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Abstract

High-aspect-ratio (HAR) rectangular jets have gained prominence among tur-
bulent jet applications due to excellent mixing, entrainment, and acoustic prop-
erties. Active flow controls rectangular jets by Plasma Actuator (PA) is proven
to be a promising technique as the actuator is simple in structure, has low
energy consumption, and can create different flow features without flow in-
terference. By studying the effects of manipulating turbulent structure, the
mechanisms, and operating parameters of the Plasma Actuator effecting the
HAR rectangular jet, a deeper understanding of how to optimize and control
sub-sonic jets for improved velocity and temperature performance can be ob-
tained. This knowledge can then be applied to designing and developing new
automobile air conditioning technologies and leading to advancements in var-
ious industries. This research presents the velocity and temperature perfor-
mance of a high-aspect-ratio rectangular jet controlled by two dielectric bar-

rier discharge plasma actuators located on the longer sides of the nozzle and



controlled by high-voltage and high-frequency pulse-width modulation sinu-
soidal waves. The scanning method was used to cover 362 cases as combina-
tions of working parameters (modular frequency vs. duty vs. phase difference)
for the velocity and temperature performances of the jets. Results show that
PAs can control velocity and temperature distribution with minor input power
compared with the rectangular jet’s kinetic energy and heat flux. Distinctive
velocity and temperature distributions were observed under notable cases, in-
dicating the potential of the actuator to create various flow features without
installing new hardware on the flow. The velocity increased up to 16%, and
the temperature increased up to 14% measured at the automobile driver’s po-
sition where distance normalized by the jet height x/h = 70 on the centerline.
The main mechanisms of PAs to control high-aspect-ratio rectangular jets are
multi-scale turbulence structures, energy cascades, and potential vorticity. The
combination of the periodic excitation and vectoring effects from the modular
actuator frequency and phase difference, respectively, transfers the mean en-
ergy of the flow to complex organized structures known as spanwise vortexes
having an integral length scale as large as 6 mm. The interaction between
these coherent structures and the dissipative environment compresses the vor-
texes, resulting in rectangular jet width changes as the flow converges on the

spanwise-streamwise (X-Y) plane and diverges on the transverse-streamwise
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(X-Z) plane. Enhancing or suppressing the integral length scale introduced
into the flow at the beginning shear layer can further affect the velocity and
temperature performance in the flow field. Flow features and quantitative
characteristics of the rectangular jet flow can be predicted for specific cases

by calculating the Strouhal number based on PA operating parameters.
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Chapter 1

Introduction

1.1 Motivations

Maintaining thermal comfort in car passenger cabins has long been a focus for
HVAC (Heating, Ventilation, and Air Conditioning) applications as well as au-
tomakers. In that context, High-aspect-ratio (HAR) rectangular air vents have
become increasingly popular in modern automobiles due to their numerous
benefits to fit various thermal condition of a automobile. These vents, which
are characterized by their elongated and slender shape, are particularly useful
for providing adequate ventilation within a vehicle.

One of the main reasons for using high-aspect-ratio rectangular air vents in

automobiles is to improve the overall airflow within the vehicle. High-aspect-



ratio rectangular air vents, on the other hand, provide a uniform and controlled
flow of air, allowing to easily direct air to specific areas such as the front or
rear seats. By body part, it is observed that cool and warm sensitivities differ
greatly. In contrast, the cheek, neck, back, and seat region are 2-3 times more
sensitive to cooling and warming stimuli than the foot, lower leg, and upper
chest. Conditioning temperature for sensitive human body parts is important
to archive thermal comfort [1]. Using HAR rectangular jet also has another
benefit to creating air curtains [2] to archive personal A/C systems capable of
controlling the heating/cooling of different areas to fit different thermal con-
form of passengers as can be seen in Fig. High-aspect-ratio rectangular
air vents are also highly functional. These vents are typically larger than tra-
ditional circular vents, which means that they can provide more air flow with
less effort and fewer air vents [3]. This makes them particularly useful for ve-
hicles with larger interiors, where more airflow is needed to cool or heat the

cabin effectively.



Figure 1.1: Automotive personal A/C system capable of controlling the heat-
ing/cooling of different areas.

Another benefit of high-aspect-ratio rectangular air vents is their ability
to blend seamlessly into a vehicle’s interior design [4]. This type of design
motive can be found by both prototype and commercialized automobile mod-
els [5] [6] [7] [8]. Automobile interior designers would like to utilize the HAR
rectangular jet as these vents have a sleek and modern appearance and can
easily be integrated into a vehicle’s dashboard without interfering with its
overall aesthetic [3]. This makes them particularly useful for vehicle interior

design, where a cohesive and stylish design is a crucial selling point.

Hf =06xC x V? (1.1)

where, H f — Pressure loss (Pa);

C' — Pressure loss coefficient due to duct shape;



V' — Initial velocity (m/s).

However, there are still engineering challenges to this application’s use of
rectangular jets. The velocity and temperature far from the distance of the
rectangular jet nozzle are challenging to control due to the energy-diffusive
nature of the rectangular jet emitted into the still air. Equation describes
the pressure loss due to the duct shape. Looking at Eq. since using any
nozzle outlet to discharge air will result in the pressure loss coefficient due
to duct shape being C' = 1.0 [9], hence, pressure loss will be 60% of the to-
tal pressure of the A/C system. Therefore, improving the outlet performance
will significantly increase the total A/C power efficiency. As a high-aspect-ratio
rectangular jet has a narrower opening, the centerline velocity and tempera-
ture will decay quickly after the distance from the outlet. Therefore, when it
reaches the passengers’ position, the velocity and temperature are insufficient
to provide thermal comfort. Another challenge is controlling jet width, which
is related to the mixing effect to adapt to various thermal situations. This is
problematic because the jet width mainly depends on the boundary condition
of the jet. Therefore, this research has chosen High-aspect-ratio rectangular
jet to improve its flow characteristics, such as mixing, spreading, velocity and

temperature decay to benefit automobile as well as various engineering appli-



cations.

There are two approaches to controlling any jet type: passive flow con-
trol and active flow control. The passive control approach creates a persistent
change in flow; consequently, it is only suitable for the stationary deployment
of jets, and it is not adaptable to a rapid-changing environment like an automo-
bile. Active flow control techniques can produce a more significant and precise
effect on the flow than passive techniques [10]. Because active flow control
techniques use an external energy source, such as an actuator, to manipulate
the flow actively, allowing for more precise control and a more substantial effect
on the flow compared to passive techniques, which rely on the natural proper-
ties of the flow to produce a change. Additionally, it is more flexible and adapt-
able than passive techniques, as it can be easily adjusted and tuned to have
the desired effect on the flow. As a result, the active flow control technique is

chosen to control the HAR rectangular jets.



1.2 Research backgrounds

1.2.1 Rectangular Turbulent Jet

Turbulent jets are used in various industrial applications, including air condi-
tioners, combustion, and fuel ejectors. Numerous studies have been conducted
on jet properties and their applications, such as a textbook by Rajaratnam [11],
the work of Shakouchi regarding the jet flow engineering fundamental [12], the
influence of nozzle-exit shape on the performance of the jet by Deo et al. [13]
and so on. A rectangular jet is a type of fluid flow in which a fluid is ejected from

a rectangular opening. The definition sketch for a rectangular jet is shown in

Fig.
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Figure 1.2: Sketch of a rectangular jet. B: nozzle width, h: nozzle height, x, v, z:
distance from a suitable origin, Uy: the velocity efflux, U,,o: centerline velocities
of cut sections. Adapted with permission from Ref. 1976 Elsevier Science
& Technology Journals.

The aspect ratio of the rectangular jet is AR = B/h, as shown in Fig.
If AR > 5, the jet is classified as a high-aspect-ratio rectangular jet or slender

jet. The efflux and centerline velocities are U, and U,,o, respectively, and the

variation of U, /U, with z/h is shown schematically in Fig. where z is



the longitudinal distance from the nozzle. Rectangular air jets can be divided
into three main zones by Tuve [14], which approximately characterized based
on the maximum or center core velocity at the jet cross-section being analyzed
(refer to Fig. [1.2): Zone I (line OA), the initial core zone; Zone II (line AB), the
transition zone; and Zone III (line BC), the fully developed zone. Zone I is a
brief zone that extends from the diffuser face two to six slot widths, depending
on the kind of diffuser and the turbulence of the air supply. The centerline
velocity of the jet stays about equal to the initial supply velocity throughout its
length in this zone.

Zone II is a transitional zone whose length is determined by the shape of
the outlet. The transitional zone for a rectangular jet is typically eight or ten
widths from the exit. Within this zone, the centerline velocity gradually de-

creases as follows [15]]:

Un/Ug x 1/2™ (1.2)

where: n is an index between 0.33 and 1.00.
Zone III is the most important zone for evaluating jet performance since it

has a fully formed turbulent flow. It is crucial in engineering applications since



it is generally in this zone that the jet reaches the interested region. The length
of this zone is determined by the air jet form, the kind and size of the supply
air diffuser, the air jet’s beginning velocity, and the turbulence characteristics
of the ambient air. The centerline velocity here decreases inversely with the

distance from the outlet [15]:

Un/Uy x 1/x (1.3)

By using experimental results and some empirical extrapolation, Yevdje-
vich [11] prepared a useful diagram for anticipating the decay of center-line
rectangular jet velocity of multiple aspect ratios displayed in Fig. where
three characteristic areas could easily be seen. The velocity decay of the jet
centerline can be calculated using Eq. (1.4). K, is an empirical constant de-
rived from centerline experiment data. Similar work to find K can be obtained
from the work of Shepelev [16]], Gortler and Tollmein [17], Heskestad [18], and

Kotsovinos [19]].

= K/ =, (1.4)



where,

Uno—Centerline velocity at x;

Uy—Average velocity at outlet where (z, 19, 20) = (0,0,0);
h—Height of rectangular nozzle; and

K;—Centerline velocity decay constant.
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Figure 1.3: Velocity-decay prediction diagram for rectangular jets. Reprint
with permission from Ref. [11] 1976 Elsevier Science & Technology Journals.

In term of the temperature decay along the centerline, the phenomenon is
like that of centerline velocity. Centerline temperature decay is illustrated on
Fig. 7 is the total heat flux across the jet to within pC,,. It is equal to dj if
a uniform temperature and velocity distribution at the jet mouth is archived.

The decay of the centerline temperature is discovered to behave like the veloc-

10



ity. The location closed to the outlet exit is called potential core region, where
(T/T;) = 1, after that there is the two-dimensional region (7//7})* o (6r/x), and

finally a final axisymmetric region extending to infinity where (7'/7}) (67 /x).

T T T ,I
- |
o | n
= Lol _F
I
- 1
Qi i
o 3
- L] aned B, T, and U, respectively For gk "l..
AwlO;Aand 4 for 4 =20.0 and @ for 4 =30 12
Y O | L1 il L1211 et ll"" L1
) va 100
8, @,

Figure 1.4: Centerline velocity and temperature of rectangular jet. Reprint
with permission from Ref. 1976 Elsevier Science & Technology Journals.

The spread of temperature is being quicker than that of momentum. Fur-
thermore, the temperature potential core is shorter than the velocity potential

core. The centerline normalized temperature can be calculated by theoretical

11



work of Koestel [20] in Equation (1.5) and Abramovich [21] in Equation (1.6).

/ h
o = 1/ 0.83K,—, (1.5)
T

1.04

Tmo = —F7—
Bo +0.41

(1.6)

where,

Tmo—Normalized centerline temperature at x;
By—Half length of nozzle height;

Ky;—Centerline temperature decay constant [20];

a—Temperature decay constant [21]].

1.2.2 Active Flow Control and Plasma Actuator

1.2.2.1 Overview to Active Flow Control

Active flow control (AFC) refers to techniques used to manipulate the flow of
fluids in order to achieve a desired outcome. This can be accomplished through
the use of actuators which are used to regulate the flow of the fluid and main-

tain it at a specific level or within a certain range. Active flow control is often

12



used in a variety of applications, including HVAC systems, process control in
manufacturing, and fluid dynamics research. It is an important tool for opti-
mizing the performance of systems that rely on the flow of fluids, and has the
potential to improve efficiency, reduce energy consumption, and increase the

accuracy and precision of these systems [10].

FLOW PHENOMENA

CONTROLS
& SENSORS

ACTUATORS

Figure 1.5: The feedback flow control triad .

AFC involves the use of sensors to measure characteristics of the flow, actu-
ators to produce forces that alter the flow, and controls to coordinate the oper-
ation of the sensors and actuators. There are various types of flow sensors and
actuators that can be used in active flow control, each with their own advan-

tages and limitations. The triad of flow control phenomena, actuator-sensors,

13



and controls is shown in Fig. to give an overview of the active flow control

technique.
ACTUATORS
[
| | | |
—_— Moving
Fluidic Plasma Others
surface
| ZNME _Piezoelectrlc_ SDBD
flaps
| Unsteady || | Active || Sparkjet
valve dimples
— Oscillators
— Combustion

Figure 1.6: A type classification of flow control actuators [22].

