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The present paper deals with experimental and numerical study on the longitudinal heat transportation
by an oscillatory water flow in a double tube type heat transportation pipe. Experiments were performed
to measure the heat transportation rate in the ranges of 2.3 6Wo 6 7.2 and 400 6 Remax 6 6600. The heat
transportation rate was approximately 10–490 times the heat transportation rate of a straight round
pipe, and it was around 1–40 times the heat conduction rate through a copper rod. Analytical heat trans-
portation rates agreed well with the experimental ones.

� 2009 Published by Elsevier Ltd.
1. Introduction

Small size heat transportation devices are currently required for
the effective cooling of electronic devices and equipment due to
the rapid growth of heat dissipation from integrated electric cir-
cuits. Heat transportation devices utilizing reciprocal flow are
one of the important candidate technologies for this function.

Since the heat transportation pipe utilizing reciprocal flow was
invented by Kurzweg and Zhao [1], many researchers have at-
tempted to improve its performance. In this report, we call the
oscillatory flow whose time-average flow rate in one cycle of oscil-
lation is zero as the reciprocal flow. Kaviany [2] pointed out that
the heat transportation of the reciprocal flow is enhanced by the
utilization of unsteady heat transfer between the pipe wall and
the reciprocal flow. Nishio et al. [3,4] investigated the conditions
for achieving the optimum performance of the reciprocal flow heat
transportation pipe: that is, they investigated extensively the ef-
fects of the thermal properties of the working fluid, the pipe diam-
eter, the amplitude and frequency of the reciprocal flow, and the
flow pattern (laminar or turbulent) on the heat transportation per-
formance. They reported that water is the best working fluid be-
cause of its high effective thermal conductivity within a
relatively wide range of reciprocal frequencies. They also pointed
out that there is an optimum size for the heat transportation pipe.
In addition, Nishio et al. [5] proposed a new kind of heat transpor-
tation pipe, an inverse oscillation-phase heat transport tube, which
can achieve higher heat transportation performance than can a
normal reciprocal-flow heat transportation pipe. Ohno et al. [6]
proposed an annular-channel type heat transportation pipe which
Elsevier Ltd.
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improved the heat transportation performance in a high frequency
range. Inaba et al. [7] compared the heat transportation perfor-
mance between the bundles of straight ducts with triangular,
square and hexagonal cross-sections.

However, most of these previous studies have concentrated on
the improvement of heat transportation through smooth straight
pipes. Few studies have been performed on the heat transportation
of the oscillatory flow in non-straight pipes, whose longitudinal
shape is not straight.

We have been attempting to improve the heat transportation by
changing the configuration of the oscillatory flow path or the lon-
gitudinal shape of the heat transportation pipe. If the non-straight
pipes can produce new types of oscillatory flow which are suitable
for the longitudinal heat transportation, it may be possible to
improve the longitudinal heat transportation by employing the
non-straight pipes.

For example, Ishii et al. [8] proposed a double tube type heat
transportation pipe. They found by numerical simulation that a
new oscillatory flow, whose time-average flow rate was not zero,
was generated in a double tube by just imposing the reciprocal
flow, whose time-average flow rate was zero, on one end of the
double tube. They called the time-average flow component the
unidirectional flow component. That is, the new oscillatory flow
which they found in the double tube was composed of the recipro-
cal flow component and the unidirectional flow component
(non-zero time-average flow component). They found that the uni-
directional flow component greatly enhanced the longitudinal heat
transportation of their new heat transportation pipe. Ishii et al. [9]
also proposed a new heat transportation channel composed of a
divergent and a convergent channel. They found that the new
oscillatory flow, whose time-average flow rate was not zero,
was also induced in the divergent and convergent channels by
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Nomenclature

Am tidal amplitude
d inner diameter of the left circular orifice
f frequency
q total heat flux (=~qþ �q)
~q heat flux by the reciprocal flow component
�q heat flux by the unidirectional flow component
Q heat transportation rate
Q* dimensionless heat transportation rate (=Q/Qref)
Remax maximum Reynolds number (=umax � d=m)
t time
T time period
u flow velocity in x-direction
�V flow rate of the unidirectional flow component

umax maximum velocity of the reciprocal flow imposed at the
left circular orifice

Wo Womersley number (=ðd=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pf=m

p
)

h temperature
h* dimensionless temperature (=ðh� hcÞ=ðhh � hcÞ)
Dh temperature difference between the hot and cold water

bathes (=hh � hc)

