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Dynamic mesh methods and user defined functions are adopted and the shear 
stress transport k-ω turbulent model has been used in the numerical investigation 
of heat transfer performance of synthetic jet impingement onto dimple/protru-
sioned surface. The results show that the local time-averaged Nusselt number of 
the dimpled/protrusioned target surface tends to be much closer with that of flat 
cases with increasing of frequency. The heat transfer performance gets better 
when frequency increases. The area-averaged time-averaged Nusselt number of 
protrusioned target surface is the most close to that of flat cases when f = 320 Hz 
while it is the smallest among the synthetic jet cases in dimpled target surface. 
The heat transfer enhancement performance of synthetic jet is 30 times better 
than that of natural convection. The time-averaged Nusselt number of stagnation 
point in the protrusioned target surface is higher than that of flat target surface 
while it is lower in the dimpled surface than that of flat surface no matter in the 
synthetic jet, steady jet or natural convection cases. Meanwhile, the time-
averaged Nusselt number of stagnation point in the synthetic jet cases increases 
with the increasing of frequency. It is worth pointing out that the time-averaged 
Nusselt number of stagnation point is lower than that of steady cases when the 
frequency is low. However, it shows a bit higher than that of steady cases  
when f = 320 Hz. 
Key words: synthetic jet, dimpled/protrusioned target, heat transfer enhancement 

Introduction 

Impinging jets have wide applications such as the cooling of gas turbine blades and 
drying of papers and textiles, due to its high heat transfer coefficient near the stagnation zone. 
A great deal of investigation has been conducted including the effect of Reynolds number, jet 
angle, jet-to-plate spacing, and jet shape on the flow and heat transfer in the jet impingement. 

Synthetic jet is one kind of jet and it is widely used in the flow separation control of 
boundary layer [1] in the last few decades due to that it induces perturbation into mainstream. It 
is also named as zero-net mass flux jet produced by the momentary ejection and suction of fluid 
across the orifice and so the net mass flux is zero. The cooling performance of confined imping-
ing synthetic jet (Rej = 2210 and 3300, H/d = 2, 4, and 8, f = 30, 80, 160, and 250 Hz) was in-
vestigated experimentally by Vukasinovic et al. [2] in 2003. The countercurrent radial flow is 
induced in the gap and strong vorticity diffusion gets into thermal boundary layer resulting to 
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the mixing enhancement. Arik et al. [3, 4] conducted the experimental investigation on the heat 
transfer performance of synthetic jet and pointed out that the optimal heat transfer coefficient 
was obtained with the resonance frequency. The cooling performance of synthetic jet shows 
30% and 40% better than that of steady jet with optimal and the same jet-to-target spacing, re-
spectively. Valiorgue et al. [5] performed the experimental investigation on the cooling perfor-
mance of round impinging synthetic jet by PIV and thermal imaging camera (1000 < Rej <  
< 4300, H/d = 2, 1 < L0/D < 22). Chaudhari et al. [6, 7] carried out the experimental study about 
the heat transfer performance of both single and multiple impinging synthetic jets (950 < Rej <  
< 4200, 0 < H/d < 25, 100 < f < 400 Hz) in the application of heat sink with fans and crossflow. 
The results indicate that the heat transfer performance of synthetic jet would be higher than that 
of continuous flow with higher Reynolds number. Tan et al. [8] experimentally studied the heat 
transfer characteristics of synthetic jet driven by piezoelectric actuator. 

Dimple and protrusion are one kind of concavities which have significant enhance-
ment in heat transfer with low penalty in pressure drop. Lots of scholars have conducted the 
heat transfer enhancement of jet impinging onto dimpled/protrusioned surface. Eight-by-eight 
jet arrays impinging onto a staggered array of dimples (Rej = 11,500, H/d = 2, 4, and 8) was in-
vestigated by Kanokjaruvijit et al. [9]. The maximum crossflow scheme and larger H/d im-
pingement onto dimpled surface performs much better compared to the plate. Wall-resolved and 
zonal numerical large eddy type simulation are performed for impingement onto a dimpled sur-
face at Rej = 23,000 [10]. The cooling characteristics of dimpled and smooth heated surfaces 
subjected to co-axial impinging jet were compared with Rej = 10,000, 20,000, and 40,000, and 
H/d from 1 to 10 [11] and results shows that the average Nusselt number increases with dimpled 
surface by up to 6% over the whole surface area comparing to the smooth surface. 

