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Abstract 24 

For the conventional synthetic jet in a confined space, the recirculation of heated air at 25 

a small nozzle-to-surface spacing results in deterioration of its impingement cooling ability. 26 

To overcome this drawback, various novel fluid diodes are designed and introduced to form 27 

hybrid synthetic jets in this paper. Numerical analyses are carried out to reveal the cooling 28 

performance enhancement mechanism of the hybrid synthetic jets with the aid of fluid 29 

diodes. Instantaneous images of velocity contour and streamline at one cycle are 30 

comparatively presented to elaborate on their flow characteristics. Based on the simulation 31 

results, the volumetric efficiency, air temperature at the nozzle exit, average temperature on 32 

the heated surface and average Nusselt number are further calculated to quantify the 33 

improvements of the proposed hybrid synthetic jets compared to the conventional synthetic 34 

jet. The hybrid synthetic jet with a convergence nozzle generates the best cooling ability 35 

among various configurations. This study provides significant guidance for the design of 36 

novel hybrid synthetic jets with high-efficiency impingement cooling performance. 37 

 38 

Keywords: Impingement cooling; Synthetic jet; Fluid diode; Heat transfer; Confined space. 39 
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Nomenclature 

Roman letters 𝑢𝑚𝑎𝑥 maximum ejecting velocity at the 

𝐴 amplitude (μm)  nozzle exit during one cycle (m·s
-1

) 

𝐷𝑐 cavity diameter (mm) 𝑈(𝑡) moving speed of diaphragm (μm·s
-1

) 

𝐷ℎ heated surface diameter (mm) 𝑉𝑒 air volume ejected out through the 

𝐷𝑖 inlet outer diameter (mm)  nozzle exit in one cycle (m
3
) 

𝐷𝑛 nozzle exit diameter (mm) 𝑉𝑠 air volume sucked back through the  

𝐷𝑜 orifice diameter (mm)  nozzle exit in one cycle (m
3
) 

𝑓 oscillation frequency (Hz) 𝑋(𝑡) displacement of diaphragm (μm) 

ℎ𝑐 heat transfer coefficient (W·m
-2

·K
-1

)   

𝐻 nozzle-to-surface spacing (mm) Greek letters 

𝐻𝑐 cavity height (mm) 
𝑉

 volumetric efficiency 

𝐻𝑖 inlet chamber height (mm) 𝜃 local time-averaged temperature (℃) 

𝐻𝑛 nozzle length (mm) 𝜆 thermal conductivity (W·m
-1

·K
-1

) 

𝐻𝑜 orifice plate thickness (mm) 𝜇 dynamic viscosity (Pa·s) 

𝐿 whole target surface diameter (mm) 𝜌 density (kg·m
-3

) 

𝑁𝑢 Nusselt number   

𝑞 heat flux on heated surface (W·m
-2

) Subscripts 

𝑅𝑒 Reynolds number 𝑎 ambient air 

𝑡 time (s) 𝑎𝑣𝑔 average 

𝑇 oscillation period of diaphragm (s) 𝑐 heated surface center 

𝑢(𝑡) average velocity at the orifice (m·s
-1

) 𝑠 heated surface 

𝑈𝑒 equivalent velocity at the orifice (m·s
-1

)   
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1. Introduction 40 

With the developing trends of electronic devices toward miniaturization and high 41 

degree of integration, high thermal power density and small space make effective heat 42 

removal become more challenging in the design of electronic systems [1]. Heat accumulation 43 

will lead to the failure of electronic devices and shorten their service life [2, 3].  Ingenious 44 

cooling schemes are absolutely essential to achieving effective thermal management of 45 

electronic devices to keep their temperatures within a suitable range. A promising cooling 46 

technology, called an impingement synthetic air jet, has gradually attracted widespread 47 

attention [4-7], due to its obvious advantages as follows compared with conventional cooling 48 

methods, such as natural convection, fan, steady jet: (1) a synthetic jet exhibits higher heat 49 

transfer capacity, which can be 4.5-10 times [8], 1.2-1.4 times [9] and 1.4 times [10] higher 50 

than those of natural convection, fan and steady jet, respectively; (2) it has no rotating parts, 51 

which are conducive to noise reduction, low energy consumption, stability, safety and 52 

reliability; (3) it does not need fluid pipe and complex pumping,  offering a compact structure 53 

and ease of integration. Based on the above advantages, an impingement synthetic air jet is 54 

considered to be a more efficient manner for cooling of electronic devices, especially in 55 

limited space. 56 

An impingement synthetic air jet is commonly generated by a cavity which contains a 57 

small orifice on one sidewall and a periodically oscillating diaphragm mounted on the other 58 

sidewall [11]. In virtue of the periodic oscillation of the diaphragm with a certain frequency, 59 

the surrounding air is alternately sucked into and ejected from the cavity through the orifice. 60 

During the suction stroke, the near-wall low momentum air is entrained into the cavity 61 

through the orifice acting as a sink. During the ejection stroke, a coupled vortex pair is 62 

generated from the orifice in each cycle and moves toward a heated surface which needs to 63 

be cooled. There is no net mass addition but net momentum is injected into the surrounding 64 
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stagnant air. During continuous sucking-ejecting cycles, a fluid jet comprising a train of 65 

vortex pairs is formed and consecutively impinges to the heated surface. Hence, the resulting 66 

impingement synthetic jet can remove the heat and cool the heated surface. The synthetic jet 67 

velocity at the orifice can be estimated by a pressure-based model [12], a lumped element 68 

model [13] and a general reduced-order model [14]. The Reynolds number of synthetic jets 69 

can be expressed as [15] 70 

𝑅𝑒 =
𝜌𝑈𝑒𝐷𝑜

𝜇
=

𝜌𝐷𝑜𝐿𝑜

𝜇𝑇
 (1) 

where 𝜌 denotes the air density; 𝑈𝑒 denotes the equivalent average velocity at the orifice of 71 

the cavity;  𝐷𝑜  denotes the orifice diameter; 𝜇  denotes the air dynamic viscosity;  𝑇  is the 72 

oscillation period of the diaphragm; and 𝐿𝑜 is the stroke length, which is defined as  73 

