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Abstract: As environmental regulations get tougher and turbocharging requirements become higher, the acoustic emission
of downsized engines has become a concern. Turbochargers are now required to operate at lower mass flow rates and
higher boost pressures, forcing them to work.

In this thesis, I explore and analyze the acoustic turbocharger compressors and propose methods to characterize them.
I also conducted experiments on various industrial turbochargers to see how different flow properties affect the sound
they make. The literature review focuses on the experimental techniques used to understand the flow characteristics of
a compressor. Different methodologies are proposed and implemented; experimental measurements are taken in an
anechoic chamber and compared with numerical simulations.

We describe the noise produced by a compressor, including measurements of its spectral content. The noise spectrum
contained low-frequency sounds which were linked with deep surges, higher frequency broadband noises from tip
clearance interaction, and whooshing noises of particular concern for the automotive industry. These measurements
were made over the whole speed range of the compressor.

Finally, more experimental and numerical research are recommended to go deeper into these difficulties and better
understand how intake designs might delay and minimize the emergence of harmful acoustic events.
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SUMMARY
As stringent regulation of internal combustion engines increases, turbocharger noise becomes more pressing.
We will explore the relationship between acoustic emission (the noise emitted by machinery) and flow behavior in
unstable conditions, to identify ways to characterize the acoustic emission of turbo group compressors.
To determine best practices for evaluating the performance of compressors, a literature review was carried out using eight
different articles published between 2008 and 2013. Authors were identified and contacted to learn more about the
methodologies they used in their experiments and to confirm or refute any findings. The comparison of their methods
showed good potential with regard to accuracy; this was further confirmed by two different groups of experts. An
anechoic chamber with a custom-built test bench was used to complete the acoustic characterization of the compressor's
sound output, allowing for both steady-state and transient analysis to be performed on it.
During a measurement campaign, acoustic engineers identified different noise phenomena, including tonal noise due to the
passage of the blade, low-frequency noise produced by deep pumping, and the high-frequency sound produced by the
interaction of flow in the blade tip clearance. The last phenomenon is of interest to automotive manufacturers because of
its particularly wide frequency. Low-frequency noise masked by high-frequency sound increases in level as output
decreases until it is masked by deep pumping.
Once the experimental data have been compared with a numerical model, it is determined whether the model is valid,
and if it is not, different post-processing techniques are proposed, which will allow for further investigation into the flow
behavior under different conditions, as well as into the mechanisms that may be responsible for whoosh generation.
Experimental work that uses temperature measurements near the rotor to find data that can be used to explain reverse
flow demonstrates how the findings from simulations can be verified. Observations of the flow around a rotor show
large-scale movement of air parcels in an unstable manner; this phenomenon is called whoosh. A series of computational
simulations are performed to predict the amount of reverse flow under such conditions, revealing a downward trend in
reverse flow as rotor speed increases. These predictions are then tested experimentally by installing temperature probes
near the rotor and monitoring the local temperature evolution. The results confirm those from the simulations and suggest
that flow reversals are strongly linked to temperature variations.
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Different experimental campaigns were carried out in which alterations to the intake geometry upstream of the compressor
were tested to determine if the flow presentation had an impact on the acoustic compressor performance. Experimental
campaigns were conducted to determine how the shape of the geometry immediately influenced its acoustic routine in the
following years. The use of pools, nozzles, and guiding vanes helped to lower the amount of noise emitted by a jet
engine. In a parametric study of a 90-degree elbow, it was discovered that the radius of the elbow has an effect on the
circumferential temperature distribution and noise levels. This finding suggests that changes in geometry that promote less
or more refluxes have an impact on whoosh noise because any spectral content produced by a jet engine in the
compressor's diffuser is converted upstream.

Experimental and numerical studies explore this issue in more depth. Such studies help engineers design more effective
compressors, which result in better compression systems. In light of the results, future studies should focus on the
potential benefits of modifying compressor inlet geometry to delay or prevent the occurrence of such severe acoustic
events.

DIVISION OF WORK BETWEEN RESEARCH FACILITIES
Collaboration with Research facilities of Cayley Aerospace Inc and NASA Jet Propulsion Laboratory was used to complete the
study that led to this thesis. All publications on which this thesis is based include the responder a sole author. The respondent
applied the provided approach to several experimental settings, took measurements, analyzed the data, and drew
the given conclusions.

. INTRODUCTION
In recent decades, turbocharging has played a significant role in the improvement of vehicle powerplants, particularly in
the automotive industry. Increasing numbers of gasoline engines, as well as practically all diesel engines in automobiles,
are using turbochargers to increase their performance. Turbocharging, which was previously considered of as a technique
of boosting charge in the cylinders, is being utilized to minimize fuel consumption by downsizing and slowing down
the engine's combustion chambers. It is thus possible to achieve considerable reductions in both fuel consumption and
emissions by the use of a smaller engine that operates at a greater load at a lower speed than the larger engine.
However, the only method to do this is by adding a turbocharger to enhance the boosting pressure. In response to these
developments, the flow range of the turbomachinery being used is being driven to increasingly restricted specifications. In
order to minimize the surge limit flow and improve the flow range in the compressor, ported shrouds and enhanced
compressor entry designs have been created, which range from a lower surge limit to larger choked flows. There seems
to be a highly noisy and constant working environment as a result of using this strategy. The quality of the turbocharger
is more significant to luxury automotive manufacturers than the overall sound output of the unit. Noise known as
"whoosh," which is particularly noticeable in regions of near-surge operation, is considered to be unwelcome. Whoosh
noise has the highest frequency of 3 kHz. Whoosh noises were more likely to be heard by the driver under 2500 rpm,
as well as during rapid tip-out or tip-in movements when the turbo compressor was working near the surge line. With
a certain speed and a certain amount of mass flow, the pressure ratio rises as the
mass flow increases. Compressor's output hose was found to be to blame for the squeaks. Two people
who work for Homco and Teng say that their jobs are important (2009) conducted a study in a semi-
anechoic chamber to  quantify radiated noise from a powertrain dyno operating under full load
circumstances. It was possible to lessen the whooshing noise by either altering the compressor trim or
by employing pre-whirl devices. It was decided to use several types of resonators at different points in
the intake line in order to lessen the whooshing noise even further. When Mendonga, Baris, and Capon
(2012) took readings of the sound pressure level (SPL) spectrum in the intake and outflow ducts, they
were able to figure out how the flow-induced acoustics of the compressor worked. The spectra showed
that there was a narrow band of noise at about 70% of the rotational speed, as well as a tone noise
that came from the blades passing through each other. The presence of a spiraling pattern of
narrowband noise upstream of the compressor impeller has been detected. As seen by the flow-field
velocity vectors and velocity contours, there was a low-momentum patch in the flow field that rotated at
a slower rate than the wheel's rotation. For the first time, stalling inducers have been found to be a
source of narrow-band noise that could one day be eliminated. Figurella and other researchers used a
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steady-flow turbocharger test bench to look at the acoustic and performance characteristics of turbocharger
compressors. They built the test bench. Because of the rotor-order frequency and its harmonics, most of
the noise coming from the choke comes from that frequency and its other harmonics (including BPF).
When the flow rate was cut, the compressor started making more noise in the 4-12 kHz range (thus
reducing the slope of the speed lines). If the mass flow rate goes below a particular threshold, it is
possible that local flow reversal is taking place, as indicated by a fast reduction in overall SPL in the 4-
12 kHz frequency range. According to the literature research, whoosh noise is characterized as a
wideband noise occurring in the frequency range of 1 kHz-3 kHz or 4 kHz-12 kHz.

