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Abstract: A synthetic jet is an active microelectronic cooling device that generates turbulence fluid flow, which isvery effective in convective heat transfer. The cooling performance of a synthetic jet on a microelectronic heat sinkat several driven actuator frequencies, ranging from 0Hz to 10Hz, and heat dissipation rates between 4.2W and 9W,are investigated in the present work.  The results reveal that the thermal resistance decreases, and the Nusseltnumber increases, with both driven actuator frequency and Reynolds number.   The highest Nusselt number is 43,and the lowest thermal resistance is 4.22 ℃/W, both of them occurring at the heat dissipation rate of 9W and thedriven actuator frequency of 10Hz.
Key words: Synthetic jet; Thermal resistance; Driven frequency; Reynolds number; Nusselt number

1. Introduction

*The microelectronic cooling system is importantin electronic devices because the reliability, thelifespan, the efficiency, and the performance of themicroelectronic devices degrade as the junctiontemperature of the microelectronic devices exceeds100°C with increasing heat loads (Lall, 1997).Currently, there are three methods used to dissipatethe heat from microelectronic devices: (1) active (2)passive, and (3) a combination of active and passivemethods.  Fans, micro channels, piezoelectric fans,and synthetic jet cooling systems are examples of theactive method.  An example of a passivemicroelectronic device, on the other hand, is a heatsink (Abdullah & Mujeebu, 2008).This paper focuses on the synthetic jet coolingsystem. It has proven to be an effective device interms of disturbing the fluid flow and generatingturbulence. It is a cooling scheme, equipped withzero net mass flux, and does not require an externalfluid source.   It is well believed that a synthetic jet inthe axial direction improves cooling performance 2to 11 times more than natural convection alone (Tsai& Wang, 2015) and (Puranik & Agrawal, 2010).

Fig. 1: Synthetic Jet Geometry (Tsai & Wang, 2015)

* Corresponding Author.

A synthetic jet consists of a cavity, an actuatordriver, and an orifice. The jet induces unsteady flowthrough the orifice from the oscillation motion of theactuator driver, generating fluid flow.  A vortexforms at the orifice during the ejection process. Thedriven actuator frequency influences the coolingperformance of the synthetic jet.  As Chaudhari,Puranik, & Agrawal (2011) stated, a higher drivenactuator frequency enhances the coolingperformance of the synthetic jet by deliveringcooling fluid downstream.  Also, the orifice shape isone of the factors that affect synthetic jet coolingperformance.  According to Liu, Tsai, & Wang (2015),the largest hydraulic diameter at the smallest aspectratio of a rectangular orifice produces the bestcooling performance in their study. In addition, thecooling performance of synthetic jet has also beeninfluenced by the dimensions, the thickness, and thedepth of the orifice.The cooling performance of a synthetic jet in aheat sink is studied in the present experimentalstudy.  The report covers the effect of the drivenactuator frequency, the heat dissipation rate, and theaverage Reynolds number on the thermal resistanceand the average Nusselt number.  The synthetic flowdirection is parallel to the fins of the microelectronicheat sink, as shown in Fig. 2.
2. Experiment SetupIn this experiment, a microelectronic heat sinkmeasuring 52mm X 45mm X 12.4 mm was used.  Thefin thickness and the fin spacing of heat sink were1.6mm and 3mm respectively.  The heater measuring50mm X 50mm was placed under the heat sink, andutilized to supply heat to the specimen.  In order to
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minimize the heat loss, the heater is placed underthe wooden plate, as shown in Fig. 3. As illustrated inFig. 4, a 24-V power supply was used to supplyelectricity to the heater.