According to this literature review, both of the methods involved including synthetic 
jet and dimple/protrusion can augment the heat transfer of impinging jet significantly. The 
heat transfer performance is deduced to be improved further if the synthetic jet and dim-
ple/protrusion are used together. However, there is no such kind study about this subject. So 
the present work mainly explores the flow and heat transfer performance of synthetic jet im-
pinging onto dimpled/protrusioned surface. 

Numerical model 

As shown in fig. 1, the piston-based synthetic jet actuator was used for the genera-
tion of the velocity pulsation. The flat target surface was arranged in some distance with the 
orifice of jet. The dimple and protrusion were located with the centerline parallel with the 

center of synthetic jet. The whole geometry 
model is axisymmetric as same as in [2]. The 
colored region is presented as the cavity of syn-
thetic jet. The moving type of the diaphragm in 
the piston was assumed to be sinusoidal. The di-
ameter of orifice is Dj, the jet-to-target spacing is 
H/Dj = 4. The diameter of dimple and protrusion 
is the same as D/Dj = 2, and the depth is δ/D = 
0.2. The diameter of heated target surface is 
Dt/Dj = 13.6, and the diameter of whole target 
surface is L/Dj = 25. Air was used as the work-
ing fluid with Pr = 0.71 due to its low cost, 
availability and reliability. 

 
Figure 1. Sketch of computational domain and 
boundary condition 
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Non-slip wall boundary condition with constant heat flux q was applied on the target 
surface which was marked in red color as shown in fig. 1. Dimpled/protrusioned surface was 
also with the same condition when the dimple/protrusion was arranged on the target surface. 
Adiabatic no-slip wall boundary was used for the confined wall while the pressure boundary 
was applied at the outlet surface. 

In the computation, the law of diaphragm motion is defined, namely the magnitude 
and frequency of motion. The motion displacement S is defined as: 

 sin(2π )S A ft=  (1) 

The circular movement of diaphragm leaves the region of cavity increases and de-
creases constantly. The dynamic mesh was adopted for the movement and the variation of 
motion was defined by user defined function embedded in the program. The structural grid 
was performed for the whole computational region. The layering method was used for the grid 
generation, which does not affect the initial distribution of gird and provides good quality of 
grid in the motion. 

The velocity of the jet is low and so the 
fluid is treated as incompressible flow. RANS 
methods were adopted to deal with the flow 
and heat transfer equations. QUICK scheme 
was used for the convective term. Central dif-
ference form was used for diffusion term. The 
PISO algorithm was applied for the coupling 
between pressure and velocity. Shear stress 
transport (SST) k-ω turbulent model was more 
acceptable in the unsteady computation of 
synthetic jet. In the present numerical work, 
the realizable k-ε turbulent model coupled 
with enhanced wall function, SST turbulent model coupled with γ-θ transition model, and 
SST k-ω turbulent model were compared with the experimental result [2] as shown in fig. 2. 
The difference between experimental result and realizable k-ε as well as SST + γ-θ turbulent 
model is large. By contrast, the local heat transfer coefficient of SST k-ω turbulent model is 
much closer to the experimental result. Among them, SST k-ω turbulent model was the most 
suitable method to simulate the synthetic jet impingement. 

Result and discussion 

Figure 3 demonstrates the velocity contour and streamlines for flat target surface, 
protrusioned surface and dimpled surface for the case of f = 80 Hz, and four moments of  
t = 0.25 τ, 0.5 τ, 0.75 τ, and τ are considered. As observed in the figure, the flow shows the 
same pattern at different moments.When the vibrating diaphragm moves to the right end at  
t = 0.25 τ, the flow velocity at the jet is zero, and it is in the process of changing from positive 
value to negative one. Being influenced by the former cycle, the flow around the centerline 
continues impinging to the target surface, while the flow around the jet begins to enter the 
cavity. In the case of flat target surface, the flow turns to be wall jet after the rotation of 90°, 
and then it moves on in the radial direction. For the dimpled surface the flow moves along the 
surface, and then it develops in the radial direction. In the case of protrusioned surface, the flow 
moves along the surface in the impingement and then it moves to the downstream. At t = 0.5 τ  

 
Figure 2. The experimental validation of turbulent 
model (for color image see journal web-site) 
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 (a) t = 0.25 τ (b) t = 0.50 τ 

