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Using an unsteady jet created by the fluidic oscillator represents many opportunities to enhance the heat
removal performance of impinging jet. Numerical simulations were conducted to compare the heat trans-
fer performance of two fluid oscillators and a direct jet with unsteady Reynolds-averaged Navier-Stokes
(RANS) and large eddy simulation (LES) turbulence models implemented. Time-resolved and time-
averaged flow fields and heat transfer results were presented. Simulation results showed that the fluid
dynamic and heat transfer performance predicted by the RANS and LES models matched well for different
Reynolds numbers.The self-oscillating impinging jets were beneficial in enhancing the heat removal per-
formance by increasing the average Nusselt numbers and covering a larger impinging cooling surface. The
wide impinging zone and significant heat transfer enhancement suggested it was promising to imple-
ment self-oscillating impinging jet concept into existing cooling technologies, such as multi-phase cool-
ing and thin film cooling, for the next-generation high-performance heat exchangers.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The fluidic oscillator is a unique device that can convert a steady
state jet into an oscillatory one based on the intrinsic flow instabil-
ity mechanisms. The attractive feature of a fluidic oscillator for
flow control is its characteristics of unsteady blowing, which can
be used to actively manipulate the flow field without any moving
parts. The fluidic oscillator was widely used in flow separation con-
trol [1,2], jet thrust vectoring [3], cavity tone suppression [4], drag
reduction [5], combustion control [6] and heat transfer enhance-
ment [7–10]. Numerous designs have been proposed since it orig-
inated from the 1960s [11]. Generally, the fluidic oscillators can be
categorized into two types [12]: wall-attachment and jet-
interaction oscillators [13] regarding the driven mechanisms of
the oscillations. The wall-attachment type with two feedback
channels, as shown in Fig. 1, is the most often studied one and will
be adopted for the analysis in this paper.

A typical wall-attachment fluidic oscillator includes a power
nozzle, a main mixing chamber, two feedback channels, and an exit
throat. Though the general working principles of the fluidic oscilla-
tors were well documented in various literature [9,12], the detailed
flow physics of these devices were not. The power jet coming out
from the power nozzle will attach to one of the two side walls of
the mixing chamber due to the Coanda effect [12,14]. As the flow
field is not symmetric, the fluid mass rates entering into the two
feedback loops are different. This transverse disturbance leads to
a change in the pressure through the control nozzles, which drives
the power jet to detach from the original sidewall and attach to the
opposite sidewall. Due to the symmetry of the device, the same
process repeats resulting in an oscillatory fluid motion at the exit
throat. Previous research [15] found that fluidic oscillators were
robust in a wide range of operating conditions.

The fluid dynamic characteristics of the fluidic oscillators, such
as the oscillation frequency, pressure variation, and oscillating
amplitude, were intensively studied in many open literature [16–
23]. Seo et al. [17] used a 2-D dimensional model to investigate
the internal fluid dynamics of a fluidic oscillator by solving the
incompressible Navier–Stokes equations. They analyzed the influ-
ence of geometric variations including changes in the feedback
channel length and the mixing chamber length on the oscillation
frequency and amplitude. Woszidlo and Wygnanski [1] experi-
mentally and numerically investigated the parameters governing
separation control using an array of sweeping jet actuators dis-
tributed evenly along the span of a generic airfoil. They found that
by controlling separation, actuation still yielded almost twice the
range of lift coefficients accompanied by almost twice the maxi-
mum lift-to-drag ratio. Metka and Gregory [5] experimentally
studied drag reduction on the 25-deg Ahmed generic vehicle
model with quasi-steady blowing at the roof–slant interface using
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Nomenclature

Symbols
D, Df characteristic length (m)
Nu Nusselt number
q0 heat flux (W �m�2)
h convective heat transfer coefficient (W �m�2 � K�1)
q density (kg �m�3)
U0 inlet velocity (m � s�1)
ui velocity (m � s�1)
t time (s)
sij, Tij Reynolds stresses (kg �m�1 � s�2)
l dynamic viscosity (kg �m�1 � s�1)
cp thermal capacity (J � kg�1 � K�1)
T temperature (K)
Tf oscillating period (s)
k thermal conductivity (W � K�1 �m�2)
Si energy source terms (W � s�1)
k turbulence kinetic energy (J=kg)
lt Eddy viscosity (kg �m�1 � s�1)

x turbulence frequency (s�1)
Sij mean rate of deformation (s�1)
dij Kronecker delta
rk, b

