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An experimental work is conducted to investigate effects of a reciprocating motion on mixed convection
of a curved vertical cooling channel with a heat top surface, and numerical work is executed simulta-
neously to validate the experimental results auxiliarily. The experimental apparatus are composed of
three main parts of a cooling channel, reciprocating movement and heating control. The working fluid
is air and data runs are performed for Reynolds numbers, frequencies, amplitudes and temperature dif-
ferences. Heat transfer rates are affected by cooling fluid flowing and reciprocating motion mutually. The
enhancement of heat transfer rate is definite and the most achievement is about 50% in this work. Com-
parisons of both experimental and numerical results have good agreements.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The study of dynamic motion of an equipment affecting the
heat transfer of the equipment itself is very important and it is usu-
ally found out in many industrial equipments, especially in the
equipments like piston, pump and compressor operated by recip-
rocating behaviors. Since the equipments often suffer from a high
temperature situation, the mixed convection becomes an appropri-
ate mode to be adopted to clarify the detailed heat transfer mech-
anisms of the equipments. Due to the importance of industrial
application, in spite of viewpoints of academy or practice the study
still attracts a lot of attention. Besides, the similar study of heat
transfer of pulsating or oscillating flow in stationary equipment
is another important issue. There are some substantial differences
between the two studies though, both subjects are always lumped
to be discussed together. As a results, for facilitating the analysis of
the former study a simulation of pulsating or oscillating flow in a
stationary channel is often equivalently adopted to substitute the
analysis of the former study. The relating literature was published
in [1–9]. However, main characteristics of the study mentioned
formerly are caused by that when cooling fluids flowing through
the dynamic equipment interact with the reciprocating motion
generated by the dynamic equipment. The phenomena are much
different from those caused by a pulsating or oscillating flow in
the stationary equipment. Due to the mutual interaction between
ll rights reserved.
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the fluid flowing and reciprocating motion, both flow and thermal
fields in the equipment vary periodically and become dynamic
phenomena. Relatively few related literature are published.

In the past, Chiu and Kuo [10] investigated turbulent heat trans-
fer and predicted wall heat flux in reciprocating engine by using an
algebraic grid generation technique. The results showed that
increasing the curvature of the cylinder head would increase the
strength of induced squish flow and wall heat flux. Chang and Su
[11] conducted an experimental work to investigate influence of
reciprocating motion on heat transfer inside a ribbed enclosure
and showed that at the highest reciprocating speed the heat trans-
fer was enhanced about 145% of the equivalent stationary case.
Chang and Su [12] 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 stationary one. Cheng and
Hung [13] developed a solution method for predicting unsteady
flow and thermal fields in a reciprocating piston-cylinder assem-
bly. The results showed that the two-stage pressure correction pro-
cedure could be readily incorporated into existing numerical
techniques to yield reasonably accurate results. Afterward, Chang
et al. [14] set an anti-gravity open thermosyphon system and
effects of inertia, pulsating and buoyancy forces were taken into
consideration. A correlation formula which was consistent with
the heat transfer physics expressed with dimensionless tempera-
ture was proposed. Fu et al. [15] conducted an experimental work
of mixed convection in a curved channel subject to a reciprocating
motion caused by the curved channel itself to simulate the heat
transfer of a piston. In the study, an object in which a heat bottom
surface was installed in the curved channel and both directions of
inlet fluid flowing and buoyancy force were opposite was studied.
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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]
K Kelvin temperature
l length of linking bar [m]
lc length from linking bar to shaft [m]
Lc dimensionless amplitude [Lc = lc/w]
Nu Nusselt number (Eq. (4))
Q heat energy [W]
Re Reynolds number (qv0/m)
DT temperature difference [K]
vc 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]
q Density [kg m�3]
s dimensionless time [s = tv0/w]

Subscripts
b basswood
h heater
in input
loss loss
w wall
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Parameters of Reynolds number, temperature difference, and
frequency were considered and the maximum enhancement of
heat transfer was about 35%. In this situation, the arrangement of
installation of a heat bottom surface in the curved channel was
advantages to heat transfer rate. However, from a view point of
heat transfer, a situation of installation of a heat top surface in
the curved channel in which both directions of inlet cooling fluid
flowing and buoyancy are the same and the thermal stratification
layer tightly attaches to the heat surface is inferior to the former
situation, and scarcely studied beforehand. Therefore, the clarifica-
tion of phenomena of the latter situation will be profitable to im-
prove heat transfer and avoid heat damage of it.

