
International Journal of Heat and Mass Transfer 177 (2021) 121515 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Unsteady RANS simulation of fluid dynamic and heat transfer in an 

oblique self-oscillating fluidic oscillator array 

Tingzhen Ming 

a , b , Zhiyi Wang 

a , Xiwang Liao 

a , Tianhao Shi a , Gangfeng Tan 

c , Yongjia Wu 

a , ∗

a School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan 430070, China 
b School of Architecture Engineering, Huanggang Normal University, Huanggang 4380 0 0, China 
c School of Automotive Engineering, Wuhan University of Technology, Wuhan 430070, China 

a r t i c l e i n f o 

Article history: 

Received 2 January 2021 

Revised 15 April 2021 

Accepted 17 May 2021 

Available online 5 June 2021 

Keywords: 

Fluidic oscillator 

Heat transfer enhancement 

Impinging jet 

Numerical simulation 

a b s t r a c t 

Impinging jet played an important role in cooling technology. The steady-state jet could be transformed 

into an oscillatory one based on the intrinsic flow instability mechanisms by using self-oscillating fluidic 

oscillators. In this paper, a high-performance microchannel heat exchanger based on a fluidic oscillator 

array was presented. The fluidic oscillators were tilted at an angle of 30 ° above the impinging surface to 

extend the influence area of the jets. The unsteady RANS turbulence models were adopted to study the 

fluid dynamic and heat transfer performance of the jet array. The time-resolved pressure field and veloc- 

ity field were calculated to show that the parallel oscillators would produce three modes, including co- 

directional oscillation, reverse oscillation, and irregular oscillation, under synchronous and asynchronous 

output phases. The sweeping jets improved the heat removal performance by increasing the average Nus- 

selt number and enlarging the influence range on the external flow field. The heat removal performance 

of the sweeping jets was almost equivalent under different oscillation modes. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

With the rapid increase of the heat fluxes released from micro- 

lectronic devices, thermal management technology faced great 

hallenges [1] . The conventional heat sinks, pin fin arrays, fan- 

ssisted heat sinks cooled by air had almost reached their limit of 

pproximately 100W/cm 

2 [2] . Impinging jet technology was usu- 

lly used in the industrial production of cooling, heating, and dry- 

ng. It could effectively destroy the boundary layer, increase dis- 

urbance inside the fluid, and enhance heat transfer capacity [3] . 

owever, as the distance from the stagnation point increased, the 

usselt number decreased sharply [4] . Since the stagnation point 

f the direct jet didn ̂ { \ prime}t change with time, the effective

ooling area was fixed, and the influence range of the flow field 

isturbance was limited. With the development of flow, the grad- 

ally thickened boundary layer would negatively affect heat trans- 

er [5] . The fluidic oscillator was a unique device that could trans- 

orm a steady-state jet into an oscillating jet. This oscillation was 

elf-induced and self-sustained [6] . It could be considered as a jet 

enerator that increased the disturbance range of the flow field 

ue to its oscillation characteristics. The potential of fluidic os- 

illators for flow control had been the subject of many previous 
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tudies [ 7 , 8 ]. Bobusch et al. [9] used particle image velocimetry 

nd time-resolved pressure measurement in water to visualize and 

uantify the internal flow patterns inside the fluid oscillator. The 

xternal flow field properties of a fluidic oscillator were investi- 

ated by Gregory et al. [10] . They used the pressure-sensitive ma- 

erial to make unsteady time-resolved measurements of the jet os- 

illations and evaluated the dependence of frequency on velocity. 

rwatz et al. [11] altered the geometry of a fluidic oscillator and 

tudied the changes in flow characteristics such as the oscillation 

requency. Metka et al. [12] studied drag reduction on the generic 

ehicle model that used a spanwise array of fluidic oscillators with 

uasi-steady blowing at the roof-slant interface. The performance 

f an airfoil equipped with a high-lift system was enhanced by 

he manipulation of vorticity concentrations near the airfoil sur- 

ace using arrays of fluidic oscillators [13] . Besides, plasma-fluidic 

ctuators [14] , piezoelectric actuators [15] , and fluidic diverters 

16] were some other examples of such fluidic oscillators currently 

eing studied for flow control. 

