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Abstract

:

The thermal management of microelectronics is important because overheating can lead to various reliability issues. The most common thermal solution used in microelectronics is forced convection, which is usually initiated and sustained by an airflow generator, such as rotary fans. However, traditional rotary fans might not be appropriate for microelectronics due to the space limit. The form factor of an ionic wind pump can be small and, thus, could play a role in the thermal management of microelectronics. This paper presents how the performance of a needle-ring ionic wind pump responds to inlet blockage in different electrical driving modes (direct current), including the flow rate, the corona power, and the energy efficiency. The results show that the performance of small needle-ring ionic wind pumps is sensitive to neither the inlet blockage nor the electrical driving mode, making needle-ring ionic wind pumps a viable option for microelectronics. On the other hand, it is preferable to drive needle-ring ionic wind pumps by a constant current if consistent performance is desired.






Keywords:


electrohydrodynamic; needle-ring; ionic wind pump; inlet blockage












1. Introduction


Thermal management for microelectronics is receiving more and more attention because overheating can lead to significant failures [1,2,3]. Forced convection is an effective strategy used in thermal management. Rotary fans are the most common devices used to initiate and sustain the required airflow in forced convection. However, a traditional rotary fan consists of several components (motors, blades, etc.) that are volume demanding. Additionally, there is a no-flow region at the immediate outlet of a rotary fan because of the motor (hub) [4,5]. On the other hand, it is known that the efficiency of a small rotary fan can be tremendously low [6]. Thus, rotary fans are not favorable for the thermal management of microelectronics.



Ionic wind pumps are airflow generators that work based on electrohydrodynamics (EHDs), coupling the electrostatics, the fluid mechanics, and the charge transport [7,8,9]. Figure 1 shows the schematic of positive ionic wind generation. When an appropriate high electric field (potential difference) is applied between the corona electrode and the collector electrode, the ionization region and the unipolar drift region will be formed in between because of the corona discharge. Air molecules will be charged when passing around the ionization region. The charged air molecules will then move to the collector electrode following the electric field, transferring charges and momentum to other air molecules [10]. The bulk air movement is the result, also known as ionic wind or EHD flow [11,12]. Because there are no moving parts required, ionic wind pumps are noise free, vibration free, and the form factor can be small [13,14]. Unlike traditional rotary fans, the electrode configuration of an ionic wind pump can be flexible such that the no-flow region can be avoided, which is highly desirable for compact microelectronics.



For an ionic wind pump, the corona electrode can be something that has a high curvature, such as a thin wire and a needle, while the collector electrode usually has a low curvature, such as a thick cylinder, plate, and ring [16,17,18,19]. Among various electrodes, this paper focuses on needle-ring ionic wind pumps because of their high flexibility in the number and configuration of the needles [17,20,21,22,23] and, thus, high applicability [24,25,26,27,28]. On the other hand, the performance of an air pump is often represented by the curves of the pressure against the flow rate (PQ curves) at a free inlet condition. However, when coming to practice, the pump inlet could have obstacles, such as the components or chassis, creating negative effects on the PQ performance, known as the inlet blockage effect [29,30,31]. The PQ performance of a wire-rod ionic wind pump has been shown to be affected by both the inlet blockage and the electrical driving mode [15,32].



Yet, to date, no blockage-induced performance degradation for needle-ring ionic wind pumps has been reported. To better estimate the performance when applying needle-ring ionic wind pumps in practice, this paper presents and discusses the characteristic changes of the flow rate, the corona power, and the energy efficiency with respect to the inlet blockage, the electrical driving mode, and the pump size.




2. Material and Methods


2.1. Experimental Setup


Figure 2a shows the schematic of the experiment setup. An acrylic plate of 80 cm by 80 cm was placed upstream of the inlet of the ionic wind pump under test in a center-to-center manner, presenting as the inlet blockage. The blockage distance (acrylic plate to pump inlet) was a parameter of interest, which was set to be 1 cm, 2 cm, 3 cm, and infinity (no blockage). A hotwire anemometer (Testo 405V1) was placed 0.1 cm away from the outlet of the ionic wind pump under test to measure the ionic wind velocity and, thus, the flow rate (5-point at r = 0, ±0.2D, and ±0.4D). Every measurement was repeated three times to ensure repeatability.




2.2. Ionic Wind Pump under Test


The ionic wind pump was a single needle-to-ring configuration, as shown in Figure 2b. The needle was made of stainless steel and had a diameter of 0.06 cm. The ring was also made of stainless steel and had a cross-sectional diameter of 0.4 cm. The distance from the needle tip to the ring center was 4 cm. The pump size was characterized by the inner diameter of the ring (D) and was a parameter of interest, which was taken to be 3 cm, 5 cm, and 10 cm. The needle was applied at a high voltage, and the ring was electrically grounded. The direct current (DC) high-voltage power supply (Matsusada AU-40P2.5-LCF, Shiga, Japan) used here provided two corona operating modes to the needle, which were constant voltage (C.V.) and constant current (C.C.).





3. Results and Discussion


3.1. Flow Rate


Figure 3 shows the flow rates for the cases when operating under either C.C. or C.V. mode. It can be seen that the flow rate is proportional to the corona voltage/current and the pump size, as expected. The flow rate is the product of velocity and the cross-sectional area. The cross-sectional area of the pump increases when the pump size increases. However, under the same electrical conditions, the ionic wind velocity is inversely proportional to the pump size because the resultant electric field strength decreases when the pump size increases (the needle-to-ring distance increases). Among these pumps under test, the decreasing rate of the ionic wind velocity is lower than the increasing rate of the cross-sectional area when the pump size increases. As a result, the flow rate still increases over the pump size.