The aim of this study investigates effects of a reciprocating mo-
tion on mixed convection of a curved vertical channel with instal-
lation a heat top surface experimentally. Numerical calculations
are executed auxiliarily to validate the experimental results. The
apparatus used in this study include a cooling channel, reciprocat-
ing and heating control systems. The cooling channel system which
is composed of a fan, a volume flow meter, two fixed channels and
a reciprocating channel provides a designed flow velocity and uni-
tes a curved shape channel. The reciprocating system which plays a
role maintains a reciprocating motion of the curved shape channel
smoothly and steadily. The heating control system is combined
with numerous heaters, power supplies and thermocouples, and
it holds a constant surface temperature condition on the heaters.
Parameters of Reynolds numbers, frequency, amplitudes and tem-
perature difference are examined, and the range of Gr/Re2 varies
from 0.8 to 6.47. The consistence gives good agreement for com-
paring both the numerical and experimental results.
Fig. 1. Experimental apparatus.
2. Physical model and experimental procedure

A curved cooling channel used in this study is shown in Fig. 1,
and the related experimental apparatus which include three main
systems of a cooling channel system (5), reciprocating system (4)
and heating control system (6,7).

In the cooling system, air streams flowing through the cooling
channel (5) are suck by a fan (1) and the volume flow rate of air
streams is measured by a flow meter (2) for calculating the average
velocity of air streams which is used to compute Reynolds number.
For rectifying the air streams, a honey comb (3) is installed in the
entrance of the cooling channel. The cooling channel is set verti-
cally 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 recipro-
cating motion.

In Fig. 2a, the cooling channel is made of rectangular ducts of
which the height and width are 120 mm and 30 mm, respectively.
The connecting channel (53) connects the reciprocating (51) and
fixed (52) channels. To avoid leakage of the air streams and im-
prove smoothness of reciprocating motion of the reciprocating
channel, the tolerance between the connecting channel and both
the reciprocating and the fixed channels is filled with grease. v0

is the average velocity of cooling fluids, and vc is the reciprocating
velocity of the reciprocating channel (51). Three heat regions of
front, middle and back are sequentially arranged along the air
streams flow, and the detailed dimensions are indicated in Fig. 2b.

Shown in Fig. 3a, the reciprocating system includes a stepping
motor (41), a rotating circular plate (42), linkage bar (43), pedestal
(44), pair of tracks (45), and pair of sliders (46). The stepping motor



Fig. 2a. Dimensions of cooling channel.

Fig. 2b. Dimensions of each heat region.

Fig. 3a. Reciprocating system.

(41) stepping motor (51) reciprocating channel 

(42) rotating circular plate (52) fixed channel 

(43) linking bar (53) connecting channel 

(44) pedestal 

(46) slider 

Fig. 3b. Combination of cooling channel system and reciprocating system.
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(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 [16], the maximum fre-
quency adopted in this work is 2/s. Since the reciprocating channel
is set on the sliders shown in Fig. 3b, the reciprocating channel
could move with the sliders synchronously, and meets the demand
of reciprocating movement.

The heat control system is composed of heat regions, thermo-
couples, temperature indicators and power supplies. The heater
structure is indicated in Fig. 4 and the main heater (712) of each
region 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
becomes 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 or-
der 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 insu-
lated 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 pierces through the holes tightly. A thin cop-
per 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. Eighteen thermocouples
(77) indicated by � signal stuck on each copper plate are used to



Table 1
Parameters conducted in experimental runs.

