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Abstract

The performance of sweeping jet impingement cooling depends primarily on fluidic
oscillators, which serve as the key element in heat removal from heated target
surfaces. Fluidic oscillators influence cooling effectiveness through their combined
hydrodynamic and thermal characteristics, including fluid oscillatory motion and
convective heat exchange. Significantly, the geometrical parameters of the oscillator
critically affect jet oscillation characteristics and the resultant heat transfer. Nu-
merical investigation is applied in this study to analyze the flow performance of such
oscillators and their implementation in impinging jet based cooling applications.
This research explores the design of a novel fluidic oscillator incorporating ribbed
structures on its Coanda surface. The primary aim is to establish a structured
methodology for evaluating how rib geometry over Coanda surface of the oscillator,
specifically the ribs’ aspect ratio, number of ribs, and angle of ribs influences its
performance. For this purpose a hybrid CFD-Taguchi-Grey Relational Analysis
(GRA) framework is employed to optimize the fluidic oscillator’s flow performance.
Subsequently, the optimum configurations, selected based on oscillation frequency
and jet deflection characteristics, are tested in an impinging jet arrangement to
assess their heat transfer enhancement relative to conventional smooth Coanda

surface oscillator.

Initially, the effect of rectangular ribs with varying aspect ratios (ARribs = 0.64,
0.81, 1.00, 1.23 and 1.56) on Coanda-surface-driven jet oscillations using 2D
unsteady RANS simulations was studied. Increasing ARribs raises oscillation
frequency (up to 820 Hz vs. 355 Hz for smooth case) but reduces jet deflection
angles. Ribs also lower pressure drop by 22% (ARribs = 1.56) by altering separation
bubble dynamics. The performance parameter (frequency-deflection-pressure ratio)
improves by 43% for ARribs = 1.56 compared to the smooth Coanda surface
oscillator. Then the influence of number of ribs (1-6) on Coanda-surface-driven jet
oscillations is investigated. The highest frequency (875 Hz) occurs with 4 ribs, a
146% increase over the smooth case (355 Hz). While ribs reduce deflection angles

(53.3° to 37.1° for 4 ribs), they also lower pressure drop by modifying separation



bubble dynamics. The performance parameter (frequency-deflection-pressure ratio)

improves by 87.7% for the 4-rib configuration compared to the smooth oscillator.

Finally, CFD-based Taguchi-Grey relational analysis is used to optimize Coanda-
surface rib design, considering three factors: aspect ratio (0.64, 1.00, 1.56), number
of ribs (4, 6, 8), and rib angle (-18.5°, 0°, +18.5°). Using an L9 orthogonal array and
weighted Grey Relational Analysis (AHP-supported), multi-objective optimization
and ANOVA were performed. Results show number of ribs dominates oscillation
frequency, rib angle most affects jet deflection, and aspect ratio significantly reduces
pressure drop. The optimized design improves frequency by 19.9%, deflection
angle by 39.7%, and reduces pressure drop by 17.6%. This integrated approach
demonstrates effective multi-objective optimization for fluidic oscillators, offering
insights for future performance enhancements. For thermal performance evaluation,
four factors: oscillator design group, Reynolds number, jet-to-target distance, and
target surface length, were analyzed using a 2D CFD model and an L9 orthogonal
array. Thermal analysis demonstrated a 24.3% enhancement in Nusselt number
(Nu) over the smooth oscillator, with a performance evaluation criterion (PEC) of
1.252 for the optimized design. These findings underscore the significant potential

of fluidic oscillators in improving both flow dynamics and heat transfer efficiency.

Keywords: Fluidic oscillator, Sweeping jet impingement, Heat transfer, Fluid

flow, Optimization, Taguchi method
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Chapter 1

Introduction

1.1 Background

Th progress in high-performance thermal engineering applications stimulated the
demand for thermal-hydraulic performance enhancement of heat exchange systems.
Different passive and active cooling methods have been used in the past to achieve
the goal of attaining high heat transfer rates without increasing hydraulic losses.
The passive cooling methods do not require any external energy source for cooling.
The heat transfer rates are achieved through conduction, radiation, and convection
processes as used by Grubigié-Cabo et al. [1] and Xu et al. [2]. Whereas in
the active control methods external energy source is required for heat removal as
utilized by Zhou et al. [3] and Hackenhaar et al. [4] during their studies. Thermal
applications requiring high heat transfer rates utilize active cooling methods despite
their use of external energy. In the active cooling methods, the method of jet
impingement gives high heat transfer performance and finds its role in various
engineering applications, which includes cooling of electronic devices [5, 6], gas
turbine blades [7, 8], solar systems [9, 10], use in aerospace technology [11, 12],
drying of paper [13], ink drying [14] and heat treatment of steel [15]. Many
researchers have studied the fluid and thermal characteristics of impinging jets to
attain enhanced thermal performance [16-19]. Thermal and hydraulic performances

of jet impingement have been extensively reviewed by [20-25] for jet impingement.

1
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It is important to understand the flow characteristics of impinging jets and their
impact on heat transfer. The fluid flow characteristics strongly affect the heat
transfer phenomenon in jet impingement. The flow structure of a single jet can be
divided into three distinct regions: (a) free jet region, (b) stagnation region, and

(c) wall jet region (see Fig. 1.1).

The free jet region starts from the nozzle and is far away from the target surface,
thus acting as a free jet. The entrainment of mass, momentum, and energy takes
place due to the shear-driven interaction of the jet periphery and surroundings in

this region.

The free jet can be subdivided into (i) a potential core, (ii) a developing zone, and
(iii) a fully developed zone (see Fig. 1.1). In the potential core zone, the jet average

velocity is equal to the nozzle exit velocity.

The jet core region length is measured from a point from the nozzle inlet to the
point where the jet average velocity is around 95% of the nozzle exit velocity. The
jet velocity decreases rapidly after the potential core, as presented by Jambunathan

et al. [20].

This makes the jet plate/nozzle-target surface spacing an important parameter
that affects the rate of heat transfer. After the potential core, the developing region
exists where the decay of the axial velocity profile occurs due to large shear stresses

at the jet periphery.

Subsequently, the effects of shear stresses start to penetrate inside the core of the
jet. A fully developed profile is obtained after the shear effects reach the core of
the jet. In the fully developed region, at the centerline of the jet, the axial velocity
component is the maximum and the radial velocity component the minimum . The
region where the jet strikes the target surface is termed the “stagnation region.” In

the stagnation region, static pressure rises due to diminishing axial velocity.

The region hereafter is called the wall jet region, where bulk fluid is directed radially
outward. It is pertinent to mention that the maximum heat transfer takes place

at the stagnation point (with the exception of a small separation distance) and
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a reduction in heat transfer rates occurs radially. The heat transfer between the
impinging jet and the target surface can be affected by various factors, such as
nozzle geometry, velocity profile, jet exit velocity, jet and target surface spacing,

and turbulence level.

- -

Potential
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Fully

Developed
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Wall Jet Region : Stagnation Region : Wall Jet Region

(@) (b)

FIGURE 1.1: (a) Flow regions of the impinging jet and (b) main flow zones of
the free jet (Reprinted with permission from ref. [26] - Elsevier)

1.2 Jet Excitation

The quest for further improving the heat transfer performance of jet impingement
cooling on a target surface made way for jet excitation using passive and active

excited jets as shown in Fig. 1.2.

These excited jets have considerable implications for thermal system performance

by improving jet turbulence and mixing characteristics.

These excited jets have the potential to intensify impingement over a larger area of

the target surface as compared to steady jets [27].
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Improving Heat Transfer via
Excited Jet Mechanisms

Passive Strategies Active Strategies
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FIGURE 1.2: Jet Excitation Methods

The heat transfer enhancement through jet excitation is achieved through passive
and active jet excitement methods. Exciting the turbulent jets through both
passive and active methods has received considerable attention recently from
researchers due to their significant role in the improvement of jet turbulence using
jet impingement in thermal systems. Various experimental and numerical studies
are available in the literature, that consider passive [28, 29] and active jet excitation

[30, 31] for the investigation of thermal and hydraulic characteristics.

1.3 Active Exciting Jets

Active exciting jets as presented in Fig. 1.2 are used in various engineering
applications to improve fluid mixing and thereby enhance heat transfer performance.
These jets require an external energy source and often include moving parts for the
purpose of excitation. Two primary types of active jets are employed: synthetic
jets [32-36] and pulsating jets [37-39]. Synthetic jets are formed by the periodic
ejection and suction of fluid through an orifice without net mass injection, while

pulsating jets involve controlled flow oscillations with or without flow interruption.
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Excitation of these jets is typically achieved through mechanical means, such as
vibrating diaphragms or pistons [40], or through acoustic methods where pressure
waves are used to induce oscillations in the jet stream [41]. These methods lead to
enhanced turbulence and improved heat transfer rates by periodically disturbing

the boundary layer near the impinged surface.

Although active excitation techniques are highly effective, particularly in small-scale
thermal systems like electronic cooling or microchannel devices, their applicability
in large-scale systems is limited. This limitation arises due to the increased power
consumption, complexity of moving components, and maintenance challenges

associated with such systems.

1.4 Passive Exciting Jets

Passive jet excitation methods as shown in Fig. 1.2 provide a more robust and
maintenance-free approach for heat transfer enhancement, as they do not involve
any moving mechanical parts. These methods utilize inherent flow instabilities and
geometric features to induce jet excitation. Common passive techniques include
swirling jets, annular jets, and sweeping jets. These jets enhance heat transfer by
increasing turbulence intensity and promoting better fluid mixing near the target
surface. Swirling jets are produced by imparting angular momentum to the jet
stream using helical vanes or twisted nozzles [42-47|, which create a rotational flow

pattern that improves the convection mechanism.

Annular jets, on the other hand, involve a ring-shaped jet flow and are typically
employed in applications requiring uniform cooling across a circular area [48-52].
The advantage of passive techniques lies in their simplicity and durability, as they
do not depend on external power sources or mechanical excitation mechanisms.
These systems are particularly advantageous in harsh environments or in large-scale

industrial applications where reliability and low maintenance are critical.

Given their unique self-sustaining oscillation and broad cooling coverage, sweeping

jets are the primary focus of this study.
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1.5 Sweeping Jets

Among the passive techniques, sweeping jets represent a special category of passive
self-exciting jets, characterized by high-frequency spatial oscillations of the jet
stream. This oscillation is induced without moving mechanical parts, utilizing the
natural instability mechanisms within specially designed devices known as fluidic
oscillators. These devices exploit the Coanda effect and pressure feedback loops
to produce a periodic jet deflection from a steady inlet flow. The fundamental
mechanism behind sweeping jet formation relies on intrinsic instabilities within the
flow, which are amplified in the mixing chamber of the oscillator. The alternating
attachment of the flow to the oscillator walls, aided by pressure feedback channels,
creates a self-sustained oscillating jet. This jet, upon impingement on a surface,
induces strong turbulent mixing and promotes high convective heat transfer rates.
Compared to steady jets, sweeping jets cover a larger surface area due to their
lateral movement, leading to better thermal uniformity and reduced hot spots.
These jets are particularly effective in cooling applications such as electronic
devices, gas turbine blades, and solar thermal systems. Design variations such as
single or double feedback loops in the fluidic oscillator significantly influence the
oscillation frequency, deflection angle, and ultimately the thermal performance.
Among these, double feedback fluidic oscillators are most commonly used due to
their ability to sustain stable high-frequency oscillations and their adaptability
to various geometrical configurations. Overall, sweeping jet impingement is a
promising technique for achieving superior thermal-hydraulic performance in both

small and large-scale applications.

1.6 Importance of Sweeping Jets

An unsteady oscillating jet formed by a fluidic oscillator possesses many oppor-
tunities for flow control [53, 54], acoustic control [55], separation control [56-58],

enhancement of flow mixing [59], flow measurement [60], and increase in the rate
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of removal of heat from hot surfaces [61]. The oscillating jets can sustain high heat

transfer rates while covering a significantly broader target surface area.

Additionally, sweeping jet impingement setups have the potential to adopt design
improvements and their fluidic oscillators can be altered more than the other
types of jet impingement setups. According to the literature review, double
feedback oscillators were used more frequently than zero feedback or single feedback
oscillators for sweeping jet impingement. The main reason behind their frequent
use is the capacity to adopt design changes. Therefore, this research is focused on

double feedback oscillators used in impinging sweeping jets.

1.7 Problem Statement

Hot surfaces in high-temperature thermal applications pose a persistent challenge to
achieving efficient and reliable system performance. Excessive surface temperatures
can significantly degrade efficiency, structural integrity, and operational lifespan,
making effective cooling a critical requirement. Conventional convective cooling
techniques often fall short in high heat flux environments due to their limited heat

removal capability.

Jet impingement cooling has therefore emerged as a practical alternative for such
applications. Among the available jet impingement approaches, sweeping jet
impingement offers improved surface coverage and more uniform heat transfer

compared to steady jets.

However, the effectiveness of sweeping jet cooling is strongly dependent on the
geometric design of the fluidic oscillator, and a clear understanding of how oscillator
geometry influences flow behavior and heat transfer performance remains limited.
This lack of comprehensive insight into the relationship between fluidic oscillator
design parameters and thermal performance represents a key research problem.
Addressing this gap is essential for developing efficient cooling solutions for high
heat flux systems such as gas turbines, electronic devices, and industrial thermal

equipment.
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1.8 Research Objective

The primary objective of this research is to design and optimize a double feedback
fluidic oscillator capable of enhancing heat transfer rates and ensuring uniform
cooling when an oscillating jet impinges on a high-temperature target surface. To

achieve this goal, the following specific objectives are outlined:

i. Investigate the influence of ribbed Coanda surface on the flow behavior of

the jet formed by the fluidic oscillator.

ii. Conduct numerical study to evaluate the performance of the ribbed fluidic
oscillator configuration in terms of oscillation frequency, jet deflection angle

and pressure drop characteristics.

iii. Employ the Taguchi optimization method to systematically determine the
optimal geometry of the ribbed fluidic oscillator for maximizing its flow

performance.

iv. Quantify the thermal performance enhancement achieved by the optimized
ribbed fluidic oscillator when applied to a heated surface in sweeping jet

impingement system.

This study aims to contribute to the advancement of active cooling techniques
by developing an efficient fluidic oscillator design suitable for high temperature
applications, such as gas turbine blade cooling, electronics thermal management,

and industrial heat exchangers.

1.9 Scope of Study

This study employs a numerical approach to investigate the flow and thermal
performance of a novel fluidic oscillator designed for sweeping jet impingement

cooling. CFD simulations were conducted to analyze the oscillator’s behavior under
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varying geometric and flow conditions. The study focuses on design and parametric
analysis of a fluidic oscillator with ribbed Coanda surface to enhance oscillation
characteristics and flow control. The flow performance was evaluated based on key
performance parameters, including oscillation frequency, jet deflection angle and
pressure drop. For thermal performance the heat transfer on a heated surface was

enhanced in sweeping jet impingement system.

The working fluid (air) was maintained at ambient temperature (25°C), while the
target surface was heated to 400°C, representing typical heated surface applications.
Key geometric parameters, including jet to target distance, target surface length

and Re, were systematically varied to optimize thermal performance.

Computational constraints necessitated the use of steady-state RANS models rather
than more accurate but resource-intensive transient or LES approaches. Only single-
phase air flow was considered, excluding multiphase flows or phase-change effects

that might occur in practical cooling applications.

The findings provide theoretical and computational insights into optimizing fluidic
oscillators for high temperature applications, such as cooling of electronics systems

and gas turbine blade cooling.

1.10 Thesis Structure

This dissertation consists of eight chapters, with the primary objective of developing
innovative solutions for designing an enhanced double-feedback fluidic oscillator
capable of superior flow performance and heat transfer augmentation. The chapter

organization is as follows:

Chapter 1 introduces thermal management techniques, categorizing cooling methods
into active and passive approaches. Focusing on active cooling, the discussion
emphasizes jet impingement techniques, particularly sweeping jet excitation and
its significance in thermal applications. This chapter also presents the research

motivation, clearly defined objectives, and the study’s scope.
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Chapter 2 presents a comprehensive review of existing research on double-feedback
fluidic oscillators, focusing on their application in flow control and heat transfer
enhancement. The review systematically examines previous studies, analyzing
their methodologies, key findings, and limitations. Through critical evaluation of
the literature, specific research gaps are identified, particularly in oscillator design

optimization and thermal performance characteristics.

Chapter 3 outlines the numerical framework developed for the computational analy-
sis of the double feedback fluidic oscillator. The foundation is established through a
rigorous presentation of the governing equations, including the continuity, momen-
tum and energy equation. The numerical model is developed by carefully defining

the computational domain, boundary conditions and discretization schemes.

The chapter includes a comprehensive validation procedure, where mesh indepen-
dence studies are conducted and numerical results are compared against benchmark
cases to establish confidence in the simulation methodology. The validated nu-
merical approach provides the basis for the parametric studies and performance

evaluations presented in subsequent chapters.

Chapter 4 investigates the influence of Coanda surface modification on the perfor-
mance of a double feedback fluidic oscillator. Rectangular ribs with varying aspect
ratios are introduced to the Coanda surface, and their effects on jet characteris-
tics are evaluated through two-dimensional unsteady numerical simulations. The
chapter outlines the numerical setup, including the variation of rib geometry, and
analyzes the resulting changes in jet oscillation frequency, deflection angle, and
pressure drop. A performance metric combining these parameters is used to assess

the overall effectiveness of the ribbed designs.

Chapter 5 explores the effect of varying the number of rectangular ribs on the
Coanda surface of a double feedback fluidic oscillator. Building on the findings
from the previous chapter, this study aims to enhance the flow performance by
systematically analyzing how the number of ribs influences key jet characteristics.
The chapter presents the numerical methodology used to simulate different rib

configurations and examines their impact on jet oscillation behavior, including
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frequency, deflection angle, and pressure drop. A performance evaluation metric is

employed to identify the optimal rib configuration.

Chapter 6 presents an optimization study of the double feedback fluidic oscillator by
modifying the Coanda surface geometry. The aim is to improve flow performance
by simultaneously analyzing the effects of multiple geometric parameters, including

aspect ratio, number of ribs, and rib angle.

Using the Taguchi-GRA optimization method, the study identifies optimal param-
eter combinations that enhance jet oscillation frequency and deflection angle. This
chapter consolidates the geometric design insights developed in earlier chapters

into a unified optimization framework for flow performance enhancement.

Chapter 7 focuses on evaluating and enhancing the thermal characteristics of the
optimized double feedback fluidic oscillator configurations. The study extends
the flow analysis by incorporating thermal performance evaluation under different
operational and geometric conditions. A two-dimensional CFD model is employed
along with an 1.9(3%) orthogonal array based on the Taguchi method. Four factors,
oscillator design, Reynolds number, jet-to-target distance, and target surface length
are varied to investigate their influence on thermal performance. The outcomes of
this chapter provide a comprehensive assessment of the heat transfer capability
of optimized oscillator configurations and validate their effectiveness in practical

thermal applications.

Chapter 8 summarizes the key findings and contributions of the research. It
highlights the improvements in jet oscillation behavior and thermal performance
achieved through systematic geometric modification and optimization of the Coanda
surface in a double feedback fluidic oscillator. The chapter concludes by reflecting
on the overall impact of the study on flow and thermal control strategies in fluidic
devices. It also outlines potential future directions, including three-dimensional
modeling, experimental validation, and exploration of additional passive or active

control methods for further performance enhancement.



Chapter 2

Literature Review

A detailed literature study was performed to study the recent advancements and
the assessment of fluid flow and heat transfer performance of fluidic oscillators
used in sweeping jet impingement. The literature review is focused on presenting
state-of-the-art research progress on self-exciting fluidic oscillator design, jet flow,
impingement, and heat transfer characteristics. The main focus is to report
literature about double feedback fluidic oscillators which are mainly in use due
to their higher efficiency. The recent geometric design advancements of double
feedback fluidic oscillators for enhancement of jet flow control and the augmentation
in associated thermal-hydraulic characteristics of the jet impingement are discussed
in detail. The performance of jet impingement heat transfer in single-phase flows is
reviewed. The important geometrical parameters and their role in the performance

enhancement of double feedback fluidic oscillators are reported.

2.1 Advancements in Fluidic Oscillator Designs

for Flow Control

The prime operating mechanism of a fluidic oscillator consists of inherent self-
sustained instabilities which leads to an oscillating behavior of the jet. The

frequency of the oscillating jet is mainly dependent upon the particular geometry

12
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of the oscillator and the flow rate through it [62]. Fluidic oscillators are broadly
categorized into wall attachment and jet interaction types [63]. Wall attachment
oscillators use feedback loops and are divided into single [64] and double feedback
[65] designs. Single feedback oscillators utilize a single feedback loop, where fluid
is redirected through one pathway to induce jet oscillation, while double feedback
oscillators employ two separate and distinct feedback pathways to achieve the
oscillatory flow. Jet interaction oscillators, or zero feedback designs, operate without
external feedback loops, relying instead on mechanisms like jet collisions and vortical
patterns, as seen in Raghu’s [66] patent design. For a detailed classification of
oscillators, Tesar [67] provides a comprehensive framework based on feedback

principles, working modes, and the number of amplifiers.

The double feedback oscillator has become more popular in the recent past due to
its high efficiency and more leverage for further design enhancements as per the
requirement of the particular application. The double feedback oscillator design
originated from the patent of Stouffer [68]. The mechanism of a double feedback
oscillator is that fluid enters through the supply nozzle and from there it moves
inside the mixing chamber (interaction region). In the mixing chamber, due to
instability in the flow, it is attached to either wall through the Coanda effect as
presented in Fig. 2.1(a). The fluid enters the feedback channel and rejoins the
flow in the interaction region but flips over to the other side and repeats the same
phenomenon thus producing oscillating flow at the exit of the fluidic oscillator and

generating a self-sustaining oscillation jet as shown in Fig. 2.1(b).

The double feedback oscillator is used in sweeping jet impingement for applications
such as turbine blade cooling. Improving the frequency, the jet spread angle and
the pressure drop across the oscillator (between the inlet and exit throat) plays a
critical role in effective hydraulic and thermal performance. A higher frequency
and wider jet spread angle enhance heat transfer performance, while a minimized
pressure drop ensures energy-efficient operation, both of which are essential for

effective turbine blade cooling.

The intrinsic geometrical characteristics of the oscillator are designed to figure out
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FIGURE 2.1: Fluidic Oscillator with double feedback channel (a) schematic (b)
mean velocity distribution [69] (Reprinted - Courtesy Elsevier)

these vital parameters. The geometric configuration of the fluidic oscillator plays
an important role in augmenting the flow characteristics of the oscillating jet. In
this regard, the geometric parameters including length, volume, inlet wedges of
mixing chamber, inlet, and outlet regions of feedback channel were explored by

Bobusch et al.[70].

Sang et al. [71] performed a numerical investigation to study the impact of
nozzle power and throat width on the characterization of various internal flow
characteristics. The important design parameters of the fluid oscillator have been
presented in Fig. 2.2(a). It was also observed the operation of the oscillator was
strongly dependent on the throat width. It was reported that if the width of the
outlet of the power nozzle is significantly smaller than the width of the inlet of the
mixing chamber, the time between each fluid flip within the oscillator increased
as the width of the throat decreased. An experimental parametric study was
performed by Koklu [72] during which the placement of the oscillator (spread angle,

pitch, and stream-wise position) and oscillator size were investigated to obtain flow
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separation control. The investigation of fluidic oscillator’s geometric configurations
such as widths and wall’s angles of inclination of both inlet and outlet of mixing
chamber, as shown in Fig. 2.2(b), on the output characteristics of the sweeping jet

were performed by Baghaei and Bergada [73].
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FIGURE 2.2: Different geometric parameters of a fluidic oscillator (a) Sang et al.
[71] (b) Baghaei and Bergada [73] (Reprinted - Courtesy MDPI open access)

A reverse flow within and at the outlets of feedback channels was found for the
smaller inlet width of the nozzle due to the production of large pressure waves
hence generating a large fluctuation in fluid mass flow rate as compared to the
larger inlet width of the nozzle. The larger nozzle width generates low stagnation
pressure and a small sweeping jet region. In another study, Bergada et al. [74]

investigated the influence of feedback channel geometry on the amplitude and
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frequency of fluidic oscillator flow at the outlet. As the feedback channel length

grows, the frequency of the exit mass flow oscillation decreases.

Over lengthy feedback channel lengths, the former main oscillation tends to disap-
pear, leaving the jet inside the mixing chamber to just oscillate at high frequencies.
An experimental and numerical study was performed by Abdulnaim et al. [75]
which determines the effects of the fluidic oscillator’s exit geometry on the flow
characteristics inside and outside of the device. The findings show that the absence
of the splitter causes an increase in the deflection angle and a trend for continuous
outflowing jets. The splitter increases the outflow fluctuation amplitudes, which
makes them perfect for a range of applications. Various fluidic oscillator designs

have also been reviewed by Abdelmaksoud and Wang [63].

Recently, several design modifications of fluidic oscillators have been proposed in
the literature to enhance flow control and impingement characteristics of sweeping
jets. In this regard, Ostermann et al. [76] performed a comparative flow field
analysis of curved and angled fluidic oscillators experimentally as shown in Fig.

2.3.

It was revealed through flow fields and pressure measurement that similar oscillation
mechanisms and frequencies were incorporated by both designs. The internal
dynamics was not observed to be changed for curved oscillator as for angled
oscillator. Reverse flow in the feedback channel, present in the angled oscillator,
was prevented in the curved oscillator due to the large spacing between the inlet
wedges of the mixing chamber. 20% reduced supply pressure was required for
curved oscillators which makes them more effective in terms of energy requirement
as compared to the angled oscillator. A different oscillation pattern and higher
maximum deflection angle were caused in external flow fields for curved oscillators
due to the attachment of its jet to the walls of the diverging part of the outlet

nozzle.

A numerical investigation was performed by Nilli-Ahmadabadi et al. [77] to study
the performance of a new vortex-based fluidic oscillator using URANS; as illustrated

in Fig. 2.4. Two chambers, primary and secondary with a mid-throat separation
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FIGURE 2.3: Double feedback fluidic oscillators (a) curved, (b) angled (Adapted
from [76])

and bi feedback channels were part of the oscillator. Double pair vortices were

generated inside these chambers by the main jet.

Asymmetric growth and shrinkage were experienced by these vortices and feedback
flow was activated which resulted in harmonic oscillation as seen in Fig. 2.4. A
portion of the jet shear layer was trapped inside the primary chamber due to the
colliding oscillatory jet with mid-throat, which resulted in a strong vortex that
turned the jet to the opposite side. The secondary chamber vortex forced the
attachment of the jet to a single side of the secondary chamber, which caused the
deviation of the outlet jet to the opposite side. The newly designed fluidic oscillator
produced increased oscillation frequency and output momentum flux and decreased
pressure drop. A numerical and experimental study was performed by Tomac and

Sundstrom [78] for the introduction of a fluidic oscillator design that could give
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the advantage of sweep and inclination angle control irrespective of supply flow
rate. To achieve this, fluid was injected through four control ports present in the
vicinity of the fluidic oscillator’s throat. Based on the quantity of control flow, it
was observed from the results that a variation of 17° to 70° of sweep angle and
up to 20° variation in inclination angle was achieved. With an increase in control
flow rate, up to 5% and a 7.7% decrease in oscillation frequencies were noted for

variable sweep angle and variable inclination angle design respectively.