𝐿𝑜 = ∫ 𝑢(𝑡)
𝑇 2⁄

0

𝑑𝑡 
(2) 

where 𝑢(𝑡) is the time-dependent average velocity at the orifice of the cavity.  74 

Much work has been devoted to the heat transfer characteristics and cooling 75 

performance improvement of impingement synthetic air jets. Chaudhari et al. [16] 76 

experimentally performed a comprehensive parametric study on heat transfer characteristics 77 

of impingement synthetic air jets, including oscillation frequency (𝑓=100-350 Hz), orifice 78 

diameter (𝐷𝑜 = 5-14 mm), and nozzle-to-surface spacing (𝐻/𝐷𝑜 = 1-25). The heat transfer 79 

ability of impingement synthetic jets achieved the maximum at the resonance frequency 80 

(𝑓=250 Hz) of the cavity. Small nozzle-to-surface spacing (𝐻/𝐷𝑜  < 6) strengthened the 81 

confinement effect of the orifice plate and thus got more heated air recirculated between the 82 

orifice plate and the heated surface, causing a significant reduction in the heat transfer ability. 83 

They subsequently examined the effects of orifice shape [17] and numbers [18]. It was 84 

reported that a rectangular orifice with an aspect ratio of 3-5 provided better performance 85 

than a square or circular orifice at 𝐻/𝐷𝑜 ≤5. The configuration of a center orifice surrounded 86 



 

6 

by multiple satellite orifices gave better heat transfer performance than the conventional 87 

configuration of a single center orifice. Lee et al. [19] numerically studied the interaction of 88 

multiple synthetic jets with cross-flow in a micro-channel for the cooling microchip. Double 89 

synthetic jets promote the flow mixing in the micro-channel and thus enhance the heat 90 

transfer. Rylatt et al. [20] proposed to add ducting to enhance heat transfer of a confined 91 

impinging synthetic air jet. Their experimental results indicated that the cold air from a 92 

remote location was drawn into the jet flow with the aid of ducting during the suction stroke 93 

and the heat transfer was thus improved. Nevertheless, it is not easy to fit ducting in such a 94 

small space. Bhapkar et al. [21] experimentally demonstrated that the cooling performance at 95 

a small nozzle-to-surface spacing (𝐻/𝐷𝑜 < 2) was markedly affected by the orifice cavity 96 

confinement and designed various cavity shapes to provide different confinement conditions. 97 

The average Nusselt number for least confinement was 44% higher than that for maximum 98 

confinement at 𝐻/𝐷𝑜 = 0.5. However, the robustness of the improvement effect provided by 99 

the least confinement configuration was not good enough. Liu et al. [22] also reported the 100 

fundamental study concerning characteristics of flow and heat transfer of a synthetic air jet 101 

under different experimental parameters, such as actuation frequency (200-800 Hz), jet 102 

Reynolds number (500-1300), and nozzle-to-surface spacing (𝐻/𝐷𝑜 = 2-25). It was found 103 

that the highest heat transfer coefficient was achieved using an actuation frequency of 600 Hz 104 

at a nozzle-to-surface spacing of 15. In addition, when the plate was close to the jet hole 105 

(𝐻/𝐷𝑜 < 5), the heated air was obviously entrapped and recirculated within the small space, 106 

which consequently weakened heat transfer. They further proposed to adopt a diffusion-107 

shaped orifice to enhance synthetic-jet heat transfer in their succeeding work [23]. It was 108 

stated that the diffusion-shaped orifice with an opening angle of 60° produced a highest heat 109 

transfer enhancement of approximately 30% with respect to a round orifice.  110 
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The above researches imply that the principal drawback of the cooling technology 111 

based on impingement synthetic jets is inevitable recirculation of the heated air in confined 112 

spaces especially when the nozzle-to-surface spacing is small, which leads to relatively poor 113 

cooling performance. Integrating fluidic diodes into the actuator of a conventional synthetic 114 

jet, which generates a so-called hybrid synthetic jet, is a potentially useful solution for this 115 

issue. With the rectification effect of fluidic diodes, the hybrid synthetic jet can entrain 116 

amounts of air from the cold surroundings far away from the heat exchange zone, i.e. 117 

introduce fresh air without preheating via fluidic diodes into the cooling process. The 118 

volumetric efficiency, which is defined as the ratio of the net output fluid volume ejected 119 

from the orifice over the whole period to the total fluid volume exchanged through the same 120 

orifice over the same period, is used to quantify the rectification performance of the actuators 121 

of hybrid synthetic jets [24]. Trávníček et al. [25] designed a hybrid synthetic jet actuator 122 

equipped with a pair of fluidic diodes shaped as conical ducts, which offered a volumetric 123 

efficiency of 13%. Subsequently, the volumetric efficiency was improved to 19% by 124 

introducing double-acting principle [26] and 70% by integrating two extremely complicated 125 

fluidic diodes [27]. Trávníček et al. [28] tested the impingement heat transfer performance of 126 

the hybrid synthetic jet actuator presented in [25] using the heat/mass transfer analogy in 127 

unconfined spaces. They reported that it offered a 26% larger flow rate than the conventional 128 

synthetic jet and thus resulted in an increase of 18% in the heat transfer rate. Hsu et al. [29] 129 

designed a double-acting hybrid synthetic jet and experimentally demonstrated that it offered 130 

higher vorticity compared with commonly used synthetic jets. They further improved the 131 

geometrical configuration of the double-acting hybrid synthetic jet actuators, achieving 132 

volumetric efficiencies of 76%~79% [30]. Although the impingement hybrid synthetic jet is a 133 

promising cooling technology, its detailed heat transfer characteristics and suppression effect 134 

on the recirculation of heated air in confined spaces remain largely unaddressed in the 135 
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literature. Further, the volumetric efficiency of impingement hybrid synthetic jets 136 

theoretically can be up to 100% like classical reciprocating pumps. Therefore, there is still 137 

plenty of room for improvement in volumetric efficiency.  138 

This paper designs various novel hybrid synthetic jet actuators equipped with very 139 

simple fluidic diodes, aiming to achieve quite high volumetric efficiency and preferable 140 

impingement cooling performance. Since numerical simulations based on computational fluid 141 

dynamics (CFD) are able to provide precious physical insights and effective prediction 142 

without any time-consuming manufacturing [31-33], a full-domain numerical model of heat 143 

transfer is established to capture the flow and heat transfer characteristics of impingement 144 

synthetic jets in confined spaces. The drawback of the flow structure and the cooling 145 

performance at a small nozzle-to-surface for a conventional impingement synthetic jet are 146 

first explored as a baseline for comparison. The volumetric efficiencies of the designed 147 

hybrid synthetic jet actuators are then predicted whilst the suppression effects of the resulting 148 

impingement hybrid synthetic jets on the recirculation of heated air in confined spaces are 149 

examined. The cooling performances on a heated surface with a constant heat flux are 150 

evaluated in the form of target temperature and Nusselt number. Special attention is paid to 151 

the evolution of instantaneous velocity and temperature distribution for all proposed synthetic 152 

jets in this paper. This work can provide an essential reference for the proper design of hybrid 153 

synthetic jet actuators to gain preferable performance in cooling applications.  154 