 
Figure 3. Velocity contours and streamline for f = 80 Hz (left: flat, center: dimpled, right: protrusioned) 
(for color image see journal web-site) 

the vibrating diaphragm moves to the mean piston, and the flow velocity at the jet reaches the 
minimum negative value. The flow is inhaled into the cavity mainly from the confined surface, 
and different sizes of vortices can be observed on the target surface. For the flat surface, a small 
vortex occurs at the stagnation point, and a notable vortex can be observed in the dimple for the 
dimpled surface. While for the case of protrusioned surface no vortex occurs around the protru-
sion. The vibrating diaphragm moves to the left end at t = 0.5 τ, and the suction process ends. 
Except for the velocity fluctuation of flow in the cavity, the flow velocity in the confined space 
is almost zero. Besides, at this moment a large-scale vortex is observed at the confined surface. 
Then the blow process begins, and at t = 1.00 τ the vibrating diaphragm moves to the mean po-
sition, where the flow velocity at the jet reaches the maximum value. The increasing flow veloc-
ity induces a notable increase in the angle between the flow direction and the flat surface. A 
small size of vortex occurs around the dimple edge, and this has negative effect on the heat 
transfer performance. According to the discussions, it can be found that the best impingement 
effect occurs in the blow process (t = 0.75 τ – 1.25 τ), during which the flow velocity at the 
spout is positive, and the flow directly impinges on the center of the target surface. 

Figure 4 shows the variation of averaged Nusselt number (Nu) with time in two cy-
cles for flat target surface. As observed in the figure, Nu varies periodically for the three types 
of synthetic jet frequency. In the blow process, Nu increases, meaning that it increases with 
the flow velocity at the jet. In the suction process, Nu is relatively low, and the minimum 
mean occurs when the jet velocity reaches the highest value. As the jet frequency increases 
from f = 80 Hz to f = 160 Hz, a notable increase in Nu can be observed, and the increase is 
more obvious in the blow process. As the jet frequency increases from f = 160 Hz to f = 320 
Hz, a further increase of Nu occurs. Note that at the beginning of the blow process, a slight 
variation of Nu occurs, and a small peak value occurs at f = 320 Hz. This is because that the 
increasing jet frequency leads to an increase in the flow pulsation at the jet. Under this condi-
tion, the flow temperature around the jet is relatively low. With the rapid increase in flow ve-
locity at the jet, the flow with low temperature around the jet develops to a larger scale in the 
axis direction, and this induces the small fluctuation of Nu at high jet frequency. 

Figure 5 shows the variation of mean Nusselt number with time for flat target sur-
face, protrusioned surface, and dimpled surface at f = 80 Hz. It is found that the application of  
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protrusion and dimple has notable effect on the cooling effect. Compared with the case of flat 
target surface, the use of dimple induces a systematical decrease of Nu. From fig. 3 it can be 
found that the dimpled surface leads to a larger scale of vortex in the suction process, thus 
having negative effect on the heat transfer performance. While in the blow process the appli-
cation of dimple increase the distance between the jet and the target surface, and this also has 
negative effect on the heat transfer process. Nu of protrusioned surface is slightly higher than 
that of smooth surface, especially during the blow process. According to the fig. 3, at t = 1.00 τ 
the flow velocity reaches its maximum value, and the jet is closer to the protrusioned surface. 
The boundary layer on the protrusioned surface is very thin when the jet develops in the radial 
direction, and this is beneficial to the heat transfer performance. As a result, Nu of protru-
sioned surface is higher than that of flat surface. 

The averaged Nusselt number Nu variation of target surface with time for f = 160 Hz 
is shown in fig. 6. The Nu variation in three cases shows the same tendency and Nu varies in 
sinusoidal type with jet velocity. Moreover, Nu shows higher value in blow process than that 
in suction process. Nu in dimple case is lower than that in flat case, which is in accordance 
with that for f = 80 Hz. The main reason is that the size of the vortex inside the dimple is en-
larged by dimple in the jet suction process and so the heat transfer is worsened. While the dis-
tance between the jet and target surface is further when the dimple is arranged in the jet blow 
process resulting in heat transfer deterioration. The Nu variation shows the different tendency 
in protrusion case. Nu of protrusioned target surface is similar with flat case in jet suction 
process. However, in jet blow process, Nu of protrusioned target surface is lower than that in 
flat case, especially when the jet velocity comes to the maximum. In the development of jet 
velocity on the centerline, two peak values of jet velocity are formed in the flat target surface 
and dimpled target surface. Because the distance is shortened by the protrusion, the second 
peak value of jet velocity disappeared, which results in lower heat transfer performance than 
flat case. Although, the heat transfer performance of protrusioned target surface is still better 
than dimpled target surface. 