�, rx;2, c2, b2 factors in the k-x SST turbulence model
rx;1 turbulence frequency Prandtl number
D1, D2 filtering length (m)
CSGS factors in the LES model
Lij Germano identity
Mij intermediate parameter

Abbreviations
RANS Reynolds-averaged Navier-Stokes
LES large eddy simulation
ELES embedded large eddy simulation
SST shear stress transport
CFD computational fluid dynamic
SGS sub-grid-scale stresses
SIMPLE semi-implicit method for pressure linked equations
CFL Courant–Friedrichs–Lewy condition
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a span-wise array of fluidic oscillators. A drag reduction up to 7.5%
was observed on the model with the actuation. The reduction was
due to separation control on the slant surface. Jeong and Kim [24]
optimized the 3-D geometry shape of a fluidic oscillator by solving
the transient Reynolds-averaged Navier-Stokes (RANS) equations
to enhance peak jet velocity at the exit throat and simultaneously
reduce pressure drop. Bobusch et al. [19] did experiments to inves-
tigate the internal flow characteristics of a fluidic oscillator. Geo-
metrical features, in particular at the inlet and outlet of the
mixing chamber, were found to have crucial impacts on oscillation
frequency and jet deflection. Choephel et al. [25] conducted exper-
iments to explore the use of fluidic oscillators for improving the
aerodynamic performance of the S903 airfoil. The increase in lift
coefficient ranged from 10% to 20% depending on the Reynolds
number. The actuation level was studied in the experiments. The
same phenomenon was observed in the work by DeSalvo et al.
[26]. Guyot et al. [6] used a fluidic oscillator as an actuator to do
fuel modulation. The oscillator was incorporated into a bluff body
burner to examine the influence on the combustion stability. Cat-
tafesta and Sheplak [15] gave a detailed review on using fluidic
oscillators for active flow control.

Most of the research on fluidic oscillators focused on their fluid
dynamic performance. Using sweeping jet impingement caused by
the fluidic oscillator for heat transfer enhancement application is
still relatively new. Jet impingement is an effective way to cool
device working in high-temperature environment, such as vane
Fig. 1. (a) The angled fluidic oscillator, (b) The
leading edge cooling in gas turbine [10]. However, steady jet
impingent can only effectively cool a hot spot, as the Nusselt num-
ber decreases drastically from the stagnation point to the sides.
The sweeping jet has great potential enhancing impingement heat
transfer through its larger spreading angle and regions of high tur-
bulent mixing due to the sweeping nature of the flow at the exit
throat. There is a great potential to implement the present self-
oscillating-impinging-jet concept in future gas turbine cooling sys-
tems, electronics cooling, multi-phase cooling, micro-fluid cooling,
and thin film cooling. Camci and Herr [8] first used a self-
oscillating-impinging-jet configuration to enhance the heat
removal performance of the impinging jets. The new design signif-
icantly enhanced the heat transfer coefficient ranging from 20% to
70% over the stationary jet values because of the oscillation motion
of the impinging jet together with the larger impingement zone.
Hossain et al. [10] developed a sweeping jet film cooling technol-
ogy based on conventional curved fluidic oscillators to improve
the cooling effect of gas turbine engines. Both experimental and
numerical studies were conducted to test the performance of a
row of five sweeping jet film cooling holes. They found that the
unsteady sweeping action of the jet augmented the heat transfer
near the hole exit. In another paper [9], they used unsteady RANS
simulations to analyze the effects of surface curvature on the per-
formance of sweeping jet impingement heat transfer. Agricola et al.
[7] compared the heat transfer coefficient of a sweeping impinging
jet to a steady circular orifice jet. They found that impingement
curved fluidic oscillator, (c) The direct jet.
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heat transfer using a sweeping jet was better at high Reynolds
numbers. Park et al. [27] experimentally examined the heat trans-
fer of a sweeping jet impinging on a flat wall for several Reynolds
number and nozzle-to-plate spacings. Compared to a steady round
jet, the sweeping jet showed the superior capability of heat
transfer.

