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Abstract 

Experimental and numerical studies were conducted on the heat transfer characteristics of 

reciprocating flow in different types of microchannels for the application in the active magnetic 

regenerator (AMR) of magnetic refrigeration systems. Experimental measurements were performed 

for a flat plate type microchannel fabricated using MEMS technique, and with intermittent heating as 

the boundary condition. The results of the experiments are in good accordance with those of 2-D 

numerical simulations conducted using the same conditions as the experiments. Therefore, it is 

considered that the numerical mode is effective for evaluation of the heat transfer for reciprocating 

flow. Furthermore, numerical simulations on two types of microchannel (flat plate type and 

staggered mini-plates type) were conducted with alternative heating and cooling conditions which 

corresponding to the volumetric temperature rise/drop of solid material as a result of magnetocaloric 

effect. The influence of various factors on the heat transport of reciprocating flow was analyzed. It 

was found that enhancement of the heat transport could be realized by utilizing the microchannel of 

staggered mini-plates type, and there is an optimum ratio of amplitude to flow channel length (∆L/L) 

to achieve high efficiency heat transport. 
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1. Background and introduction 

Recent research has revealed that heat transfer enhancement could be realized by utilizing 

reciprocating flow in pipe or parallel channels, especially for high frequency conditions, because a 

thinner boundary layer is formed with a higher temperature gradient. Numerical studies [1-5] have 

been conducted on the heat transfer of reciprocating flow in pipes or in 2-D channels in recent years. 

Ozawa et al. [1] conducted a numerical simulation on the convective heat transfer induced by fluid 

oscillation and the characteristics of flow field and heat transfer were studied. For the condition of 

relative higher frequency (10 Hz), an explicit velocity boundary layer forms near the channel wall, 

heat transport in the flow direction is mainly through the region near the channel wall, rather than 
through the bulk liquid region. This indicates that the heat transport is mainly dependent on the 

thin boundary layer rather than the bulk region for high frequency reciprocating flow. A numerical 

study on the laminar forced convection of periodically reversing flow in a pipe heated at constant 

temperature was performed by Zhao and Cheng [2]. They reported that the average heat transfer rate 

increases with both the kinetic Reynolds number and the dimensionless oscillation amplitude, but 

decreases with an increase in the length to diameter ratio. Studies on the heat transfer of 

reciprocating flow in 2-D channels with uniform heat flux and constant temperature boundary 

conditions were also conducted by a group of researchers [3-5]. Sert and Beskok [3], and 

Shokouhmand et al. [4] conducted numerical simulations on the heat transfer of reciprocating flows 

in 2-D channels with uniform heat flux and constant temperature zone on the channel wall. The 

reciprocating flow Nusselt numbers are comparable to or higher than those for the corresponding 

unidirectional flow, and at high values of α  (Womersley number, which specifies the velocity 

profile shape), the Richardson annular effect (which results in near-wall velocity overshoots, where 

the maximum velocity no longer occurs at the symmetry plane) becomes important and heat transfer 

will be enhanced. The optimum frequency and geometry for maximization of the heat transfer rate 

was also investigated. Similar calculations were performed by Habibi et al. [5] and the effect of 

introducing a porous medium on the flow regime of a 2-D channel was investigated. Enhancement of 

the heat transfer rate could be achieved by introducing a porous material adjacent to the channel 

wall.  
Studies [6-16] on the application of reciprocating flow in some heat transfer devices have also been 

conducted, especially for the active magnetic regenerator (AMR) of magnetic refrigeration systems. 