BT T velocity (uis)

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75

{%

FI1GURE 2.4: Comparison of time-averaged velocity contours of new vortex-based
oscillator and original oscillator at Re = 60,000 [77] (Reprinted — Courtesy Taylor
and Francis open access)

A numerical study was performed by Kim and Kim [79] to investigate the impact of
bending angle ranging between 0-40° of bent outlet nozzle on characteristics of the
fluidic oscillator with the external flow and without it. For the evaluation of the
performance of the fluidic oscillator, two performance parameters were presented
peak velocity ratio and dimensionless pressure drop. The enhancement in peak
velocity of the exiting jet from the oscillator is influenced by the peak velocity
ratio. The velocity ratio is generally used in fluidic oscillators for separation control
applications. Dimensionless pressure drop was the second performance parameter
that also affected pumping power directly. The necessary pumping power for
driving the fluid flow through the oscillator is directly affected by pressure drop. It
was observed from the results that during the study peak velocity ratio showed an
increasing trend with an increase in mass flow rate but for the reference model it

first increased up to lower bending angles then increased.
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It is generally assumed that the effectiveness of the oscillator is enhanced due to
an increase in peak velocity ratio which results in imparting more momentum to
jet flow. The pressure drop increased almost uniformly with a bending angle at all
ranges of mass flow rates. This increase in pressure dropped increased by pumping

power.

At a high mass flow rate, bending angle caused the increase in jet frequency
but jet oscillation vanished at the bending angle of 40°. Mohammadshahi et al.
[80] performed an experimental study of flow dynamics of jets originating from
a double feedback fluidic oscillator in confined and non-confined geometry. The
experiments were conducted for a range of Reynolds numbers from 2500 to 10,000.
The expanded region aspect ratio (AR) and expansion ratio (ER) effects were also

investigated.

The oscillation frequency was found to be rather insensitive to the external domain
and almost constant for AR and ER. A much larger spreading angle of the fluidic

oscillator was recorded with an increasing Reynolds number.

Tajik et al. [81] performed an experimental investigation of the role of the geometric
variations of the fluidic oscillator, including feedback channel width (D1), outlet
diameter (D2), and the Coanda surface structure (Si) in the performance enhance-
ment of sweeping jet. Fig. 2.5 depicts the general behavior characterization of the
jet flow for all geometrical variations of fluidic oscillators used during the study.
Bifurcated and homogenous velocity profiles were the two main distinguishable

flow behaviors recorded and produced by geometric alterations.

The bifurcated velocity profile resembled the velocity profile of the canonical curved
oscillator and the homogeneous velocity profile was similar to the angled oscillator.
The modifications in the shape of the Coanda surface of the curved fluidic oscillator
resulted in jet flow profiles resembling that of the angled fluidic oscillator. In the
diffuser section, the spread angles of the jet along with the fluctuations in static
pressure were found to be the direct functions of supply pressure hence the flow
performance parameters such as pressure drop in the oscillator are directly related

to the external flow regime. The weak influence of flow regime was observed over
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£
SN

sweeping frequency, however, bifurcated velocity profile produced lower sweeping

frequency as compared to homogeneous velocity profile of jet.

The experimental and numerical study of Zhou et al. [82] investigated the spatial
and temporal distributions of nitrogen gas injected from a typical and compact
fluid oscillator at the back of the 777-shaped hole for blowing ratio (BR) variations
of 1.0 to 3.0. The compact fluidic oscillator outperformed the typical oscillator

providing much wider impingement area coverage but at the cost of a reduction in
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FIGURE 2.6: Schematic of the (a) typical sweeping jet, (b) compact sweeping
[82] (Reprinted — Courtesy American Institute of Physics)

flow coherence. The compact sweeping jet showed lower jet momentum at the exit
but produced more uniform jet-surface interaction, thus manifesting its enhanced

effectiveness as observed in Fig. 2.6(a, b).

A numerical study was performed by Oz and Kara [83] to understand the flow
dynamics of the sweeping jet fluidic oscillator at the throat and various downstream
locations of the oscillator. The results of the non-dimensionalized (by throat veloc-
ity) mean velocity profile were compared at the throat and 3 different downstream
locations for various flow rates as presented in Fig. 2.7(a-d). At location x/h =1
double peak started appearing at mass flow rate 4.5359 g/s and above. It can also
be observed from the results that peak velocities showed an increasing trend with
an increase in flow rate. However, the peak velocity remained almost the same at
all downstream locations for a certain flow rate value. The jet oscillations were
found to increase linearly with increasing Mach number as observed in Fig. 2.7(e).
The relationship of the oscillation frequency of the jet as a function of subsonic
nozzle exit Mach number is obtained to be linear i.e. f = 511.22 M + 46.618 for
0<M<1.
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The oscillation frequency is dependent on two parameters: (i) the size of the fluidic
oscillator and (ii) the velocity of flow. The oscillation frequency can be compared
through the calculation of the Strouhal number. In the study the size of the
oscillator was fixed so the flow velocity was important. For experimental data, the
oscillation frequency of the jet was found by calculating the differences in velocity
between symmetrical two points at the center of leaving jet. The frequency was
then obtained through a low pass filter and FFT (Fast Fourier transform) analysis

on velocity difference earlier calculated.

It was shown by the results that oscillation frequency had no dependency on
both mass flow rate and the type of working fluid. Reynolds number increase
produced strong vortices and caused the increase in oscillation frequency. An
average Strouhal number of 0.0131 is found which remains almost constant for

different Mach numbers as observed in Fig. 2.7(f).

Flow control in large-scale applications was explored by Aram et al. [84] by
exploring the unsteady behavior of sweeping jets produced by fluidic oscillators
during their numerical investigation. It was observed from the results of actual and
scaled-up oscillators that the Reynolds number based on the jet outlet diameter
was the appropriate quantity for the scale-up of fluidic oscillators. The results
showed that a pair of streamwise counter-rotating vortices were formed which grew
in size and strength with an increase in jet velocity and the penetration of the jet
was recorded to be greater in normal and sideways directions at high jet velocities.
Alam and Kara [85] numerically investigated the effect of nozzle exit geometry over
the heat transfer performance of sweeping jets impinging on a target surface. The
geometric changes in nozzle exit geometry showed no impact on the oscillation
frequency. A lower downstream velocity was reported with the increase in nozzle
exit width. The distributions of velocity and pressure in the flow field were also
discovered to be influenced by changes in nozzle exit geometry. The Modal analysis
technique is employed by Song et al. [86] to study the oscillation mechanisms
and spatial-temporal flow structures of novel double feedback fluidic oscillator
designs. They reported that geometrical parameters, including inlet-wedge width

and feedback-channel inlet diameter, were found to significantly influence flow
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dynamics, affecting jet oscillation frequency, deflection angle, and recirculation
bubble formation. An experimental and numerical study was conducted by Zhai and
Fan [87] to explore the effects of varying thicknesses and outlet throat widths of the
double feedback oscillator on the flow rate, deflection angle, and oscillation frequency.
The results showed critical thresholds and driving mechanisms, highlighting the
interplay between mass flow and pressure in influencing airflow deflection within
the oscillator. The oscillation behavior of a sweeping-vortex low-frequency fluidic
oscillator and the effects of its key geometric parameters were analyzed by Yang et

al. [88] using computational fluid dynamics.

The study revealed that the jet deflection is influenced by counter-rotating vortex
dynamics, with parameters such as oscillator width, chamber height, and outlet
diameter significantly impacting oscillation frequency. Woszidlo et al. [89] centered
their study on the movement of fluid within the mixing channel and the feedback
loops of the double feedback oscillator. They observed that widening the mixing
chamber inlet increases frequency, while rounded feedback channels reduce the
bubble size formed in the mixing chamber. Slupski and Kara [90] performed a
numerical investigation of the influence of changes in the geometry of the feedback
loop of a double feedback oscillator. It is observed that increasing feedback channel

height raises the oscillation frequency, but greater width lowers it.

Following the analysis of variation of different geometrical parameters and their
effects on performance parameters such as frequency, deflection angle, and pressure
drop, attention is directed toward the Coanda surface, a critical yet underexplored
geometrical parameter in double feedback fluidic oscillator performance. While the
Coanda surface has not been extensively studied, the experimental work by Tajik
et al. [81] explored variations in Coanda surface shape alongside other geometrical
parameters of the double feedback oscillator. Their results demonstrated that the
shape of the Coanda surface is the most influential parameter, showing the highest
sensitivity to changes in oscillation frequency. Similarly, Hossain et al. [91] found
the square-ribbed Coanda surface to be more sensitive towards the oscillation
frequency during their numerical study of variation in the feedback channel surface

and the Coanda surface of the double feedback oscillator.
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The physical behavior of sweeping jet ejecting from a double feedback fluidic
oscillator was experimentally studied by Samsam-Khayani et al. [92]. A fully
confined and free fluidic oscillator having Reynolds numbers range of 2680-10,730

was investigated.

It was observed from temporally-averaged results that the free domain resulted in a
self-oscillating jet. However, under confinement, the jet faced resistance to oscillate
from twin symmetric vortices. the Coanda vortex made the externally located flow

pattern non-symmetric and the subsequently self-oscillating jet vanished.

The jet tended to oscillate and its strength inclined to cope with these vortices
at Reynolds number = 10,730. However, a non-symmetric pattern was achieved
through the creation of strong vortices near the fluidic oscillator exit region. An
experimental investigation was performed by Wen et al. [93] to study the unsteady
flow behavior of a sweeping jet at a jet to target surface distance H/D = 8. It was
observed from the results that the sweeping frequency linearly increased in the

Reynolds number range of 2.7 x 103 to 9.3 x 103.

A more uneven sweeping motion was exhibited by the jet in the near exit region at
a higher Reynolds number 9.3 x 103. Faster switching was observed due to longer
intervals of the jet at maximum deflection angle during one cycle of oscillation
with high peak velocity and narrower jet. At Reynolds number of 4.0 x 103, the
flow was observed to be in the outer sides of the near-wall region for more duration
and thus a double peak was generated for impingement effects on outer both sides
while plotting time-averaged and fluctuating components of velocity. Moreover,
the diameter of those vortices increased with the increment in the nozzle to plate

distance, therefore, augmenting the jet spread.

The flow dynamics of sweeping jet impingement on a confined concave target surface
were experimentally studied by Li et al. [94]. The experiments were conducted
at three different Reynolds numbers (Re = 1650, 3300, and 6601) and concave
surfaces with various surface curvatures having diameters (R = oo , 20D, and
10D) and were located at a spacing of 5.5D (hydrodynamic diameter of jet) from

the throat of the jet. An increase in Reynolds number led to intrinsic bi-stability
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augmentation as a result of a change in jet oscillation wave profile from saw-tooth

wave to sinusoidal wave and ultimately to a square wave.

Large trapped vortices pair was observed at a region of lateral recirculation of
sweeping jet when the most curved surface (R = 10D) was used in contrast to the
flat impinging target surface (R = o0). Enhanced fluctuating velocity, away from
the region of direct jet impact, was induced by outer strong vortices. Transitional
flow dynamics behavior was shown by surface curvature having an intermediate

diameter (R = 20D).

A comparative numerical investigation was performed by Aram and Dejong [95]
for the steady and sweeping jet to control jet flow. A larger covered area in
spanwise direction was observed for sweeping jet as compared to steady jet and
sweeping jet showed better mixing mechanism which controls separation. At reduced
spacing (between oscillators) arrangement, adjacent sweeping jets exhibited stronger
interaction in the case of sweeping jets. Fuchiwaki and Raghu [96] performed an
experimental investigation of the flow structure of a sweeping jet produced by
the fluidic oscillator and ejected into the flow. The results showed an evident
disruption of the main flow by this sweeping jet at higher velocity ratios which
resulted in a significantly changed flow structure. A wider range spreading of
the ejected sweeping jet was also observed caused by the interaction of ejected
sweeping jet and main flow. A numerical study was carried out by Zheng et al.
[97] to analyze the evolution of the external flow field of a sweeping jet double
feedback fluidic oscillator. Large vortical structures were observed outside the exit
of the oscillator at the start of the oscillation cycle ® = 0° and a small vortex
was also observed between the main jet and right outlet wall. With the jet sweep
moving in the opposite direction induction of another vortex V2 was observed
between the main jet and the left outlet wall. The growth and movement of both
vortices away from the throat of the oscillator were observed at ® = 45° and
= 90°. The enlargement was observed till & = 225° and beyond that, at & =
270° the appearance of secondary small vortices near the throat of the oscillator
was also observed. At the end of this oscillation cycle, the pair of vortices V1

and V2 moved a distance away from the oscillator exit and the large vortical
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structures that appeared at frame ® = 0° were also pushed away and their strength
was decayed. Wen et al. [98] experimentally investigated the flow dynamics of
interacting dual sweeping impinging jets at various Reynolds numbers as displayed
in Fig. 2.8(a). Three different Reynolds numbers 1.8 x 10%, 5.5 x 10*, and 9.2 x 103
based on jet hydraulic diameter were used during the study. The results showed
that at the lowest Reynolds number of 1.8 x 103 the dual sweeping jets showed
behavior similar to that of two separate jets having relatively steady sweeping jet
velocity and in-phase sweeping movement. A wall vortices pair was noted in the
central region between the two dual sweeping jets Fig. 2.8(b). From the near-wall
temporally averaged flow fields it was observed that a maximum peak of streamwise
velocity for both jets and a peak pair (positive and negative) of transverse velocity
sideways along the wall were generated. A lateral peak for turbulence fluctuations
in either direction was also produced. Whereas at the highest Reynolds number
9.2 x 10% during a single actuation cycle, highly distorted patterns of oscillation
and significant changes in jet velocities were experienced by dual jets. A transition
stage of dual-stage sweeping jet performance was observed at an intermediate
Reynolds number of 5.5 x 10%. Dual jets produced results in terms of induced
wall vortices, dynamic behavior, and resulting temporally averaged impingement,
similar to results produced by sweeping jets with a single large fluidic oscillator.
Meng et al. [99] numerically studied the dual sweeping jet actuator by installing
an oscillator on the suction side of the blade. A reduced pressure loss coefficient of
6.8% was obtained using a dual sweeping jet as compared to a single sweeping jet.

Transient structures and flow field unsteadiness was also analyzed.

Tomac and Gregory [100] carried out an experimental investigation of a dual
impinging jet with oscillatory behavior in a dome-shaped mixing chamber, at a
relatively high flow rate corresponding to a Re = 6800. A saddle point formation
jet’s bifurcation was recorded at high flow rates, whereas a continuous collision
was experienced by jets at low and medium flow rates. The bifurcation altered the

mixing of dual jet impingement.

In a given flow regime the location of saddle point formation dictated the oscillator

sweep angle. The variation in sweeping angle varied from 10° to 80° in the Reynolds
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FIGURE 2.8: Dual sweeping jet impingement (a) geometry (b) turbulent energy
x and y directions [98] ((Reprinted - Courtesy American Institute of Physics)

number range of Re = 800-2000 and for a higher range of Reynolds number (Re =

2000-7000), an almost constant sweep angle of 46° was obtained.

Double feedback fluidic oscillators in a stacked arrangement were studied both ex-
perimentally and numerically to investigate the characteristics of flow and frequency
of sweeping jets by Tomac and Hossain [101]. The range of Reynolds numbers used
during the study was from 5660 to 17,000 and oscillation frequency varied between
263 and 672 Hz. Three-dimensional symmetric time-averaged flow streamlines were
observed at section plans of synchronized interacting feedback channels and were

considered to be responsible for the overall synchronized behavior of the jets.

Another interesting numerical investigation was performed by Sundstrom and
Tomac [102] using oppositely faced back-to-back double feedback fluidic oscillators

for studying its flow characteristics. The goal achieved through this design was the
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production of two synchronized sweeping jets through a shared feedback channel

which can help in flow control.

A numerical investigation was conducted by Kim and Kim [103] to study the
aerodynamic performance of an airfoil by changing the angle of attack from 0° to
24° and four different installation locations of the fluid oscillator on the airfoil.
Reduced drag was achieved with installation location of fluidic oscillator closed to
leading-edge irrespective of the value of angle of attack. Kim and Kim [104] further
investigated the impact of the bending outlet of the fluidic oscillator on airfoil to
study its aerodynamic performance. Melton et al. [105] observed a similar increase
in the lift at a low flow rate for a steady jet and when a fluidic oscillator was used
on the airfoil. In other applications, a non-vented fluidic oscillator was numerically
studied by Tseng et al. [106] for enhancing the water removal rate from Polymer
Electrolyte Membrane Fuel cells. For high Reynolds number cruise configuration
applications, various fluidic oscillator designs were explored both experimentally

and numerically by Jones et al. [107].

Pandey and Kim [108] carried out a comprehensive numerical investigation on a
double-feedback fluidic oscillator using two widely adopted turbulence modeling
approaches: Large Eddy Simulation (LES) and Unsteady Reynolds-Averaged
Navier-Stokes (URANS). The purpose of this comparison was to evaluate the
predictive capabilities and accuracy of each method in capturing the unsteady
flow characteristics inherent to the fluidic oscillator. While LES is generally
known for its ability to resolve a wide range of turbulent scales with high fidelity,
it is computationally expensive. On the other hand, URANS provides a more
computationally efficient approach by averaging the effects of turbulence over time.
In their study, URANS showed better agreement with the available experimental
data compared to LES. This outcome suggests that, for the specific case of the
double-feedback fluidic oscillator under investigation, URANS may offer a more
practical and reliable option in terms of both accuracy and computational cost.
In the recent studies, Martinke et al. [109] experimentally demonstrated that

the oscillation in fluidic oscillators is primarily governed by the fluid volume in
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the feedback channels, a finding established using a novel design with externally

controlled valves.

At the end, Table 2.1 comprehensively presents the various geometrical parameters
considered in this study, along with a detailed description of their individual and

combined impacts on the flow characteristics.

TABLE 2.1: Geometrical parameters of fluidic oscillators and their key role in
flow control

Geometrical Impact on Key role in jet flow dynamics
parameters flow charac-

teristics
Power nozzle Internal and  Increased power nozzle velocity
exit width external increases the oscillating frequency.

Lower velocity causes variations in
stagnation pressure oscillations at the

mixing chamber.

Mixing Internal and  Faster fluid flip with larger exit when
chamber inlet external nozzle exit is smaller.

and outlet

widths

Equal inlet/exit areas reduce impact.
Jet oscillations cease beyond critical
area due to fluid starvation and

Coanda effect loss.

Mixing External Jet amplitude and frequency increase
chamber inlet with greater inlet angle.

angle

Mixing External Larger angles reduce amplitude and
chamber outlet frequency of oscillations.

angle




Literature Review

31

TABLE 2.1: Geometrical parameters of fluidic oscillators and their key role in
flow control (continued)

Geometrical Impact on Key role in jet flow dynamics
parameters flow charac-

teristics
Mixing External Oscillation frequency decreases with
chamber length (inverse nonlinear
vertical length relationship).
Feedback External Longer channels reduce or stop
channel vertical oscillations due to randomness.
length
Exit nozzle External Shorter nozzles reduce jet spread
length angle and flow efficiency.
Exit nozzle External Spread angle increases up to a limit
angle then decreases. Internal flow is mostly

unaffected.

Feedback External Wider channels increase frequency but
channel width reduce jet pressure and deflection.
Coanda surface External Curved shape bifurcates the flow;

shape

angled gives homogeneous profile.
Frequency is slightly higher with

homogeneous profile.

2.2 Heat Transfer through Sweeping Jet
Impingement
The behavior of cyclical oscillation of fluid stream produced through operation

of sweeping jets is influenced by various geometrical parameters (inlet and outlet

geometry, size and shape of obstacle, and dimensions of feedback channel) of
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fluid oscillator and Reynolds number. Sweeping jet impingement using a double
feedback oscillator has been widely used in heat transfer enhancement studies
over hot surfaces. The application of fluidic oscillators in thermal systems has
attained significant interest among researchers, primarily because of the self-induced
oscillating behavior of sweeping jets. The first reported experimental study on
sweeping jet fluidic oscillators for jet impingement cooling was conducted by Herr
and Camci [110], who examined the heat transfer coefficient and jet-to-wall distance
effects under unconfined conditions. Their results showed up to 70% enhancement
in heat transfer compared to steady jets. However, some other techniques to excite
the jets for thermal applications are also in use. In this regard, Camci and Herr
[111] performed an experimental investigation to study heat removal performance
from a flat target surface using sweeping jet impingement where a self-oscillating

jet was achieved through a simple fluidic nozzle.

The jet to target surface spacings were kept at 24D, 30D, 40D, 50D, and 60D, and
Reynolds numbers used during the experiment were 7500, 10,000, and 14,000. It
was observed from the results that 20-70% enhanced heat transfer was achieved by

using a self-oscillating jet when compared to a steady jet.

Wen et al. [112] performed an experimental study using a master-slave fluidic
oscillator design to study its heat transfer characteristics in thermal applications.
The parameters used during the study were master flow rate (percentage of flow
rate in the master flow rate ranging between 0 and 1), the jet spread angle =
0°-100°, Re = 4,000, and convex cylinder diameter ratio D/Dh = 2.5 and 12.5. It
was observed from the results that a larger heat transfer region and high thermal
exchange were obtained at a master flow rate of 1 as compared to the master
flow rate of 0 when a higher D/Dh ratio cylinder was used. Weak sweeping jet
interaction with the cylinder, at a master flow rate of 1, was produced by enhanced
jet spreading angle. The design of the sweeping impinging jet in this study could
induce a change in jet spreading angle even if the actuator geometry and flow rate
remain unchanged therefore, it was considered more flexible in thermal applications.
An experimental study was performed by Kim et al. [113] using a feedback-

free oscillator to investigate the effect of sweeping jet impingement on thermal
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performance. The parameters used were Re = 8,000-32,000 and spacing between
jet and target surface Z/dh = 3-8. Thermal performance of sweeping jet obtained
from feedback-free oscillator decreased with increase in spacing between jet to wall.
At narrow spacings feedback-free sweeping jet exhibited superior performance when

compared to square jet at all values of Reynolds number.

A new sweeping jet was proposed in the experimental study of Tomac [114] for
enhancement of the resultant spray jet flow. This increase in mixing efficiency
was achieved by the provision of continuously synchronized jet impingement and a
large volume was stably covered in this manner. The unsteady behavior of flow at
the exit of the double feedback fluid oscillator makes sweeping jet impingement an

effective method to attain intensified heat transfer in different applications.

An enlarged area of enhanced heat transfer on the target surface was recorded with
the sweeping jet as compared to the steady jet. A numerical study was performed
by Lundgreen et al. [115] to investigate heat transfer characteristics of sweeping

jet impingement using a double feedback oscillator.

The study was performed for a flat plate target surface with jet to plate spacing 3,
4, 6, and 8 and five different flow rates 10 slpm, 25 slpm, 50 slpm, 75 slpm, and
100 slpm. It was observed from the results that the average Nu was higher for
sweeping jets as compared to steady jets at the low jet to plate spacing. However,
at the large jet to plate spacing heat transfer performance suffered due to the large

sweeping distance of the oscillating jet.

An experimental study was conducted by Agricola et al. [116] to study the heat
transfer performance of sweeping jet impingement using a curved fluidic oscillator
for different Reynolds numbers, jet to target surface spacing, and exit nozzle angle.
The results of the Nusselt number showed that heat transfer performance improved
for sweeping jet impingement, similarly to a steady circular jet, with an increase
in Reynolds number. Near the stagnation point, the Nusselt number increased by
reducing the space between jet and target surface from 7dh to 5dh. The jet to
target surface spacing for maximum heat transfer performance for the sweeping jet

was noted to be different than the steady jet because of the extra distance that an
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angled sweeping jet had to travel before hitting the target surface as compared to
the steady jet. It was also observed that maximum spreading and resultant large
heat transfer area was achievable at the greatest exit angle of fluidic oscillator that
still keeps the jet attached to nozzle walls. The high spreading of the jet, however,
may decrease impingement heat transfer in the stagnation region and thus the exit

angle can be reduced for such requirement.

An experimental investigation was performed by Thurman et al. [117] for studying
the cooling performance of sweeping jet impingement using double feedback fluidic
oscillator. The parameters used during the study were: Re = 11,000, blowing ratio,
BR = 1-2.5, area of exit = 1.69mm x 0.95mm and nominal sweeping fluidic hole
diameter = 6.35 mm having angle of 300°. The results showed that contours of
velocity and flow temperature were obtained at discreet positions at flow fields
located downstream. While uniformity in cooling distribution was exhibited by
sweeping fluidic holes due to mixing enhancement. In another study, Hossain et
al. [118] numerically investigated the impact of fan exit angle of sweeping jet over
heat transfer performance. The coolant mass flow rates used during the study
were 50 slpm, 75 slpm, and 100 slpm, and three jets to target surface distances
(H/D) of 3, 5, and 8 were studied. The numerical simulations were performed for
eight different sweeping jet fan exit angles in the range of 0° < 6 < 130°. The
role of fan exit angle upon local Nu distribution was found to be significant for
sweeping jet impingement. Deterioration in average heat transfer at the target
surface was observed as the exit angle was increased. However, the heat transfer
was more uniformly distributed over the target surface with an increase in exit
angle. Additional hot air entrainment was recorded by temperature flow fields

which caused significant heating of core flow by the sweeping motion of the jet.

The characterization of the heat transfer capability of sweeping jet impingement on
a flat target surface, as shown in Fig. 2.9(a), was experimentally investigated by
Park et al. [119]. The experimental study for local Nu evaluation was performed at
Reynolds number values of Re = 3600, 6400, 11,000, and 15,300 and for the distance
between the nozzle to the target plate of H/d = 1.0, 1.5, and 2.0 as presented in
Fig. 2.9(b). Based on Nu distribution, two regions of the impingement heat wall
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were identified; a high Nu region near the central region and the monotonically
decreasing Nu region away from the center. It was established that unsteady effects
produced by sweeping motion had an influential role in the determination of the
local rate of heat transfer. For all three nozzles to target plate spacing H/d =
1.0, 1.5, and 2.0 the value of Nu showed an increasing trend with an increase in
Reynolds number as observed in Fig. 2.9(b). The reason for this increased Nu is
the capability of high jet velocity (Reynolds number) to convect more heat energy
from the hot surface. An interesting trend was observed at fixed Reynolds number
when H/d was varied, Nu showed a steep decline in the region of z/d < 1 as
compared to z/d > 1 region. Similarly, from Fig. 2.9(c), it could be observed that
the heat transfer rates of sweeping jets were significantly greater as compared to

round jets.

An experimental investigation was performed by Agricola et al. [120] to analyze
the heat transfer performance of a sweeping impinging jet in a turbine vane leading
edge by using a low-speed linear cascade. The flow parameters used during the
study were 0.3% and 6.0% free turbulence levels with a constant cascade inlet
freestream velocity of 9.75 m/s and three different impingement coolant plenum
mass flow rates of 0.125, 0.188, and 0.25 g/s. The fluid oscillator used during
the study was double feedback curved fluidic oscillator as depicted previously
in Fig. 2.3(a). Steady circular jet recorded better heat transfer performance at
both turbulence intensity levels and all three mass flow rates as compared to
sweeping jets and a lesser pressure drop were experienced across steady circular
jet geometry when compared to sweeping jet geometry. Spens and Bons [121]
performed an experimental study to investigate the cooling performance of sweeping
jet impingement using a double feedback oscillator for turbulence intensity Tu =
0.5% and 11% and blowing ratio, BR = 1.0-4.0. It was observed from the results
that lower cooling performance was experienced for synchronized sweeping jet
pair design as compared to individual sweeping jet and unsynchronized sweeping
jet pair. The decrease in cooling performance was caused by internal streamwise

alternating vortices.

