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An experimental work is conducted to study heat transfer phenomena of a mixed convection in a
shape channel which is subject to a reciprocating motion. Simultaneously, a numerical calculation is exe-
cuted to validate the experimental results auxiliarily. Parameters of Reynolds number, frequency and
amplitude are considered. The results show that enhancement of heat transfer rate caused by the recip-
rocating motion is remarkable. Due to the impingement of cooling fluids, the heat transfer rate of the
front heat region is still superior to those of the middle and back heat regions. The phenomena of this
object are very complicated, and the maximum deviation between the experimental and numerical
results is not over 25%.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Protecting a piston from heat damage could effectively enhance
the thermal efficiency of the heat engine and economize the usage
of energy [1]. Lots of studies have been conducted to investigate
similar objects recently.

Phenomena induced by a reciprocating straight channel which
is somewhat similar to a reciprocating piston are interesting and
have been widely investigated in the past. Grassma and Tuma [2]
indicated that the mass transfer could achieve a level of about
2.5 times the stationary case. Patera and Mikic [3] showed that
the above enhancement might result from flows mixing due to
hydrodynamic instability induced by pulsating flows. The results
of Kim et al. [4] were that the pulsating amplitude affected heat
transfer significantly and a heat transfer impediment relative to
the nonpulsating situation might occur in the thermally develop-
ing flow region. Nishimura [5–8] utilized a sinusoidal wavy-walled
channel replacing a smooth duct to investigate heat transfer
enhancement by pulsating and oscillatory flows numerically and
experimentally. The results indicated that the higher heat transfer
rates appeared as Reynolds numbers rose, and the flow patterns
which affected heat transfer rates were directly influenced by the
frequency of oscillatory remarkably. Chiu and Kuo [9] investigated
turbulent heat transfer and predicted wall heat flux in a reciprocat-
ing engine by using an algebraic grid generation technique. The re-
sults showed that increasing the curvature of the cylinder head
ll rights reserved.
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would increase the strength of induced squish flow and wall heat
flux. Chang and Su [10] conducted an experimental work to inves-
tigate the influence of reciprocating motion on heat transfer inside
a ribbed enclosure and showed that at the highest reciprocating
speed, the heat transfer was enhanced about 145% of the equiva-
lent stationary case. Chang and Su [1] modified the experiment
and gained the results which at a pulsating number of 10.5, the
time average Nusselt number could reach about 165% of the sta-
tionary one. Chang and Hung [11] developed a solution method
for predicting unsteady flow and thermal fields in a reciprocating
piston–cylinder assembly. The results showed that the two-stage
pressure correction procedure could be readily incorporated into
existing numerical techniques to yield reasonably accurate results.
Sert and Beskok [12] studied oscillatory flow forced convection in
micro-heat spreaders numerically. The results showed that a fluid
with low viscosity, low density and high thermal conductivity was
desired in coolant selection. Khaled and Vafai [13] considered the
influence of fluids inertia and the effects of the presence of a mag-
netic field normal to the direction of the flow of an electrically con-
ducting fluid on flow and heat transfer inside a nonisothermal and
incompressible thin film undergoing oscillatory squeezing. It was
found that the increment of the squeezing Reynolds number
caused the flow instability to increase. Oppositely, the increment
of the Hartmann number would lead the flow instability to de-
crease. The Nusselt number would be affected by the increasing
squeezing Reynolds number. Afterward, Chang et al. [14] set an
anti-gravity open thermosiphon system which was a more realistic
model of a piston cooling system than the ones proposed before to
study the heat transfer of a piston under the conditions in which
cooling fluids flow through the piston channel. Effects of inertia,
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Nomenclature

A area [m2]
fc frequency [s�1]
Fc dimensionless frequency [Fc = wfc/vo]
Gr Grashof number [Gr = gb(Tw � T1)w3/m2]
h heat transfer coefficient [W m�2 K�1]
I current [A]
k thermal conductivity [W m�1 K�1]
l length of linking bar [m]
lc amplitude [m]
Lc dimensionless amplitude [Lc = lc/w]
Nu average Nusselt number (Eq. (4))
Q heat energy [W]
Re Reynolds number (Eq. (1))
DTw temperature difference [�C] (DTw = Tw � T1)
vc velocity of reciprocating channel [m s�1]

vm maximum velocity of reciprocating channel [m s�1]
v0 average velocity of air stream [m s�1]
V voltage [V]
w width of channel [m]
Dy thickness of basswood [m]

Greek symbols
m kinematics viscosity [m2 s�1]
s dimensionless time [s = tv0/w]

Subscripts
b basswood
h heater
in input
loss loss
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pulsating and buoyancy forces were taken into consideration and a
correlation formula which was consistent with the heat transfer
physics expressed with dimensionless temperature was proposed.
Recently, Fu et al. [15] assumed a shape channel as a piston to
study a forced convection in the piston cooling system. The hori-
zontal channel could move backward and forward periodically.
Chang et al. [16,17] studied reciprocating thermosyphons fitted
with transverse ribs and twisted tapes, respectively. The results
showed that the heat transfer rates varied with inertia force, buoy-
ancy force and pulsating number, and the heat transfer in the
reciprocating thermosyphons were enhanced with fitted ribs and
twisted tapes apparently. Besides, similar investigations of vibra-
tional enclosure had been widely studied [18,19] in the past and
systematically reviewed by Gershuni and Lyubimov [20]. Because
the fluids could not flow into and out of the enclosure, the phe-
nomena of the vibrational enclosure are quite different from those
of the reciprocating channel. Limitation of the contents, the review
and discussion of related studies of the vibrational enclosure are
excluded.