A magnetic refrigeration (Brayton) cycle is comprised of four sequential processes: adiabatic 

magnetization, heat exchange (heating of fluid), adiabatic demagnetization, and heat exchange 

(cooling of fluid). In the adiabatic magnetization/demagnetization processes, the temperature of solid 

material increases/decreases induced by the magnetocaloric effect. The application of reciprocating 

flow in an AMR is expected to achieve a larger temperature span and higher efficiency (COP: 

coefficient of performance) of the magnetic refrigeration system by utilizing the combination of 
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processes of thermal storage and regeneration. In these studies, boundary conditions corresponding 

to the temperature variation of a solid material of a flow channel induced by the magnetocaloric 

effect should be applied, not uniform heat flux or constant temperature boundary conditions. 1-D 

numerical simulations [6-12] that have involved parametric investigations on the temperature 

profiles [6,10,11], temperature spans [6,7,9-11], COP [8,9,11,12], and cooling power [7-10,12] have 

been performed for reciprocating flow in the AMR of magnetic refrigeration systems. In particular, 

these studies have focused on the effects of changing a few key parameters, such as the fluid mass 

flow rate, the operating frequency, and the utilization factor (UF), which represents the ratio of the 

heat capacity of the fluid to the heat capacity of the magnetocaloric material. In these 1-D 

simulations, convective heat transfer between the solid surface and fluid was simplified by using 

empirical correlations. 2-D numerical studies have also been conducted for different types of AMRs, 

such as spherical particle [13] and parallel plate types [14-17]. A 2-D model of a reciprocating flow 

AMR with a parallel plate was developed by Petersen et al. [14]. The preliminary results indicate 

that the model has the ability to evaluate the temperature span and it is necessary to use 2-D methods 

to investigate the reciprocating flow in parallel channels. Nielsen et al. [15] developed a new 2.5D 

model including parasitic thermal losses and conducted research on the reciprocating flow in parallel 

channels. It is concluded that the ideal 2D model can be used to explore the performance of a linear 

reciprocating parallel-plate based AMR, while the 2.5D model can be used to explore the expected 

experimental performance in more detail. A comparison of the experimental and numerical results 

using the 2.5D model was performed by Tura et al. [16]. A 2-D simulation on the performance of a 

porous media model (spherical particle type) AMR was performed by Li et al. [13] and the cooling 

capacity was discussed. Experimental study on a Gd-based linear reciprocating AMR was conducted 

by Trevizoli et al. [17], where the relations of cooling capacity, temperature difference between the 

sources and UF were observed. 

The heat transfer enhancement is essential for improving the performance of the AMR. One of the 

effective approaches is to utilize the reciprocating flow in microchannel with enhanced heat transfer 

system. The fundamental knowledge of the heat transfer characteristics of the reciprocating flow in 

microchannel is essential for the application in AMR. In this study, experimental studies and 2-D 

numerical simulations were conducted to examine the heat transfer characteristics of reciprocating 

flow in microchannels. Experiments were performed under intermittent heating conditions on the 

wall of microchannels. In order to assess the validity of the numerical calculation model, numerical 

simulations were also conducted with the same conditions as the experiment. Furthermore, in order 

to simulate the magnetic refrigeration cycle in which both heating and cooling processes exist by the 

magnetocaloric effect, numerical simulations were also performed on the reciprocating flow in 

microchannel for the conditions of alternative heating and cooling. Moreover, a special type of 

microchannel (staggered mini-plates type) was adopted in addition to the normal flat plate type for 
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examining the effect of heat transfer enhancement. The heat transfer characteristics are analyzed for 

the two types of microchannel and the effects of some affecting factors on the heat transport of 

reciprocating flow are discussed. 

 

Nomenclature 

 

Variables 

c heat capacity (J/kg K) 

f frequency (Hz) 

h thickness of MEMS wafer (mm) 

L length of MEMS wafer (mm) 

L’ length of staggered mini-plates (mm) 

∆L amplitude (mm) 

p pressure (Pa) 

pc set value of pressure (Pa) 

∆P loss pressure loss (Pa) 

Qc cold energy transported to the low temperature reservoir (J) 

Qm enthalpy drop at the beginning of cooled flow half cycle (J) 

r width of microchannel (mm) 

S source term of energy equation 

t time (s) 

∆t time step (s) 

T temperature (K) 

∆Trs temperature difference between high and low temperature reservoir (K) 

∆Tm temperature change of solid microchannel material (K) 

u velocity in x direction (m/s) 

v velocity in y direction (m/s) 

vx velocity of fluid in x direction (mm/s) 

 