An experimental study was performed by Hossain et al. [122] to investigate the
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FIGURE 2.9: (a) Experimental setup for heat transfer measurement; Local
Nusselt numbers for (b) different nozzle to plate spacing and Re (c) round jet
and sweeping jet comparison [119] (Courtesy Elsevier)

cooling performance of a double fluidic oscillator using sweeping jet impingement.
The parameters used during the study were: aspect ratio AR = 0.5-1.0, turbulence
intensity Tu = 0.5% and 10.1% and spacing between jet and target surface H/D =
3, 5 and 8. Cooling performance was observed to decrease as AR decreased and
the maximum cooling performance was recorded at an AR value of 1.0. Maximum
cooling performance was noted for the sweeping jet at H/D = 5 at all AR values as
compared to the steady jet due to the dominant sweeping motion of the jet. Zhou
et al. [69] performed an experimental study to investigate the effect of sweeping
jet impingement on heat transfer performance at the narrow jet to target surface

spacings of H/D = 0.1, 1.0, 2.0, and 3.0 and Reynolds number values of 5000,
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10,000, and 15,000. Heat transfer performance was observed to be improving with
increasing Reynolds number and decreasing jet to target surface spacing. Enhanced
heat transfer in the far region was obtained due to oscillation of coolant which
enabled the sweeping jet to cover a larger area. As compared to the circular jet, a

14% increased heat transfer was noted while using the sweeping jet.

The two fluidic oscillator models (i) angled oscillator and (ii) curved oscillator,
used by Ostermann et al. [76] were further utilized by Wu et al. [123] and
compared to direct jet in their large eddy simulation study for analyzing heat
transfer performance of sweeping jet impingement. An increase in heat transfer
performance was reported for sweeping jet impingement in all three models with
an increase in Reynolds number. The direct impinging jet was found to be most
effective near stagnation point heat removal performance but a sharp deterioration
in its effectiveness to cool the target surface was observed away from the stagnation
point. The angled and curved fluidic oscillators presented a better average and
more uniformly distributed heat transfer performance with an increase in heat
removal performance of 7.4-8.6% and 3.0-8.3% respectively at the Reynolds number
range of 3000 to 5000. The heat transfer performance of the angled oscillator
was superior to that of the curved oscillator. At higher Reynolds numbers the
space between high Nu spots was widened to each other and the coverage area
of sweeping jet also increased. Fig. 2.10(a-c) also manifests that the curved and
angled design of fluidic oscillators shows a much larger high heat transfer span. The
double feedback angled fluidic oscillator of Ostermann et al. [76] alongside a single
loop and a feedback-free oscillator were experimentally studied by Ghanami and
Farhadi [124] for heat transfer investigation in a single pipe heat exchanger. The
results were obtained for a Reynolds number range of 5600 to 16,400 and surface
thermal conditions of (i) CCHF: constant continuous heat flux and (ii) CPIHF:
constant periodically interrupted heat flux. By installing a fluidic oscillator at the
inlet of the tube using CCHF, heat transfer was enhanced by 37% for feedback-free,
83% for a single feedback loop, and 23% for two feedback channel fluidic oscillators
as compared to a steady flow. In the case of CPIHF, only a single loop fluidic

oscillator produced a 57% enhancement in thermal performance as compared to



Literature Review 38

the steady flow.
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An experimental study was performed by Kim et al. [125] to investigate the
2D heat transfer performance of sweeping jet impingement while using a double
feedback oscillator. The experiments were performed for a Reynolds number range
of 8000-32,000 and jet to target surface spacing range of Z/dh = 3-10. A linear
increase from 60 Hz to 220 Hz in oscillation frequency was observed with an increase
in Reynolds from 8000 to 24,000. The increase in heat transfer performance was
substantially high while using sweeping jet impingement instead of steady square
jet impingement because of the greater turbulence induced by sweeping jet flow
oscillation and enhanced impinging jet velocity near the stagnation point. However,
as the gap between the jet and target surface was increased, a drastic reduction in
heat transfer performance was observed due to a reduction in impinging velocity.

53% reduction in maximum Nu for sweeping jet and 10% decrease in maximum Nu
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for the steady square jet was recorded at Reynolds number 32,000 when Z/dh was
increased from 3 to 5. A wider plateau of Nu distribution at the center region and
a much smaller decay in the slope of Nu along the x-axis from the center point

were observed for sweeping jet as compared to steady jet.

An experimental investigation was performed by Mohammadshahi et al. [126]
to study the sweeping jet impingement, produced by a double feedback fluidic
oscillator, in a crossflow. The range of blowing ratios used during experiments was
1-3.33 and the cross-flow Reynolds number ranged from 510 to 2700. The results
demonstrated a dominant role of cross-flow over heat transfer and variation in blow

ratio was found insignificant.

The impinging jets as compared to oscillating jets under crossflow conditions
resulted in an increase in heat transfer by 200%. Hewakandamby [127] presented a
numerical heat transfer enhancement study for two oscillating jets originating from

adjacent slots; of the same frequency but a phase shift 7/2 on a planar surface.

The Reynolds number range used during the study was 0 < Re < 1200. 100%
improved heat transfer was observed when results for oscillatory flow jets were
compared to conventional steady jets. This enhancement in heat transfer was

caused by the disruption of the boundary layer periodically by oscillating jets.

A numerical investigation was performed by Eghtesad et al. [128] to study the
potential of heat transfer performance using twin turbulent sweeping jets (TTSLJ).
Eight different design variables are divided into 4 groups; Group I: Reynolds
number, hydraulic diameters of the nozzle, and phase shift between TTSIJ, Group
IT: Jet to target surface distance and maximum swing angle, Group III: Oscillation
frequency and pulsation frequency, and Group IV: Jet to jet spacing were studied
to evaluate their impact on Nu distribution on impinging target surface. It was
observed from the results that the parameters included in group I had a positive

impact on heat transfer.

The heat transfer coefficient increased with an increase in Reynolds number. More

cooling through the attainment of higher heat transfer performance was achieved
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through increased hydraulic diameter which resulted in the application of a higher

flow rate of air into the domain.

Heat transfer augmentation and the potential of shifting the maximum heat
transfer in lateral directions from the center were obtained through periodic vortex
generation produced by phase shift between twin turbulent jets. Unlike the positive
effects induced by the previously mentioned parameters, an increase in jet to target
surface spacing resulted in decreased intensity in the collision of twin jets and

hence maximum Nu was reduced.

The faster sweeping motion was achieved through an increase in a maximum
sweeping angle which reduced the time to transfer heat but with the advantage
of more uniform cooling of the target surface. At low oscillation frequency, the
heat transfer rate was increased by disturbing the impingement surface boundary
layer and higher flow fluctuations and at medium oscillation frequency, the rate of
heat transfer was observed to be constant due to nullification of negative impact of
reduced interaction between the target surface and flow by the positive impact of
rapid boundary layer disturbance. While at higher oscillation frequency the twin
sweeping jets were forced to exhibit fast sweeping motion resulting in reduced heat
transfer time but the cooling on the target surface was more uniformly distributed.
Improved heat transfer was observed with pulsation frequency through more flow
mixing and boundary layer disturbance. The jet to jet spacing was involved in
moving the location of maximum Nu on the target surface with no alteration in the
magnitude of the average Nu of the target surface. Hossain et al. [129] performed
an experimental and numerical study to investigate the heat transfer performance
of a double feedback curved fluidic oscillator. The parameters used during the
study were blowing ratios, BR = 0.98 to 3.96, spacing between any two feedback
channels = 6.9D, and spacing between leading and trailing edge = 2D. It was
observed from the results that the fluidic oscillator’s sweeping action produced a
significant enhancement in cooling effectiveness laterally. The lateral spread was

caused by twin alternative streamwise vortices for all M values.

In another study, Hossain et al. [130] performed an experimental and numerical
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investigation to study the effect of the nozzle exit angle of a double feedback
fluidic oscillator over heat transfer performance on a hot surface using sweeping
jet impingement. The nozzle exit angle used was: 0° < 6 < 130°, nozzle to flat
plat distance: H/D = 5, and Coolant mass flow rates were m = 0.97, 1.48, and
1.97 g/s. The results showed that at large exit angles the cooling of the flat target
surface was more uniform and average heat transfer was observed to reduce with
an increase in exit angle. Mohammadshahi et al. [131] performed a numerical
and experimental investigation to study a double feedback oscillator for different
working fluids (water and air) at a Reynolds number range of 8000-32,000. However,
no significant influence was shown on heat transfer with variation in mass flow
rate due to an increase in vortices convection velocity with enhancement in mass
flow rate. A numerical study was performed by Ming et al [132] to investigate
the heat transfer performance of sweeping jet impingement produced by an array
of the self-oscillating oblique fluidic oscillator. The tilt of the fluidic oscillator
was at 30° increasing the jet influence area over the impingement target surface.
Three different modes of oscillation i.e co-directional, reverse and regular, were
observed while recording pressure and velocity fields. Heat transfer performance
was improved through sweeping jet impingement achieved by using oblique double
feedback fluidic oscillator. An increase in Nu and an enlarged jet influence area
above the target surface were achieved. A higher average Nu and more uniform
cooling were recorded by sweeping jet impingement. All three oscillation modes of

sweeping jets showed similar heat removal performance.

Few researchers have also explored the target surface variation under sweeping jet
impingement for improvement in thermal performance. In this regard, Hossain et al.
[133] performed a numerical investigation to study the heat transfer performance
of sweeping jet impingement at a different radius of curvature of the impingement
surface. Normalized by throat hydraulic diameter (Dh), two surfaces with a radius
of curvature of 20Dh and 10Dh and a flat target surface are used during the study.
The study was conducted for three different Reynolds numbers 10,000, 20,000,
and 35,200 along with a jet to target surface spacings of 3, 5, and 8. The results

showed that a non-monotonic behavior of heat transfer performance with surface



Literature Review 42

curvature for the sweeping jet was observed. However, while using a steady jet, heat
transfer was augmented with surface curvature. An increased heat transfer rate was
achieved with an increase in Reynolds number and reducing jet to target surface
spacing. An improved heat transfer performance for sweeping jet as compared to
steady jet was observed at the jet to target surface spacing of H/Dh = 5, Reynolds
number 35,200, and radius of curvature R = 20Dh. The application of sweeping
jet impingement to analyze heat transfer performance on a concave, convex, and
flat target surface was experimentally studied by Kim et al. [134] using a double
feedback fluidic oscillator as shown in Fig. 2.11(a).
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FIGURE 2.11: (a) Experimental setups for heat transfer and flow measurement;
Comparison of local Nusselt number at Re = 11,000 and H/d = 1.5 for flat plate
and (b) concave surfaces (c) convex surfaces [134] (Courtesy Elsevier)

It was observed from the results that the concave surface showed better heat
transfer performance when compared to the flat target surface and the convex
surface showed a smaller enhancement in heat transfer rate as manifested in Fig.

2.11(b, ¢). The curvature magnitude variation for both curved surfaces (concave
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and convex) did not show a monotonic relation with Nu but a peak in Nu was
observed at moderate curvature. Improved heat transfer was achieved for both
concave and convex surfaces due to a thinner jet wall as compared to the flat
surface. However, the turbulent kinetic energy for the concave surface at moderate
curvature was larger than the convex surface when both were compared to the flat

surface and hence the concave surface showed better thermal performance.

An experimental study was accomplished by Osorio et al. [135] to study the
heat transfer performance of sweeping jet impingement on a heated circular target
surface for two configurations i.e confined and unconfined. The series of experiments
were conducted for a fixed jet Reynolds number and varying jet to target surface
distance. Enhancement in heat transfer was observed for sweeping jet impingement
unconfined case at the jet to target surface distance of 3 and lower heat transfer
was recorded for confined cases at the jet to target surface distance of 4 and 6 when
results were compared to rectangular slot orifice. The use of a fluidic oscillator
resulted in increased jet momentum and level of mixing which caused the intensified
heat transfer. In another published work, Kong et al. [136] performed a numerical
study to investigate heat transfer performance on a flat plate with film holes using
sweeping jets. The results showed radially more uniform cooling by using sweeping

jets instead of direct jets.

A 2D numerical study was performed by Abdelmaksoud and Wang [137] to explore
the fluidic and thermal performance of sweeping impingement jets, comparing
free and confined impingement configurations. A k-w SST turbulence model was
employed to analyze a system with a constant heat flux of 3000 W/m?2, a jet-
to-wall distance of 4, and a Reynolds number of 2500. The findings indicate
that confined impingement schemes enhance cooling efficiency for sweeping jets
in comparison to steady jets, whereas steady jets perform marginally better in
unconfined setups. Joulaei et al. [138] performed a numerical study to compare
the thermal performance of oscillators, both in the presence and absence of the
external diffuser. The results indicated that fluidic oscillators without external
diffusers exhibit the highest thermal efficiency. Furthermore, they observed better

heat transfer performance between the oscillator designs at lower jet to target hot
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TABLE 2.2: Important parameters of sweeping jet impingement and their impact
on thermal performance

Parameter Impact on target surface heat transfer

Jet-to-target surface spac- Lower spacing increases collision intensity and

ing impinging velocity, enhancing heat transfer
rate.
Oscillation frequency Higher frequency enhances heat transfer

through increased jet fluctuations.

Very high frequencies diminish peak Nu values
due to reduced surface—fluid interaction time.
Produces more uniform cooling.

Sensitive to power nozzle exit width, mixing
chamber dimensions, feedback channel geom-
etry, and Coanda surface shape.

Exit nozzle angle No effect on oscillation frequency as internal
flow dynamics remain unchanged.
Larger angles deteriorate area-averaged heat
transfer but improve uniformity.

Nozzle hydraulic diame- Larger diameter increases fluid flow rate, re-
ter sulting in higher heat transfer.

Reynolds number Higher Reynolds number enhances fluid mo-
mentum, increasing the heat transfer coeffi-
clent.

Linearly increases sweeping jet oscillation fre-
quency.

plate spacing. The oscillatory frequency is the key parameter for describing the
flow dynamics and performance of sweeping jets. An increase in the oscillatory
frequency of the sweeping jet is observed when the dimensions of the oscillator
are reduced [139, 140]. Joulaei et al. [141] conducted a two-dimensional numerical
study on the impact of geometric scaling on thermal performance for a heated plate
subjected to jet impingement. The study explored scaling factors ranging from
0.33 to 1.3. The results showed that reduced scaling factors increased oscillation
frequency and heat transfer due to smaller separation bubbles. The highest Nu was
observed at a scale factor of 0.33, showing a 13% improvement over the baseline.
Table 2.2 presents various key parameters used in the sweeping jet impingement

system and their role on thermal performance.
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2.3 Optimization Techniques to Enhance Flow

and Heat Performance

The performance of a double feedback oscillator can be significantly improved
through single and multi-objective optimization, as enhancing its oscillating fre-
quency and jet spread angle leads to better heat transfer and more effective cooling
of heated surfaces in impinging sweeping jet applications like turbine blade cool-
ing while minimizing pressure loss ensures energy-efficient operation. Several
optimization techniques have been used to achieve this goal. A numerical study
was performed by Jeong and Kim [142] to optimize a fluidic oscillator, aiming to

enhance peak jet velocity while minimizing pressure loss.

Multi-objective genetic algorithm-based optimization, supported by surrogate
modeling, was employed, with inlet nozzle width ratio and splitter distance as
design variables. The results demonstrated that a jet velocity-focused design
achieved an 11.18% increase in peak jet velocity and a 16.82% rise in the friction

factor compared to a pressure drop-oriented design.

A numerical study was conducted by Eghtesad et al. [128] to analyze the per-
formance of oscillators used in sweeping impinging jets. Eight design variables,
including nozzle hydraulic diameter and maximum sweeping angle, were optimized
using an artificial neural network (ANN) in combination with a genetic algorithm
(GA). The investigation demonstrated that increasing the Reynolds number and
nozzle diameter resulted in increased fluid momentum and higher airflow rates,

significantly improved cooling efficiency.

Taguchi method is the most significant and common technique used for optimiza-
tion in various fields. Taguchi method has been effectively applied to optimize
fluidic oscillator performance. An experimental study using the Taguchi design
of experiment was conducted by Park et al. [143] on the sweeping jet oscillator,
where five design variables with four levels were varied, including the length of the

oscillator gap size between inner blocks.
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The results showed that the aforementioned two factors were the most influential
design factors on oscillation frequency and jet oscillation angle. Furthermore,
oscillator length had a greater impact on oscillation frequency than gap distance,

regardless of nozzle pressure ratio.

In some cases, the combined CFD-Taguchi-GRA analysis is performed for multi-
objective optimization. A combined approach of CFD modeling and Taguchi-GRA
was utilized by Shenge, D [144] for optimization of the flow control device in
a single-strand tundish. By applying multi-objective optimization, the study
effectively maximized inclusion removal and minimized the dead volume fraction,
demonstrating the robustness of the Taguchi-GRA method in enhancing CFD-

driven designs.

A weighted Grey Relational Analysis combined with Taguchi and the Analytic
Hierarchy Process was used by Younas et al. [145] to optimize machining parameters
for turning Ti6AI4V alloy. This approach effectively improved multiple performance
metrics, demonstrating significant enhancements in material removal rate, specific

cutting energy, tool life, and surface roughness.

The numerical study performed by Tang and Li [146] focused on the shape opti-
mization of a fluidic oscillator by employing an adjoint optimization technique, with
numerical simulations conducted under specific operating conditions, including a
jet Reynolds number of 10,308. The optimized design minimized surface-averaged
temperature, reducing the jet’s oscillation angle and enhancing velocity concen-
tration, which strengthened the wall jet and expanded the cooling range. Results
demonstrated an 11.6% increase in the Nu and a 2.4 K reduction in temperature
compared to the baseline configuration. Jabbari and Esmaeili [147] also used
adjoint optimization and showed that Coanda surface and feedback channels can si-
multaneously enhance jet oscillation frequency by 70% and reduce internal pressure

losses by 18%.

The numerical study conducted by Kim et [148] focused on optimizing an impinge-
ment system using the second-order response surface method, with thermal analysis

performed under varying design conditions, including jet spacing, channel height,
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mass flux ratio, and main flow temperature. The optimized design minimized
thermal stress by evaluating inline and staggered jet configurations and cooling

flow directions.

2.4 Conclusion

Jet impingement remains one of the most effective techniques for achieving high
heat transfer rates in engineering applications. Among its variations, sweeping jet
impingement, driven by fluidic oscillators, has gained significant attention for its
ability to enhance both the rate and uniformity of cooling by spreading the jet

acCross a larger surface area.

From the reviewed studies, it is evident that the geometric configuration of the
fluidic oscillator including the inlet, outlet, and feedback channels strongly influences

jet behavior and, consequently, the thermal performance of the impinging flow.

Both numerical and experimental investigations have demonstrated that optimizing
these design parameters can significantly improve the oscillation frequency, jet

deflection, and overall heat transfer performance.

Furthermore, the flow characteristics at the oscillator’s throat and the resulting
oscillation dynamics play a crucial role in determining the cooling effectiveness of
sweeping jets. These oscillatory jets enhance convective heat transfer primarily
through periodic boundary layer disruption, promoting better coolant mixing and

a more uniform temperature distribution across the target surface.

Overall, the literature confirms that while sweeping jet impingement offers su-
perior thermal performance compared to steady jet impingement, the degree of
enhancement strongly depends on the oscillator’s internal geometry and operating
conditions. These insights provide a clear foundation for exploring novel geometric
modifications, such as Coanda surface alterations, to further improve the heat
transfer characteristics of double feedback fluidic oscillators, an aspect that remains

underexplored in existing research.



Literature Review 48

2.5 Research Gap

Extensive research on double feedback oscillators has primarily focused on altering
design parameters such as feedback channel dimensions, inlet/outlet configura-
tions, and mixing chamber geometry. Despite its significant role in determining
oscillator flow performance, the Coanda surface has received limited attention in
prior studies. No existing study demonstrates the effect of increased oscillation
frequency, achieved through Coanda surface modifications, on heat transfer per-
formance. Ribs were incorporated on the Coanda surface based on established
surface-texturing concepts, which are known to modify near-wall momentum dis-
tribution and introduce controlled flow disturbances. The novelty of the present
study is that it aims to optimize the Coanda surface by varying three parameters:
rib aspect ratio, number of ribs, and rib angle. This comprehensive approach seeks
to improve the oscillatory jet frequency and spread angle, thereby providing a more
in-depth understanding of fluidic oscillator flow performance. The rib angle on the
Coanda surface, along with the aspect ratio and the number of ribs, is optimized
using a combination of CFD-Taguchi-Grey relational analysis techniques. This
technique is a comprehensive and efficient optimization technique widely used for
the optimization of single-objective and multiple-objective functions. The main
advantage of this approach is its capacity to generate robust and reliable designs
while minimizing the number of required simulation runs. This characteristic
enhances its efficiency, making it a versatile, economical, and simple method for

identifying optimal solutions in engineering applications.

This study also proposes a novel approach by integrating ribbed Coanda surfaces
into a fluidic oscillator to examine their impact on the heat transfer rate of a heated
surface through sweeping jet impingement. The dimensions of the inlet and outlet
throats remain consistent across all designs. Additionally, the effects of varying
Reynolds number, jet-to-target surface distance, and target surface length on heat
transfer performance are examined. The results of the novel oscillator design heat
transfer study are compared to the results of a smooth Coanda surface oscillator.

The Taguchi optimization method is employed to systematically optimize the heat
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transfer performance of the fluidic oscillator system used in the current study. The
findings aim to provide insights into optimizing heat transfer for ribbed oscillators
and to explain the relationship between oscillation frequency and heat transfer
enhancement. The increased frequency and jet spread angle enhance the cooling
rate and increase the effective cooling area in sweeping jet impingement. A higher
jet frequency improves coolant mixing with the hot boundary layer, increasing heat
transfer, while a wider jet spread angle ensures better surface coverage, enabling
more uniform cooling. These improvements significantly enhance heat transfer

performance in critical applications such as turbine blade cooling systems.



Chapter 3

Numerical Methodology

3.1 Flow Domain Configuration

The SWJ (Sweeping Jet) oscillator exhibits a geometric layout similar to previous
computational studies as outlined in [83, 85, 140, 149, 150]. A geometry of the
oscillator and its 2D computational domain can be observed in Fig. 3.1. The SWJ
oscillator comprises curved geometry having a mixing chamber, a nozzle for outlet
flow, and two feedback channels. The throat size of the exit nozzle, denoted by
D, serves as the length scale. In this study, the exit nozzle throat diameter D is
6.35mm. The feedback channel along with maximum mixing chamber widths are
7.43mm and 21.52mm, respectively. The mixing chamber inlet width is 10.47mm
and its length is 25.79mm.

Exit Flow Domain Outlet -

Fecedback Channel

Inlet Nozzle Outlet

Mixing Chamber

Exit Nozzle

FiGureg 3.1: Fluidic oscillator and domain details with boundary conditions

90
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FI1GURE 3.2: Detailed ribbed oscillator geometry used in the present study.

Fig. 3.2 shows ribbed oscillator with details of the aspect ratio of the rib and
the angle of the rib. Aspect ratio of the rib is the ratio of its height to base,
AR,ips = Rp/R, and the angle of the rib is decided on the basis of the Coanda
surface angle to the inlet flow direction, 18.5°. The angle of the rib is 0° when the
rib’s base is parallel to the Coanda surface, +18.5° when the rib is tilted in the
direction of the flow and —18.5° when it is titled in opposite direction to the jet

flow.

3.2 Mathematical Formulation

According to the findings presented by Kruger et al. [151], a two-dimensional
analysis of the fluidic oscillator adequately captures both the qualitative and
quantitative aspects of the flow field and its dynamic behavior. Consequently, the

Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations in two dimensions
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were utilized to model the flow characteristics within and around the fluidic
oscillator. These equations govern the conservation of mass, momentum, and
energy, as outlined in Egs. (3.1), (3.2), and (3.3). The Shear Stress Transport
(SST) k-w turbulence model turbulence model, introduced by Menter et al. [152],
was applied to compute the Reynolds stress component in the momentum equation,

as detailed in Eqs. (3.4) and (3.5).

3.2.1 Continuity Equation

dp  9(pus)
ot om,

=0 (3.1)

3.2.2 Momentum Equation
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In Eq. (3.2), 7;; denotes the stress tensor and equals —puju = 241,S;;, where Sy

denotes the strain tensor’s mean rate.

3.2.3 Energy Equation

d(pc,T) " O(peyu;T) _ 0 ()\ (‘3T> Ou, + 5 (3.3)
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3.2.4 k Equation
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3.2.5 w Equation
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The constant parameters o,,; and jp; were incorporated into a combined function,
which is effective for modeling both near-wall and far-field regions. The remaining
coefficients, namely oy, 8%, 0,2, 72, and (s, were assigned values of 2.0, 0.009,
1.17, 0.44, and 0.083, respectively. The foundational framework for the k-w (SST)
turbulence model, including the definition of u,;, was established by Launder and
Sandham [153], who outlined its theoretical and practical principles and defined as

Eq. (3.6)

alk
max(ajw, SFy)

He = (3.6)
In the context of turbulence modeling, k represents the kinetic energy associated
with turbulent motion, while w denotes the specific dissipation rate. The constant
ay is assigned a value of 0.31, and the function F; takes on a value of 0 within the
boundary layer and transitions to 1 in regions characterized by free shear layer
flow. Consequently, the Nusselt number (Nu) can be determined on the hot target
surface using the following Eq. (3.7), as referenced [154].

Nu =

a l; (3.7)

(Ts - Tref)

The reference temperature, denoted as T, corresponds to the fluid temperature
at the inlet of the fluidic oscillator, with a value of 300 K. The heat flux applied to
the wall is represented by ¢, and T represents the hot target surface temperature
with a value of 400 K. The area-averaged Nusselt number was calculated directly

on the target surface using ANSYS Fluent post-processing tools.
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The turbulence model k-w SST (Shear Stress Transport), which incorporates
turbulent kinetic energy (k) and the specific dissipation rate (w), is used to model
the turbulent viscosity p;. Compared to conventional k-¢ and k-w models, the SST
model more effectively captures turbulence near the wall as well as in regions far
from it. The SST model blends k-w and k-e formulations, enhanced by a shear
stress limiter to improve free-stream predictions. This addresses k-¢’s limitations
in adverse pressure gradients and k-w’s freestream sensitivity [152]. This model is
selected for the numerical analysis of the fluidic oscillator in the present study due
to its capability to handle adverse pressure gradients and accurately capture wall
shear stress. To ensure computational precision, the wall y+ value is maintained
below 1 (0.2), ensuring accurate shear stress representation at the wall interface.
The SST model’s detailed approach improves understanding of fluid dynamics and
ensures reliable simulation results for engineering applications. While the results
provide valuable insights into the influence of ribbed Coanda surfaces on oscillator
performance, the 2D computational approach, as supported by Kruger et al. [151],
simplifies the geometry and may not capture three-dimensional effects. Additionally,
the RANS turbulence model, though efficient, may not fully resolve transient and
highly turbulent flow features. These limitations highlight opportunities for further

exploration using advanced techniques.

3.2.6 Characterization of Fluidic Oscillator Performance

Parameters

This section illustrates how the key output parameters, the oscillation frequency
of the jet, the deflection angle of the jet, and the pressure drop across the fluidic
oscillator are determined during this study. Fig. 3.3 illustrates the details for
determining the oscillation frequency of the jet, the deflection angle of the jet,
and the pressure drop across the fluidic oscillator. The oscillation frequency is
defined as the number of jet oscillation cycles completed per second, where a jet
oscillation cycle corresponds to the jet returning back to its initial position after

completing a full oscillation. To accurately determine the oscillation frequency of
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Pressure inlet

Pressure exit throat

FIGURE 3.3: Oscillation frequency, deflection angle, and pressure drop calcula-
tion details

the fluidic oscillator, time-resolved velocity magnitude data is collected at a probe
point positioned 6 mm directly downstream from the oscillator exit. This specific
location is chosen to effectively capture the periodic fluctuations in the jet flow
induced by the oscillator geometry. The recorded velocity signal is then subjected
to a Fast Fourier Transform (FFT) analysis, which decomposes the time-domain
data into its frequency components. The dominant peak in the resulting frequency

spectrum corresponds to the primary oscillation frequency of the jet flow.