Subscripts
i reciprocal flow imposed at the left circular orifice
inner inner channel
outer outer channel
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imposing the reciprocal flow on one end of the new channel. They
reported that the heat transportation rate of their new channel was
higher than that of the straight channel because of the induced
unidirectional flow component. On the other hand, Motoki et al.
[10] investigated numerically the fluid movement and the heat
transportation of the reciprocal flow in grooved ducts. They found
that another new type of oscillatory flow was generated in the
grooved duct. In the new oscillatory flow they observed violent
longitudinal dispersion movements of the fluid. It should be men-
tioned that the normal reciprocal flow in the smooth straight ducts
include no dispersion movements of fluid. They reported that the
dispersion movements of the fluid caused the longitudinal enthal-
py transportation and resulted in great augmentation of the longi-
tudinal heat transportation of the reciprocal flow in the gloved
ducts.

The above mentioned studies by Ishii et al. [8,9] and Motoki
et al. [10] suggest that the longitudinal heat transportation of the
reciprocal flow whose time-average flow rate is zero can be greatly
enhanced by adding the unidirectional flow component on the re-
ciprocal flow or by generating the longitudinal dispersion move-
ments of fluid in the reciprocal flow.

The present study is an experimental investigation into the lon-
gitudinal heat transportation of a double tube type heat transpor-
tation pipe which was proposed by Ishii et al. [9] and investigating
the flow and temperature fields by numerical analysis to discuss
the heat transportation augmentation mechanism.
2. Experiments

2.1. Experimental set-up

Fig. 1(a) shows the experimental set-up, which mainly con-
sisted of a test pipe, hot water bath, cold water bath, heat loss
compensation water bath, constant temperature bathes and an
apparatus generating the reciprocal flow. Heat generated by an
electric heater in the hot water bath was transported to the cold
water bath through the test tube. In order to minimize the heat
loss from the hot water bath to the surroundings, the hot water
bath was placed into the heat loss compensation water bath,
whose temperature was kept at the same value as the hot water
bath. Water in the heat loss compensation water bath was circu-
lated through the constant temperature bath to keep its temper-
ature constant. Thermal insulation material was wrapped around
the test pipe. Copper tube coils were immersed in the cold water
bath. Inside the coils, cold water with a constant temperature was
circulated from the constant temperature bath. Revolution move-
ment of the motor was converted to the reciprocal movement of
the bellows by the Scoche and Yoke mechanism to generate the
sinusoidal reciprocal flow with the tidal amplitude Am and
frequency f (time period T). The sinusoidal reciprocal flow whose
u-velocity in the longitudinal direction was expressed by Eq. (1),
and it was imposed on the left end of the test tube.

ui ¼ umax � sinð2pftÞ ¼ 2p � Am � f � sinð2pftÞ
¼ 2p � Am � f � sinð2pt=TÞ ð1Þ

Fig. 1(b) shows the details of the hot water bath. Water temper-
ature in the hot water bath was controlled by a PID temperature
controller. The water in the hot water bath was circulated by a
small pump in order to get a uniform water temperature in the
hot water bath. The heat transportation rate Q of the present dou-
ble tube type heat transportation pipe was evaluated by measuring
the electrical heat input Qin to the heater and adding the electrical
power of the pump Qpump = 2 W and subtracting the heat loss Qloss

from the experimental set-up to the surroundings. Qloss was mea-
sured in the preliminary experiments. Thus Q was calculated by
Q ¼ Q in þ Qpump � Q loss. The heat loss Qloss was less than 2.5% of
the heat transportation rate Q.

Fig. 1(c) shows a rough drawing of the test pipe which con-
sisted of an inner and an outer tube, a circular orifice at the left
end and an annular orifice at the right end. The test pipe was
made of acrylic resin material. The working fluid was water.
The length L of the test tube was 241 mm. The inner and the out-
er diameter of the inner tube were 6 and 8 mm, respectively, and
those of the outer tube were 14 and 18 mm. Four slits 15 mm
long and 1 mm wide were opened at both ends of the inner tube.
These slits connected the inner circular channel and the outer
annular channel. The left circular orifice had a circular opening
with a diameter of 6 mm and the right annular orifice had an
annular opening with an outer diameter of 14 mm and an inner
diameter of 8 mm. The right end of the test channel was con-
nected to the hot water bath and the left end was connected to
the cold water bath.