Researchers did much work to explore the characteristic scales 

ssociated with the oscillation frequency and identify the mech- 

nism that drives the jet oscillation [17] . Some studies optimized 

he geometric model and changed the characteristics of the ex- 

ernal flow field to achieve the purpose of enhancing heat trans- 

er [18] . Enhancement of impingement heat transfer using a self- 

scillating jet impingement nozzle was described by Page et al. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121515
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121515&domain=pdf
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Nomenclature 

Symbols 

C 1 ε , C 2 ε , C μ, η0 Empirical constants in the RNG k − ε
model 

c p Thermal capacity ( J · K 

−1 · k g −1 ) 

D , D f Characteristic length ( mm ) 

G k Turbulent kinetic energy caused by the 

velocity gradient ( m 

2 · s −2 ) 

P Pressure ( Pa ) 

Pr T Turbulent Prandtl number 

Nu Nusselt number 

q ′ Heat flux ( W · m 

−2 ) 

u in Inlet velocity ( m · s −1 ) 

k Turbulence kinetic energy ( J · k g −1 ) 

L Length of the target surface in the X di- 

rection ( mm ) 

Re Reynolds number 

S i j Deformation rate tensor 

t Time ( s ) 

T Temperature ( K ) 

T f Oscillating period ( s ) 

W Length of the target surface in the Z di- 

rection ( mm ) 

X, Y, Z Cartesian coordinates 

αk , αε Inverse effective Prandtl numbers for k 

and ε
σω, 2 , γ2 , β2 , σk , β

∗ Factors in the k − ω SST model 

ω Turbulence frequency 

τi j Reynolds stresses ( kg · m 

−1 · s −1 ) 

ε Turbulent dissipation rate 

λ Thermal conductivity ( W · K 

−1 · m 

−2 ) 

μ Dynamic viscosity ( kg · m 

−1 · s −1 ) 

ρ Density ( kg · m 

−3 ) 

Abbreviations 

RANS Reynolds-averaged Navier-Stokes 

ELES Embedded large eddy simulation 

SST Shear stress transport 

RNG Renormalization Group 

SIMPLE Semi-implicit method for pressure linked equations 

19] . The self-oscillating jet distributed the pressure over the im- 

ingement surface area in a less concentrated manner than that 

f a standard jet impingement nozzle and demonstrated higher 

eat transfer close to a surface. Agricola et al. [20] measured the 

eat transfer coefficient of an impinging sweeping jet by experi- 

ent and compared it with a steady circular orifice jet. Hossain 

t al. [21] studied the external flow field and heat transfer perfor- 

ance for both steady and sweeping jets under three configura- 

ions with different curvature radiuses of the impingement sur- 

ace. Lundgreen et al. [22] numerically studied the heat removal 

erformance of the sweeping jet with different nozzle-plate spac- 

ng. When the nozzle-plate spacing was small, the average Nusselt 

umber of the sweeping jet was higher than that of the direct jet. 

hurman et al. [23] applied the sweeping jet to heat transfer and 

valuated the effect of the jet ejected through a hole into a cross- 

ow on the film cooling process. They discovered that the sweep- 

ng jet made the cooling performance more uniform on the surface 

han a jet from a spiral hole. Camci and Herr [24] found that the

overage area of the impingement zone was significantly enhanced 

ecause of the inherent sweeping motion of the oscillating coolant 

et. The instantaneous jet position (relative phase) between adja- 

ent oscillators may determine whether there was mutual interfer- 

nce between oscillators [25] . Gokoglu et al. [26] experimentally 
2 
nd numerically studied the synchronization of a fluidic oscilla- 

or array. They stated that synchronized fluidic oscillators would 

e more efficient than asynchronous ones for flow control and tur- 

ine film cooling applications. It was convenient to fabricate these 

scillators using 3-D printing. Hossain et al. [27] carried out both 

xperiment and numerical simulations to study the cooling per- 

ormance of five sweeping air jets. Increasing hole spacing could 

rovide larger lateral coverage without additional coolant require- 

ents. 

The heat transfer performance and flow field of impinging jets 

ere affected by many parameters like jet Re number, jet-to- 

late distance, angle of impingement surface, the characteristics 

f impingement surface, turbulence intensity, etc. [ 28 , 29 ]. The in- 

lined jet had become a choice in optimizing heat removal perfor- 

ance. The fluid flow and heat transfer distribution to an obliquely 

mpinging air jet was reported by Beltaos [30] . Goldstein et al. 

31] found that as the angle between the jet and the impinging 

urface decreased, the jet’s elongation on the impinging surface in- 

reased. The oscillating jet perpendicular to the impingement sur- 

ace could only enhance heat transfer on the sweeping path below 

he outlet throat. The oblique swing jet was found randomly os- 

illating during its impingement on the surface, resulting in an un- 

table flow field downstream [32] . The diffusion hole of the oblique 

uidic oscillator could be used to provide more uniform and higher 

alues of film effectiveness. The existence of lateral angles im- 

roved jet spreading [23] . 

Studies on the combination of the microchannel and the 

blique fluidic oscillator array in a single device had rarely been re- 

orted. In this paper, the heat removal capacity of the microchan- 

el heat exchanger with two parallel fluidic oscillators was stud- 

ed. The fluidic oscillators were tilted at an angle of 30 ° above 

he impinging surface to enlarge the influence range of the jets 

n the external flow field. Unsteady RANS turbulence models were 

mployed to study the fluid dynamic and the heat removal per- 

ormance of the sweeping jets under different output phases. The 

eat exchange, pressure drop, and oscillatory frequency of two typ- 

cal oscillation modes (co-directional oscillation and reverse oscil- 

ation) were numerically evaluated. This study could be used to 

uide the design of heat exchangers with many fluidic oscillator 

rrays distributed throughout the target surface for the cooling of 

 large surface. 