The influence of the inlet blockage on the flow rate is not obvious for the 3 cm and 5 cm pumps regardless of the electrical driving mode. Nonetheless, for the 10 cm pump, the inlet blockage, the electrical driving mode, and the flow rate do have connections. When driving such a pump in C.C. mode, the flow rate does not change a lot when the inlet blockage presents. However, when driving such a pump in C.V. mode, the inlet blockage can lower the flow rate by 13.6% (for 31 kV) to 20.1% (for 20 kV). This phenomenon is different from what has been reported for the wire-rod ionic wind pump [15]. The suspected reason for the difference between these two types of ionic wind pumps is that the distributions of the space charge density around the corona electrode and the inlet velocity profile are different. This reflects the fact that the electrode configuration plays a meaningful role for ionic wind pumps with regard to resisting the inlet blockage.




3.2. Corona Power


Figure 4 shows the corona power of the ionic wind pump under test. Undoubtedly, the corona power is proportional to the applied voltage or current. The response of the corona power to the inlet blockage is dramatically different in terms of the electrical driving mode. When it is in C.C. mode, the corona power increases over the inlet blockage, even just at a somewhat low rate. In other words, the corona voltage becomes a little higher when the inlet blockage gets closer to the pump. However, when it is in C.V. mode, the corona power decreases over the inlet blockage. In other words, the corona current becomes lower when the inlet blockage gets closer to the pump. Such a characteristic is one of the reasons that driving an ionic wind pump in C.C. mode better withstands the inlet blockage than that in C.V. mode. This unique behavior could be attributed to the characteristics of the current density, which is a function of both the electric field and the airflow field (velocity), as shown in Equation (1) [11,33]. Under C.C. mode (i.e., the current density is a constant), the airflow velocity and the electric field are competing. When the airflow velocity decreases, the electric field should increase in order to make the current density constant. Thus, the voltage increases so that the corona power increases. On the contrary, under C.V. mode (i.e., the electric field is a constant), the current density is proportional to the airflow velocity. When the airflow velocity decreases, the current density should decrease. As a result, the current decreases and so does the corona power.


   J  = ρ  (  μ  E  +  w   )  − D ∇ ρ  



(1)




where   J   is the current density,  ρ  is the space charge density,  μ  is the ion mobility,   E   is the electric field, is the airflow field (velocity), and  D  is the diffusion coefficient.




3.3. Energy Efficiency


The energy efficiency is defined by the ratio of the airflow power to corona power (electric power input) as shown in Equation (2), and the results are shown in Figure 5.


  η =    Airflow   Power     Corona   Power    =    1 2  ×  m ˙  ×  V 2    I ×  V e     



(2)




where  η  is the energy efficiency,   m ˙   is the mass flow rate,  V  is the airflow velocity,  I  is the corona current, and   V e   is the corona voltage.



For the 3 cm and 5 cm pumps, the energy efficiency seems to fluctuate over the inlet blockage regardless of the electrical driving mode. On the other hand, for the 10 cm pump driven by C.V. mode, the energy efficiency has a clear decrease when the inlet blockage presents. As for the 10 cm pump driven by C.C. mode, the energy efficiency fluctuates and does not have a consistent increasing or decreasing trend.



Furthermore, it is also interesting to realize that the energy efficiency tends to decrease when the corona current or corona voltage increases, coincident with what has been reported in the literature [12,34]. It is simply because the increase in the corona power outruns that in airflow power, lowering the energy efficiency.



Moreover, when it is in C.C. mode, the pump size does not seem to have a significant effect on the energy efficiency. However, when it is in C.V. mode, the 3 cm pump outperforms the 10 cm one in energy efficiency. This makes sense because the airflow can be generated at a lower voltage for a smaller pump (lower onset voltage), making the ratio of the airflow power to the corona power larger.





4. Conclusions


This paper presents the flow rate, the corona power, and the energy efficiency of the needle-ring ionic wind pump in terms of the inlet blockage, the pump size, and the electrical driving mode. The results indicate that driving a big needle-ring ionic wind pump by a constant current results in a more consistent airflow rate with respect to the inlet blockage when compared with that by constant voltage. Under C.C. mode, the corona power increases over the inlet blockage. However, under C.V. mode, the corona power decreases over the inlet blockage. This is also the reason why the airflow rate changes a little over the inlet blockage when the ionic wind pump is driven by C.C. mode. Regarding energy efficiency, the small needle-ring ionic wind pump has a higher energy efficiency than the big one has, which is in contrast to what traditional rotary fans have. Moreover, the energy efficiency of such a small needle-ring ionic wind pump is not sensitive to both the electrical driving mode and the inlet blockage. All these characteristics make needle-ring ionic wind pumps a viable option for applications that have space limitations and require consistent performance.
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Figure 1. The generation of positive ionic wind. Reproduced with permission from [15]. 
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Figure 2. The schematics of the experimental setup and the ionic wind pump under test. (a) Experimental setup (center cut-plane view) and (b) ionic wind pump (iso view). D represents the pump size (inner diameter of the ring), and B represents the blockage distance. 
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Figure 3. The flow rate for the ionic wind pump under test. 
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Figure 4. The corona power for the ionic wind pump under test. 
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Figure 5. The energy efficiency for the ionic wind pump under test. 
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