In active flow control, flow phenomena refer to the physical characteristics
and behavior of the fluid flow in a system. This includes factors such as the
velocity and direction of the fluid, as well as the pressure and temperature of
the fluid. Based on the motivation of this research, High-aspect-ratio rectan-
gular jet is selected as a triad component. Sensors are devices used to measure

the properties of the fluid in a system, such as velocity, temperature, pressure,

14



and so on. For practical reasons, flow sensors should not interfere so they will
not add pressure loss and turbulence to the flow. Sensors can be selected from
a wide range of conventional pressure sensors, optical, and MEMs. Control
refers to the process of regulating the actuator to interact with the fluid in a
system. This is typically done using a controller, which receives input from a
flow sensor and activates the appropriate flow actuator to adjust the flow rate
as needed. The details of chosen sensors and controls are described in chapter

2.

Cavity

Y

x\\\\\\\\
Oscillating diaphragm

Synthetic jet vortices

Figure 1.7: Schematic of a typical ZNMF actuator.
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Oscillating
fluid jet

\ Feedback
channel

Pressurized
Air Source

Figure 1.8: Schematic of a Sweeping Jet Actuator.

Last but not least, selecting appropriate actuators plays a vital role in the
success of an AFC application. Cattafesta et al. [22] summarized a variety
of types of actuators suitable for active flow control technique based on their
functions, as can be seen in Fig. The most common type is fluidic actua-
tors, which utilize the injection or suction of fluids in order to generate control
movement. These fluidic actuators can be further divided into two categories:
zero-net mass-flux (ZNMF) actuators and synthetic jet actuators. ZNMF ac-
tuators (Fig. operate by oscillating fluid in and out of an orifice or slot
using only the working fluid, without the need for an external fluid source.

On the other hand, nonzero net mass-flux actuators require an external fluid

16



source or sink and utilize a variety of methods to generate fluidic motion, in-
cluding valves [23], natural fluidic oscillators [24] as can be seen in Fig.
and combustion-driven devices [24]. These actuators can vary in scale, ranging
from traditional macro-scale actuators to extremely small micro-jets. Another
class of actuators utilizes a moving object or surface to induce local fluid mo-
tion. Examples of this type of actuator include vibrating flaps [25], oscillating
wires [26]], rotating surface elements [27], and morphing surfaces [28]]. These
actuators are used to generate movement in a variety of applications, such as
laminar boundary layer transition, fluid flow control, and more.

Finally, Plasma Actuators (PA) has recently gained popularity due to their
solid-state nature and fast response times [29]. The most popular variant of
plasma actuators is the single dielectric barrier discharge (SDBD) plasma ac-
tuator, which has been the subject of numerous reviews discussing its physics,
design, and applications. Plasma actuators utilize plasma to influence fluid
flow, such as air or water. Plasma actuators generate plasma by applying a
high-voltage electric field to a gas, causing ionization. When the plasma is ap-
plied to a fluid flow, it can alter the flow properties and generate forces that can
be used to control the movement of the fluid. Table summarize the main

advantages and disadvantages of common AFC actuators.
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Table 1.1: Summary of common unsteady flow control actuators. Reprint with
permission from Ref. 2011 Annual Review of Fluid Mechanics.

Type | Subtype | Advantages | Disadvantages
Fluidic
ZNMF Requires no external fluid source Peak velocities typically limited to low to
moderate subsonic speeds
Amenable to various types of drivers and sizes Resonant devices
Suitable for feedback control
Unsteady Capable of high velocities with either fast time May not be amenable to feedback control
valves response or high bandwidth but generally not both
Requires an external flow source
Oscillators Capable of producing large disturbances Standard versions not snitable for
feedback control
Amenable to a range of sizes and hence frequencies Requires an external flow source
Potential extensions possible to enable independent
control of frequency and velocity
Combustion Capable of producing large perturbations in Currently limited to relatively low

high-speed flows

frequencies (a few hundred hertz)

Requires combustion

Moving surface

Piezoelectric
flaps

Simple design amenable to different frequency ranges
of interest

Has constant product of max deflection
and bandwidth

Can produce spanwise or streamwise vorticity

Susceptible to fluid loading

Suitable for feedback control

Resonant devices

Active dimples

Potentially suitable for feedback control of turbulent
wall-hounded flows

Further development needed to achieve
required size and frequency response

Plasma
SDBD Easily installed on models Limited velocity output
Low mass Requires high voltage (kV)
Fast time response
No moving parts
Sparkjet All solid-state device capable of producing large Potential issues associated with EMI,

perturbations in high-speed flows

acoustic level, and high temperature

Abbreviations: EMI, electromagnetic interference; SDBD, single dielectric barrier discharge; ZNME

7, zero-net mass flux.

Based on table the Plasma actuator has advantages over other types of

actuators for controlling a high-aspect-ratio rectangular jet in this research:

e Plasma actuators have a short response time, which makes them suitable
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for closed-loop control and having potential for high-frequency control;

Plasma actuators have no moving parts, which makes them more robust

and less prone to wear and tear compared to other types of actuators;

Plasma actuators can be scaled up by staggering multiple devices, which

allows for greater control authority;

Plasma actuators can be easily integrated into a system due to their low
system weight, simple and flexible construction, and the fact that they

only require electrical power for operation;

Plasma actuator are suitable for creating various flow features for the

rectangular jet at low cost and effort;

Plasma actuators do not produce significant heat, which is a potential

issue with other types of actuators;

Plasma actuators have a low momentum output, which may be suitable
for controlling high-aspect-ratio rectangular jets that require low to mod-

erate sub-sonic speeds;

Plasma actuators have a very low energy conversion efficiency, which may

be a disadvantage in some applications. However, this may not be an
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issue in the case of controlling high-aspect-ratio rectangular jets, where

low momentum output may be sufficient.

Therefore, Plasma actuator has been chosen as the actuator for active flow

control technique applied to controlling the High-aspect-ratio rectangular jets.

1.2.2.2 Introduction to Plasma Actuator

Compared to other types of actuators, the plasma actuator (PA) as an active
flow controlling device is relatively simple (as it is only made from copper tape,
dielectric tape, and acrylic plate). They are made up of two electrodes sepa-
rated by a dielectric material. Typically, one of the electrodes is exposed to the
atmosphere, as known as the exposed electrode. Dielectric material completely
covers the other electrode, which calls the covered electrode. It is more accu-
rate to call this device as a single dielectric barrier discharge (SDBD). In this
case, the "plasma” refers to the ionized air formed by the dielectric over the
electrode area. Figure demonstrates an illustration of a common plasma
actuator SDBD system and an ionized air (plasma) illustrator forming over the

dielectric layer-covered electrode in the region.
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Figure 1.9: Schematic illustration of a SDBD (Single Dielectric-Barrier Dis-
charge) plasma actuator.

A gas discharge is developed when an electric field of adequate amplitude
is supplied to a volume of gas to produce electron—ion pairs by electron-impact
neutral gas ionization [30]. This involves the existence of an initiating number
of free electrons that can either be present from ambient conditions or force-
fully introduced. The benefits of Plasma Actuators are being 100% electronic
with no moving parts, incredibly fast response time, low mass actuator, low
input power, and the easy ability to be implemented in simulation.

Relative humidity (RH) may impact plasma discharge effectiveness by dis-
rupting the plasma regime. Measurements of the induced electric wind clearly
show a decline in momentum transfer efficacy as RH levels increase [31]]. Elec-
tric wind production decreases beyond 70% RH, but the actuator maintains its

ability to transmit momentum at the applied electrical frequency. The first sig-
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nificant decrease occurred when the RH exceeded 85%. However, increasing
the applied high voltage can also easily compensate for the negative effects of
high RH on actuator efficacy.

The working principle of an asymmetric-electrode SDBD plasma actuators
are described as follow: a downward-induced flow toward the left edge of the
enclosed electrode in the direction of the covered electrode, simultaneously, a
jet of the stream to the far edge of the covered electrode is formed. There are
two main effects caused by the SDBD Plasma Actuator, which are starting a

vortex effect and wall jetting effect.
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tuator in still air. Reprint with permission from Ref. [32] 2007 Progress in
A shear layer is developed when DBD plasma is launched in quiescent air,

Figure 1.10: PIV image illustrates the flow induced by an SDBD plasma ac-
Aerospace Sciences.



which rolls up to form a vertical structure. The starting vortex shifted along
and away from the wall under continuous plasma forcing. Figure shows
the velocity vectors of the SDBD, as shown in Figure obtained using PIV
measurement method [32].

At the top plot, the Plasma Actuator is just start being activated. The ve-
locity vectors are aimed to the wall just upstream of the actuator location. This
is noticeable in all plots at all phase angles and is similar with the downward-
bent smoke streamline found on the plasma actuator. Near the wall, the vectors
show that the flow is accelerating and moving parallel to the wall away from
the act. The Plasma Actuator start-up generates a “starting vortex” equivalent
to an impulsively moving wall due to that the actuator is in still air.

According to [33], the method of starting vortex formation and growth sug-
gested by WHALLEY indicates that the laterally ejected jet flow was replen-
ished by fluid trapping above the plasma actuator, which created a starting
vortex. The secondary vorticity was produced along the wall in order to main-
tain the no-slip boundary condition as shown in the figure. The secondary
vorticity wrapped around the starting vortex and steered away from the wall
its path. It is also shown that the plasma momentum improved linearly af-
ter the plasma actuator achieved a steady state speed U,. This indicates that

with a steady force, the DBD plasma actuator entrained and accelerated the
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surrounding fluid.

After the initiation of Plasma Actuator as known as the starting vortex,
steady wall jet was created. The wall jet caused by DBD plasma differs from a
classic laminar wall jet because the flow is not mass-added. The plasma actu-
ator brought ambient fluid to the wall here, then ejects this fluid tangentially
from the electrode by the plasma ionized air [34], where fluid is driven from
just above and upstream of the plasma into the SDBD Plasma Actuator, then
laterally driven along the wall by the body force to form the laminar wall jet

effect.

1.3 Literature survey

The plasma actuator is described in detail in the review article by Corke et
al. [29]], which highlights some of the capabilities of plasma actuators through
examples from experiments and simulations. Benard et al. [35]] developed an
active control device for a circular jet comprised of two plasma actuators com-
bined with a passive diffuser to improve free shear layer mixing significantly.
This resulted in increased jet spreading, a shorter potential core, and increased
turbulence kinetic energy. Corke et al. [36] used phased plasma arrays to con-

trol unsteady flow. Their findings showed that a two-frequency phased plasma
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array could influence mean and unsteady flow development by increasing actu-
ation velocities compared to a single-frequency, single-phase plasma approach.
The plasma produced by an Alternating Current (AC) driven Dielectric bar-
rier discharge (DBD) plasma actuator is a non-thermal plasma in which heavy
species have temperatures close to ambient while electron temperatures are
much higher [37]. The thermal effect is not responsible for the local airflow
produced by a single DBD plasma actuator and has no effect on the flow con-
trol process [38].

Rizzetta et al. [39] explored different shapes of the plasma actuator, namely
standard and serpentine. They found that standard and serpentine actuators
performed equally well in LES simulations. The pulsed mode is superior to
continuous plasma actuation at lower power consumption. Plasma actuators
can also be used to create a novel device, such as the fan-shaped dielectric bar-
rier discharge (DBD) plasma reactor developed by Portugal [40]. It achieved
a better ozone distribution in a closed environment than in an ordinary reac-
tor by plasma actuation-induced suction and vortical structures. Research on
improving the characteristic of the PA was conducted by Wojewodka [41] to
achieve the highest induced velocity of 5.22 m/s by the surface ac-DBD plasma
actuator with Kapton compared to those of Teflon and Glass Reinforced Epoxy.

Different maximum velocities were obtained with an active plate electrode and
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sawtooth electrode by increasing the actuation voltage by Moreau [42]. Fur-
thermore, a new type of stair-shaped dielectric barrier discharge layer was ex-
plored by Rodrigues et al. [[43] to improve the power conversion efficiency up to
5 times more efficiently than conventional actuators.

Many studies have shown that various actuators can control turbulence jet
mixing and spreading rates by using appropriate excitation at the jet exit. By
utilizing pulsed fluidic piezoelectric wedge actuators, a large spreading can
be archived with significant increases in mixing over subsonic and transonic
rectangular jets [44]]. With modification to the nozzle, a fluidic system using
self-excited global oscillations is established in the jet by applying suction to
an annular cavity placed around the jet periphery [45]. These oscillations are
responsible for enhanced mixing between the jet and the surrounding fluid,
and increased mixing appears insensitive to the jet’s initial conditions. The
acoustic excitation to control the turbulence jet flow is studied in-depth by
Ginevsky et al. [46]. Another attempt using microelectromechanical systems
(MEMS) also demonstrated the efficiency of promoting the initial instabilities
of axisymmetric jet flows by Suzuki et al. [47]. Pair of plasma actuators were
effective at controlling the rectangular jet width, as investigated by Kozato et
al. [48] when there is a phase difference between the upper and lower PAs.