However, the mechanisms of heat transfer taken into consider-
ation in the stated literature were forced convection exclusively.
Usually the temperature of the piston is very high, and the effect
of natural convection on the heat transfer mechanisms should be
considered for simulating more realistic situation. As a result, the
object becomes a problem of a mixed flow in a shape channel
subject to a reciprocating motion. Since the heat surface is installed
on the bottom side of the shape channel and the directions of the
gravity and inlet cooling fluids are downward which cause the phe-
nomena of flow and thermal fluids to become complicated and
interesting. Similar objects are seldom studied.

The aim of the study is mainly to investigate phenomena of a
mixed flow in a shape channel subject to a reciprocating motion
experimentally. Numerical results obtained by the three-dimen-
sional code of STAR-CD are used to authenticate the experimental re-
sults auxiliarily. The apparatus used in this study includes a cooling
channel, reciprocating and heating control systems. Comparing both
the experimental and numerical results, the maximum deviation be-
tween the experimental and numerical results is not over 25%.

2. Physical model and experimental procedure

A shape cooling channel used in this study is shown in
Fig. 1(a), and the related experimental apparatus which includes
three main systems of a cooling channel system (5), a reciprocating
system (4) and a heating control system (6 and 7).
In the cooling system, air streams flowing through the cooling
channel (5) are sucked by a fan (1). The volume flow rate of air
streams is measured by a flow meter (2) for calculating the average
velocity of air streams used to compute a Reynolds number. For
rectifying the air streams, a honey comb (3) is installed in the en-
trance of the cooling channel. The cooling channel is set vertically
and composed of a reciprocating channel (51), two fixed channels
(52) and two connecting channels (53). The reciprocating channel
is set on the reciprocating system (4) to execute reciprocating
motion.

In Fig. 1(b), the cooling channel is made of rectangular ducts of
which the height and width are 120 mm and 30 mm, respectively.
Lengths of each duct are shown in Fig. 1(b). The connecting channel
(53) connects the reciprocating (51) and the fixed (52) channels. To
avoid leakage of the air streams and improve the smoothness of
reciprocating motion of the reciprocating channel, the tolerance
among the connecting, reciprocating and fixed channels is filled
with grease. Three heat regions of front, middle and back regions
are sequentially arranged along the air streams flow, and the de-
tailed dimensions are indicated in Fig. 1(c).

Shown in Fig. 2(a), the reciprocating system includes a stepping
motor (41), a rotating circular plate (42), a linkage bar (43), a ped-
estal (44), a pair of tracks (45) and a pair of sliders (46). The step-
ping motor (41) installed below the pedestal (44) leads the rotating
circular plate (42) to rotate, and via the linking bar (43) brings the
sliders to move reciprocally. The rotating speed used for marine
engine is slow, based on the information of Sulzer [21], the maxi-
mum frequency adopted in this work is 2/s. Since the reciprocating
channel is set on the sliders shown in Fig. 2(b), the reciprocating
channel can move with the sliders synchronously, and meets the
demand of reciprocal motion.

In Fig. 2(c), the heat control system is composed of heat regions,
thermocouples, temperature indicators and power supplies. Three
heat regions of front, middle and back heat regions are set and each
heat region includes five heaters. The main heater (712) of each re-
gion is adapted to measure heat transfer rate. The heat transfer rate
of the mixed convection is small, and the prevention of the heat
dissipation by a heat conduction mode from the main heater be-
comes important. Then the other four heaters ((711), (713), (714)
and (715)) set around the main heater are used as guard heaters
to prevent the heat dissipation from the main heater. In order to
maintain a constant wall temperature condition on each heater,
each heater is individually controlled by a power supply which is
a direct current mode. As for the manufacturing of the heater,
numerous small holes are drilled uniformly on a thin insulated
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Fig. 1. (a) Experimental apparatus. (b) Dimensions of cooling channel. (c) Dimensions of each heat region.
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material such as PCB (71), and a fine Ni–Cr line 0.1 mm (72) in
diameter which is regarded as a heater during electrical power
applying on threads through the holes tightly. A thin copper plate
(74) covers the heater completely, and for prohibiting the copper
plate to contact the Ni–Cr line directly, two thick pieces of Teflon
tape (73) are separately interpreted into both places between the
copper plate and heater. Three thermocouples (77) stuck on each
copper plate are used to measure the temperature of the heater.
Besides, a block of thin basswood (1.5 mm) is used to estimate heat
dissipation by heat conduction from the bottom surface of the hea-
ter. Six thermocouples are then evenly installed on both surfaces of
the thin basswood. A diameter of thermocouples is about 0.2 mm.
Below the thin basswood, a block of thick basswood (6 mm) is set
to prevent heat dissipation further.

As for flow visualization, a smoke–wire technique is adopted to
observe variations of flow field qualitatively.