According to Kundera, noise pollution from internal combustion engines has had a significant impact on our impression
of the megalopolis and its inhabitants (1992). According to Kundera, urban residents were concerned about noise
pollution long before we realized how chemical emissions affected human health and the environment. "We were
concerned about noise pollution long before we realized how chemical emissions affected human health and the
environment," he says. Aside from that, Kundera says that this cacophony is filled with the shouts of advancement.

A. Turbochargers

Shipping is a low-cost, dependable means of transportation that contributes significantly to national economies. As an
archipelagic state, each of Indonesia's islands has its own principal commercial commodity, necessitating the use of
effective and efficient transportation to establish a competitive economy in comparison to other nations.

Container ships play a vital role in a country's Supply chain management, which requires that goods be moved efficiently
and effectively. As a result, ongoing research on container ship capabilities is required. A technical examination of
container ships encompasses factors of design, economy, and performance. Only one of these variables may be the
subject of a more extensive research aimed at improving container ship performance.

There are numerous potential areas to research in regard to ship performance, such as measuring the performance of a
ship's main engine, which is a crucial technique for optimizing a ship's performance as the primary means of ocean
transportation. One of the most essential considerations is the economy of fuel usage in terms of lowering operating costs
and lowering emissions.

As a result, ship owners have expressed a great desire to enhance the efficiency of their ships' fuel usage.

According to Ravaglioli in 2015, "optimizing the control of the turbocharger has become a major problem in current
engine management systems because there has been a rise in the need to cut pollution and fuel consumption.”

Prior research has shown that a right mix of turbocharging method and engine downsizing may result in lower pollutant
emissions and improved engine efficiency." Thus, an exploration on further developing motor execution is desperately
expected, based on Ravaglioli, this is how (2015). "Turbocharging strategy and motor scaling back" can be strengthened,
he says. This means that using a certain kind of turbocharger will make the motor more powerful by increasing the
pressure it puts on the engine, which will also make air flow in and out of the engine more efficient and make it easier
for it to start. Turbocharger: Motor: The energy and nuclear power of the fumes gas are used to turn the turbine of the
turbocharger. which is the essential working component of the turbocharger. Turbochargers are comprised of turbines and
blowers that are associated by a shaft association, which makes the blower rotate also. Later on, turbocharger examination
will focus on expanding the following so that a steady volume burning chamber can make more power. The goal of a
turbocharger is to pack the air so that more oxygen can get into the ignition chamber, " composes Kech (2014, p.).
Therefore, more gas is utilized, and the motor's power yield ascends

It is recommended by Kech in 2014 that the quantity of turbocharging match the motor's power. As
a matter of fact, turbochargers have a wide speed range and can be set up to have a lot of lift
pressure. The functional condition of the fundamental motor's dynamic exhibits that the heap motor
produces power utilizing an unmistakable trademark. It very well might be surmised that a turbocharger
requires an ideal working region, since fumes gas created by an assortment of burden motors produces
variable tension and temperature supplies for the turbocharger to deal with.

More study is required to determine which turbochargers are suited to the dynamic main engine's operating circumstances.
The compressor map graphic depicts the surge line and efficiency, showing the operating region of the turbocharger. At
the highest pressure point, surging occurs, whereas the flow rate capacity is met at the lowest position. The compressor
map may also be used to assess the turbocharger's efficiency.
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As a result, a project investigation is urgently needed to discover which turbocharger is the most suited based on load
engine circumstances and primary engine power output that may be enhanced by turbocharger. The study of MV. Meatus
Palembang looks at current turbocharger characteristics and various types of turbochargers to see how well each one
performs under the operating circumstances of a dynamic main engine. The major purpose of this study is to optimize
engine performance on the MV. Meratus Palembang.

The combustion process will be aided by more compressed air. Although turbocharging has only recently gained
mainstream acceptance in the automotive industry, the concept has been around for millennia. Dr. Alfred Bauchi, a native
Swiss, was the first to get a patent for a turbocharger for an engine, which was granted in 1905. Instead of ships or
vehicles, the earliest turbochargers were created for use in aircrafts. When it came to turbochargers, the early models
were a long cry from the complex technology available today. Among other things, a lack of appropriate metal and
bearing technology hindered their development, and this is something that is still being developed today. The materials
that were used in the engines were unable to withstand the extreme temperatures. The notion of turbocharging, on the
other hand, dates all the way back to the late 1800s, when both Gottlieb Daimler and Rudolf Diesel conducted research
into forced induction. As technology evolved, smaller engines were ultimately outfitted with superior materials to match
their size.

The oil crisis of the 1970s, on the other hand, generated a resurgence of interest in the
topic of fuel efficiency. Turbocharging's "downsizing" provided a tremendous opportunity for cleaner engines to
be developed without compromising performance. Turbochargers play a significant role in the development
of modern high-efficiency vehicle engines. A turbocharger is now found in the great majority of high-
performance SI engines, as well as in practically every automobile and industrial diesel engine on the
market today. As a result, the acoustics of the turbocharger have become a concern. Turbochargers
comprising a turbine and a compressor, powered by exhaust gas, are used to improve the
thermodynamic efficiency of internal combustion engines. As a consequence, by using the energy contained in the
exhaust gas, the cylinders of the engine may be filled with an even more combustible mixture, increasing the efficiency
of the engine. Modern turbochargers use variable geometry turbines (VTGs), which provide more flexibility and efficiency
over a wider range of operating circumstances than previous generations. Turbocharger compressors are available in a
number of configurations, with centrifugal compressors being the most prevalent. In addition to spinning at high speed,
the compressor wheel directs exhaust to an intercooler, which cools the exhaust gas before returning it to the engine,
resulting in a cleaner exhaust. This is the term wused to describe the passive acoustic aspect of the
turbocharger. Two parameters may be used to define passive characteristics in the plane wave range: the
reflection and transmission coefficients, or the transmission loss, depending on the linear acoustic models
that are wused to determine the passive characteristics. Aerodynamic sound produced by a turbo-active
engine is one of the acoustic qualities of the engine in question. The passive and active characteristics of
a turbocharger have an impact on the sound environment in a duct system. To create sound in a fluid, Lighthill's
conventional theory suggests that there are three primary approaches that may be used. These are as follows: Dipole and
quadrupole sources are both instances of changes in surface pressure, and the volume flow is an example of a dipole
source. One and only time when the spinning blades of a machine, such as those of a turbocharger, travel at or near the
speed of sound can a monopole source be formed. While travelling at supersonic speeds, the blades themselves will
generate spinning shock waves as they pass through the atmosphere. In a supersonic state, the monopole contribution will
be harmonics of the rotation frequency Of in the spectrum, as shown in the diagram. Typical buzz-saw noises produced
by modern aircraft engines include rotating shock waves and rotating shock wave noises. High-speed Modern technology
regularly uses turbo compressors with supersonic tip speeds as a common feature. In rotating machinery, there are many
different types of dipole or fluctuating pressure sources can be found. Machinery that revolves. Disruptions in the inflow
of air are the principal source of time-varying blade pressures, which may be quantified as a second-order influence on
blade pressure. Non-stationary flow distortions, such as turbulence, may be divided into two types: stationary and non-
stationary flow distortions. Turbulence will create periodic acoustic signals, while stationary distortions will produce
broadband sounds. Turbulence will produce periodic acoustic signals. The periodic signals will be composed of harmonics
of the frequency of blade passage (BPF). It is necessary to employ rotor-alone tonal noise when there are
no pauses in the flow of air.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 1000



