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Highlights 1 

• Geometrical optimization enhances the piezoelectric fan cooling effect by 70%. 2 

• Fan location and channel configuration are important for heat transfer enhancement.  3 
 4 

• By balancing the streamwise velocity and spanwise mixing, the performance of piezoelectric fan cooling 5 
can be maximized.  6 
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Abstract 1 

Speedy technology development requires more advanced cooling devices than before. Piezoelectric fan 2 

cooling has the great potential to contribute to future electronic cooling for its compact size and high energy 3 

efficiency. However, the cooling capacity of piezoelectric fan cooling has not yet been fully unfolded; it is in 4 

urgent need to maximize its cooling performance to catch up with the industry demand. In this work, we aim 5 

to increase the heat transfer performance by varying the piezoelectric fan location and channel configuration. 6 

The effect of fan location is firstly studied. By tuning the fan position, a higher streamwise velocity is achieved, 7 

thus increasing the heat transfer. A fan inserted into the channel achieves a 55% enhancement on the Nusselt 8 

number, higher than the case of an outside-channel fan, which is the commonly adopted configuration. On top 9 

of this, the effect of the channel configuration is explored. Both expansion and contraction configurations 10 

benefit the heat transfer, and an optimized one increases the cooling effect by 70%. The fan motion is captured 11 

by a high-speed camera. Flow visualization is used to investigate the flow pattern. The channel streamwise 12 

fluid velocity is examined. It is found that the contraction configuration boosts the streamwise velocity and 13 

generates a jet flow pattern at the channel outlet. The expansion configuration significantly alters the flow 14 

motion with more vortices in a longer transmission distance, yielding a stronger spanwise mixing. The findings 15 

demonstrate that geometrical optimization can substantially enhance the heat transfer performance of the 16 

piezoelectric fan, thus paving the way for tackling the urgent cooling requirement. 17 

 18 

Keywords 19 

Piezoelectric fan cooling, electronics cooling, heat transfer, flow pattern. 20 

 21 

Nomenclature 22 

A  Surface area of the heating plate, m2 23 

d  The distance between the fan tip and the channel inlet, m 24 

 25 

h  Average heat transfer coefficient, W m-2 K-1 26 

k  Air thermal conductivity, W m-1 K-1 27 

Nu  Nusselt number 28 

Q  Heating power, W 29 
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q  Heat flux, W m-2 1 

V  Streamwise velocity, m s-1 2 

w  Channel width, m  3 

 4 

𝛿𝛿𝛿𝛿  Experimental uncertainty 5 

𝛿𝛿𝑋𝑋i  The uncertainty of one independent variable 6 

ΔT  Temperature difference between the heating plate and environmental air, K 7 

 8 

q-q0  Heat flux enhancement induced by the piezoelectric fan 9 

Nu/Nu0 The Nusselt number ratio between piezoelectric fan cooling (fan-on) and natural convection (fan-off)  10 

 11 

Greek symbols 12 

θ Half of the angle of the channel configuration, ° 13 

λ Characteristic length of the channel  14 

 15 

 16 
Subscripts 17 

0  fan-off condition, or natural-convection condition  18 
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1. Introduction 1 

In view of the rapid development of 5G technology, addressing the massive heat generated in limited-size 2 

devices has become a growing concern [1,2]. Recalling the history of tackling the heat dissipation problem, 3 

using a heat sink is a traditional way to help device cooling [3–5]. However, a heat sink is usually very bulky, 4 

and most importantly, its dissipated heat flux is much lower than the generated heat flux in a high-integrated 5 

chip. Heatsink modifications, such as changing fin shape and using a material with a higher conductivity, 6 

sometimes cannot fulfill the applications that require a high heat dissipation rate, unless the air, the commonly-7 

used heat transfer medium, is altered into liquids [6–9]. The liquid cooling technology was thus developed 8 

and significantly increased the surface heat flux [10–14]. However, the introduction of liquids, such as water 9 

or oil, poses a great risk of short circuit in case of a liquid leak, which may cause irreversible damages to the 10 

electronic system and user. Efforts have been made to look for an alternatively safe and efficient way of high 11 

heat flux dissipation. Heat pipe or phase change cooling technology was then invented by adopting an 12 