Each experiment data run includes three measurements and a
brief outline is given as follows:
(1) The measurement of volume flow rate of air streams. Start the
fan to blow air streams into the cooling channel system. Use
the flow meter to read the magnitude of the volume flow rate
_Q of air streams, and the average velocity v0 of the air streams

could be obtained by dividing the volume flow rate by the
cross-section area of the cooling channel. Sequentially Rey-
nolds number Re of which the characteristic length w is
30 mm of the air streams is defined as the following equation:
Re ¼ v0w
m

ð1Þ

(2) The measurement of reciprocating movement. Select a

designed revolution of the stepping motor which is a driving
force for rotating circulating plate. Accompanying with the
motion of the rotating circular plate, the linking bar moves
around a circle continuously. As a result, the sliders brought
by the linking bar move upwards and downwards circularly.
The frequency and velocity of the reciprocating channel
installed on the sliders could then be calculated.
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(3) The measurement of heat transfer rate of a heater. Electric
power applies on each heater, and adjust amount of electric
power of each heater carefully. Finally, the temperatures of
each heater are close to a constant. The heat transfer rate
of the main heat plate could be calculated by the following
equation:
(a) Total input heat energy
Q in ¼ I � V ð2Þ

where Qin is the total input heat energy, I and V are current
and voltage of electric power, respectively.
(b) Heat dissipation Qloss from the basswood installed on
the bottom side of the heater
Q loss ¼ kb � Ab � DTb=Dy ð3Þ
where kb is the thermal conductivity of basswood
(;0:055 W=ðm KÞ), Ab is the area of basswood below the
main heater, DTb (�C) is the temperature difference between
the upper and bottom sides of basswood and Dy is the thick-
ness of basswood (;1:5 mm).
(c) Calculation of the average Nusselt number Nu of the
main heater
Nu ¼ hw
k
¼ Q conv

Ah � DTw
�w

k
ð4Þ

Qconv ¼ Qin � Q loss ð5Þ

where Qconv is heat energy brought by the air stream flow, Ah is
the area of heater, w is the width of cooling channel,DTw (�C) is
the temperature difference between the heater surface and
environment. k is the thermal conductivity of air.
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During the calculating processes, an average temperature of
each thermocouple is used to calculate the heat transfer rate of
each experimental run.

Based upon the measurements mentioned earlier, experimental
procedures are briefly described as follows:
(1) Start the fan to provide a designed volume flow rate
and calculate a corresponding Reynolds number.

(2) Turn on individual power supply to apply electric
power Qin to each heater.

(3) Adjust each power supply carefully until the temper-
ature differences among the thermocouples installed
on the heater surfaces are not over 0.3 �C.

(4) Acquire the necessary data to calculate the heat trans-
fer rate of the main heater of each heat region for a
stationary situation.

(5) Start the reciprocating system of which the amplitude
is fixed and equal to 15 mm to obtain a selected fre-
quency fc.

(6) Acquire the necessary data to calculate the heat trans-
fer rate of the main heater of each heat region for a
selected reciprocating situation.

(7) Change the parameters of Re, fc and Qin to repeat the
above procedures.
The situations conducted in this study are indicated in Table 1.
According to the data of makers, the resolutions of the thermocou-
ples and temperature instruments are 0.75% and 0.1 �C, respec-
tively. The uncertainty analyses are based on Kline [22], and the
magnitudes of uncertainty of the related parameters of different
Reynolds numbers are tabulated in Tables 2 and 3.

For validating the experimental results, a numerical method is
executed auxiliarily. Corresponding to the main part of experimen-
tal apparatus, a three-dimensional physical model is simulated, and
1% turbulence intensity at the inlet are adopted for the k–e model. In
calculating processes, finite volume methods are used to discretize
the equations of Nabier–Stokes, energy and k–e model. The results
of steady and transient states are resolved by the methods of SIM-
PLE and PISO, respectively, and total grids of 597,335 are used. As
for the treatment of reciprocating motion, a method of the elonga-
tion and contraction of the grids distributed in the reciprocating
motion zone which is the same as the one developed in the authors’
previous study [15] is used. The boundary conditions of reciprocat-
ing zone are slip condition and consistent with the reciprocating
motion. A condition of constant temperature is assigned on the heat
regions, and the other regions are insulated condition.

3. Results and discussion

Due to the limitation of the apparatus, the dimensionless ampli-
tude Lc is selected and equals to 0.5. The dimensionless velocity Vc

of the reciprocating system used in the numerical method is de-
fined as the following equation:

Vc ¼
vc

v0
¼ 2pFcLc cosð2pFcsÞ ð6Þ

In this study, the real distance from the shaft of stepping motor
to the slider is s shown in Fig. 3, and could be expressed as the fol-
lowing equation:

S ¼ s
w
¼ Lc sinð2pFcsÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � ðLc cosð2pFcsÞÞ2

q
ð7Þ

Differentiate S by time s, and the velocity Vc of the slider could
be calculated and is expressed as the following equation:

Vc ¼
vc

v0
¼ 2pFcLc cosð2pFcsÞ � 2pFcL2

c
cosð2pFcsÞ sinð2pFcsÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 � ðLc cosð2pFcsÞÞ2
q

ð8Þ

The velocity deviations between the experimental and numeri-
cal velocities are existent because of the ratio of (l/lc) and shown in
Fig. 3. According to the apparatus size, the ratio of (l/lc) used in this
study is 3.53. The deviation between both velocities is slight, and
both velocities are approximately equivalent.