The Womersley number ðWo ¼ ðd=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � p � f=m

p
Þ and the max-

imum Reynolds number ðRemax ¼ umax � d=mÞ of the reciprocal flow
imposed at the left end of the test channel were varied in the range
of 2.3 6Wo 6 7.2 and 400 6 Remax 6 6600 by varying the fre-
quency f (or time period T = 1/f) in the range of 0.1 6 f 6 1.0 Hz
(1 6 T 6 10 s) and the amplitude of reciprocal flow Am in the range
of 38 6 Am 6 190 mm. The temperature of the hot water bath hh

and the cold water bath hc were varied from 30 to 40 �C and 8 to
21 �C, respectively, and the temperature difference Dh ¼ hh � hc

between the hot and cold bathes ranged from 9 to 29 �C. Here, d
and m are the inner diameter of the left circular orifice and the
dynamic viscosity of water.



L=241

6 8 14 18

Orifice OrificeSlit SlitOuter tubeInner tube

T/C

Sinusoidal oscillatory flow

Hot water bath hCold water bath : c

(c) Test pipe : double tube type heat transportation pipe  

Outer channel Inner channel

L=241

6 8 14 18

Orifice OrificeSlit SlitOuter tubeInner tube

T/C

Sinusoidal oscillatory flow

Hot water bath hCold water bath : c

(c) Test pipe : double tube type heat transportation pipe  

Outer channel Inner channel

L=241

6 8 14 18

Orifice OrificeSlit SlitOuter tubeInner tube

T/C

Sinusoidal oscillatory flow

Hot water bath hCold water bath : c

(c) Test pipe : double tube type heat transportation pipe  

Outer channel Inner channel

Test tube

Electric heater

Pump to circulate 
hot water

Free surface of oscillating water

(b) Hot water bath

Cooling water circuit

Test tube

Hot water bath

Cold water bath

DC Servo Motor

Bellows

Hot water circuit

200 410 200 190

25
0

Constant 
temperature bath

Constant temperature bath Heat loss compensation water bath

(a) Experimental set-up  

Test tube

Electric heater

Pump to circulate 
hot water

Free surface of oscillating water

(b) Hot water bath

Test tube

Electric heater

Pump to circulate 
hot water

Free surface of oscillating water

(b) Hot water bath

Cooling water circuit

Test tube

Hot water bath

Cold water bath

DC Servo Motor

Bellows

Hot water circuit

200 410 200 190

25
0

Constant 
temperature bath

Constant temperature bath Heat loss compensation water bath

(a) Experimental set-up  

Cooling water circuit

Test tube

Hot water bath

Cold water bath

DC Servo Motor

Bellows

Hot water circuit

200 410 200 190

25
0

Constant 
temperature bath

Constant temperature bath Heat loss compensation water bath

(a) Experimental set-up  

Fig. 1. Experimental set-up.
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2.2. Experimental results

In Fig. 2, the heat transportation rates Q=Dh ¼ Q=ðhh � hcÞ were
plotted against the frequency f for the tidal amplitude of
Am = 114 mm (circular symbols) and Am = 190 mm (triangular
symbols). Our preliminary experiments revealed that Q was di-
rectly proportional to Dh ¼ hh � hc . Fig. 2 shows that measured heat
transportation rates increased in proportion to 1.3th power of the
frequency and they were correlated by

Q=ðhh � hcÞ ¼ C � f 1:3: ð2Þ

The dolled and dashed lines in Fig. 2 indicate the heat transpor-
tation rate Qkav=ðhh � hcÞ of the straight round pipe with the same
Q
/

[W
/K

]

10-2

10-1

100

101

102

Exp.(Am=114mm) Exp.(Am=190mm)

Cal.(Am=114mm) Cal.(Am=190mm)

Kaviany (Am=114mm) Kaviany (Am=190mm)

10-1 100

f [Hz]

Q
/

[W
/K

]

10-2

10-1

100

101

102

Q
/

[W
/K

]

10-2

10-1

100

101

102

Exp.(Am=114mm) Exp.(Am=190mm)

Cal.(Am=114mm) Cal.(Am=190mm)

Kaviany (Am=114mm) Kaviany (Am=190mm)

Exp.(Am=114mm) Exp.(Am=190mm)

Cal.(Am=114mm) Cal.(Am=190mm)

Kaviany (Am=114mm) Kaviany (Am=190mm)

Exp.(Am=114mm) Exp.(Am=190mm)

Cal.(Am=114mm) Cal.(Am=190mm)

Kaviany (Am=114mm) Kaviany (Am=190mm)

10-1 100

f [Hz]
10-1 100

f [Hz]

Fig. 2. Heat transportation rate against frequency of the reciprocal flow
(Am = 114 mm, 190 mm).
inner diameter (D = 14 mm) as that of the outer tube of the present
double tube. Qkav was calculated from the theoretical equation de-
rived by Kaviany [2].