Fig. 2: Locations of the ThermocouplesA raspberry pie was used to control the frequencyof the synthetic jet. The electrical connection is setup as shown in Fig. 5. A 5/2 ways pneumaticsolenoid valve was employed to deliver the air to thesynthetic jet and to control the airflow speed.  TypeK thermocouples were used to measure thetemperatures of the heater, the heat sink, and thesurrounding. The connection between the heat sink,the heater, and the thermocouples, was formed usingthe thermal glue. The thermocouples were attachedto the package at five different locations. The firstthermocouple (T1) was attached at the heater,where the temperature of the heater was measured.The second (T2), third (T3), and fourth (T4)thermocouples were placed on the heat sink surfaceas shown in Fig. 2. Meanwhile, the ambienttemperature was measured by the fifththermocouple (T5). A TC-08 Thermocouple DataLogger was used to record all the temperatures inthe present experiment.The experimental procedure was performed at 4different frequencies which are 0 Hz (naturalconvection), 2 Hz, 5 Hz, and 10 Hz at 2 differentpower dissipation rates, 4.2 W and 9 W. Fig. 4 showssynthetic jet study's experimental setup.

Fig. 3: Arrangement of the synthetic jet, the air channel,and the heat sink

Fig. 4: Experiment Setup of the synthetic jet study

Fig. 5: Electrical connection between the bread board andRaspberry PiAir flow from the actuator chamber waschannelled to the orifices and the heat sink, throughthe air channels.  The orifices and the air channelswere fabricated from Perspex, and they have adiameter and a height of 32.10mm and 20mm,respectively. As illustrated in Fig. 6, it consists of 8rectangular-shape orifices, with   each orificemeasuring 2mm (height) x 3mm (width). Theactuator chamber was made from plastic material,and is round in shape, as shown in Fig. 7.  Apneumatic cylinder was installed inside the actuatorchamber. A diaphragm was attached to thepneumatic actuator inside the chamber. The distancethe diaphragm moved (stroke length) was about16mm from the rest position until the final positionduring each cycle.

Fig. 6: Schematic drawing of orifice
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Fig. 7: Cross sectional view of synthetic jet
3. Data deductionThe Reynolds number is defined as the ratio ofinertial forces to viscous forces. The Reynoldsnumber increases as the driven frequency increases.Also, the Reynolds number is always used todetermine Nusselt number.  Normally, the Nusseltnumber increases as the Reynolds number increases.The average Reynolds number { } of the fluid iscalculated based on the procedure proposed byIsmail, Abdullah, & Mujeebu (2008):= , (1)where is the hydraulic diameter and is thekinematic viscosity of the fluid. U is the averageorifice velocity at the exit of the orifice during theejection phase, and is calculated as follows:U = , (2)where is the stroke length of the synthetic jet,which is the distance travelled by the actuator, andis the driven frequency. The stroke length in thepresent work is 16mm. is the cross-sectional-area of the chamber, is the cross-sectional area of the orifice, and is the number oforifices.
3.1. Thermal resistanceThermal resistance { } is one of theimportant cooling heat characteristic properties, andit can be expressed by the following equation (3):= , (3)where = the heater temperature,T = the ambient temperature,and Q = the heat dissipation from heater.The forced convective thermal resistance withthe synthetic jet was found to be 82% less than thenatural convective thermal resistance (Chaudhari etal., 2010).
3.2. Heat transfer measurement

The average heat transfer coefficient (have) of theheat sink was based on the Newton’s Law of Cooling(4). = ( − ), (4)where is the total surface area of the heat sink,= the average heat sink temperature,The Nusselt number is used to characterize thetransfer of heat from a solid surface to thesurroundings.  The Nusselt number is equal to onewhen the magnitude of convection is equal to themagnitude of conduction (Incropera & Dewitt,1990).The average Nusselt number (Nuave) is calculatedas follows (5):= , (5)Where k = the air thermal conductivity.The heat loss in the study is negligible. Anadditional assumption is that the air velocity is thesame for all air channels.
4. Results and discussionFig. 8 plots against f at two different heatdissipation rates.  The Fig. shows that isinversely proportional to f, for all heat dissipationrates.  This phenomenon happen due to air velocityincreases with f. Thus, more heat transfer to thesurrounding as the f increases. The Fig. also showsthat the heat dissipation (Q) of 9W shows a lowerthan the Q of 4.2W.   A lower indicates ahigher convection effect, or, in other words, a higherrate of heat dissipation from the microelectronicdevices to the surroundings, which meaning Q of 9Wtransfer higher heat dissipation rate than Q of 4.2W.It is well believed that natural convection togetherwith forced convection happened in this experiment.Since, Q of 9W produces higher heat sinktemperature, Q of 9W has higher heat transfercoefficient of natural convection than Q of 4.2W.This phenomenon shown in the Fig. where of
Q=9W is lower than of Q=4.2W at f=0 {naturalconvection}. This is a reason of Q of 9W produceslower than Q of 4.2W for all f.   According toFig. 7, the lowest is 4.22 ℃/W at   f=10 Hz and
Q=9W.