Photographs of the visualization are shown in Fig. 4. White
lines indicate the positions of fine metal lines set in the recipro-
cating channel. To apply paraffin on the lines and turn on electri-
cal power, white smoke which illustrates the conditions of flow
fields will be produced from the lines immediately. The positions
of thick solid lines indicated in the numerical result virtually sim-
ulate the corresponding positions of fine metal lines shown in
Fig. 4, and the thin solid lines in the same figure represent the
streamlines of main stream flows obtained by the numerical
method mentioned above. Fig. 4(a) and (b) are at the stationary
state of Re = 150 and DTw = 40 �C situation, and Fig. 4(c) and (d)
are at an instant of the reciprocating state of Re = 150,
DTw = 40 �C, Fc = 0.2 and s ¼ 3

4 sp situation. At the stationary state
shown in Fig. 4(a) the main stream flows are not interrupted by a
reciprocating motion, the main stream flows gather together and
form a drain, and a small circulation zone is accessorily formed in
the left corner. These phenomena are clearly indicated in the part
(2) of Fig. 4(a). However, the white smoke produced by the par-
affin is easily dispersed by the main stream flows along the re-
gion of drain and it has difficult to remain the traces of white
smoke. In the corner of drain, the white smoke indicating the
main stream flows cannot be observed. Oppositely, in the circula-
tion zone the fluids are stagnant that causes the traces of white
smoke to be remained easily, then the white smoke can be ob-
serves in the left corner and shown in the part (1) of Fig. 4(a).
In Fig. 4(b), in the outlet region the drain of the main stream
flows is somewhat enlarged relative to that in the inlet region.
Then the traces of main stream flows indicated by the white
smoke are chased in the part (1) of Fig. 4(b). The circulation zone
is as usual found in the right corner. Under reciprocating states of
Fig 4(c) and (d), the main stream flows are interrupted by the
reciprocating motion, then the traces of main stream flows are
more easily chased relative to those at the stationary state. The
results of experimental works and numerical calculations are con-
sistent qualitatively in the above figures that can validate the
phenomena of the experimental works to be creditable.
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Table 1
Parameters conducted in experimental runs.

Re Gr/Re2 DTw (�C) Fc Lc vc/vo

Case1 300 0.40 10 0.0 0.0 0.0
Case2 300 0.81 20 0.0 0.0 0.0
Case3 300 1.21 30 0.0 0.0 0.0
Case4 300 1.62 40 0.0 0.0 0.0

Case5 200 0.91 10 0.0 0.0 0.0
Case6 200 1.82 20 0.0 0.0 0.0
Case7 200 2.73 30 0.0 0.0 0.0
Case8 200 3.64 40 0.0 0.0 0.0

Case9 150 1.62 10 0.0 0.0 0.0
Case10 150 3.24 20 0.0 0.0 0.0
Case11 150 4.85 30 0.0 0.0 0.0
Case12 150 6.47 40 0.0 0.0 0.0

Case13 300 0.40 10 0.2 1.0 1.26
Case14 300 1.62 40 0.2 1.0 1.26
Case15 300 0.40 10 0.4 1.0 2.51
Case16 300 1.62 40 0.4 1.0 2.51

Case17 200 0.91 10 0.2 1.0 1.26
Case18 200 3.64 40 0.2 1.0 1.26
Case19 200 0.91 10 0.4 1.0 2.51
Case20 200 3.64 40 0.4 1.0 2.51

Case21 150 1.62 10 0.2 1.0 1.26
Case22 150 6.47 40 0.2 1.0 1.26
Case23 150 1.62 10 0.4 1.0 2.51
Case24 150 6.47 40 0.4 1.0 2.51
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Fig. 3. Velocities of reciprocating channel.

ig. 4. (a) A stationary state for Re = 150, DTw = 40 �C. (b) A stationary state for
e = 150, DTw = 40 �C. (c) A reciprocating state for Re = 150, DTw = 40 �C. (d) A
eciprocating state for Re = 150, DTw = 40 �C.

Table 2
Uncertainty analyses of front heat region under Re = 300.

Parameters Dimensions Uncertainty

w (mm) 30 mm 0.05 (mm)
DTW (�C) 20 �C ±0.3(�C)
Lc 15 mm ±0.11%
Re 300 ±1.78%
Nu 7.96 ±1.89%
Gr/Re2 0.81 ±3.88%
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In order to prove the reliability of the apparatus, the apparatus
at the stationary and reciprocating situations under the same con-
dition are conducted three times, respectively. In Fig. 5(a) and (b),
the results of both situations are consistent well, and the maxi-
mum deviations are not over 5%. The functions and stability of this
apparatus are credible.
F
R
r

The maximum reciprocating velocity vm and the mean velocity
of inlet fluid v0 are tabulated in Table 4. In Fig. 6, the results of dif-
ferent frequencies under Re = 300, DTw = 10 �C and Lc = 0.5 are indi-
cated. The solid and hollow signs represent the experimental and
numerical results, respectively, and the maximum deviation be-
tween both results is about 20%. In this study, three heat regions
are separately distributed in the bottom wall, the main stream flow
of which the strength is controlled by Reynolds number flows over
the whole region and the effect of the Gr/Re2 on the flow is only
around the heat region. The front heat region is subject to the
impingement of cooling fluids, the Nusselt numbers of the front
heat region are then larger than those of the middle and back heat
regions apparently for each frequency situation. The flow flows
over the middle heat region to be similar to a channel flow because
the flow is confined by the top and bottom walls of the reciprocat-
ing channel. The direction of the reciprocating motion of the chan-
nel is vertical to that of the main stream flow. As a result, the
contribution of the frequency Fc to the heat transfer rate of the
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middle heat region weakens and the average Nusselt numbers of
the frequencies of 0.2 and 0.4 are almost equivalent and shown
in Fig. 6(b).