In Fig. 3, the heat transportation rates Q=ðhh � hcÞ were plotted
against the tidal amplitude Am for f = 0.5 Hz (circular symbols) and
f = 1.0 Hz (triangular symbols). The heat transportation rates in-
creased in proportion to 1.3th power of the tidal amplitude, and
they were correlated by

Q=ðhh � hcÞ ¼ C � Am1:3
: ð3Þ

The dotted and dashed lines are the heat transportation rate of
the straight round tube Qkav.
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Fig. 3. Heat transportation rate against tidal amplitude of the reciprocal flow
(f = 0.5 Hz, 1.0 Hz).
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Figs. 2 and 3 show that the heat transportation rate Q of
the present heat transportation pipe was about 10–490 times
that of the straight round pipe Qkav, and Q was around 1–40
times the heat conduction rate through the copper rod with
the same outer diameter and length as those of the present
double tube.

The black solid circular and triangular symbols in Figs. 2 and 3
are the calculated heat transportation rate, as will be described la-
ter. The calculated heat transportation rates agreed well with the
experimental ones.

Fig. 4 plots the dimensionless heat transportation rate Q*

against Remax Q* was defined by the following equation:

Q � ¼ Q=Q ref ð4Þ
x(u)
14mm

6mm

2.7mm Hot water bath : h

Opening (connecting path)Outer channel

Outer tube Inner tube

ine

x(u)
14mm

6mm

2.7mm Hot water bath : h

Opening (connecting path)Outer channel

Outer tube Inner tube

ine

nt heat transportation pipe.

scillation in outer and inner channels (Am = 38.1 mm, f = 0.5 Hz).
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Q ref ¼ �qCpðp=4Þd2ðhh � hcÞ
Z 1

0:5
uidðt=TÞ

¼ �qCpðp=4Þd2ðhh � hcÞumax

Z 1

0:5
sinð2pt=TÞdðt=TÞ

¼ qCpðp=4Þd2ðhh � hcÞumaxð1=pÞ ð5Þ

Here, Qref means the longitudinal heat (enthalpy) transportation
rate which can be transported from the hot to the cold water bath
during the time of 0.5 6 t/T 6 1.0 by the unidirectional convection
flow given by Eq. (1).

Fig. 4 shows that Q* of the present heat transportation pipe
reached about 1/3 of Qref Q* of the present heat transportation pipe
was roughly correlated by
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in one cycle of oscillation (Am = 38.1 mm, f = 0.5 Hz).
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3. Analysis

In order to investigate the heat transportation mechanism
through the present heat transportation pipe, numerical analysis
was performed.

3.1. Analytical model

Fig. 5 roughly sketches the analytical model for the present dou-
ble tube type heat transportation pipe. The shape and the dimen-
sions of the pipe were the same as those of the test pipe which
was used in the present experiment. The only difference between
the experimental and analytical test pipes was the connecting
paths between the inner and outer channels, which were opened
at both ends of the inner tube. The experimental test pipe had four
slits opened in the inner tube at both ends as shown in Fig. 1(c),
while the analytical model had circular gaps with the a gap dis-
tance of 2.7 mm at both ends as shown in Fig. 5. Both opening
paths of the experimental and analytical pipes had the same open-
ing area of approximately 60 mm2.

Two-dimensional axially symmetric velocity and temperature
fields were analyzed by solving the following conservation equa-
tions for mass, momentum and energy.