To calculate the jet deflection angle 6, the jet half-width ¢ is first determined. The
jet half-width represents the distance between y = 0 (centreline) and the point
where Uyyg(y) = 0.5 Unax. Using the calculated jet half-width, the deflection or
spreading angle can be obtained using 6 = tan~!(§/x), where x = 3D is the axial
distance from the exit of the fluidic oscillator in the flow direction. Additionally,
the pressure drop is calculated as the difference in pressure between the inlet and

the exit nozzle throat.
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3.2.7 Flow Performance Evaluation Parameters

For the flow performance evaluation of the fluidic oscillators of different geometries
based on the placement of ribs with different aspect ratios on the Coanda surface,
six non-dimensional performance parameters are defined namely; the peak velocity
ratio of the sweeping jet, the dimensionless pressure drop across the fluidic oscillator,
the frequency-pressure ratio, Strouhal number, the jet deflection angle-pressure
ratio, and the frequency jet deflection-pressure ratio of the oscillator. The peak
velocity ratio Fy g is used to enhance the peak velocity of the leaving jet at the

oscillator exit [155] and is defined as follows in Eq. (3.8)

V;)eak
Vi

Fyr = (3.8)
Where V; is the inlet velocity and V. is the peak or maximum velocity of the jet
at the exit throat of the oscillator. The dimensionless pressure drop F is the next

performance parameter [76] used and defined through Eq. (3.9)

Ap-D

Fr=—— .

Here Ap denotes the pressure drop across the oscillator, D is the exit nozzle throat
diameter and Sy represents the spacing between the inlet and exit nozzle throat.
The pressure drop has a direct impact on the amount of pumping power needed to
move the fluid across the oscillator. The performance parameter frequency-pressure
ratio (FPR) is used for the oscillator to increase its oscillation frequency and is

expressed in Eq. (3.10)

FPR = m (3.10)

Where f; is the frequency, Apy is the pressure drop of the smooth case (no ribs)
and f, is the frequency, Ap, is the pressure drop of the enhanced case (with ribs).
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The Strouhal number expressed in Eq. (3.11) is defined as a ratio of the product
of jet oscillating frequency (f) and nozzle exit diameter (D) to the exit velocity of
the jet (Vexit). Where f is the jet oscillation frequency, D is the exit nozzle throat

diameter, and time-averaged velocity at the exit nozzle (V).

foD

St =
‘/;:xit

(3.11)

The performance parameter jet deflection-pressure ratio (JDPR) is defined and

expressed as follows in Eq. (3.12):

0./0

JDPR= ———
(Ape/Aps)'?

(3.12)
Where 6; is the jet deflection angle of the smooth case (no ribs) and 6, is the jet

deflection angle of the enhanced case (with ribs).

The last performance parameter is the frequency jet deflection-pressure ratio

(FDPR) which is defined in Eq. (3.13):

fe/fs : 96/03

FDPR = ——— "~
(Ape/Aps)l/g

(3.13)

3.3 Boundary Conditions and Discretization

Schemes

The numerical simulations in this study were conducted using Ansys-Fluent 2022
to analyze the fluid flow and heat transfer characteristics of the fluidic oscillator
system. The working fluid, air, was modeled as a two-dimensional, unsteady, and
incompressible flow. The Unsteady Reynolds-Averaged Navier-Stokes (URANS)
equations were solved to capture the transient behavior of the system, with turbu-

lence effects accounted for using the Shear Stress Transport (SST) k-w model. A
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pressure inlet boundary condition was employed, to study the system’s flow and
thermal performance. The target surface was maintained at a constant temperature

of 400 K, simulating a high-temperature heat source.

This approach allowed for a detailed analysis of the convective cooling effectiveness
of the oscillating jet under different operating conditions. The walls of the fluidic
oscillator were modeled with a no-slip boundary condition, ensuring that the
velocity components in both the x and y directions were set to zero at the wall
surfaces. Additionally, the inlet (reference for the fluid properties) and the walls
of the oscillator were maintained at a constant temperature of 300 K, providing
a well-defined thermal boundary condition for the simulations. A second-order
implicit scheme was used for temporal discretization to ensure numerical stability

and accuracy.

The pressure-velocity coupling was resolved using the SIMPLE algorithm, which
iteratively solves the equations of continuity and momentum to attain a pressure
corrective field. The convective terms in the equations of momentum, turbulent
kinetic energy, and specific dissipation rate were discretized through a second-order
upwind scheme to minimize numerical diffusion and enhance solution accuracy. To
attain a fully developed sweeping jet, the computational model was run for 104
time-steps, with each time step carefully selected to resolve the high-frequency
oscillations of the jet. Convergence was monitored by tracking the residuals of
all governing equations, with a convergence criterion of 107% or each variable. To
ensure statistical reliability, time-averaged data were collected over 10,000 time
steps after achieving a fully developed oscillating jet. This approach minimized
the influence of initial transients and provided representative results for fluid flow

and heat transfer analysis.

3.4 Time-step Sensitivity

A comprehensive time-step sensitivity study is conducted to ensure solution ac-

curacy. Simulations are performed at different time steps as presented in Table
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3.1. Tt can be observed from the results that reducing the time step below 7.5
s resulted in 0.003% change in the oscillation frequency, indicating that further
refinement is unnecessary. To balance computational efficiency with accuracy, a

5.0 ps time-step size is chosen for all subsequent simulations.

TABLE 3.1: Time-step sensitivity analysis for different time-step sizes

Time-step Time interval Frequency Percentage change
size (ps) for data saving (Hz) in frequency
(ms)
10.0 50 355.55 0.101%
7.5 50 355.42 0.065%
5.0 50 355.19 -
2.5 50 355.18 (0.003%)

3.5 Grid Independence and Model Validation

3.5.1 Grid Independence

A grid independence study was conducted to assess the impact of domain discretiza-
tion on the numerical results. In this investigation, four distinct computational
grids were generated utilizing the meshing functionalities of Ansys Fluent (version
2021), as illustrated in Fig. 3.4. The primary criterion for grid construction was
the throat diameter (D = 6.35 mm) of the nozzle exit. To ensure precise resolution
of the near-wall boundary layer, low y* values, and capture wall shear stress and
heat transfer gradients reliably, 20 layers were established perpendicular to the
wall surface of fluidic oscillator and target surface. The initial layer thickness
was configured at D /500, with a growth factor of 1.15 applied to the subsequent
layers. Mesh refinement was achieved through the sphere of influence technique,
employing radii of 20D. The mesh types and their corresponding element sizes and
frequencies are as follows: The coarse mesh (N20) had an element size of D/20 and

the normal mesh (N40) featured an element size of D/40. The fine mesh (N60) was



Numerical Methodology 60

F1GURE 3.4: Detailed mesh used in the present study

constructed with an element size of D/60 and finally, the finer mesh (N80) had an
element size of D/80.

A mesh sensitivity assessment was performed to examine the effect of grid refinement
on the primary output variable, oscillation frequency. This evaluation employed
static local mesh refinement using the sphere of influence method to compare
outcomes across varying grid densities. Fig. 3.5 illustrates the findings derived
from the Fast Fourier Transform (FFT) evaluation carried out on multiple grid
resolutions, ranging from coarse to finer configurations. The dominant frequency
peaks observed in the graphical representations correspond to the N20, N40, N60,
and N80 grids, with measured values of 340 Hz, 355 Hz, 358 Hz, and 357 Hz,

respectively.

To assess numerical precision, the relative percentage variation in frequency be-
tween successive grid refinement levels was calculated. As indicated in Table 3.2,

the frequency values stabilize for grid densities exceeding N40, with deviations
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remaining under 1%. This implies that additional refinement beyond N40 provides
minimal enhancement in accuracy. Therefore, using the static local mesh refinement
using the sphere of influence method, the N40 grid was selected for further analysis,
as it represents an optimal balance between computational efficiency and result
accuracy. This grid independence validation confirms that the selected grid density

is adequate for accurately capturing critical characteristics within the simulation

domain.
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FiGURE 3.5: FFT results for the different meshes used in the grid independence
study

3.5.2 Validation

To validate the computational approach used in the present study, an extensive

validation procedure was carried out. For the flow analysis, the results achieved by
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TABLE 3.2: Percentage change in frequency at different mesh refinement levels

Levels of mesh refine- Change in frequency Percentage

ment change
N20 mesh to N40 mesh 340 Hz to 355 Hz 4.41%
N40 mesh to N60 mesh 355 Hz to 358 Hz 0.85%
N60 mesh to N80 mesh 358 Hz to 357 Hz 0.28%

the current numerical method were compared with the numerical data provided by
Jurewicz and Kara [150]. The oscillation frequency analysis, employing the Fast
Fourier Transform (FFT) for the velocity profile downstream of the nozzle exit,
as illustrated in Fig. 3.6(a), reveals a high degree of correlation with the findings
from [150].

Additionally, the frequency results obtained in this research were validated against
experimental data from Slupski et al. [140], the two-dimensional computational
study by Kara [149], the three-dimensional simulations by Oz and Kara [83], and
the two-dimensional numerical investigations by Alam and Kara [85], as presented

in Fig. 3.6(b).

The discrepancies relative to both experimental and computational outcomes were
quantified at 0.3%, 2.6%, 1.2%, -1.4%, and 2.6%, respectively as presented in Table
3.3.

Fig. 3.7(a) includes validation of the jet deflection angle, showing present study
result of 54.4° compares well with the experimental value of 56.2° from Tajik et al.
[81], representing a 3.2% error. The close agreement demonstrates the reliability of

present simulation approach.

For heat transfer analysis, the results of the current numerical investigation were
evaluated against the combined computational and experimental work of Joulaei

et al. [141].

Fig. 3.7(b) contrasts the time-averaged Nu derived from the present numerical

approach with the computational and experimental results of Joulaei et al. [141],
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TABLE 3.3: Model validation for the present study

Ref. Analysis type Oscillation frequency Error
Slupski et al. [140] Experimental 346 Hz -

Jurewicz and Kara [150] 2D-numerical 347 Hz 0.3%
Alam and Kara [85] 2D-numerical 350 Hz 1.2%
Oz and Kara [83] 3D-numerical 341 Hz -1.4%
Present study 2D-numerical 355 Hz 2.6%

demonstrating a strong level of agreement. The maximum deviation between the
current numerical study and the referenced computational study is approximately
7%, while the difference with the experimental data is less than 2%, observed at

L/D = 5.

Consequently, the reliability of the present numerical results is substantiated by

both computational and experimental findings from the existing literature.

3.6 Optimization Methodology

3.6.1 Optimization Design Objectives and Solution
Methodology

The goal of this study is the performance improvement of a fluidic oscillator
by optimizing the key flow performance characteristics of oscillating frequency,
deflection angle of the jet, and pressure drop. The solution strategy involves using
the Taguchi method for single objective optimization of performance parameters
obtained through CFD simulations and an integrated approach combining CFD
simulations, the Taguchi method, and the Grey Relational Analysis. The process

is structured in two phases:
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Select Factors and Levels
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(For Taguchi L9 Orthogonal Array)
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+ Maximize Oscillation Frequency
» Maximize Jet Deflection Angle
+ Minimize Pressure Drop
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FIGURE 3.8: Design Objective and Solution Strategy Flow Chart

Single Objective Optimization: Fach output (frequency, deflection angle, and

pressure drop) is optimized individually using the Taguchi method.

Multi-Objective Optimization: A combined optimization of all three outputs using

Weighted GRA-Taguchi.

A flow diagram summarizing the solution strategy is provided in Fig. 3.8.

3.6.2 Design of Experiment

DOE analysis is performed using Minitab V.21 software. The DOE analysis
includes four phases: (1) planning, (2) characterization, (3) optimization, and (4)
verification. The multiple-objective optimization is achieved through an integrated

CFD-Taguchi- approach.
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3.6.3 Taguchi Design

The Taguchi design method serves as an effective experimental approach for system
optimization, employing structured orthogonal arrays to facilitate multi-parameter
design optimization. Within this framework, various input variables, termed
factors, and their associated levels are systematically organized using standard
orthogonal arrays. This structured methodology significantly minimizes the number

of experimental trials required compared to full-factorial designs.

The primary goal of the present study is to determine the most effective set
of geometric parameters associated with ribs installed on a Coanda surface for

performance improvement of the fluidic oscillator system.

To achieve this, the signal-to-noise (S/N) ratio has been employed as the objective
function in the experimental design. Generally, the analysis focuses on three types
of performance characteristics: smaller the better, larger the better, and nominal
the better. Accordingly, three corresponding S/N ratios are utilized based on the

chosen performance characteristic in the optimization problem.

The smaller-the-better performance characteristic is applied to minimize the re-
sponse variable. The signal-to-noise (S/N) ratio for this category is calculated

using Eq. 3.14:

S 1
. — 101 *E 2 .14
N Olog (n = y’) (3.14)

The larger-the-better performance characteristic is used to maximize the response
variable. The signal-to-noise (S/N) ratio for this category is found through Eq.
3.15:

1& 1
5 —10log ( > 2) (3.15)
N i=1

n = y?
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The nominal-the-better performance characteristic is applied when the target value
is a specific nominal value. The S/N ratio for this category is calculated using Eq.

3.16:

S T
In the above equations, y; represents the ¢th observed objective value from the

Taguchi trial runs, n is the number of observations in a trial run, 7 is the mean of

the performance characteristic, and s? represents the variance.

The current research aims to identify the optimal combination and associated
values of ribs installed on the Coanda surface of the double feedback oscillator,

including the aspect ratio of the ribs, the number of ribs, and the angle of the ribs.

3.6.4 Taguchi Control Factors and Levels

In the Taguchi method, control factors and their respective levels are carefully
selected to evaluate the influence of different parameters on system performance.
In this case, three control factors: rib aspect ratio, number of ribs, and rib angle,

were each tested at three levels.

An orthogonal array 1.9 (3%) was employed to efficiently design the simulation
experiments, ensuring a balanced and systematic variation of parameters across
nine simulation runs. This approach allows for a comprehensive analysis of each

factor’s impact while minimizing the number of experiments required.

3.6.5 Weighted Grey Relational Analysis

Grey relational analysis, a prominent framework within the Grey-system theory,

was originally introduced by Deng [156].

This methodology characterizes scenarios as black when information is fully missing

and white when information is completely available. Nevertheless, such absolute
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scenarios are rarely encountered in practical applications. While grey represent

the situation when incomplete or partial information are available.

An adaptation of this model, known as the Taguchi-based GRA, has gained
considerable attention in contemporary engineering research. In fluidic oscillator

design, achieving a multi-objective target is crucial.

To address the constraints associated with the Taguchi method, which focuses
on a single response, the GRA approach is utilized to transform multi-objective

challenges into a single-objective optimization framework.

The optimization criteria employed include larger is better for both the oscillating
frequency and deflection angle and smaller is better for the pressure drop. Weighted
Grey Relational Analysis (WGRA) technique is used to evaluate and compare

multiple alternatives based on various criteria.

It integrates the concept of grey system theory and incorporates weights for each
criterion to prioritize their importance in the analysis. Following are the key steps

and relevant equations for Weighted Grey Relational Analysis.

For the larger-the-better case, the normalized value for each alternative ¢ and

criterion j is calculated using Eq. 3.17:

xij — :L.min
o B R (3.17)
J max __ ,.min
L Lj

While for the smaller-the-better case, the normalized value for each alternative i

and criterion j is computed using Eq. 3.18:

o — T
v =L (3.18)
J max min
l’j — l‘j

min

J

max

and T are the minimum and

Where z;; is the initial value of the criterion, x

maximum values for the jth criterion across all alternatives.

The formula scales the values between 0 (minimum) and 1 (maximum).
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The grey relational coefficient (GRC) for each alternative is calculated to measure
its similarity to the ideal solution. The grey relational coefficient &;; is calculated

using Eq. 3.19:

Amin + Q : Amin
Aij + ¢ Amin

ij = (3.19)
Where A;; is the absolute change between the normalized value of alternative 4
and the reference value for criterion j, A, is the minimum change across all
alternatives and criteria, A, is the maximum change across all alternatives and
criteria, and ( represents the distinguishing coefficient (value ranges from 0 to 1

but mostly taken as 0.5).

To incorporate the importance of each criterion, the grey relational coefficient is

multiplied by the weight of the respective criterion.

The weighted grey relational coefficient for each alternative is calculated using Eq.

3.20:

Where w; is the jth criterion weight (the relative importance of the criterion).

The grey relational grade (GRG) is the total assessment score for each alternative

and is calculated as the summation of the GRCs for all criteria through Eq. 3.21:

G =3 e (3.21)
j=1

Where m represents the overall number of criteria and G; is the grey relational
grade for the individual alternative. The alternatives are ranked based on their

grey relational grades (highest being the best).

In Grey Relational Analysis, assigning appropriate weights to performance pa-

rameters is essential for accurately evaluating grey relational grades. Several
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well-established methods are commonly employed for determining these weights,
including the Equal Weight Method, Expert Judgment, Analytical Hierarchy Pro-
cess (AHP), Entropy Method, Principal Component Analysis (PCA), Regression
Analysis, and Fuzzy Logic.

Each of these methods is tailored to specific contexts, offering flexibility in address-

ing various decision-making scenarios.

The pairwise comparison scale utilized in the Analytical Hierarchy Process is
formulated based on a systematic framework introduced by Thomas L. Saaty. This
methodology enables decision-makers to systematically evaluate and express their

preferences regarding the relative significance of various criteria.

The pairwise comparison matrix, denoted as A, is an m x m matrix [145]. This ma-
trix is constructed using the Saaty scale, where the values represent the comparative

scale between the responses as presented in Eq. 3.22:

ain A2 - Aim
G21 QAg2 -+ dgm
A= (3.22)
_aml A2+ a'mm_

Where a;; = 1 for all ¢ (indicating that a criterion is equally important as itself),

and aj; = 1/a;; for reciprocal comparisons between responses.

For each response, the geometric mean (GM) is calculated using Eq. 3.23:

m 1/m
j=1

The normalized weight w; for each response is obtained by Eq. 3.24:

G M;
’ im1 GM;
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For checking the consistency of the comparisons, the consistency index (CI) is

calculated through Eq. 3.25:

Amax — M
[=—"F 2
C 1 (3.25)

Here A« represents the maximum eigenvalue of the matrix. The consistency ratio

(CR) is then calculated using Eq. 3.26:

el

CR_E

(3.26)

Here, RI is the random index based on the matrix size. A C'R of 0.1 or less shows

that consistency is acceptable; otherwise, the matrix requires revision.

The AHP pairwise comparison Saaty scale ranges from 1 to 9, offering the following

interpretations for decision-making as shown in Table 3.4.

TABLE 3.4: Saaty scale details for AHP pairwise comparison

Scale Number Scale Significance Contribution

1 Equal significance Both elements contribute equally to achieving
the objective.

3 Moderate significance One element is to some extent more preferred
based on experience or judgment.

5 Strong significance One element is strongly preferred based on
experience or judgment.

7 Very strong significance  The preference for one element is evident and
well-demonstrated.

9 Extreme significance The evidence supporting one element’s domi-
nance is conclusive.

2,4,6,8 Intermediate values Nuanced judgments between the primary lev-
els.

The structured prioritization afforded by this scale ensures that the optimiza-
tion process accurately reflects these preferences, leading to more effective and

meaningful results.
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The Taguchi-GRA method offers significant advantages over other optimization
schemes, such as genetic algorithms (GA) and response surface methodology (RSM).

It reduces computational costs by using orthogonal arrays.

For example, in our study, an L9 array is used requiring only 9 simulations instead
of 27, saving 66.7% of resources. It is also easier to implement than GA, as it
avoids complex parameter tuning. Additionally, the integration of GRA enables
effective multi-objective optimization by converting multiple responses into a single

grey relational grade.



Chapter 4

Flow Performance in Fluidic

Oscillators: Influence of Aspect

Ratio of Ribs

4.1 Introduction

This chapter presents the results of a numerical investigation examining the influence
of aspect ratios of the ribs installed along the Coanda surface of a double feedback
fluidic oscillator. The study aims to characterize the flow dynamics and assess
the potential for enhancing oscillator performance through these novel geometric
modifications in a smooth double feedback fluidic oscillator. The Coanda surface
was equipped with ribs as a deliberate design choice, since surface texturing is
widely recognized for promoting near-wall momentum redistribution, faster jet
switching and improved flow mixing. A systematic analysis is conducted to evaluate
the effects of varying rib dimensions on key flow parameters, including mainly
oscillation frequency, jet deflection angle and pressure drop. The results provide
insights into the enhancing of the Coanda surface features to improve the flow
performance capabilities of fluidic oscillators. The main goal of the present study

is to examine the variations in the most critical geometrical parameter Coanda

74
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surface of the fluidic oscillator. Five different designs of fluidic oscillators with
various aspect ratios of ribs installed over the Coanda surface are studied. The
influence of the variation in aspect ratio of the ribs installed over the Coanda
surface on six nondimensional performance parameters; the peak velocity ratio of
the sweeping jet, the dimensionless pressure drop through the fluidic oscillator, the
frequency-pressure ratio, Strouhal number, the jet deflection angle-pressure ratio
and the frequency jet deflection-pressure ratio of the oscillator is evaluated. The
highest combined effect of frequency and jet spreading angle is found for the fluidic

oscillator design using the SST turbulence model.

4.2 Problem Formulation

As discussed, in this study, we have modified the Coanda surface by adding ribs
over it. We studied 5 different geometries of the fluidic oscillator having different
sizes of ribs over the Coanda surface and a smooth oscillator as shown in Fig. 4.1
and Table 4.1. Initially, square ribs with 0.25D length (where D is the Fluidic
Oscillator’s exit nozzle throat diameter), having aspect ratio = 1 were added on
the Coanda surface. The aspect ratio of the ribs, ARribs is defined as the ratio of
the rib’s height (Rh) to the rib’s base (Rb).

TABLE 4.1: Details of different geometries investigated in the present study

Case No. Height Base Aspect Gap Total area

of ribs (mm) (mm) ratio (mm) (mm?)
Case AR;ips=0 0 - - - - -
Case AR,ips=0.64 6 1.28 2.00 0.64 2.46 15.36
Case AR,,s=0.81 6 1.44 1.78 0.81 2.68 15.36
Case AR;ips=1.00 6 1.60 1.60 1.00 2.86 15.36
Case AR,ins=1.23 6 1.78 1.44 1.23 3.02 15.36
Case AR,ips=1.56 6 2.00 1.28 1.56 3.18 15.36

The length of the height and the base of the ribs were modified in such a way that
the total area of the ribs remains constant as shown in Table 5. In this way when
the height of the ribs was reduced from 0.25D to 0.225D and then 0.2D, aspect

ratios of 0.81 and 0.64 were attained respectively. In the next phase, the base of the



Flow Performance in Fluidic Oscillators... 76

S

Case ARribs=0 | Case ARuibs=0.64 Case AR:ibs=0.81
Case ARribs=1 Case ARribs=1.23 Case ARribs=1.56

FI1GURE 4.1: Fluidic oscillator with different Coanda surface configurations

ribs was modified from 0.25D to 0.225D and 0.2D, attaining aspect ratios of 1.23
and 1.56 respectively. The gap represents the distance between two consecutive

ribs.

4.3 Results and Discussions

The fluidic oscillator enables the production of a spanwise oscillating jet with
bi-stable behavior at the exit. To evaluate the efficiency of the fluidic oscillator in
active flow control and cooling heated surfaces, two important output parameters;

oscillation frequency and the jet deflection angle are used.

The oscillation frequency plays a significant role in determining the uniformity of
the cooling process on a heated surface. On the other hand, the deflection angle of
the jet has a direct impact on the spreading of the jet, influencing the coverage

area and, consequently, the effectiveness of the cooling mechanism.

In essence, these two parameters, the oscillation frequency, and the deflection angle,
are instrumental in optimizing the performance of the fluidic oscillator for efficient

cooling of heated target surfaces.
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In the current study, modifications were made to the Coanda surface of the oscillator
to improve its performance by enhancing the combined effect of oscillation frequency

and jet spreading.

4.3.1 Effects of Coanda Surface Ribs on Internal Flow Dy-

namics of the Oscillator

The effect of the ribs placed over the Coanda surface on the internal flow dynamics,
oscillation frequency, jet spreading, and pressure drop of fluidic oscillators were
examined for all the variations in fluidic oscillators’ geometries as presented in Table
4.1. As the jet enters the mixing chamber of the fluidic oscillator through the inlet
nozzle, even a slight disturbance in the flow causes an uneven pressure distribution
on the mixing chamber walls. This phenomenon causes the flow attachment to
one side is known as the Coanda effect. The Coanda effect intensifies as the jet
advances towards one of the walls, eventually attaching itself there completely. The
phase angle ¢ = 0° signifies this moment and the jet entering the oscillator and
leaving it are in phase and the jet at the exit throat remains undeflected as shown

in Fig. 4.2.

A segment of the jet stream diverts into the feedback loop and travels back to
the fluidic oscillator’s main flow. The flow from feedback inserts itself between
the primary jet and the wall, pushing the main jet away from the wall until it
attaches to the opposite side which represents the phase angle ¢ = 180°. The phase
angles 0°, 45°, 90°, 135° and 180° cover half an oscillation period of the sweeping
jet. This cycle repeats on the opposite side, creating a self-sustained jet oscillation.
Meanwhile, the ejecting angle of the jet at the exit nozzle leads to its deflection
within the external flow field. After the internal deflection, the jet starts sweeping

in the external flow field.

The streamline plots for Case ARribs=0, Case ARribs=0.64, Case ARribs=1, and
Case ARribs =1.56 are presented in Fig. 4.2. It is shown in Fig. 4.2 that initially

at phase angle ¢ = 0° when the jet flows into the mixing chamber and attaches
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FIGURE 4.2: Streamline plots highlighting the effect of ribs on the formation of
separation bubbles at different phase angles for different aspect ratios of ribs
placed over the Coanda surface

to one side of the Coanda surface, a primary separation bubble is formed in the
mixing chamber near the opposite Coanda surface in all cases. For Case ARribs=0
the size of the bubble is very large as compared to all the oscillators with ribs. It
covers more than half of the area of the mixing chamber. The jet has a very narrow
passage to flow through the mixing chamber. For phase angle ¢ = 0° the size of the
primary bubble is the smallest for the highest aspect ratio Case ARribs=1.56. The
placement of ribs on the Coanda surface impacts the size of the primary separation

bubble.

As the jet enters the mixing chamber and hits the first rib, the jet is deflected and

is not allowed to stick to the Coanda surface as in the oscillator with no ribs Case
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ARribs=0. This deflected jet squeezes the primary separation bubble and forces it

to reduce in size.

As the aspect ratio of the ribs increases, the height of the ribs also increases and
thus the jet entering the mixing chamber is deflected at a higher angle and the
primary bubble experiences greater squeezing resulting in a smaller bubble for
Case ARribs=1.56. As the size of the ribs increases, the passage in the mixing
chamber concurrently decreases. This results in an escalation of the jet velocity,
where the higher velocity of the jet forces the bubble to compress and reduce in
size. In Fig. 4.2 at phase angle ¢ = 45°, the primary bubble still covers almost
half of the area of the mixing chamber for Case ARribs=0. However, at phase
angle ¢ = 45°, the size of the separation bubble becomes significantly small in
ribbed oscillators. The smallest size of the separation bubble is for the highest
aspect ratio ribs Case ARribs=1.56. The location of the bubble is also lower than
the Coanda surface and its width is also small. The main jet also finds a smooth
bigger passage in the mixing chamber. The switching of the jet to the opposite side
faces minimal resistance. Hence a higher frequency is attained with the highest
aspect ratio. At higher phase angles ¢ = 90° and ¢ = 135°, it can be observed that
a separation bubble of the same size for all cases starts forming on the opposite
side. This formation of the same size separation bubble on the opposite side is
completed at phase angle ¢ = 180° for all cases. The flow also attaches itself to

the opposite side i.e., half oscillation cycle is completed.