Based on the literature review, Plasma Actuator is well-developed technol-
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ogy for active flow control fluid jet applications. However, only one study has
been conducted on DBD plasma actuators with rectangular jets. There are
existing research gaps, mainly for using PA to control the temperature of the
high-aspect-ratio rectangular jet, the mechanism of how the actuator affects
the flow, and which PA operating parameter is essential to focus on for op-
timization. Plasma Actuator shows the potential to increase the kinetic en-
ergy and control the fluid jet’s boundary layer and shear layer to archive var-
ious effects on the flow. The actuator can alleviate the disadvantages of using
high-aspect-ratio rectangular jets as an air vent for automobile A/C systems
to archive better air distribution, car interior, or fuel consumption. Therefore,
Plasma Actuator is chosen to actively control a HAR rectangular jet for use in
an automobile air conditioner system in this research.

Kelvin-Helmholtz Instability (KHI) is the leading cause of velocity and tem-
perature decay on the original rectangular jet. As the jet spreads, minor dis-
turbances begin to form, as shown in Fig. (1.11). This Instability is caused by
the difference in velocity between the fluid layers, resulting in the formation of
vortices and the breakdown of the laminar flow (or potential core region) [49].
As the vortices grow from disturbances (small in size and number) to “roll-up”
vortexes, they begin interacting with each other, creating even more distur-

bances in the flow. Therefore, applying a small effort of flow control by Plasma
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Figure 1.11: Schematic of High-aspect-ratio controlled by a pair Plasma
Actuators.
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Actuators at the beginning shear layer can further affect the formation of KHI
by over-driving this phenomenon. The flow field’s velocity and temperature can

be controlled through this action.

1.4 Research objective and scope

The research objective is:

To clarify the physical phenomena of the interaction of the High-
aspect-ratio Rectangular Jet and Plasma Actuator during the opti-
mization process, with a focus on the delay of the decay of centerline
velocity and temperature at the driver’s location without increasing

the air-conditional system total energy budget.

Understanding the mechanism also opens possibilities for using PAs as a
design tool to craft turbulent structures in the flow. As a result, the flow fea-
tures can be re-created by other active flow control techniques or other types of

actuators.
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1.5 Outline of thesis

This thesis is divided into four chapters. First, introduction for this thesis is
explained in Chapter 1 including motivation, research background of the thesis
with the theory of turbulence jets and plasma actuator fundamental, literature
survey, and objective of thesis. Afterward, effect of plasma actuator on velocity
and temperature profiles of high-aspect-ratio rectangular jet and the mecha-
nisms of high-aspect-ratio rectangular jet width controlled by plasma actuators
are provided in Chapters 2 and 3. The more detailed overview of Chapters 2
and 3 are described as follows.

In Chapter 2, the velocity and temperature performance of a high-aspect-
ratio rectangular jet controlled by two dielectric barrier discharge plasma ac-
tuators located on the longer sides of the nozzle and controlled by high-voltage
and high-frequency pulse-width modulation sinusoidal waves. The scanning
method was used to cover 362 cases as combinations of working parameters
(modular frequency vs. duty vs. phase difference) for the velocity and temper-
ature performances of the jets. Results show that plasma actuators can control
both velocity and temperature distribution with minor input power compared
with the rectangular jet’s kinetic energy and heat flux. Distinctive velocity and

temperature distributions were observed under noteworthy cases, indicating
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the potential of the actuator to create various flow features without installing
new hardware on the flow.

In Chapter 3, this chapter aims to understand the interaction between
a PA and rectangular flow with a high aspect ratio of 20. It also investi-
gates the change in jet width using hot-wire anemometry, particle image ve-
locimetry, and theoretical studies. The combination of the periodic excitation
and vectoring effects from the modular actuator frequency and phase differ-
ence, respectively, transfers the mean energy of the flow to complex organized
structures known as spanwise vortexes, which are as large as 6 mm. The in-
teraction between these coherent structures and the dissipative environment
compresses the vortexes, resulting in rectangular jet width changes as the
flow converges on the spanwise-streamwise (X-Y) plane and diverges on the
transverse-streamwise (X-Z) plane. Flow features and quantitative character-
istics of the rectangular jet flow controlled by the actuator can be predicted
for specific cases by calculating the Strouhal number based on PA operating
parameters.

Lastly, in Chapter 4, “Summary, Conclusions and Future Works”, the find-
ings of this research are recapitulated. Future works concerning this thesis

are proposed.
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Chapter 2

Effect of Plasma Actuator on Ve-
locity and Temperature Profiles of

High Aspect Ratio Rectangular Jet

Abstract

In this research, one of the goals is to archive better velocity and temperature per-
formance at the driver’s location without increasing the air-conditional system’s total
energy budget. Since there is limited knowledge in the literature, this chapter will
explore effects of Plasma Actuator to the HAR Rectangular Jet to archive better ve-
locity and temperature performances, and ability to create various flow features to fit

various working condition of the automobile air conditioner.




2.1 Experiment setup

2.1.1 Apparatus, Velocity Measurement, Temper-
ature Measurement, Pressure Measurement,

and Visualization

The experimental setup is illustrated in Fig. The experimental system con-
sists of several subsystems. An open-channel wind tunnel Tsukubarika Seiki
Co., Ltd, Japan WGT-10 generated airflow at an initial velocity U, = 4.5 m/s
measured at the nozzle exit. A HAR rectangular jet AR = B/h = 20 (B =
150 mm and h = 7.5 mm) was attached to the end of the wind tunnel for the
experiments using a 3D printed adapter. With this setup, the Reynolds num-
ber of the HAR rectangular jet is 2150; as the experiments have shown, if
Re exceeds 2000, the jet flow will be turbulent [50]. Plasma actuators (PAs)
were implemented on the nozzle to control the turbulence jet flow actively. The
HAR rectangular jet performance was evaluated by measuring the velocity and
temperature centerline decay under different plasma actuator operating con-

ditions.
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Figure 2.1: Overview of the experiment setup.

Hot-wire anemometry was implemented to measure velocity and integral

length and dissipation length scales and analyze the energy density spectrum

at specific points. The system included a mini hot-wired constant temperature

anemometer (54T42, Dantec Dynamics), miniature X-wire probe (55P61, Dan-

tec Dynamics) for measuring U- and V-velocity components, and probe support

(55H25, Dantec Dynamics) for mounting the hot-wire probe. The raw volt-
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age data were collected using a data acquisition device (DAQ, PCI-6133, Na-
tional Instruments) at a 50-kHz sampling rate. The transverse system affixed
the hot-wire anemometry system to a controlled XYZ transverse system. This
transverse system consisted of an Arduino UNO board as a microcontroller,
three stepper motors, and three stepper motor drivers. The system was posi-
tioned along the X-, Y-, and Z-axis with a precision of £0.02 mm. A workstation
PC with MATLAB installed collected the hot-wire measurement data through
the DAQ device and output measuring point XYZ coordinates to the transverse
system as the experimental plan. The origin of the coordinate system where
(z0, Yo, 20) = (0,0,0) is an identical coordinate system to that in Fig. Which (x)
is the streamwise direction, (y) is the spanwise direction, and (z) is the lateral
direction.

The probe was calibrated with the probe located in the middle of the outlet
of the wind tunnel. The calibration velocity ranged from 0 to 12 m/s, and the
wire voltage was recorded at each velocity. This calibration data was used to
convert the wire voltage to velocity. The fast Fourier transform (FFT) was used
to extract results, such as the turbulent energy density spectra, integral length
scale, and dissipation length scale by processing the velocity data. The process

is explained in detail in the study of El-Gabry et al. [51].
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Model: TCTG022, Misumi e
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Figure 2.2: The thermocouple array consists of 19 thermocouples used to mea-
sure the temperature of flow. CH10* was located in the middle of the array.

An array of 19 thermocouples (TCTG022, MISUMI) was installed in the
same XYZ transverse system to measure the temperature of the rectangular
jet. The channel arrangement details are shown in Fig. The tempera-
ture data were recorded using a Hioki Model LR8450 connected to a PC to
acquire the data at the sampling rate of the thermocouple was 10 Hz in 30 s
for each measurement. In addition to the temperature-measuring equipment,

an enclosure chamber (1400 mm x 2140 mm x 1980 mm) made of vinyl-covered
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thermal insulation sheets was used to create a controlled temperature environ-
ment for the test. The chamber was equipped with 12 ceramic heaters (600 W
MISUMI MCHNNZ2) to heat air. A dual-element thermocouple was installed
on top of the nozzle to provide the controlling signal to a proportional-integral-
derivative (PID) control unit (OMRON E5EC) and the ambient temperature of
the chamber to the data logger. Two solid relays, OMRON G3PJ, received the
control signal from the PID control and then drove the ceramic heaters to heat
the enclosure to the desired ambient temperature with a precision of +1 °C.
The wind tunnel inlet installed a circulator chiller YAMATO SCIENCE CF800
and a custom-made radiator to cool the air feeding to the rectangular outlet. A

schematic of the experiment is shown in Fig.
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Figure 2.3: Temperature-controlled enclosure chamber schematic.
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Figure 2.4: Visualized planes by PIV laser sheet.

The experiment setup for measuring the pressure of a high-aspect-ratio
rectangular jet controlled by a Plasma Actuator involves using a Pitot tube
with a differential pressure sensor to measure the total pressure. The differen-
tial pressure sensor (OMRON D6F-PH0505AD4) is used to measure this pres-
sure difference, and it has a range of +50 Pa and a precision of £+3% RD. This
allows for accurate and precise measurements of the pressure of the fluid. The

sampling rate for the differential pressure sensor is 20 Hz, which means that
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it takes a measurement every 1/20th of a second. A total of 600 samples are
taken per point over 30 seconds, giving a comprehensive picture of the pressure
of the fluid over time.

The flow visualization system contained a laser sheet (G100, KATOKOKEN
CO 100 MW) to visualize the flow, a smoke generator (PS-2006, DAINICHI)
to inject seeding particles into the flow, and a high-speed camera (Phantom
V711 by Vision Research Inc.) to record a video for analysis. The laser sheet
illuminated these particles at the X-Y Top View and X-Z Side View planes, as
shown in Fig. Then, the videos recorded at 2000 fps for 5 s were analyzed

using PIVlab software embedded in MATLAB by Thielicke et al. [52].

41



(4%

Table 2.1: List of main experimental equipment.

Model and Manufac-

Category Name turer Description
. WGT-10, Tsukubarika .
Flow Wind tunnel Seiki Co,, Ltd, Japan” Generating the flow for the test
Velocity Hot-wire MiniCTA §4T42, Dantec Dynam- Measuring the Yeloc1ty (.)f.the flow in high-
ics frequency and high-precision
. . 55P61, Dantec Dynam- Sensor that can measure U-component and
X-wire hot-wire probe . .
ics V-component velocity
Probe support 55H25’ Dantec  Dy- Support for the hot-wire sensor
namics
Temperature Thermocouple TCTG022, MISUMI Sensor to measure temperature
Data logger LR8450, Hioki Log the data from thermocouples
Ceramic heater MCHNN2, MISUMI Heater to heat up the encloser chamber
PID controller E5EC, OMRON Control the tgmperature of the encloser
chamber to desired temperature
Solid-state relay G3PJ, OMRON Actuator for control the heaters
Circulatory chiller EIF\‘ISCOIf]) » YAMATO SCI- Cool the air feeding to the wind tunnel
MEMS Differential 6F-PH0505AD4, OM-
Pressure Sensor to measure the pressure
pressure sensor RON
Data ac- Multi-function I/0 PCI-6133, National In- Input data from sensors, output data for ac-
quisition DAQ device struments tuators flowing to experimental plan




eV

Table 2.2: List of main experimental equipment (continued).

Model and Manufac-

Category Name turer Description
Transverse Micro-controller Arduino UNO, Arduino Receive the command from the PC to control
system the transverse system
Stepper motor PKP268D28A-L, Ori- Actuator operate the transverse system to
PP ental Motor move the probe to desired location
Stepper motor driver CVD228-K, Oriental Driver to precisely control the stepper mo-
Motor tors
XYZ linear bearing Mechanical assembly for supporting for the
frame transverse system
Visualization PIV laser sheet G100, KATOKOKEN Laser sheet used to light up the seeding par-
CO ticle
Smoke generator PS-2006, DAINICHI f(;xsgeratmg the seeding particle into the
High-speed camera Phantom V711, Vision Record the flow visualization in high-speed
Research Inc.
Plasma Plasma power supol PSI-PA1050N, PSI Co., Generating the plasma controlling signal
Actuator P PPLY Ltd which is high-voltage high-frequency AC
Proerammine environ- Software and programming language use to
Software st g MATLAB, MathWorks automatically implement the experimental

ment

plan




Tables and shows the experimental equipment to clearly and con-
cisely present the specific details and information about the various equip-
ment used in HAR rectangular jet controlled by Plasma Actuator experiment.
This includes the category of the equipment, the name of the equipment, the
model and manufacturer, and a description of the equipment’s function and
usage. Having this information organized in a table format allows for easy
reference and understanding of the experimental setup and the role of each
piece of equipment. Additionally, having a table to present this information
can aid in the replication of the experiment, as well as in the maintenance and
troubleshooting of the equipment.