. Computational method 

.1. Geometric model 

The geometric model consisted of fluidic oscillator arrays and 

 fluid channel below as depicted in Fig. 1 (a). Water was chosen 

s the working fluid because of its high heat removal performance. 

fter the sweeping jet impinged on the surface for the enhanced 

onvective heat transfer, it diffused downstream of the channel and 

ook away more heat. The heat transfer performance of two flu- 

dic oscillators distributed along the span of the target surface was 

tudied to reduce the computing resources. As shown in Fig. 1 (b), 

he model’s size was adjusted from the computational model used 

n Ref. [4] , and the fluidic oscillators were set above the chan- 

el at an angle of 30 °. Because too sparse oscillator arrangement 

ould lead to high local temperature, while too dense oscillator ar- 

angement would consume too much energy, the Z -direction spac- 

ng was set as 7.5D (D = 1.0 mm). The fluidic oscillator mainly con- 

isted of a power nozzle, a central mixing chamber, two feedback 

hannels, and an exit throat. The thickness of the fluidic oscilla- 

or was 0.5D, and the height of the fluid channel was D. The exit 

ole had a 4D trailing edge. The nozzle entrance of the oscillator 

as expanded forward and parallel to the impinging surface, which 

llowed the jets to interact with the mainstream. The minimum 
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Fig. 1. (a) The oblique self-oscillating fluidic oscillator arrays; (b) The computational model. 
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idth of the power nozzle was 0.7D. The outlet of the channel was 

4D away from the center of the throat to make sure that the flow 

as fully developed and the outlet boundary condition would not 

ignificantly affect the fluid dynamics of the sweeping jets. A direct 

et model was established for reference, whose sizes were consis- 

ent with the fluidic oscillator except no feedback channels. 

.2. Numerical model 

.2.1. The RNG k − ε model 

In this paper, the geometric model had a magnitude in millime- 

ers, much larger than the free path of a molecular movement. The 

orking medium flow satisfied the continuum hypothesis. The os- 

illatory frequencies and the heat removal performance predicted 
3 
y the k − ω SST, a RANS turbulence model, matched well with 

he ELES model for all the cases in the work of Wu et al. [4] . The

ANS turbulence model provided an economical way for modeling 

omplex turbulent industrial flows. In this study, unsteady RANS 

imulations were conducted to study the fluid dynamic and heat 

ransfer performance in the fluidic oscillator array. The RNG k − ε
odel and the k − ω SST model were used to simulate the turbu- 

ence separately. The RNG k − ε model incorporated an additional 

erm in the turbulent energy dissipation equation based on strain 

ates and included adjustments for the viscous effects and the tur- 

ulent Prandtl number. This model was formulated for flows with 

igh Reynolds numbers. It could model flows with a high strain 

ate and large streamline bending degree better [33] . The govern- 
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Fig. 2. Grid system of the computational model. 
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ng equations of incompressible flow in the microchannels were 

iven as follows. 

Continuity equation 

∂ u j 

∂ x j 
= 0 (1) 

Momentum equation 

∂ ( ρu i ) 

∂t 
+ 

∂ 
(
ρu i u j 

)
∂ x j 

= − ∂ p 

∂ x i 
+ 

∂ 

∂ x j 

(
μ

∂ u i 

x j 
− ρu 

′ 
i u 

′ 
j 

)
(2) 

Energy equation 

c p 

[
∂T 

∂t 
+ u j 

∂T 

∂ x j 

]
= 

∂ 
(
λ ∂T 

∂ x j 
− ρc p u 

′ 
j T ′ 

)
∂ x j 

(3) 

here −ρu ′ i u ′ j and −ρc p u ′ j T ′ were caused by turbulent pulsation. 

ij represented thermal stress caused by viscosity which was calcu- 

ated by τi j = −ρu ′ i u ′ j = 2 μS i j . S i j was the mean rate of strain ten- 

or calculated by S i j = 

1 
2 ( 

∂ u i 
∂ x j 

+ 

∂ u j 
∂ x i 

) . k and ε represented the tur- 

ulent kinetic energy and turbulent dissipation rate, respectively. 