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 10 Issue IX Sep 2022- Available at www.ijraset.com

Aside from rotor-stator interactions, which include pressure variations caused by the contact of intake and exit guide
vanes with the rotor, rotor-stator interactions also contribute to additional dipole noise. This periodic noise is also
compensated for by the BPF harmonics. Additionally, flow separation along the leading edge of the surge and the blade
tip is a critical aspect in the operation. Tip clearance noise is a term used to describe these types of noise that produce
a wide spectral peak corresponding to about half of the BPF (TCN). A wide-band source of turbulence in the stream is
created by the stream's turbulence; however, this source is not usually required, unless the stream produces a jet with a
Mach number near to one. For their part, turbochargers don't need this quadrupole source at all; instead, they employ
high-pressure valves and jet engines to generate the necessary pressure. It has been discovered that the effect of
turbocharger noise on the intake side, i.e. the compressor side, is more important than the impact of turbocharger noise
on the exhaust side, owing to the substantially higher dampening capabilities of present mufflers on the exhaust side. As
previously discussed, the most prevalent forms of aerodynamic sound in Turbo compressor are tonal, buzz-saw, and tip
clearance noise, with the latter three being the most common. In a recent article [1], R&mmal and Bom summarized the
most basic results in turbocharger acoustics]. Further research by these same authors [2] into the transmission of sound in
a turbo-compressor working under real-world conditions resulted in the publication of the first comprehensive experimental
study of this kind. An investigation of the consistency of real and simulated 2-port data from a 1-D wave model for
vehicle Turbo compressor revealed that the data was quite similar in the low-frequency band. According to the
authors, the first time an automobile turbo-compressor running at real operating points was anticipated
using an acoustic two-port acoustic wave model was used was in the development of the model. A
recent publication [4] summarizes the results of the whole experimental characterization of the turbocharger. The turbine
and compressor sides of three independent automobile units were tested in both upstream and downstream directions
under a variety of operating situations. On the basis of these data, generalizations concerning the frequency-dependent
behavior of transmission loss have been drawn. It is the goal of this study to bring together current findings from
KTH's research on automobile turbocharger acoustics, as well as recent advances in experimental methodology. It is our intention
to look into the measurement of active data, or sound power spectra in particular, and to show you some of the results.
It is also being researched if it is possible to construct quasi-stationary models for the passive portion. These models
include the loss that happens in the turbocharger unit, which is a significant component of the overall model. A further
discussion is included on how to estimate these losses using acoustic 2-port data, which is discussed in further detail.

Heat transfer has a significant impact on the performance of an on-board turbocharger. It is, however, not generally taken
into consideration in turbocharged engine simulations. In general, a one-dimensional gas dynamics engine simulation
employs turbocharger performance maps that are recorded without quantifying and qualifying the heat transfer, regardless
of whether they are measured on the hot-flow or cold-flow gas-stand. Because heat transfer scenarios for on-engine
turbochargers differ, the maps must be adjusted and rectified in the 1-D engine simulation, which mass and efficiency
multipliers typically do for both the turbine and the compressor. The multipliers alter the maps and are often different
for each load point. The efficiency multiplier, in particular, varies depending on the heat transfer condition on the
turbocharger. Heat transfer causes a divergence from turbocharger performance maps as well as an increase in the
complexity of the turbocharged engine simulation. While mounted on engines, turbochargers work in a variety of heat
transfer scenarios. The primary goals of this thesis are as follows: heat transfer modelling of a turbocharger to quantify
and qualify heat transfer mechanisms, improving turbocharged engine simulation by including heat transfer in the
turbocharger, evaluating the use of two different turbocharger performance maps concerning the heat transfer situation
(cold-measured and hot-measured turbocharger performance maps) in the simulation of a measured turbocharged engine,
and prediction of turbocharger wall temperatures. Experiments were conducted on a water-oil-cooled turbocharger mounted
on a 2-liter GDI engine for various load points of the engine and varied heat transfer circumstances on the turbocharger
employing insulators, an additional cooling fan, radiation shields, and water-cooling settings. In addition, many
thermocouples were placed on the turbocharger's exposed surfaces to compute external heat transfers. According to the
turbocharger heat transfer study, the internal heat transfer from the bearing housing to the compressor has a considerable
impact on the compressor. The internal heat transfer from the turbine to the bearing housing, as well as
the exterior heat transfer of the turbine housing, have the greatest impact on the turbine. The exterior
heat transfers of the compressor housing and bearing housing, as well as frictional power, are unimportant in the
turbocharger heat transfer study. The additional cooling fan has a substantial impact on the turbocharger's energy balance.
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While the exterior heat transfer of the bearing housing and internal heat transfer from the bearing housing to the
compressor are both influenced by water, the latter is more important. The energy balance of the turbocharger seems to
be unaffected by the radiation barrier that separates the turbine from the compressor. The results of this research
demonstrate the importance of including turbocharger heat transfer while simulating engines. As a result, the turbine
efficiency multiplier and compressor efficiency multiplier may be predicted with more accuracy, and the turbine output
temperature can be brought closer to the measurement. The compressor output temperature is also brought into line with
the data without needing to make any adjustments to the map. The quantity of simulated heat flow to the compressor is
affected by the heat transfer scenario during the testing of turbocharger performance. Turbine intake temperature, oil heat
flux, and water heat flux all play a role in determining the heat transfer condition. The needed turbine efficiency
multiplier is affected more by the turbine's heat transfer scenario than it is by the quantity of turbine heat flow. The heat
flow from the turbine seems to be more dependent on the amount of energy being fed into the turbine. The fact that
varied heat conditions on the turbocharger have no significant effect on the compressor pressure ratio is of major
importance. The efficiency of the turbine and compressor are the most critical characteristics impacted by this. The
turbocharger's working fluid temperature is influenced by the component temperatures. The experiment also predicts the
turbocharger wall temperatures. In the future, transient engine simulations will be more accurate thanks to this forecast.
Automakers are seeking to enhance the efficiency of internal combustion engines as climate change and energy
conservation become more important. The exhaust process wastes a substantial quantity of fuel energy, which contributes
to inefficiency.