In conducting the experiments, a significant effort was made to capture
a wide range of data to achieve accurate and reliable results. This involved
measuring various parameters such as velocity, temperature, vorticity, integral
length scale, and so on using advanced techniques. Additionally, visualization
techniques, such as using a PIV laser sheet, provided clear flow flied pictures
for further analysis. By implementing this comprehensive set of measures, the
experiments gathered a wide range of data that helped support the research
and conclusions drawn. Overall, the combination of various measurements
and visualization techniques allowed us to understand the phenomena under

this research comprehensively.
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2.1.2 High-aspect-ratio Rectangular Jet Controlled

by Plasma Actuators Experiment Setup

The structure of the single DBD plasma actuator is shown in Fig. The
working condition of Plasma Actuator and the dimension of the device were
referred to Plasma Actuator design guideline by Grosse et al. [53]] and refer to
well-established research using Plasma Actuator for AFC control [48] [54] [55]
[56]]. The parameters for design consideration are shown in Table At first,
the design was chosen as the straight bar for simplicity and uniformity of the
velocity distribution along the spanwise direction. The velocity has the most
substantial effect on the thrust generation and power consumption; it is advis-
able to pre-determine the operating voltage. Therefore, V,, = 6 kV at the base
frequency is f, = 15 kHz was chosen to control the flow because this voltage was
proved it could have enough thrust power to perform AFC control for HAR rect-
angular jet according to [48]. Next, other parameters of the structure of the PA
as the dielectric layer thickness, negative inter-electrode gap, and narrow and
thin exposed electrodes, were selected based on the design guidelines. A thin
dielectric layer of low-permittivity (polyamide tape, t = 80 ym), short or minus-
electrode gap (¢ = -1 mm, the negative number means overlap inter-electrode

gap), and narrow and thin exposed electrode (h1 = h2 = 70 um) were used to
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archive the best thrust. Based on the constraint of the HAR nozzle design, the
spanwise length of the PA L was chosen to be equaled the length of the nozzle
as 150 mm. About the width of the cover electrode, there is no influence on the
performance of the Plasma Actuator. However, it is known that a thin and nar-
row covered electrode can constrain the extent of generated plasma and reduce
the thrust. Therefore, the width w, = 4 mm was chosen that was longer than
the reach of plasma at the given working condition by conducting experiment.
The width w; = 2 mm of the exposed electrode was chosen to match the cover
electrode-based Plasma Actuator scale in the design guideline. After that, Two
PAs were constructed on the tip of the nozzle. The actuator was composed of an
exposed electrode, an electrode covered in copper, and two layers of dielectric

material made of polyamide.
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Table 2.3: Typical DBD Plasma Actuator design parameter.

Parameter Symbol (units)
Exposed electrode width wq (mm)
Encapsulated electrode width wo (Mm)
Inter-electrode gap g (mm)
Exposed electrode height hi (um)
Encapsulated electrode height hy (um)
Dielectric layer thickness t (mm)
Permittivity of the dielectric €,
Applied voltage Vpp (kV)
Signal frequency f» (kHz)

The technique for constructing a DBD PA refers to the procedure to make

the PA described by Fukagata et al. [57].

e Cut copper adhesive tape to the designed width and length and paste it
onto the edge of Part a ; this becomes the copper-covered electrode. Then,
cut the polyamide adhesive tape and attach it next to the copper-covered

electrode to complete the first layer.

e Take two layers of polyamide tape and paste them on top of the first layer
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to create the dielectric layers. These become the second and third layers

of the PA.

e Cut copper adhesive tape to the width and length of the exposed electrode

and paste it on top of the third layer at the designed position.

‘ wi =2 mm |

Copper Tape
hy =70 um Polyamide Film

t=80um

hy =70 um

wy, =4 mm |

Figure 2.5: Single DBD plasma actuator configuration.
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Figure 2.6: High-voltage high-frequency pulse-width modulation sinusoidal
Wave. The signal is amplified by the high voltage plasma power supply.
Whereas: Vpp—peak to peak voltage, Ton—ON time of plasma actuator, 7—
time per phase, Duty—Duty of the PWN signal, f,—base frequency generated
by the plasma power supply, f,—modular frequency, 7,;—Time difference
between the upper PA and lower PA signal, /—Phase difference between the
upper PA and lower PA signal.

The PAs were driven by a high-voltage, high-frequency power supply (PSI-
PA1050N, PSI Co., Ltd). The multi-function I/O device (National Instruments
PCI-6133) generated a pulse-width modulation signal with a duty cycle ranging
from 0% to 100% to control the plasma power supply to generate a high-voltage,
high-frequency, pulse-width modulation sinusoidal wave as can be seen in Fig.
An oscilloscope was utilized to monitor the signal for precise adjustment

of the PA working condition determined by the following parameters: V,,, fi,
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fm, and 6 as the peak-to-peak voltage, base frequency, modular frequency, and
phase difference between the upper and lower PAs, respectively. The phase
difference between the upper and lower PAs determined the operating time
between the two PAs; 0 values of zero and © mean that the two PAs were oper-
ating simultaneously and alternately, respectively. Details of the experimental

conditions are listed in Table [2.4]

Figure 2.7: 3D design of rectangular nozzle (7.5 mm x 150 mm) AR = 20 assem-
bly with plasma actuators. Parts (a), (b), (c), and (d) to construct the assembly
are indicated in the right-side exploded view.
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Figure 2.8: Parts (a) and (b) to construct the nozzle outlet.

Figure 2.9: Full installation of an operating nozzle and plasma actuators onto
the wind tunnel.

A 3D model of an adapter was printed using the 3D printer AirWolf AXIOM
Dual extruders to constrain the flow from the wind tunnel outlet to the rectan-
gular jet outlet (Fig. 2.7). A scale of 101% to tackle the problem of ABS shrink-

age was sufficient to produce appropriate nozzles. The nozzle interior was
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sanded with 120, 200, 400, and 800 sandpapers. Subsequently, the painting
process of filler primer, spot putty, and painting was used to achieve a smooth
inner surface inside the adapter with a surface roughness of approximately 11
+ 1 umm. The nozzle assembly is constructed using four components. Parts
(a) and (b) (Fig. were laser-cut from an acrylic board to obtain the de-
signed shape; subsequently, PAs were attached to the surface of the parts (a)
facing inside the nozzle; parts (c) and (d) indicated in Fig. were made using
a 3D printer from ABS to complete the nozzle assembly. A HAR rectangular
nozzle with plasma actuator assembly is shown in Fig. High-frequency,
high-voltage signals were fed to the two plasma actuators located on the tips

of the nozzle with the settings mentioned in the single DBD plasma actuator

experiment (Fig. [2.6).
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Table 2.4: Detalils of velocity and temperature experiment conditions for testing
the effect of plasma actuators on the rectangular jet.

Symbol Description Value Unit
B Nozzle width 150 mm
h Nozzle height 7.5 mm
Uy Outlet velocity 4.5 m/s
T, Controlled ambient temperature (aver- 40 °C

age)
T Controlled nozzle temperature (average) 12 °C
Vip Peak-to-peak voltage 6 kV
1o Base frequency 15 kHz
fm Modular frequency voltage 0-1000, 50 each step Hz
duty Duty of PA controlling signal 0-1, 0.1 each step
0 Phase difference between upper and 0 and 7
lower PA

Details of the experimental conditions are listed in Table The experi-
ment was designed to simulate the situation when leaving a car under the sun
for 30 minutes as the temperature inside the car reaching 7, = 40°C and the
A/C system operating at maximum power 7y = 12°C. The effect of the plasma

actuator on the HAR rectangular jet was examined by changing three key pa-
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rameters: modular frequency (0 Hz, 50 Hz, 100 Hz,..., 1000 Hz), duty cycle
(0, 0.1, 0.2,..., 1), and 6 (0 and 7). Consequently, changing these parameters
yielded 362 working conditions for the plasma actuator. A point in the center-
line x = 525 mm (z/h = 70) in the fully developed region was chosen to observe
the velocity and temperature performance of the jet under different PA work-
ing conditions. This location was selected because it is where the driver is
in the automobile; the flow velocity and temperature at this location are cru-
cial for the thermal comfort of the driver and passengers. Higher velocity and
lower absolute temperature are preferable for the automobile air-conditioning
application at locations far from the outlet. The procedures used to evaluate
the effect of plasma actuators on rectangular jets for both velocity and tem-
perature are identical. First, on the centerline of the jet where z/h = 70, the
hot-wire probe for measuring the velocity and the thermocouple array for mea-
suring the temperature were positioned. Then, the velocity and temperature
data were obtained after changing the multiple PA working conditions. After
obtaining the data, exceptional cases were selected based on the values of the
data (higher than average and lower than average velocities and temperature).
The centerline velocity, centerline temperature, and cut section temperature
were measured for these cases to examine the effect of the plasma actuator

on the rectangular jet in detail. The normalized temperature 7., was used to
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evaluate all the temperature results between all measurement points as:

Txyz - Ta

Toyz = T, T, (2.1)

where T,,. is the temperature measured at a point in space, 7, is the ambient
temperature inside the temperature-controlled chamber, and 7 is the temper-
ature at the outlet of the nozzle, where (¢, 30, z0) = (0,0,0). Looking at Equa-
tion (2.1), the normalized temperature is inversely proportional to the absolute
temperature. Starting from this point of the manuscript, “increase the temper-

ature” means “increase the normalized temperature” and vice versa.

2.2 Plasma Actuator Effect on High As-

pect Ratio Rectangular Jet Velocity

The operating images of the nozzle with the PA are shown in Fig. with
the ON and OFF events. Kelvin—Helmholtz instability vortexes were observed
as in the base case. These vortexes, known as initial vortexes, break down at
the end of the potential core region. As shown in the Fig., the PAs can actively
control the flow by generating pair of spanwise vortexes when the PA is oper-

ating during “ON” events. When compared to the base case, it can be observed
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that the periodic “pumping” effect on the airflow as the modular frequency f,,
with duty is applied to the PAs. The width of the jet changed when the plasma
actuator was ON and operated under different working conditions. These actu-
ators can overdrive the natural vortex generation frequency of the rectangular
jets. The PA working condition once again determines the size of the vortex

ring generated by the PA.
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Pair of vortexes generated
by Plasma Actuators

Case C, fm=150 Hz, Duty=0.2, 6=0

Figure 2.10: Images of flow visualized by PIV laser sheet and high-speed cam-
era (Side view).

Figure shows velocity distribution along the y and z axes at different
locations to give an overview of the base case. It also verifies that the labo-
ratory coordination established by the transverse system corresponds with the

rectangular jet coordination system. Velocity measurements were conducted at
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x/h = 70 under various working conditions of the plasma actuator. For a better
comparison between a large number of cases, the surface plot and heat scatter

plot results using the same set of data (velocity vs. modular frequency vs. duty)

for # = 0 and 0 = 7 are shown in Fig.s [2.12| and [2.13] respectively. These plots

confirm that the plasma actuator modifies the velocity at the measured point.
Although 6 = 0 can both increase and decrease the velocity, 6 = 7= only shows
a tendency to reduce the velocity. There is a clear tendency when 6 = 0; when
fm 1s in the range of 50-200 Hz, PAs improve the velocity compared with the
base case with PAs turning off. At the measuring point where z/h = 70, the
velocity was 4% higher (Case A) and 11% lower (Case B) across all tested cases
than in the base case. In contrast, when 6 = 7, a significant decrease in velocity
can be seen in the same area where the velocity is increased when ¢ = 0 (from
fm = 50-200). Another point from this graph is that the modular frequency
substantially affects the velocity more than the duty cycle in both major cases.
For example, when f,, = 500 Hz and 0 = 7, changing the duty from 0.1 to 0.9

yields almost the same color on the heat scatter plot.
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Figure 2.11: Velocity profiles along the y and z axes at different locations.
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Figure 2.12: Surface plot and heat scatter plot (f,, vs. duty vs. velocity) while
6 = 0 at centerline where z/h = 70.
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Figure 2.13: Surface plot and heat scatter plot (f,, vs. duty vs. velocity) while
0 = m at centerline where z/h = 70.

For further examination, two cases with the most significant effect on rect-
angular jet flow were selected. One case had a high-velocity performance when
6 = 0, and the other had a low-velocity performance when 6 = 7 was measured
to acquire the centerline velocity. For cases where the plasma actuator was
operating, the measurements started at x/h = 5 to maintain a safe distance
from the plasma to protect the measuring equipment. The two cases are: case
A—f,, =150 Hz, duty = 0.5, 0 = 0, and case B—f,,, = 50 Hz, duty = 0.7, 6 = «; the

details are listed in Table 2.5
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Figure 2.14: Comparison between centerline velocities of different cases.
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Table 2.5: Denoted cases regarding Modular Frequency, Duty, and Phase Dif-

ference.