Figure 7 shows the variation of averaged Nusselt number of target surface with time 
in flat case and dimple/protrusion case at f = 320 Hz. The variation of Nu shows the same 
tendency for different target surfaces. The Nu shows the higher value in jet blow process 
while it shows lower value in jet suction value, varies in sinusoidal type as jet velocity varia-
tion. At the beginning of the jet blow process, Nu shows slightly fluctuated. The main reason 
is that fluid with relatively low temperature is entrained near the jet and it develops in the axi-
al direction when the jet velocity increases sharply, which makes that the Nusselt number 
shows the fluctuating magnitude. Nu in dimple case is lower than that in flat case and the rea-
son is as discussed before. Meanwhile, Nu of protrusioned target surface is the same value as  

  
Figure 4. Averaged Nusselt number variation  
in flat cases (for color image see journal web-site) 

Figure 5. Averaged Nusselt number variation  
for f = 80 Hz (for color image see journal web-site) 
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Figure 6. Averaged Nusselt number variation  
for f = 160 Hz (for color image see journal web-site) 

Figure 7. Averaged Nusselt number variation  
for f = 320 Hz (for color image see journal web-site) 

that in flat case for jet suction process and shows higher value than that in flat case for jet 
blow process. The reason is that the frequency is much higher than the other frequency, so the 
pulsating distance gets shortened in the same Reynolds number. The jet velocity just shows 
the only one peak value in the axial direction. The distance between jet and target surface is 
reduced by protrusion and the dispassion of energy is also reduced, so the heat transfer per-
formance gets better. 

The local time-averaged Nusselt number (Nuc) distribution of target surface in natu-
ral convection and steady jet as well as synthetic jet was shown in fig. 8. It is clearly seen that 
Nuc in steady jet and synthetic jet is more than times higher than that in natural convection. In 
the natural convection, Nuc in the flat cases decreases monotonously from the stagnation point 
in the radial direction. After arrangement of protrusion, Nuc near the protrusion region shows 
big value compared with flat target. It decreases from the stagnation point and comes to the 
similar value with flat case near the edge region. However, the main change occurs near the 
dimple region after arrangement of dimple. Nuc near the stagnation region of dimple case 
shows lower value compared with that in flat case while it increases along with the radial di-
rection and comes to the same value with flat case at the edge of dimple. Nuc at the stagnation 
point in protrusion case is the biggest among different cases and it is the lowest in the dimple 
case. In the steady jet, Nuc in the flat case increases firstly in the radial direction and forms the 
maximum when r/Dj = 0.5-1.0. Then Nuc decreases in the radial direction. After arrangement 
of dimple, Nuc at the stagnation point is lower than that in flat case. Then it increases along 
with the radial direction and shows the maximum when reaching the dimple edge. Because of 
the small flow separation outside of dimple edge, Nuc forms the local minimum firstly and re-

 
Figure 8. Local time-averaged Nusselt number distribution (for color image see journal web-site) 
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turns to the value as flat case along with the radial direction. The distance between jet and tar-
get is shortened when the protrusion was arranged and Nuc in the stagnation point is higher 
than that of flat case. The flow separation occurs near the protrusion edge, so the heat transfer 
is worsened and Nuc shows the lowest value and it returns to the value as flat case along with 
the radial direction. Nuc variations for synthetic jet are similar with the above description and 
the mainly difference exists for the stagnation region with f = 320 Hz, namely that Nuc of 
stagnation point shows the peak value. The reason is that the jet flow is much easily affected 
by the movement of cavity and its temperature is the averaged value of blow and suction pro-
cess. In Nuc definition, the reference temperature, Tc, the local fluid temperature is relatively 
higher, which higher Nuc is derived. Moreover, no matter in flat cases or dimple/protrusion 
cases, Nuc is more close to the distribution of steady jet when the frequency increases. The 
heat transfer is enhanced with the increasing of frequency for synthetic jet cooling. 