Greek 

α thermal diffusivity (m2/s), Womersley number 

ν kinematic viscosity (m2/s) 

ρ  density (kg/m3) 

η  efficiency of heat transport 

τc cycle of reciprocating flow (s) 
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Subscript 

l left side 

m middle 

r right side 

H high temperature side 

L low temperature side 

f fluid 

s solid 

 

2. Experimental apparatus and method 

Experimental studies were performed on reciprocating flow in microchannels using only the 

intermittent heating condition, because it is difficult to experimentally apply alternative heating and 

cooling on the wall of microchannels. A schematic view of the experimental system and a 

cross-section of a test section are shown in Fig. 1. The major components of the experimental system 

are the microchannel test section, piezoelectric pump and power sources. In the microchannel test 

section, a microelectromechanical system (MEMS) wafer was arranged on the center line of an 

acrylic casket. Cr-Ni thermocouples and a nichrome film heater were deposited on the MEMS wafer. 

Two symmetrical microchannels with the same dimensions are formed by enclosing the MEMS 

wafer within the acrylic casket. The width of the microchannel is 0.3 mm and the length is 30 mm. 

Sinusoidal reciprocating flow was generated in the experiments using a piezoelectric pump and 

supplied into the microchannel. The other side of the microchannel that is not connected to the pump 

is opened to the atmosphere. The frequency and amplitude of the sinusoidal reciprocating flow was 

controlled by changing the frequency and voltage of the input power to the piezoelectric liquid pump. 

Because it is difficult to experimentally realize alternative heating and cooling on the wall of 

microchannels, experiments were performed under intermittent heating conditions. The intermittent 

heating was realized by controlling (on/off) the DC power source for the nichrome film heater 

deposited on the MEMS wafer, the electrical resistance of which was in the order of 10 Ω. The 

heating time was set as long as 1/8 of a reciprocating flow cycle. The temperature variation on the 

MEMS wafer was measured using the on-board deposited Cr-Ni thermocouples, and the temperature 

variation of the inlet/outlet fluid was measured using two T-type sheathed thermocouples arranged in 

the bulk fluid near the inlet/outlet of the microchannels. All thermocouples were calibrated. The 

accuracy of the on-board deposited Cr-Ni thermocouples was within 0.03 K and that of the T-type 

sheathed thermocouples was within 0.1 K.The detailed structure of the MEMS wafer is shown in Fig. 

1 (in the circle). The MEMS wafer is a symmetrical laminate structure that is 0.5 mm thick and 30 

mm long. A silicon substrate is arranged in the center line of the MEMS wafer and several 

subsequent layers are deposited on the substrate in order; a 0.1 µm thick nichrome film layer, a 0.5 
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µm thick SiO2 layer, a 200 µm thick silicon layer, and a 1.5 µm thick SiO2 layer. The Cr-Ni 

thermocouples are deposited in the SiO2 protective coating layer adjacent to the fluid in the 

microchannel. 

 

3. Calculation mode 

Numerical simulations for the intermittent heating and the alternative heating and cooling conditions 

on the microchannel wall were performed. The intermittent heating simulation employed the same 

conditions (structure of microchannel, physical properties and inlet velocity of fluid) as the 

experiments, so that the calculation results could be compared with the experimental results to assess 

the numerical mode.  

The alternative heating and cooling condition was employed to simulate the heating and cooling 

progress induced by the magnetocaloric effect in the AMR of a magnetic refrigeration system. The 

2-D domains for the alternative heating and cooling calculation are shown in Fig. 2. For all 

calculations, it was necessary to calculate only half of the domain by applying the symmetry 

boundary condition. Two types of microchannels (flat plate as shown in Fig. 2(a) and staggered 

mini-plates, as shown in Fig. 2(b)) were adopted in the calculation. The latter type was adopted to 

examine the effect of heat transfer enhancement; therefore, this type of microchannel is also called 

enhanced heat transfer plate type. 

Simulations were conducted using the commercial CFD solver ANSYS Fluent (version 13). 