No. Casename Description fm (Hz) Duty 6 Ay (%) NA.%(%)
1 Base Base case - - - -
2 CaseA High Velocity 150 0.5 15.47 -
3 CaseB Low Velocity 50 0.7 -44.98 -
4 CaseC High Normalized Temp. 150 0.2 - 13.68
5 CaseD Low Normalized Temp. 450 0.8 - -14.91
6 CaseE Low Normalized Temp. 100 0.4 - -17.38
7 CaseF High Normalized Temp. 500 0.1 - 10.44

The velocity decay of the jet centerline in this zone can be calculated using

Equation [1.4{repeated here as Equation The centerline velocity compared

with the theoretical and base cases are illustrated in Fig. K is an empir-

ical constant derived from centerline experiment data. Similar work to find K

can be obtained from the work of Shepelev [16], Gortler and Tollmein [[17], Hes-

kestad [18]], and Kotsovinos [19]. In this study, K; = 2.05 was found using the

least square method to fit the model with experimental data. The equations for

the velocity used in the centerline velocity equation assume that the jet is sup-

plied from a virtual origin. The addition of the term, x,, to the distance from

LAy — Velocity increment compared with base case in % at z/h = 70;

2A, — Normalized temperature increment compared with base case in % at x/h = 70.
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the outlet corrects the influence of the outlet size on the jet geometry. However,

as reported by Goodfellow [58], it can be neglected by many researchers for

practical use in experimental comparisons.

=0 — K/ -, (2.2)

where,

U,.o—Centerline velocity at x;

Uy—Average velocity at outlet where (zy, 39, 20) = (0,0,0);
h—Height of rectangular nozzle; and

K,—Centerline velocity decay constant.
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Figure 2.15: Comparison of centerline turbulence intensity between cases.

From x/h = 0 to x/h = 30, these cases perform worse than the base case
with a shorter potential core; in particular, for case B, the normalized velocity
at this point is 30% less than that of the base case. After z/h = 30, case A
performed better, resulting in an increased offset velocity profile from the base
case, and case B vastly decreased compared with the base case. Fig.
shows the turbulence intensity along the centerline. The turbulence intensity

is related to the mixing phenomena in the flow. As seen from the base case, the
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maximum mixing on the centerline happened at z/h = 10, and the intensity
gradually decreased and stabilized at 16%. Case A turbulence intensity peaked
at the exact location as the base case. After that, the profile trended similarly
to the base case when PAs were off. In contrast, the evolution of turbulence
intensity profile changed entirely when PAs operated at phase difference in
case B. While other cases got their peaks turbulence intensity, case B got its
low. After z/h = 30, the turbulence intensity increased rapidly, whereas the
other cases decreased and then reached the maximum turbulence intensity at
30%. As a result, PAs can introduce turbulence intensity to the flow when

working in the phase difference mode at a particular frequency.
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Figure 2.16: Velocity distribution along the oy and oz directions at different
locations.

Plasma Actuators can influence the distribution in the oy and oz direction,
as shown in Fig. In case A, velocity profiles along the z-axis were im-
proved at all measured locations; the y profiles were decreased at =/h equaled
5 and 10 and had positive offsets at x/h = 30, 50, and 70. In the case of B, the
velocity profiles in the z-direction performed better than other cases from = /h =
5, 10, and 30, whereas the profiles in the y-direction performed worse than oth-
ers. The jet width was expanded in the oz direction and constrained in the oy
direction, indicating the conversion of kinetic energy from one direction to the
other. The cross-section of a rectangular jet evolves downstream with its major
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and minor axis rotated at angles compared to jet geometry. This phenomenon
is called axis-switching. Consequently, plasma actuators operating at different
conditions can change the profile to increase or decrease the centerline velocity

of HAR rectangular jets.
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Figure 2.17: Main effects for velocity at z/h = 70.
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Figure 2.18: Pareto chart for velocity at = /h = 70.

Identifying the most critical operating parameters of plasma actuators is
crucial for optimizing the velocity performance when controlling HAR rectan-
gular jet. Full fractional designs are an effective method for identifying these
critical operating parameters because they allow for estimating all factors’
main effects and interaction effects by utilizing the velocity screening data.
In a full fractional design, all possible combinations of the operating parame-
ters are tested; then, a comprehensive understanding of how each parameter
impacts the performance of the plasma actuator can be obtained. Figure

illustrates the main effects of different parameters for the velocity at =/h = 70.
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Also, Fig. shows the Pareto chart to summarize the analysis result: the
phase difference (theta) is the most critical parameter that can affect the veloc-
ity at the driver’s location; in contrast, the effect caused by duty is tiny. Since
the phase difference 6 only has two levels as 0 and 7, hence, changing modular

frequency f,, is the main parameter for optimizing the velocity.

2.3 Plasma Actuator Effect on High As-
pect Ratio Rectangular Jet Temper-

ature

The scanning method was also applied for temperature evaluation using the
same logic as velocity analysis. The uncertainty of a temperature measure-
ment equaled the measurement precision of the T-thermocouple as +0.75%.
Accordingly to EqJ2.1] the total uncertainty was calculated as about +7.3% for
normalized temperature data at z/h = 70. The surface plot and heat scatter

plot results using the same set of data (normalized temperature vs. modular

frequency vs. duty) for # = 0 and 6 = 7 are shown in Fig. [2.19|and [2.20] respec-

tively. Even though the same scanning method was used for temperature and

velocity measured at the same point on the centerline where x/h = 70, there
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was no correlation between these surface plots and contour plots for velocity
and temperature. In this context, duty seems to have a more substantial influ-
ence on the temperature than the modular frequency f,,, unlike the previous
velocity analysis. The duty from 0.1 to 0.5 generally results in better tempera-

ture, and having a duty from 0.6 to 0.9 has the opposite effect.

i« AD%

0.2 * '

0 200 400 600 800 1000

f (Hz) f (Hz)

Duty

.

Figure 2.19: Surface plot and heat scatter plot (f,, vs. duty vs. Normalized
Temperature) while § = 0 at centerline where x/h = 70.

70



.

Duty

m A

-

0 200 400 600 800 1000
f_(Hz) f_(Hz)

Figure 2.20: Surface plot and heat scatter plot (f,, vs. duty vs. Normalized
Temperature) while § = 7 at centerline where x/h = 70.

Four cases were chosen for further examinations: two cases (C and D) with
a high and low temperature performance while 6 = 0, and another two cases (E
and F) while 6 = 7 all compared to the base case. The details of these cases are
listed in Table The temperature contour plots on the xz cut section where
y/h = 0 in these cases are illustrated in Fig. The theoretical distribution
was calculated based on Shepelev and Goodfellow [58]. It can be done by
curve fitting the experimental data to find the empirical constant ¢ = 0.1253
and then computing the velocity using Equation to yield the temperature
at any given point in space using Equation (2.4). In these two equations, the

term “erf ” represents the mathematical error function.
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Upy. = —1 ) erf erf , (2.3)

Usys(Toyz — Ta) 1 orf 14+ Pry+ Ag erf 14+ Pry— A
Uo(Ty —T,) 4 V™2 cx V™2 cx
(2.4)

where,

U.,~—Velocity at any given point in space with (z,y, z) coordinate;
Uy—Average velocity at outlet where (z, 19, 20) = (0,0,0);
T,,.—Temperature at any given point in space with (z, y, ) coordinate;
T,—Ambient temperature;

To—Average temperature at outlet where (¢, yo, z9) = (0,0,0);

Ao—Half length of nozzle width;

By—Half length of nozzle height;

Pr—Prandt]l number;

c—Empirical constant.

When comparing these cases with the theoretical and base cases, it can be
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observed that the plasma actuator changes the temperature jet width and tem-
perature distribution. In particular, the jet was spread in Case E. In the near
outlet region, where x/h = 5 to 10, the jet has a wide distribution across the
y-axis. From z/h = 20 to z/h = 40, the temperature distribution was denser
than in the other cases, which means that most thermal interactions occurred
in this general area. As a rule of thermal conservation, this intense thermal in-
teraction creates a stronger mixing effect. This area mixed air at lower thermal
energy with higher thermal energy. This resulted in a higher temperature near

the outlet and a lower temperature in the far region after intensive mixing.
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Figure 2.21: Normalized temperature contour plot on xz cut section where

y/h = 0 for different cases.



For better visualization and comparison, the normalized centerline temper-
ature for these cases and the theoretical distribution were extracted from the
same data set, as shown in Fig. It can be concluded that PAs also affect
changing the temperature distribution in the xz plane and the yz cut sections.
The diverging and converging jet width effects occur in all jet domains. Rea-
sons for this phenomenon are out of this research’s scope and will be further
studied in future research. Furthermore, the axis-switching effect can be ob-
served in case E, where z/h = 30, and the jet’s axis is rotated by 90° compared
with the theoretical and base-case temperatures. By combining Fig. and
this general area where z/h = 20 to 40 has a high normalized temperature

focused on a smaller area because of the earlier axis-switching effect.
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Figure 2.22: Normalized temperature contour plot on yz cut section where z/h
=5, 10, 30, 50, and 70 for different cases.

The centerline temperature is shown in Fig. The temperature was
normalized and compared with the theoretical work of Koestel in Equa-

tion (2.5) and Abramovich in Equation (2.6). Two empirical coefficients at



K5 =4.134 and a = 0.0988 were determined by fitting these models to the exper-
imental data using the nonlinear least-squares method. Since there are fluctu-
ations, all the experimental data were fitted by 4" order Polynomial curve to
show the trend and to compare the improvement among the cases. The fitting
curves indicated well-matched profiles (R? > 0.9). After fitting, the improve-
ment for normalized temperature for cases C and F are 18.20% and 13.02%,
respectively, which indicates the temperature improvements are not outlier

data points.

Tmo = \/0.83[(2%, (2.5)

1.04

Tmo = —F7—
Bo +0.41

(2.6)

where,

Tmo—Normalized centerline temperature at x;
By—Half length of nozzle height;

K;—Centerline temperature decay constant [20];

a—Temperature decay constant [21]].
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Figure 2.23: Comparison of centerline temperature between cases.

When applying the plasma actuator, the potential temperature core be-
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comes shorter than the base case and decays faster. However, after the dis-
tance from the nozzle of z/h = 30, the temperature became higher than the
base case. Furthermore, considering case E when f,, = 100 Hz, duty = 0.4, and
0 = 7, in the region near the outlet z/h < 20, the centerline velocity performs
worse than the base case. However, when it reaches the region 20 < z/h < 40,
there is a significant increment compared to the theory, base case, and other
cases. This region is also where the axis-switching phenomena are described

in the previous discussion.
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Figure 2.24: Main effects for velocity at z/h = 70.
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Figure 2.25: Pareto chart for velocity at z/h = 70.

Similarly to velocity, identifying the most critical operating parameters of
plasma actuators is crucial for optimizing the temperature performance when
controlling HAR rectangular jet. Full fractional designs was also utilized to
draw Fig. illustrating the main effects of different parameters for the
normalized temperature at x/h = 70. Also, Fig. shows the Pareto chart to
summarize the analysis result: the duty is the most critical parameter that can
affect the temperature at the driver’s location; in contrast, the effect caused by
modular frequency (f,,) is tiny.

These results differ from the velocity analysis, where the phase difference

80



() and the modular frequency (f,,) substantially affect the velocity perfor-
mance, and the effect caused by duty is tiny. There are some possible reasons
for this difference. The velocity distribution in the jet is affected by viscous
forces, which tend to smooth out the flow and make it more uniform. At the
same time, the temperature is affected by heat transfer, which is a function
of the temperature gradients. The viscous forces do not affect the tempera-
ture like the heat transfer phenomena. As a result, the flow-controlling effect

archived by Plasma Actuator is different.

2.4 Energy analysis and Power consump-
tion analysis of the high-aspect-ratio
rectangular jet controlled by plasma

actuators

2.4.1 Energy analysis

An energy analysis of the plasma actuator and a HAR rectangular jet was con-

ducted to clarify whether the effect of the PA on the velocity was caused by the
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injection of kinetic energy or the result of the flow manipulation. This could be
achieved by calculating the ratio of the plasma actuator mechanical power (PA
kinetic energy flux) to the rectangular jet kinetic energy flux. First, the kinetic
energy flux of the rectangular jet was calculated using Equation (2.7):

1

. 1
o1 = EmUé = 5(onA)Ug, (2.7)

where,

¢r—Rectangular jet’s kinetic energy flux;
m—Mass flow rate;

p—Density of air;

A—Rectangular jet exit area; and

Upo—Initial velocity at the jet exit.