Some of the energy is recovered by turbochargers, which raises intake pressure and so improves power density and the
efficiency of internal combustion engines. Downsized, lower volume engines may now offer power outputs that are on
par with bigger, non-turbocharged ones.

There are a lot of moving parts in a turbocharger, thus it's not as widely understood as some of the other more advanced
components of an internal combustion engine as a whole. As a result, there are several advantages to creating a facility and model
for evaluating system performance.

Diagram of a typical turbocharged engine system, as shown in Figure 1. The turbine and compressor are joined by a
shaft and bearing system in the turbocharger. Exhaust gas from the turbine is heated and pressurized to generate
electricity. Using the same shaft, this power is transmitted to a centrifugal compressor that raises the air pressure before
it enters the engine. As a result, a smaller engine may produce the same amount of torque as the bigger one, thanks in
part to a higher 2 pressure. As a result of lower bearing and cylinder wall surface areas, as well as a part of the
otherwise lost energy being recovered by the turbine, the total system efficiency is improved. For example, according to
Baines (2005), a non-turbocharged engine wastes 30-40% of the total energy created during the combustion process.
Additionally, the smaller engine makes the car more compact. With turbocharging, diesel and spark ignition engines alike
may now benefit from improved efficiency, decreased emissions and smaller package size. There are two most common
techniques of forced induction, a turbocharger and a supercharger, both of which are seen in Figure 1. From mid to high
engine speeds, turbocharged systems tend to have more power and efficiency, while superchargers tend to perform better
at lower engine speeds. In contrast to turbocharging, supercharging uses mechanically driven screws to boost air pressure,
therefore there is no efficiency gain from reusing spent combustion energy. Because of this, turbocharging is the most
frequent form of forced induction in today's automobile sector. Twin or parallel turbocharging, with one turbocharger per
bank of cylinders, is often used in engines with more than one cylinder bank. Additionally, sequential systems with
numerous turbochargers are employed to enhance the range of operation of the forced induction system. A turbocharger
and supercharger are used to take advantage of the turbocharger's high mass flow rate and the supercharger's fast
reaction. Since turbochargers are so widely used, it is essential to have a thorough understanding of the various
turbomachinery components and their performance characteristics.

However, although centrifugal compressors dominate turbochargers, both axial and centrifugal compressors
may be wused to increase pressure. When working with an axial compressor, the flow is twisted at a set radius
from its hub to the blade tip.

Nonetheless, in centrifugal compressors, the flow enters and leaves the impeller at the tip, which has a bigger radius than
the hub, while in reciprocating compressors the flow enters and departs at the hub. As a result of the centrifugal
compressor's wider radius, it can achieve higher pressure levels than the axial compressor can (Korpela, 2009). In axial
compressors, numerous stages are needed to obtain pressure ratios greater than small ones (Baines, 2005).
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When it comes to high-pressure equipment such as gas turbine engines and aviation propulsion, multiple-stage axial
compressors are often the preferred option. However, they are smaller than multiple-stage centrifugal compressors (Peng,
2008). Because all flow turning occurs at a fixed radius on the blade of the turbine rather than rotating from the outer
radius inward, axial turbines lower pressure less than radial turbines, just as they raise pressure less than centrifugal
compressors. Axial turbines are more efficient, but they have a lower working range than radial turbines. Hence they are
often utilized in systems that run for long periods at a single operating point.

Most automobile turbochargers use centrifugal compressors or radial turbines since they don't need as many stages, which
lowers their cost, complexity, and manufacturing requirements while also increasing their operating range.

This year marks the centennial anniversary of the development of turbocharging technology. Patents for centrifugal
superchargers were gained by Gottliecb Daimler in 1885 and Louis Renault in 1902, both of whom used centrifugal
superchargers to achieve their results. Although this was the case, Alfred Blchi's Imperial Patent Office of the German
Reich [10] patent No204630, which was issued in 1905, was the first design for a turbocharger to be published.

Even though the Mercedes Kompressor series of racing and luxury sports vehicles made its appearance as early as 1921,
the majority of mass-produced automobiles at the time were powered by small, naturally aspirated engines.

The loss of air density at high altitudes is compensated for by the use of turbochargers, which were
first used in aircraft and later in wvehicles to enhance horsepower while simultaneously widening the
operating range of the engine. Turbochargers for the B-17 Flying Fortress were built with the help of
Cliff Garrett's business as an example.

It was the Chevrolet Corvair Monza Jet fire that were the first vehicles to utilize turbocharging technology when it was
initially introduced in the 1960s. Despite its early problems, this technique eventually led in the creation of more
sophisticated engines, which improved overall performance. In the 1970s, there were significant shifts in the automobile
market. The oil crisis, as well as improved dependability, more environmental regulations, and the introduction of
turbocharged Formula One vehicles, all contributed to this advancement. Diesel engines gained popularity in the 1980s
and 1990s, and they were a major player in the business during that time period.
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Figure 1:Google Books indexed the normalized significance of chosen English phrases in literature.

Figure 1.2 was the first time that the phrases "turbocharger" and "traffic noise" were used in English literature. A major
increase in "turbocharger" allusions occurred during World War II when turbocharging aircraft became the norm.
However, its popularity peaked about 1980. From 1965 through 1975, "traffic noise" becomes a major issue.

Emissions issues have risen gradually over the last decade, as seen in the graph to the right. There are new laws for
automobiles, such as CO, NOx, CO2, PM, and others shown in this image. The reduction of displacement and cylinder
count in gasoline and diesel engines is a common trend aimed at improving efficiency and lowering emissions. These
trends are expected to continue as rules become stricter [11].

Because smaller displacement engines need higher power and torque, turbocharging is becoming increasingly widespread
in the petroleum industry.
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There are six types of turbochargers:

1) Single Turbochargers: Single turbochargers may be configured in an endless number of ways. Depending
on the compressor wheel size and turbine, the torque characteristics will be drastically different. Large turbos create a
lot of top-end power, while smaller turbos spool up quickly and produce greater low-end oomph. There are also
single turbos with ball bearings and journal bearings. Ball bearings reduce friction in the compressor and turbine,
allowing them to spool quicker (while adding cost).

2) Twin-turbo: The use of two turbochargers provides a broader range of options than the use of a single turbocharger,
and the same is true for single turbochargers. Each cylinder bank may be equipped with its own turbocharger. It is
possible to use both a single turbocharger for low RPM and a larger turbocharger for high RPM in tandem.