evaporation end near the heat source and placing a condensation end to the surroundings. Both ends were 13 

restricted inside a highly conducted copper tube. With the help of the copper tube and phase-change liquid, 14 

the heat absorbed is soon transferred and dissipated into the surroundings, leading to a great enhancement in 15 

heat transfer compared with the previous single phase cooling technologies [11,15,16]. Another technique is 16 

to apply an aeroelastic vortex generator into heat sink channels [17]. Flexible plates are inserted into the 17 

channels and interact with the airflow through a flapping motion to generate turbulence. By introducing 18 

additional turbulence, it was demonstrated to have as much as 300% enhancement in the heat transfer 19 

coefficient [18]. However, since the fluttering motion is driven by the airflow, a fan has to be inserted nearby, 20 

which makes the whole setting bulky and a certain amount of power is consumed to overcome the flow 21 

pressure loss. The present electronic cooling system urgently demands a more compact, energy-saving system 22 

design. 23 

 24 

Piezoelectric fan cooling technology simplifies the setting by integrating the fan and aeroelastic plate as a 25 

single piezoelectric fan [19,20]. In this technology, the piezoelectric fans are generally placed in front of the 26 

inlets of heat sinks or channels. Convective heat transfer occurs on the channel walls as the airflow is 27 

introduced into the channel when the fans flutter. The main difference between piezoelectric cooling and 28 

aeroelastic vortex generator cooling is that the fluttering motion in the piezoelectric fan cooling is activated 29 
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actively by the piezoelectric effect but not passively by the airflow. This provides independent controllability 1 

over the fluttering amplitude and frequency, which are no longer controlled limitedly by the airflow velocity. 2 

It is reported that the efficiency of piezoelectric fan cooling is about 10 times higher than that of the referenced 3 

radial fan [19], showing the promising performance of piezoelectric fan cooling for thermal management. 4 

Therefore, with the advantages of piezoelectric fan cooling, including a more compact system, simpler 5 

operation and higher efficiency, growing attention is drawn to the development of piezoelectric fan cooling, 6 

aiming to further increase its heat transfer performance to meet the current cooling requirement [21–23]. 7 

 8 

A widely explored factor in previous studies on piezoelectric fan cooling is the fluttering motion of the 9 

piezoelectric fan, including the frequency and amplitude. The effects of frequency and amplitude on heat 10 

transfer have been examined in [24], and a maximum enhancement of 46% on local heat transfer compared 11 

with natural convection is achieved by tuning the fan frequency to the fundamental resonant frequency. 12 

Another widely-explored factor is the orientation of the piezoelectric fan [25]. Two conditions are compared, 13 

i.e., the fan plane is vertical or parallel to the heat source plane. By changing the orientation, the heat transfer 14 

for the system can be improved by 52% [26]. Multi-fan arrays have also been studied [29, 30]. The space, 15 

relative orientation and phase variation between the fans have been examined [30, 31]. In-phase fans perform 16 

better than counter-phase ones in confined spaces in terms of heat transfer performance [27].  17 

 18 

Most of the studies have been focused on the parameters related to the fan or fan arrays, while studies on the 19 

effect of the relative geometrical relationship between the fan and the channel are very limited. Geometrical 20 

optimization is more efficient and cost-effective than replacing a piezoelectric fan, which is expensive. 21 

Therefore, we suggest firstly maximizing the heat transfer performance of a simple combination of a 22 

piezoelectric fan and a channel. To our best knowledge, no study has been conducted regarding the comparison 23 

of the heat transfer performance between an inside-channel fan and an outside-channel fan. In most application 24 

scenarios, the fan is placed outside the channel [28]. It is highly possible that the position of the fan, i.e., 25 

placed inside or outside the channel, would significantly affect heat transfer performance. Besides, inspired 26 

by the basic knowledge of a jet flow generated by a nozzle [29] and its similar application in the heat sink 27 

design [30], it is believed that the channel configuration would have a significant impact on the flow, which 28 

would consequently affect the piezoelectric fan cooling. Therefore, optimizing the geometrical arrangement, 29 
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including the fan location and the channel configuration, has the potential to boost the heat transfer, which, 1 