Governing equation of k 

∂ ( ρk ) 

∂t 
+ 

∂ ( ρk u i ) 

∂ x i 
= 

∂ 

∂ x j 

(
αk μe f f 

∂k 

∂ x j 

)
+ G k + ρε (4) 

Governing equation of ε

∂ ( ρε ) 

∂t 
+ 

∂ ( ρε u i ) 

∂ x i 
= 

∂ 

∂ x j 

(
αk μe f f 

∂ε 

∂ x j 

)
+ 

C 1 ε ε 

k 
G k 

−
[

C 2 ε + 

η( 1 − η/ η0 ) 

1 + βη3 

]
ρ

ε 2 

k 
(5) 

here μe f f represented the effective turbulent viscosity; P r T was 

urbulent Prandtl number. αk and αε represented the inverse ef- 

ective Prandtl numbers for k and ε, respectively, which could be 

et as 1.39 and 1.39, respectively. G k denoted the generation of tur- 

ulent kinetic energy due to the average velocity gradient. η0 was 

et as 4.38, β was volume coefficient of expansion could be set as 

.012, C μ, C 1 ε , and C 2 ε were empirical constants which could be set 

s 0.085, 1.42, and 1.68, respectively. 
4 
.2.2. The k − ω SST model 

The k − ω SST model could better predict the turbulent length 

cale than the k − ε model. It could model the wall jet, both in 

he sublayer and logarithmic region, without the need for damping 

unctions [33] . The model calculated the turbulent viscosity as a 

unction of k and ω. 

Governing equation of k 

∂ ( ρk ) 

∂t 
+ 

∂ 
(
ρk u j 

)
∂ x j 

= 

∂ 
((

μ + 

μt 

σk 

)
∂k 
∂ x i 

)
∂ x j 

+ 

(
τi j · S i j −

2 

3 

ρk 
∂ u i 

∂ x j 
δi j 

)
− β∗ρkω (6) 

Governing equation of ω

∂ ( ρω ) 
∂t 

+ 

∂ ( ρω u j ) 
∂ x j 

= 

∂ 
((

μ+ μt 
σω, 1 

)
∂ω 
∂ x i 

)
∂ x j 

+ γ2 

(
2 ρS i j − 2 

3 
ρω 

∂ u i 
∂ x j 

δi j 

)
− β2 ρω 

2 

+2 

ρ
σω, 2 ω 

∂k 
∂ x k 

∂ω 
∂ x k 

(7) 

here the σk , β
∗, σω, 2 , γ2 and β2 were revised factors in k − ω

odel, with the corresponding values 2.0, 0.009, 1.17, 0.44, and 

.083, respectively. μt and σω, 1 were related to the blending func- 

ions to make the equations suitable for both the near wall and 

ar-field region [34] . 

.3. Boundary conditions 

In this simulation, the inlet was set at the entrance of the 

ower nozzle. The inlet water had a uniform velocity and temper- 

ture of 300 K . The angle between the vector direction of inlet ve- 

ocity and the inlet plane was 30 degrees. The relative outlet pres- 

ure was set to 0 Pa . The simulation was performed using water 

ith the Reynolds number (Re) ranging from 30 0 0 to 50 0 0. The

eynolds number was defined as 

e = 

ρu in D f 

μ
(8) 

here the inlet velocity u in was estimated based on the throat 

ydraulic diameter D f . A constant heat flux boundary condition, 

 

′ = 10 6 W/ ( m 

2 · K ) , was set on the impinging wall. Other walls

ere assumed adiabatic and non-slip. 
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Fig. 3. (a1)-(d1)Time-resolved flow fields of co-directional oscillation for half of the sweeping period with Re = 50 0 0. 
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.4. Numerical methodology 

In this simulation, ANSYS FLUENT19.0 was used for unsteady 

omputation. The SIMPLE model was applied for pressure–velocity 

oupling. The Gauss-Green method was used for pressure dis- 

retization. The discretization method used for all the other pa- 

ameters was the second-order upwind method to ensure numeri- 

al stability. A second-order implicit method was used in the time 

omain with a time step of 10 −5 s to obtain time-resolved fluid 

ynamic and heat transfer results. The time step was estimated by 

he averaged velocity at the throat of the nozzle, where the flow 

ean velocity was high. The simulations were run until the oscil- 

ating was stable. The convergence residual for the energy equation 

as 10 −7 , and that for other equations was 10 −5 . The inlet turbu- 

ence intensities were set 3%, 4%, and 5% for Re = 30 0 0, 40 0 0, and

0 0 0, respectively [35] . Steady-state RANS simulations were per- 

ormed for all steady jet cases for reference. 

The grid system was shown in Fig. 2 . The computing domain 

dopted structured grid to save computational resources. The grids 

ear the walls were densified to preserve a higher accuracy. A 

tandard wall treatment was applied to near-wall modeling for the 

 − ε model. The grid of the power nozzle and outlet throat of the 

uidic oscillator was depicted in Fig. 2 (a-b). 