Secondly, the power consumption and kinetic energy flux of a single DBD
Plasma Actuator were obtained by the shunt resistor method refer to Tang et
al. [60] and Ashpis et al. [[61]]. Voltage and current were measured to calculate
the power consumption of the Plasma Actuator at duty = 1. The results are il-

lustrated in Fig. After that, the power consumption of a Plasma Actuator
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was calculated using Equation (2.8):

t*=1
Welec = fb/ V(t)l(t)dt, (28)
t

*—=()

where,

We..—Plasma actuator’s electrical power consumption;
fr—Base frequency;

V(t)—Voltage at each point in the period;
I(t)—Current at each point in the period; and

t*—The normalized ¢ represents a single period.

5 T T T T T 40

Voltage (kV)
Current (mA)

—4 | | s \/oltage [ —30
~Current|
=5 ! ' ' ' —40
0 50 100 150 200 250 300 350
Time (us)

Figure 2.26: Voltage and current applied to a Plasma Actuator used in the
experiments, where duty = 1.
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Figure 2.27: Velocity profile of a Plasma Actuator at a distance of 60 mm from
the covered electrode.

The mechanical power of the plasma actuator can be calculated based on
the velocity profile of a single PA, operating with duty = 1, no free stream flow,
and no external force, using Equation (2.9). Under these conditions, the mo-
mentum should theoretically be conserved in all velocity profiles. The plasma
actuator velocity profile at x = 60 mm (F'ig. was used to calculate the PA

mechanical power.

y=00

1
Wineeh = §pL/ Ug(y)dya (29)
Y

=0
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where,

Ween—Plasma actuator’s mechanical power;
p—Density of air;

L—Length of the Plasma Actuator;

U (y)—Velocity according to y coordinate at each point.

In this study, two PAs were used under the influence of the duty cycle.
Therefore, the power consumption and kinetic energy flux for each case equaled
the variables of a single DBD plasma actuator multiple by (2xduty) to obtain
the results. The power analysis results for all cases are described in Table
The ratio of mechanical power to the power consumed by the plasma actuator
as (%ﬂ—ﬂ) determines the conversion efficiency. This value was found to be
0.001%. It means most of the electric power was turned into heat energy. The
ratio of <%) as the PA mechanical power (also known as PA kinetic energy
flux) to the rectangular jet kinetic energy flux implies the power of the control
input is influenced by a change in the kinetic energy in the form of velocity. The
results show that for high-velocity performance in case A, the energy required
to perform the active control technique is 0.048%, which is even smaller than

that for case B. Case B, which has a lower velocity performance, has a higher

value of energy requirement at 0.067%. Therefore, the plasma actuator can
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perform velocity control with only a minor amount of power compared to the

kinetic energy flux of the flow.
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Table 2.6: Power analysis for all cases.

Case Description D (W) Weaee (W) Wieen (W) Qi (W) Qpa (W) %(%) %p: (%)
Single PA - - 3.158 2.985x107° - 3.158 - -
A High velocity 6.253 %102 3.158 2.985x107° 174.0 3.158 0.04773 1.815
B Low velocity 6.253x1072 4.421 4.179x1075 174.0 4.421 0.06682 2.541
C High Normalized Temp. 6.253x102 1.263 1.194x107° 174.0 1.263 0.01909 0.726
D Low Normalized Temp. 6.253x1072 5.052 4.776x107° 174.0 5.052 0.07637 2.904
E Low Normalized Temp. 6.253x102 2.526 2.388x107° 174.0 2.526 0.03819 1.452
F High Normalized Temp. 6.253x1072 0.632 5.970x107% 174.0 0.632 0.00955 0.363




Generally, the plasma generated by an Alternating Current (AC) driven
DBD plasma actuator is non-thermal plasma in which heavy species have tem-
peratures close to the ambient temperature while the electron temperature is
much higher [37]. The energy in this type of plasma is mainly stored in the
electrons and consequently does not contribute to the gas’s heating [62]. The
ratio of (%) heat flux of the rectangular jet in the experiment to the heat
flux of the plasma actuator was calculated to clarify whether the effect of the
PA on the temperature was caused by the injection of thermal energy or it was
the result of the flow manipulation. The heat flux of the rectangular jet was
calculated using Equation (2.10). The heat flux of the plasma actuator was cal-
culated using Equation (2.11)), assuming that the total energy input was equal

to the kinetic energy plus thermal energy.

Qr = mCL A, = (pUg A)CpA, (2.10)

where,

QQr—Heat flux of the rectangular jet;
m—Mass flow rate;

p—Density of air;

A—Rectangular jet exit area;
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Uy—Initial velocity at the jet exit;
C,—Specific heat of air at the experiment condition;

A;—Temperature difference between the outlet and ambient temperature.

Qpa = Welec — Wmech, (211)

where,

()p.—Heat flux of plasma actuator.

The heat-flux results are presented in Table The two cases C and F
show that only a small amount of energy compared to the heat flux of the
flow (0.726% and 0.363% for cases C and F, respectively) can achieve 13.68%
and 10.44% lower absolute temperatures (or higher normalized temperatures),
respectively. Therefore, it can be concluded that flow manipulation caused a
change in the jet temperature. Consequently, the thermal effect of the plasma
actuator only affects small and local regions where the plasma exists and does
not contribute to airflow heating in a considerably larger area.

Additional investigations on pressure loss caused by Plasma Actuator were
conducted. Measuring the pressure drop of an actuator can be necessary for

several reasons. One reason is to understand the actuator’s performance and
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how it affects the fluid flow [63]. By measuring the pressure drop caused by
the actuator, it is possible to determine the efficiency of the actuator and how
it affects the system’s overall performance. Another reason to measure the
pressure drop of an actuator is to optimize the design of the actuator. By un-
derstanding the pressure drop caused by the actuator, it is possible to make
design modifications to improve the efficiency of the actuator and reduce the
pressure drop. This can be important for improving the system’s overall per-

formance and reducing energy consumption.

Table 2.7: Pressure loss case details.

Case Description

No Pa There is no PA installed on the rectangular jet
Base Plasma Actuators are OFF

Case A High Velocity Case

Case C High Normalized Temperature Case

The measurements are taken at a location of the YZ Cut section at x = 15
mm (z/h=2). The measurements are taken at a total of 424 points across an
8 x 53 measuring grid. This means that the measurements are taken at a
total of 424 different locations in the fluid flow, giving a detailed and compre-
hensive picture of the pressure distribution of the fluid at various points in
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the flow. To determine the pressure loss caused by the Plasma Actuator, the
difference between the pressure measurements taken without the Plasma Ac-
tuator installed (No PA case) and with the Plasma Actuator turned OFF (Base
case) is calculated. This will cause pressure loss due to installing the Plasma
Actuator as a sudden contraction. To determine the pressure loss caused by
the Plasma Actuator’s body force, the difference between the pressure mea-
surements taken with the Plasma Actuator operating and without the Plasma
Actuator (Base case) is calculated. This will give the pressure loss due to the
Plasma Actuator’s body force on the flow, converting the mean energy of the
flow into coherent structures. Table shows the descriptions for pressure

loss cases.
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Figure 2.28: Pressure distribution for cases.



The results of total pressure distribution for cases show in Fig. Pres-
sure loss due to installation of Plasma Actuators as a sudden contraction can

be calculated:

PNoPa — PBase = —0.015 Pa (212)

Pressure loss due to applying Plasma Actuators’ body force:

Case A:

Ppase — Pa = 0.161 Pa ~ 2.34% loss (2.13)

Case C:

Ppuse — Po = 0.066 Pa ~ 0.97% loss (2.14)

Based on the pressure loss analysis results for the high-aspect-ratio rect-
angular jet controlled by a Plasma Actuator, the pressure loss caused by the
installation of the Plasma Actuators is minimal and can be considered negli-
gible. This is likely because the Plasma Actuators’ protrusions are thin (70um
x 2) compared to the width of the rectangular jet (7.5 mm) and the thickness
of the boundary layer ( 1.5 mm). The impact of the Plasma Actuators on the
overall pressure of the fluid is minimal. The pressure losses caused by the
operation of the Plasma Actuators are also relatively small compared to the

velocity gain (15.47%) and temperature gain (13.68%) observed. Additionally,
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the differences in pressure loss are within the precision range of the pressure
sensor (+3%), indicating that the results are reliable and accurate. Overall, the
pressure loss caused by the Plasma Actuators is minor compared to the total
pressure of the rectangular jets. This suggests that the Plasma Actuators have
a minimal impact on the overall pressure of the fluid and do not significantly

alter the system’s performance.

2.4.2 Power consumption analysis

Analysis of power consumption effectiveness of the active flow control by Plasma
Actuator to the high-aspect-ratio rectangular jet for automobile A/C system is
conducted. Let us take case A - High velocity to investigate how much power
is needed to achieve the same result as Plasma Actuator controls the jet for
the original A/C system. As seen in Eq. to archive the velocity with case
A while keeping the same normalized velocity, the initial velocity U, has to in-
crease the same amount with the velocity increment for case A Ay, = 15.47%.
By looking at Eq. and when the initial velocity U, is increased, the
kinetic energy flux and the heat flux of the rectangular jet are also increased

with the relation:

¢k X U03 and Qk X UO
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Figure 2.29: Automobile or Car Air Conditioning System Schematic.

Table 2.8: Power consumption for base case, case A, and case A*.

Baseline Case AAy = 415.47% Case A¥Ay = £15.47%
(No PA) (With PAs) (No PA)
PO Pfan/blower = 2448 W Pfan/blower = 2448 W mel./blower =37.69W
Consumption Peompressor = 1080 W Prompressor = 1080 W Bompressor = 1247.08 W
PPA =316 W
Total P.ysea = 1107.64 W P.asear = 128477 W

Puopa = 1104.48 W

(4p — Difference) (40.29 %) (4 16.3 %)
Velocity Gain Ratio
4, /A - 1.2 0.29
U Pftm/blower
System Gain Ratio i 53.34 0.95

Ay /Ap

The kinetic and heat flux will increase by A,;, = 53.95% and A, = 15.47%,
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respectively, to archive the same result as Case A. The central blower and the
compressor will use as much energy to increase the kinetic energy flux and
the heat flux at the nozzle exit (refer to Fig. [2.29). Therefore, the total power
consumption of the A/C system will be increased to compensate for increasing
the jet’s initial velocity. The power consumption of the wind tunnel (acting as a
central blower in the A/C system) and circulator chiller (acting as compressor
and radiator in the A/C system) is Pj,, = 24.48 W and P,,,, = 1080 W, respec-
tively. To archive the same result as Case A as case A*, power consumption for

fan Ap,,,, for compressor Ap, ., and the total A/C system Ap are needed to be

omA?

increased. The details of the power consumption for these cases are shown in

Table

Apf(m = A¢k X Pfan =13.21 (W)
Apcom = AQk X Pcom = 167.08 (W)

Ap=Ap,,, +Ap

com

= 180.29 (W)

The power consumption for Plasma Actuator in case A is W4 = 3.16 (W).
Based on that, it can be concluded that to archive the same velocity improve-

ment as case A:

e As for the velocity only, Plasma Actuator consumes 22.71% the amount of

energy comparing with ordinary A/C system (case A*). The velocity gain
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ratio (calculated by the ratio of increment of velocity over the increment

Ay

A, ) for case A is 1.2, which means

of input energy for the fan or blower

that the flow control technique can archive better power saving in terms

of kinetic energy.

e As for the total system power consumption, Plasma Actuator consumes
1.75% of the amount of energy compared with an ordinary A/C system.
Which results in a huge AC system gain ratio of 53.34. Active flow control
by Plasma Actuator can result in a benefit in terms of AC system energy

usage.

In a modern automobile, the A/C system will use about four-horsepower (3
kW) of the combustion engine’s power or from the electric car’s battery (for
electric vehicle), thus increasing fuel consumption or decreasing the vehicle’s
mileage [64]. The central blower (which generates the velocity for the A/C
outlet) will use approximately 20% of all energy in automobile A/C system [65],
the rest will go to the compressor, and a minor amount of energy goes to the
controlling system that can be negligible. As a result of this analysis, using
this AFC for a high-aspect-ratio rectangular jet air vent could improve the fuel

consumption of an automobile.
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2.5 Chapter Summary

e The combination of modular frequency f,,, duty, and phase difference 0
determines the working condition of the plasma actuators and has dif-
ferent effects on the HAR (width-to-height ratio 20) rectangular jets flow

features;

e Modular frequency substffects the velocity of the rectangular jet com-
pared with duty. In contrast, changing the duty cycle influences the tem-
perature better than the modular frequency. Plasma Actuator can affect
the velocity and temperature at a particular point, centerline profile, and

distribution across cut sections;

e The plasma actuator can cause the axis-switching phenomenon to occur
at a location closer to the rectangular nozzle outlet (Case E). It results in
a "thick” distribution of the high normalized temperature in this identical

area;

e The maximum improvement for velocity is 15% higher, and the tempera-
ture is 14% higher, measured at x/h = 70 on the centerline. The actuator
can perform velocity and temperature control with only a minor power

compared to the rectangular jet’s kinetic energy and heat flux. Because of
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that, using this technique for a high-aspect-ratio rectangular jet air vent

could improve automobile fuel consumption.
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Chapter 3

The Mechanisms of High-aspect-
ratio Rectangular Jet Width Con-

trolled by Plasma Actuators

Abstract

Next, this chapter is dedicated to understanding the mechanism of how the Plasma
Actuator affects the HAR rectangular jet to use it to craft turbulent structures in the
flow and overdrive the vortex-forming nature of the jet, known as Kelvin—Helmholtz
Instability. The width of a turbulent jet can significantly affect the flow’s velocity and
temperature distribution. A wider jet will have a more diffuse velocity and temper-

ature distribution, while a narrower jet will have a more concentrated distribution.



