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Abstract: Double feedback fluidic oscillators, which create oscillating fluid jets, are commonly used
in flow control and thermal applications. The geometry of the Coanda surface affects the oscillation
frequency, jet deflection angle, and pressure drop in the mixing chamber. This study numerically
investigates the impact of rib locations on the Coanda surface on jet characteristics. Air, with an
inlet velocity of 55.8 m/s, is used as the working fluid. Three cases—full ribs, upper ribs, and lower
ribs—are compared to a smooth Coanda surface. The full ribs case achieves an increased oscillation
frequency of 820 Hz, compared to 355 Hz for the smooth case. However, the jet deflection angles
decrease when ribs are present. The upper ribs case achieves a larger 41.5◦ deflection angle, while the
full ribs case achieves a relatively lower 33.8◦ angle. Interestingly, adding ribs to the Coanda surface
reduces the pressure drop in the oscillator. Oscillators with upper ribs achieve a 76.1% increase in
FDPR compared to smooth cases, making them the best solution for enhancing the combined effect
of jet oscillation frequency and deflection angle.

Keywords: fluidic oscillator; Coanda surface; jet oscillation frequency; jet deflection angle; pressure drop

1. Introduction

The fluidic oscillator is a significant device used for flow control and other engineering
applications. It has no moving part and is known for producing high-frequency oscillating
jets. Its simple design and potential for flow control and heat transfer enhancement have
driven the interest of researchers since the 1950s. A fluidic oscillator works based on
self-sustained instabilities that produce an oscillatory jet. The frequency of the oscillating
jet is mainly determined by the flow rate and design of the fluidic oscillator. The fluidic os-
cillators are divided into three primary types: zero-feedback oscillators [1], single-feedback
oscillators [2], and double-feedback [3] oscillators.

The zero-feedback oscillator produces a sweeping jet through shear layers in the
mixing chamber. Single-feedback oscillators use one feedback loop to pull the jet to
the opposite side. Double-feedback oscillators, based on the Stouffer patent [4], utilize
two feedback loops to create a sweeping jet. Double-feedback fluidic oscillators produce
unstable sweeping jets with applications in numerous fields, like flow control [5], separation
control [6], acoustic control [7], flow measurement [8], and flow mixing enhancement [9].
Recently, they have been used to improve heat transfer rates from hot surfaces [10]. The
Coanda effect plays a significant role in the double-feedback oscillator’s mechanism, where
fluid switches from one side to the other, creating self-sustained oscillatory jets.

Factors such as oscillation frequency, jet deflection angle, and pressure loss, all of
which are dependent on the oscillator’s internal geometry, influence the choice of a fluidic
oscillator for a specific application. Researchers investigated different geometrical vari-
ations to see how they affect these factors. In this regard, Bobusch et al. [11] found that
the feedback channel width significantly increases oscillation frequency while studying
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the impact of varying widths of the mixing chamber inlet and exit nozzle, in addition
to varying feedback channel widths, feedback channel lengths, and shapes. Similarly,
Baghaei et al. [12] noted that varying the feedback channel width improved the oscillating
jet’s frequency during the investigation of varying geometrical parameters; mixing chamber
outlet width and its inlet and outlet angle. Woszidlo et al. [13] discovered that increasing the
inlet width of the mixing chamber increased output frequency, while rounding the feedback
channels reduced bubble formation. According to Slupski and Kara’s [14] simulations,
feedback channel height affects oscillation frequency up to a point where no further change
is observed, whereas increasing feedback channel width decreases frequency.

Tajik et al. [15] and Hossain et al. [16] highlighted that the Coanda surface shape
is particularly sensitive to oscillation frequency. Hussain et al. [17] further studied the
impact of variation in the aspect ratio of the ribs installed over the Coanda surface to
improve the flow performance of the fluidic oscillator. The impact of the location of the
ribs over the Coanda surface is yet to be studied. Therefore, this study investigates the
effect of the location of the ribs placed on the Coanda surface of the fluidic oscillator. Three
different designs are examined to determine how these variations impact performance
parameters, such as oscillation frequency, dimensionless pressure drop, frequency–pressure
ratio, jet deflection angle–pressure ratio, and frequency jet deflection–pressure ratio (FDPR).
The objective is to identify the fluidic oscillator design with the highest frequency and jet
deflection/spreading angle (FDPR).