3) Twin-scroll turbo: In almost every way, twin-scroll turbochargers outperform single-scroll turbochargers. The exhaust
pulses are divided using two scrolls. For instance, cylinders 1 and 4 of a four-cylinder engine (firing sequence 1-3-4-
2) may be connected to one turbo scroll while cylinders 2 and 3 are connected to another. What are the advantages?
As the piston reaches the bottom dead In Cylinder 1, the exhaust valve opens mid-power stroke. This ends the
power stroke in Cylinder 1.A normal single-roll turbo manifold has two exhaust valves that are briefly
open at the same time. It iS possible to separate the scrolls in order to get around this impediment.

4) Turbocharger with Variable Geometry: VGTs are one of the most distinctive kinds of turbocharging, but owing
to the expenseand exotic material needs, manufacturing is restricted (though they are rather prevalent in
diesel engines). The A/R ratio increases as the rpm increases, allowing for more airflow. Asa
consequence, turbo latency is minimized, the boost threshold is reduced, and the torque band is
wide and smooth.

5) Variable twin-scroll Turbocharger: Variable twin-scroll turbos combine VGTs with twin-scroll turbos. It uses
the same notion of high and low A: R ratios for greater and lower RPMs. A variable wvalve, on
the other hand, now controls the discharge of exhaust gases.

6) Electric Turbochargers: Almost all of the problems of a turbocharger are solved by introducing a strong electric motor
into the mix. Although the electric approach is unquestionably the next step in contemporary turbocharging, it is not
without its drawbacks.

B. Noise Emissions

Turbocharger noise is a cause of concern for many of the company's customers. As internal combustion engines are
downsized and used to higher charge pressures, It has only recently been discovered that the noise produced by
turbochargers is a significant factor in vehicle performance. Feld and colleagues (1) go into great depth about how to set
up an acoustic test lab for big marine turbocharger compressors, which is a very important topic. As a consequence of
input distortion and vaned diffuser noise, the presence of blade passing frequency (BPF) noise was explored. To protect
the engine exhaust system from turbocharger noise, Brand and colleagues (4) presented their research on acoustic
decoupling. Brand and colleagues (4) Schweizer and Sievert looked into the noise created by the rotor-bearing-shaft
system and found it to be rather loud (5).

Tanna et al. (6) presented their study on the wuse of a ported shroud to minimize BPF noise in
turbocharger compressors, which was funded by the National Science Foundation. Lee and other people
did research on the noise made by turbochargers (7).

Measure the noise from a turbocharger test rig with a free-field microphone that is 8 feet away from
the compressor intake in a quiet place. for this study. A narrow band of noise with a frequency roughly
three times the rotor rpm was found to be the dominant frequency in most settings. It was determined that the
experimental setup was at fault. Sheng (8) demonstrated turbocharger noises and correctly identified many of them. For
example, Cabral et al. (9), in their study of turbocharger flow instability, There were some sounds made and scatted by
the compressor near the surge.

There is a lot more broadband noise near surges than at other times. At 45 percent shaft speed, they found that there
was a hump in the noise. This hump was linked to a spinning stall. A study by Karimet et al.(10) looked at the
'hiss/whoosh' or broad noise made by a turbocharger compressor when it was running at no design settings. The goal
was to figure out the best intake guide vanes and grooves/steps in front of the impeller arrangement.
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Using acoustic cues, R. Dehner and colleagues (11) were able to determine if a turbocharger compressor was unstable in
the low-flow zone.

Surges and incidence angle were determined to be related at the impeller intake and other sites, according to the
researchers. The identification and treatment of surge noise were investigated by Kuang X. and colleagues (12). It was
discussed in detail by Bom and Rd@mmal(13) in their study how to build a tiny noise suppressor for the kHz frequency
range. It took Broatch et al. (14) both experiments and computer simulations to look at the wideband noise of a
turbocharger compressor that was running at a peak pressure ratio of 2.24:1 and making a lot of noise. at high
temperatures. Using acoustic climate camber, Biet and Baar (15) devised a method for measuring turbocharger acoustic
data in cold locations. Gupta et al. (16) investigated methods for reducing turbocharger whistling noises in the passenger
compartment of automobiles. It was highlighted that the origins of noise, whether aerodynamic or mechanical in nature,
should be determined. With the consideration of rotation, thermal expansion, and shaft motion, During their study,
Galindo et al. (17) looked at how a small, turbocharged compressor would sound when it was running in near-surge
conditions. None of the things people did changed very much.

It was thought that because the tip clearance is in an area of strong spinning flow in this operating state, there was no
coherent noise source mechanism that could be used to make noise. Turbines make a lot of noise because they move air
through the engine.

This requires a thorough understanding of the fluid dynamics side of noise, which is not yet in place. Most of the time,
the source of the noise isn't found, or the noise is just called "instability" or "rotational stall." In a turbocharger, the
compressor is the main source of the noise that comes from the turbine and compressor. turbine noise isn't a big deal
now because of how flow acceleration works, how much weight and space is needed for a bigger and heavier turbine
casing as well as how modern mufflers and after-treatment systems can dampen the noise a little bit. Instability is
responsible for the production of noise.

This study investigates compressor noise from the perspective of aerodynamics as a consequence of this. The underlining
mechanism of the noise, or how the compressor makes a variety of noises, will be the primary focus of this paper.
Additionally, the techniques for decreasing these noises will be explained.

The noise made by the blades as they pass by:

Blade loading is the major source of the noise. The noise generated by blade thickness should be minimal, therefore we
won't go over it here. When a blade rotates, the pressure differential (loading) between the two surfaces causes a
pressure disturbance.

Noise due to flow instability

The three major components of a turbocharger compressor are a centrifugal impeller, a diffuser, and a volute housing, all
of which are centrifugal in design. The impeller and diffuser slow the flow before the fluxes divide, and they are subject
to precise diffusion constraints during this time. Volute housings have a dual effect on flow rates: if they are larger than
those for which they were designed, they will accelerate flow in them; if they are lower than those for which they were
designed, they will spread and eventually stall flow. Flow separations are unreliable, and the development of vortices is a
common occurrence. When the surge control on a compressor is turned off, it is common to hear strong tonal and
wideband noises. In this case, the blower is being utilized as a stream dispersion gadget to its most extreme possible
limit. Stream precariousness inside blowers brings about various clamor producing processes, which are examined in
additional detail further down this page. Just open cover impellers with cover freedom, as well as vaneless diffusers, are
accessible for this application.

Scandalousness is the norm a vehicle or a "cruiser." Many individuals observe the shortfall of this omnipresent
metropolitan foundation sound upsetting since it is so recognizable to them. Traffic, then again, is the main source of
contamination in metropolitan regions.