Rew Gr/Rew
2 DTw (�C) Fc Lc

Case 1 300 0.4 10 0 0
Case 2 300 1.62 40 0 0
Case 3 200 0.91 10 0 0
Case 4 200 3.64 40 0 0
Case 5 300 0.4 10 0.2 1.0
Case 6 300 1.62 40 0.4 1.0
Case 7 300 1.62 40 0.4 0.75
Case 8 200 0.91 10 0.2 1.0
Case 9 200 3.64 40 0.4 1.0

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

Parameter Uncertainty

Rew ±1.78%
Nu ±3.68%
Gr/Rew

2 ±4.53%

(71) heater      (711) guard heater 

(72) Nickel-Chromium alloy wire  (712) main heater 

(73) Teflon tape     (713) guard heater 

(74) thin cooper plate    (714) guard heater 

(75) 1.5mm basswood    (715) guard heater 

(76) 6mm basswood 

(77) thermocouples 

(77) 

(73) 

(72) 

(71) 

(76) 

(75) 

(74) 

(711) (713)

(714)

(715)

(712) 

Fig. 4. Heater structure.
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measure the temperatures of heater. Besides, a block of thin bass-
wood (1.5 mm) is used to estimate heat dissipation by heat con-
duction from the bottom surface of the heater. Twelve
thermocouples are then evenly installed on both surfaces of the
thin basswood. A diameter of thermocouples is about 0.2 mm. Be-
low the thin basswood, a block of thick basswood (6 mm) is set to
prevent heat dissipation further.

Each result is obtained by an average magnitude of three exper-
imental runs and a brief outline is given as follows.

(1) Start the fan to obtain the volume flow rate _Q by reading the
flow meter and the average velocity v0 of the air streams by
dividing the volume flow rate _Q by the cross section area of
cooling channel. Calculate the following equation to obtain
the Reynolds number Re .
Re ¼ v0w
m

ð1Þ
(2) Select a designed revolution of the stepping motor to obtain
the frequency fC.

(3) Apply the power supply on the corresponding heater. Adjust
the amount of electric power of power supply to obtain the
designed temperature of heater.

(4) Calculate the heat transfer rate of middle heater by the fol-
lowing equations.

(a) Total input heat energy

Qin 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/
(m K)), Ab is the area of basswood below the middle heater, DTb

(K) is the temperature difference between the upper and bottom
sides of basswood, and Dy is the thickness of basswood (;1.5 mm).
(c) Average Nusselt number Nu of the middle heater.

Nu ¼ hw
k
¼ Q conv

Ah � DTw
�w

k
ð4Þ
Q conv ¼ Q in � Q loss ð5Þ
where Qconv is heat energy brought by air stream flow, Ah is area of a
heater, w is width of cooling channel, DTw (K) is temperature differ-
ence between heater surface and environment. k is thermal conduc-
tivity of air.

During the calculating processes, an average temperature which
means the average magnitude of all the temperatures of thermo-
couples installed on the heater is not more than individual temper-
ature of thermocouple of 0.3 �C, and used to calculate the heat
transfer rate of each experimental run.

Situations conducted in this study are indicated in Table 1.
According to the data of marker, the resolutions of thermocouple
and temperature instruments are 0.1 �C and 0.75%, respectively.
The uncertain analyses are based on Kline [17], the related uncer-
tainties of one situation are tabulated in Table 2.

For validating the experimental results, a numerical method is
executed auxiliarily. Corresponding to the main part of experimen-
tal apparatus, three dimensional physical model is simulated, the
computing conditions of k�e turbulent model and 1% turbulence
intensity at the inlet are adopted. The code of STAR-CD is adopted
to execute the computing processes. The grid distributions of the
reciprocating channel are denser than these of both fixed channels,
and the total grid number is about 600,000.

3. Results and discussion

Shown in Table 3, there are surface temperatures of front (F),
middle (M) and back (B) heat regions, respectively. Most of the
temperature differences which mean the deviations between local
temperatures and average temperature are smaller than 0.3 �C, the



Table 3
Local temperature distributions (Re = 300).