The grid independence was checked to validate the model- 

ng results. Three grid systems with mesh numbers of 3,601,0 0 0, 

,219,0 0 0, and 5,060,0 0 0 were examined by the RNG k − ε model. 

hen Re = 50 0 0, the oscillation frequencies were 122, 125, and 

24, respectively. The simulation results were thought to be grid 

ndependent as the derivations of the oscillation frequency were 

ess than 3% for all the simulation cases. The grid system with a 

rid number of 4,219,0 0 0 was chosen for numerical calculations. 

he grids near the walls were slightly modified to meet the re- 

uirement of the turbulence model. The dimensionless wall dis- 

ance y + of the first node near the wall was set to around 10 for

he RNG k − ε model., while the grids near the canister wall were 
t

5 
efined to y + ~1 for the transitional k − ω SST model. The grid sys- 

em using for the direct jets was the same as the fluidic oscillators 

ut with the two feedback channels removed. Thus the simulation 

esults of the direct jets were assumed grid-independent. 

. Results and discussion 

.1. Fluid dynamic result 

The fluidic oscillators worked based on bi-stable states of a jet 

f fluid in a cavity caused by a specially designed feedback path. 

he power jet coming out from the power nozzle would attach to 

ne of the two side walls of the mixing chamber due to the Coanda 

ffect [36] . Because of the asymmetric characteristics of the flow 

eld, the pressure difference between the two feedback channels 

ould cause a change in the direction of the jet. The jet within the 

ixing chamber executed an oscillatory motion, thus generated a 

weeping jet through the outlet throat. In this simulation, a quasi- 

teady oscillating flow pattern was observed in each fluidic oscilla- 

or. Due to the random direction of the power jet from the nozzle 

t the initial time, the fluidic oscillators in the array had different 

scillating modes. As the flow started to make its first pass through 

he fluidic oscillator, capturing the flow acceleration and the tran- 

ient development of pressure and flow fields within the array ac- 

urately was crucial. We could observe the synchronous and asyn- 

hronous output phases. In this study, three typical fluid dynamic 

odes of co-directional oscillation, reverse oscillation, and irregu- 

ar oscillation were analyzed. 

Fig. 3 - 6 showed the time-resolved velocity fields and pressure 

elds of the array for half of the sweeping period with Re = 50 0 0.

rom the velocity field in Fig. 3 (a1)-(d1), we could observe the syn- 

hronous output phase. The duration of the oscillation period T f 
ould be calculated based on the oscillation frequency under dif- 

erent Re numbers in Fig. 10 . At 0 T f , the fluid jet was attached to

he left side of the nozzle exit wall. The jet in the mixing chamber 
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Fig. 4. (a2)-(d2) Time-resolved pressure fields of co-directional oscillation for half of the sweeping period with Re = 50 0 0. 

g

t

t  

s

i

i  

f

s  

a

o

T

c

i

o

t

c

a

w

t

a

w

t

a

c

p  

c

a

c

t

�

w

t

t

t

p

p

t

m

h

j

b

t

v

q

s

T

t

fl

t

t

A

i

3

i

p

j

a

o

h

fl

l

t

enerated the flow through the upper feedback channel. At 1/6 T f , 

he flow in the feedback channel interacted with the main jet in 

he inlet junction region. At 2/6 T f , as the jet moved to the right

ide of the nozzle exit wall, the high-pressure region expanded 

nto the left side of the mixing chamber and pushed the sweep- 

ng jet to the right side of the mixing chamber. As the flow in the

eedback channel continued, the fluid jet was attached to the left 

ide of the nozzle exit wall at 1/2 T f . The fluidic oscillators in the

rray repeated the same process. 

The velocity field in Fig. 5 depicted that the left and right fluidic 

scillators were out of synch by a phase difference of 180 degrees. 

he flow fields inside the two oscillators were repeated periodi- 

ally in a symmetrical flow pattern. When the fluid jets oscillated 

n the reverse direction, the pressure distribution of the two fluidic 

scillators was approximately symmetric at each moment. Calcula- 

ions showed that the design of the oscillators could generate the 

o-directional or reverse output according to the entrance bound- 

ry conditions of different Re numbers if the flow inside the array 

as initiated from quiescence. These two modes could be main- 

ained stable in the unsteady simulation unless the inlet bound- 

ry conditions were actively changed. Moreover, if the flow field 

as initially asynchronous, resynchronization of the fluidic oscilla- 

ors array was not practical since the flow was very sensitive to 

symmetric perturbations and imperfections [26] . The reverse os- 

illation of the jets was a special case of the asynchronous output 

hase. As shown in Fig. 7 , most outputs of the modes in the asyn-

hronous phase were irregular. As shown in Fig. 8 , the flow fields 

nd pressure fields tended to be stable after removing the feedback 

hannels. 