It's not difficult to see what autos mean for the commotion climate in metropolitan spots; stopped up streets show up as
more significant level wellsprings of clamor contamination that stretch out to more uncommon areas because of gridlock.
This theory was finished on the grounds of Cayley Aerospace Inc, which has a traffic limitation in the lower left of the
image.
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the meaning of street traffic as a reason for metropolitan clamor contamination, as shown by the information (Lynnwood,
Washington). Commotion levels are portrayed on a scale going from calmer (1) to noisier (5) in view of standardized
estimations (5).

Then again, commotion contamination from cars is the consequence of a long and tangled series of occasions. It is the
ignition commotion that makes the main commitment to the general clamor created by a vehicle. This commotion is
created by numerous concurrent blasts in the ignition offices of every chamber, with innumerable blasts happening each
second of activity. At the point when a vehicle is moving, its engine vehicle commotion is comprised of a blend of
streamlined clamor made via air streaming around structures and through admission and fumes pipes and mechanical
commotion brought about by tire contact with the black-top of the street. Turbochargers are delivering a developing
amount of mechanical commotion, which is an issue for drivers.

It is one more significant reason for worry for controllers and clients the same, as we examined before in this section
concerning NVH (Noise Vibration and Harshness) discharges. A turbocharger in a more modest motor might assist with
reducing uproarious fumes throbs while additionally supporting thumping opposition [13], but it has been shown [15] that
a contracted motor delivers more commotion than a comparable motor with a bigger removal under specific working
circumstances. Turbocharging requests that are expanded additionally scrutinized the blower's limitations. One such
limitation is as far as possible [16], which happens when the blower's wind stream inverts, permitting air to leave
upstream as opposed to downstream. Auriel Stodola [17] offered the accompanying expression in 1927: ™ "asking," which
is the sudden arrival of packed air from a radial blower into the air once in a while [...], is a troublesome issue that
has overwhelmed outward blower fashioners [...]. The event of the flood is brought about by the powerful balance of the
rising part of the trademark bend becoming temperamental.”

Pressure proportion bothers are related with expanded clamor result and stream insecurities during stream speed increase,
as we will show in the following segment. To examine these hazards in additional detail, guides and spectrograms will
be utilized. It is additionally important to inspect the nature of the commotion and the general sound power while
examining acoustic discharges. Analyzing the models in [18] and Nor et alwork[19] shows this point.

C. Current State

Turbocharging efficiency, as well as noise and pollution problems, have been major study topics. Several potential
solutions to these problems are being researched. Several researchers conduct investigations on the compressor's interior
flow patterns. Others are more interested in the aural field that is broadcast from outside.

CFD simulations demonstrate how air travels within and around the compressor.

The total efficiency of a turbocharger has a large impact on performance. Less turbine power is required to drive the
compressor to achieve the desired boost pressure. Using a larger turbine casting A/R reduces the average pressure in the
exhaust manifold.
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The parasitic loss of the engine is decreased, and the engine fuel consumption is improved since the pistons operate
against this lower pressure on their upstroke while pushing residual exhaust gas out of the engine cylinders. As a result,
when matching a turbocharger to an engine, it is preferable to aim for the maximum feasible turbocharger overall
efficiency.

The performance map of the compressor may be used to determine the compressor's efficiency.
Turbocharger manufacturers create these maps by putting the turbocharger on a performance test stand and monitoring its
performance over the whole airflow and speed range.

Additionally, numerical characterization of experimental and acoustic difficulties is performed. The recommended choices
include changing the intake or casing geometries, as well as adding various silencers and resonators to the compressor
pipes.

The goal of this study is to identify acoustic phenomena that vary with wind speed. While some, such as tonal noise
produced by blade passes (such as Blade Passing Frequency (BPF)), are easy to understand, others, such as the periodic
noise produced by turbulent wind waves, have proven more difficult. The producing techniques of wideband noise—
whoosh—produced by airfoils, for example, have been studied.

Low-speed (2500rpm) and partial load operation might result in annoyance or possibly a malfunction if the sounds are
not addressed. Although a minor whistling may be regarded by the driver as pleasant

The whistling is an acoustic feedback from the engine's power output while it is running at high speed and full load.

As a result, a development tool must precisely model the turbocharger's multiple gas and rotor dynamic
excitation sources across the whole speed range.

Further thought should be given to the basically instigated clamor spread across the different motor parts.

It is proposed in this exploration that a two-stage method be utilized to build an apparatus that can appraise the
commotion level of a super charger: Initial estimations were done on turbochargers (TC) from a traveler vehicle and a
substantial motor while performing broad boundary varieties to describe the different clamor peculiarities brought about by
the various applications and to evaluate the individual overwhelming elements of the acoustics of the turbochargers.
Furthermore, utilizing stream, multi-body, and dynamic limited component reproduction, a half breed figuring approach in
light of these three strategies has been formulated.

A stuff driven siphon used to drive air into a gas powered motor was first evolved in 1885 by Gottlieb Daimler, a
German architect who was working in the late nineteenth hundred years. Since all constrained enlistment gadgets are
arranged as superchargers, turbochargers were previously alluded to as turbosuperchargers. Notwithstanding the way that
turbochargers are actually delegated superchargers, "supercharger" is by and large held for precisely fueled constrained
acceptance frameworks nowadays. While both turbochargers and conventional superchargers are truly determined by the
motor, the fundamental distinction between them is that a supercharger is controlled by a turbine that is driven by fumes
gas from the motor, and that a turbocharger doesn't have this limit. The responsiveness of turbochargers is many times
lower when contrasted with the responsiveness of a precisely determined supercharger "Twin charger" alludes to a motor
that has both a supercharger and a turbocharger introduced in it. While controlling a supercharger, a mechanical burden
is put on the motor, which is achieved utilizing belts, chains, shafts, and cog wheels. A supercharger is installed on the
Rolls Royce Merlin motor, for example, and it consumes approximately 150 percent of the motor's output to operate (110
kW). However, there are certain disadvantages. The motor requires 150 hp (110 kW) to operate the supercharger, but it
also requires 400 horsepower (300 kW), which adds 250 Ib-ft of torque to the automobile (190 kW). The primary
problem of a supercharger is now apparent: the motor should be able to choose between its combined
power and the power required to operate the supercharger.

The more unfortunate adiabatic productivity of specific superchargers, when contrasted with turbochargers, is another
downside (particularly Roots-type superchargers). It is the capacity of a blower to pack air without adding over the top
hotness to that air that is estimated in adiabatic productivity (AEC) units. Regardless, considerably under ideal conditions,
the pressure interaction brings about a higher result temperature; notwithstanding, more proficient blowers produce less
additional hotness. Superchargers, instead of turbochargers, create considerably more hotness in the air. As an outcome,
for a given volume and tension of air, the turbocharged air is colder and denser, holding more oxygen atoms and, thus,
having more likely power than the supercharged air It is normal for turbochargers to give 15% to 30 percent more
power than traditional motors in useful applications.
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This is expected simply to varieties in adiabatic effectiveness, with turbochargers conveying 15% to 30 percent more
noteworthy power by and large (in any case, because of hotness move from the hot exhaust, extensive warming
happens). In any case, this is principally a qualification in blower type instead of blower drive system: a diffusive sort
supercharger blower is almost indistinguishable from a turbocharger blower, with almost indistinguishable outlet air
temperatures, however with a similar detriment of low lift at low motor paces, just like a turbocharger blower.