2. Numerical Setup and Geometric Details

The fluidic oscillator’s flows are described by compressible continuity, momentum,
and energy equations. Favre averaging is used for velocity, temperature, enthalpy, and
internal energy, while Reynolds averaging is for density and pressure. The key equations
are as follows:

2.1. Continuity Equation
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2.2. Momentum Equation
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Here, P is mean pressure, νT is the temperature-dependent kinematic viscosity, which
is calculated by Sutherland’s law [18] by the following Equation (3):

µ(T) = µ0

(
T
T0

)3/2(T0 + S1

T + S1

)
(3)

where µ0 (reference viscosity) = 1.72 × 10−5 kg/m-s and T0 (reference temperature) and S1
(effective temperature) are 273.16 K and 110.56 K, respectively.
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2.3. Energy Equation
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Here,
∼
e is the specific internal energy and

∼
h is the specific enthalpy.

2.4. Turbulence Model

The eddy viscosity model relates Reynolds stresses to mean strain rates through
turbulent viscosity ( µt). The Shear Stress Transport (SST) k–ω model is used for this
purpose, which is effective both near and away from walls. The turbulent viscosity for SST
k–ω is presented in Equation (5):

µt =
ρk
ω

1

max
(

1
α∗ , F2S

a1ω

) (5)

where F2 is the blending function, S is the strain rate magnitude, α∗ is the correction factor
for a low Re to dampen the turbulent viscosity to appropriate levels, and a1 is the constant.

2.5. Discretization Schemes and Boundary Conditions

ANSYS Fluent (version 2021) is used to simulate 2D unsteady compressible turbulent
flow to solve the Reynolds-averaged Navier–Stokes (RANS) equations. The convective
terms for momentum, turbulent kinetic energy, and specific dissipation rates are solved
using a second-order upwind scheme. The pressure and velocity are coupled using the
SIMPLE algorithm. A fully implicit second-order scheme is used for time stepping. Inlet
boundary conditions are set with an inlet velocity of 55.8 m/s. Initially, a uniform velocity
distribution is assumed.

The computational setup runs for 10,000 time steps (0.05 s) with a time step size of
5 × 10−6 s to achieve a fully developed oscillating jet. The time step size was selected based
on the Courant–Friedrichs–Lewy (CFL) condition, CFL = u ∆t

∆x , where u is the inlet velocity,
∆t is the time step size, and ∆x is the spatial mesh size. To ensure stability, we aimed for
a CFL number of 1. For the inlet velocity of 55.8 m/s and mesh size of approximately
0.0003 m, a time step size of approximately 5 × 10−6 s ensures a CFL number of 1. Data is
saved over another 0.05 s, running for 10,000 time steps to analyze bi-stable oscillation.

2.6. Geometric Details

The SWJ oscillator’s geometry matches the previous study [17,19] and includes a mix-
ing chamber, an outlet nozzle, and two feedback channels. The length scale is represented
by the exit nozzle throat size (D). The width of the exit nozzle throat is 6.35 mm, while the
width of the feedback channel and the mixing chamber is 7.43 mm and 21.52 mm, respec-
tively. In this study, we are studying smooth case oscillators and three ribbed oscillators,
as shown in Figure 1. The first oscillator with ribs placed over the Coanda surface called
the “full ribs case”, has four equal-sized square ribs evenly spaced along the entire Coanda
surface. The second ribbed case geometry, the “upper ribs case”, has only two equal-sized
square ribs located on the upper half of the Coanda surface. Lastly, the third ribbed case
geometry, the “lower ribs case”, includes two equal-sized square ribs positioned on the
lower half of the Coanda surface. The square rib’s side length is 0.25D.
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Figure 1. All cases used in the present study.