The back heat region is installed near the right corner of the bot-
tom wall. And the main stream flow direction turns from horizon-
tal to upward in this corner. The higher the frequency is, the flow
turns round the corner more quickly and has difficulty to flow over
the back heat region completely. Therefore, the contribution of the
frequency to the heat transfer rate cannot be corresponding to the
expectation of a higher frequency gaining a larger Nusselt number
in the back heat region. Shown in Fig. 6(c), the average Nusselt
number of Fc = 0.4 situation is not larger than that of Fc = 0.2 situ-
ation. But the difference between both average Nusselt numbers
is not remarkable.

The Nusselt numbers of the heat regions under the reciprocat-
ing motions (Fc = 0.2 and 0.4) are generally larger than those of
the heat regions under no reciprocating motion (Fc = 0.0) situation.
The enhancement caused by the reciprocating motion is effective.
In this figure, the magnitude of the Gr/Re2 is about 0.40, and the
dominance slightly inclines to a forced convection. Then the varia-
tions of the magnitudes of average Nusselt numbers are from large
to small along the direction of main stream flow and the trend is
similar to that of Fu et al. [15].

In Fig. 7, the temperature difference DTw increases to 40 �C, and
the magnitude of Gr/Re2 becomes 1.62. The influence of natural
convection increases. The Nusselt numbers on the front and back
heat regions of this situation are larger than those on the front
and back heat regions shown in the above figures (Fig. 6(a) and
(c)). However, in the middle heat region because of confinement
of the top and bottom walls of the reciprocating channel the influ-
ence of the natural convection is not apparent, and the magnitudes
of Nusselt numbers on this region are close to those shown in
Fig. 6(b).

Shown in Fig. 8, the magnitude of Reynolds number is 200, and
the influence of the forced convection becomes weaker than the
situation shown in Fig. 6. As a result, all the magnitudes of Nusselt
numbers in the front, middle and back heat regions in this situa-
tion are smaller than those indicated in the corresponding regions



Fig. 4 (continued)

Table 3
Uncertainty analyses of front heat region under Re = 150.

Parameters Dimensions Uncertainty

w (mm) 30 mm 0.05 (mm)
DTw (�C) 20 �C ±0.3(�C)
Lc 15 mm ±0.11%
Re 300 ±3.57%
Nu 6.04 ±5.73%
Gr/Re2 3.24 ±7.29%

Fig. 5. Validation of reliability of experimental apparatus.

Table 4
The maximum reciprocating velocity and mean velocity of inlet fluid.

v0(m/s) vm(m/s)

Fc = 0.2 Fc = 0.4

Re = 150 0.10 0.2
0.08 0.08

Re = 200 0.125 0.25
0.10 0.10

Re = 300 0.20 0.40
0.16 0.16
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of Fig. 6. For the same reason, in the front heat region the magni-
tude of the average Nusselt number of the larger frequency situa-
tion (Fc = 0.4) is no longer larger than that of the small frequency
situation (Fc = 0.2). Similarly, in the back heat region the magnitude
of the average Nusselt number of the small frequency (Fc = 0.2) is
also no longer larger than that of the large frequency situation
(Fc = 0.4). These above phenomena are different from those in
Fig. 6(a) and (c). In the middle heat region, the differences between
the Nusselt numbers of the situations of Fc = 0.2 and 0.4 are still
small which are similar to those indicated in Fig. 6(b).

In Fig. 9, the temperature difference DTw becomes 40 �C, and the
magnitude of Gr/Re2 is equal to 3.64 which is over 1. Except the
contribution of forced convection to the heat regions, the effect
of natural convection on the heat transfer rates of each heat region
increases remarkably. The whole magnitudes of the Nusselt num-
bers in this situation are larger than those shown in Fig. 8(a)–(c).
But the trends of variations of the Nusselt numbers of each heat re-
gion are similar to those shown in the above figure.
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Fig. 6. Distributions of Nusselt numbers under Re = 300, Gr/Re2 = 0.40 (DTw = 10 �C),
Lc = 0.5, Fc = 0.0, 0.2, 0.4 situations.
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Fig. 7. Distributions of Nusselt numbers under Re = 300, Gr/Re2 = 1.62 (DTw = 40 �C),
Lc = 0.5, Fc = 0.0, 0.2, 0.4 situations.
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In Fig. 10, the magnitude of the Reynolds number further de-
creases to 150, which means the influence of the forced convection
to become much smaller. Doubtlessly, the magnitudes of the Nus-
selt numbers indicated in this situation are smaller than those
shown in the above two situations (Figs. 6 and 8). Both Nusselt
numbers of Fc = 0.2 and 0.4 are approximately equivalent in each
heat region.