The self-oscillating impinging jet has great potential to be
implemented in future high-performance multi-phase cooling,
modern electronic cooling, and compact heat exchangers. Though
much progress was made in recent years, using fluidic oscillators
for heat removal was still not fully explored. For example, in Refs.
[27,7], the conclusions on the heat transfer enhanced using self-
oscillating impinging jet for low Re numbers (Re < 10,000) were
not consistent. These can be reasoned as follows. On one hand, to
accurately measure the convective heat coefficients was by no
means an easy task. On the other hand, the two-equations RANS
turbulence model, for example the commonly used k�x SST
model, might overestimate the heat convective coefficients for
direct jets [28]. In this paper, the heat removal performance of
two commonly used 3D fluidic oscillators [23], a curved one and
an angled one, were compared using two turbulence models,
including the transient RANS k�x SST turbulence model and
the embedded large eddy simulation (ELES) turbulence model
[29]. The curved oscillator design was used in many Refs.
[3,4,7,19,23,30] and the angled oscillator design was used in some
others [2,16,21,23]. The ELES model uses the RANS model to simu-
late the regions that are less important and large eddy simulation
(LES) model for the regions of interest. In this way, the ELES model
preserves the turbulence resolution of LES model without intro-
ducing much additional computation cost. The water rather than
air was selected as the working fluid here since water has higher
heat removal performance though it was harder to manipulate
the range of its Re numbers in real experiments.
2. Computational method

2.1. Fluidic oscillators

In this study, the geometry of the angled fluidic oscillator was
scaled from the computational model used in Ref. [16] and the
geometry of the curved one was adjusted from Ref. [23]. The 3-D
geometry information of the fluidic oscillators was shown in
Fig. 1. The overall size (25 mm � 11.25 mm � 1.5 mm) of the two
devices were the same. The width of the inlets was 2D (where
D = 1.0 mm in both designs). The thickness of the fluidic oscillator
was 0.5D and the thickness of the fluid channel was 1.5D. The out-
let of the channel was 12.5D away from the center of the throat to
make sure the outlet boundary condition would not significantly
affect the fluid dynamics of the sweeping jet. The angle and width
of the outlet throat were the same for the two models. Besides, a
direct jet model was also established (by removing the feedback
loops of the fluidic oscillator) to act as a reference. The simulation
was performed using water with Re = 3000, 4000, and 5000,
respectively.
2.2. Numerical model

2.2.1. The k�x SST model
The flows through the fluidic oscillators were simulated by

solving the incompressible Navier–Stokes equations. The k�x
SST model and the ELES model were used to simulate the turbu-
lence separately. The k�x SST model developed by Menter et al.
[31,32] is thought to be robust to fit turbulence for a wide Re num-
ber range. By introducing the blending functions, this model com-
bines the good near-wall behavior of the k�x model with the
robustness of the k� emodel in the far field in a numerically stable
way. However, previous studies showed that the k�x SST model
tended to overpredict the Nu number near the impingement zone
[28]. The governing equations of the transitional k�x SST model
are prescribed by:Continuity equation
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where the rk, b
�, rx;2, c2 and b2 are revised constants, with the cor-

responding values 2.0, 0.009, 1.17, 0.44, and 0.083, respectively. lt

and rx;1 are related to the blending functions [29] to make the
equations suitable for both the near wall and far field region.

2.2.2. The ELES model
Large eddy simulation is thought to be more accurate than tran-

sient RANSmodels, as it only models the sub-grid-scale turbulence.
However, LES had the very limited impact on industrial CFD simu-
lations, mainly due to its high computational cost. In order to pre-
serve the resolution of large turbulent structures in industrial flow
simulations, zonal models are desirable in many cases, where LES
model is applied in the regions with high turbulence intensity
and RANS model is used for regions of less interest. The informa-
tion in the RANS and LES regions is exchanged at the interfaces
using suitable methods. In this way, the combination of RANS
and LES obviates the need to specify the inlet boundary condition
for the LES simulation. ELES model was adopted to simulate the
fluid dynamics of the sweeping jet in this study. In the power noz-
zle, two feedback loops, and channel far away from the sweeping
jet, the k�x SST model was used to save the computational cost.
In the exit throat and the regions of the sweeping jet, the dynamic
Smagorinsky model was used to obtain more accurate fluid
dynamics and heat transfer results. At the LES-RANS interfaces,
vortex method was used to generate a time-dependent inlet condi-
tion for the LES region. The combination of these two models was
illustrated in Fig. 2.