Fig. 4.3 (a) shows the pressure contours for phase angle of 0° for various geometries
used in the study. For Case ARribs=0 at phase angle ¢ = 0° it can be observed
that the low-pressure zone which represents the separation bubble in the mixing
chamber is very large. At phase angle ¢ = 0° as the aspect ratio is increased i.e.
Case ARribs=0.64, Case AR-ribs=1, and Case AR-ribs=1.56 the low-pressure zone
representing the separation bubble inside the mixing chamber is squeezed. It can be
observed for Case AR-ribs=1.56 the low-pressure zone becomes very small. It also
shows that increasing the height of the ribs helps in reducing the bubble size. Fig.
4.3 (b) shows the difference in the characteristics of separation bubbles through

vorticity contours at phase angle 0° for different aspect ratios of ribs installed over
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the Coanda surface. The jet is guided by high vorticity flow around the main jet on
both sides. The high vorticity flow around the jet is pushed more in the direction
of the mixing chamber’s center as the aspect ratio of the ribs is increased from
Case ARribs =0 to Case ARribs=1.56. For the oscillator Case ARribs=1.56 the
high vorticity flow is detached from the lower half of the ribs thus pushing the jet
farther towards the mixing chamber’s center. This behavior of flow helps in the
faster switching of the jet from one side of the Coanda surface to the other as the

aspect ratio of the ribs is increased.

4.3.2 Assessment of the Influence of Ribs on Jet Oscillating

Performance Enhancement

The influence of Coanda surface ribs on fluidic oscillator characteristics is thoroughly

evaluated by utilizing a range of performance parameters in the subsequent sections.

4.3.2.1 Exit Velocity of the Jet and Pressure Drop

The effect of different aspect ratios of ribs on the exit velocity of the jet is assessed
by employing the jet velocity ratio (Fygr), and non-dimensional pressure drop (F}).
The results in Fig. 4.4(a) show that an increase in the aspect the ratio of ribs
decreases the jet velocity ratio. According to Pandey and Kim [155] with the
increase in jet velocity ratio, the jet transmits higher momentum to the crossflow,
and hence the effectiveness of the fluidic oscillator is increased. Therefore, in terms
of jet velocity ratio, Case ARribs=0 (no ribs) is the most effective among the
oscillators with the different aspect ratio ribs, Case ARribs=0.64 (the lowest aspect
ratio) oscillator is the most effective. Fig. 4.4(b) shows the results of variations of
dimensionless pressure drop, for various aspect ratios of the ribs placed over the

Coanda surface of the oscillator.

The results show a decreasing trend in dimensionless pressure drops as the aspect
ratio of the ribs increases. As the aspect ratio increases, the height of the ribs

increases which leads to a detachment of the jet from the lower half of the ribs
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FicURE 4.3: Plots at a phase angle of 0° for different aspect ratios of ribs placed
over the Coanda surface (a) Pressure Contours (b) Vorticity contours
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due to the formation of a secondary vortex over the ribs. Consequently, there
is a reduction in surface contact between the jet and the Coanda surface. This
reduction in surface contact reduces the friction experienced by the flow along
the Coanda surface. It appears to influence the pressure drop and the increase in
aspect ratio reduces the pressure drop. In terms of pressure drop Case ARribs=1.56
having the highest aspect ratio of the ribs is the most effective oscillator among all
the oscillators investigated in the present study. It achieves a 22% reduction in

pressure drop as compared to the smooth case.

4.3.2.2 Jet Oscillation Frequency and Frequency-Pressure Ratio

Fig. 4.5(a) shows the jet oscillation frequency results for different aspect ratios
of the ribs placed over the Coanda surface at a constant jet inlet velocity. It also
shows the frequency for the fluidic oscillator with a smooth Coanda surface (no
ribs case). It can be observed that there is a significant increase in frequency when
ribs are placed over the Coanda surface. The frequency initially remains constant
at 740 Hz as the aspect ratio increases from Case ARribs=0.64 to Case ARribs=1.
Higher frequencies are obtained as the aspect ratio goes above 1 i.e. for Case
ARribs=1.23 frequency becomes 760 Hz, for Case ARribs=1.56 the frequency is
increased to 820 Hz. Beyond the square ribs case (Case ARribs=1), the increase in

aspect ratio further increases the oscillating frequency of the jet.

The introduction of ribs on the Coanda surface distorts the bubble formed in the
mixing chamber of the fluidic oscillator for all cases as in Fig. 4.2. The distortion
of the bubble helps the jet move faster towards the other side and hence the jet
starts oscillating faster with a higher oscillation frequency. The highest aspect ratio
Case ARribs=1.56 has the highest oscillation frequency and it can be observed
from the streamlines plot of phase angle ¢ = 0° for Case ARribs=1.56 in Fig. 4.2
that the bubble in the mixing chamber is most distorted.

Another reason for the increase in frequency is the reduction in the width of the
mixing chamber (distance between the side walls) which enables the jet to move

from one side of the mixing chamber to the other side quickly hence the oscillation
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frequency is increased. Among the 5 cases studied in detail the Case ARribs =1.56
has the highest dimension of the ribs’ height and the lowest width of the mixing

chamber and consequently the highest oscillation frequency.

The variations of frequency-pressure ratio (FPR) for different aspect ratios of
the ribs placed over the Coanda surface of the fluidic oscillator are presented in
Fig. 4.5(b). The frequency-pressure ratio (FPR) presents how the pressure losses
through the oscillator and the oscillation frequency of the jet leaving the oscillator
are related. The results show that as the aspect ratio of the ribs placed over the
Coanda surface is increased, the frequency-pressure ratio (FPR) also increases.
The jet starts oscillating faster when the aspect ratio of the ribs is increased.
Case ARribs=1.56 is found to be the most effective fluidic oscillator in terms of

performance parameter frequency-pressure ratio (FPR).

For each oscillator, the time history of velocity magnitude for a time period of
0.05 sec — 0.1 sec is shown in Fig. 4.6. The velocity magnitude data sample is
attained at the centreline of the vertical axis oscillator, 6mm downstream of the
exit nozzle. It can be observed from the velocity magnitude temporal plots that
multiple high and low-velocity regions of square waves following each other are
generated. The maximum velocity peaks for Case ARribs=0.64, Case ARribs
=0.81, Case ARribs=1, and Case ARribs=1.23 are very similar. However, the
maximum velocity peaks for Case ARribs=1.56 are higher than all other cases.
The minimum velocity peaks show a similar trend and the lowest velocity peaks are
recorded for the highest aspect ratio Case ARribs=1.56. The highest aspect ratio
Case ARribs=1.56 not only increases the maximum and minimum peaks of velocity
magnitude but also decreases its period. The period between peaks is highest
for the smooth Case ARribs=0. The period between the peaks of the velocity
magnitude represents the oscillation frequency. A shorter period corresponds to a

higher oscillation frequency and vice versa.

FF'T analysis is performed for recorded velocity data obtained for 0.05 sec to quantify
the jet oscillation frequencies. Fig. 4.7 illustrates the fast Fourier transform (FFT)

results of the measured velocity data of all the ribbed cases. It shows the velocity
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FIGURE 4.7: FFT analysis of temporal velocity magnitude data for various
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magnitude peaks representing the dominant frequencies for each variation of fluidic
oscillators. Specifically, for Cases with rib aspect ratios (ARribs) of 0.64, 0.81,
and 1, the oscillation frequencies were found to be 740 Hz. Case ARribs=1.23
exhibited a slightly higher frequency of 760 Hz, while the highest frequency, 820
Hz, was recorded for Case ARribs=1.56. The velocity magnitude or amplitude
associated with each peak reflects the strength of the corresponding frequency. A
higher amplitude implies a more robust oscillation at that frequency, indicating
larger variations in jet velocity. This, in turn, signifies a greater amount of energy
available to drive the oscillation. Notably, Case ARribs=1.56 demonstrated the
highest amplitude among the cases analyzed, suggesting it has the most substantial

oscillation strength.

Fig. 4.8 presents the results of the Strouhal number of jet oscillations for different
aspect ratios of ribs placed over the Coanda surface of the fluidic oscillator. The

Strouhal number shows a similar behavior to the oscillation frequency. The
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Strouhal number for the ribbed Coanda surface oscillators is higher than the
smooth oscillators. The average Strouhal number for different mass flow rates
through the 2-D compressible flow simulations was found to be 0.0131 by Oz and
Kara [83] for the smooth case. In the current study, the Strouhal number for the
smooth case is 0.0126, and it increases with the rise in rib aspect ratio, peaking
at 0.0316 for Case ARribs=1.56. The Strouhal number demonstrates an overall
increase of more than 150% in the jet oscillations for the highest aspect ratio of

the ribs as compared to the case with a smooth Coanda surface.

4.3.2.3 Jet Deflection Angle and Jet Deflection-Pressure Ratio

For calculating jet deflection angle 6 as shown in Fig. 4.9, first the jet half width §

is quantified. The jet half width is the measurement of the distance between y = 0
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and y = where the U,,, (y)=0.5 Umax [81]. Table 4.2 presents the jet half-width

values for all the cases used in the present study.

TABLE 4.2: Jet half-width for different cases used in the study

Aspect Jet half-width

Case ratio 0 (mm)
Case AR;ips=0 0.00 0.03156
Case AR,ips=0.64 0.64 0.01313
Case AR,ips=0.81 0.81 0.01002
Case AR;ips=1.00 1.00 0.00880
Case AR,,s=1.23 1.23 0.00982
Case AR,ps=1.56 1.56 0.01122

From the jet half-width value the jet deflection/spreading angle is calculated

0 = tan~" (i) (4.1)

Where x = 3D (0.01905mm) is the distance in the direction of the flow from the

exit of the fluidic oscillator.

Fig. 4.10(a) shows the jet deflection angle variation results for the cases with
different aspect ratios of ribs embedded on the Coanda surface. The jet deflection
angle is highest for the smooth Coanda surface case. The introduction of ribs
over the Coanda surface reduces the jet deflection angle as compared to no ribs
case. From Fig. 4.10(a) it is evident that the increase in aspect ratio from Case
ARribs=0.64 to Case ARribs=1 reduces the jet deflection angle from 34.2° to 24.7°.
When the square ribs Case ARribs=1 is again switched to rectangular ribs Case
ARribs=1.23 and Case ARribs=1.56 (although now the aspect ratio > 1), the jet
deflection angle again starts increasing from 24.7° to 27.2° and 30.3° respectively.
The breaking of the separation bubble within the mixing chamber lets the jet
move away from the Coanda surface and the jet spreading angles at the exit of the

oscillators of cases with ribs are lower than the Case ARribs=0 (no ribs).
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FIGURE 4.9: Jet Deflection Angle measurement detail

The spreading angle is the lowest for the square ribs Case ARribs=1 and rectangular

ribs cases send the jet out from the oscillator at a higher jet deflection angle.

The huge size of the primary bubble inside the mixing chamber for no ribs Case
ARribs=0 pushes the jet towards the Coanda surface and hence it leaves the
oscillator with a greater spreading angle as compared to the oscillators having ribs

as shown in Fig. 4.2.

The width of the primary bubble becomes smaller at phase angle ¢ = 90° in square
ribs oscillator and it appears to be the reason behind the jet leaving with a smaller
deflection. It doesn’t have any significant effect on the oscillation frequency because

it is below the Coanda surface and about to dissipate into the feedback channel.

Fig. 4.10(b) shows the jet deflection-pressure ratio (JDPR), results for different
aspect ratios of the ribs on the Coanda surface. The jet deflection-pressure ratio
(JDPR) represents the jet spreading angle of the leaving jet as compared to the

pressure loss across the oscillator.



Flow Performance in Fluidic Oscillators...

91

Jet Deflection Angle (Degrees)

Jet Deflection Pressure Ratio (JDPR)

~
o

(2]
o
T

a
o
T

N
o
]

w
o
T

N
o
T

N
o
L]

—il— Jet Deflection Angle (Ribs)

- - - - Jet Deflection Angle (No Ribs)

0.4

-
N

0.6

0.8

1.0 1.2 1.4 1.6 1.8

Aspect Ratio (Ribs)

()

-
o

o
oo
T

o
()}
T

o
IS
]

o
N
T

0.67

0.55

0.62

0.55

0.49

o
pO
o

0.6

0.8

1.0 1.2 1.4 1.6 1.8

Aspect Ratio (Ribs)

(b)

FIGURE 4.10: (a) Jet deflection angle variations (b) Jet deflection angle-pressure
ratio variations, for different aspect ratios of ribs placed over the Coanda surface



Flow Performance in Fluidic Oscillators... 92

The larger the jet deflection-pressure ratio (JDPR), the larger will be the jet
spreading angle as compared to the pressure loss. The jet deflection-pressure ratio

(JDPR) for the cases with ribs is lower than the smooth Coanda surface case.

The jet deflects at a higher angle when there are no ribs on the Coanda surface of

the fluidic oscillator.

As far as the trend of cases with ribs is concerned, the jet deflection-pressure
ratio (JDPR) first decreases with the increase in ribs’ aspect ratio till the square
ribs Case ARribs=1 is reached. Beyond the square ribs Case ARribs=1, the jet

deflection-pressure ratio (JDPR) starts increasing with an increase in aspect ratio.

The most effective oscillator in terms of jet deflection-pressure ratio (JDPR) is
the no ribs oscillator Case ARribs=0. Among the oscillators with ribs, Case

ARribs=0.64 having the lowest aspect ratio is the most impactful oscillator.

4.3.2.4 Jet Frequency-Deflection-Pressure Ratio

Fig. 4.11 shows the variation of Jet Frequency-Deflection-Pressure Ratio (FDPR),
for different aspect ratios of ribs placed over the Coanda surface of the fluidic
oscillator. The FDPR represents the combined effect of the oscillator in terms of
the oscillating frequency of the jet exiting the oscillator and the area that the jet
will cover when it leaves the oscillator. The higher the FDPR, the faster the jet

leaving the oscillator will oscillate and it will cover a larger area while oscillating.

As discussed previously, the oscillation frequency and jet spreading are the two
significant output parameters when oscillators are used in flow control and cooling
hot surfaces. Deflection angle in Fig. 4.10 (a) and FDPR in Fig. 4.11 exhibit
similar variations to aspect ratio. This means that the qualitative variation of
FDPR is dominated by the deflection angle change. The performance parameter
FDPR helps identify the oscillator that has a higher combined effect of oscillation
frequency and jet spreading with lower pressure loss. The Case ARribs=1.56 is the
most effective oscillator in terms of the performance parameter FDPR among all

the cases studied presently as shown in Fig. 4.11. The square ribs Case ARribs=1
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is the least effective and provides similar performance to the smooth Coanda surface

case.

It can also be observed that both extreme rectangular ribs cases having the largest
height Case ARribs=1.56 and largest base Case ARribs=0.64 show almost similar
values of FDPR. Hence, fluidic oscillators with rectangular ribs show an enhanced
overall effect of oscillation frequency and coverage area with minimal pressure
losses. It can be noted that, in comparison to the reference case with no ribs, the

FDPR exhibited a substantial increase of 43% for the aspect ratio of 1.56.

4.4 Conclusion

The current study numerically investigated the effect of various aspect ratios
integrated on the Coanda surface on the performance of the fluidic oscillator. The

aspect ratios were varied between 0.64-1.56 and the following new geometries
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were analyzed; Case ARribs=0.64, Case ARribs=0.81, Case ARribs=1, Case
ARribs=1.23 and Case ARribs=1.56. The main conclusions are outlined below.

The internal flow dynamics of the fluidic oscillator revealed that the oscillation
frequency and jet deflection angle were strongly affected by the size of the recircu-
lation bubble generated in the mixing chamber of the oscillator. The bubble size
was extensive, spanning over half of the mixing chamber in the absence of ribs.
Conversely, in the case of the highest aspect ratio, the bubble was notably small.
Consequently, the resistance for the flow to switch from one wall to the other was

minimized, thereby contributing to an increase in oscillation frequency.

The results indicated that an increase in the aspect ratio of ribs positioned on
the Coanda surface of the oscillator leads to a rise in the oscillation frequency.
The highest oscillation frequency of 820 Hz was recorded for the highest aspect
ratio ribs Case ARribs=1.56. It was also noted that the rectangular-shaped ribs,
specifically those with the lowest and highest aspect ratios (Case ARribs=0.64
and Case ARribs=1.56), exhibit a greater jet deflection angle, whereas square ribs
(Case ARribs=1) display a lower deflection angle. A 22% decrease in pressure drop
was experienced for the ribbed case with the highest aspect ratio when compared

to the smooth case.

The study examined the performance of oscillators across six parameters: peak
jet velocity ratio, dimensionless pressure drop, frequency-pressure ratio, Strouhal
number, jet deflection angle-pressure ratio, and frequency jet deflection-pressure
ratio. Following are the conclusions from analyzing these performance parameters:
In case of peak jet velocity ratio, higher rib aspect ratios decrease the jet velocity
ratio, enhancing oscillator effectiveness. Case ARribs=0 (no ribs) exhibits the
highest performance in terms of jet velocity ratio, while Case ARribs=0.64 (lowest

aspect ratio) stands out among ribbed oscillators.

The dimensionless pressure drop decreases with increasing rib aspect ratio due to
reduced frictional losses. Case ARribs=1.56, featuring the highest rib aspect ratio,
demonstrates the highest effectiveness, achieving a 22% reduction in pressure drop

compared to the smooth case.
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The FPR indicates the relationship between oscillation frequency and pressure
losses. Results demonstrate that as the aspect ratio of the ribs increases, so does
the FPR, implying faster jet oscillation. Case ARribs=1.56 emerges as the most
effective fluidic oscillator, achieving the highest performance in terms of FPR. The
Strouhal number, indicating jet oscillations in fluidic oscillators with ribs placed
on the Coanda surface, exhibits a behavior mirroring oscillation frequency trends.
Notably, ribbed oscillators show higher Strouhal numbers compared to smooth
case. The Strouhal number peaks at 0.0316 for Case ARribs=1.56, marking a
significant increase of over 150% in jet oscillations compared to the smooth case,
thus demonstrating the superior performance of oscillators with higher aspect ratios

of ribs.

The JDPR, indicative of jet spreading angle versus pressure loss across the oscillator,
varies with different aspect ratios of ribs on the Coanda surface. Notably, the
absence of ribs yields the highest JDPR. Among ribbed oscillators, the most
effective performance is observed in Case ARribs=0.64, characterized by the lowest
aspect ratio, suggesting significant impact on jet deflection as compared to pressure
loss. The FDPR reflects the combined influence of the frequency of the oscillating
jet and the spreading of the jet. It was noted that the FDPR was 43% greater
for the Case ARribs=1.56 compared to the reference Case ARribs=0. Although
both extreme rectangular rib cases (ARribs = 0.64 and 1.56) show a significantly
enhanced overall effect, Case ARribs = 1.56 exhibits the highest FDPR value
and is therefore identified as the most effective configuration among those studied.
As Case ARribs=1.56 exhibits the highest value of FDPR, it is consequently
more effective in situations where a greater combined impact of frequency and jet

spreading is needed.



Chapter 5

Flow Performance in Fluidic

Oscillators: Influence of Number

of Ribs

5.1 Introduction

The previous chapter presented the results of the role of rib aspect ratio in enhancing
the flow performance of a double-feedback fluidic oscillator. Extending this analysis,
the present chapter systematically evaluates the influence of the number of ribs
placed over the Coanda surface to improve the fluidic oscillator performance.
Through controlled parametric variation, this study quantifies the effects of number
of ribs on critical flow parameters, including oscillation frequency, spreading angle of
the jet and pressure loss. The results establish design guidelines for rib configuration,
advancing the development of efficient fluidic oscillators for active flow control
applications. The present research investigates the influence of changing the
ribs count on the fluidic oscillator’s Coanda surface. The main objective is to
evaluate the impact of these modifications on important performance measures
such as pressure distribution, oscillation frequency and flow stability in order

to enhance the oscillator’s efficiency. An analysis is carried on different fluidic
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oscillator designs, each of which incorporates a different number of ribs over the
Coanda surface. The study evaluates the impact of variations in the rib count
on six nondimensional performance parameters. These parameters include the
FPR (Frequency-Pressure Ratio), the non-dimensional pressure drop through the
oscillator, the Strouhal number, and JDPR (Jet Deflection-Pressure Ratio) and
FDPR (Frequency-Deflection-Pressure Ratio), which represent the ratios of the jet
deflection angle and the combined frequency-deflection angle respectively to the
pressure loss. The analysis of the combined effect of frequency and jet spreading

angle of the fluidic oscillator is conducted using the SST turbulence model.

5.2 Problem Formulation

In the current research work, the effect of changing the number of ribs on the
Coanda surface of the fluidic oscillator is explored. Six different geometries of the
fluidic oscillator are designed, each with a different number of ribs, ranging from 1
to 6, while keeping the rib aspect ratio constant at 1.56. Fig. 5.1 and Table 5.1

illustrate these six geometries.

Case 1 Rib Case 2 Ribs Case 3 Ribs

-0.06 -0.04 -0.02 0 -0.06 -0.04 -0.02 0 -0.06 -0.04 -0.02 0
Case 4 Ribs Case 5 Ribs Case 6 Ribs

-0.06 -0.04 -0.02 0 -0.06 -0.04 -0.02 0 -0.06 -0.04 -0.02 0

FI1GURE 5.1: Different oscillators used in the present study
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The aspect ratio of the rib, defined as the ratio of the rib’s height (Rh) to its base
(Rb), was kept at 1.56, and a single rib to the Coanda surface is added initially.
As the number of ribs increased, the dimensions of each rib decreased, and the gap
between ribs was adjusted accordingly. The dimensions and gap were larger for a
single rib design, whereas in the designs with more ribs, each rib became smaller,
and the gap between ribs narrowed. Despite these variations, the total rib area

remained constant across all configurations.

TABLE 5.1: Details of geometric parameters of different configurations used in
the present study

No. of Aspect Height Width Gap Area  Total area

Case ribs ratio (mm) (mm) (mm) (mm?) (mm?)
Case 1 Rib 1 1.56 4.900 3.135  23.595  15.360 15.36
Case 2 Ribs 2 1.56 3.465 2.217 11.148 7.680 15.36
Case 3 Ribs 3 1.56 2.829 1.810 7.100 5.120 15.36
Case 4 Ribs 4 1.56 2.450 1.570 5.113 3.840 15.36
Case 5 Ribs ) 1.56 2.191 1.402 3.944 3.072 15.36
Case 6 Ribs 6 1.56 2.000 1.280 3.175 2.560 15.36

5.3 Results and Discussions

5.3.1 Influence of Number of Coanda Surface Ribs on

Internal Flow Dynamics of the Oscillator

As discussed in previous chapter, when the jet enters the mixing region of double
feedback fluidic oscillator through the supply nozzle, even small perturbations in
the flow result in pressure imbalance along the mixing region walls. This pressure
differential induces the phenomenon known as the Coanda effect, where the jet
attaches to one of the mixing region walls. As the jet progresses closer to the wall,
the Coanda effect strengthens, ultimately causing full attachment. This complete
attachment corresponds to a phase angle of p=0°, indicating that the jet at the
inlet and outlet are in phase, with no deflection observed at the exit throat. A

part of the jet enters into the feedback channel, where it flows back to interact
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with the main jet in the mixing channel. The flow reentering from the feedback
channel tends to detach the main jet from the wall, displacing the jet toward the
opposite wall. The full switch of the main jet to the opposite wall signifies a phase
angle of 180°. Phase angles such as 0°, 45°, 90°, 135°, and 180° cover one-half of
the oscillation cycle for the jet. This process is repeated symmetrically, producing
a self-sustained oscillating jet. Following the internal switching, the jet initiates a

sweeping motion in the external domain.

Streamline plots for the oscillator configurations Case 1 Rib through Case 6 Ribs
are shown in Fig. 5.2. It is evident from the streamline plots for all cases that
at the phase angle ¢=0°, the jet entering the mixing chamber attaches to one
side of the Coanda surface and generates a primary separation bubble near the
opposing Coanda surface within the mixing chamber. In the oscillator Case 1 Rib,
the separation bubble exhibits the smallest size compared to all other oscillators.
An increase in the ribs count results in a progressive enlargement in the size of
the separation bubble. The size of the single rib on the Coanda surface in each
oscillator case significantly influences the size of the primary separation bubble.
The jet flows across a narrow path within the mixing chamber, in the Case 1 Rib
oscillator with the largest size of the single rib. While in the oscillator Case 6
Ribs, the jet flows across the widest path. The increase in the rib size within each
configuration restricts the passage within the mixing chamber, thereby elevating jet
velocity. The intensified jet velocity compresses the separation bubble, as observed
in Case 1 Rib. Furthermore, upon entering the mixing chamber, the jet encounters
the first rib, causing deflection from the Coanda surface and preventing attachment
to it. This deflection compresses the primary separation bubble, reducing its size.
However, as the number of ribs increases, the extent of jet deflection becomes

smaller, leading to the creation of a larger separation bubble on the opposite side.

At a phase angle of $=45°, the separation bubble in Case 1 Rib is observed to
be pushed furthest towards the entrance of the feedback channel, with a notable
reduction in its size. As the number of ribs increases, the separation bubble remains
confined within the mixing chamber and grows larger respectively. At a phase

angle of p=135°, the separation bubble in Case 1 Rib nearly disappears into the
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FIGURE 5.2: Streamline plots for oscillators of different numbers of ribs at
various phase angles
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feedback channel, whereas in other cases, it remains present. Remarkably, in Case
4 Ribs, the separation bubble is the smallest among the multi-rib configurations
and nearly vanishes, resembling the behavior observed in Case 1 Rib. At phase
angles of $=90° and ¢=135°, a separation bubble of similar shape begins to develop
on the opposite side across all configurations. By the phase angle of $=180°, the
formation of this identical-sized separation bubble is finalized for every case. At
this stage, the flow transitions and attaches to the opposite side, marking the

completion of half of the jet oscillation cycle.

Fig. 5.3 shows the pressure contours at a phase angle ¢p=0°, for different oscillator

geometries Case 1 Ribs up to Case 6 Ribs. The overall pressure range in the
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FIGURE 5.3: Pressure contours for oscillators of different numbers of ribs at
phase angle ¢p=0°

fluidic oscillator for Case 1 Rib is low, and the oscillator’s mixing chamber and
feedback channel form a large low-pressure region. As the rib count increases, a
rise in the overall pressure within the oscillator system can be observed. However,
Case 4 Ribs shows a different behavior, where the overall pressure in the mixing

chamber and feedback channel does not follow the rising trend.
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In Case 1 Rib, the pressure differential in the mixing chamber is not significant,
and the large size of the rib prevents the creation of a substantial bubble in the
mixing chamber, as also shown in the streamline plots. For oscillators Case 2 Ribs
to Case 6 Ribs, a prominent pressure differential and a distinct low-pressure zone
are observed in the mixing chamber, which promotes the creation of the separation
bubble. A larger size separation bubble appears due to progressive low-pressure
zone enlargement with increase in rib count, as depicted in the streamline plots.
The low-pressure zone in the mixing chamber directly determines the size of the

separation bubble, which significantly affects the flow dynamics.

Vorticity )0 10000 20000 30000 40000
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FIGURE 5.4: Vorticity contours for oscillators of different numbers of ribs at
phase angle ¢p=0°

The jet oscillation is strongly influenced by the separation bubble and flow dynamics
in the chamber. In Case 1 Rib, the small separation bubble leads to rapid alternating
flow within the mixing chamber. As the number of ribs increases, the enlargement
of the separation bubble dampens the rapid alternations, causing a general decrease
in jet oscillation. However, in Case 4 Ribs, the oscillation shows a slight increase
compared to the trend. This deviation could be attributed to optimal rib spacing or

specific flow interactions that enhance the oscillatory behavior in this case. Overall,
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the pressure contours depict the complex interplay between oscillator designs with

varying numbers of ribs and the resulting flow dynamics in these oscillators.