@u
@x
þ @v
@r
þ u

r
¼ 0 ð7Þ

@u
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þ u
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¼ � 1

q
@P
@x
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The boundary conditions were given by

at x¼0; u¼umax �sinð2pt=TÞ¼umax �sinð2pftÞ¼2pf �Am �sinð2pftÞ; v¼0;

h¼hc¼285 ðfor uP0Þ and
@h
@x
¼0 ðfor u<0Þ

ð11Þ

Eq. (11) indicates that we delivered a sinusoidal reciprocal flow
with frequency of f (or time period of T) and tidal amplitude of
Am from the left end. Water with a uniform temperature of
hc = 285 K flowed into the pipe when u P 0 and water with
@h=@x ¼ 0 flowed out of the pipe when u < 0.

at x ¼ L;
@u
@x
¼ 0;

@v
@x
¼ 0; P ¼ constant;

@h
@x
¼ 0 ðfor u P 0Þ

and h ¼ hh ¼ 313 ðfor u 6 0Þ ð12Þ
Eq. (12) indicates that at the right end of the pipe, the pressure was
constant and the velocity gradients were zero. The temperature
boundary conditions at the right end were similar to those at the
left end.

at r ¼ 0;
@u
@r
¼ 0; v ¼ 0;

@h
@r
¼ 0 ð13Þ

at wall surfaces except those on the inner tube; u ¼ 0;

v ¼ 0;
@h
@r
¼ 0 and

@h
@x
¼ 0 ð14Þ

In order to consider the heat conduction from the outer to the
inner channel through the inner acrylic tube, the heat conduction
equation was solved by coupling with Eq. (10). Continuities of
the temperature and heat flux were imposed on the inner and out-
er surface of the inner tube as the temperature boundary condition
there. In order to investigate the effect of the heat conduction
through the inner tube, we also performed an additional analysis
for the analytical model with the complete adiabatic inner tube.
In the additional analysis, Eq. (14) was imposed on all the wall sur-
faces as the velocity and temperature boundary conditions.

The analyses were performed for five sets of f and Am. They
were (f = 1 Hz, Am = 38.1 mm), (f = 0.5 Hz, Am = 38.1 mm), (f =
0.2 Hz, Am = 38.1 mm), (f = 0.2 Hz, Am = 114 mm), (f = 0.2 Hz,
Am = 190 mm). The computer code FLUENT [11] was used for the
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numerical calculation. The total analytical domain was divided into
about 13,000–70,000 meshes.

3.2. Analytical results

3.2.1. Flow field
Fig. 6 illustrates the variation of the contour lines of the stream

function in one cycle of oscillation in the outer and inner channels.
They indicate that the oscillatory flow separated at the left round
orifice and generated vortices in the outer channel in the pushing
phase (0 6 t/T 6 0.5) and the flow separated at the right annular
orifice and generated vortices in the inner channel in the pulling
phase (0.5 6 t/T 6 1.0). It seems that the generation of vortices in
the left end of the outer channel caused the higher flow resistance
of the outer channel in the pushing phase compared with that in
Fig. 10. Variation of temperature field in the heat t
the pulling phase. In a similar way, the separation of the flow at
the right end of the channel caused higher flow resistance in the
pulling phase than that in the pushing phase in the inner channel.
Fig. 6 also indicates that in the middle regions of the inner and out-
er channels the contour lines were parallel to the wall surfaces and
no vortices were observed there.

Fig. 7 illustrates the variation of u-velocity profile along the
middle line of the inner and outer channels (refer Fig. 5). The dot-
ted lines are the profile of the time-average u-velocity, that is, the
u-velocity averaged in one cycle of oscillation. In the outer channel,
the absolute values of the u-velocities in the pulling phase (0.5 6
t/T 6 1.0) were larger than those in the pushing phase (0 6
t/T 6 0.5), which induced the negative time-averaged u-velocity
flowing from the hot water bath to the cold water bath. While, in
the inner channel, the positive time-average u-velocity was in-
duced and it was flowing from the cold to the hot water bath.
These non-zero time-average u-velocities were caused by the dif-
ference of the flow resistances between the pushing and pulling
phases in each of the outer and inner channels, as described above.
Hereafter, we refer to the non-zero time-average u-velocity as uni-
directional flow component. Thus, we can consider that the oscilla-
tory flow induced in the outer and inner channels in the present
heat transportation pipe was composed of the unidirectional flow
component (non-zero time-average flow component) and the reci-
procal flow component. In the inner channel the unidirectional
flow component was flowing from the cold to the hot water bath.
While, in the outer channel, the unidirectional flow component
was flowing from the hot to the cold water bath. As will be de-
scribed later, the unidirectional flow component induced in the
outer channel played an important role in the augmentation of
the longitudinal heat transportation in the present double tube
type heat transportation pipe.