The dynamic Smagorinsky model was developed based on the
standard Smagorinsky model by Germano et al. [28] and Lilly
et al. [33]. The local values of CSGS, a coefficient in the eddy-
viscosity model equation, is dynamically computed based on the
information provided by the resolved scales of fluid motion. Taking



Fig. 2. Different turbulence models used in different regions in the fluidic oscillators.

466 Y. Wu et al. / International Journal of Heat and Mass Transfer 131 (2019) 463–471
the SGS stresses to be proportional to the stresses due to eddies at
the smallest resolved scale, the SGS stress tensors using two differ-
ent filtering length, D1 and D2 (D2 > D1), are modeled in the same
way with the Smagorinsky-Lilly model.

sij ¼ �2C2
SGSqD

2
1j�Sj Sij � 1

3
Skkdij
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ð6Þ

Tij ¼ �2C2
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where �S ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
. In Eqs. (6) and (7), the bar overhead represents

for the first filtering operation with D1 (the grid filter). The tilde
overhead represents for the filtering operation with D2 (the test
filter).

The grid filtered SGS and the test-filtered SGS are related by the
Germano identity [28],

Lij ¼ Tij � esij ð8Þ
Lij in Eq. (8) can be computed from the resolved large eddy field

using

Lij ¼ eui
euj � guiuj ð9Þ

Substituting Eq. (7) and grid-filter Eq. (6) into Eq. (8), the con-
stant C2

SGS can be calculated by
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1
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. During the simulation, C2
SGS

might become negative. To avoid numerical instability, both the
numerator and the denominator in Eq. (10) are locally averaged
using the test-filter. The dynamic Smagorinsky model was proved
to be a robust eddy-viscosity model which was able to predict the
turbulence near the wall and far field with good accuracy [31].

2.2.3. Numerical methodology
The fluid dynamic analysis of the fluidic oscillator was carried

out using the ANSYS/FLUENT 14.0 package. The grid numbers for
the curved fluidic oscillator, the angled fluidic oscillator, and direct
fluidic oscillators were 8.80, 8.18, and 5.5 million, respectively. The
grids at the boundary were adjusted to ensure that the dimension-
less distance (y+) between the wall and the cell center of the first-
layer grids near the walls were around 1.0. The grid quality was
well checked to ensure better convergence (Fig. 3). The SIMPLE
algorithm was used to solve the unsteady Navier-Stokes equations
in a segregated manner. The Gauss-Green method was used for the
pressure discretization. The discretization method used for all the
other parameters was the second-order upwind method to ensure
numerical stability. A second order implicit method was used in
the time domain with a time step of 10�6 s to obtain time-
resolved flow fields and heat transfer results. The time step was
estimated by the averaged velocity at the throat of the nozzle,
where the flow mean velocity was high, to ensure the CFL number
less than 1.0 in the computational domain. In each time step, the
iteration continues until the residuals were less than 10�6 for the
mass and momentum equations, 10�8 for the k and x equations,
and 10�10 for energy equations. At the interfaces between the
unsteady RANS model and the LES model, the vortex method was
used to generate velocity fluctuation. A velocity inlet boundary
condition was used with the velocity was estimated for
Re ¼ 3000; 4000 and, 5000 based on the throat hydraulic diame-
ter. The inlet turbulence intensities were set 3%, 4%, and 5% for
Re = 3000, 4000, and 5000, respectively. Though the heat transfer
analysis of fluidic oscillators using air as the working fluid was
seen in much open literature, the experimental results using water
were absent. To validate the results of the simulations, the grid
independence was checked for all the three designs. For the angled
design, three grid systems with 6.08, 8.80, and 10.85 million grids
were built. When Re = 5000, the oscillation frequencies of the
device were 164, 167, and 166, respectively. For the curved design,
three grid systems with grid number 5.80, 8.18, and 10.34 million
were built. When Re = 5000, the oscillation frequencies were 165,
162, and 162, respectively. The simulation results were thought
to be grid independent as the derivations of the oscillation fre-
quency were less than 2.0% for all the simulation cases. The grid
system using for the direct jet was the same to the angled design
but with the two feedback channels removed, thus the simulation
results of the direct jet were assumed grid independent. The simu-
lation was performed for 100 non-dimensional time units (D=U0)
for each case. And the heat transfer data from the last three oscil-
lation cycles were averaged as the final results.



Fig. 3. The grid systems for (a) the angled design and (b) the curved design.