The Fig. 5.4 illustrates variations in the size of the separation bubbles formed in
the mixing chamber using vorticity contours at a phase angle of 0°. These vorticity
contours correspond to different oscillator configurations with ribs installed along
the Coanda surface. It can be observed that the jet is influenced by regions of
high vorticity surrounding it on both sides. In Case 1 Rib, the high-vorticity zones
are directed more toward the center of the mixing chamber due to the rib’s larger
size. As the rib count increases from 2 to 6, the high-vorticity regions on either
side of the jet are gradually shifted closer to the one side of the Coanda surface in
the lower section of the chamber. This deflection of jet towards the center of the
mixing chamber facilitates faster jet switching between sides of the Coanda surface
in Case 1 Rib. However, with more ribs, the jet is progressively pushed away from
the chamber’s center, allowing larger separation bubbles to form on the opposite

side, which results in slower switching dynamics.

5.3.2 Influence of Number of Ribs on Coanda Surface Over

Flow Performance Improvement of Oscillator

The subsequent sections present a comprehensive analysis of how varying the
number of Coanda surface ribs affects the characteristics of a fluidic oscillator,

using a diverse set of performance parameters.

5.3.2.1 Influence over Jet Oscillating Frequency

Fig. 5.5 (a) presents the results of jet oscillation frequency for various oscillator
designs, where different numbers of ribs are placed on the Coanda surface. These
results are compared with the frequency observed in a fluidic oscillator that has a
smooth Coanda surface (no ribs). The results clearly show that placing the ribs
on Coanda surface significantly enhanced the frequency of oscillating jet. The

variation in frequency for different number of ribs oscillators can be linked to the
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size of the separation bubble observed in the streamline plots in Fig. 5.2. The
distortion and compression of the separation bubble enable the jet to move quickly
toward the opposite Coanda surface, resulting in faster jet oscillations and a higher
oscillation frequency. In Case 1 Rib, the smallest separation bubble leads to faster
jet switching, and hence the highest frequency of 1160 Hz is achieved. As the
number of ribs increases (Case 2 Ribs to Case 6 Ribs), the separation bubble
grows larger in size due to reduced jet deflection and a wider path within the
mixing chamber. This enlargement in the size of the separation bubble increases
the resistance to jet flow switching and hence frequency is reduced. As for Case
2 Ribs, the frequency decreased to 886 Hz. This downward trend in frequencies
persists, with the frequency dropping to 857 Hz when Case 3 Ribs is used.

Interestingly, in Case 4 Ribs, the separation bubble momentarily reduced in size,
and caused a minor frequency recovery to 875 Hz. Further addition of ribs continued
to reduce the frequency, with the Case 5 Ribs showing a drop to 843 Hz, and the
Case 6 Ribs further decreased it to 820 Hz. Notably, the Smooth Case (no ribs)

resulted in the lowest frequency of 355 Hz.

These results clearly show the significant role that the placement of ribs plays in
enhancing the oscillation frequency. Overall, the interplay between rib-induced jet

deflection and separation bubble size governs the observed frequency variations.

The oscillation frequency observed in the six oscillator configurations can be
explained through the analysis of the underlying fluid dynamic mechanisms and
the influence of rib structures on flow behavior. The ribs installed over the Coanda
surface act as geometric features that perturb the jet flow, generating vortical

structures and modifying the pressure field within the oscillator’s mixing chamber.

These perturbations directly impact the flow in feedback loop, responsible for
sustaining oscillations. The pressure contour plots, as provided in Fig. 5.3, highlight
distinct zones of high and low pressure, which are instrumental in characterizing
the flow dynamics. These gradients not only govern the fluid motion but also play
an important role in maintaining oscillatory behavior, while the vortices induced

by the ribs can either reinforce or impede the feedback process.



Flow Performance in Fluidic Oscillators... 105

1400

—— Frequency (Ribs)
- - -- Frequency (No Ribs)

1200

1000

800 |-

Frequency (Hz)

600 |

400 |

200 L L L L L L L

Number of Ribs

(a)

4.5

©
[S)]
T

g
o
T

N
[$)]
T

o
o
T

Frequency Pressure Ratio (FPR)
o
1

RN
o

ot
[S)]
T

©
o

o

3 4 5 6 7
Number of Ribs

(b)

FIGURE 5.5: (a) Frequency variations and (b) frequency—pressure ratio variations,
for oscillators with different number of ribs over the Coanda surface
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In Case 1 Rib, the flow remains relatively undisturbed, as evidenced by the
pressure and vorticity contour plots in Fig. 5.3 and Fig. 5.4 respectively, which
show minimal flow separation and weaker vortical structures. This simplicity in the
flow field allows for a more efficient feedback mechanism, resulting in faster feedback
cycles and the highest observed oscillation frequency. The pressure contours reveal
smoother gradients, and the vorticity plots indicate limited vortex formation, both
of which contribute to the efficient propagation of the feedback signal. As the
number of ribs increases to two and three (Case 2 Ribs and Case 3 Ribs), the flow

field becomes more complex.

The pressure contours show stronger pressure gradients, while the vorticity plots
reveal intensified vortical activity. These disturbances disrupt the feedback mecha-
nism, slowing down the feedback cycles and reducing the oscillation frequency. The
additional ribs introduce more flow resistance and create multiple vortices, which
interfere with the pressure recovery and feedback propagation. At Case 4 Ribs, the
flow field again shows relatively undisturbed characteristics compared to the higher
rib counts, as shown in the pressure contour plots. The pressure gradients are less
severe, and the vorticity plots display relatively more organized flow pattern with
smaller disruptive vortices. This allows for a slight improvement in the feedback
mechanism, leading to a small increase in oscillation frequency. However, with five
and six ribs (Case 5 Ribs and Case 6 Ribs), the flow resistance and energy dissipa-
tion become dominant. The pressure contours reveal relatively irregular gradients,
while the vorticity plots show relatively chaotic vortical structures. These factors
dampen the feedback mechanism, causing the oscillation frequency to decrease
again. The increased flow complexity and energy dissipation hinder the efficient
propagation of the feedback signal, resulting in reduced oscillatory performance.
The underlying mechanisms driving these frequency variations are closely linked to
the temporal characteristics of the feedback loop and the energy dissipation within
the system. The presence of ribs modifies the flow path and pressure distribution,
thereby altering the feedback loop timing. Furthermore, the energy dissipation
attributable to frictional effects and vortex shedding becomes more pronounced

with additional ribs, which can lessen the oscillations and lower the frequency.
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Fig. 5.5(b) presents the results of FPR, for different numbers of ribs installation on
Coanda surface of oscillator. FPR represents the relationship between the pressure
losses within the oscillator and the oscillating frequency of the exiting jet from
the fluidic oscillator. The results indicate that increasing the number of ribs on
the Coanda surface decreased the FPR value. The smooth case, which has no
ribs, demonstrated the lowest FPR, highlighting the prominent influence of ribs
in increasing the FPR in fluidic oscillators. Among all oscillator configurations
studied, Case 1 Ribs demonstrated the highest FPR, making it the most effective

fluidic oscillator in terms of the FPR performance parameter.

5.3.2.2 Influence over Jet Deflection Angle Performance

The Fig. 5.6(a) shows the influence of the ribs count over the jet deflection angle
of the oscillator. Additionally, it compares the results of the deflection angle of the
ribbed oscillators to the smooth oscillator. The results provide insight into how the
Coanda surface ribs count affect the jet spreading angle of oscillator. For ribbed
oscillators, the jet deflection angle shows a distinct pattern. With the increase
in number of ribs from Case 1 Rib to Case 4 Ribs, the deflection angle increased,
peaking at 37.1° for Case 4 Ribs oscillator. The result shows that introducing more
ribs initially enhanced the jet deflection angle. It is likely due to the geometrical
structure of the oscillators, the size of the separation bubble and the tilting of
the jet in the direction of the lower part of Coanda surface creating increased jet
exit angle. However, beyond four ribs, the deflection angle decrease, stabilizing
around 29° for Case 5 Ribs and Case 6 Ribs. This suggests that while ribs initially
improved the jet deflection angle, excessive ribbing, led to a reduction in the jet
deflection angle. It also indicates that the Case 4 Ribs oscillator design represents
the optimal configuration in terms of producing higher jet deflection angle. This
comparison for oscillators with different number of ribs shows that placement of
ribs offered enhanced control over the jet spreading initially but lost effectiveness
over an optimal number i.e. 4 ribs. The smooth surface configuration unlike ribbed

oscillators, exhibited a higher deflection angle of 53.3°.
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FIGURE 5.6: (a) Jet deflection angle variations and (b) jet deflection angle
pressure ratio variations, for oscillators with different number of ribs over the
Coanda surface



Flow Performance in Fluidic Oscillators... 109

For the Case 1 Rib, the single rib on either side of the Coanda surface has a larger
height, creating a narrower passage for the jet. This narrowing increases the flow
velocity and momentum. The pressure distribution remains relatively uniform in
whole oscillator, and the vorticity plots reveal weaker vortical structures due to
the limited disturbance from a single rib. The combination of high momentum
and minimal vortical interference results in a lower jet deflection angle, as the
jet tends to follow a more direct path with less lateral deviation. As the number
of ribs increases to 2, 3, and 4 ribs, the rib heights are reduced, creating a more
open flow passage. The pressure contours show localized regions of high and
low pressure, while the vorticity plots reveal intensified vortical activity. These
disturbances create asymmetric pressure distributions and stronger vortices, which
enhance the feedback mechanism and increase the jet deflection angle. The jet is
pushed more significantly to one side due to the amplified pressure imbalances and
vortical forces, with the deflection angle peaking at Case 4 Ribs, where the flow
achieves an optimal balance between disturbance and feedback efficiency. For the
Case 5 Ribs and Case 6 Ribs, the individual rib heights are the smallest, but the
cumulative effect of multiple ribs introduces significant flow resistance and energy
dissipation. The pressure contours show irregular gradients and pressure losses,
while the vorticity plots display highly chaotic vortical structures. This excessive
flow complexity disrupts the feedback mechanism, causing the jet deflection angle
to decrease slightly compared to the Case 4 Ribs. The jet is less consistently
deflected due to the overwhelming flow resistance and disorganized vortices, despite
the smaller rib heights. Fig. 5.6(b) presents the JDPR, for various numbers of ribs
installed on the Coanda surface. The JDPR quantifies the ratio of jet spreading
angle to pressure loss across the oscillator. A higher JDPR indicates a greater
jet spreading angle relative to the pressure loss. The results show that the JDPR
value for Smooth Case is higher than ribbed oscillator configurations. This is
because the smooth Coanda surface oscillator allows the jet to deflect at a higher
angle compared to ribbed oscillators. Among the ribbed cases, the JDPR initially
increased with the number of ribs, reaching its peak at Case 4 Ribs. However,
further increasing the number of ribs to Case 5 Ribs and Case 6 Ribs resulted in a

decline in JDPR. Overall, the smooth Coanda surface oscillator demonstrated the
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best JDPR performance, while Case 4 Ribs is the most effective oscillator among

the ribbed designs.

5.3.2.3 Influence over Pressure Drop and Strouhal Number

The results of dimensionless pressure drop, are shown in Fig. 5.7(a) for different
oscillator configurations involving various numbers of ribs installed on the Coanda
surface. These oscillator designs are compared with a smooth case oscillator. The
results indicate that the placement of ribs generally reduces the dimensionless

pressure drop when compared to the smooth case oscillator.

The oscillator without ribs has the highest dimensionless pressure drop, emphasizing
that the absence of ribs shows greater resistance to flow. When a single rib
is installed on the Coanda surface of oscillator Case 1 Rib, the pressure drop
significantly decreases, representing the lowest value among all oscillators. As the
number of ribs increased, the pressure drop generally increased. However, the

three-rib case showed a slight reduction, with the pressure drop decreasing.

Further increasing the number of ribs continues to impact the pressure drop.
Overall, the results suggest that higher number of ribs increased the pressure drop.
This behavior highlights the complex interaction between rib geometry and fluid
dynamics in influencing the pressure loss across the oscillator. With an increase in
the number of ribs on the Coanda surface, the rib height decreases. This reduction
in rib height influenced greater jet attachment to both the ribs and the Coanda
surface. This extension in jet attachment is driven by the extended separation
bubble length near the ribs on the opposite side, as presented in the streamline
plots for Case 6 Ribs in Fig. 5.2. When the number of ribs is lower, the jet has
less contact with the Coanda surface. This reduced interaction minimizes friction
along the Coanda surface, influencing the overall pressure drop. A lower number
of ribs correlates with a reduced pressure drop. Among all the oscillator designs
studied, the Case 1 Rib oscillator demonstrated the highest efficiency in minimizing

pressure drop, achieving a 56.3% reduction compared to the smooth oscillator.
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oscillators with different number of ribs over the Coanda surface
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For the Case 1 Rib, the pressure drop is the lowest because the single rib, despite
its larger height, creates minimal flow disturbance. The pressure contours show
relatively uniform pressure distribution, and the vorticity plots reveal weaker
vortical structures. This results in lesser pressure drag, as the flow encounters fewer
obstructions and experiences lower energy losses. The streamlined flow path and
reduced vortical activity contribute to the minimal pressure drop. As the number

of ribs increases to 2, 3, 4, 5, and 6 ribs, the pressure drop rises gradually.

The pressure contours begin to show localized regions of high and low pressure,
while the vorticity plots indicate stronger vortical activity. These disturbances
increase flow resistance and pressure drag, as the ribs introduce more obstructions
and energy dissipation. The growing complexity of the flow field leads to higher
pressure losses. Fig. 5.7(b) shows the Strouhal number, for jet oscillations across

various numbers of rib configurations on the Coanda surface of the oscillator.

The behavior of the Strouhal number closely resembles with that of the oscillation
frequency but contrasts with the trend observed for the dimensionless pressure drop.
For ribbed oscillators, the Strouhal number is greater compared to the smooth

oscillator.

In a previous study of Oz and Kara [83], an average Strouhal number of 0.0131
was obtained for smooth configurations under 2D compressible flow simulations
across different mass flow rates. In the current study, the smooth case resulted in
a slightly lower Strouhal number of 0.0126, which increased as the number of ribs

decreased. Notably, the highest Strouhal number is achieved in Case 1 Rib.

5.3.2.4 Influence over Integrated Frequency and Deflection Angle Per-

formance

The FDPR quantifies the integrated performance of the oscillator in terms of
the frequency of the oscillating jet and the area it covers during oscillation. The
results for jet performance parameter FDPR, are presented in Fig. 5.8 for different

rectangular rib counts over the Coanda surface of the oscillator.
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A higher FDPR value indicates a faster oscillation rate of the jet and a greater
area covered while it is oscillating. As previously discussed, oscillation frequency
and jet spreading are critical output parameters for oscillators used in flow control
and thermal applications on heated surfaces. This performance parameter serves
as an effective tool for identifying oscillators that achieve a higher combined effect

of jet oscillation frequency and spreading with minimal pressure loss.

25

20F

15

1.0 p----

05

Frequency Deflection Pressure Ratio (FDPR)

0.0

0 1 2 3 4 5 6 7
Number of Ribs

FIGURE 5.8: Frequency deflection angle-pressure ratio (FDPR) variations, for
oscillators with various number of ribs on the Coanda surface

Among the cases of the oscillators examined, the configuration with Case 4 Ribs
exhibited the highest FDPR, making it the most efficient oscillator in terms of
flow performance. In contrast, Case 1 Rib is the least efficient configuration,
exhibiting FDPR performance comparable to the smooth oscillator without ribs.
It is important to note, however, that the lower FDPR in Case 1 Rib is attributed
to its minimal jet deflection angle, whereas the smooth case’s reduced FDPR is
primarily driven by its lower oscillation frequency. The FDPR results aligned

closely with the trends observed in jet deflection angle, showing an increase from
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Case 1 Rib to Case 4 Ribs, followed by a decline. This observation shows the
dominance of the jet deflection angle in governing the qualitative changes in FDPR.
Additionally, compared to the reference smooth case with no ribs, Case 4 Ribs
achieved a significant enhancement in FDPR, demonstrating an increase of 87.7%.
The choice of rib configurations in fluidic oscillators depends on balancing key
performance parameters like oscillation frequency, jet deflection angle, and pressure
drop. Among the designs under consideration, the Case 4 Ribs has the highest
FDPR value, showing the best balance of frequency, deflection angle and pressure
performance. The Case 1 Rib design has the lowest pressure drop and highest
oscillation frequency, making it energy efficient and suitable for applications like
low power flow control or high frequency systems. For example, Woszidlo et al.
[40] employed fluidic oscillators as sweeping jets for airfoil flow control, where
rapid oscillations (critical for effective separation control) demonstrated significant
potential for aerospace applications. However, its lower FDPR value means it
may not perform as well in tasks requiring wider jet deflection or mixing. Designs
with two to four ribs achieve an optimal balance between flow complexity and
performance. The Case 4 Ribs oscillator, with the highest FDPR, is particularly
effective for turbine blade cooling via sweeping jet impingement, where higher
oscillation frequency combined with greater jet deflection enhances heat transfer
performance and uniformity in cooling. As demonstrated by Joulaei et al. [141],
such configurations successfully improved turbine cooling performance through
precisely these mechanisms of enhanced oscillation frequency and jet deflection
angle. For applications requiring strong vortical structures and mixing, the Case
5 Ribs and Case 6 Ribs oscillators are ideal. However, their lower FDPR values
compared to the Case 4 Ribs indicate a trade-off between mixing performance and
overall efficiency. Khalde et al. [157] utilized fluidic oscillator requiring vortex
enhanced mixing and internal recirculation with design insights for optimization
for their potential application in chemical and pharmaceutical industries. Using
the FDPR performance parameter, the best rib configuration can be selected for
their specific needs. The Case 4 Ribs design, with its highest FDPR, stands out
as the most versatile option, offering a well-balanced performance across all key

parameters.
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5.4 Conclusion

The present research study is numerically conducted to investigate the impact
of varying the number of Coanda surface ribs on the performance of a double
feedback fluidic oscillator. The configurations included rib counts ranging from 1 to
6, introducing new geometries for evaluation. The internal flow behavior within the
fluidic oscillator demonstrated that both the jet oscillating frequency and deflection
angle were significantly influenced by the size of the recirculation bubble formed in
the mixing chamber. For the Case 1 Rib oscillator, the recirculation bubble was

considerably smaller.

As the number of ribs increased, the bubble size progressively grew. A smaller
separation bubble reduced the resistance to the jet’s transition between walls,
thereby enhancing the oscillation frequency. Moreover, this study alongside fre-
quency and jet deflection angle, evaluated the performance of oscillators using
several key parameters, including the frequency to pressure drop ratio (FPR),
jet deflection angle to pressure drop ratio (JDPR), dimensionless pressure drop,
Strouhal number, and frequency deflection to pressure drop ratio (FDPR). Case 1
Rib, with the smallest separation bubble, achieves the highest frequency of 1160 Hz
due to rapid jet switching. However, as the number of ribs increases, the separation
bubble grows larger, slowing jet oscillations and reducing frequency. The smooth
case results in the lowest frequency of 355 Hz. For FPR, Case 1 Rib performs
the best, achieving the highest value, while the smooth case exhibits the lowest,
underscoring the effectiveness of ribs in optimizing fluidic oscillator performance.
Meanwhile, Case 4 Ribs provides the optimal ribbed configuration for maximizing

the jet deflection angle at 37.1°, while excessive ribbing reduces effectiveness.

The smooth case, however, achieves the highest deflection angle of 53.3°, outper-
forming all ribbed configurations. The JDPR reflects the balance between jet
spreading and pressure losses. The smooth Coanda surface achieves the high-
est JDPR due to its greater jet deflection angle. Among ribbed designs, Case 4
Ribs offers the best JDPR, though adding more ribs beyond this point reduces
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performance. The placement of ribs effectively reduces pressure drop compared
to the smooth Coanda surface. Among all configurations, Case 1 Rib exhibited
the lowest pressure drop, achieving a significant 56.3% reduction relative to the
smooth oscillator. As the rib count increased, the pressure drop generally increased,
highlighting the influence of rib geometry on flow resistance. Case 1 Rib emerged
as the most efficient design for minimizing pressure drop. The Strouhal number is
higher for ribbed oscillators (Case 1 Rib achieved the maximum), compared to the
smooth case, reflecting enhanced jet oscillation dynamics. The FDPR reflects the
combined impact of jet oscillating frequency and the area covered during oscillation.
A higher FDPR indicates faster jet oscillation and a larger area affected. Among
the oscillators studied, Case 4 Ribs outperformed all others, achieving the highest
FDPR. It was 87.7% higher than the smooth oscillator, making it the most effective
in terms of flow performance. On the other hand, Case 1 Rib showed the lowest
FDPR, similar to the smooth surface oscillator, due to its reduced jet deflection
angle. Case 4 Ribs demonstrated superior flow performance with the highest FDPR,
highlighting its effectiveness in enhancing jet oscillation and coverage. This also
indicates that an optimal rib configuration exists, consisting of 4 ribs for flow

performance enhancement.



Chapter 6

Design Optimization of Ribbed
Fluidic Oscillator Using Integrated
CFD-Taguchi-GRA Method

6.1 Introduction

The previous chapters have demonstrated that the ribbed Coanda surface influence
the flow performance of the double feedback oscillator. It was observed that he
aspect ratio of the rib variations studied in Chapter 4 and the number of ribs
variations studied in Chapter 5, enhanced the flow performance of the oscillator.
In this chapter, the rib angle on the Coanda surface, along with the aspect ratio
and the number of ribs, is optimized using a combination of CFD-Taguchi-Grey

relational analysis.

The CFD-Taguchi-Grey relational analysis is a comprehensive and efficient opti-
mization technique widely used for the optimization of single-objective functions.
The main advantage of this approach is its capacity to generate robust and reliable
designs while minimizing the number of required simulation-runs. This characteris-
tic enhances its efficiency, making it a versatile, economical, and simple method

for identifying optimal solutions in engineering applications. This study focuses
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on enhancing the Coanda surface by systematically altering three key geometrical

parameters: the rib aspect ratio, the number of ribs, and the angle of ribs.

The objective is to advance the understanding of fluidic oscillator behavior by
maximizing the oscillatory jet frequency and its lateral spreading. Improvements
in these jet characteristics are anticipated to contribute significantly to increased
heat transfer rates and an expanded effective cooling area in applications involving

sweeping jet impingement.

To achieve this, a combined methodology incorporating Computational Fluid

Dynamics, the Taguchi method, and Grey Relational Analysis is employed.

This hybrid approach facilitates the simultaneous optimization of multiple design
variables and objectives. A notable strength of this technique lies in its ability
to deliver consistent and high-performance design outcomes while significantly
reducing the number of simulations required. Hence it is a cost-effective, efficient,

and adaptable strategy for complex engineering optimization problems.

6.2 Taguchi Control Factors and Levels

To facilitate a comparative analysis of each design parameter, the levels of the

three parameters are outlined in Table 6.1.

Additionally, we have chosen the orthogonal array L9 (3?) for our trial simulation
runs, as presented in Table 6.2, and the corresponding parameter matrix for these
runs can be found in Table 6.3.

TABLE 6.1: Design factors and their levels for Taguchi design of experiment

Code Control factors Level 1 Level 2 Level 3
A Aspect ratio 0.64 1 1.56
B Number of ribs 4 6 8

C Angle of ribs (°) 0 —18.5 18.5




Design Optimization of Ribbed Fluidic Oscillator...

119

TABLE 6.2: Taguchi orthogonal array (1.9)

No. of simulation A B C

runs

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

TABLE 6.3: Taguchi orthogonal array geometries (L9) for the present study

No. of simulations

Aspect Number of Angle of

ratio ribs ribs (°)

1 0.64 4 0

2 0.64 6 —18.5
3 0.64 8 18.5
4 1.00 4 —18.5
) 1.00 6 18.5

6 1.00 8 0

7 1.56 4 18.5

8 1.56 6 0

9 1.56 8 —18.5

6.3 Optimization of Design Parameters

6.3.1 Single Response Optimization

In this section, we will determine the optimal values for the three specified geometric

parameters to compute the highest value of the output parameters; frequency, jet
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deflection angle, and pressure drop.

6.3.1.1 Optimization of Oscillation Frequency

The oscillation frequency results computed through Ansys Fluent and the related
S/N ratios are presented in Table 6.4. The frequencies increase from a minimum
of 730 Hz to a maximum of 845 Hz. The response table results for design fac-
tors aspect ratio, number of ribs, and angle of ribs, are presented in Table 6.5.
The greater S/N ratio value in the response table corresponds to comparatively
better oscillation frequency performance. The order of the contribution of design
factors in optimizing the oscillation frequency of the fluidic oscillator designs is

numberofribs > aspectratio > angleofribs.
It is evident from frequency S/N ratios results in Fig. 6.1, that the optimum design
is with aspect ratio = 1.56, number of ribs = 4 and angle of ribs = 0°.

TABLE 6.4: Frequency results and corresponding S/N ratios obtained by numer-
ical study and Taguchi method

Aspect Number Angle Frequency S/N
ratio of ribs  of ribs (°) (Hz) ratio (dB)

0.64 4 0 835 58.43
0.64 6 —18.5 790 27.95
0.64 8 18.5 730 S7.27
1.00 4 —18.5 835 58.43
1.00 6 18.5 790 27.95
1.00 8 0 785 597.90
1.56 4 18.5 845 58.37
1.56 6 0 825 08.33
1.56 8 —18.5 800 58.06

The influence of the design factors; aspect ratio, number of ribs and angle of ribs,
on oscillation frequency are analyzed by using ANOVA as shown in Table 6.6.

ANOVA calculates the percentage contribution of design factors by examining
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TABLE 6.5: Response table for frequency S/N ratios

Level Aspect Ratio Number of Ribs Angle of Ribs
1 57.88 58.47 58.15
2 58.09 58.08 58.22
3 58.31 D7.74 57.97
Delta 0.43 0.73 0.30
Rank 2 1 3
Main Effects Plot for SN ratios
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FIGURE 6.1: Graphical representation of Taguchi analysis main effects plot for
S/N ratios of frequency results

factor variation, and using Taguchi analysis it confirms the reliability of the results.

DF (Degrees of Freedom) denotes the independent comparisons that can be used

to estimate variability in an ANOVA table. While Seq SS (Sequential Sum of

Squares) displays the variation explained by each factor in sequence and Adj SS

(Adjusted Sum of Squares) accounts for the variation after taking into account

all factors. Contribution is the percentage of total variation that a design factor

explains. Adj MS (Adjusted Mean Square) is the average variation per degree of

freedom. The F-value compares its variation to error, while the P-value indicates
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the significance of a factor. The percentage of total variation described by the
model is displayed as R-Sq (R-squared). The findings demonstrate that, with a
65.01% contribution and a p-value of 0.034 (less than 0.05), the number of ribs
becomes the most important parameter to influence the oscillation frequency. The
aspect ratio comes in second on the contribution list with 21.44% contribution,
whereas the angle of the ribs claims minimal contribution and is not significant.
The R-sq value indicates that the model is highly reliable, as it explains 97.68% of
the total variation in the response variable. This suggests the model accurately

represents the data, with minimal unexplained variability.