This is because a wider jet will have a greater area over which the fluid can spread
out, resulting in a lower velocity and temperature at any given point. Conversely, a
narrower jet will have a smaller area over which the fluid can spread out, resulting
in a higher velocity and temperature at any given point. Additionally, the width of
the jet can also affect the fluid’s mixing and the energy dissipation rate, which can
also impact the flow’s overall velocity and temperature distribution. Therefore, un-
derstanding the mechanisms of High-aspect-ratio Rectangular Jet Width controlled by

Plasma Actuators will play a vital role in controlling the velocity and temperature.
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3.1 Flow Features and Turbulent Struc-
ture of High-Aspect-Ratio Rectangu-

lar Jet Controlled by PAs

The visualization results of all cases are shown in Fig. To obtain a good
visualization using a PIV laser sheet and a high-speed camera, it is important
to use a lens with a focal length of 50mm. This will ensure that the image
captured by the camera is properly focused and has a good field of view. Addi-
tionally, since the environment where the PIV laser sheet is used is dark, it is
recommended to use an f1.2 or f1.0 aperture lens. This will allow the camera
to capture the low light emitted by the laser sheet, resulting in a well-lit and
detailed image. It is also crucial to make sure that the focus of the camera is
located at the laser sheet. And to ensure the proper amount of smoke is ejected
into the flow by the smoke generator, not too much, not too little, this will make
the laser sheet more visible, and make the data captured more accurate. This
will ensure that the laser sheet is clearly visible in the final image, making it
easy to analyze the data captured by the PIV system.

The Kelvin—Helmholtz instability (KHI) vortex appears at the initial vor-
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tex’s base case. This instability vortex occurs at the interface where two fluid
streams with relative motion come into contact [66] [67] because the rectan-
gular jet flows into the still air. The KHI vortex size becomes smaller while
traveling streamwise, as can be seen at the X-Y Top View; these vortices lead
to a potential core breakdown into turbulence at z/h = 6 [68]. The KHI mech-
anism of the vortex roll-up and intense mixing between two fluids are compre-

hensively described by Caulfield and Peltier [69].
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Figure 3.1: Spontaneous flow visualization results for different cases on X-Z Side View and X-Y Top
View recorded at 2000 fps.




In cases A and C, the higher velocity and higher normalized temperature
cases, respectively, two PAs operating simultaneously induce the flow with
plasma wind creating pairs of vortexes, as observed in the X-Z Side View. From
the Top View, we see that the flows slightly converge. The vortex-generating
frequency can be obtained by counting the number of vortexes in the high-
speed camera footage and dividing it by the recorded time. It is found that the
vortex-generating frequencies in cases A, B, C, and E are equal to the modular
frequency f,, induced by PAs. Furthermore, minor instability compared with
the KHI vortexes was found in cases D (low normalized temperature) and F
(high normalized temperature) when the modular frequency was higher than
that in other cases at 450 and 500 Hz, respectively. Therefore, PAs overdrive

the KHI vortex generating frequency.
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A train of vortexes is found in cases B (lower velocity) and E (lower normal-
ized temperature), as seen from the X-Z Side View in Fig. Moreover, the
sizes of individual structures are different. The small vortical structures are
random turbulent motions, whereas the spanwise structures appear as coher-
ent structures. These vortex structures are detected by straight bars of smoke
and void sequentially appearing in the visualized footage on the X-Y Top View.
This phenomenon stemmed from the vectoring effect of PAs operated in alter-
nating mode (i.e., phase difference equals 7) combined with the periodic exci-
tation effect when the modular frequency is applied. Furthermore, PAs make
the jet width diverge on the X-Z Side View and converge on the X-Y Top View
as the spanwise vortex shortens when traveling in the streamwise direction.
This observation alludes to the existence of different structures representing
various scales in rectangular jet flow controlled by PAs.

Turbulence development in a rectangular jet can be described as a transi-
tion from a smooth, orderly flow to a chaotic and disordered flow [70]. When
a fluid is forced through a small opening, it creates a laminar jet. This jet ini-
tially flows smoothly and orderly in a straight line. As the jet travels further
from the opening, the velocity of the fluid decreases and the pressure increases.
This causes the jet to spread out and the flow to become less stable. As the jet

continues to spread, small disturbances called “vortices” begin to form. The
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vortices that form in the jet are called “Kelvin-Helmholtz Instability” vortices,
they can also be seen as “roll-up” of the fluid layer. This instability is caused
by the difference in velocity between the fluid layers, and it results in the for-
mation of vortices and the breakdown of the laminar flow. As the vortices grow
in size and number, they begin to interact with each other, creating even more
disturbances in the flow.

Figure shows a schematic of the scaling in coherent structures [71] to
explain the energy cascading concept. Two physical phenomena occur simulta-
neously to assemble the flow features. The first process is the formation and
growth of the coherent structures owing to the KHI appearing in the base case;
the other is self-organization resulting from the flow excitation of PAs. The sec-
ond process is the energy cascade phenomenon, where the vortical structure
size gradually decreases owing to the interaction between multi scale struc-
tures. The well-known Kolmogorov scaling law [72] indicates that the largest
structure in the flow is the size of the coherent structure holding approximately
80% of the total kinetic energy [73]], known as the integral length scale L. The
smallest one includes the cascaded structures and random eddies, known as
the dissipation scale [ or Kolmogorov scale, responsible for turbulent energy
dissipation. While the mean and random energies are transferred to the co-

herent energy by PAs, the coherent energy is transferred to random energy
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through the cascade. The random energy is then transferred to heat (molec-
ular energy) through the energy dissipation process. It is currently unknown
if there has been any research conducted on using a Plasma Actuator in com-
bination with integral length scale for controlling jet applications. This study
aims to be the first to investigate and apply this novel technique, filling the gap

in current knowledge.
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A grid containing 77 measuring points where the vortices appeared the most
on the visualization results, as shown in Fig. was selected to capture the
velocity and integral and dissipation length scales for all experimental cases
to measure the shear layer near the nozzle exit. The quantitative results of
these measurements are shown in the contour plots in Fig. The larger
the integral scale in the middle column figures, the larger the coherent struc-
tures. The dissipation length scale in the right column figures is one order of
magnitude smaller than the integral length scale. When PAs are operating,
they increase the integral length scale at locations where there is none at the
base case from x/h = 3 to 6. PAs also decrease the dissipation length scale in
all cases. Without any actuator, the integral length scale depends only on the
size and geometry, and the dissipation scale depends on the dissipation rate
and viscosity [74] [75]. This result indicates that PAs can change these two
length scales without changing flow boundary conditions. Furthermore, when
the phase difference equals 7, the integral length scale shows larger structures
in the flow compared with the others. The most significant coherent structures
can be found in case E, where the integral length scale reached the maximum

value at 6 mm.
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Figure shows the integral length scales along the centerline. Except for
the two cases with significant coherent structures (i.e., cases B and E), other
cases behaved similarly as the structures grew from the nozzle outlet to z/h =

30, where they reached approximately 0.5/ and then stabilized. In cases B and
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E, the integral length scale reached the first peak (where z/h = 10) and then
reduced to the first minimum (where z/h = 15). Subsequently, the scale reached
its maximum and then decreased linearly. This represents the mechanisms of
energy cascade for cases with larger structures that gradually cascade into

smaller ones after covering some distance.

3.2 Mechanism of Rectangular Jet Di-

vergence and Convergence by PA

The mechanism of the diverging and converging of the jet width will strongly
relate to the velocity and temperature of the flow. In cases E and B, the jet
width diverges on the X-Z Side View and converges on the X-Y Top View. Be-
cause case E has the largest coherent structure, it was selected to examine the
divergent and convergent mechanisms of the rectangular jet width. An obser-
vation plane parallel to the X-Y plane where z = 6 mm (Fig. for case E) is
shown on Fig. Because the observation plane cuts through the spanwise
vortex cores, this provides better clues than the observation at the X-Y Top
View of the coherent structures by multiple straight bars of smoke and void
sequentially appearing in the observed footage. Moreover, convergence of the

flow can be observed on the observation plane.
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Figure 3.6: Spontaneous flow visualization result of case E on XY cut section
while z = 6 mm recorded at 2000 fps.

Flow visualization videos were analyzed by 2D PIV software to extract the
velocity and vorticity data. Since the analysis is only on the observed plane,
there is a limitation compared with 3D PIV analysis because the measured
velocity has only two-dimensional components on the observation plane. Fig-
ure shows the average velocity contour of case E on the observation plane.
The distribution shows the convergence jet width as it is concentrated into a

small local area by the centerline from x/h = 15 to 20 maximum at 2 m/s. The
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velocity along the y-direction as the V-velocity component velocity is extracted
from the mean velocity results in Fig. The V-velocity component is directed
toward the centerline as the entrained air is drawn into the core of vortexes.
This occurs because the train of spanwise vortexes creates a low-pressure zone
when it travels streamwise; the same phenomena can be observed in the vortex
shedding flow around a cylinder [76] [77]. Additionally, the visualization video
shows that the edge of the vortex breaks down into smaller structures which
shortens the spanwise vortex when it travels streamwise and finally resulting
in a convergence effect of the flow from the X-Y Top View, as seen in Fig.

From the X-Z Side View, the flow diverges because of momentum conservation.
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Figure 3.7: Case E, PIV average velocity contour plot on XY parallel plane z =
6 mm.
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Figure 3.8: Case E, PIV average v component velocity contour plot on XY par-
allel plane z = 6 mm.

The vorticity distribution on the observation plane is shown in Fig.
A positive value indicates that the rotation is in the counter-clockwise direc-
tion and vice versa. Vorticity values on the top and bottom shear layers have
absolute values higher than the inner part of the flow, and their directions are
toward the core of the flow. This interpretation is consistent with the V-velocity

component results in Fig. where the entrainment is directed to the center-
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line of the flow. When z/h = 5-14, areas with alternating vorticity signs can be
observed as indicated by the +/— signs in Fig. The vorticity results reveal
the primary coherent structure interacting with the main spanwise vortexes
created by the PA effect. Further, the multiscale turbulent structure inter-
acts with random turbulence in the environment, resulting in the primary and
secondary structures, as seen in Fig. Melander et al. [78]] studied these
structures by direct numerical simulation (DNS) to show the concept of a coher-
ent vortex, as the vortex always couples with a group of smaller-scale vortices
winding around it. The existence of these structures is proof of the turbulence
cascade and hints at a highly dissipative structure. This proves that the train
of spanwise vortexes created by the PA exists in a dissipative environment as

the rectangular jet is emitted into the still air.
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Figure 3.9: Case E, vorticity contour plot on the X-Y Top View at z = 6 mm.
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Figure 3.10: Schematic of a coherent structure interacting with random turbu-
lence to create primary and secondary structures.

The vorticity equation is used to explain the mechanisms of jet convergence
and divergence induced by the PA. The equation describes the development
and decay of any vortex system on all length scales. The derivation of Eq.

was carried out by Holton et al. [79].
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where:

¢ — relative vorticity caused by wind or flow control;

f — planetary vorticity caused by rotation of the earth (for this application, the
effect is neglected as [ ~ 0);

x,y, z — component of coordinate system;

u, v, w — velocity component according to the coordinate system;

p — mean density of the fluid.

Term I on the left side of Eq. is the rate of change of absolute vortic-
ity (¢ + f) following the fluid motion. Term II is called the divergence term
or vortex stretching. It represents the effects of divergence (compression) and
convergence (stretching) on absolute vorticity. Terms IIT and IV are the trans-
fer of vorticity between horizontal and vertical components and the effect of

baroclinicity, respectively. In term II, if (g—; + g-;) > 0 or the horizontal flow is
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divergent, vorticity will be diluted since vorticity decreases if absolute vorticity
is positive and increases if absolute vorticity is negative. Figure shows the
vorticity distribution on the X-Z Side View of the flow. The peaks are found at
x/h = 7 after which the vorticity decreases. Figure shows the vorticity on
the X-Z Side View plane along z = 6 mm for a qualitative comparison. The vor-
ticity sharply increases to get the peaks, and then linear decreases. Because
the rectangular jet flow existed in the dissipative environment, the horizontal
flow is divergent. This results in compression because the absolute vorticity

decreases following the fluid motion.
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Figure 3.11: Case E, vorticity contour plot on the X-Z Side View.