Fig. 4. (a)–(d) Instantaneous pressure contours and (e)–(h) flow patterns of the curved fluidic oscillator for one oscillation cycle when Re = 5000 (Tf is the period).
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3. Results and discussion

3.1. The flow field and oscillation frequencies

As depicted in Figs. 4 and 5, a quasi-steady oscillatory flow pat-
tern was observed for both two fluidic oscillator designs. The inter-
nal flow dynamics of the two fluidic oscillator designs has been
intensively discussed in the previous experimental and numerical
studies. The observed fluidic patterns in this study were nearly
identical to those found in the open literature. Figs. 4 and 5 showed
the instantaneous pressure and flow fields of the curved and the
angled fluidic oscillators for half of the sweeping period with
Re = 5000. The pressure and flow fields of the other half period
were symmetric to this half period. Notably, Figs. 4 and 5 clearly
showed that the interaction between the flows from the two feed-
back channels and the main jet in the inlet junction region initiated
the switching of jet direction. At 0.0 T, the fluid jet was attached to
the right side of the nozzle exit wall. This generated a pressure
unbalance in the flow through the two feedback channels. As the
flow in the right feedback channel was blocked, the pressure in
the left feedback channel was much higher than that in the right
channel. The relatively high pressure in the left feedback channel
pushed the jet from the right side to the left side of the nozzle wall.
However, because of the inertia, the jet in the mixing channel con-
tinued to sweep to the right side wall, as shown at 1/6 Tf . At 2/6 Tf ,
as the jet moved to the left side of the nozzle exit wall, the high-
pressure region expanded into the right side of the mixing cham-
ber and pushed the sweeping jet to the left side of the mixing
chamber. At 1/2 Tf , the fluid jet was attached to the left side of
the nozzle wall. As these processes repeated, the jet within the
mixing chamber executed an oscillatory motion, thus generated a
sweeping jet through the outlet throat. Careful observations on
the pressure distributions of the two fluidic oscillators found that
the curved design had more significant pressure fluctuation during
an oscillation period. The more considerable pressure difference
between the two feedback channels helped to enlarge the sweep-



Fig. 5. (a)–(d) Instantaneous pressure contours and (e)–(h) flow patterns of the angled fluidic oscillator for one oscillation cycle when Re = 5000 (Tf is the period).
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ing angle of the flow jet. As shown in Figs. 4(e)–(h) and 5(e)–(h),
the curved design had a slightly larger sweeping angle than the
angled design.

The oscillation frequency of the fluidic oscillator can be affected
by many factors, such as the flow rate, feedback channel length,
and working fluid. The oscillatory frequencies of the curved and
the angled fluidic oscillators with Re = 3000, 4000, and 5000 were
shown in Fig. 6. Though the difference in design, the oscillatory fre-
quencies of the curved and angled designs were quite close to each
other with the same Re number. The frequencies of the oscillatory
jets almost linearly increased with the Re numbers for both
designs. For the curved design, the oscillatory frequencies pre-
dicted by the ELES model and the k�x SST model matched each
Fig. 6. The oscillatory frequency of the curved and angled designs at Re = 3000,
4000, and 5000.
other very well, with a difference of less than 4%. For the angled
design, the ELES model predicted the oscillation frequencies
slightly higher than the SST model for all the Re numbers. However,
the difference became more significant for the cases with the
higher Re numbers. In the main channel, the dynamic Smagorinsky
model and k-w SST models were used to simulate the turbulence
near and far away from the impinging zone, respectively. The LES
model can provide more turbulence details. As observed in Figs. 4
and 5, the turbulence structures including the large scale and small
scale eddies were clearly shown in the impinging zone. However,
in the regions using the k�x SST model, the small-scale eddies
were filtered out. The turbulence eddies can play an essential role
in the mass and energy transport due to the additional inertia
stress and thermal fluxes. Oscillation of the jet flow created strong
turbulence fluctuations and vortexes in the impinging zone. It was
highly expected that the strong flow convection due to the turbu-
lence fluctuations was able to enhance the convective heat
transfer.

3.2. Heat transfer results

It was well known that the turbulence introduced strong flow
fluctuations and helped to destroy the boundary layers. It was
reported in Refs. [8,27] that the intrinsic oscillation of the fluidic
oscillator helped to enhance the overall convective heat transfer
performance at the impinging zone. However, in some other liter-
ature [9], the sweeping jet did not show much advantage over the
steady jet impingement in convective heat transfer, particularly
near the impinging zone. The conclusions in the literature
diverged. In this section, the problem was revisited and further
clarified.