The area-averaged time-averaged Nusselt number Nuav was shown in fig. 9. The fre-
quency was plotted in the horizontal axis. Nuav keeps constant in the steady jet and natural 
convection. The heat transfer of target surface was enhanced by the protrusion and it was 
worsened by the dimple in the natural convection. However, the heat transfer is enhanced near 
the stagnation region and worsened near the edge of protrusion in the steady jet cases. Nuav of 
protrusioned target surface is slightly lower than that of flat target surface in the area-
averaged calculation of axisymmetrical model. Meanwhile, the heat transfer is worsened in 
both the stagnation region and the region outside the edge for the dimpled target surface. The 
overall Nuav of dimpled surface is 8.5% lower than that for flat cases. The heat transfer per-
formance of synthetic jet is improved 30 times compared with natural convection. Nuav of 
synthetic jet increases monotonously with the increasing of frequency and the difference with 
steady jet is decreases in the same tendency. Nuav of protrusioned target surface is slightly 
lower than that of flat cases and as the frequency increases, the difference between them de-
creases. The smallest difference is 0.8% when f = 320 Hz. Nuav of dimpled target surface is 
lowest in the synthetic jet. The difference of Nuav between dimpled and flat target surface de-
creases as frequency increases. It changes from 11.3% for f = 80 Hz to 2.3% for f = 320 Hz. 

 
Figure 9. Area-averaged time-averaged Nusselt number (for color image see journal web-site) 

The variations of time-averaged Nusselt number of stagnation point Nuc,s with fre-
quency are shown in fig. 10. Nuc,s in protrusioned cases shows the greatest value in the compar-
ison no matter in natural convection, steady jet or in synthetic jet. Besides, Nuc,s in dimpled cas-
es shows the smallest value. The Nuc,s in synthetic jet cases increases with the increasing of fre-
quency. It is worthy pointing out that the Nuc,s in lower frequency shows lower value compared 
with that in steady cases while it is slightly higher with f = 320 Hz than that in steady cases. 
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Figure 10. Time-averaged Nusselt number of stagnation point (for color image see journal web-site) 

Conclusions 

The dynamic mesh has been adopted in the numerical investigation of heat transfer 
performance of synthetic jet impinging onto dimpled/protrusioned target surface. The effect 
of pulsating frequency on the cooling performance was studied and the result of synthetic jet 
has been compared with that of natural convection and steady jet. The following conclusions 
were drawn. 
• The local time-averaged Nusselt number of target surface in different shapes is more sim-

ilar to that of steady jet with the increasing of frequency for the synthetic jet impinge-
ment, which indicates that the heat transfer performance of synthetic jet is enhanced as 
the frequency increases. The area-averaged time-averaged Nusselt number of target sur-
face in synthetic jet impingement increases with the increasing of frequency. Meanwhile, 
Nuav difference between synthetic jet and steady jet is reduced when the frequency in-
creases. The difference is only 0.8% when f = 320 Hz for protrusion and flat case. Nuav of 
dimple case is the lowest in which the difference with flat case is 2.3% when f = 320 Hz. 
Compared with natural convection, the heat transfer is enhanced by near 30 times for syn-
thetic jet impingement. 

• No matter in natural convention, steady jet or in synthetic jet, the time-averaged Nusselt 
number of stagnation point of protrusion case is higher than that in flat case while it 
shows lower value in dimple case. The time-averaged Nusselt number of stagnation point 
increases with the increasing of frequency. It is worthy pointing out that when the fre-
quency is low, the time-averaged Nusselt number in the synthetic jet is lower than that in 
steady jet. However, the frequency is as high as f = 320 Hz, the time-averaged Nusselt 
number in synthetic jet shows higher value than that in steady jet impingement. 

Nomenclature 
D – dimple diameter, [m] 
Dj – jet diameter, [m] 
f – frequency, [Hz] 
H – jet-to-target spacing, [m] 
L – length of target surface, [m] 
L0 – stoke length, [m] 
Nu – Nusselt number 
q – heat flux, [Jm–2] 

Re – Reynolds number 
S – motion displacement, [m] 
ΔT – temperature difference, [K] 
U0 – time-averaged jet exit velocity, [ms–1] 
Greek symbols 

δ – depth of dimple, [m] 
τ – period of the cycle, [s]
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