The performance parameter used in this study is the frequency jet deflection–pressure
ratio (FDPR) [19] and is defined as the following:

FDPR =
fe/fs ∗ θe/θs

(∆pe/∆ps)
1/3

(6)

3. Mesh Sensitivity and Model Validation
3.1. Mesh Sensitivity

To verify the domain discretization, a mesh sensitivity analysis was conducted. Three
different meshes were created as shown in Figure 2, using the exit nozzle throat diameter as
a key parameter. For this study, the fluidic oscillator’s exit nozzle throat diameter (6.35 mm)
was considered critical while generating the 2D mesh. Near the fluidic oscillator’s wall, the
boundary layer is modeled with 20 normal to the wall layers. These layers have a growth
rate of 1.1, and the first layer is 0.0127 mm thick (D/500).
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Figure 2. Full domain and oscillator (zoomed) mesh used in the present study.

Three spheres with radii of 8D (50.8 mm), 20D (127 mm), and 100D (635 mm) were
employed to enhance the mesh. The element sizes for the outer layers were set to D/5
(1.27 mm) and D/2.5 (2.54 mm) to regulate the element size in the computational region.
For the inner sphere, the coarse mesh, labeled N20, included 20 elements along the exit
nozzle, with an element size of D/20 (0.3175 mm). The normal mesh, N40, and the fine
mesh, N60, used element sizes of D/40 (0.15875 mm) and D/60 (0.10583 mm), respectively.
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FFT analysis results as are shown in Figure 3 indicated that the frequencies for N20,
N40, and N60 meshes were 340, 355, and 358 Hz, respectively. The frequency results became
consistent for the normal and fine meshes, showing only a 0.84% variation. Therefore, the
N40 mesh was chosen for further analysis based on these frequency results.
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Figure 3. FFT analysis of velocity measurements at sampling point (6 mm and 0 mm) for various
computational meshes.

3.2. Model Validation

Table 1 compares the frequency results from the experimental study and previous
2D numerical study with those from the present study. The percentage error shows that
the present 2D numerical model accurately predicts the oscillation frequency of the fluidic
oscillator, similar to the previous 2D numerical model [18] and experimental study [20].
The relative errors are 1.2% and 2.6%, respectively, indicating that the present numerical
model is reliable.

Table 1. Model validation.

Ref. Analysis Type Oscillation Frequency Error

Slupski et al. [20] Experimental 346 Hz -
Alam and Kara [18] 2D Numerical 350 Hz 1.2%

Present Study 2D Numerical 355 Hz 2.6%

4. Results and Discussion

The oscillation frequency and deflection angle of the jet leaving from the fluidic
oscillator are the two key factors in the cooling of hot surfaces. The oscillation frequency
affects how uniformly the surface is cooled, while the jet deflection angle influences the
coverage area of the hot surface that is being cooled. Additionally, pressure loss is an
important factor in the flow performance of the fluidic oscillator.

4.1. Impact of Location of Ribs on Frequency

The oscillation frequency of the jet exiting the oscillator is an important flow and
thermal performance factor. As evident from Figure 4a, the introduction of ribs enhances
the oscillation frequency from 355 Hz (smooth case) to 820 Hz (full ribs case). In the case of
ribs installed over the Coanda surface, the full ribs case has the highest frequency of 820 Hz,
and the upper ribs case has the lowest frequency of 780 Hz. When ribs are installed only on
the upper part of the Coanda surface, a separation bubble with a large size as compared
to full ribs and lower ribs case, is formed in the mixing chamber, as shown in Figure 4b.
The size of the separation bubble formed in the mixing chamber influences the frequency
because it affects the jet’s switching from one side to the other. A larger separation bubble
provides more resistance to the jet’s flipping, which lowers the oscillation frequency. On
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the other hand, the small size bubble allows the jet to flip faster and results in higher
oscillation frequency.
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4.2. Impact of Location of Ribs on Jet Deflection Angle

The jet deflection angle affects the coverage area of the jet impinging on the hot
surfaces. The jet deflection angle of the smooth case is the largest at 53.3◦ when compared
to cases with ribs as shown in Figure 5. The large separation bubble in the mixing chamber,
shown in Figure 4b, pushes the jet towards the Coanda surface. This causes the jet to leave
the oscillator at a larger angle compared to the oscillators with ribs. When comparing cases
with ribs, the upper ribs case has the greatest jet deflection angle of 41.5◦. This is due to
two reasons: first, the formation of a large bubble in the mixing chamber as previously
mentioned and second, the absence of ribs in the lower half of the Coanda surface. As a
result, the jet is pushed further towards the Coanda surface and exits the oscillator at a
wider angle.
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4.3. Impact of Location of Ribs on Pressure Drop