In this paper, a constant heat flux boundary condition,
q0 ¼ 1;000;000 W= m2 � K� �

, was set on the impinging wall. The
time-averaged Nu number was compared for the three designs to
see if oscillation of the jet can enhance the heat transfer perfor-
mance. The Nu number was defined as
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Nu ¼ q0Df

k T � Tf
� � ð11Þ

where the reference temperature was set to be 300 K and the
hydraulic reference diameter was set to be 1.5 mm. The convective
heat transfer coefficient related to Nu number via h ¼ Nu�k

Df
.

Fig. 7(a)–(d) and (e)–(h) compared the instantaneous tempera-
ture contours of curved design using two different turbulence
models. Strong turbulence fluctuations were observed in the
impinging zones, particular for the LES model. As the turbulence
indicated the contributions of additional fluid stresses and energy
transfer due to oscillatory motion, the accuracy of the heat transfer
simulation of the fluidic oscillators has heavily relied on the accu-
racy of the turbulence modeling. Turbulent flows were character-
ized by eddies with a wide range of length and time scales. The
LES model was believed to be able to capture the details of the
eddies within a wider length and time scales. As shown in Fig. 7,
Fig. 7. (a)–(d) Instantaneous temperature contours of curved design using k�x SST mo
(i)–(l) Instantaneous temperature contours of angled design using ELES model. (Tf is the

Fig. 8. (a)–(c) Time averaged Nu number contours on the impinging surface for the three
on the impinging surface for the three designs at Re = 3000 using ELES model.
the temperature fluctuation was more clearly observed in simula-
tion results using the ELES models. The strong turbulence fluctua-
tion would increase convection and diffusion significantly, thus
enhance the heat transfer process in the impinging zone. Fig. 7
(i)–(l) showed the instantaneous temperature contours of curved
design simulated using the ELES model. The flow patterns of the
curved design were quite similar to the angled design, but with
smaller sweeping angles.

Fig. 8 showed the time-averaged surface Nu number contours
on the jet impinging wall (6.5 � 1.5 mm2) for the two sweeping
and one direct jets at Re = 3000 and 5000. Data was averaged over
three full-time periods for each case. Some distinct features were
observed for the different fluidic designs. Different from the direct
jet, two distinct peaks were observed for the sweeping jets due to
the bi-stable nature of the fluidic oscillators. The region of the high
Nu numbers shifted from the center of the impinging zone as the
sweeping jet spends most of the time attached to one of the mixing
del. (e)–(h) Instantaneous temperature contours of curved design using ELES model.
period).

designs at Re = 5000 using ELES model, (d)–(f) Time averaged Nu number contours



Table 1
The average Nu numbers over the impinging surface (6.5 � 1.5 mm2).

Re Curved design Angled design Direct jet

3000 112.60 118.74 109.34
4000 143.23 141.65 131.52
5000 167.40 165.96 154.53

Fig. 9. Time averaged surface Nu distribution for sweeping jet on the channel
centerline at Re = 3000, 4000, and 5000 for the curved design.

Fig. 10. Time averaged surface Nu distribution for sweeping jet on the channel
centerline at Re = 3000, 4000, and 5000 for the angled design.

Fig. 11. Time averaged surface Nu distribution for sweeping jet on the channel
centerline at Re = 3000, 4000, and 5000 for the direct jet design.
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chamber walls. As shown in Fig. 8, the distance between the high-
Nu-number spots became further to each other with the higher Re
number. Meanwhile, the coverage area of the impinging jet
increased with Re number, as a larger high-Nu-number zone illus-
trated in Fig. 8 for Re = 5000. For Re = 3000 or 5000, the curved
design, the angled design, and the direct design owned a relatively
wide, medium, and narrow high-Nu-number zone on the imping-
ing wall. Near the vertical wall of the channel, two long and narrow
high Nu zones were observed because of the interaction between
the turbulence flow and the walls. Though the direct jet owned a
relatively narrow high-Nu-number zone, the maximum Nu number
of the direct jet was larger than the sweeping jets. Overall, the heat
transfer performance of the fluidic oscillators increased with the Re
number. This was reflected in both the more uniform Nu contours
and higher average Nu numbers, as shown in Table 1. When com-
pared with the direct jet, the curved design demonstrated a 3.0–
8.3% increase in the heat removal performance, while the angled
design represented a 7.4–8.6% increase. Implementing self-
oscillating fluidic oscillators showed promising heat transfer
enhancement for different Re numbers.