As for the variations of average Nusselt numbers indicated in
Fig. 10, because the Reynolds number decreases and equals to
150 which weakens the impulse of the flow. In the middle heat
region, the situation of the flow confined completely by the
walls of channel is similar to that mentioned in Fig. 6, then
the effect of the frequency on the heat transfer rate of the mid-
dle heat region is weak. The average Nusselt numbers of the sit-
uations of Fc = 0.2 and 0.4 are almost equivalent which is like
that indicated in Fig. 6(b). When the flow turns round the right
corner, the flow can cover the back heat region more completely
than that of the larger Reynolds number situation shown in
Fig. 6. Also, when the ratio of Gr/Re2 becomes larger, the effect
of the frequency Fc on the heat transfer of the back heat region
increases. Consequently, the average Nusselt number of the
experimental result of Fc = 0.4 situation is almost equal to that
of Fc = 0.2 situation. The result is somewhat different from that
shown in Fig. 6. The experimental trend of the variation of aver-
age Nusselt numbers is different from that of numerical results.
The model of the computation needs to be modified more care-
fully in the future.
In Fig. 11, the magnitude of the ratio of Gr/Re2 is raised and
equals to 6.47 which means the effect of natural convection on
the heat transfer rates of heat regions to be dominant. The behavior
of the frequency can be regarded as a kind of disturbance of which
the influence on the natural convection is exceptionally obvious.
Therefore, in spite of the confinement of the flow in the middle
heat region mentioned above, the enhancement of the average
Nusselt number of the Fc = 0.4 situation is more effective than that
of the Fc = 0.2 situation. However, the directions of the natural con-
vection and reciprocating motion are the same and vertical to the
direction of the main stream flow. This condition somewhat ob-
structs the main stream flow and decreases the effect of the forced
convection caused by the main stream flow on the heat transfer
rate of the middle heat region. As a result, the average Nusselt
numbers of the middle heat region of Fig. 11 are smaller than those
of Fig. 10 in which the magnitude of the ratio of Gr/Re2 is small.
Also, when the back heat region is close to the right corner, the
influence of the confinement of the walls is weak. Then the contri-
butions of the forced and natural convections to the heat transfer
rates of the back heat region can be added that is not like the con-
tributions of the both convections to counteract mutually in the
middle heat region. And the magnitudes of the average Nusselt
numbers of the back heat region indicated in Fig. 11 become larger
relative to those indicated in Fig. 10.

In order to estimate the effects of the reciprocating motion on
the average Nusselt number of whole heat regions, an enhance-
ment coefficient En is defined as follows and shown in Fig. 12
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Fig. 8. Distributions of Nusselt numbers under Re = 200, Gr/Re2 = 0.91 (DTw = 10 �C),
Lc = 0.5, Fc = 0.0, 0.2, 0.4 situations.
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Fig. 9. Distributions of Nusselt numbers under Re = 200, Gr/Re2 = 3.64 (DTw = 40 �C),
Lc = 0.5, Fc = 0.0, 0.2, 0.4 situations.
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Nu ¼ 1
3

Nufront heat region þ Numiddle heat region þ Nuback heat region

� �
ð9Þ

En ¼ NuFc ;Lc–0 � NuFc ;Lc¼0

NuFc ;Lc¼0
ð10Þ

Generally the enhancement of heat transfer rates of whole heat
regions caused by the reciprocating motion is remarkable, and the
maximum magnitude of the enhancement coefficient is over 35%.
The enhancement coefficients of the situation of the high fre-
quency (Fc = 0.4) are universally larger than these of the situation
of the low frequency (Fc = 0.2). Under the same frequency, due to
mutual influence of forced and natural convections the variations
of the enhancement coefficients are irregular.
4. Conclusions

Heat transfer phenomena of a shape subject to a reciprocat-
ing motion are conducted experimentally. The parameters of Rey-
nolds numbers, frequencies are varied and useful results are
obtained. Some conclusions are drawn as follows:

1. Due to the influence of impingement phenomenon, the heat
transfer rate of the front region is still larger than these of
the other two heat regions. Oppositely, the fluid flow has dif-
ficulty to flow over the back heat region completely, and the
heat transfer rate of the back heat region is always smaller
than these of the other two heat regions.
2. Enhancement of heat transfer rate by a reciprocating motion
is definitely effective in spite of under any convection modes.
However, the relationships between frequency and convec-
tion heat transfer mode should be considered simultaneously.
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Appendix A. The analysis of uncertainty for Nusselt number (for
Re = 300, Gr/Re2 = 0.81, DTw = 20 �C, Fc = 0.2)

The Nusselt number is expressed as Nu ¼ Q air
AhDTw

� w
k , and the

uncertainty for Nu is estimated as follows:

dNu

Nu
¼ dQ air

Q air

� �2

þ dw
w

� �2

þ �dAh

Ah

� �2

þ �dDTw

DTw

� �2

þ �dka

ka

� �2
" #1=2

ðA:1Þ
A.1. The uncertainty for heat energy dissipated by a mixed convection

Qair is the heat energy dissipated by a mixed convection, and can
be expressed as the following equation:
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Fig. 10. Distributions of Nusselt numbers under Re = 150, Gr/Re2 = 1.62 (DTw =
10 �C), Lc = 0.5, Fc = 0.0, 0.2, 0.4 situations.
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Fig. 11. Distributions of Nusselt numbers under Re = 150, Gr/Re2 = 6.47 (DTw =
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Fig. 12. Effects of a reciprocating motion on heat transfer rates.
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Q air ¼ Q in � Qloss � Q 712!711 � Q 712!713 � Q 712!714 � Q712!715

¼ 0:181 ðWÞ ðA:2Þ

And the uncertainty for Qair is

dQ air

Qair
¼ Q in

Qair

dQ in

Q in

� �2

þ Q loss

Q air

dQ loss

Q loss

� �2

þ Q 712!711

Q air

dQ 712!711

Q712!711

� �2
"

þ Q 712!713

Q air

dQ 712!713

Q 712!713

� �2

þ Q 712!714

Q air

dQ 712!714

Q 712!714

� �2

þ Q 712!715

Q air

dQ 712!715

Q 712!715

� �2
#1=2

ðA:3Þ

A. The uncertainty for input heat energy
The input heat energy is

Q in ¼ V � I ¼ 2:5� 0:127 ¼ 0:3175 ðWÞ ðA:4Þ

The minimum sensitivities of the multimeters for voltage and cur-
rent probing are 0.001 V and 0.001 A, respectively. Then the uncer-
tainty for input heat energy can be calculated as following equation:

dQ in

Qin
¼ dV

V

� �2

þ dI
I

� �2
" #1=2

¼ 0:0005
2:5

� �2

þ 0:0005
0:127

� �2
" #1=2

¼ 0:39% ðA:5Þ
B. The uncertainty for heat energy dissipated by heat conduction
mode.