Numerical discretization was based on the finite differential method (FDM) and the temporal 

integration used was first order implicit. The convection term in the momentum and energy 

equations was implemented following the first order upwind scheme, while the diffusive terms are 

discretized with central finite-difference scheme. The mesh size is 0.01 mm in both directions of the 

2-D domain. 

 

3.1 Basic equations 

The basic equations are summarized as follows. 

Continuity equation: 

0u v
x y

∂ ∂
+ =

∂ ∂
  (1) 

Navier-Stokes equation: 
2 2

2 2

1 ( )Du p u u
Dt x x y

ν
ρ

∂ ∂ ∂
= − + +

∂ ∂ ∂
  (2) 

2 2

2 2

1 ( )Dv p v v
Dt y x y

ν
ρ

∂ ∂ ∂
= − + +

∂ ∂ ∂
 (3) 

Energy equation: 
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2 2

2 2( )DT T T S
Dt x y

α ∂ ∂
= + +

∂ ∂
  (4) 

3.2 Boundary conditions 

For the intermittent heating condition, the boundary conditions of inlet fluid velocity, temperature of 

inflow/backflow fluid and heat flux on the microchannel wall for heating were applied, and the 

measured values of them in the experiments were adopted. The velocity of the reciprocating flow 

was measured from the oscillation of the fluid level in the tube of the outlet (Fig. 3) and applied at 

one side of the microchannel. The boundary condition on the other side of the microchannel was set 

as the pressure outlet boundary condition of ANSYS Fluent. Outflow was induced in the first half 

cycle of reciprocating flow and backflow was induced in the latter half cycle. The temperature of 

inflow/backflow fluid (TL and TH) was measured at the inlet/outlet of the microchannel at the 
periodic steady state of temperature variation, the measured values were shown in Table 1. In the 

calculations, TL was used as the inflow temperature in the first half cycle and TH as the backflow 

temperature in the latter half cycle, respectively. The heat flux of intermittent heating was calculated 

based on the input power of heating in the experiments, and applied to the wall corresponding to the 

location of nichrome film heater on the MEMS wafer. Adiabatic boundary conditions were applied 

on to the other wall of the microchannel. 

For the alternative heating and cooling conditions, a similar method was adopted in the calculation 

as that for the intermittent heating condition except for the following items. The boundary conditions 

are summarized in Eq. 5−15. First, the velocity of inlet fluid was calculated based on Eq. 5 instead of 

using the measured value. Second, it was assumed that two fluid reservoirs with different 

temperature (TL and TH) are connected to the two sides of microchannel. Since the volume of the 

two reservoirs is much larger than that of the fluid in the microchannel, the fluid temperature in the 

two reservoirs could not be influenced by heat transport from the microchannel and was kept 

constant. For the temperature of inflow fluid temperature (TL), a fixed value of 273.15 K was set, 

and the backflow temperature was determined based on TL and the temperature difference between 

the two fluid reservoirs ∆Trs, which is one of the given calculation conditions. At last, instead of the 

heat flux of heating on the microchannel wall in the experiments, temperature variation of 

magnetocaloric material (solid material of microchannel wall) induced by the magnetocaloric effect 

was applied. The absolute value of temperature variation of the magnetocaloric material was set as 

∆Tm (K). This temperature variation could be realized by applying a source term to the energy 

equation. The source term was applied for temperature rise at the beginning of the first and for 

temperature drop at the beginning of the latter half cycles of reciprocating flow. Besides, the 

dimensions of the two types of microchannel are summarized in Table 2, and the physical properties 

of gadolinium (ρ = 7990 kg/m3, c = 230 J/kg K, k = 10.6 w/m K) and water (ρ = 998.2 kg/m3, c = 

4182 J/kg K, k = 0.6 w/m K, µ = 1.003×10−3 kg/m s) were used for the numerical simulation. 
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y

∂
=

∂
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t = i·τc, i = 0, 1, 2··· 

s m /S c T tρ= ∆ ∆  (13) 

t = (i+1/2)·τc, i = 0, 1, 2··· 

s m /S c T tρ= − ∆ ∆  (14) 

t ≠ i·τc or t ≠(i+1/2)·τc, i = 0, 1, 2··· 
0S =  (15) 

 

4. Comparison of experimental and numerical results 
The experimental and numerical results for the intermittent heating condition are shown in Fig. 