however, has not yet been studied. 2 

 3 

Therefore, the objective of this work is to study how the geometrical arrangement affects the piezoelectric fan 4 

cooling, with an expectation of enhancing heat transfer. The effect of fan location on heat transfer is firstly 5 

studied. The second step is to study the effect of channel configuration on heat transfer. Two configurations, 6 

i.e., contraction and expansion, are considered. The results are fully analyzed from not only the change of the 7 

streamwise velocity, but also the flow patterns, as well as the fan motion. Both the results and analysis benefit 8 

the development of piezoelectric fan cooling in an electronic system. 9 

 10 
2. Experimental method 11 

2.1 Experimental setting, procedures and calculation methods 12 

The experimental setting is shown in Fig. 1(a). A piezoelectric fan was fixed vertically in front of a channel. 13 

The piezoelectric fan used in this study was a packaged fan with a pre-attached transformer and signal 14 

generator. The blade size was 2 cm × 8 cm. The channel had a default length and height of 15 cm × 8 cm, and 15 

its width could be controlled from 1 cm to 2 cm, with an interval of 0.5 cm. The channel had one isothermal-16 

heated sidewall made of a copper plate (5 cm × 15 cm). All experiments were conducted in an air-conditioned 17 

environment with the room temperature of 21.5 ± 0.1 °C and humidity of 58%. The surface temperature was 18 

set with a difference of 23.5 °C with the indoor temperature by a temperature controller (TC9100, DigiSense, 19 

USA). The heating power was monitored by a power meter (RSPM 8213, RS PRO, UK). During the 20 

experiment, a parametric study on the channel width (w) and the distance between the fan tip and the channel 21 

inlet (d) was firstly performed to obtain the optimal fan location. Then the effect of channel configuration was 22 

studied by altering the normal channel configuration to an expansion and contraction one. The channel angle 23 

of expansion and contraction configuration was characterized by ‘2θ’ (as shown in Fig. 1(a)), with a negative 24 

value in the expansion case and a positive one in the other case.  25 

 26 

In each experiment, a background case in which the fan was turned off was firstly conducted, and the heating 27 

power Q0 was recorded. Another experiment was subsequently conducted with the fan-on condition, and the 28 
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heating power was recorded as Q. The heat fluxes under the natural convection (fan-off) and fan-on conditions 1 

are abstracted as below.  2 

𝑞𝑞0 = 𝑄𝑄0
𝐴𝐴

             (1) 3 

 𝑞𝑞 = 𝑄𝑄
𝐴𝐴

             (2) 4 

where A is the surface area of the copper plate. Then (q-𝑞𝑞0) is considered as the heat flux enhancement induced 5 

by the piezoelectric fan. It is noted that the input power of the piezoelectric fan setting for all cases was 6 

measured to be about 2.25 W with a standard deviation of 4.4%. Therefore, all experiments were conducted 7 

under the same input power condition.  8 

In order to evaluate the heat transfer enhancement, the Nusselt number, which is a dimensionless number to 9 

characterize the convective heat transfer, was used. The Nusselt number is defined as below 10 

Nu = ℎ𝜆𝜆
𝑘𝑘
，            (3) 11 

ℎ = 𝑞𝑞
𝛥𝛥𝛥𝛥

，            (4) 12 

where h is the convective heat transfer coefficient, 𝜆𝜆  and k are the characteristic length and air thermal 13 

conductivity, respectively, 𝛥𝛥𝛥𝛥 is the temperature difference between the heated copper surface and the air. 14 

Since both 𝜆𝜆 and k kept constant between fan-off and fan-on condition, and 𝛥𝛥𝛥𝛥 was maintained constant at 15 

23.5 °C, the ratio of the Nusselt number at the fan-on condition (Nu) to that at the natural convection (fan-off 16 

condition, Nu0) reduced to: 17 

Nu
Nu0

= ℎ
ℎ0

= 𝑄𝑄
𝑄𝑄0

           (5) 18 

The measured heat flux under natural convection (fan-off condition) was 415 W/m2, while the background 19 

velocity was essentially 0 m/s. 20 

  21 

2.2 Characterization method 22 

The fluttering motion of the piezoelectric fan is captured by a high-speed camera (VEO410, Phantom, 23 