As shown in Figs. 9–11, overall, the Nu number distribution on
the centerline of the channel predicted by the ELES model and the
SST model matched each other very well for different Re num-
bers. Both turbulence models predicted higher Nu numbers with
larger Re numbers. The k�x SST model predicted two distinct
Nu number peaks for the sweeping jets, while the peaks were
not clear for the cases simulated using the LES model. The Nu
number distributions simulated using k�x SST model were
smoother than LES model, as the turbulence fluctuations intro-
duced extra energy fluxes thus affected the heat transfer process.
As observed in Figs. 9–11, the Nu number distributions on the
centerline of the channel decreased from the center to the side.
For the direct jet, the Nu number decreased shapely along the
centerline, while the decreasing tend was smoothly for the
sweeping jets. It should be noted that the simulation result for
the direct jet was different from that reported in the open litera-
ture where the maximum heat transfer coefficient happened at
the center of the impinging zone. As shown in Fig. 11, the maxi-
mum heat transfer point slightly offset the center of the imping-
ing zone. This can be reasoned by the unique divergent shape of
the outlet throat.
4. Conclusion

Unsteady RANS and ELES simulations were performed to evalu-
ate the impinging heat transfer performance of two self-oscillating
fluidic oscillators and one direct jet. The results with different Re
numbers were compared. The time-resolved pressure and flow
fields were examined to understand the unsteady flow structure.
To evaluate the heat transfer performance, the time-resolved tem-
perature fields obtained by different turbulence models were com-
pared. The time-averaged Nu numbers on the impinging surface
were studied. Some key findings were summarized in the
following:
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(1) The numerical analysis of the fluid dynamics in the fluidic
oscillators suggested that the jet deflection was initiated
by the pressure difference within the two feedback channels.
Then the jet deflection propagated downstream and formed
the sweeping behavior in the mixing chamber and the outlet
throat. The curved fluidic oscillator owned a larger pressure
fluctuation than the angled design. Thus sweeping jet in the
curved fluidic oscillator covered a larger impinging zone.

(2) Both the k�x SST model and the ELES model were used to
conduct the turbulence simulations. Overall, the fluid
dynamics and frequencies predicted by the two models
matched each other reasonably well for different Re
numbers.

(3) The averaged heat transfer performance of the jets for all
these three designs increased with Re numbers. The direct
impinging jet had better heat transfer performance at the
center of the impinging zone. However, its performance
deteriorated sharply offset the center. The sweeping jets
aroused by the fluidic oscillators had a better average and
more uniform heat removal performance. The curved design
demonstrated a 3.0–8.3% increase in the heat removal per-
formance, while the angled design represented a 7.4–8.6%
increase with Re number ranging from 3000–5000.

(4) The heat removal performance predicted by the k�x SST
model and the ELES model matched very well for all the
cases. Two Nu number peaks were observed in the results
obtained using the k�x SST turbulence model. The Nu
numbers calculated by the ELES model fluctuated more sig-
nificantly near the impinging zone due to the extra energy
flux transport by the small eddies. Because of the strong tur-
bulence, the two Nu-numbers peaks tended to emerge with
each other and formed a sizable high-Nu-number zone on
the impinging surface.

The unsteady characteristics of fluidic oscillators are desirable
for the development of the next-generation heat exchangers with
extremely high heat flux removal capacity. For example, as
reported in Refs. [34,35], multi-phase heat exchangers made by
synthetic diamond integrated with a phase separation concept
was used to design high-performance heat sinks with thermal con-
ductivity exceeding 1000 W= m � Kð Þ. It was observed that the vent-
ing rate was critical for the phase separation thus affected the heat
transfer performance. Also, the dry-out phenomenon was reported
as a main obstacle for further heat transfer improvement. It is
highly expected that the fluidic oscillators can help to improve
the gas venting and alleviating the dry-out phenomenon by sepa-
rating the bubbles attached to the heating surface. It is also
promising to significantly enhance the heat removal capacity of
the heat exchangers by adjusting the inlet configurations of the
heat exchangers using the fluidic oscillator arrays.
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