 155 

2. Numerical methodology 156 

2.1. Numerical model and solving methods 157 

The geometry schematic of a typical actuator generating an axisymmetric impingement 158 

synthetic jet in a confined space is shown in Fig. 1(a), which is similar to the setup in the 159 

work of Persoons et al. [34]. The actuator comprises a cylindrical cavity equipped with an 160 
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orifice and an oscillating diaphragm. With the periodic oscillation of the diaphragm, the 161 

synthetic jet is formed and impinges on the target surface via the orifice and the nozzle. The 162 

target surface is heated with a constant heat flux, which is marked by the red line. The 163 

distance between the nozzle exit and the heated surface is named as the nozzle-to-surface 164 

spacing. The nozzle exit is labeled as ‘‘Nozzle’’ for the sake of simplicity. The heated surface 165 

is embedded in a confined space like a channel. In this paper, the main dimensions of the 166 

geometry are set as follows: the orifice diameter 𝐷𝑜 = 4 mm; the cavity diameter 𝐷𝑐 = 7.5𝐷𝑜 167 

and the cavity height 𝐻𝑐 = 2.5𝐷𝑜; the nozzle length 𝐻𝑛 = 𝐷𝑜; the nozzle-to-surface spacing 𝐻 168 

= 4𝐷𝑜; the heated surface diameter 𝐷ℎ  = 10𝐷𝑜; and the whole target surface diameter 𝐿= 169 

20𝐷𝑜. Air is selected as the working fluid and the temperature of ambient air is set to 25°C. 170 

Fig 1(a) also illustrated the boundary conditions adopted in this study. A constant heat 171 

flux of 5000 W/m
2
 is specified on the heated surface. All other solid walls are set as the 172 

adiabatic boundary. Since the outlet section of the channel surrounded by the confined walls 173 

is connected to the ambient air, the pressure boundary is adopted there and the outlet static 174 

pressure is equal to the atmospheric pressure. The air can freely flow out of and into the 175 

channel through the outlet section and the backflow air temperature is set to 25°C. The no-176 

slip boundary for air flow is applied to all solid walls. The oscillation process of the 177 

diaphragm can be simplified to a reciprocating movement like a piston with a sinusoidal 178 

displacement profile [35]. The time-dependent displacement of the diaphragm is thus defined 179 

as [36] 180 

                                              𝑋(𝑡) = 𝐴 sin(2𝜋𝑓𝑡),                                                      (3) 181 

where 𝑡 is the time; 𝐴 is the amplitude; and 𝑓 is the frequency. In this paper, 𝐴 is set to 500 182 

μm and 𝑓  is set to 250 Hz. By taking the derivative of 𝑋(𝑡) , the moving speed of the 183 

diaphragm can be derived as 184 

                                            𝑈(𝑡) = 2𝜋𝑓𝐴 cos(2𝜋𝑓𝑡).                                                 (4) 185 
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This equation is used as the boundary condition at the diaphragm of the cavity, which is 186 

superior to the flow velocity inlet boundary condition adopted in [15, 37]. This is because the 187 

latter imposes fresh air at the inlet within every cycle and cannot allow for the recirculation 188 

of hot air, especially at a small nozzle-to-surface spacing. Moreover, the boundary condition 189 

adopted in this paper requires less computational time and resources compared with the 190 

oscillating membrane boundary condition [36]. 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 



 

11 

 207 

(a) 208 

Basic configuration 

 

Connecting part 

 

   

 209 

(b) 210 

Fig. 1 Geometry schematic of (a) a confined impingement synthetic jet actuator and (b) various cases of 211 

hybrid synthetic jet actuators based on fluid diodes. 212 

 213 
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Definitions of various cases studied in this paper are illustrated in Fig. 1(b). The basic 214 

configuration, as shown in the upper part of Fig. 1(b), remains unchanged except the 215 

connecting part between the cavity and the confined channel for all cases.  As presented in 216 

the lower part of Fig. 1(b), Case A is a conventional synthetic jet actuator, which serves as 217 

the baseline case; other cases are self-designed hybrid synthetic jet actuators, where so-called 218 

fluid diodes are integrated into the connecting parts. The fluid diodes possess an inlet, which 219 

is also connected to the ambient air and where the air can freely flow in and out. They still do 220 

not require the fluid transport pipeline. The pressure boundary condition is thus applied to the 221 

inlet section. All solid walls in the connecting part are assumed to be adiabatic. Case B1 and 222 

Case B2 have the same configuration with a cylindrical nozzle and different values of 𝐻𝑛; 223 

Case C1 and Case C2 have the same configuration with a divergent nozzle and different 224 

values of 𝐻𝑛; Case D1 and Case D2 have the same configuration with a convergent nozzle 225 

and different values of 𝐻𝑛. The dimensions of the connecting parts for all cases are gathered 226 

in Table 1.  227 

Table 1 The dimensions of the connecting parts for all cases. 228 

Case 
Dimensions (mm) 

