a

correlation equation for the cycle-averaged Nusselt
number. Zhao and Cheng [8] also investigated numeri-
cally the heat transfer for laminar forced convection of a
periodically reversing flow in a pipe heated at constant
temperature. They recommended four similarity
parameters such as Prandtl number, kinetic Reynolds
number, dimensionless oscillation amplitude and the
length to diameter ratio of the heated tube. Tang and
Cheng [9] obtained a correlation equation for cycle-
averaged Nusselt number in terms of Reynolds number,
kinetic Reynolds number and dimensionless fluid dis-
placement by a multivariate statistical analysis.

The heat transfer from a discrete heat source on a
vertical wall near an oscillating gas/liquid interface has
been investigated experimentally by Chen and Chen [10].
They recommended an empirical equation for average
Nusselt number based on Reynolds number and Prandtl
number in the case of oscillating interface without
evaporation.

This study reports part of an extensive research on
the heat transfer from a surface heated with constant
heat flux to an oscillating vertical annular liquid column
having an interface with the atmosphere, experimentally.
The analysis is carried out for different oscillation fre-
quencies while the displacement amplitude remains
constant for all the cases considered. In the experiments,
the heated surface temperature is kept low enough to
prevent water from evaporation. A correlation equation
is obtained for the cycle-averaged Nusselt number as a
function of kinetic Reynolds number.

2 Experimental setup

Figure 1 is a schematic diagram illustrating the appa-
ratus of the experimental setup. The outer part of the

Fig. 1 Experimental setup, 1
Heater, 2 Cooler, 3 Glass pipe,
4 Cooling water inlet and
outlet, 5 Camera 6 Piston-
cylinder apparatus, 7 DC
Motor, 8 Dijital tachometer, 9
Velocity control, 10 Power
supply, 11 Data acquisition
system (Keitley-2700)
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vertical annular test section is a glass tube 2 m in length,
42 mm in outer diameter and 37.4 mm in inner diame-
ter. A cylinder 18 mm in outer diameter consisting of
four zones such as heater, cooler and adiabatic parts, is
located at the centerline of the glass tube. The heater and
cooler are made of copper tubes with lengths of 600 and
760 mm, respectively, while the adiabatic parts 300 mm
in length are made of Teflon. One of the adiabatic parts
is placed between heater and cooler. The other one
which is located on the top of the heater is in the shape
of a hollow tube in order to house the cables of the
heater. The axial heat conduction of Teflon cylinder and
tube is negligible compared with the copper ones. These
four zones are assembled together using threaded joints
in order to obtain smooth continuums surface.

The heater is built by embedding an electrical resis-
tance inside the copper tube. The cables of six thermo-
couples located at the inner surface of the heater tube
are taken out of the test section by passing them inside
of the heater tube and the adiabatic Teflon tube above
the heater. Thus, the flow disturbances which might have
resulted from caused power and thermocouple cables are
eliminated. Since thermocouple cables are located par-
allel to the electrical cables DC power is used to feed the
heater in order to prevent thermocouples from electrical
inductance.

The cooler is made of two concentric copper tubes.
The cooling water enters the inner tube which is 8 mm in
diameter and leaves from the outer tube of the cooler.
Seven thermocouples are welded on the cooler surface
and the leads are taken out of the test section by passing
them through the cooling water.

The first temperature probe is located at the half of
the adiabatic section between heater and cooler in or-
der to measure the water temperature and to determine
the enthalpy of the flow. This location is also the ref-
erence position to measure the positions of the surface
temperatures and the interface. This first probe con-
sisting of four thermocouples located different positions
across the annular gap. The second probe is the same
as first one and it is positioned at 150 mm above the
heater section. Each thermocouple signal of the probes
is recorded and then the probe temperatures are cal-
culated by averaging the thermocouple signals over the
cross-sectional area.

The outer surface temperatures of the glass tube are
also measured by five thermocouples. All thermocouples
are calibrated using a constant temperature bath to en-
sure the surface temperatures. A computer controlled
data acquisition system (Keithley 2700) is used to collect
data. The reciprocating motion of the water column is
created using a piston-cylinder driven by a 1 kW DC
motor with adjustable speed. The number of revolutions
of the motor is measured by an optical digital tachom-
eter (Lutron DT-2234B).