42.7 �C 42.8 �C 42.6 �C (4) 42.5 �C 42.8 �C 42.8 �C 42.6 �C 42.7 �C 42.5 �C
42.7 �C 42.8 �C 42.7 �C

42.7 �C 42.7 �C 42.7 �C 42.9 �C 42.6 �C 42.6 �C
42.7 �C 42.9 �C 42.6 �C
42.8 �C 43.0 �C 42.8 �C

42.6 �C 42.6 �C 42.6 �C 42.8 �C 42.5 �C 42.7 �C
42.8 �C 42.8 �C 42.8 �C

42.5 �C 42.5 �C 42.9 �C 42.7 �C
42.7 �C 42.6 �C 42.8 �C 42.6 �C 42.7 �C

(1) (2) (3) 42.8 �C 42.7 �C
42.5 �C 42.8 �C 42.7 �C (5) 42.8 �C 42.6 �C 42.7 �C 42.6 �C 42.7 �C 42.5 �C
Fð42:7 �CÞ Mð42:7 �C) Bð42:6

�
C)

Fig. 6. Distributions of Nusselt numbers under different frequencies.
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uniformity of temperature distributions of each region is available,
the designation of the constant wall temperature condition is
validated.

In Fig. 5, under the same condition the results of three experi-
mental runs and numerical results are shown. The locations of
the characters of F, M and B separately indicate the relative posi-
tions of front, middle and back heat regions installed in the hori-
zontal channel. The maximum deviation among the experimental
results is less than 5%, the functions and stability of the apparatus
are credible. Since the existing experimental results of this subject
are scarcely found out, the numerical computation is auxiliarily
executed to validate the accuracy of the experimental results qual-
itatively. The maximum deviation occurring at the front region be-
tween both experimental and numerical results is less than 15%.

Shown in Fig. 6, the Nusselt numbers of the front, middle and
back heat regions under different frequency situations are indi-
cated. The magnitude of Gr/Re2 is 0.4 which means the forced con-
vection to dominate the heat transfer mechanism. Since the
cooling fluids first impinge on the front heat region that causes
the Nusselt number of this region to be much larger than those
of the other two regions. Sequentially, the cooling fluids flow over
the middle heat region similar to flowing over a flat plate, the Nus-
selt number is naturally decreased compared with that of the for-
mer region, and the magnitude of Nusselt number is fair. Because
the location of the back heat region is close to the corner region
and the cooling fluids turn the flowing direction from horizontal
to downward direction near the corner region. A circulation zone
is easily formed in this region. As a result, the Nusselt number of
the back heat region gets worse.
Fig. 5. Validation of reliability of experimental apparatus and consistence of
experimental and numerical results.
The Nusselt numbers of the situation subject to reciprocating
behaviors (Fc > 0) are generally larger than those of the stationary
state (Fc = 0). The enhancement of heat transfer rate of the channel
caused by the reciprocating motion is definite. The thermal strati-
fication layer attached to the top heat surface disturbed by the
reciprocating motion is suggested as the main reason. Besides,
the directions of both fluid flowing and reciprocating motion are
vertical that causes the disturbance effects induced by different
frequencies to be similar. Then the difference of the Nusselt num-
bers of the different frequency situations is slight.

In Fig. 7, the temperature difference DT increases to 40 �C and
the magnitude of Gr/Re2 becomes 1.62 that means the natural
convection to play a role of the heat transfer rate. The trend of
heat transfer phenomena is similar to that of previous situation
shown in Fig. 6. However, at Fc = 0.2 situation the Nusselt num-
ber of middle heat region is decreased more drastically than that
of Fc = 0.4 situation. And the magnitude is even almost equal to
that of Fc = 0 situation that indicates the effect of reciprocating
motion on the heat transfer rate to be nearly neglected. Since
the location of middle heat region is at the center of horizontal
channel far away from the inlet of horizontal channel. The influ-
ence of inlet fluid flowing on the heat transfer rate of middle
heat region is not remarkable. In addition to the thermal strati-
fication layer attached to the top heat surface of this situation is
more stable than that of the previous situation, and the direc-
tions of both fluid flowing and reciprocating motion are vertical.
Therefore, the situation of smaller reciprocating motion (Fc = 0.2)
has difficulty to contribute heat transfer enhancement to the
middle heat region.