𝐷𝑜 𝐷𝑖 𝐷𝑛 𝐻𝑜 𝐻𝑖 𝐻𝑛 

A 4 - - - - 𝐷𝑜 

B1 4 1.5𝐷𝑜 𝐷𝑜 0.5𝐷𝑜 0.25𝐷𝑜 1.25𝐷𝑜 

B2 4 1.5𝐷𝑜 𝐷𝑜 0.5𝐷𝑜 0.25𝐷𝑜 2.25𝐷𝑜 

C1 4 1.5𝐷𝑜 1.5𝐷𝑜 0.5𝐷𝑜 0.25𝐷𝑜 1.25𝐷𝑜 

C2 4 1.5𝐷𝑜 1.5𝐷𝑜 0.5𝐷𝑜 0.25𝐷𝑜 2.25𝐷𝑜 

D1 4 1.5𝐷𝑜 𝐷𝑜 0.5𝐷𝑜 - 1.5𝐷𝑜 

D2 4 1.5𝐷𝑜 𝐷𝑜 0.5𝐷𝑜 - 2.5𝐷𝑜 

 229 
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Based on the above given oscillating parameters and dimensions of the actuators, it is 230 

assumed that the resulting synthetic jets are turbulent for all cases in this study. Actually, the 231 

flow regimes of synthetic jets are determined by Reynolds number, which can be calculated 232 

by Eq. (1). According to the analysis in Section 3.2, the calculated Reynolds numbers based 233 

on the simulation results are 3820 for all cases, which justify the initial turbulent assumption 234 

in this study. 235 

The governing equations of mass conservation, momentum conservation and energy 236 

conservation for the impingement synthetic jet in the above geometry can be expressed as 237 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (5) 

𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑖
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) − 𝜌𝑢𝑖

′𝑢𝑗
′] (6) 

𝜕𝑇

𝜕𝑡
+ 𝑢𝑖

𝜕𝑇

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝛼

𝜕𝑇

𝜕𝑥𝑖
− 𝑢𝑖

′𝑇′) (7) 

where 𝑢𝑖 is the velocity; 𝜌 is the density; 𝑝 is the pressure; 𝜇 is the dynamic viscosity; 𝑢𝑖
′ is 238 

the velocity fluctuation; 𝑇  is the temperature; 𝛼  is the thermal diffusivity; and 𝑇′  the 239 

temperature fluctuation. In light of the Boussinesq approximation, −𝜌𝑢𝑖
′𝑢𝑗

′  is named the 240 

turbulent stress and −𝑢𝑖
′𝑇′ is named turbulent heat flux, which are defined as  241 

−𝜌𝑢𝑖
′𝑢𝑗

′ = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝛿𝑖𝑗 (8) 

−𝑢𝑖
′𝑇′ = 𝛼𝑡

𝜕𝑇

𝜕𝑥𝑖
 (9) 

where 𝜇𝑡 is the turbulent eddy viscosity; 𝑘  is the turbulent kinetic energy; and  𝛼𝑡  is the 242 

turbulent diffusivity.  243 
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The commercial CFD software, Fluent 18.0, is employed to numerically study the heat 244 

transfer of the impingement synthetic jet in this paper. The governing equations of mass, 245 

momentum and energy conservation are solved within the axisymmetric geometries under 246 

cylindrical coordinates as presented in Fig. 1. The air is considered to be an ideal gas with 247 

constant thermophysical properties [15, 31]. The pressure-based transient solver is adopted. 248 

The SST/𝑘 -𝜔  turbulence model is applied to capture the turbulent flow features of the 249 

impingement synthetic jet, which has proven to be more suitable than other models and has 250 

been repeatedly used in the literature [15, 35]. The pressure-velocity coupling is achieved by 251 

pressure-implicit with splitting of operators (PISO) algorithm. The least squares cell based 252 

method was applied to solve the variable gradient at each control volume center. The 253 

convective terms, diffusion terms transient terms are discretized with the QUICK scheme, 254 

central difference scheme and first-order implicit scheme, respectively. The convergence 255 

criterion is set as that the normalised residuals of mass, momentum and energy equations 256 

decrease below 10
-5

, 10
-5

 and 10
-8

 at each time step, respectively.  257 

In view of the axisymmetric configuration, only a half of the region on the meridian 258 

plane is selected as the computational domain, which has been repeatedly adopted to capture 259 

the main flow and heat transfer characteristics of impinging synthetic jets in the literature [36, 260 

37]. Further, Hatami et al. [31] and Miró et al. [32] carried out 3D simulations respectively 261 

and their results demonstrated distinctly axisymmetric characteristics of impinging synthetic 262 

jets under axisymmetric geometrical configurations. Hence, the use of a 2D axisymmetric 263 

model can obtain reasonable results with saving calculation resources. The computational 264 

domain is meshed totally by non-uniform structured quadrilateral cells for Case A as 265 

presented in Fig. 2(a). The computational grids within the connecting parts for Cases B1, C1 266 

and D1 are shown in Fig. 2(b), which are all structured. The grid distributions maintain as 267 

similar as possible for different geometrical configurations. The grids near all the solid walls 268 
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are refined to capture large gradients of the velocity and temperature. The sizes of grids 269 

adjacent to the walls ensure y
+
 < 1. The dynamic mesh technology is used to achieve the 270 

oscillation of the diaphragm. Since the grids of the entire computational domain are 271 

structured, the grid regeneration during the motion of the diaphragm is accomplished by the 272 

layering mesh method, which only affects the gird distribution near the diaphragm and can 273 

offer decent grid quality in the entire domain. The user-defined function (UDF) is applied to 274 

encode the moving speed of the diaphragm in Eq. (4), which is then compiled and embedded 275 

it into Fluent 18.0 as the motion profile of the diaphragm in the dynamic mesh setup to 276 

control its moving speed.   277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 
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 287 

(a) 288 

 289 

(b) 290 

Fig. 2 Computational grids of (a) the entire domain for Case A and (b) connecting parts for Cases B1, C1 291 

and D1. 292 

 293 

2.2. Calculation of dimensionless parameters 294 

The integration of fluid diodes is designed to rectify oscillating air flow to suppress 295 

the backflow of hot (heated) air through the nozzle exit in the suction stroke. The volumetric 296 
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efficiency is thus introduced to evaluate the rectifying effect of the proposed hybrid synthetic 297 

jet actuators on the air flow, which can be defined as [30] 298 


𝑉

=
𝑉𝑒 − 𝑉𝑠

𝑉𝑒 + 𝑉𝑠
 (10) 

where 𝑉𝑒 represents the air volume ejected out through the nozzle exit in one cycle by the 299 

actuators and 𝑉𝑠 denotes the air volume sucked back through the nozzle exit in one cycle.  300 