The filling height of the water column is kept constant
for all the cases (z0=625 mm). The experiments are
conducted at three different heating powers and four
different radial frequencies.

3 Results and discussion

3.1 Liquid column velocity

It is observed that the motor frequency measured by
tachometer is the same as the frequency of the recorded
motion of the interface.

While the maximum uniform velocity of the water
column is RxAp/A=um as function of piston cross-sec-
tional area, water column cross-sectional area, flywheel
radius and frequency, the variation of the mean velocity
of the liquid column with time can be written as follows.

uðtÞ ¼ umsinxt ð1Þ

It can be assumed that the interface is a flat surface by
neglecting the capillary and wall effects. Then, the height
z which shows the approximate position of the interface
is derived easily as follows by integration of 1.

zðtÞ ¼ z0 � xmcosxt ð2Þ

Here, xm=RAp/A (amplitude of z) and z0 is the oscil-
lation axis as shown in Fig. 2.

3.2 Surface and fluid temperatures

While the oscillation axis of the water column is al-
ways in the heater section, the heater area swept by
water is increased and decreased in turn by oscillation.
The contact period of water and air to the heater
varies harmonically depending on the frequency.
Therefore, variation of the heater section temperatures
versus time also oscillates depending on the frequency
as shown in Fig. 3. The amplitudes of the temperatures
at x =1.4346 rad/s decrease when the radial frequency
is x =2.7227 rad/s. While increasing frequency de-
creases the surface temperatures, it disorders the har-
monic variation because of shaking. On the other
hand, the amplitudes of the heater surface tempera-
tures in the air section decrease at two frequencies
considered above, and the smooth harmonic variation
is disordered. This can be caused by the water film on
the wall.

The time-averaged heater surface temperatures vary
with position as shown in Fig. 4. While the averaged
temperatures increase with increasing y in the water
section, they remain approximately constant or decrease
slightly in the air section, because of the free falling effect
of the water film on the heater wall.

The variation of the area-averaged probe tempera-
tures with time is shown in the Fig. 5. The amplitude of
the air side probe temperature is lower than the water
side probe temperature. While the air temperature de-
creases, the water temperature increases as shown in the
figure. There is a phase lag of approximately 180� be-
tween the probe temperatures.
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3.3 Calculation of the cycle-averaged heat transfer

The region that the inertial and viscous forces in the flow
domain are equal is in the order of

ffiffiffiffiffiffiffiffiffiffiffiffi

2v=x:
p

The
momentum diffusion decreases quickly away from the
wall. The penetration depth that senses the wall effects is
approximately given by Zhao and Cheng [6] as follows.

d ffi 3
ffiffiffiffiffiffiffiffiffiffiffi

2v=x
p

ð3Þ

This depth is below 1 mm for the frequencies con-
sidered in this study. Thus, the velocity profile can be
assumed uniform in the annular channel. The thermal
energy equation in the case of neglected the viscous
dissipation and heat conduction in the flow direction
(y-direction) can be written as follows.

@T
@t
þ u

@T
@y
¼ a

1

r
@

@r
r
@T
@r

� �

ð4Þ

By integration of this equation over the cross-sec-
tional area, the following equation is obtained easily.

@Tb

@t
þ u

@Tb

@y
¼ 2

qcðr22 � r21Þ
r1q001 � r2q002
� �

ð5Þ

Where q1¢¢,q2¢¢ are the heat fluxes on the heater surface
and the outer surface of the glass tube, respectively. And

the bulk temperature is defined by Tb ¼ 1
A

R

A
TdA: The

problem analyzed in this study is a conjugate
heat transfer problem of the water–air system. The
height z can indicate the position of the water–air
interface approximately. In reality the water–air inter-
face is not a flat surface because of the capillary and the
water film created by the motion. Thus, the wetted
heater surface can not be identified only by the z-posi-
tion. Considering the thermal energy conservation given
by 4 for water and air regions individually cannot give
practical result, since the surface of the interface and the
velocity at each point on the interface are unknown.
Thus, we consider the thermal energy equation for the
whole system consisting of water and air regions
together. If the 5 is integrated over the control volume
shown in Fig. 2 and integrated over a cycle, we get