A turbocharger, then again, doesn't force a direct mechanical weight on the motor, but turbochargers can increment fumes
back tension on motors, which increments siphoning misfortune.

Because of the greater back pressure applied on the cylinder fumes stroke, this is more effective since the majority of
the energy driving the turbine is provided by the as yet growing fumes gas, which would somehow be scattered as
hotness through the tailpipe. For turbocharging, the greatest downside is alluded to as "slack" or "spool time," which is
something contrary to what is seen with supercharging. In the car business, this is characterized as the timeframe
between the interest for higher power (the kickoff of the choke) and the turbocharger(s) delivering expanded admission
pressure, and consequently, expanded power.

Because of the way that turbochargers rely upon the gathering of fumes gas strain to work the turbine, choke slack
creates during activity. In factor yield frameworks, for example, car motors, the fumes gas tension out of gear, low
motor velocities, or low choke is frequently deficient to work the turbine, requiring the turbine to be turned down. In the
wake of arriving at a specific speed (rpm), the turbine area starts to spool up, or turn at a sufficiently high rate to
create consumption pressure that is more noteworthy than pneumatic force.

A blend of a fumes driven turbocharger and a motor driven supercharger might assist with beating the inadequacies of
every framework independently and together.

Twin charging is the name given to this innovation.

Because of the way that the motor utilizes mechanical assistance to charge air just at lower motor velocities and at
beginning, the precisely helped turbocharger on Electro-Motive Diesel's two-phase motors isn't exactly a twin charger.
Genuine turbocharging is utilized after you arrive at the fifth score on the motor's rpm scale. Dissimilar to a
turbocharger, which utilizes the blower part of the super blower just during beginning, and in light of the fact that two-
cycle motors can't normally suction, and as indicated by SAE definitions, a two-phase motor with a precisely helped
blower it is thought of as normally suctioned to during inactive and low choke

More up to date superchargers are electrically worked, which simplifies it to use them right at low velocities when super
slack is an issue, instead of at higher paces. Commercialization is additionally progressing for turbochargers that
coordinate an electric engine for use at low velocities

Turbochargers have been around beginning around 1905, when Alfred Buchi, a Swiss specialist working at Sulzer, got a
patent. This is in many cases viewed as the start of turbocharging innovation.

In this creation, a fumes driven pivotal stream turbine and blower were put on an equivalent shaft, and the motor was
portrayed as a compound outspread motor.

Whenever the principal model was finished in 1915, it was expected to beat the power misfortune brought about via
airplane motors because of the decreased thickness of air at high elevations.

The model, then again, ended up being untrustworthy, and it was never created. Auguste Rateau, a French steam turbine
designer, sought a patent for turbochargers in 1916, with the express purpose of incorporating them into the Renault
engines used in French fighter aircraft. This patent was granted quickly for turbochargers. The National Advisory
Committee for Aeronautics (NACA) and Sanford Alexander Moss demonstrated in 1917 that a turbocharger might enable
an engine to operate at altitudes of up to 4,250 metres (13,944 ft) above ocean level without encountering any power
misfortune (contrasted and the influence delivered adrift level). In the United States, the testing was done at Pikes Peak
using a Liberty L-12 aero plane motor.

After effectively introducing turbochargers on ten-chamber diesel motors in 1925, Alfred Blchi proceeded to build the
power yield from 1,300 kW to 1,860 kW. This was the world's most memorable business organization of a turbocharger
(1,750 to 2,500 hp).

Notwithstanding two major traveler sends, the "Preussen" and "Hansestadt Danzig," this motor was utilized by the
German Ministry of Transport. It was authorized to various makers, and turbochargers began to be utilized in an
assortment of utilizations like shipboard drive, railroad vehicles, and enormous fixed motors.
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During the Second World War, turbochargers were used on a variety of aeroplane motors. The first was the Boeing B-17
Flying Fortress, which used General Electric turbochargers in 1938.

Consolidated B-24 Liberator, the Lockheed P-38 Lightning, the Republic P-47 Thunderbolt, and the Republic P-51
Mustang aren't the only planes that flew in World War II: and trial models of the Focke-Wulf Few 190 were all early
turbocharged airplane.

During the 1930s, the Swiss truck fabricating firm Saurer fostered a pragmatic use for trucks that demonstrated effective.
Turbocharging was accessible as a choice on the BXD and BZD motors turning over in 1931. As shown by Sulzer,
Saurer, and Brown, Boveri and Cie, the Swiss business was a trailblazer in the advancement of turbocharging motors.
Auto producers turned over researching turbocharged motors during the 1950s, yet the challenges of "super slack" and the
massive size of the turbocharger couldn't be settled at that point. Turbocharging in vehicles turned out to be progressively
common because of the 1973 oil emergency and the 1977 Clean Air Act changes, and diminishing fuel utilization and
exhaust pollutants is presently utilized. In normally suctioned cylinder motors, consumption gases are drawn or "pushed"
into the motor by air pressure making up for the volumetric shortcoming made by the descending stroke of the cylinder
(which makes a low-pressure region), in a way undifferentiated from bringing fluid through a needle into the motor. This
term alludes to the distinction between the amount of air that is really acquired and the sum that would be attracted
assuming the motor had the option to keep up with barometrical strain. With a turbocharger, you might expand the
volumetric proficiency of a motor by raising the strain of the admission gas.

D. Objectives

This thesis address three main objectives: acoustic analysis, methodology, and application. These dissimilar but connected

objectives are enumerated as follows:

We explore how acoustical measurement techniques can be used to characterize the sound field inside a jet engine and to validate

computer simulations of this sound field. This can give us new insights into noise generated by the compressor, especially

under unstable flow conditions. And we can study the effect of different inlet geometries (such as twin-annular-fan or rectangular)

on jet noise.

1) We present a comprehensive method for characterizing the acoustic emissions from an operating engine, from the instruments
used to capture the data to analyze and process that data.

2) We expand the corpus on the experimental results on the acoustics of turbocharger compressors across their various operating
conditions: as research has been limited, this work will help us understand known phenomena and help identify areas for further
study.

E. Mission Statement
Analyzing the acoustic properties, methodology, and applications of turbochargers. How can acoustical measurement

techniques be used to characterize the sound field inside a jet engine and to validate computer simulations of this sound
field?