The pressure drop is an important factor in oscillators to determine how well the flow
performs. It directly affects the pumping power needed to move the fluid through the
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fluidic oscillator. Figure 6 shows how the pressure drop varies with different rib locations
on the Coanda surface of the oscillator. The results indicate that the smooth case performs
the worst in terms of pressure drop. The oscillator with full ribs has the greatest impact on
reducing the pressure drop. This reduction is due to the flow detaching from the Coanda
surface because of the ribs, which reduces frictional losses. Among all the oscillators
studied, the full ribs case is the most effective in reducing pressure drop.
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4.4. Impact of Location of Ribs on Frequency Jet Deflection–Pressure Ratio (FDPR)

The frequency jet deflection–pressure ratio (FDPR) shows the combined impact of the
frequency and jet deflection angle versus the pressure ratio across the oscillator.

Figure 7 shows how the performance parameter, FDPR, performs at different locations
of ribs on the Coanda surface of the oscillators and for the smooth case oscillator. It is clear
from the results that the upper ribs case performs the best in terms of FDPR. As compared
to the smooth case, a 76.1% increase is recorded in the value of FDPR for the upper ribs case
oscillator. In cases of full ribs and lower ribs, the increase is 58.4% and 45.3%, respectively
as compared to the oscillator with no ribs. The increase in FDPR is majorly influenced by
the higher jet deflection angle in the upper ribs case as shown in Figure 5. Hence, to utilize
the higher combined performance of jet oscillation frequency and jet deflection angle, the
upper ribs case provides the best solution.Eng. Proc. 2024, 75, x FOR PEER REVIEW 8 of 9 
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Figure 7. Frequency jet deflection–pressure ratio (FDPR) for different locations of ribs.
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5. Conclusions

The present study focused on the effect of rib placement on the Coanda surface within a
fluidic oscillator, aiming to understand how these modifications influence jet characteristics
such as oscillation frequency, deflection angle, and pressure drop. The introduction of ribs
on the Coanda surface markedly increased the oscillation frequency of the jet. The highest
frequency observed was 820 Hz in the full ribs case, significantly higher than the 355 Hz
frequency of the smooth surface case. However, the presence of ribs also resulted in a
decrease in the jet deflection angle. The smooth surface case exhibited the largest deflection
angle at 53.3◦, whereas the full ribs case had a reduced angle of 33.8◦. The upper ribs
case achieved a moderate deflection angle of 41.5◦, attributed to the formation of a large
separation bubble and the absence of ribs on the lower half of the Coanda surface.

Regarding pressure drop, the study found that adding ribs to the Coanda surface
significantly reduced the pressure drop within the fluidic oscillator. The full ribs case
demonstrated the most considerable reduction in pressure drop, enhancing flow perfor-
mance by reducing frictional losses due to flow detachment caused by the ribs. The FDPR
analysis shows that oscillators with upper ribs significantly outperform smooth case oscil-
lators, achieving a remarkable 76.1% increase in FDPR. Oscillators with full ribs and lower
ribs also exhibit notable improvements, though to a lesser extent. The enhanced FDPR in
the upper ribs case is mainly attributed to the greater jet deflection angle, indicating that this
configuration offers the best solution for the enhancement of the combined performance of
jet oscillation frequency and deflection angle.
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Nomenclature

SWJ Sweeping jet ∆pe Pressure drop across ribbed (enhanced) oscillator
D Oscillator exit nozzle throat diameter ∆ps Pressure drop across smooth oscillator
FDPR Frequency jet deflection–pressure ratio FFT Fast Fourier transform
fe Frequency of ribbed (enhanced) oscillator URANS Unsteady Reynolds-averaged Navier–Stokes
fs Frequency of smooth oscillator SST Shear Stress Transport
θe Jet deflection angle of ribbed (enhanced) oscillator µt Turbulent viscosity
θs Jet deflection angle of smooth oscillator
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