H2 � H1 ¼
I

uAqacaTbaðL; tÞdt �
I

uAqlclTblð0; tÞdt

¼ q0012pr1lh
2p
x

� �

�
I Z

L

0

2pr2q002dydt ð6Þ

Equation 6 shows that the enthalpy difference over
the control volume is equal to the heat transfer at the
control volume surface. The heat flux from the heater to
control volume is constant. But the heat flux from the
glass wall to the environment is not constant; it varies
with position and time. The last term on the right hand
side of 6 shows the heat loss from the glass tube surface
to the environment. The total heat loss over a cycle can
be calculated by means of 6 as follows.

Qk ¼
I Z

L

0

2pr2q002dydt ¼ q0012pr1lh
2p
x

� �

� ðH2 � H1Þ

ð7Þ

In this equation, the terms except heat loss term are
calculated from experimental data.

It is clear that the surface temperatures of the inner
side of the glass tube should vary harmonically with
time. The variation of the measured surface tempera-
tures of the outer side of the glass tube with time can be
neglected as observed in the experiments. Although,
outer surface temperatures have a negligible harmonic
oscillation, it can be attributed to the damping effect of
the glass wall.

The averaged surface temperature of the outer side of
glass tube can be calculated from the measured values
and it can be separated into two regions corresponding
to the water and air regions with respect to the oscilla-
tion axis z0. Thus, by using these averaged outer surface

Fig. 2 Control volume between two probes and dimensions
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temperatures, the heat loss can be determined and sep-
arated into two parts approximately as follows by con-
sidering the Newton’s cooling law.

Qkl

Qk
¼ z0ðTcl � TaÞ

z0ðTcl � TaÞ þ ðL� z0ÞðTca � TaÞ
¼ / ð8Þ

Qka

Qk
¼ ðL� z0ÞðTca � TaÞ

z0ðTcl � TaÞ þ ðL� z0ÞðTca � TaÞ
¼ ð1� /Þ ð9Þ

The thermal energy conservation equation for water
region over a cycle without flat interface simplification
can be written as follows.

Fig. 3 Heater surface
temperatures versus time
(xm=0.125 m, qe=100 W,
z0=0.625 m,Dy, distance from
initiative of heater).
a x=1.435 rad/s.
b x=2.723 rad/s
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H1 ¼
I Z

z

0

2pr2q002dydt �
I Z

y�

l0

2pr1q001dydt ð10Þ

Here, y* is the distance from reference to the meniscus.
The first term on the right side of this equation shows
the heat loss from the water side of the glass tube to
the environment, so that the Eq. 10 can be rearranged
as

Ql ¼
I Z

y�

l0

2pr1q001dydt ¼ Qkl � H1 ð11Þ

Substituting 7 and 8 in the 11, the heat transfer to the
water from the heater over a cycle is determined as

Ql ¼ mlq0012pr1lh
2p
x

� �

� /H2 � ð1� /ÞH1 ð12Þ

Cycle-averaged experimental data are given in the
Table 1 with respect to the frequencies and the heater
power.

3.4 Prediction of Nusselt number

The total heat transfer to the water over a cycle Ql can
be written as follows

Ql ¼ 2pr1lhhðTw0 � T0Þð2p=xÞ ð13Þ

Here, the averaged water temperature can be defined
as

T0 ¼
T10 þ T20

2
ð14Þ

T10 and T20 represent time-averaged probe temperatures
as given in Table 1. Considering 13, the Nusselt number
is defined as

Fig. 4 Time-averaged heater
surface temperatures versus
position and
frequencyqe=100 W,
(Experiments 5–8, see Table 1)

Fig. 5 Area-averaged probe
temperature versus relative time
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Nu ¼ hlh
k
¼ lh

k
Ql

2pr1lhðTw0 � T0Þð2p=xÞ
ð15Þ

The calculated Nusselt numbers using 15 are given in
Table 1 with respect to the frequencies and the heater
power.

Nusselt number can be written as a function of ki-
netic Reynolds number Rex=xd2/v, dimensionless
oscillation amplitude Ao=2xm/d, the length to diameter
ratio of the heater d/lh and Prandtl number [8].