The Nusselt number is used to evaluate the heat transfer performance of impingement 301 

hybrid synthetic jets propagating toward the heated surface with a constant heat flux, which is 302 

calculated by 303 

𝑁𝑢 =
ℎ𝑐𝐷𝑜

𝜆
=

𝑞𝐷𝑜

(𝜃𝑠 − 𝜃𝑎)𝜆
 (11) 

where ℎ𝑐, 𝜆, 𝑞, 𝜃𝑠 and 𝜃𝑎  are the convective heat transfer coefficient, thermal conductivity, 304 

constant heat flux on the heated surface, local time-averaged temperature of the heated 305 

surface and ambient air temperature, respectively. The average Nusselt number (𝑁𝑢𝑎𝑣𝑔) can 306 

be obtained by replacing 𝜃𝑠  in Eq. (11) with the area-weighted average of 𝜃𝑠  across the 307 

heated surface. 308 

 309 

2.3. Independence study of grid and time step 310 

In order to acquire adequately reliable simulation results, independence studies of grid 311 

and time step were implemented by taking Case A as an example. Four different grid sets 312 

with about 5000, 10,000, 20,000, 30,000 cells were adopted to examine the grid 313 

independence. Table 2 summarizes the predicted local time-averaged temperature at the 314 

heated surface center, maximum ejecting average velocity at the nozzle exit during one cycle 315 

and average Nusselt number across the heated surface under the four grid sets. It is obvious 316 

that the relative deviation of the fourth grid set (30,000 cells) from the third grid set (20,000 317 

cells) is tiny in all the three variables, which is enough to justify the grid independence when 318 
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the grid cell number is greater than 20,000. For obtaining a trade-off between calculation 319 

accuracy and cost, the third grid set (20,000 cells) was thus selected to carry out the further 320 

simulations in this study. The choice of the time step should ensure that Courant–Friedrichs–321 

Lewy (CFL) number is less than 1 to maintain numerical stability. Based on the average jet 322 

velocity and the mesh size adopted in this paper, the time step should be less than 5×10
-5

 (i.e. 323 

T/80). Comparative analysis among four different time steps of T/100, T/200, T/500 and 324 

T/1000 was carried out to determine adequate time step. The results in Table 3 demonstrated 325 

that the relative deviation of the average Nusselt number between T/1000 and T/500 is 326 

enough small and therefore the time step of T/500 is adopted for all simulations.   327 

 328 

Table 2 The local time-averaged temperature at the heated surface center (𝜃𝑐), maximum ejecting average 329 

velocity at the nozzle exit during one cycle (𝑢𝑚𝑎𝑥) and average Nusselt number (𝑁𝑢𝑎𝑣𝑔) for Case A under 330 

different grid sets. 331 

Grid cell 

number 

Predicted values Relative Deviation from the third grid set (%) 

𝜃𝑐 (℃) 𝑢𝑚𝑎𝑥 (m/s) 𝑁𝑢𝑎𝑣𝑔 𝜃𝑐  𝑢𝑚𝑎𝑥  𝑁𝑢𝑎𝑣𝑔 

5,000  63.1 45.9 12.21 3.52 3.85 4.36 

10,000  64.5 45.0 11.95 1.38 1.81 2.14 

20,000 65.4 44.2 11.70 - - - 

30,000 65.6 44.0 11.64 0.31 0.46 0.51 

 332 

Table 3 Average Nusselt number (𝑁𝑢𝑎𝑣𝑔) for Case A under different time steps. 333 

Time step 𝑁𝑢𝑎𝑣𝑔 
Relative Deviation from the third 

time step set (%) 

T/100 11.23 4.02 

T/200 11.51 1.62 

T/500 11.70 - 

T/1000 11.72 0.17 

 334 

3. Results and discussions 335 

3.1. Validation of the numerical methods 336 
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The validation of the numerical methods adopted in the present model was conducted 337 

through two steps. In the first step, the flow characteristic of a synthetic jet predicted by the 338 

adopted numerical methods was validated based on the same geometry and boundary 339 

conditions as the work of Jian et al. [36]. Fig. 3(a) compares the instantaneous air velocities 340 

at 1 mm away from the nozzle exit along the axis during one cycle predicted by the current 341 

model with the corresponding experimental and numerical results obtained by Jian et al. [36]. 342 

It is evident that they exhibit the similar velocity profile trend and quite minor difference at 343 

each instant, which justify a good conformity. In the second step, the heat transfer 344 

performance of impingement synthetic jets predicted by the adopted numerical methods in 345 

the current model was validated based on the same geometry and boundary conditions as the 346 

work of Chaudhari et al. [16]. As shown in Fig. 3(b), the average Nusselt numbers predicted 347 

by the current model are compared with those obtained by the experimental work of 348 

Chaudhari et al. [16] for 𝐻/𝐷𝑜 = 2-20 at Re = 1150 and Re = 4180. It can be found that the 349 

present results show an appropriate agreement with the experimental data obtained by 350 

Chaudhari et al. [16] with a relative difference of less than ±15% for all combinations of 351 

𝐻/𝐷𝑜  and Re. The above comparisons in the two steps demonstrate that the numerical 352 

methods adopted in the present model are feasible and valid. 353 

 354 

 355 

 356 
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     357 

(a)                                                                        (b) 358 

Fig. 3 Model validation: (a) comparison of instantaneous velocity with the experimental and numerical 359 

results of Jian et al. [36]; (b) comparison of average Nusselt number with the experimental results of 360 

Chaudhari et al. [16]. 361 

 362 

3.2. Analysis of flow characteristics 363 

By monitoring instantaneous velocities at 0 mm and 1 mm away from the center of the 364 

nozzle exit, it is found that the monitored velocities become stable only over three cycles at 365 

the same oscillation phase of the diaphragm, i.e. the periodicity of velocity variation is 366 

achieved only after three cycles. The results are in line with the work of Jain et al. [36] and 367 