From the equation of heat conduction Qlose = kb � Ab � dT/dy, the
uncertainty for heat energy dissipated by heat conduction mode
can be expressed as
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dQ lose

Qlose
¼ dkb

kb

� �2

þ dAb

Ab

� �2

þ ddT
dT

� �2

þ � ddy
dy

� �2
" #1=2

ðA:6Þ

where kb and Ab are the conductivity and area of the balsawood,
respectively.
(1) The conductivity of the balsawood is estimated from
the table of physical prosperities of material, therefore
the uncertainty for conductivity of the balsawood is
approached to 0.

(2) The dimensions of the balsawood are 62.00 by
12.00 mm and the minimum grid of the vernier cali-
per is 0.05 mm. The uncertainty for the area of the
balsawood is
dAb

Ab
¼ 0:025

62:00

� �2

þ 0:025
12:00

� �2
" #1=2

¼ 0:21% ðA:7Þ
(3) The maximum temperature difference in experiments

is 45.7–43.8 = 1.9 �C and the measuring accuracy of
DA2500E is 0.1 �C. Therefore, the uncertainty for tem-
perature difference is expressed as the following
equation:
ddT
dT
¼ 0:05

1:9

� �2
" #1=2

¼ 2:63% ðA:8Þ
(4) The thickness of balsawood is 1.5 mm and the mini-

mum grid of the vernier caliper is 0.05 mm. The
uncertainty for the thickness of balsawood is" #

ddy
dy
¼ 0:025

1:5

� �2 1=2

¼ 1:66% ðA:9Þ
According to the above derivations, the uncertainty for heat en-
ergy dissipated by heat conduction mode is calculated as follows:

dQ lose

Qlose
¼ ½ð0Þ2 þ ð0:21%Þ2 þ ð2:63%Þ2 þ ð�1:66%Þ2�1=2 ¼ 3:12%

ðA:10Þ

C. The uncertainty for the heat transfer between heaters (711) and
(712)

From the heat conduction equation, Q742?741 = km � Am � dT/dx,
the uncertainty for the heat transfer between heater 1 and heater 2
can be written as

dQ 712!711

Q712!711
¼ dkm

km

� �2

þ dAm

Am

� �2

þ ddT
dT

� �2

þ � ddx
dx

� �2
" #1=2

ðA:11Þ

where km and Am are the conductivity of thermal conductive adhe-
sive and the contacting area of two heaters.
(1) The conductivity of thermal conductive adhesive,
OB200, is obtained from user manual, therefore the
uncertainty is approaching to 0.

(2) The contacting area of two heaters is 62.00 by
2.00 mm, and the minimum grid of the vernier caliper
is 0.05 mm. Thus, the uncertainty for contacting area
is " #

dAm

Am
¼ 0:025

62:00

� �2

þ 0:025
2

� �2 1=2

¼ 1:25% ðA:12Þ
(3) The temperature difference between two heaters is
regarded as isothermal condition, and then the uncer-
tainty for temperature difference dT is 0.
(4) The thickness of thermal conductive adhesive is
1.5 mm, and the minimum grid of the vernier caliper
is 0.05 mm. The uncertainty for thickness of thermal
conductive adhesive is written as
ddx
dx
¼ 0:025

1:5

� �2
" #1=2

¼ 1:67% ðA:13Þ
From the above derivations, the uncertainty for the heat transfer be-
tween heater 711 and heater 712 is written as following equation:

dQ 712!711

Q 712!711
¼ ½ð0Þ2 þ ð1:25%Þ2 þ ð0Þ2 þ ð�1:67%Þ2�1=2 ¼ 2:08%

ðA:14Þ
D. Similarly, the uncertainties for the heat transfer between the

heaters (712) and (713), (712) and (714), (712) and (715) are 2.08%,
2.1%, 2.1%, respectively.

A.2. The uncertainty for the width of reciprocating channel

The width of shape channel is 29.90 mm, and the minimum
grid of the vernier caliper is 0.05 mm. The uncertainty for the
width of testing channel is written as following equation:

dw
w
¼ 0:025

29:90

� �2
" #1=2

¼ 0:08% ðA:15Þ
A.3. The uncertainty for the area of heaters

The area of heaters is 62.00 by 12.00 mm, and the minimum
grid of the vernier caliper is 0.05 mm. Then the uncertainty for
the area of heaters can be written as

dAh

Ah
¼ 0:025

62:00

� �2

þ 0:025
12:00

� �2
" #1=2

¼ 0:21% ðA:16Þ
A.4. The uncertainty for temperature difference between heaters and
environment

The maximum temperature difference is 19.9 �C, and the accu-
racy of DA2500E is 0.1 �C. The temperature difference less than
0.3 �C is regarded as isothermal condition, and then the uncer-
tainty for temperature difference between heaters and environ-
ment is written as

dDTw

DTw
¼ 0:3

19:9

� �2
" #1=2

¼ 1:51% ðA:17Þ
A.5. The uncertainty for conductivity of working fluid

The conductivity of working fluid, air, is known from material
chart, then the uncertainty for conductivity of working fluid is
approaching 0.