Fig. 8 shows variation of the flow rates through the inner chan-
nel (curve 2) and through the outer channel (curve 3). The flow
rates were calculated by integrating u-velocity over one cycle of
ransportation pipe (Am = 38.1 mm, f = 0.5 Hz).
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time and over the entire flow cross-section. The curve 1 shows the
flow rate variation of the sinusoidal reciprocal flow imposed on the
round orifice at the left end of the tube, which was given by Eq.
(15).

Viðt=TÞ ¼ 2pf � Am � sinð2p � t=TÞ � So ðrefer Eq: ð11ÞÞ ð15Þ

Here, So is the cross-sectional area of the left round orifice.
The dotted lines 4 and 5 are the time-average flow rate through

the inner and outer channels. The variations of flow rate through
the outer and inner channels were expressed by the following
equations:

Vouterðt=TÞ ¼ ~Vouterðt=TÞ � �V ð16Þ
Vinnerðt=TÞ ¼ ~Vinnerðt=TÞ þ �V ð17Þ

Here, �V is the absolute value of the time-average flow rate
through the outer and inner channels. Eqs. (16) and (17) mean that
the flow rate of the oscillatory flow induced in the outer and inner
channels can be expressed as the sum of the flow rates of the
reciprocal flow component and the unidirectional flow component.
They mean that in the outer channel the unidirectional flow
component was flowing toward the cold water bath from the hot
water bath, and in the inner channel it was flowing toward the
hot water bath from the cold water bath.

In Fig. 9, the absolute vale �V of the time-average flow rate is
plotted against the maximum Reynolds number Remax. �V increased
with increasing Remax.

3.2.2. Temperature field
Figs. 10 and 11 illustrate the variation of the temperature distri-

butions in the inner and outer channels. h* in Fig. 11 is the dimen-
sionless temperature defined by Eq. (18). Longitudinal temperature
distributions along the center lines of the inner channel at r = 0 and
the outer channel at r = 5.5 are shown in Fig. 11.

h� ¼ ðh� hcÞ=ðhh � hcÞ ð18Þ

The water temperature in the outer channel was higher than that in
the inner channel. This was because the unidirectional flow compo-
nent was flowing from the hot water bath to the cold water bath in
the outer channel and it was flowing in the reverse direction in the
inner channel.

As shown in Fig. 11, the temperature gradients in the middle
part of the outer and inner channels were not zero. The tempera-
ture gradients were caused by the overall heat transmission from
the outer to the inner channel through heat conduction in the inner
acrylic tube. This will be clearly understood by comparing the
water temperature fields with and without heat conduction
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Fig. 11. Variation of temperature field in outer and inner channels (Am = 38.1 mm,
f = 0.5 Hz).
through the inner acrylic tube. The temperature fields without heat
conduction in the double tube will be shown in the following
chapter.

3.2.3. Heat transportation
The dotted, dashed and solid lines in Figs. 12(a) and (b) show

the heat transportation rate Qouter/Dh through the outer channel,
Qinner/Dh through the inner channel and the total heat transporta-
tion rate Q/Dh (=Qouter/Dh + Qinner/Dh) in the heat transportation
pipe. The positive gradient of Qouter/Dh and the negative gradient
of Qinner/Dh were caused by the overall heat transmission from
the outer to the inner channel through the inner acrylic tube as
mentioned before. The positive value of Qouter/Dh means that the
heat was transported from the hot water bath to the cold water
bath through the outer channel. The negative value of Qinner/Dh
means that the heat was returned back from the left cold end to
the right hot water bath through the inner channel. The negative
heat transportation was caused by the unidirectional flow compo-
nent flowing in the inner channel from the cold to the hot water
bath. However, it should be mentioned that Qinner which was
returned back to the hot water bath was very small compared to
Qouter which was transported from the hot to the cold water bath.