TABLE 6.6: Oscillation frequency — analysis of variance

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Aspect ratio 2 2205.6 21.44% 2205.6  1102.8 9.23 0.098
Number of ribs 2 6688.9 65.01% 6688.9  3344.4 28.00 0.034
Angle of ribs 2 1155.6 11.23% 1155.6 577.8 4.84 0.171
Error 2 238.9 2.32% 238.9 119.4 - -
Total 8 10288.9 100.00% -

R-Sq = 97.68%

6.3.1.2 Optimization of Jet Deflection Angle

Table 6.7 displays the results of the jet deflection angle calculations made using
Ansys Fluent along with the associated S/N ratios. The range of the jet deflection
angle is 25.5° to 42.3°. Table 6.8 displays the findings of the response table for the
design elements’ aspect ratio, number of ribs, and angle of ribs of jet deflection
angle. Comparatively superior jet deflection angle performance is indicated by a
higher S/N ratio value in the response table. The sequence of the design parameters’
contributions to the fluidic oscillator designs’ optimization of the jet deflection
angle is angleofribs > aspectratio > numbero fribs as shown in Table 6.8. Aspect
ratio = 0.64, number of ribs = 6, and angle of ribs = -18.5° are the optimum values
of the design factors, as can be seen from S/N ratios plots of jet deflection angle

data displayed in Fig. 6.2. The optimum design for jet deflection angle is present

in the Taguchi L9 array as simulation run 2.
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TABLE 6.7: Jet deflection angle results and corresponding S/N ratios obtained

by numerical study and Taguchi method

Aspect Number Angle of ribs Jet deflection S/N
ratio of ribs ©) angle (°) ratio
0.64 4 0 33.2 30.42
0.64 6 -18.5 42.3 32.53
0.64 8 18.5 324 30.21
1.00 4 -18.5 39.5 31.93
1.00 6 18.5 26.2 28.37
1.00 8 0 28.8 29.19
1.56 4 18.5 25.5 28.13
1.56 6 0 30.3 29.63
1.56 8 -18.5 35.7 31.05

TABLE 6.8: Response table for jet deflection angle S/N ratios

Level Aspect ratio Number of ribs Angle of ribs
31.05 30.16 31.84
29.83 30.17 29.75
29.60 30.15 28.90

Delta 1.45 0.02 2.93

Rank 2 3 1

TABLE 6.9: Jet deflection angle — analysis of variance

Seq Contribution Adj Adj F- P-
Source DF SS (%) SS MS value value
Aspect ratio 2 50.836 19.35 50.836  25.418 545  0.155
Number of ribs 2 0.629 0.24 0.629 0.314 0.07 0.937
Angle of ribs 2 201.982 76.86 201.982 100.991 21.64 0.044
Error 2 9.336 3.55 9.336 4.668 - -
Total 8  262.782 100.00 -

R-sq = 96.45%

ANOVA results for the effects of design factors on jet oscillation angle are presented

in Table 6.9. The results show that the angle of ribs with 76.86% contribution

and p-value of 0.044 has the most influence over the jet deflection angle variation

and indicates statistical significance. Aspect ratio has 19.35% contribution and

the influence of number of ribs is almost negligible. The reliability of the model is

demonstrated by the 96.45% value of R-sq.
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FIGURE 6.2: Graphical representation of Taguchi analysis Main effects plot for
S/N ratios of jet deflection angle results

6.3.1.3 Optimization of Pressure Drop

The results for pressure drop across the oscillator computed through simulations and
their corresponding S/N ratios calculated through Taguchi analysis are presented
in Table 6.10. The results show that the minimum pressure drop is 20,609 Pa and
the maximum pressure drop is 25,217 Pa. The response table having pressure drop
S/N ratios of different design factors used in the study is presented in Table 6.11.
The design factor aspect ratio has the most influence in optimizing the pressure
drop, followed by number of ribs and angle of ribs respectively as per ranking
in the response table. The pressure drop S/N ratios plot as shown in Fig. 6.3
demonstrates that the optimum levels of the design factors are aspect ratio = 1.56,
number of ribs = 4 and angle ribs = 18.5°. The oscillator design with optimum

levels of design factors falls inside the Taguchi L9 array as simulation run 7.

The ANOVA results analyzing the effect of design factors on the pressure drop are

summarized in Table 6.12. These results show that the aspect ratio is the most
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TABLE 6.10: Pressure drop results and corresponding S/N ratios obtained by
numerical study and Taguchi method

Aspect Number Angle of d]':;zzss(lg:) ri{iljs
ratio of ribs ribs
0.64 4 0 24150 -87.66
0.64 6 -18.5 24675 -87.84
0.64 8 18.5 25217 -88.03
1.00 4 -18.5 23332 -87.36
1.00 6 18.5 23423 -87.39
1.00 8 0 24275 -87.70
1.56 4 18.5 20609 -86.28
1.56 6 0 21508 -86.65
1.56 8 -18.5 23660 -87.48

TABLE 6.11: Response table for pressure drop S/N ratios

Level Aspect ratio Number of ribs Angle of ribs
1 -87.85 -87.10 -87.56

2 -87.49 -87.30 -87.34

3 -86.80 -87.74 -87.24
Delta 1.04 0.64 0.33
Rank 1 2 3

significant factor and contributes 65.93% to the change in pressure drop with a
p-value of 0.041, indicating statistical significance. The number of ribs contributes
for 25.43% of the variation, while the influence of the angle of ribs is very minimal.
The model’s high reliability is confirmed by an R-sq value of 97.22%, demonstrating
its ability to effectively explain the observed variability.

TABLE 6.12: Pressure drop — analysis of variance

Source DF Seqss Contribution ,4.qq Agims B F-

(%) value value
Aspect ratio 2 11664042 65.93 11664042 5832021  23.68  0.041
Number of ribs 2 4498118 25.43 4498118 2249059  9.13  0.099
Angle of ribs 2 1035704 5.85 1035704 517852 210  0.322
Error 2 492584 2.78 492584 246292 -
Total 8 17690448 100.00 -

R-sq = 97.22%
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FIGURE 6.3: Graphical representation of Taguchi analysis Main effects plot for
S/N ratios of Pressure Drop results

6.3.2 Multiple Response Optimization Using the Weighted

Grey Relational Grade

The responses achieved through CFD simulation results provided in Table 6.13(a):,
including frequency, jet deflection angle, and pressure drop, followed by data pre-
processing using GRA. Firstly, the responses are normalized as shown in Table
6.13(b) using Eq. 3.17 for frequency and jet deflection angle and Eq. 3.18 for
pressure drop. The deviation sequences shown in Table 6.13(b) are then calculated.
Next, the GRC for each response value is computed using Eq. 3.19 as presented in
Table 6.13(b). Lastly, the GRG is obtained by averaging the GRC. The GRG data
as shown in Table 6.16 served as the foundation for the overall assessment of the
various performance parameters. The highest rank is given to the grade with the

highest value.

Table 6.15 presents the geometric mean and normalized weights obtained through

Eq. 3.23 and Eq. 3.24 from the pairwise matrix of Table 6.14. Eq. 3.25 is used
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TABLE 6.13: Simulation results and GRC analysis for Taguchi L9 array

(a) Simulation results for all responses

Run Aspect Number Angle Frequency Jet deflection Pressure
ratio of ribs of ribs (Hz) angle (°) drop (Pa)
Run 1 0.64 4 0 835 33.2 24150
Run 2 0.64 6 -18.5 790 42.3 24675
Run 3 0.64 8 18.5 730 32.4 25217
Run 4 1.00 4 -18.5 835 39.5 23332
Run 5 1.00 6 18.5 790 26.2 23423
Run 6 1.00 8 0 785 28.8 24275
Run 7 1.56 4 18.5 845 25.5 20769
Run 8 1.56 6 0 825 30.3 21508
Run 9 1.56 8 -18.5 800 35.7 23660

(b) Normalization, deviation, and grey relational coefficients (GRC)

Run Norm. Norm. Norm. Dev. Dev. Dev. GRC GRC GRC

freq angle press freq angle press freq angle press
Run1 0.9130 0.4583 0.2399  0.0870  0.5417 0.7601 0.8519  0.4800 0.3968
Run 2  0.5217 1.0000 0.1219  0.4783 0.0000 0.8781 0.5111 1.0000 0.3628
Run 3  0.0000 0.4107 0.0000  1.0000 0.5893 1.0000 0.3333 0.4590 0.3333
Run4  0.9130 0.8333 0.4238  0.0870 0.1667 0.5762 0.8519 0.7500 0.4646
Run 5  0.5217 0.0417 0.4033  0.4783 0.9583 0.5967 0.5111 0.3429  0.4559
Run 6  0.4783 0.1964 0.2118  0.5217 0.8036 0.7882 0.4894 0.3836  0.3881
Run 7 1.0000 0.0000 1.0000  0.0000 1.0000 0.0000 1.0000 0.3333  1.0000
Run 8  0.8261 0.2857 0.8339  0.1739 0.7143 0.1661 0.7419 0.4118 0.7506
Run 9  0.6087 0.6071 0.0578  0.3913  0.3929 0.9422 0.5610 0.5600 0.3467

to calculate the pairwise comparison matrix’s consistency index. By adding up

the relative scores column-wise, multiplying them by the appropriate normalized

weights of the responses, and then adding up the results, the value of A, is

determined.

The computed value of A\.x in this investigation is 3.0026, resulting in a CI of

0.0013. Eq. 3.26 is then used to calculate the matrix’s consistency ratio. A random

index (RI) of 0.52 for N = 3 for the three responses is used. For this study, the

final CR value is 0.0025. The CR value obtained from the pairwise comparison

matrix is used to evaluate the consistency of the judgments; a CR value of 0.1 or

less is typically regarded as acceptable, suggesting that the judgments made in this

study are dependable and consistent.
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The normalized weights obtained using Pairwise matrix of Table 6.14 and from
the AHP as indicated in Table 6.15 are used to compute the WGRG for each
simulation run, which is displayed in Table 6.16. The following weighted sum of
the GRCs is used to calculate the WGRGs

WGRG = 0.777 GRCFTequency+0' 111 GRCJet Deflection Angle+0- 111 GRCPressure Drop

TABLE 6.14: Pairwise matrix table obtained using Saaty scale

Responses Frequency Jet deflection angle Pressure drop
Frequency 1 7 7
Jet deflection angle 1/7 1 1
Pressure drop 1/7 1 1

TABLE 6.15: AHP geometric means and normalized weights

Responses Geometric mean Normalized weights
Frequency 3.65 0.777
Jet deflection angle 0.52 0.111
Pressure drop 0.52 0.111

This method made it possible to quantify each simulation run’s relative performance

using the weighted contribution of each factor.

Table 6.17 presents the findings of the integrated creation of the WGRG response

table for the factors, aspect ratio, number of ribs, and angle of ribs.

The WGRG level having the highest S/N ratio value is the optimum one. When
it comes to optimizing oscillator flow performance, the WGRG ranks the design
elements as follows: number of ribs > angle of ribs > aspect ratio. The optimum
design is aspect ratio = 1.56; number of ribs = 4; and angle of ribs = 0° based on

the examination of the S/N ratio of WGRG as shown in Fig. 6.4.

ANOVA results show that the WGRG is influenced by the factors aspect ratio,
number of ribs, and angle of ribs by 17.77%, 78.84%, and 1.89%, respectively, as
presented in Table 6.18. The ANOVA also demonstrated that the number of ribs
contributed the greatest percentile to the WGRG. In accordance with the findings
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TABLE 6.16: GRG and WGRG results for Taguchi L9 array

Grey relational Weighted grey relational

grade (GRG) grade (WGRG)
Run GRG Rank WGRG Rank
Run 1 0.5762 5 0.7592 3
Run 2 0.6246 4 0.5484 5)
Run 3 0.3752 9 0.3470 9
Run 4 0.6888 2 0.7967 2
Run 5 0.4366 7 0.4858 7
Run 6 0.4204 8 0.4659 8
Run 7 0.7778 1 0.9250 1
Run 8 0.6348 3 0.7055 4
Run 9 0.4892 6 0.5365 6

TABLE 6.17: Response table for WGRG S/N ratios

Level Aspect ratio Number of ribs Angle of ribs

1 -5.602 -1.681 -4.200
2 -4.960 -4.840 -4.019
3 -3.038 -7.079 -5.381
Delta 2.563 5.398 1.362
Rank 2 1 3

obtained from the Taguchi technique, the significance order of the studied design

factors is established as number of ribs > angle of ribs > aspect ratio.

6.3.3 Confirmatory Test

The objective of the confirmatory test is to verify the conclusion reached through
the Taguchi-GRA analysis stage. The results for the confirmation test are presented
in Table 6.19. The optimal design for oscillation frequency as obtained in Section
6.3.1.1 is not present in the L9 array, so further simulation as simulation run 10
are performed for the design with optimum levels. The predicted value of the

oscillation frequency at the optimum levels of the design factors is 868.9 Hz and
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FIGURE 6.4: Graphical representation of Taguchi analysis main effects plot of
S/N ratios for WGRG results

TABLE 6.18: WGRG — analysis of variance

Seq Contribution Adj Adj F- P-
Source DF g5 (%) ss MS  value value
Aspect ratio 2 0.049630 17.77 0.049630 0.024815 11.88  0.078
Number of ribs 2 0.220243 78.84 0.220243 0.110122 52.73  0.019
Angle of ribs 2 0.005292 1.89 0.005292  0.002646 1.27 0.441
Error 2 0.004176 1.50 0.004176  0.002088 - -
Total 8  0.279341 100.00 -
R-Sq = 98.50%

the actual value of oscillation frequency obtained through CFD simulation run
10 is 875 Hz. The error between the predicted and actual value for the optimum

design is 0.69%.

Fig. 6.5 (a) shows the frequency results for the optimum simulation run 10 and all
the Taguchi L9 array 9 simulation runs alongside simulation run 11. The frequency
for the optimum run 10 is 3.55% higher than the second highest run 7 and 19.9%
higher than run 3 with the lowest frequency. For the jet deflection angle presented
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TABLE 6.19: Confirmation test results for optimum designs

Oscillator Sim. Predicted Actual valueDiff.
Response design run value (CFD) (%)
Frequency (Hz) Aspect ratio = 1.56, number of Run 10 868.9 875 0.69
ribs = 4, angle of ribs = 0°
Jet deflection angle  Aspect ratio = 0.64, number of Run 2 42.8 42.3 1.17
(deg) ribs = 6, angle of ribs = —18.5°
Pressure drop (Pa)  Aspect ratio = 1.56, number of Run 7 20,850 20,769 0.39
ribs = 4, angle of ribs = 18.5°
WGRG Aspect ratio = 1.56, number of Run 10 0.955 0.945 1.05

ribs = 4, angle of ribs = 0°

in Section 6.3.1.2 and pressure drop presented in Section 6.3.1.3, the optimum
levels already exist in the Taguchi L9 array as simulation run 2 and simulation
run 7 respectively. The predicted jet deflection angle at the optimal levels of the
design factors is 42.8°, while the actual jet deflection angle determined by CFD
simulation is 42.3°. For the optimum design, there is a 1.17% discrepancy between
the predicted and actual values. Fig. 6.5 (b) presents the jet deflection angle results
for all the L9 array simulations and run 10. The jet deflection angle is 6.6% higher
for the optimum run 2 as compared to run 4 with the second highest deflection
angle and it achieves an increase of 39.7% of jet spreading when compared to the

lowest jet deflection angle run 7.

The Taguchi analysis predicted the optimal value of pressure drop to be 20,850 Pa
and the actual pressure drop value obtained through CFD simulations is 20,769 Pa
giving a difference of 0.4%. Fig. 6.6 (a) shows the pressure drop results for all the
simulation runs. The pressure drop for optimum run 7 experienced a reduction
of 1.2% from the second lowest pressure drop of run 10 and a reduction of 17.6%

from the highest pressure drop of run 3.

Since the L9 array does not contain the optimal design for multi-objective opti-
mization response WGRG, but it’s the same as the optimum frequency simulation
run 10. The actual value of the WGRG, as determined by CFD simulation run
10, is 0.955, while the predicted value at the optimal levels of the design factors is
0.945. Fig. 6.6 (b) shows the highest WGRG value of simulation run 10 is 0.945
and it is higher than the Taguchi L9 array’s highest WGRG value of 0.925 obtained

in simulation 7.
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FIGURE 6.5: Frequency and deflection angle results for all simulation runs
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6.3.4 Internal Flow Dynamics of Fluidic Oscillators

In this section, the internal flow dynamics of the oscillators with optimized results
will be discussed and compared to a reference oscillator with a smooth Coanda
surface. As discussed in previous chapters, when the jet passes through the supply
nozzle and enters the mixing region of a double-feedback fluidic oscillator, even
minor flow disturbances generate a pressure difference along the walls of the mixing

region.

This pressure difference triggers the Coanda effect, where the jet is drawn toward
and attaches to one of the walls. As the jet moves progressively closer to the wall,
the Coanda effect intensifies, eventually leading to full jet attachment. Complete
attachment corresponds to a phase angle of ¢ = 0°, indicating that both the
inlet and outlet jets are in phase, resulting in zero deflection at the exit throat.
Meanwhile, some part of the jet flows into the feedback channel. Moving through
the feedback, it returns and interacts with the main jet entering through the
supply nozzle. This interaction forces the main jet to detach from the initial
wall, redirecting it toward the opposite wall. When the jet fully transitions to
the opposite wall, it corresponds to a phase angle of 180°. The jet oscillates
symmetrically, progressing through phase angles ¢ of 0°, 45°, 90°, 135°, and 180°,
which represent half of the oscillation cycle. The cycle repeats in a symmetrical
manner, ensuring a continuous oscillating motion of the jet. After the internal
switching completes, the oscillating jet generates a sweeping action in the external

domain.

Fig. 6.7 presents the streamline plots for both the reference smooth oscillator and
the optimized oscillator designs, specifically for Simulation Run 2, Simulation Run 7,
and Simulation Run 10. The streamline plots reveal that at ¢ = 0°, the jet entering
the mixing chamber attaches to one side of the Coanda surface, forming a primary
separation bubble near the opposite Coanda surface. Among the examined designs,
the smooth oscillator produces the largest separation bubble and lowest oscillation
frequency (355 Hz), while Simulation Run 10 of the optimized design results in the
smallest bubble and highest oscillation frequency (875 Hz). A smaller separation
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FIGURE 6.7: Streamline plots for optimum designs and smooth oscillator at
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bubble facilitates faster switching of the jet from one wall to the other, thereby
enhancing the oscillation frequency. In this regard, Simulation Run 7 generates the
second smallest bubble and consequently the second highest oscillation frequency,
followed by Simulation Run 2 and then smooth oscillator. The size of the primary
separation bubble is greatly influenced by the number of ribs and the aspect ratio.
A lower number of ribs combined with a higher aspect ratio leads to a minimal
separation bubble size. Conversely, introducing tilted ribs increases the bubble size.
When the number of ribs is less and the aspect ratio is high without any rib tilt,
the flow passage within the mixing chamber becomes more narrowed, resulting in
an elevated jet velocity. This increase in velocity compresses the separation bubble,
as depicted in Simulation Run 10. Additionally, the presence of ribs in the mixing

chamber deflects the jet from the Coanda surface, preventing its attachment. This
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deflection further contributes to reducing the separation bubble size. On the other
hand, as the number of ribs rises and the aspect ratio lowers, the jet deflection
diminishes, leading to the creation of a larger separation bubble on the opposite
side and consequently a lower oscillation frequency as shown by smooth oscillator

design.

In Simulation Run 2, the jet experiences the highest jet deflection angle among
the ribbed oscillators as it can be observed that the jet moves nearer the Coanda
surface, exiting the oscillator at a higher spread angle. The closer movement
toward the Coanda surface is supported by a higher number of ribs and a lower
aspect ratio, making wider space for the jet but at the expense of creating a larger
separation bubble on the opposite side. At a phase angle of ¢ = 45°, the feedback
channel jet flow rejoins the main flow and initiates a deflection of the main jet
toward the opposite wall. As the phase angle advances to ¢ = 90° and ¢ = 135°, a
similarly shaped separation bubble starts to emerge on the opposite side across all
designs. By ¢ = 180°, the development of this identical separation bubble on the
opposite side is complete for each design. At this point, the flow reattaches to the

opposing side, signifying the half of the jet oscillation cycle.

Fig. 6.8 (a) illustrates pressure contours at a phase angle ¢ = 0° for the reference
smooth oscillator and optimized designs; Simulation Run 2, Simulation Run 7

(optimized for minimal pressure drop), and Simulation Run 10.

The pressure distribution within the oscillators indicates varying flow behaviors
based on the design variations. The smooth oscillator exhibits a relatively low overall
pressure range, with a substantial low-pressure region formed in the mixing chamber
and feedback channels. In contrast, simulation run 2, which has 6 number of ribs on
each side, demonstrates a noticeable increase in overall pressure, accompanied by
low-pressure region size squeezing. Simulation Run 7, optimized for pressure drop,
presents an intermediate behavior where the balance between pressure rise and
bubble formation leads to stable jet oscillations. Here, the low-pressure zone’s size
directly influences the separation bubble, which plays a critical role in governing

the flow dynamics. Finally, Simulation Run 10 shows almost similar pressure
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behavior across the system. Overall, these pressure contours highlight the intricate
relationship between rib geometry and the resulting flow characteristics in different
oscillator designs. The optimum pressure drop in Simulation Run 7 results from
its lower number of ribs, higher aspect ratio, and rib geometry with an 18.5° tilt in
the flow direction, which reduces jet attachment to the Coanda surface as depicted
through streamline plots as well. The design promotes early flow detachment from
the Coanda surface, decreasing pressure drag and overall pressure losses. Compared
to the smooth oscillator, where stronger jet attachment to the Coanda surface
causes higher pressure drag, the enhanced detachment in Run 7 ensures smoother

jet switching and more efficient pressure recovery, leading to lower pressure drop.

Fig. 6.8 (b) shows vorticity magnitude contours at ¢ = 0° for different oscillator
designs. In Simulation Run 2, ribs along the Coanda surface create localized
high-vorticity zones, causing jet deflection toward one side of the mixing chamber,
forming the largest bubble size compared to other ribbed designs. Simulation Run
7, with tilted ribs, reduces bubble size as the jet is directed more towards the center
by high vorticity guiding flow on both sides. Similarly, Simulation Run 10 displays
the smallest separation bubble, as the jet is pushed further toward the center by
the high vorticity guides on both sides. These results highlight how rib geometry
influences vorticity distribution, separation bubble formation, and jet oscillation

dynamics.

In Simulation Run 2, the pressure contours show a higher pressure gradient near
the Coanda surface, indicating better flow attachment and control. This optimized
pressure distribution helps steer the jet more effectively, resulting in the observed
39.7% improvement in jet deflection angle. The vorticity magnitude contours reveal
stronger vortical structures near the Coanda surface, which enhance momentum
exchange between the main jet and the feedback flows. The ribs on the Coanda
surface create localized high-pressure regions and controlled vortices that maintain
flow coherence and enhance jet steering. For Simulation Run 7, the pressure
contours reveal a smoother and more uniform pressure distribution compared to
the baseline design, indicating reduced pressure drag on Coanda surface and energy

losses due to the tilted ribs in the direction of main jet flow. This contributes to
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the 17.6% reduction in pressure drop. The vorticity contours show a more uniform
distribution of vorticity, further supporting the reduction in turbulence and energy
dissipation. The ribs help streamline the flow, minimizing chaotic vortical structures
and optimizing energy transfer within the oscillator. In Simulation Run 10, the
pressure contours show distinct pressure differentials across the feedback channels,
which are critical for driving the oscillation mechanism. The ribs enhance pressure
recovery, leading to a more stable and rapid oscillation cycle. The vorticity contours
exhibit well defined vortical patterns, particularly in the feedback channels, which
promote faster switching of the jet between the channels. Additionally, the smaller
separation bubble in the mixing chamber, as indicated by both pressure and
vorticity distributions and streamline plots, reduces flow resistance and allows for
quicker transitions, contributing to the 19.9% increase in oscillation frequency.
The pressure and vorticity contours demonstrate that the ribbed Coanda surface
improves performance by optimizing pressure distribution, generating controlled
vortical structures, and reducing pressure drag. These mechanisms, along with
the smaller separation bubble in the mixing chamber, collectively explain the
significant improvements in oscillation frequency, jet deflection angle, and pressure

drop observed in the optimized designs.

6.3.5 Conclusion

A comprehensive study is conducted to optimize the flow performance of a double-
feedback fluidic oscillator by integrating computational fluid dynamics (CFD)
modeling with the Taguchi-Grey relational analysis approach. The design factors
aspect ratio, number of ribs, and angle of the rib are analyzed at three distinct
levels: 0.64, 1.00, and 1.56; 4, 6, and 8; and 0°, —18.5° and +18.5° respectively, to
assess their influence on oscillation frequency, jet deflection angle, and pressure

drop. The conclusions drawn from this research are summarized as follows:

The analysis of the Taguchi orthogonal array revealed that the number of ribs is
the most significant factor affecting the oscillation frequency and overall oscillator

performance. ANOVA results indicated a 65.01% contribution of the number of ribs
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in maximizing the frequency. The oscillation frequency of 875 Hz for the optimum
design Simulation Run 10 is found to be higher by 19.9% as compared to other
designs. The angle of the ribs exhibited a dominant influence on the jet deflection
angle. According to the ANOVA table the angle of ribs contributed 76.86% in
maximizing the jet spreading angle. The jet deflection angle is increased for the
optimum Simulation Run 2 by 39.7%. The aspect ratio played a crucial role in
minimizing the pressure drop. The contribution of the aspect ratio in minimizing
the pressure drop is 65.93% as per ANOVA results. The pressure drop for the
optimum design Simulation Run 7 is reduced by 17.6%. The Grey Relational
Analysis, coupled with the Analytical Hierarchy Process for weight determination,
confirmed these findings and provided a robust framework for achieving multi-
objective optimization. Analysis of variance (ANOVA) highlighted the statistical
significance of the design factors. The optimized design parameters successfully
enhanced the flow performance of the fluidic oscillator, demonstrating the effec-
tiveness of the proposed methodology in achieving multi-objective optimization for
advanced fluidic systems. The analysis of internal flow dynamics in fluidic oscilla-
tors highlights significant differences between the optimized designs and a reference
oscillator with a smooth Coanda surface. The comparison of streamline plots,
which highlight separation bubble formation, demonstrates that optimized designs
significantly enhance oscillatory performance by forming smaller separation bubbles.
For instance, Simulation Run 10 achieves the highest oscillation frequency (875 Hz)
and smallest separation bubble size, attributed to a low number of ribs and a high
aspect ratio. These parameters narrow the flow passage, increasing jet velocity and
compressing the separation bubble. Conversely, the smooth oscillator produces the
largest bubble and lowest frequency (355 Hz), highlighting its lower efficiency. A
higher rib count and reduced aspect ratio increase jet deflection but create larger
bubbles on the opposite side, reducing oscillation frequency. Simulation Run 7,
enhances performance by promoting early jet detachment and minimizing pressure
losses through tilted ribs and a higher aspect ratio. These findings underscore the
influence of geometric parameters, such as the number of ribs, aspect ratio, and

angle of ribs, on jet dynamics and oscillation behavior in fluidic oscillator design.



Chapter 7

Taguchi-based Optimization of a
Fluidic Oscillator for Enhanced
Thermal-Hydraulic Performance

of an Impinging Sweeping Jet

7.1 Introduction

Following the geometric optimization of Coanda surface ribs, where aspect ratio
and number of ribs were first analyzed (Chapter 4 and Chapter 5) and subsequently
refined through a combined CFD-Taguchi-Grey relational approach to optimize
oscillation frequency and jet deflection angle (Chapter 6), this chapter presents
the results of the thermal performance analysis of the two novel optimized ribbed

designs.

A Taguchi-designed parametric study examines the interplay between rib config-
uration (frequency optimized and jet deflection optimized), jet to target surface
distance, hot target surface length, and Reynolds number (Re) to quantify their
collective impact on heat transfer enhancement. The thermal performance of each

ribbed oscillator is benchmarked against a smooth surfaced baseline, utilizing heat

141
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transfer simulations to resolve Nusselt number distributions on the hot target
surface. The throat sizes at the inlet and exit points are maintained uniformly in

every configuration and the computational domain is presented in Fig. 7.1.

Furthermore, the investigation explores how changes in Reynolds number, the
spacing between the jet and the target plate, and the length of the impingement
hot surface affect thermal performance. The thermal efficiency outcomes of the
newly developed oscillator configuration are evaluated against those obtained using

a conventional smooth Coanda profile oscillator.