4(a)(b). The temperature variations at three thermocouple locations (Fig. 1) on the MEMS wafer are 

plotted for amplitudes ∆L = 5 and 15 mm. The three thermocouples are located at x = 5, 14, 26 mm 

from the inlet and the corresponding temperatures are T l, Tm, and Tr, respectively. Similar 

tendencies were observed for different amplitudes at each position. The temperature increases at 

each position during the initial heating time of each cycle. The temperature then decreases after a 

heating time of 1/8 cycle, because the heating is stopped and the relatively low temperature water is 
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kept flowing into the microchannel. Unlike the temperature variations of T l and Tm, the temperature 

on the right side (Tr) continues to increase after a small drop. The reason for this is that the water is 

heated only at the beginning of each reciprocating cycle, so that in the remaining time of the first 

half cycle, the left part of the MEMS wafer is cooled by the inflowing low temperature water while 

the right part is heated by the heated flowing water. In the latter half cycle, T l and Tm increase 

because the backflow of the heated water, Tr decreases because relatively low temperature water 

flows into the microchannel. These tendencies could be obviously seen for the amplitude ∆L = 15 

mm. Figure 4 shows that for all the conditions, although some minor deviations exist, the results of 

experiments and numerical simulation are in good accordance with each other. Therefore, the 

numerical mode is confirmed to be effective for evaluation of the heat transfer of reciprocating flow.  

 

5. Numerical simulation on the heat transfer of reciprocating flow with alternative heating and 

cooling 

Numerical calculations on the reciprocating flow in the microchannel were also conducted with 

alternative heating and cooling on the wall. The effects of some factors, such as the temperature 

difference between the high and low temperature reservoir (∆Trs), frequency (f), and the amplitude 

(∆L) of reciprocating flow are discussed. The calculations were started from the initial conditions at 

a gauge pressure of 0 Pa, fluid velocity of 0 m/s and initial temperature of T = (TL+TH)/2. Iterative 

calculations were performed until the periodic steady state was achieved. The other parameters for 

the calculation are summarized in Table 3.  

 

5.1 Heat transport by reciprocating flow 

In one cycle of reciprocating flow, the wall temperature increases and the heated fluid flows out of 

the microchannel to the high temperature reservoir side in the first half cycle, after which the wall 

temperature decreases and the cooled fluid flow reverses to the low temperature reservoir in the 

latter half cycle. The water flow in the first half cycle is referred to as heating half cycle, and that in 

the latter half cycle as cooling half cycle. The amount of heat that is transported to the low and high 

temperature sides is examined here based on the unit inlet/outlet area. The amount of transported 

heat in the first and latter half cycle could be calculated based on Eqs. 16 and 17, respectively. 

Accordingly, in the first half cycle, the amount of transported heat is positive if the outflow 

temperature is higher than TH, otherwise it will be negative. For the latter half cycle, the amount of 

transported heat is negative if the outflow temperature is lower than TL, otherwise it will be positive. 

Heat transport per unit area in the first half cycle: 

/2( ) /x L HT T c u dr rρ= −∫  (16) 

Heat transport per unit area in the latter half cycle:  
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/ 2( ) /x L LT T c u dr rρ=− −∫  (17)
 

5.1.1 Influence of flow channel geometry (flat plate and staggered mini-plates types) 

The variations of heat transport per unit area in one reciprocating flow cycle for each type of flow 

channel are shown in Fig. 5. The temperature differences between the low and high temperature 

reservoirs (∆Trs = (TH-TL)/2) are taken as a parameter. The other conditions for the numerical 

simulation are a flow channel length (L) of 30 mm, reciprocating frequency (f) of 1 Hz, and a 

temperature change of the solid material (∆Tm) of 5 K. 