Fig. 8. Distributions of Nusselt numbers under different frequencies.

Fig. 7. Distributions of Nusselt numbers under different frequencies.

Fig. 9. Distributions of Nusselt numbers under different frequencies.

Fig. 10. Distributions of Nusselt numbers under different amplitudes.
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In Fig. 8, the magnitude of Reynolds number becomes 200 that
means the impulse of cooling fluids to decrease and the contribu-
tion of forced convection to the heat transfer rate of each heat re-
gion to be inferior. At the front heat region, since the impingment
effect of cooling fluids still appears that causes the Nusselt number
of this region to be superior to those of the other two regions. How-
ever, relative to the Nusselt number of the front region the Nusselt
number of the middle region is decreased more drastically than
that shown in Fig. 7, and the reason is mentioned above. The Nus-
selt number of the back region is still the worst, but the difference
between both middle and back regions is contracted. Compared
with the stationary situation (Fc = 0), the contribution of recipro-
cating motion to enhancement of heat transfer of each heat region
is still remarkable.

Shown in Fig. 9, the temperature difference DT increases to
40 �C that means the natural convection to become strong. Then
the Nusselt number of each heat region is slightly larger than that
of the corresponding situation shown in Fig. 8.

In Fig. 10, the comparisons of Nusselt numbers with both exper-
imental and numerical results under different dimensionless
amplitude situations are indicated. Generally the longer the ampli-
tude is, the effect of amplitude on the heat transfer rate becomes
stronger. Then the Nusselt number of Lc = 1.0 situation are larger
than those of Lc = 0.75 situation. The deviations between experi-
mental and numerical results under different amplitude situations
are similar, and the maximum deviation found out in the front heat
region is about 15%. The phenomenon of numerical results
decreasing drastically in the middle region is similar to that of
experimental results mentioned in Fig. 7.

Shown in Fig. 11, the enhancements of heat transfer rate caused
by reciprocating motions are indicated. The definition of the
enhancement En (%) is shown as follows.
En ¼ Nuwith reciprocating motion � Nustationary state

Nustationary state
ð6Þ

The heat transfer rate is enhanced by the reciprocating motion
definitely. The larger the frequency is, the larger En (%) is achieved.
Since the directions of fluid flowing and reciprocating motion are
vertical, the contributions of flow flowing and reciprocating mo-
tion to the heat transfer rate are mutually affected. Consequently,
under Re = 300 situation the smaller the magnitude of Gr/Re2 is,
the larger En (%) is gained. Under Re = 200 situation, the smaller
the magnitude of Gr/Re2 is, oppositely the smaller En (%) is ob-
served. The magnitudes of En (%) of Re = 200 situation are rela-
tively larger than those of Re = 300 situation that indicates under
low Reynolds number situation the contribution of reciprocating



Fig. 11. Comparisons of enhancement of heat transfer rate under different
parameters.
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motion to the heat transfer rate to be more remarkable. The long
amplitude situation is usually advantageous to the heat transfer
rate, and the longer the amplitude is, the larger En (%) is achieved.

4. Conclusions

The effects of reciprocation motion on the mixed convection of
curved channel with a heat top surface are conducted experimen-
tally. The parameters of Reynolds number, frequency, amplitude
and temperature difference are validated. Several conclusions are
drawn as follows.

(1) The enhancement of heat transfer rate caused by the recip-
rocating motion is remarkable, and the maximum magni-
tude of enhancement is about 50% in this work.

(2) Due to mutual interaction between the fluid flowing and
reciprocating motion, the enhancement achieved in the situ-
ation of Re = 200 is relatively larger than that achieved in the
situation of Re = 300.

(3) The effect of reciprocating motion on the heat transfer is
remarkable in the long amplitude situation, the heat transfer
rate of the situation Lc = 1.0 is then larger than that of the sit-
uation of Lc = 0.75.
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