Pressure drop was used to evaluate the resistance characteris- 

ics of different cases in this simulation, calculated by 

P = P in − P out (9) 

here P in was the average value of the relative static pressure at 

he left and right nozzle inlets over one full-time period. P out was 
6 
he relative static pressure of the channel outlet. Fig. 9 indicated 

he pressure drop for the sweeping jets and the direct jets. The 

ressure drop increased with the Re number in all the cases. The 

ressure drop predicted by the RNG k − ε model is slightly higher 

han that of the k − ω SST model. Compared with the direct jet 

odel, the fluidic oscillator contains feedback channels, which en- 

anced turbulence intensity. The pressure drop of the sweeping 

ets was higher than that of the direct jets under different Re num- 

ers. 

As depicted in Fig. 10 , the oscillatory frequencies predicted by 

he RNG k − ε model and k − ω SST model matched each other 

ery well, with a difference of less than 3%. The oscillation fre- 

uency of the fluidic oscillator could be affected by many factors, 

uch as the flow rate, feedback channel length, and working fluid. 

he fluidic oscillators had a linear flow versus frequency charac- 

eristic until it showed saturation that exceeded the corresponding 

ow rate [37] . It had been concluded in the open literature that 

he oscillation frequency of the fluidics was primarily a function of 

he volume flow rate within the investigated flow rate range [6] . 

s expected, the frequencies of the oscillatory jets almost linearly 

ncreased with the Re numbers. 

.2. Heat transfer result 

Impinging jets helped fluid mix better and played a critical role 

n reducing boundary layer thickness, which could significantly im- 

rove heat transfer. Compared with the direct jet, the oscillating 

et had a larger sweep range and a wider effective cooling cover- 

ge for the target surface [4] . Two typical modes, the co-directional 

scillation and the reverse oscillation, were selected to analyze the 

eat transfer performance in this study. 

Fig. 11 showed the time-resolved temperature contours of the 

uidic oscillator array with Re = 50 0 0 using two different turbu- 

ence models. Fig.11 (a1)-(b1) and (a2)-(b2) showed the tempera- 

ure contours at 0 T f and 1/2 T f when the jets oscillated in the re- 
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Fig. 5. (a1)-(d1)Time-resolved flow fields of the reverse oscillation for half of the sweeping period with Re = 50 0 0. 

Fig. 6. (a2)-(d2) Time-resolved pressure fields of the reverse oscillation for half of the sweeping period with Re = 50 0 0. 

v

a

s

i

w

F

R

t

h

t

erse direction. Fig.11 (c1)-(d1) and (c2)-(d2) showed the temper- 

ture contours at 0 T f and 1/2 T f when the jets oscillated in the 

ame direction. The oblique sweeping jets generated by the flu- 

dic oscillators introduced strong turbulence near the impingement 

all, which could help to enhance the convective heat transfer. 

ig. 12 showed the temperature contours of the direct jets with 
7 
e = 50 0 0 using two different turbulence models. It was evident 

hat the fluid temperature in the channel of the direct jet was 

igher than that of the oscillating jet. 

The time-averaged Nusselt number (Nu) was used to evaluating 

he heat transfer performance of the jets. The Nusselt number was 
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Fig. 7. Instantaneous flow fields of the irregular oscillation with Re = 50 0 0. 

Fig. 8. Pressure fields and flow fields of the direct jets with Re = 50 0 0. 

Fig. 9. The pressure drop of the jets under Re from 30 0 0 to 50 0 0 
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Fig. 10. The oscillatory frequency of the sweeping jet under Re from 30 0 0 to 50 0 0 
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efined as 

u = 

q ′ D f 

λ( T − T i ) 
(10) 

here q ′ was the constant heat flux of the impingement surface, T 

nd T i were local surface temperature and jet inlet temperature, re- 

pectively. An area of L × W = 9 × 15 m m 

2 on the impact surface

as selected as the target area in this study. Fig. 13 showed the 

ime-averaged Nu number contours on the target surface for the 

weeping and direct jets at Re = 30 0 0 and 50 0 0. The data were

veraged over one full-time period for each case. When the oblique 

irect jets impinged on the surface, the flow rapidly separated at 
8 
he stagnation point and generously spread in the jet centerline 

tretching direction. Generally, the sweeping jets created a wider 

igh-Nu-number zone than the direct jets. The oblique direct jets 

ncreased the elongation of the jet in the X direction on the target 

urface, but the Nu number dropped sharply from the stagnation 

oint to both sides in the Z direction. However, when the sweeping 

ets oscillated in the same direction or in the reverse direction, the 

u number distribution in the direct impact area was more uni- 

orm. And the coverage area of the sweeping jets increased with 

e number. The elongation range of the wall jet on the target sur- 
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Fig. 11. Instantaneous temperature contours of the fluidic oscillators using RNG k − ε model with Re = 50 0 0: (a1)-(b1) reverse oscillation, (c1)-(d1) co-directional oscillation. 