Fig. 13(a) and (b) compares the heat transportation flux through
the outer channel by the unidirectional flow component with that
by the reciprocal flow component in the outer channel. ~q, �q and q in
Fig. 13 are the heat transportation fluxes by the reciprocal flow
component, by the unidirectional flow component and total heat
(b) Am =190.1mm, f =0.2Hz 
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Fig. 12. Heat transportation rates by unidirectional flow component and reciprocal
flow component.
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Fig. 13. Heat transportation fluxes by unidirectional flow component and by
reciprocal flow component in outer channel.
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transportation flux, respectively. ~q, �q and q were calculated by the
following equations:

~q¼1
T

Z tþT

t
qCp~u ðh�hcÞ dt; �q¼1

T

Z tþT

t
qCp�uðh�hcÞdt; q¼ ~qþ�q

ð19Þ
u¼ ~uþ�u ð20Þ

Here, ~u and �u are the u-velocity of the reciprocal flow compo-
nent and that of the unidirectional flow component. Fig. 13 indi-
cates that the heat was mainly transported by the unidirectional
flow components in the outer channel, that is, the unidirectional
flow component had the significant role in the heat transportation
in the outer channel, as well as in the total heat transportation of
the double tube (note that the negative heat transportation in
the inner channel was very small).

As mentioned before, the black solid circular and triangular
symbols in Figs. 2 and 3 are the calculated heat transportation
rates. The calculated heat transportation rates agreed well with
the experimental ones.

Fig. 14 illustrates the heat transportation rates, Qouter/Dh, Qinner/
Dh and Q/Dh (=Qouter/Dh + Qinner/Dh) and Fig. 15 designates the var-
iation of water temperature in the outer and inner channels when
the inner tube was completely adiabatic, that is, when there was
no overall heat transmissions from the outer to the inner channel.
Fig. 15 shows longitudinal temperature distributions along the
center lines of the outer channel at r = 5.5 mm and of the inner
channel at r = 0 mm. Qouter/Dh and Qinner/Dh were uniform along
the longitudinal direction of the heat transportation pipe as shown
in Fig. 14, and water temperature in the middle part of the outer
and inner channels was uniform as shown in Fig. 15. These results
were caused by the fact that there was no overall heat transmission
from the outer to the inner channel. The calculated result, that
water temperature in the middle region of the outer and inner
channels had constant value, also means that the unidirectional
flow played an important role in the longitudinal heat transporta-
tion in the middle region of the present double tube.

In Fig. 16, total heat transportation rate Q/Dh in the present
heat transport pipe are plotted against the flow rate �V of the
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unidirectional flow component. Black solid circles are the total heat
transportation rate Q/Dh when there was the overall heat trans-
mission from the outer to the inner channel. Open circles are the
heat transportation rate Q/Dh when there was no overall heat
transmission or no heat conduction through the inner acrylic tube.
The black straight line designates the heat transportation rate Qstea-

dy/Dh which will be transported by a steady flow whose flow rate
was assumed to be �V . The heat transportation rates in the present
double tube increased with increasing �V and they reached about
25–70% of the heat transportation rate Qsteady of the assumed stea-
dy flow.

4. Conclusion

The present study aims to investigate the heat transportation of
a double tube type heat transportation pipe which was proposed
by Ishii et al. [9]. Experiments were performed in the ranges of
2.3 6Wo 6 7.2 and 400 6 Remax 6 6600 by varying the frequency
f in the range of 0.1 6 f 6 1.0 Hz and the amplitude of the recipro-
cal flow Am in the range of 38 6 Am 6 190 mm. The temperatures
of the hot water bath hh and the cold water bath hc varied from 30
to 40 �C and 8 to 20 �C, respectively, thus the temperature differ-
ence Dh ¼ hh � hc between the hot and cold bathes ranged from 9
to 30 �C. In order to understand the heat transportation mecha-
nism of the present heat transportation pipe, numerical analysis
was performed. Main results derived in the present study were
summarized in the following:

(1) Heat transportation rate Q of the present double tube type
heat transportation pipe increased with an increase in the
frequency f and the tidal amplitude Am of the reciprocal flow
which was imposed on the left end of the heat transporta-
tion pipe. The heat transportation rate Q of the present heat
transportation pipe was 10–490 times the heat transporta-
tion rate Qkav of the straight round pipe, and Q was approx-
imately 1–40 times the heat conduction rate through the
copper rod.
(2) Dimensionless heat transportation rate Q* was correlated by
Q � ¼ 0:0252Re0:3

max.
(3) Analytical results suggest that oscillatory flow induced in

the outer and inner channels of the present double tube is
composed of the reciprocal flow component and unidirec-
tional flow component. The unidirectional flow component
flowing in the outer channel from the hot to the cold water
bath significantly augmented the heat transportation rate of
the present double tube type heat transportation pipe.

(4) Analytical heat transportation rates agreed well with the
experimental ones.
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