Nu ¼ f ðRex;Ao; d=lh; PrÞ

In this study, only kinetic Reynolds number is vari-
able so that the correlation equation for Nusselt number
is found as

Nu ¼ 13:61Re0:248x ð16Þ

and this equation is valid in the following range of
kinetic Reynolds number.

1000\Rex\4000

The graphical representation of 16 is shown in Fig. 6
together with the experimental data.

3.5 Uncertainty analysis

An uncertainty analysis based on the method described
by Holman [11] is performed. The uncertainty in the
experimental data can be considered by identifying the
main sources of errors in the measurements. The main
source of errors in reported results on the Nusselt
number are statistical uncertainty power input, heater
surface mean-temperatures and bulk temperature of
fluid.

Prior to the experiments all thermocouples were cali-
brated in a constant temperature bath (K type, Omega) to
ensure the accuracy of ±0.1�C. The voltage input to the
electric heater is measured with sensitivity of ± 1 V and
accuracy of 1 percent. The calculated power output
uncertainty is less than 4. Oscillation frequency of the
water column is equal to that of the motor drive and is
measured by a tachometer within a 0.5% error in terms of
the frequency measurement. The estimated uncertainties
in the power output, heater surface mean-temperature
and bulk-temperature of fluids are 6.2, 1.34 and 0.35,
respectively. Finally, the largest uncertainties of the
Nusselt numbers were computed to be about±10.6%, by
using the uncertainty estimation method of Holman [11].

Table 1 Cycle-averaged experimental data

x (rad/s) Rex qe(W) Two(C) T20(C) T10(C) / �H1(J) H2(J) Qk(J) Ql(J) h(W/m2�K) Nu

Exp-1 1.445 1026.1 50 41.7 36.2 27.6 0.767 126.91 0.14 90.37 196.19 80.83 73.71
Exp-2 2.712 1926.0 50 34.8 29.9 25.0 0.746 71.42 0.08 44.34 104.49 95.99 87.53
Exp-3 3.906 2773.7 50 30.0 27.0 24.2 0.753 50.65 0.06 29.72 73.02 106.50 97.12
Exp-4 5.131 3642.9 50 29.5 25.1 25.3 0.802 47.87 0.03 13.34 58.57 111.19 101.38
Exp-5 1.435 1018.7 100 54.6 48.0 34.8 0.765 182.22 0.17 255.59 377.68 87.22 79.53
Exp-6 2.723 1933.4 100 49.9 43.2 32.2 0.773 157.77 0.15 72.86 214.07 98.52 89.84
Exp-7 3.948 2803.5 100 43.4 35.9 30.6 0.794 82.38 0.05 76.72 143.34 109.62 99.96
Exp-8 5.131 3642.9 100 40.9 32.8 30.5 0.791 57.98 0.03 64.47 109.00 112.05 102.17
Exp-9 1.434 1018.3 150 68.9 59.4 41.4 0.783 348.76 0.47 308.01 590.00 80.25 73.18
Exp-10 2.723 1933.4 150 57.7 47.3 37.5 0.790 201.11 0.21 144.83 315.46 97.54 88.95
Exp-11 3.958 2810.6 150 52.0 40.1 36.1 0.795 150.14 0.07 87.91 220.05 111.86 102.00
Exp-12 5.131 3642.9 150 50.2 35.4 34.8 0.817 132.42 0.01 51.29 174.35 112.04 102.17

Fig. 6 Nusselt number versus
kinetic Reynolds number
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4 Conclusion

In this study, the heat transfer from a heated surface to
an oscillating vertical annular liquid column having an
interface with the atmosphere is investigated experi-
mentally. The experiments are carried out for different
frequencies while the displacement amplitude remains
constant for all cases considered. All the mathematical
calculations in analyzing the experimental data are
based on measurements taken from the test section
considered as the control volume shown in Fig. 2. A
correlating equation for cycle-averaged Nusselt number
has been obtained from the experimental data. The
prediction of the cycle-averaged Nusselt number with
respect to kinetic Reynolds number is shown to be in
good agreement with the experimental data.
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