Fig. 8: Graph of R against fFig. 9 shows that is directly proportional to fand Q. As expected, the data from the Fig. reveal that
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the Q of 9W has a higher than the Q of 4.2W. Thishappens due to heat transfer coefficient of naturalconvection for Q= 9W is higher than heat transfercoefficient of natural convection for Q= 4.2W.  Asshown in the Fig., the have increases from 10.86W/(m2K) to 21.56 W/(m2K) as the f increases from0Hz (natural convection) to 10Hz for the Q of 9W.At Q = 4.2W, the have increases from 8.17 W/(m2K) to15.23 W/(m2K) between the same values of f. As the
f increases, the approach cooling air velocity fromthe orifices increases.  Thus, the velocity gradientwithin boundary layer increases with f and approachcooling air velocity.  It is well known that highervelocity gradient within boundary layer produceshigher heat transfer coefficient.    As a result, the heattransfer coefficient increases as the f increases, asillustrates in Fig. 8.  In other words, with the help ofan external source (e.g. synthetic jet), the coolingperformance of a microelectronic device, isenhanced.

Fig. 9: The effect of f on hAccording to Equation (3), higher heat dissipationrate and lower temperature difference between theheat sink and the ambient produces higher heat sinkcoefficient.  As the heat sink temperature decreaseswith f, the temperature difference also decreaseswith f.  This phenomenon leads to higher heattransfer coefficient as shown in Fig. 10.Drivenfrequency of 10 Hz is found to have the higher heattransfer coefficient from 15.23 W/(m2K) to 198.89W/(m2K) with heat dissipation from 4.2W to 9W.

Fig. 10: Effect of heat dissipation rates on hAs Fig. 11 shows, the Nuave increases as the Reaveincreases. Similar to the have trend in Fig. 8, the Nuavefor the Q of 4.2W is lower than that for the Q of 9W,at all Reave.  The maximum Nuave is found to be 41.63at f= 10 Hz, Q= 9W and Reave = 1050. As stated in

equations (2) and (3), an increase in the frequencyleads to an increase in the velocity, the Reynoldsnumber, and then, have. According to Equation (5), ahigher have leads to a higher Nuave.

Fig. 11: Nuave against average ReaveThe experimental data show that a betterconvective effect is achieved when using a syntheticjet as compared to natural convection alone.According to Fig. 12, increasing the f leads toincreased effectiveness.  The highest coolingperformance is found to be effectiveness of 1.99 at f= 10 Hz and Q= 9W.  As shown in Fig. 10, a syntheticjet results in a better heat transfer coefficient,compared to natural convection.

Fig. 12: Graph of effectiveness against heat dissipationrates
5. ConclusionA synthetic jet is used as the electronic coolingapplication in this study. According to theexperimental results, a synthetic jet contributesmore to heat transfer coefficient enhancement,compared to the natural convection process. Theresults has been produced by Q of 9W are betterthan the results has been produced by Q of 4.2W.  Itis believed that the heat transfer coefficient ofnatural convection for Q=9W is higher than the heattransfer coefficient of natural convection forQ=4.2W. Also, the heat transfer coefficient increasesas the f increases because of the air velocity gradientwithin boundary layer increases with f. In this study,the experimental data show that the highest heattransfer coefficient (21.56 W/(m2K)), the highestNusselt number (41.63), and the lowest thermalresistance (4.22 ℃/W), are found at the driven
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frequency and the heat supply of  10Hz and 9W,respectively. These conditions provide the bestcooling performance in the present study.  The studyconcludes that a synthetic jet is a very effectivemethod for enhancing the cooling performance ofelectronic cooling applications.
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