Xia et al. [37]. Therefore, the analyses on the flow characteristics and heat transfer 368 

performances are carried out after three cycles. When the oscillating diaphragm is at the 369 

bottom end, i.e. the ejection stroke is just finished and the sucking stroke is about to start, we 370 

assumed that a cycle is initiated. 371 

According to the preliminary calculations in this study, it is found that the cooling 372 

performance of the impingement synthetic jet notably deteriorated as 𝐻/𝐷𝑜 < 6. Theferfore, 373 

the case with 𝐻/𝐷𝑜 = 4 is taken as an example of a small nozzle-to-surface spacing in this 374 

paper. Fig. 4 shows the streamlines and velocity contours for Case A with 𝐻/𝐷𝑜 = 4 and 375 

𝐻/𝐷𝑜 = 8 at four typical instants of one cycle. As observed in Fig. 4(a) for Case A with 𝐻/𝐷𝑜 376 

= 4, the flow in the cavity is dominated by a large clockwise vortex, while the flow in the 377 
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channel is dominated by an anticlockwise large vortex in the entire cycle. When the 378 

diaphragm moves from the bottom end to the neutral position (t = 0T–0.25T), the average 379 

sucking velocity near the orifice gradually increases from zero to the maximum. A volume of 380 

air is sucked into the cavity through the orifice and incorporated into the large clockwise 381 

vortex. Some fresh air flows into the channel through the lower outlet section, which partially 382 

flows out of the channel through the upper outlet section directly and partially flows into the 383 

cavity along the large anti-clockwise vortex inside the channel and the upper confined wall. 384 

This part of air is heated by the large anti-clockwise vortex before flowing into the cavity 385 

although it is helpful for decreasing the air temperature near the orifice. When the diaphragm 386 

moves from the neutral position to the top end (t = 0.25T–0.50T), the average sucking 387 

velocity near the orifice gradually decreases to zero and the sucking stroke ends. The two 388 

large vortices within the cavity and the channel are gradually decoupled and eventually 389 

become independent of each other. Meanwhile, the amount of the fresh (i.e. cold) air sucked 390 

into the cavity is progressively decreased to zero. Eventually, all the fresh air flowing into the 391 

channel through the lower outlet section immediately turns back near the outlet and directly 392 

flows out of the channel via the upper outlet section, which means the net flow rate at the 393 

outlet section is zero. When the diaphragm moves from the top end to the neutral position (t = 394 

0.50T–0.75T), the average ejecting velocity near the orifice gradually increases from zero to 395 

the maximum. A volume of air is ejected from the cavity to the channel, which induces the 396 

generation of a small anticlockwise vortex near the nozzle exit. The vortex coexists with the 397 

anticlockwise large vortex and moves downstream towards the heated surface. The heated air 398 

partially flows out of the channel along the heated surface through the outlet section and 399 

partially stays within the channel in the form of the anticlockwise large vortex. When the 400 

diaphragm moves from the neutral position to the top end (t = 0.75T–1.00T), the average 401 

ejecting velocity near the orifice gradually declines to zero and the ejection stroke ends. The 402 
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amount of air flowing out of the channel along the heated surface also reduces to zero 403 

gradually. The flow structure tends to be similar to that at t = 0.50T. The moving direction of 404 

the small induced vortex changes from towards the heated surface along the axis to towards 405 

the outlet along the heated surface. More specifically, the small vortex is generated near the 406 

orifice, moves downwards and impinges on the heated surface, and then move along the 407 

heated surface towards the outlet, and eventually vanishes. The specific evolution route of the 408 

small vortex is 1-2-3-4-5-6 as marked in Fig. 4(a). It implies that the small vortex marked by 409 

5 is evolved from that marked by 1 generated in the previous cycle. When it moves to the 410 

position marked by 6, it is incorporated into the large anti-clockwise vortex and vanishes. 411 

Most of the air is recirculated in the confined space and only very little amount of fresh air is 412 

supplemented into the confined space in one cycle. It means that the heated (i.e. used) air is 413 

repeatedly sucked into and ejected from the cavity. This leads to the deterioration of heat 414 

transfer or cooling performance, which will be discussed in the later section. 415 

As observed in Fig. 4(b) for Case A with 𝐻/𝐷𝑜 = 8, the flow structure in the cavity is 416 

similar to that for 𝐻/𝐷𝑜 = 4, while that in the channel is totally different from the latter. The 417 

flow in the channel is no longer dominated by a large anti-clockwise vortex, which is a 418 

replaced by C-shape flow structure. There is always fresh air flowing into the channel 419 

through the upper outlet section as the supplement in the entire cycle. The fresh air is sucked 420 

into the cavity along the upper confined wall or incorporated into the jet ejected from the 421 

cavity to impinge on the heated surface. Meanwhile, the heated air continuously flows out of 422 

the channel via the lower outlet section in the entire cycle along the heated surface. It implies 423 

that the heat generated at the heated surface is endlessly transported to the outside of the 424 

channel by the involved cold air for 𝐻/𝐷𝑜  = 8 and thus the heated surface is effectively 425 

cooled. Comparison of flow structures between Fig. 4(a) and Fig. 4(b) demonstrates that the 426 
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small nozzle-to-surface spacing (𝐻/𝐷𝑜 = 4) restricts the supplement of the fresh air and the 427 

discharge of the heated air.  428 

 429 
(a) 430 

 431 
(b) 432 

Fig. 4 Velocity contours and streamlines for Case A with (a) 𝐻/𝐷𝑜 = 4 and (b) 𝐻/𝐷𝑜 = 8 at four different 433 

instants of one cycle. 434 
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To overcome the above-mentioned drawbacks of Case A with the small nozzle-to-435 

surface spacing (𝐻/𝐷𝑜  = 4), various hybrid synthetic jets based on fluidic diodes were 436 

designed. In the following study, all cases have 𝐻/𝐷𝑜 = 4. Fig. 5 presents velocity contours 437 

and streamlines of hybrid synthetic jets at four typical instants for Case C2 and Case D2 as 438 

examples. Compared with Case A as shown in Fig. 4(a), the improvements in Case C2 as 439 

illustrated in Fig. 5(a) are as follows: In the whole suction stroke (t = 0T–0.50T), there is 440 

some fresh air continuously flows into the cavity through the lower outlet section, and plenty 441 

of fresh air is supplemented into the cavity via the inlet of the connecting part. In the whole 442 

ejection stroke (t = 0.50T–1.00T), plenty of air is ejected from the cavity and impinges on the 443 

heated surface, which also induces some fresh air from the inlet to impinge on the heated 444 