Instantaneous temperature contours of the fluidic oscillators using k − ω SST model with Re = 50 0 0: (a2)-(b2) reverse oscillation, (c2)-(d2) co-directional oscillation.. 
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ace provided the basis for the arrangement interval of the fluidic 

scillators throughout the whole cooling surface. 

Fig. 14 showed time-averaged Nu number distribution for the 

weeping jets and the direct jets on the channel lines( X/L = 0.25 

nd X/L = 0.5) under Re from 30 0 0 to 50 0 0. The channel line

/L = 0.25 represented the domain that was directly impacted by 
9 
he jet. It could be seen that each curve had two peaks. Though 

he direct jets owned a relatively narrow high-Nu-number zone, 

he maximum Nu number of the direct jets was larger than the 

weeping jets. As shown in Fig. 14 (e), the Nu number reduced 

harply from the center of impinging zone to both sides. The 

aximum heat transfer point almost coincided with the center 
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Fig. 12. Temperature contours of the direct jets with Re = 50 0 0. 
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Table 1 

Comparison of the time-averaged Nu number between the 

validated turbulence models at Re = 30 0 0. 

Turbulence models Co-direction Reverse Direct 

Standard k − ε 41.97 40.63 30.67 

RNG k − ε 38.91 38.22 29.62 

Realizable k − ε 39.39 36.59 22.12 

Standard k − ω 26.31 27.17 17.48 

SST k − ω 24.25 23.74 19.88 
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f the impact area. It could be seen from Fig. 14 (a) and (c)

hat increasing the Re number enhanced the diffusion effect but 

idn ̂ { \ prime}t strengthen the local extremum. This phenomenon 

appened because the oscillation frequency increased with the Re 

umber. Thus, the sweeping jets ̂ { \ prime} duration on the stagna- 

ion point decreased. As a result, the total mass flow of the jet 

mpinging on the heating surface per unit time didn ̂ { \ prime}t in-

rease significantly at the stagnation point. Due to the interaction 

etween turbulence and the vertical wall of the channel, the high- 

u-number region with a steep rise was observed in the position 

 = 0 m and Z = 0.015 m . When the jets oscillated in the same di-

ection, it showed a better average temperature in the middle area 

f the target surface than that when the jets oscillated in the re- 

erse direction at Re = 40 0 0 and 50 0 0. This phenomenon could be

easoned by the flow field mutual interference in the middle area 

hen the jets at the exit oscillated face to face. 

The channel line X/L = 0.5 represented the domain that was not 

irectly affected by the jets. After the oblique oscillating jets im- 

inged on the surface, the amplitude of the oscillating jets de- 

ayed continuously with the propagation distance. The wall jet 

as generated in the near-wall region from the stagnation point 

o a certain downstream distance. In this domain, the intensity of 

uid disturbance was less than that near the jet stagnation point, 

nd the overall heat transfer efficiency was inferior. The high-Nu- 

umber region of the sweeping jet had a larger coverage area than 

he direct jet. It could be seen from Fig. 14 (b) and Fig. 14 (d) that

he sweeping jets exhibited better temperature uniformity. 

Fig. 15 showed that the time-average Nu number of the target 

urface increased with Re number for different oscillation modes. 

he heat and mass transfer process in the near-wall region was 

ard to model due to the large velocity and temperature gradi- 

nts. As reported in some literature [38-41] , the Nu number pre- 

icted by the RNG k − ε model and the k − ω SST model could 

e significantly different. Zuckerman et al. [33] explained that the 

NG k − ε model tended to predict larger jet-spreading rates. The 

NG k − ε model might fail to predict the occurrence of secondary 

eaks in Nu number for the impinging jet problem. By introduc- 

ng the blending functions, the k − ω SST model combined the 

ood near-wall behavior with the robustness of the k − ε model 

n the far-field in a numerically stable way. It demonstrated su- 

erior performance for the prediction of convection heat trans- 

er in complex turbulent flows. However, it was also reported by 

ark et al. [42] that the k − ω model tended to overpredict the Nu 

umber near the impingement zone due to its sensitivity to far- 

eld boundary conditions. The difference in predicting the time- 

veraged Nu of the target surface between the RNG k − ε model 

nd the k − ω SST model was acceptable. In order to verify the 

ccuracy of the simulation results, some literature validated the 

eat transfer results by using four or five turbulence models [ 43 , 
N

10 
4 ]. The heat transfer results of five different turbulence models at 

e = 30 0 0 were shown in Table 1 . The Nu numbers of co-directional

ode, reverse mode, and direct jets predicted by these five math- 

matical models showed differences of 1.2–42.2%, 4.2–41.5%, and 

.4–43%, respectively. The experimental results for the fluidic os- 

illator array using water as the working fluid were absent in the 

pen literature. A comprehensive experiment would help to cali- 

rate the modeling results. 