Figure 5 shows that with increase of the temperature difference ∆Trs, the heat transport per unit area 

decreases and the negative region in the first half cycle or the positive region in the latter half cycle 

increases. This indicates an inverse relation between the heat transport and the temperature 

difference between the low and high temperature reservoirs. In addition, for all five conditions 

shown in Fig. 5, the heat transport per unit area in a half cycle is higher when using the staggered 

mini-plates. For the first half cycle, the maximum value is larger and the negative region is smaller. 

The same tendency could also be observed in the latter half cycle. It is thus conceivable that heat 

transfer for reciprocating flow in a microchannel is enhanced by using the staggered mini-plates. 

 

5.1.2 Influence of reciprocating flow amplitude (∆L) and length of flow channel (L) 

The heat transport per unit area was calculated by taking the reciprocating flow amplitude (∆L) and 

flow channel length (L) as parameters (with other conditions of f = 1 Hz, ∆Tm = 5 K and ∆Trs＝40 

K) and the results are summarized in Fig. 6. Because the absolute value of heat transport is 

symmetric between the first and latter half cycle, only the calculation results for the heating half 

cycle are analyzed here. For the same L, the heat transport per unit area varies significantly with ∆L. 

The maximum value of heat transport per unit area increases with the increase of ∆L, but the 

negative region and its absolute value also increases. Therefore, it is conceivable that integration of 

the heat transport per unit area in one half cycle has an optimum value with the variation of ∆L. 

Furthermore, for the same ∆L, the heat transport per unit area increases with the increase of L. This 

is because the longer microchannel has a larger solid material mass of microchannel wall, so that 

more heat is generated or drawn off with the same temperature change ∆Tm, of the solid material. 

 

5.2 Efficiency of heat transport 

The efficiency of heat transport is discussed here to evaluate the heat transport ability of 

reciprocating flow in microchannels. The efficiency of heat transport η, is defined by Eq. 18: 

 

c

m

Q
Q

η =  (18)  
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where Qc: cold energy transported to the low temperature reservoir, and 

Qm: enthalpy drop at the beginning of the cooling half cycle. 

5.2.1 Relationship between efficiency of heat transport η and ∆Trs/∆Tm 

The relationship between the efficiency of heat transport and the ratio of the temperature difference 

of the high and low temperature reservoirs to the temperature change of the solid material 

(∆Trs/∆Tm) is shown in Fig. 7. The efficiency of heat transport decreases with increasing ∆Trs/∆Tm. 

Because the value of ∆Tm is not changed in the calculations, this tendency is similar to the 

discussion in section 5.1(a), in that the heat transport decreases with the increase of ∆Trs. In addition, 

relatively high efficiency heat transport could be achieved with the staggered mini-plates; the 

convective heat transfer between fluid and the microchannel wall is enhanced. 

 

5.2.2 Relationship between the efficiency of heat transport (η) and ratio of amplitude to channel 

length (∆L/L) 

The influence of the reciprocating flow amplitude (∆L) and the length of the flow channel (L) are 

discussed here. Only the results for the microchannel of staggered mini-plates type are summarized 

here. The relationship between η and ∆L/L are shown in Fig. 8 for conditions of f=1 Hz, ∆Tm=5 K, 

and ∆Trs=40 K, with L as a parameter. For each length of flow channel, a similar tendency of heat 

transport efficiency is observed. The efficiency of heat transport varies with ∆L/L and has a 

maximum value that corresponds to a certain range of ∆L/L. Therefore, there is an optimum ratio of 

∆L/L to achieve high efficiency heat transport. For the calculation conditions used in this study, the 

optimum ratio is in the range of 0.15−0.25. A relatively higher efficiency of heat transport could be 

achieved when a longer flow channel is adopted, because more heat can be generated with a longer 

channel, as discussed in section 5.1.2. 

 

5.3 Pressure loss 

The results above indicate that a relatively high efficiency of heat transfer could be achieved, 

especially for the staggered mini-plates. However, it is considerable that the pressure loss will be 

increased when using a microchannel, especially for the staggered mini-plates type.  