surface at the same time; Further, a part of the heated air continuously flows out of the 445 

channel through the upper outlet section.  More improvements are provided by Case D2 as 446 

illustrated in Fig. 5(b), which are as follows: In the whole cycle, the air nearly maintains the 447 

unidirectional downward flow in the nozzle, except that the nozzle is blocked by a vortex at 448 

the end of the suction stroke. It means that plenty of cold fresh air is continuously supplied 449 

via the inlet of the connecting part and some air from the cavity and/or the inlet continuously 450 

impinges on the heated surface. These improvements are attributed to the combined action of 451 

the inlet and the convergent nozzle. The inlet can supplement the fresh air freely. The 452 

convergence nozzle can speed up the air flowing downwards, while it serves as a diffuser for 453 

the air flowing upwards and thus slows down the air. It means the convergence nozzle 454 

exhibits large flow resistance for the air flowing upwards. From the above, the proposed 455 

cases solve the drawbacks of Case A by promoting the supplement of the cold fresh air and 456 

the discharge of the heated air, i.e. suppressing the recirculation of the heated air in the 457 

confined space. This is the main mechanism of cooling performance enhancement. 458 
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 459 
(a) 460 

 461 
(b) 462 

Fig. 5 Velocity contours and streamlines with partially enlarged views for (a) Case C2 and (b) Case D2 at 463 

four typical instants of one cycle. 464 

 465 
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To quantify the flow characteristics, Fig.6 illustrates the variation curves of area-466 

averaged velocities with time at the orifice, inlet, outlet and nozzle exit for all cases. It can be 467 

seen from Fig. 6(a) that the time-dependent average velocity curves at the orifice nearly keep 468 

the same for all cases, which is in line with the similar flow structures in the cavity for all 469 

cases as shown in Figs. 4-5. The oscillation of the velocities for all cases is subject to the 470 

sinusoidal function, which is consistent with the oscillation of the diaphragm. According to 471 

Eq. (1) and Eq. (2), the calculated Reynolds numbers and dimensionless stroke length 472 

(𝐿𝑜 𝐷𝑜⁄ ) for all cases are 3820 and 14.3, respectively. As presented in Fig. 6(b), the fresh air 473 

flows into the cavity or the channel via the inlet in most instants of one cycle except for a 474 

small time interval in t = 0.45T–0.80T for all cases. In this time interval, the air flows out via 475 

the inlet. Case D2 offers the maximum instantaneous velocity while Case C1 offers the 476 

minimum instantaneous velocity at the inlet among all cases in one cycle. Moreover, the inlet 477 

velocity increases with 𝐻𝑛 under the same geometry configuration. By comparing Fig. 6(b) 478 

and Fig. 6(a) for Case D2, it can be found that the flow-in velocity at the inlet is first greater 479 

than and then lower than but still close to the velocity flowing into the cavity in the suction 480 

stroke. It implies that most of the air in the cavity is supplemented by the inlet and a part of 481 

the fresh air from the inlet impinges on the heated surface via the nozzle in the suction stroke, 482 

which is in line with Fig. 5(b). As shown in Fig. 6(c), the oscillation of the velocity at the 483 

outlet for Case A is still subject to the sinusoidal function, whereas those for other cases 484 

deviate from the sinusoidal function. Since the area of the outlet section is the same for all 485 

cases, it is evident that less air flows into the channel via the outlet section for all the cases 486 

based on fluid diodes compared to Case A in one cycle. The amount of air flowing into the 487 

channel via the outlet section for Case D2 is the least among all cases, which is close to zero.  488 

It can be found from Fig. 6(d) that the oscillation curve shape of the velocity at the nozzle 489 

exit is similar to that at the outlet for all the cases except for Case C1 and C2. This is because 490 
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the diameter of the nozzle exit in these two cases is larger than those in other cases as 491 

demonstrated in Fig. 1(b).  For better comparison, the time-dependent velocity curves in Fig. 492 

6(d) are changed to the time-dependent volume flow rate curves in Fig. 7(a). 493 

 494 

   495 

(a)                                                                           (b) 496 

   497 

(c)                                                                           (d) 498 

Fig. 6 Variations of area-averaged velocities with time for different cases: (a) at the orifice (positive: flow 499 

downwards); (b) at the inlet (positive: flow in); (c) at the outlet (positive: flow out); and (d) at the nozzle 500 

exit (positive: flow downwards). 501 

 502 

As shown in Fig. 7(a), the amplitude of the negative volume flow rate and the 503 

corresponding time span in one cycle for all the cases based on fluid diodes are less than that 504 

for Case A. Meanwhile, the situation is inverse for the positive volume flow rate. The 505 

increase of the amplitude is attributed to the supplement of fresh air via the inlet during 506 
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ejecting. Compared to Case A, the air volume sucked into the nozzle from the channel is 507 

smaller while the air volume ejected from the nozzle is larger for the other cases in one cycle. 508 

Among all cases, Case D2 exhibits the least air volume sucked into the nozzle and the 509 

maximum time span of the positive volume flow rate in one cycle. Case D2 almost achieves 510 

the unidirectional downward flow in the convergence nozzle during one cycle. It should be 511 

noted that the air is heated before being sucked into the nozzle, as shown in Fig. 4(a) and Fig. 512 

5. The air volume sucked into the nozzle from the channel determines the ejected air 513 

temperature while the air volume ejected from the nozzle determines the convective heat 514 

transfer ability. The both determine the eventual impingement cooling performance. In order 515 

to better evaluate the ability of all cases to reduce the amount of sucked heated air and 516 

increase the amount of ejected air via the nozzle exit, the volumetric efficiencies for all cases 517 

are calculated according to Eq. (10), which are summarized in Fig. 7(b). The descending 518 

order of the volumetric efficiencies for all cases is Case D2 > D1 > B2 > B1 > C2 > C1 > A. 519 

All the proposed hybrid synthetic jet actuators significantly increase the volumetric efficiency 520 

compared with Case A. Especially, the volumetric efficiency for Case A is zero, while that 521 

for Case D2 is 95.8% which is close to 1. Moreover, the larger 𝐻𝑛  can obtain higher 522 

volumetric efficiency under the same geometry configuration. 523 

 524 

 525 

 526 
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   527 

(a)                                                                         (b) 528 