Compared with the direct jet, the average Nu number predicted 

y the RNG k − ε model for the co-directional oscillation mode 

emonstrated an 8.7–31.4% increase, while the result predicted by 

he k − ω SST model represented a 4.8–19.4% increase. The aver- 

ge Nu number predicted by the RNG k − ε model for the reverse 

scillation mode demonstrated an 8.1–28.9% increase, while the re- 

ult predicted by the k − ω SST model represented a 6.5–22.7% in- 

rease. Because the same output phase of the irregularly oscillat- 

ng jets couldn’t be controlled under different Re numbers, it was 

ard to compare the heat transfer results under a particular mode. 

he results of the time-averaged Nu number over the target sur- 

ace under several irregular modes were shown in Fig. 15 . Gen- 

rally, the heat dissipation performance of the jets oscillating in 

ifferent directions was better than that of direct jets. The growth 

ate of the time-averaged Nu number with Re of the sweeping jets 

as smaller than that of the direct jets. 

The average Nu numbers of the co-directional and reverse os- 

illations predicted by the RNG k- ε model were approximated by 

mpirical Eqs. (11) and (12) , respectively. 

u = 0 . 481 R e 0 . 551 (11) 

u = 0 . 379 R e 0 . 577 (12) 

The average Nu numbers of the co-directional and reverse os- 

illations predicted by the SST k − ω model were approximated by 

mpirical Eqs. (13) and (14) , respectively. 

u = 0 . 314 R e 0 . 544 (13) 

u = 0 . 337 R e 0 . 532 (14) 
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Fig. 13. Time-averaged surface Nu number contours on target surface for the sweeping jets and direct jets at Re = 30 0 0 and 50 0 0 using RNG k − ε model. 
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Fig. 14. Time averaged Nu number distribution for the sweeping jets and the direct jets on the channel lines( X/L = 0.25 and X/L = 0.5) under Re from 30 0 0 to 50 0 0. 
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Fig. 15. Time-averaged Nu number over the target surface ( 9 × 15 m m 

2 ) 
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The equations only worked for water, whose Pr number varied 

rom 3.77 to 5.90 in the temperature range of 300-320 K. For other 

orking fluids, the equations’ coefficients should be adjusted ac- 

ordingly. 

. Conclusions 

Unsteady RANS simulations were conducted to study the fluid 

ynamic and heat transfer performance of the sweeping jets gener- 

ted by an oblique fluidic oscillator array. The time-resolved pres- 

ure and flow fields were examined to understand the unsteady 

ow structure. The impact of Re and oscillation modes on heat 

ransfer were discussed by studying the instantaneous temperature 

ontours and the time-averaged Nu number on the target surface. 

ccording to the modeling results, the following conclusions could 

e drawn: 

1) Due to the oblique placement of the fluidic oscillator array, 

the elongation of the jet and the coverage of the impact area 

increased significantly. The flow characteristics of the fluidic 

oscillator array provided a basis for the design of the next- 

generation high-performance heat exchangers. 

2) Both the k − ω SST model and the RNG k − ε model were used 

to conduct the turbulence simulations. The oscillatory frequen- 

cies predicted by the two models matched each other very well 

for different Re numbers. The pressure changes inside the flu- 

idic oscillator drove the jet to deflect and formed a sweeping 

jet at the outlet. By studying the time-resolved pressure and 

flow fields, it was observed that the parallel oscillators had 

three oscillation modes, including co-directional oscillation, re- 

verse oscillation, and irregular oscillation. The pressure loss of 

the sweeping jet increased with the Re number and was higher 

than that of the direct jet. 

3) The averaged heat transfer performance of the jets for the co- 

directional and reverse oscillations increased with Re numbers. 

The sweeping jets showed better temperature uniformity in the 

zone directly affected by the jet and the zone downstream. 

With Re varying from 30 0 0 to 50 0 0, the co-directional oscil- 

lation mode demonstrated 8.7–31.4% and 4.8–19.4% increase in 

the Nu number using the k − ε model and the k − ω model, 

respectively. The Nu number for reverse oscillation increased 

by 8.1–28.9% and 6.5–22.7%, respectively, using the two turbu- 

lence models. The trend of time-average Nu number predicted 
13 
by RNG k − ε model and k − ω SST model was consistent. How- 

ever, the exact values predicted by the two turbulence models 

showed a difference of 30-40%. The heat removal performance 

of the sweeping jets was almost equivalent under different os- 

cillation modes. 

The sweeping jets generated by the fluidic oscillator array cre- 

ted higher averaged Nu numbers and more uniform temperature 

n the target surface than the direct jets. Micro-channel heat ex- 

hangers integrated with the fluidic oscillator arrays were promis- 

ng for the cooling of electronics with large surfaces. Experimental 

nvestigations and higher fidelity simulations would be performed 

or such kind of microchannel in the future. 
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