A Taguchi-based optimization technique is utilized to methodically enhance the
thermal exchange characteristics of the fluidic oscillator setup under investigation.
The outcomes seek to offer a deeper understanding of thermal optimization for
oscillators with ribbed surfaces and to clarify the correlation between oscillation

frequency and improvements in heat transfer.
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7.2 Problem Formulation

7.2.1 Taguchi Factors and Levels for Heat Transfer Analysis

In heat transfer analysis, four parameters at three different levels, oscillator design
group (OG1, OG2, and OG3), Reynolds number (85,500; 101,000; and 114,600),
jet-to-target surface distance (2, 4, and 6), and the length of the target surface (20,
30, and 40) are studied as depicted in Table 7.1. The Reynolds number, defined as

is calculated using the velocity and diameter of the exit throat. The oscillator
design group comprises a smooth oscillator (HT0), an optimum design of oscillator
based on jet deflection angle (HT1), and an optimum design of oscillator based on

oscillation frequency (HT2).

These are grouped to assess the enhancement in heat transfer for each optimum

design relative to the smooth oscillator across all simulation runs.

Specifically, oscillator design group OG1 includes HTO-HT1-HT2, OG2 includes
HTO0-HT2-HT1, and OG3 includes HT1-HTO-HT?2 oscillators.

The Taguchi L9 orthogonal array, structured as a 3* (four factors, each at three

levels) design, indicating the simulation runs for heat transfer analysis is presented

in Table 7.2.

TABLE 7.1: Design factors and their levels for Taguchi design of experi-
ment—heat transfer analysis

Control factors Level 1 Level 2 Level 3
Oscillator design group 0G1 0G2 0G3
Jet-to-target distance (H/D) 2 4 6
Reynolds number 85,500 101,000 114,600

Target surface length (L/D) 20 30 40
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TABLE 7.2: Taguchi orthogonal array geometries (L9) for heat transfer analysis

HT sim. run Oscillator Jet-to-target Reynolds Target surface
’ design group distance (H/D) number length (L/D)

HT simulation 1 0G1 2 85,500 20

HT simulation 2 0G1 4 101,000 30

HT simulation 3 0OG1 6 114,600 40

HT simulation 4 0G2 2 101,000 40

HT simulation 5 0G2 4 114,600 20

HT simulation 6 0G2 6 85,500 30

HT simulation 7 0G3 2 114,600 30

HT simulation 8 0OG3 4 85,500 40

HT simulation 9 0G3 6 101,000 20

7.3 Heat Transfer Performance Optimization

7.3.1 Nusselt Number Optimization

In this section, the optimal Nu values will be identified for the three oscillator
designs across various factors and levels specified in Table 7.2. Based on this
analysis, the oscillator design with the highest Nu will be determined. The Nu
results, along with their respective S/N ratios for the three design configurations
HTO, HT1, and HT2, are compiled in Table 7.3. The Nu values span from a
minimum of 105 to a maximum of 205. As depicted in Fig. 7.2, the S/N ratio
analysis for Nu demonstrates that the optimal design parameters include OG3,
H/D) =2, Re = 114,600, and L/D = 20. A greater S/N ratio signifies enhanced heat
transfer performance. As the heat transfer L9 orthogonal array did not encompass
the optimal configuration for the Nu, a supplementary computational analysis,
referred to as HT simulation 10, was performed to evaluate the design with optimal
settings. The predicted Nu under these optimized conditions was calculated to
be 224. However, the CFD analysis for HT simulation 10 produced an actual
Nu of 231, leading to a discrepancy of 3.1% between the predicted and simulated
results. This optimal Nu value was derived from the oscillator design HT2, which
was obtained through the optimization of oscillation frequency. The influence of
different design parameters on the Nu was evaluated through ANOVA, as presented
in Table 7.4. The results indicate that the L./D plays the most dominant role in
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determining Nu, accounting for 44.71% of the contribution, with a p-value of 0.033,
which is statistically significant at the 5% level. Furthermore, the model exhibits
high reliability, as evidenced by an R-squared value of 98.48%.

TABLE 7.3: Nu results obtained by numerical study and Taguchi method for
heat transfer analysis

HT simulation run Nu HT0 Nu HT1 Nu HT2 S/N ratio

HT simulation 1 172 176 179 33.04
HT simulation 2 137 150 167 32.77
HT simulation 3 109 123 132 32.38
HT simulation 4 148 154 160 32.82
HT simulation 5 191 204 214 33.28
HT simulation 6 105 118 128 32.31
HT simulation 7 187 198 205 33.23
HT simulation 8 110 114 124 32.31
HT simulation 9 165 167 173 32.97

TABLE 7.4: Analysis of variance for Nu HT2

Source DF Seq SS Contr. (%) AdjSS AdjMS F P
Jet-to-target (H/D) 2 2114.0 25.08 2114.0  1057.00 16.52 0.057
Reynolds number 2 2418.0 28.69 2418.0 1209.00 18.89 0.050
Target length (L/D) 2 3768.0 44.71 3768.0  1884.00 29.44 0.033
Error 2 128.0 1.52 128.0 64.00

Total 8 8428.0 100.00

R? = 98.48%

7.3.1.1 Relationship Between Oscillation Frequency and Nusselt Num-
ber Trends

As illustrated in Fig. 7.3, the cyclic oscillation frequency (f) of the HT2 oscillator
design shows a consistent increase across all L9 array simulations when compared

to the HT'1 and HTO oscillator designs. The cyclic oscillation frequency and the
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oscillation frequency (F) derived from FFT exhibit distinct characteristics due to

the underlying physical phenomena they represent.

The cyclic oscillation frequency corresponds to the time taken for the jet to complete
one full side-to-side oscillation cycle, similar to a pendulum completing a full swing.
In contrast, the oscillation frequency obtained from FFT captures not only the
primary oscillation but also the flapping of the jet around its longitudinal axis.
Since the data point used for FFT analysis records this local fluctuation, it detects

the additional motion caused by flapping.

In ribbed oscillator configurations, the presence of ribs induces additional flow
disturbances, causing the jet to exhibit a flapping behavior. This flapping motion

effectively doubles the frequency component observed in the FFT analysis.

As a result, the oscillation frequency measured via FFT is approximately twice the
cyclic oscillation frequency. This difference arises because the FFT-based frequency

accounts for both the primary oscillation and the superimposed flapping dynamics,
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whereas the cyclic oscillation frequency solely reflects the fundamental oscillation
cycle of the jet. This increasing trend of cyclic oscillation frequency, as shown
in Fig. 7.3 (a), is particularly significant, as it highlights the effectiveness of the
HT2 design in achieving higher frequencies. The HT1 oscillator design, while
showing improvements over the baseline HT0 design, does not reach the same
level of frequency as the HT2 design. The observed increase in frequency for the
HT2 design is closely correlated with its enhanced heat transfer performance, as

evidenced by the corresponding Nu results shown in Fig. 7.3 (b).

Specifically, the HT2 design, which exhibits the highest frequency, also achieves the
highest Nu values across all test conditions. This relationship between frequency
and Nu is consistent, indicating that higher frequencies contribute to a more
effective heat transfer rate. The HT1 design, with its intermediate frequency,
also shows elevated Nu values compared to the HTO design but falls short of
the performance achieved by the HT2 design. The HTO0 design, with the lowest
frequency, consistently exhibits the lowest Nu values. The influence of frequency
on heat transfer enhancement can be attributed to several underlying mechanisms.
Higher frequencies promote increased fluid mixing and turbulence, which in turn
enhance the convective heat transfer process. These factors collectively contribute

to the elevated Nu values observed in the HT2 design.

7.3.2 Performance Enhancement Criteria Optimization

Following the identification of the HT2 configuration as the design with the highest
Nu value, an in-depth evaluation was conducted to quantify and optimize the
performance enhancement criteria (PEC) values for the novel ribbed designs in
contrast to the baseline smooth oscillator. PEC is obtained through the following

Eq. (7.1):

Nu,/Nuy

PEC= (AP./AP,)\/3

(7.1)
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Here Nu, is the Nusselt number of the new ribbed oscillator while Nu, is the
Nusselt number of the smooth oscillator. AP, and AP, are the pressure drops
across the domain for the new ribbed oscillator and smooth oscillator, respectively.
The PECyt; and PECyty are calculated in comparison with the smooth oscillator
which has a PECytg = 1. A value of PEC > 1 indicates an overall enhancement
in performance relative to the smooth baseline configuration, whereas a value of

PEC < 1 signifies a reduction in performance.

The PEC values, derived from computational simulations, along with their as-
sociated S/N ratios for oscillator configurations HT'1 and HT2, are presented in
Table 7.5. The calculated PEC values vary from 1.011 to 1.229. Fig. 7.4 depicts
the S/N ratio analysis for PEC, revealing that the optimal design parameters for
both oscillator designs HT1 and HT2 are OG1, H/D = 6, Re = 114,600, and
L/D = 30. In this context, a higher S/N ratio corresponds to an enhanced PEC.
As the L9 orthogonal array did not include the optimal parameter combination
for maximizing PEC, an additional computational investigation, referred to as
HT simulation 11, was performed to evaluate performance under ideal conditions.
The predicted PEC value under these optimized settings was calculated as 1.258.
However, the actual PEC derived from CFD-based analysis for HT simulation 11
was 1.252, resulting in a 2.3% discrepancy between the predicted and simulated

outcomes.

TABLE 7.5: PEC results and corresponding S/N ratios obtained by Taguchi
method for heat transfer analysis

HT simulation run PEC HT1 S/N ratio PEC HT2 S/N ratio

HT simulation 1 1.025 0.212 1.049 0.416
HT simulation 2 1.097 0.805 1.229 1.792
HT simulation 3 1.131 1.066 1.221 1.730
HT simulation 4 1.042 0.361 1.091 0.760
HT simulation 5 1.070 0.588 1.128 1.048
HT simulation 6 1.122 0.999 1.224 1.758
HT simulation 7 1.060 0.509 1.107 0.879
HT simulation 8 1.038 0.325 1.136 1.108
HT simulation 9 1.011 0.099 1.056 0.473

The highest PEC value was attained with the HT2 oscillator design, which was

identified as the most efficient configuration through frequency-based optimization.



Taguchi-based Optimization of a Fluidic Oscillator... 150

Main Effects Plot for SN ratios
Data Means

T g — H :

0.87

Mean of SN ratios

06l 062  0G3 2 4 6 85500 101000 114800 20 30 40

Signal-te-noise: Larger Is better
(a)

Main Effects Plot for SN ratios
Data Means

el Desian G PEE—— oD F a— o

Mean of SN ratios

061 0G2 062 2 4 5 85500 101000 114500 20 30 40

Signal-to-noise: Larger is better

(b)

FIGURE 7.4: Graphical representation of Taguchi analysis main effects plot for
S/N ratios of (a) PEC HT1 (b) PEC HT?2, results



Taguchi-based Optimization of a Fluidic Oscillator... 151

Under the same optimum setting, the PEC value of the HT1 oscillator design was
computed to be 1.156. The corresponding Nu at these optimum conditions were
found to be 136 for HT0, 157 for HT1, and 169 for HT2. An increase of 15.4%
in Nu for HT'1 and an increase of 24.3% for HT2 were obtained as compared to
the smooth oscillator. The influence of various design parameters on PEC was
further examined using ANOVA. The analysis indicates that the L/D is the most

significant factor, accounting for 45.43% of the variation in PEC.

As previously discussed, the HT2 oscillator design, which focuses on optimizing
the oscillation frequency, demonstrated the most significant enhancement in the
performance of the oscillator system under investigation. This design achieved a

PEC value of 1.252, indicating superior thermal and hydraulic performance.

In comparison, the HT1 oscillator design, optimized for the jet deflection angle,
attained a PEC value of 1.156. Although it was lower than that of the HT2 design,
it still surpassed the performance of the baseline smooth oscillator design. These
results highlight the effectiveness of targeted design optimizations in improving

oscillator performance.

Fig. 7.5 presents a comprehensive comparison of the frequency and Nu results for
all three oscillator designs under optimum conditions. The results indicate that
the HT2 oscillator design achieves the highest frequency and Nu values, reflecting
its enhanced thermal and flow dynamic performance. Notably, a consistent and
similar trend is observed between the frequency and Nu values across all three

designs, suggesting a strong correlation between these parameters.

The HT?2 oscillator operates at a frequency of 505 Hz, which is 18.8% higher than
the frequency of the baseline HT0 smooth oscillator (425 Hz). This increase in
frequency is accompanied by a 24.3% improvement in the Nu value, with the ribbed

optimized HT2 oscillator design achieving a Nu of 169 compared to the baseline

HTO smooth oscillator’s Nu of 136.

Similarly, the HT1 oscillator design, which focuses on optimizing the jet deflection

angle, exhibits a frequency of 450 Hz, representing a 5.9% increase over the HT0
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oscillator. Additionally, the Nu value for the HT1 design rises to 157, marking
a 15.4% improvement compared to the HTO oscillator. While the performance
gains of the HT'1 design are more modest than those of the HT2 design, they still
demonstrate the benefits of optimizing geometric and flow parameters in oscillator

systems.

7.3.2.1 Robustness Assessment of Optimized Designs Under Varying
Re Conditions

The robustness of the optimized oscillator designs was evaluated across three differ-
ent Reynolds numbers (Re = 85,500, 101,000, and 114,600). Fig. 7.6 demonstrates
that both optimized designs maintain consistent performance advantages: the HT2
design delivers > 21% higher Nu values than HTO0 across all tested Re conditions,
while HT'1 shows a > 12% improvement. Frequency performance follows similar
trends, with HT2 maintaining > 18% higher frequencies versus HT0 and HT1
showing > 1.5% increases. Both optimized designs exhibit stable oscillation charac-
teristics and predictable, near-linear scaling with Reynolds number. These results
confirm reliable operation under flow variations, substantiating the designs’ practi-
cal viability for applications like turbine blade cooling where operating conditions
frequently deviate from nominal points. The consistent performance improvements

across all tested Re values highlight the robustness of both optimization approaches.

7.3.3 Flow Dynamics Assessment for Oscillator Designs

Performance Comparison

The performance of the three oscillator designs, HT0, HT1, and HT2 can be
effectively analyzed through velocity contour plots shown in Fig. 7.7 and the
variation of the Nu for L/D (target surface length normalized by the radial distance
from the stagnation point). The velocity contour plots present distinct flow patterns
for each oscillator design, particularly in terms of jet attachment to the target

surface.
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FIGURE 7.7: Velocity contour plots for jet impingement of all three oscillator
designs under optimum conditions at different phase angles

The HT2 oscillator design demonstrates the most favorable flow characteristics,
with the jet remaining attached to the target surface over a significantly longer

length compared to the other designs.

This extended attachment length enhances the convective heat transfer process, as

the cooling effect of the jet is sustained over a larger area of the target surface.

The HT1 oscillator design also shows improved jet attachment relative to the
baseline HTO0 design, though the attachment length is shorter than that of the HT2
design. In contrast, the HT0 design exhibits the earliest jet detachment, resulting

in a reduced cooling effect and lower overall thermal performance.
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Fig. 7.8 illustrates the underlying mechanisms responsible for the early jet detach-
ment observed in the HT0 design and the delayed jet detachment from the heated
surface in the HT2 design during jet impingement cooling. The momentum contour
plots reveal distinct behavioral patterns in the jet dynamics across the three designs.
In the HTO configuration, the jet undergoes detachment at a phase angle of & =
45°, remaining detached until & = 112.5°, and subsequently partially reattaching
at & = 135°. A similar initial detachment is observed in the HT1 design at ®
= 45°; however, partial reattachment occurs earlier at & = 112.5° and complete
reattachment at & = 135°, indicating a marginally improved behavior compared to
HTO. In contrast, the HT2 design demonstrates a delayed jet breaking, with the
break occurring at ® = 90°, followed by complete reattachment at ® = 135°. The
analysis further highlights the spatial characteristics of the jet detachment. In the
HTO design, a significant gap is evident between the separated jet streams, which
persists over a prolonged duration. This gap is comparatively smaller in the HT'1
design, while in the HT2 configuration, the gap is minimal, facilitating a more
rapid reattachment of the jet. The reduced gap and accelerated reattachment in
the HT2 design enable the jet to maintain its structural integrity for an extended
period. As a result, when the jet impinges on the target surface, detachment
is delayed, allowing the jet to cover a larger surface area. This expanded area
of jet impingement enhances the cooling coverage, leading to more efficient heat
extraction from the hot surface. Consequently, the HT2 design exhibits superior
heat transfer performance due to its ability to sustain jet stability and maximize

the cooling surface area, thereby achieving higher thermal performance.

The variation of the Nu with L/D shown in Fig. 7.9 further corroborates the obser-
vations from the velocity and momentum contour plots. The HT?2 oscillator design
exhibits the highest Nu values across the target surface, indicating superior heat
transfer performance. The Nu values for HT2 remain elevated up to approximately

13D, after which the curve begins to flatten.

This delayed flattening is consistent with the extended jet attachment observed
in the velocity and momentum contours, as the sustained attachment allows for

efficient heat transfer over a longer surface length. The HT1 oscillator design, while
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FIGURE 7.8: Momentum contour plots for all three oscillator designs under
optimum conditions at different phase angles

outperforming the HT0 design, shows a slightly earlier flattening of the Nu curve
at around 12D.

This corresponds to its intermediate jet attachment length, which is longer than
that of HT0 but shorter than HT2. The HTO design, on the other hand, exhibits
the lowest Nu values and the earliest flattening of the curve at approximately 11D.
This early flattening is indicative of premature jet detachment, which limits the

cooling effectiveness and results in lower thermal performance.

The results highlight the critical role of jet attachment length in determining the
heat transfer performance of oscillator designs. The HT2 design, with its optimized
frequency, maximizes jet attachment and cooling performance, making it the most
effective among the three designs. The HT1 design, optimized for jet deflection
angle, also demonstrates significant improvements over the baseline HT0 design
but falls short of the performance achieved by HT2. These findings show the
importance of design optimization in enhancing the thermal and hydrodynamic

performance of oscillator systems.
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under optimum conditions

The results demonstrate that ribbed Coanda surfaces offer better performance
characteristics with direct relevance to engineering applications. For thermal man-
agement systems (e.g., turbine blade cooling), the ribbed geometry enhances heat
transfer through two effects: (1) intensified cooling from improved jet impingement
dynamics and (2) system wide efficiency gains via turbulent mixing. The 24.3%
Nu enhancement achieved in present study demonstrates practical significance for
turbine blade cooling applications, where such improvements can reduce cooling
flow requirements, while improving temperature uniformity. These gains directly
translate to extended component lifetimes and increased engine efficiency. In aero-
dynamic flow control, the ribbed design enables application-specific optimization,
favoring high-frequency oscillations for separation control or strong jet deflection for
flap attachment. The quantified performance enhancements establish that ribbed
geometries provide a viable design approach for meeting the competing demands
of thermal efficiency and flow control in practical engineering systems, particularly

in turbomachinery and aerodynamic applications.
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7.4 Conclusion

This study optimizes the hydrodynamic and thermal performance of a double-
feedback fluidic oscillator by redesigning the Coanda surface geometry. Using the
Taguchi method, we analyzed key design factors, including: Ribbed optimized os-
cillator designs, Reynolds number (85,400, 101,000, 114,600), jet-to-target distance
(2, 4, 6), and target surface length (20, 30, 40) were systematically analyzed to

achieve significant improvements.

Computational simulations employed the SST k-w turbulence model, which effec-
tively captures complex flow behaviors like separation and reattachment. Grid
independence and model validation ensured reliable results. The initial analysis of

the study exhibited the following key features:

i. In the thermal performance the optimal Nu values were identified for the

three oscillator designs (HT0, HT'1, HT2) across various factors and levels.

ii. Optimal design parameters achieved were design HT2, H/D = 2, Re =
114,600, and L/D = 20, achieving a peak Nu of 224.

iii. The key influence was by L/D having the strongest impact (44.71% contribu-
tion per ANOVA), with the HT2 design optimized for oscillation frequency.

iv. Primary separation bubble size in the mixing chamber directly controlled
oscillation frequency, and the higher the oscillation frequency, the higher the

Nu was observed.

Following the identification of the HT2 configuration as the most efficient in
improving heat transfer performance, an in-depth evaluation was conducted to
quantify and optimize the PEC values for the innovative ribbed designs in contrast

to the baseline smooth oscillator.

i. The optimized design improved thermal performance, increasing the Nu by
24.3% with a PEC of 1.252. Key parameters were H/D = 6, Re = 114,600
and L/D = 30.
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ii. This boost was mainly due to longer jet attachment on the hot surface,

enhancing heat transfer.

iii. The ribbed Coanda surface also helped by improving flow mixing and energy

distribution.

These findings highlight the effectiveness of the Taguchi optimization approach
in refining fluidic oscillator performance and emphasize the critical role of higher
oscillation frequencies, optimized flow dynamics, and geometric modifications in
achieving superior thermal performance. This research provides valuable insights for
advancing fluidic oscillator designs in applications requiring enhanced heat transfer
and flow control, such as turbine blade cooling, electronic component cooling,
energy-efficient heat exchangers, and other industrial fluidic systems. The findings
pave the way for future studies involving experimental validation and exploration
of advanced geometric variations such as dimpled or curved rib configurations
to further optimize jet dynamics and improve the overall performance of fluidic
oscillators in practical engineering applications. The outcomes of this work pave
the way for further exploration of advanced geometric configurations and operating
conditions to maximize the performance of fluidic oscillators in practical engineering

applications.



Chapter 8

Conclusion and Future Work

This chapter summarizes the main findings of the present research in the form of
key conclusions. It highlights the significant research contributions derived from

the numerical and optimization studies.

Furthermore, it outlines future research directions aimed at extending and enhancing

the current work.

8.1 Conclusion

This research has systematically investigated the design and optimization of fluidic
oscillators with ribbed Coanda surfaces through an integrated computational and

statistical approach.

Using advanced numerical simulations, the study evaluated the effects of key

geometric parameters on oscillator performance.

This evaluation was conducted by combining the Taguchi design of experiments

with Grey Relational Analysis.

The major findings reveal that rib modifications significantly enhance both hydro-

dynamic and thermal characteristics.

161
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8.1.1 Hydrodynamic Performance

The rib aspect ratio (0.64-1.56) strongly influences jet oscillation by modifying the
recirculation bubble in the mixing chamber. Higher aspect ratio ribs reduce the
bubble size, lower flow resistance, and enable faster jet switching between walls,
resulting in improved overall performance. For instance, the highest aspect ratio
case (AR,ps = 1.56) shows a 131% increase in oscillation frequency compared to the
smooth configuration. In addition, higher aspect ratios enhance overall efficiency,
as reflected by the FDPR, while slightly restricting jet deflection due to stronger
flow confinement. Similarly, the number of ribs (1-6) affects the separation bubble
dynamics and oscillator performance. Fewer ribs produce smaller bubbles and
higher frequencies, but an intermediate configuration (four ribs) provides the best
balance between frequency, jet deflection, and pressure drop. As an example, four
ribs achieve a 146% increase in frequency while maintaining a reasonable deflection
angle, and the FDPR is also significantly higher than for other configurations.
This highlights that both rib aspect ratio and number of ribs can be optimized to

enhance jet oscillation efficiency while controlling energy losses.

8.1.2 Multi-objective Optimization Insight

Through multi-objective optimization, the research identified that rib count has
the dominant effect (65.01% contribution) on oscillation frequency, while rib angle
most influences jet deflection (76.86% contribution) and aspect ratio primarily
affects pressure drop reduction (65.93% contribution). The optimized oscillator
design achieved simultaneous improvements of 19.9% in frequency, 39.7% in jet

deflection angle, and 17.6% reduction in pressure drop.

8.1.3 Thermal Performance

When applied to impinging jet cooling, the ribbed oscillator (HT2) outperformed
the smooth design by 24.3% in Nu and achieved a PEC of 1.252 at Re=114,600,
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H/D=6, and L/D=30. This improvement stems from:

il.

1ii.

iv.

Extended jet attachment on the target surface, promoting sustained heat

transfer.

Improved flow mixing due to rib-induced vortices, which disrupt thermal

boundary layers.

Reduced pressure losses, allowing higher flow rates without compromising

efficiency.

ANOVA identified L/D (44.71% contribution) as the most critical factor, as

shorter target surfaces concentrate impingement cooling.

8.2 Key Research Contributions

The key contributions of this work encompass significant advancements in fluidic

oscillator design and optimization for enhanced sweeping jet impingement cooling

applications.

1.

ii.

First, we present a comprehensive review and critical analysis of double-
feedback fluidic oscillators, establishing clear relationships between key design
parameters (feedback channels, mixing chamber geometry, Coanda surface
profiles, and nozzle configurations) and their impacts on flow control and

thermal performance characteristics.

Building on this foundation, we introduce an innovative ribbed Coanda

surface design that demonstrates remarkable performance improvements.

Our second major contribution involves the development of a novel multi-
objective optimization framework that integrates CFD with Taguchi methods

and Grey Relational Analysis.

This robust approach systematically evaluates and optimizes three critical rib

parameters: aspect ratio, number of ribs and angle of ribs. The framework
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successfully identifies optimal configurations that simultaneously maximize
oscillation performance while minimizing pressure losses, providing a valuable

tool for engineering design processes.

iii. The third significant contribution applies these optimized oscillator designs
to practical jet impingement cooling systems. Through rigorous parametric
studies employing Taguchi methods, we determine the optimal combination
of operational parameters including jet-to-surface spacing, Reynolds number,

and target surface length.

This systematic approach yields superior heat transfer performance, with
demonstrated improvements in cooling efficiency particularly relevant for
high-temperature applications such as electronics cooling and gas turbine

blade thermal management.

Collectively, these contributions advance both the scientific understanding of
ribbed oscillator dynamics and their practical implementation in industrial
cooling applications, while providing a replicable methodology for future

research in active flow control devices.

8.3 Future Research Direction

Based on these findings, several avenues for future research are proposed. Since the
current study predicts significant performance improvements due to rib configura-
tions, future work should extend these findings through experimental validation to
confirm the numerical predictions and capture any overlooked effects. Experimental
studies are important because they provide a direct measurement of the actual flow
behavior and thermal performance, allowing verification of numerical predictions

and identification of effects that may be overlooked in simulations.

Potential experimental setups could include flow visualization techniques, high-
speed imaging, or particle image velocimetry (PIV) to capture jet oscillation
behavior and measure deflection angles, frequency, and pressure variations, thereby

providing a comprehensive understanding of the fluid dynamics in ribbed oscillators.
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Given that 2D simulations cannot fully capture complex flow phenomena such
as secondary vortices and spanwise jet flapping, future studies should employ
3D CFD simulations to better understand their influence on hydrodynamic and
thermal performance. These simulations can provide deeper insights into how
three-dimensional flow effects influence both hydrodynamic performance and heat
transfer efficiency, enabling more accurate predictions and better-informed design
decisions. Incorporating both experimental validation and 3D simulations will
strengthen the reliability of the findings and guide the development of more effective
fluidic oscillator designs for practical applications. Investigating alternative rib
geometries, such as curved or tapered ribs, could further optimize performance.
Studies may focus on quantifying the impact of rib shape, spacing, and orienta-
tion on flow behavior and frequency-deflection-pressure metrics. Considering the
potential applications in turbine blade and electronics cooling, future research
should investigate multiphase flows to evaluate performance under different heat
transfer conditions. Extending the work to multiphase flows would broaden the
applicability to scenarios involving condensation or boiling heat transfer, which
is particularly relevant for advanced turbine blade cooling and electronics cooling

applications.

Another promising direction is the integration of machine learning algorithms
with CFD simulations to enhance the prediction of optimal rib configurations and
operating conditions. Approaches such as surrogate modeling or neural networks
can accelerate the design process by enabling rapid exploration of a wide parameter
space while reducing computational cost. Specific research questions could focus
on identifying configurations that maximize performance under varying flow and

thermal conditions.

Collectively, these future directions build on the present findings and contribute to
advancing active flow control strategies and energy-efficient thermal management in
engineering applications such as electronics cooling, aerospace, and power generation

systems.
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