Germany). The motion envelope is constructed by superimposing the fan motion within several cycles. The 24 

ImageJ software is used to perform the image processing. More details can be referred to our previous work 25 

[31].  26 
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In this work, we have two ways for velocity measurement. One way is to measure the velocity using an 1 

anemometer directly. The velocity at the channel outlet was measured by a one-directional hotwire-based 2 

velocimetry (9565-P-NB, TSI, USA) as shown in Fig. 1(b). The probe of the velocimetry was placed at the 3 

center of the channel outlet. It is noted that when the fan was turned off, the airflow rate was measured to be 4 

0 m/s, demonstrating that the background airflow was minimal and could be ignored.  5 

 6 

The flow pattern in the channel was visualized following the technique described in [32]. In Fig. 1(c), the 7 

experimental setup involving the channel and the piezoelectric fan is placed vertically in front of the camera. 8 

A flashlight (YN600EX-RT, YONGNUO, CN) is placed on top of the setting, and is connected synchronically 9 

with the camera (1000D, Canon, Japan) to generate a sheet light to light up the target plane. To avoid light 10 

reflection and have a better contrast, the supporting platform, which is the background for the target plane, is 11 

covered by black paper. Smoke wires are placed at the channel inlet and outlet. The smoke wires are made of 12 

stainless steel with a diameter of 0.1 mm. Paraffin oil is brushed on the smoke wires and will be evaporated 13 

into smoke after turning on the electricity power by a system controller. Subsequently, after triggering the 14 

smoke wires, the system controller will send out commands to the camera and flashlight within milliseconds 15 

to capture the smoke flow. The captured white smoke flow represents the airflow condition from the position 16 

of the smoke wires. By placing the smoke wires at various positions, flow patterns around the piezoelectric 17 

fan and inside the channel are captured. 18 

 19 

The flow patterns provide us another way for velocity measurement. The smoke traveling distance captured 20 

in the images is taken as the propagation distance. The propagation distance is identified easily due to the 21 

contrast between the black background and white smoke. The time duration from triggering the smoke to the 22 

image capture is recorded, which is 100 ms for open space investigation and 40 ms for channel configuration 23 

investigation. With the propagation distance and time, the propagation velocities, including streamwise 24 

velocity and spanwise velocity, can be found. Besides, by measuring the size of the smoky area, the 25 

propagation area can be obtained.  26 
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 1 

Fig. 1 Experimental setups: (a) Setup for heat transfer experiment; the geometrical restructuring includes 2 

different d, different w, and different configuration/angles; (b) Setup for direct velocimetry; (c) Setup for flow 3 

visualization, including a camera, flash, the system controller and the setting showing the target plane. 4 

 5 

2.3 Uncertainty analysis 6 

The experimental uncertainty is determined [33].  7 

𝛿𝛿𝛿𝛿 = [�(
𝜕𝜕𝜕𝜕
𝜕𝜕𝑋𝑋𝑖𝑖

𝛿𝛿𝑋𝑋𝑖𝑖)2
𝑁𝑁

𝑖𝑖

]1/2 8 

where 𝛿𝛿𝛿𝛿 is the overall uncertainty and 𝛿𝛿𝛿𝛿𝑖𝑖 is the uncertainty induced by a specific variable. The measurement 9 

accuracies associated with the experimental components can be referred to our previous work [31]. The 10 

measurement of heat flux, q, has a relative uncertainty of 0.2%, while that of Nu is 4%. 11 

  12 

  13 



11 

 

3. Results and Discussion 1 

3.1 The motion of the piezoelectric fan and the flow pattern 2 

The frequency of the piezoelectric fan was fixed at 50 Hz, and its tip-to-tip amplitude varied slightly in 3 

different cases at around 1.2 cm. Fig. 2(a) shows the projection of the fan motion in multiple cycles.  4 