Substituting the above derivations into Eq. (A.1), the uncer-
tainty for Nu is then estimated as following equation:

dNu
Nu
¼ dQair

Q air

� �2

þ dw
w

� �2

þ �dAh

Ah

� �2

þ �dDTw

DTw

� �2

þ �dka

ka

� �2
" #1=2

¼ ½ð1:12%Þ2þð0:08%Þ2þð�0:21%Þ2þð�1:51%Þ2þð0%Þ2�1=2

¼1:89%

ðA:18Þ
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Appendix B. The analysis of uncertainty for Reynolds number

The Reynolds number is expressed as Re ¼ v0 �w
t , then the

uncertainty for Reynolds number can be written as following
equation:

dRe
Re
¼ dv0

v0

� �2

þ dw
w

� �2

þ � dt
t

� �2
" #1=2

ðA:19Þ
B.1. The uncertainty for inlet velocity of working fluid

The inlet velocity is estimated by equation v0 ¼
_Q
A ¼

_Q
w�z, where A

is the cross-section area of the channel and z is the height of the
channel. According to the uncertainty equation, the uncertainty
for inlet velocity of working fluid can be estimated as following
equation:

dv0

v0
¼ d _Q

_Q

 !2

þ � dw
w

� �2

þ � dz
z

� �2
2
4

3
5

1=2

ðA:20Þ

_Q is the volume flow rate measured by a flow meter, and the accu-
racy is 20 cc/s. w and z are 29.90 mm and 120.7 mm, respectively.
Then Eq. (A.20) can be written as

dv0

v0
¼ 10

560

� �2

þ � 0:025
29:90

� �2

þ �0:025
120:7

� �2
" #1=2

¼ 1:78% ðA:21Þ
B.2. The uncertainty for the width of channel

The width of channel is 29.90 mm, and the minimum grid of the
vernier caliper is 0.05 mm. The uncertainty for the width of testing
channel is written as following equation:

dw
w
¼ 0:025

29:90

� �2
" #1=2

¼ 0:08% ðA:22Þ
B.3. The uncertainty for kinetic viscosity of working fluid

The kinetic viscosity of working fluid, air, is known from mate-
rial chart, then the uncertainty for kinetic viscosity of working fluid
is approaching to 0.

Substituting the above derivations into Eq. (A.19), the uncer-
tainty for Re is then estimated as follows:

dRe
Re
¼ ½ð1:78%Þ2 þ ð0:08%Þ2 þ ð0%Þ2�1=2 ¼ 1:78% ðA:23Þ
Appendix C. The analysis of uncertainty for non-dimensional
reciprocating amplitude

The non-dimensional reciprocating amplitude is written as
Lc = lc/w, then the uncertainty for non-dimensional amplitude can
be expressed as following equation:

dLc

Lc
¼ dlc

lc

� �2

þ � dw
w

� �2
" #1=2

ðA:24Þ

The reciprocating amplitude lc is 30.5 mm, and the minimum grid of
the vernier caliper is 0.05 mm

dlc

lc
¼ 0:025

30:5

� �2
" #1=2

¼ 0:08% ðA:25Þ
From equations mentioned above, the uncertainty for width
of channel is 0.08%. Then the uncertainty for non-dimensional
reciprocating amplitude can be estimated as following
equation:

dLc

Lc
¼ ½ð0:08%Þ2 þ ð�0:08%Þ2�1=2 ¼ 0:11% ðA:26Þ
Appendix D. The analysis of uncertainty for non-dimensional
reciprocating frequency

The non-dimensional reciprocating frequency is written as
Fc = fc � w/v0, then the uncertainty for non-dimensional frequency
can be expressed as following equation:

dFc

Fc
¼ dfc

fc

� �2

þ dw
w

� �2

þ � dvo

vo

� �2
" #1=2

ðA:27Þ

It is taken 120 s for the channel to reciprocate 120 times, and the
minimum time interval for the timer is 0.1 s. Therefore the uncer-
tainty for reciprocating frequency is as follows:

dfc

fc
¼ 0:05

120

� �2
" #1=2

¼ 0:04% ðA:28Þ

The uncertainties for the width of channel and inlet velocity of
working fluid are mentioned above. Then the uncertainty for Rey-
nolds number is estimated as follows:

dFc

Fc
¼ ½ð0:04%Þ2 þ ð0:08%Þ2 þ ð�1:79%Þ2�1=2 ¼ 1:79% ðA:29Þ
Appendix E. The analysis of uncertainty for Gr/Re2

The uncertainty for Gr/Re2 is expressed as following equation:

dðGr=Re2Þ
ðGr=Re2Þ

¼ dg
g

� �2

þ db
b

� �2

þ dDTw

Tw

� �2

þ dw
w

� �2

þ ð�2Þ�dvo

vo

� �2
" #1=2

ðA:30Þ

The earth gravity and expansion coefficient are both known
from material chart, therefore the uncertainties are limited to 0.
The uncertainties for the temperature difference, width of channel
and inlet velocity of working fluid are mentioned above, and are
1.5%, 0.08% and 1.79%, respectively. Then the Eq. (A.30) can be esti-
mated as follows:

dðGr=Re2Þ
ðGr=Re2Þ

¼ dg
g

� �2

þ db
b

� �2

þ dDTw

Tw

� �2

þ dw
w

� �2

þ ð�2Þ�dvo

vo

� �2
" #1=2

¼½ð0Þ2þð0Þ2þð1:5%Þ2þð0:08%Þ2þðð�2Þ�1:79%Þ2�1=2¼3:88%

ðA:31Þ
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