The efficiency of heat transport with consideration of the pressure loss was calculated and compared 

to the former results without consideration of the pressure loss, as shown in Fig. 9. The energy 

consumption caused by pressure loss is calculated and added to the denominator (Qm) of Eq. 18. For 

both types of microchannel adopted in this study, the heat transfer efficiency becomes lower with 

consideration of pressure loss. However, there is a larger drop of efficiency for the staggered 

mini-plates type microchannel. For the range of low ∆Trs/∆Tm, the efficiency of heat transport for 

the staggered mini-plates type is smaller than that of the flat plate type, in contrast to that when the 

influence of pressure loss is not considered. Therefore, the influence of pressure loss can not be 
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ignored in practical applications. 

 
6. Conclusions 

Experimental and numerical studies were conducted on the heat transfer of reciprocating flow for 

different types of microchannels with intermittent heating or alternative heating and cooling on the 

channel wall. The main conclusions are summarized as follows. 

(1) Experimental investigations were conducted with intermittent heating condition and numerical 

simulations were performed with the same conditions. The experimental and numerical simulation 

results were in good accordance. 

(2) Simulations were conducted under conditions of alternative heating and cooling. The heat 

transport per unit area varied significantly with change of the reciprocating flow amplitude (∆L). An 

optimum ratio of amplitude to flow channel length (∆L/L) was determined for achieving higher 

efficiency heat transport. 

(3) By utilizing the microchannel of staggered mini-plates type, notable heat transport enhancement 

could be realized in comparison with the flat plate type. 
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Table Captions 

Table 1. Fluid temperature near the inlet/outlet of the microchannel. 

Table 2. Dimensions of microchannel. 

Table 3. Calculation conditions. 

 

Figure Captions 

Fig. 1. Schematic view of the experimental system. 

Fig. 2. 2-D domains for calculation of the alternative heating and cooling condition. 

Fig. 3. Velocity of inlet fluid. 

Fig. 4. Comparison of temperature variations for the heating surface of the microchannel. 

Fig. 5. Variations of heat transport per unit area for various ∆Trs. 
Fig. 6. Heat transport per unit area (influence of ∆L and L). 

Fig. 7. Efficiency of heat transport (influence of ∆Trs/∆Tm). 

Fig. 8. Efficiency of heat transport (influence of ∆L/L). 

Fig. 9. Efficiency of heat transport with and without consideration of the pressure loss. 
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Table 1 Fluid temperature near the inlet/outlet of the microchannel. 

Amplitude ∆L (mm) Frequency f (Hz) TH (°C) TL (°C) 

5 1 33.6 31.6 

15 1 33.1 32.7 

 

 

Table 2 Dimensions of microchannel. 

Wall thickness of microchannel h (mm) 0.2 

Width of flow channel r (mm) 0.4 

Length of flow channel L (mm) 30, 60 

 

 

Table 3 Calculation conditions 

 L 

mm 

L’ 

mm 

r mm h  

mm 

f 

Hz 

∆L  

mm 

∆Trs  

K 

∆Tm  

K 

Flat plate 30 
 

0.4 0.2 1 5 
5, 10, 20, 

40, 50 
5 

Enhanced 

heat 

transfer 

plate 

30 

1 0.4 0.2 1 

2.5, 5.0, 7.5, 

10, 15, 20 5, 10, 20, 

40, 50 
5 

60 5, 10, 15, 20, 

30, 40 
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Fig. 1. Schematic view of the experimental system. 
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Fig. 2. 2-D domains for calculation of the alternative heating and cooling condition. 
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Fig. 3. Velocity of inlet fluid. 
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(a) ΔL=5 mm, f=1 Hz 
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(b) ΔL=15 mm, f=1 Hz 

Fig. 4. Comparison of temperature variations for the heating surface of the microchannel. 
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Fig. 5. Variations of heat transport per unit area for various ∆Trs. 
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Fig. 6. Heat transport per unit area (influence of ∆L and L). 
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Fig. 7. Efficiency of heat transport (influence of ∆Trs/∆Tm). 
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Fig. 8. Efficiency of heat transport (influence of ∆L/L). 
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Fig. 9. Efficiency of heat transport with and without consideration of the pressure loss. 
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