 5 

The flow pattern generated by the piezoelectric fan is also investigated. As shown in Fig. 2(b), the piezoelectric 6 

fan is placed on the right-hand side in an open space. There are five smoke wires (three perpendicular and two 7 

parallel to the fan) placed around the fan tip, and they will be activated in sequence to show the flow pattern 8 

in the specific positions. Fig. 2(c) compares the smoke generated by the three smoke wires perpendicular to 9 

the fan showing how the flow patterns vary with different distances from the fan tip. As shown from the smoke 10 

wire 1, which is the closest to the fan tip, the fan generates strong and complicated vortices. Moreover, from 11 

the smoke wire 2, the vortices weaken as the distance extends and become less complicated with the shrinking 12 

vortex size. Besides that, the vortices are clearly driven in the direction that is far away from the fan. In the 13 

position where the smoke wire 3 is placed, the vortices disappear and only a slightly forward flow is observed. 14 

Therefore, the fan generates a forward flow, and more vortices occur closer to the fan tip. The flow patterns 15 

indicated by the two parallel smoke wires with the fan are symmetric, and they represent the flow patterns on 16 

two sides of the fan. The spanwise mixing effect is clearly shown, and the effect weakens as the distance from 17 

the fan tip increases. The propagation velocities are extracted from the flow pattern and shown in Fig. 2(f-g). 18 

Fig. 2(f) shows the streamwise propagation. It is clear that in the open space condition, streamwise propagation 19 

induced by the piezoelectric fan is weak and has almost no effect at a distance of 8 cm to the fan tip. The 20 

maximum streamwise velocity examined is 0.18 m/s, which occurs 1 cm away from the fan tip. Fig. 2(g) 21 

shows the spanwise propagation along the centerline. The centerline is parallel with smoke wires 4 and 5, and 22 

starts from the fan head, as indicated in Fig. 2(d). It is clear that the spanwise propagation is symmetric at two 23 

sides of the fan. And the strongest propagation is around the fan tip. The maximum spanwise velocity is 0.29 24 

m/s.  25 
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 1 
Fig. 2 Flag motion characterization. (a) Flag motion envelope; (b) The relative position of 5 smoke wires to 2 

capture the flow patterns around the fan; (c) Flow patterns in front of the fan tip, as shown by smoke wires #1, 3 

#2 and #3; Flow patterns parallel to the fan, as shown by smoke wires #4 (d) and #5 (e); (f) Streamwise 4 

velocity extracted from (c); (g) Spanwise velocity extracted from (d) and (e).  5 

 6 

3.2 The effect of geometrical arrangement on heat transfer  7 

The geometrical optimization in this study consists of two steps. The first step is about the fan position. For 8 

cases with different fan positions, Fig. 3(a) shows the heat flux enhancement comparing the piezoelectric fan 9 

cooling with the natural convection, while Fig. 3(b) shows the corresponding Nusselt ratios. The effect of the 10 
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tip-inlet distance is independent of that of the channel width. When the fan is placed outside the channel (d = 1 

3 cm), the cooling effect is limited compared with other cases. When the fan is gradually inserted into the 2 

channel (d = 0 cm, d = -3 cm), the heat flux from the wall gradually increases. However, when the fan is 3 

inserted too deep into the channel (d = -6 cm), it can still help the wall cooling, but the effect is diminished. A 4 

narrower channel can boost the fan’s cooling effect, so the enhanced heat flux induced by the channel with a 5 

width of 1.5 cm is higher than the case of 2 cm. However, once the channel is so narrow (the case of 1 cm) 6 

that the fan begins to touch the wall during fluttering, the enhancement effect decreases. Therefore, in the first 7 

step, the optimized geometrical arrangement for the best cooling effect is to insert the fan into the channel 8 

with a distance d = -3 cm while keeping an appropriate channel width w = 1.5 cm. Fig. 3(b) shows that the 9 

Nusselt ratio Nu/Nu0  achieves 1.55 by an optimized configuration. It is supposed that the heat transfer 10 

enhancement is related to the streamwise velocity enhancement, which is defined as the channel velocity 11 

difference between the natural convection and fan-on condition. The streamwise velocity enhancement was 12 

investigated using the direct velocimetry. In the natural convection condition, the outlet velocity is almost 0. 13 

When the fan is turned on, the velocity enhancement (Fig. 3(c)) is similar to the results of the heat flux 14 

enhancement and Nusselt number ratio (Fig. 3(a) and (b)), except for the case of w = 1 cm. For this case, the 15 

fan touches the wall during fluttering, because the fan tip amplitude (1.2 cm) is larger than the channel width 16 