123

Vortocity (1/s)



180 T T T

160 |

140 -

120 -

100 |

Vorticity (1/s)
co
o
T

60 -

x/h

Figure 3.12: Vorticity distribution along y = 0 and 2z = 6 mm.
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where: [ — length of the coherent structure.
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Rossby [80] [81] was the first to introduce the concept of potential vorticity
(PV). The PV concept assumes that the fluid is homogeneous and horizontal
scales are much larger than the depth of the fluid. The simple form of the PV
equation is expressed by Eq. where the ratio of # represents PV. Since
PV is conserved while the fluid is in motion, it has a clear physical meaning, as
the absolute vorticity must be proportional to the length of the coherent struc-
ture. When the absolute vorticity decreases, as seen in Figs. and
the length of the coherent structure also decreases. As a result, the flow con-
verges from the X-Y Top View, and from the X-Z Side View, it diverges owing
to the momentum conservation law. This continues until the vortex is fully
broken into smaller structures or turbulent flow. By understanding the mech-
anism, the spanwise vortex created by PA can be utilized to introduce coherent
structure into the flow to control the jet width, depending on the orientation
of the PA relative to the rectangular jet (e.g., on the long edge or the short
edge) converging or diverging effects can be achieved. Because the width of a
rectangular jet can significantly affect the flow’s velocity and temperature dis-
tribution, wider jet width (more mixing effect, velocity, and temperature spread
more evenly) and narrower jet (less mixing effect, velocity, and temperature are

more focused and less decayed) can be obtained using this know-how to control
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the HAR rectangular jet.

3.3 Energy Spectra Analysis of Rectan-

gular Jet with Plasma Actuator

By using the FF'T, the velocity trace in the time domain can be converted into

the frequency domain for further analysis. Figures |3.13] [3.14] [3.15] and

show the single-sided amplitude and energy density spectra of all cases mea-
sured at the shear layer where z/h = 3, y/h = 0, and z/h = 0.5. The power
spectrum indicates the relative magnitudes of the frequency components of the
physical phenomena that combine to make up the flow. For the base case, the
dominant frequency caused by KHI was 392.6 Hz. The dominant frequencies
in cases where PA could create coherent structures, i.e., cases A, B, C, and E
were double the PA modular frequency applied to the case. The harmonic of the
dominant frequency can also be observed in these cases. For example, in case
B where the modular and dominant frequencies are 50 Hz, several harmonic
frequencies are multiples of the dominant frequency as 100, 200, 300, 400, 500

Hz, etc.
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Figure 3.13: Single-sided amplitude and energy density spectra of all cases at ©/h =3, y/h =0, and z/h =
0.5.
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Case E was selected for further examination to understand this phenomenon.
As in Fig. the U-velocity trace has a repetitive pattern indicating that the
raw velocity signal is the sum product of pure sine waves. The schematic in
Fig. illustrates the relationship between spanwise vortexes and velocity

signal wave captured by a hot-wire probe. With a steady vortex pattern, a fixed

hot-wire probe can measure the fluctuating velocity signals to detect the vortex

130



row as waves [71]. The wave frequency depends on the length scale or coherent
sizes and background flow velocity at a lower frequency. Smaller vortices or
a higher uniform velocity led to a higher frequency in the spectrum. I, II, III,
and IV represent the positions of a vortex when it passes through the hot-wire
probe, the matching results are shown on both the velocity trace in Fig.
and in the schematic in Fig. Position II has the highest velocity because
its position is the closest to the core of the vortex. Observing the visualization
video shows the frequency of vortexes passing through the measured position
equals the PA modular frequency f,,. The modular frequency corresponded
with T}, which is the modular time between two vortexes passing through the
hot-wire probe or the time between II - II in the velocity trace. Furthermore,
the dominant frequency f; was found to correspond with the dominant time
period 7; measured between I - III, which was half of T;,,. These results show
that the frequency of vortexes passing through the hot-wire probe equals the
PA modular frequency f,,. The dominant frequency f, is twice the modular fre-
quency f,, because one vortex passing through the hot-wire probe makes two

peaks at the U-velocity component.
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where:
St — Strouhal number;

fm — PA modular frequency applied to the rectangular jet flow;
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fa — vortex shedding frequency, also known as the dominant frequency during
analysis of the energy density spectrum,;
h — characteristic length, i.e., the rectangular nozzle height;

Uy — velocity of the initial flow.

Flow diverging =

Flow diverging =

CaseB- Stz = 0.167 Case E- Stz = 0.333

Figure 3.19: Flow pattern and St number for cases B and E.

Based on this analysis, the dominant frequency is the frequency correspond-
ing to the maximum spectrum that can be directly calculated as double the PA
modular frequency for cases where coherent structures exist, which is also the
shedding frequency used in calculating the Strouhal number [82]. The
Strouhal number is related to the ratio of flow oscillations caused by the in-
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ertial forces to the changes in velocity caused by the convective acceleration
in flows where a periodic motion dominates. It reveals quantitative charac-
teristics of coherent structures within the flow that can be seen in well-know
Karman vortex street [83]]. As the coherent structure also can be observed in
the HAR Rectangular jet controlled by PA, the Strouhal number also can be
calculated using Eq. Similar work as the classification of vortex patterns
in oscillating foils by Strouhal number can be found in the work of Gungor et
al. [84], and study of an acoustically excited plane jet at low Reynolds numbers
of Marzouk et al. [[85], which provides an overview of the various appearances
and meaning of different St numbers. As the Strouhal number grows, so does
the number of vortex pairs as can be seen in Fig. There is just one vortex
pair in Case B, where the Strouhal number is 0.167. However, two vortex pairs
exist in Case E with a Strouhal number of 0.333. Additionally, the formation
of the vortex structures on a large scale is observed and measured (see Fig.
and proves to be larger in the case of the Strouhal number while St < 0.4.
This is consistent with Marzouk’s experimental findings, as cited in [85]. As
a result, the flow condition of a HAR rectangular jet controlled by PAs can be
predicted by calculating the Strouhal number with a given excitation condition

as the PA modular frequency and phase difference equal .
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3.4 Chapter Summary

e The periodic excitation and the vectoring effect transfer the high-aspect-
ratio (width-to-height ratio 20) rectangular jets’ mean energy to complex
organized structures as spanwise vortexes. In two cases, this coherent
structure is over-driven in the Kelvin-Helmholtz Instability: forming a
large structure in the flow in low-range excitation frequency or suppress-
ing the coherent structure and promoting disturbance in high-rage exci-
tation frequency. Then, if a large coherent structure is formed, the energy
cascading process makes the vortical structures smaller and smaller due

to the interaction between multi-scale turbulence structures.

e The dissipative environment dilutes the vorticity of the coherent struc-
tures, making the compression of the coherent structures strengthen with
the distance. As a result, the length of the spanwise vortex shortens when
it travels streamwise resulting in a converging effect on the Top View and

flow diverging on the Side View.

¢ By understanding the mechanism, the spanwise vortex created by PA can
be utilized to introduce coherent structure into the flow to control the jet

width; depending on the orientation of the PA versus the rectangular jets
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(e.g., on the long edge or the short edge) converging or diverging effects
can be archived. By utilizing this know-how, velocity and temperature of

the rectangular jet can be controlled.

The Strouhal number is used to predict the behavior of turbulent jets,
such as their mixing properties and the noise they produce. The flow
condition of an HAR rectangular jet controlled by PAs can be predicted by
calculating the Strouhal number with a given excitation frequency as the

PA modular frequency.
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Chapter 4

Summary, Conclusions and Future

Works

4.1 Summary

As a high-aspect-ratio rectangular jet is essential for various engineering appli-
cations, controlling this jet using an active flow control technique using plasma
actuators opens new possibilities. The combination of modular frequency, duty,
and phase difference determines the working condition of the plasma actua-
tors and has different effects on the flow features. The PA can affect the initial
vortex and overdrive the natural vortex generation frequency and size.

The plasma Actuator can perform active flow control with high-aspect-ratio



(width-to-height ratio 20) rectangular jets to enhance the centerline velocity
and temperature performance. The velocity increased to 15% higher, and the
temperature is 14% higher measured at the driver’s location where = /L = 70 on
the centerline as the initial target is a 20% improvement. With 362 tested cases
and results of full fractional designs, the phase difference is the most important
parameter to the velocity; it is also known that the timing of the induced wind
as a modular frequency has a substantial effect on the velocity of the rectangu-
lar jet compared with duty. It can increase or decrease the velocity at a certain
point and change the profile of the centerline velocity. Additionally, duty is the
most important parameter to the temperature as changing the duty cycle in-
fluences the temperature better than the modular frequency. It can also affect
the temperature at a particular point, centerline temperature profile, and tem-
perature distribution across cut sections. It was also found that under specific
conditions, the plasma actuator can cause the axis-switching phenomenon to
occur at a location closer to the rectangular nozzle outlet (Case E), where z/h =
20-30. It results in a “thick” distribution of the high normalized temperature
in this identical area.

The PA can introduce coherent structures to HAR rectangular jet flows.
The combination of the periodic excitation and vectoring effects stemmed from

the modular frequency and phase difference, respectively, which transfers the
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mean energy of the flow to complex organized structures called spanwise vor-
texes. Simultaneously, during the formation of the coherent structures, the
energy cascading process gradually decreases the vortical structures owing to
the interaction between multi-scale turbulence structures. These spanwise vor-
texes create low-pressure zones when they travel streamwise that create suc-
tion, drawing low-energy air into the core of the vortexes. The concept of PV
was used to explain the mechanism. When the rectangular jet flow is released
into the still air, the flow enters a highly dissipative environment. This en-
vironment dilutes the vorticity of the coherent structures, making it decrease
rapidly after fully forming spanwise vortexes. The compression of the coherent
structures then occurs since the absolute vorticity must be proportional to the
length of the coherent structure. As a result, the length of the spanwise vortex
shortens when it travels streamwise resulting in a convergence effect from the
X-Y Top View and a divergence effect from the X-Z Side View. Energy spectra
analysis showed that PAs can overdrive the dominant frequency by doubling
the modular frequency for cases where coherent structures are created. The
flow features and quantitative characteristics of the rectangular jet flow con-
trolled by PAs can be predicted by calculating the Strouhal number using the

modular frequency applied to PA to control the flow.
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4.2 Conclusion of thesis

The velocity and temperature performance are improved by using Plasma Ac-
tuator to actively control the high-aspect-ratio rectangular jet without increas-
ing the air-conditional total energy budget. Just by changing the PA operating
parameters, various flow effects will be created to fit various thermal condi-
tions of an automobile.

For the novelty and academic contributions of this research, there are three

points:

e Applying a small amount of control comparing the main jet energy at
the beginning shear layer can affect the velocity and temperature perfor-
mance further in the flow field. This can be done by manipulating (en-

hancing or suppressing) the integral length scale introduced into the flow

(as can be seen in Fig. [1.11));

e Mechanisms of PAs to control sub-sonic high-aspect-ratio rectangular jet
width are multi-scale turbulence structures, energy cascade, and poten-

tial vorticity;

e Among the operating parameters of Plasma Actuators, the most impor-

tant parameter to control velocity and temperature is identified.
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4.3 Future Works

If this technology is improved, it could open the opportunity to implement it
in controlling air conditioner outlets for air conditioning applications because
Plasma Actuator is a simple flow-control device that requires minor power in-
put. By optimizing the operating conditions, further performance targeted at a
20% improvement could be achieved in the future concerning the velocity and
temperature of the jet. As an active flow-controlling technique, PAs can create
flow features without introducing new hardware into the flow. The actuatoris a
powerful tool for prototyping and crafting turbulent characteristics within the
flow field of a rectangular jet. With this technique applied in automobiles, this
could help to reduce fuel consumption and increase mileage. Also, understand-
ing how the PA affects the HAR rectangular jet will help recreate flow features
with other active flow control techniques and actuators for various engineering
applications.

A high-aspect-ratio rectangular jet controlled by Plasma Actuators (PAs)
will be implemented into a CFD simulation to have a better understanding
of the phenomena occurring within the jet. This simulation will also serve
as a valuable tool for studying the effects of using PAs to create turbulence

structures without needing costly and time-consuming experiments.
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In addition, the Plasma Actuators’ size, shape, and working conditions will
be altered to discover more flow features that can be introduced into the rect-
angular jet flow. By doing this, it is hoped that more will be learned about the
flow dynamics and potential new ways to manipulate the flow using PAs will be
found. The relation between the modular frequency and the HAR Rectangular
Jets size is also a potential future work by conducting a parametric study. The
appropriate modular frequency can be investigated using the Strouhal number
to find the appropriate modular frequency for different velocities, HAR Rectan-
gular Jet sizes, and other parameters. Different actuators will also be explored
to actively control the flow in high-aspect-ratio rectangular jets. The goal is to
identify the most effective means of controlling and manipulating the flow in

these systems.
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