Fig. 7 (a) Variations of volume flow rate with time via the nozzle exit for all cases (positive: flow 529 

downwards); and (b) volumetric efficiency for all cases.  530 

 531 

3.3. Analysis of heat transfer performance 532 

As previously mentioned, the air is inevitably recirculated within the channel, the 533 

nozzle and the cavity at small 𝐻/𝐷𝑜. Hence, the air in the system is gradually heated. Fig. 8 534 

illustrates the average air temperature evolutions with time at the nozzle exit for all cases. It 535 

can be found that the air temperature at the nozzle exit progressively increases and then 536 

remains stable after a period of time for all cases. The required time of achieving a stable 537 

state increases with the stable temperature. The ascending order of the stable temperature and 538 

the required time for all cases is Case D2 < D1 < B2 < B1 < C2 < C1 < A. Among all cases, 539 

Case A has the highest stable air temperature at the nozzle exit and needs the longest time to 540 

achieve a stable state. Those are about 56.3 ℃ and 2.5 s, respectively.  In contrast, Case D2 541 

has the lowest stable air temperature at the nozzle exit and needs a shorter time to achieve a 542 

stable state among all cases, which are about 28.7 ℃ and 0.8 s. The stable air temperature at 543 

the nozzle exit for Case D2 is decreased by 27.6 ℃ compared to Case A and only increased 544 

by 3.7 ℃ compared to the ambient air temperature. The temperature distributions within the 545 

computational domain for all cases at t = 2.5 s are illustrated in Fig. 9. The temperature 546 

distributions for all cases are relatively stable t = 2.5. For Case A, the air temperature within 547 
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the cavity above the heated surface increases to 55-60 ℃ and that within the channel 548 

increases to 55-70 ℃. It means that the heated surface is ‘cooled’ by very hot air. After 549 

introducing fluid diodes, the air temperature within the cavity is decreased below 35 ℃ and 550 

that within the channel above the heated surface is decreased below 40-50 ℃ as shown in 551 

other cases. Especially for Case D2, the air temperature within the cavity is decreased to 25 552 

℃ and that within the channel above the heated surface is decreased to about 30-45 ℃. 553 

 554 

 555 

Fig. 8 Average air temperature evolutions with time at the nozzle exit for all cases. 556 
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 558 

Fig. 9 The temperature distributions within the computational domain for all cases at t = 2.5 s. 559 

 560 

The temperature distribution on the heated surface is a crucial indicator for 561 

impingement cooling performance of synthetic jets. Fig. 10(a) demonstrates time-averaged 562 

temperature profiles on the heated surface at the quasi-stable state (t =2.5 s). It can be seen 563 

that the temperatures on the heated surface for all the cases based on fluid diodes are 564 

significantly reduced compared with Case A. Among them, Case D2 achieves the greatest 565 

temperature reduction, where the temperatures on the heated surface are decreased to 37.0-566 

76.9 ℃ from 65.4-103.9 ℃ in Case A. The decreased temperatures ensure the safe and high-567 

efficiency operation of electronic devices. To more clearly compare the cooling performance 568 

among all cases, the area-weighted average temperatures on the heated surface for all cases 569 

are illustrated in Fig. 10(b). The ascending order of the average temperatures on the heated 570 
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surface for all cases is Case D2 < D1 < B2 < B1 < C2 < C1 < A. It is obvious that all the 571 

hybrid synthetic jet actuators based on fluid diode (Cases B1-D2) offer preferable 572 

impingement cooling performance compared to conventional synthetic jet actuator (Case A). 573 

The hybrid synthetic jet actuator with a convergent nozzle (Cases D1-D2) exhibits better 574 

impingement cooling performance than those with a cylindrical nozzle (Cases B1-B2) and a 575 

divergent nozzle (Cases C1-C2). By comparing Cases D1 and D2, it is evident that the larger 576 

nozzle length ( 𝐻𝑛 ) makes the advantages of hybrid synthetic jets more pronounced. 577 

Compared to Case A, the average temperature on the heated surface for Case D2 decreases 578 

by 24.9 ℃. Further, the average Nusselt numbers of synthetic jet impinging on the heated 579 

surface for all cases, calculated according to Eq. (11), are summarized in Fig. 10(c). The 580 

descending order of the average Nusselt numbers for all cases is Case D2 > D1 > B2 > B1 > 581 

C2 > C1 > A. Similarly with respect to Case A, Case D2 obtains the maximum heat transfer 582 

enhancement among all the cases based fluid diodes, which increases the average Nusselt 583 

number by 54.7%. Based on the combination of Fig. 7(b), Fig. 10(b) and Fig. 10(c), it can be 584 

found that the impingement cooling performance and heat transfer ability of synthetic jets are 585 

improved as the volumetric efficiency increases. 586 

 587 

 588 

 589 
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 590 

(a) 591 

  592 

(b)                                                                         (c) 593 

Fig. 10 Heat transfer data on the heated surface for all cases at the quasi-stable state (t =2.5 s): (a) time-594 

averaged temperature profiles; (b) area-weighted average temperatures; (c) average Nusselt numbers. 595 

 596 

4. Conclusions 597 

Various hybrid synthetic jets based on novel fluid diodes are proposed and their 598 

performances are numerically analyzed. The following conclusions can be drawn: 599 

(1) Compared to conventional synthetic jet, the cooling performance improvement of 600 

the proposed hybrid synthetic jets is attributed to the increase of the volumetric efficiency, 601 

which promotes the supplement of cold fresh air and suppresses the recirculation of the 602 

heated air. 603 

 (2) The hybrid synthetic jet with a convergence nozzle exhibits a higher volumetric 604 

efficiency and preferable impingement cooling ability compared to that with a cylindrical or 605 
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divergence nozzle. Such configuration nearly achieves the unidirectional downward flow in 606 

the nozzle during one cycle and obtains a volumetric efficiency of up to 95.8%.  607 

(3) Compared to the conventional synthetic jet, the hybrid synthetic jet with a 608 

convergence nozzle decreases the average temperature on the heated surface from 95.7 ℃ to 609 

70.8 ℃ and increases the average Nusselt number by 54.7%, which is beneficial for the safe 610 

and high-efficiency operation of electronic devices with a high power density. 611 
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