(w = 1 cm). The oscillation amplitude of the fan is decreased by the wall, which diminishes the heat transfer 17 

performance of the piezoelectric fan. Thus, its heat transfer enhancement effect is sacrificed for the restriction 18 

on the fan motion, even though it generates the largest stream velocity enhancement.  19 

 20 

The second step for maximizing the heat transfer performance is the channel configuration. When the 21 

configuration evolves from an expansion configuration to a normal parallel configuration, then to a contraction 22 

configuration, the channel angle evolves from -9.56° to 5.73°. The largest channel angle is 5.73°. For a larger 23 

channel angle, the channel outlet will be closed. As shown in Fig. 3(d) and (e), either the expansion 24 

configuration or the contraction configuration can boost the heat transfer performance compared with the 25 

normal parallel channel. For the expansion configuration, the heat flux enhancement gradually increases firstly 26 

and then decreases as the expansion angle increases, i.e., from 0° to -9.56°. At the expansion angle of -5.73°, 27 

the heat flux is enhanced by 236 W/m2, and the Nusselt number is enhanced by 59 %, compared with the case 28 

of natural convection. In other words, if this optimized expansion configuration (expansion angle of -5.73°) 29 
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is adopted, the piezoelectric fan cooling effect can be enhanced by 60%. For the contraction configuration, the 1 

heat flux enhancement has a clear increase and then drops off as the contracting angle increases. The sudden 2 

drop is because the forward flow generated by the piezoelectric fan is blocked since the channel outlet is too 3 

narrow. The heat flux is enhanced by 250 W/m2 , and the Nusselt number is enhanced by 70%, with a 4 

contracting angle of 3.82°. Similarly, if this optimized contraction configuration (contracting angle of 3.82°) 5 

is adopted, the piezoelectric fan cooling effect can be enhanced by 70%. The streamwise velocity enhancement 6 

using the direct velocimetry method is summarized in Fig. 3(f). The streamwise velocity enhancement 7 

increases as the angle evolves from expansion to contraction until the channel outlet is too narrow. The trend 8 

is quite different from the heat transfer enhancements in Fig. 3(d) and (e). This suggests that the streamwise 9 

velocity enhancement is not the only factor affecting the heat transfer performance. There should exist other 10 

mechanisms that have a significant effect on the heat transfer performance. 11 
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 1 
Fig. 3 (a) Heat flux enhancement, (b) Nusselt number ratio and (c) Streamwise velocity enhancement for 2 

different d and w; (d) Heat flux enhancement, (e) Nusselt number ratio and (f) Streamwise velocity 3 

enhancement for different channel configurations.  4 

 5 
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3.3 The mechanisms of channel configuration and effects on heat transfer  1 

The expansion or contraction configuration would affect the streamwise and spanwise propagations, which 2 

would further affect the heat transfer performance of a piezoelectric fan. Flow visualization is used to 3 

investigate this mechanism in this section.  4 

 5 

For the contraction configuration, the case of ‘2θ = 3.82°’ can be regarded as a typical case. Two smoke wires 6 

were placed at the channel inlet and outlet, respectively. As shown in Fig. 4(a), the flow patterns at the outlet 7 

and inlet are shown in the upper figure. The flow at the inlet is mixed quite well and the flow at the outlet 8 

shows a jet flow. The outlet flow patterns are different for different angles as shown in the lower three figures 9 

in Fig. 4(a). The jet flow is stronger when the contraction angle is larger. Fig. 4(b) shows the velocity profiles 10 

at the outlet for different contraction angles. The velocity profiles are all in parabolic shapes but with different 11 

amplitudes. Compared with Fig. 2(f), which shows that the streamwise propagation drops rapidly when the 12 

distance from the fan tip is larger than 4 cm. Fig. 4(b) reveals that the contraction configuration can further 13 

extend the streamwise propagation with a distance of more than 15 cm, covering the channel and extending 14 

beyond the outlet. What’s more, the streamwise velocity magnitude is also greatly enhanced from 0.18 m/s to 15 

0.7 m/s. 16 

 17 

For the expansion configuration, Fig. 5(a) and (b) show the comparison of flow patterns between natural 18 

convection (a. fan off) and piezoelectric fan cooling (b. fan on). A smoke wire is placed through the channel, 19 

parallel to the channel centerline, showing the flow along the channel. Comparing Fig. 5(a) and (b), clearly, 20 

with the fluttering of the piezoelectric fan, air is drawn into the channel and vortices are generated inside. 21 

Those vortices propagate along the channel and gradually disappear at a certain distance. What’s more, the 22 

significant spanwise mixing effect induced by the fluttering of the piezoelectric fan is obviously demonstrated 23 

in Fig. 5(b). In the case of ‘2θ = -9.56°’, the vortex propagation length is the shortest. It is also noted that a 24 

vortex separation occurs around the end of the fan tip, which will greatly diminish channel air mixing and 25 

reduce the heat transfer effect. In the case of ‘2θ = -5.73°’, it has the longest vortex propagation length. The 26 

vortices in the inlet area are generated continuously and are the strongest among the three cases. The vortex 27 

size becomes bigger and closer to the fan, suggesting the local spanwise mixing effect increases along the 28 
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channel direction until reaching the fan tip position. The maximum mixing effect occurs in front of the fan tip, 1 

where the air is well-mixed, and then the mixing effect gradually decreases. With the superior streamwise 2 

propagation and spanwise mixing, the geometrical arrangement with this optimized expansion angle induced 3 

the highest heat transfer enhancement among all expansion configurations. In the case of ‘2θ = -1.91°’, its 4 

propagation length is not as long as that in the optimized case, nor strong as its spanwise mixing effect in the 5 

inlet area, but still superior to the first case. Its heat transfer performance is accordingly affected. Fig. 5(c) 6 

shows the spanwise velocity along the channel centerline, which is extracted from flow patterns in Fig. 5(a) 7 

and Fig. 5(b). The spanwise propagation in the area with the piezoelectric fan (centerline position < 3 cm) is 8 

similar for different expansion configurations, but different outside that area (centerline position > 3 cm). 9 

Outside that area, generally, the ‘2θ = -5.73°’ case has the highest spanwise velocity, while the ‘2θ = -9.56°’ 10 

case has the lowest. It is also worth noting that the spanwise velocity intensity is improved from 0.29 m/s, as 11 

shown in Fig 2(g), to 0.4 m/s, which benefits the heat transfer. The overall spanwise propagation area is also 12 

extracted in Fig. 5(d), indicating the same trend with the Nu/Nu0 results: the expansion configuration with the 13 

better spanwise propagation area obtains the better heat transfer performance. 14 
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 1 
Fig. 4 (a) Flow pattern for contraction configuration; (b) Velocity profiles across the outlet extracted from the 2 

flow pattern. 3 
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 1 
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Fig. 5 Flow patterns for expansion configuration, when (a) fan is turned off and when (b) fan is turned on; (c) 1 

Spanwise velocity along the channel centerline, extracted from the flow pattern (b); (d) Spanwise propagation 2 

area extracted from (b). 3 

 4 
4. Concluding Remarks 5 

This work examines the effect of geometrical arrangements on piezoelectric fan cooling. The geometrical 6 

optimization consists of two steps, fan position and channel configuration. After optimization, the heat transfer 7 

performance is finally enhanced by 70%. Experimental investigation shows that the fan position has a 8 

significant effect on the streamwise velocity, thus affecting the overall heat transfer performance. The channel 9 

configuration, either expansion or contraction, poses a substantial impact on the flow induced by the fluttering 10 

of the piezoelectric fan. In the contraction configurations, jet flow patterns are identified in the channel outlet. 11 

In the expansion configurations, vortices with different strengths and propagation distances, as well as vortex 12 

separation, are detected. The heat transfer enhancement resulting from the channel configuration is mainly 13 

credited to the combination of streamwise propagation and spanwise flow mixing. These geometrical 14 

optimizations enhance the cooling performance in the setting with a single piezoelectric fan and a single 15 

channel. Future work is recommended to extend the case to multi-fan and/or multi-channel cases. This work 16 

offers insight into high-performance piezoelectric fan cooling design and sheds light on future electronic 17 

cooling. 18 

 19 
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