F. Thesis Outline

In Chapter 2, which will serve as the introduction, we will conduct a full literature analysis of turbocharger compressor
noise, which will be followed by a discussion of the results in Chapter 1. Developments in experimental compressor
testing as well as literature on numerical modelling are discussed in this research. Both of these are significant in
improving our knowledge of the sources of the flow field in acoustic emission.

In Chapter 3, we describe the many approaches that were used in the experimental campaign that was done throughout
this thesis, as well as the facilities and equipment that were used. Some of these techniques will include processes for
measuring exterior sound radiation, while others will be mainly concerned with characterizing the inside sound field. We
also look at the theoretical basis, limitations, and best practices for implementing the approaches that have been offered.
The results of the experiment will be shown in Chapter 4 using the method described above. Pressure spectra will be
used to find important sounds. and the development of these phenomena will be examined using noise maps and
spectrograms acquired at different compressor operating settings.
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In Chapter 5, the engine test cell will be utilized to put the ideas taught in Chapter 3 to the test
and see how well they work. Also examined is a comparison between the performance of the pressure-
pressure intensity probe as well as the use of two microphones. A non-anechoic environment, like the
engine test cell, makes external measurements difficult, but an example of an acoustical particle velocity
approach will be discussed in order to get around this.
In Chapter 6, we'll look at how the outcomes of the trials may be used to initialize and validate
numerical models, as well as how they can be wused to improve the accuracy of the models. These
simulations, when subjected to a variety of post-processing operations, may give insight into the flow
field's peculiarities and provide further experimental results that may be wuseful in understanding the
mechanisms involved in noise generation.
To better understand how blocked flow cells reverse and reintegrate back into the main flow phenomena when sonic
emission is created, a comprehensive investigation of the flow field and its thermodynamic properties in the inducer and
final section of the compressor's input duct is necessary. A detailed discussion of this issue will be provided later on in
Chapter 7.
Chapter 8 will cover the experimental investigation of various geometrical configurations and their influence on
compressor behavior, with a particular emphasis on noise emission. Also shown will be the relationship between
compressor wheel shape and noise emissions as well as compressor performance in the upstream compressor.
Finally, Chapter 9 presents a conclusion reached as a result of the tests, and the result analysis will
provide recommendations for future research that will be utilized to gather further information on the
subject.

1. LITERATURE REVIEW
To give a better framework for the creation of this study, a literature survey was done, with an emphasis on research of
automobile turbocharger acoustics. When appropriate, techniques from related areas of fluid mechanics and turbomachinery
were used. As a consequence, this study is worthy of a section. Examining how the input shape upstream of the
compressor wheel impacts the system's performance along with the noise emissions is another facet of these flow
topologies that deserves investigation. This impact not only provides insight into the mechanisms that create certain
auditory problems, but it also allows for mitigation.
Mixed Flow Turbines
In the early 1950s, the idea of a mixed turbine was looked into for aero planes. As early as the early 1970s, the idea
of using a mixed-flow turbine to make up for the limitations of a radial turbine was put forward. People who work in
science have spent the last 30 years proving that the mixed flow turbine is better because it has a lower speed ratio.
Because it has some drawbacks, such as a heavier weight and more difficult design for stress reduction, the mixed flow
turbine is still a good choice. is likely the best alternative for replacing a radial turbine in order to keep up with ever-
increasing engine requirements.
Turbocharging using Variable Geometry:
Albeit the idea of VGT is not altogether new (the principal models were distributed in the mid-1960s),
it has acquired consideration as of late. Until the mid-1980s, VGTs were utilized distinctly in gas
turbine plants and trial turbochargers. VGT has various detriments, including unwavering quality (when
presented to high temperatures and destructive exhaust gases for extensive timeframes), intricacy (because
of the VGT activation component and control framework), and significant expense. Then again, ongoing
examination has would in general find satisfactory answers for the vast majority of these difficulties,
and VGTs fundamentally affect the plan of little diesel motors. Various VGT techniques have been
researched throughout the long term, including the moving volute tongue, turning spout vanes, mobile
sidewall, and sliding spout. While examining the exhibition of different VGT types, it was laid out
that turning vanes and sliding spouts give the best blend of execution and unwavering quality and are
henceforth the favored plans for current turbochargers. The tremendous greater part of VGT research
keeps on being led utilizing consistent state information. Exemptions have developed experimental
boundaries for contrasting steady and unsound information utilizing arrived at the midpoint of beating
information and VGT. Then again, the cutting-edge trial office empowers both consistent and beat stream
testing of the VGT, which is outfitted with a blended stream turbine interestingly. VGT consistent state
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testing is utilized to produce ACT working timetables. Nonetheless, earlier examination has shown that
turbin execution under throbbing  stream significantly goes amiss from the semi consistent  suspicion. Since an outcome,
precarious state VGT testing is important to plan other, maybe more ideal ACT working timetablesand to give an
establishment for contrasting and ACT information, as unsound tests are more agentof certifiable motor execution.

A. Observational Research

While axial compressor acoustic emission has been the topic of substantial research for more than fifty years centrifugal
turbocharger investigations are fairly sparse [20, 21]. Many efforts in the previous literature on centrifugal turbomachinery
were focused on huge fans or centrifugal pumps, with compact turbochargers becoming more significant.

The first is the significant study done at Pennsylvania State University where centrifugal pump has been mounted in an
anechoic flow bench to evaluate its acoustic performance at least since the 1990s [22].

This configuration allowed various researchers to study not only in-duct noise (as and radiating noise [22, 24].

An analogous experimental program was carried out starting around the turn of the millennium. Inside an anechoic room,
Wolfram and Carolus [26] uses a centrifugal pump.

In this example, measurements were taken using anemometers pointed at the blades that could turn at will to investigate
“azimuthal rotating modes”. A single microphone is used to measure radiated noise [27, 28].

The Siegen and Penn State operations reveal exciting characteristics, such as detecting Blade Passing Frequency peaks on
the acoustic spectrum which is perfect indications of a relationship between stall and noise. Also mentioned are
dimensionless numbers like the Strouhal and Helmholtz numbers [22, 23]. However, there are significant distinctions
between these massive centrifugal pumps and compact turbocharger compressors in automotive applications. They are also
impacted by the reciprocating engine's pulsing flow, which is reflected in the auditory signature. This last point will be
discussed in Chapter 5. Selected studies will be studied in the following subsections to address discrepancies and focus
the literature study on the unique difficulties presented by “turbocharger compressors”, focusing on measuring
methodology and acoustic data produced.

1) Turbocharger Noise Measurement Techniques

There have been a few acoustic research studies published in the literature on tiny centrifugal turbocharger compressors,
but they are few and far between. Numerous models are manufactured by vehicle or compressor manufacturers concerned
with compressor noise emissions. There are several other ways for detecting the acoustic emission of vehicle
turbochargers.

There are two types of studies that seek to measure internal flow noise. Research in the first group may be classified
into two groups. Sound data acquired from the outside—not from within the compressor housing or inlet and outlet
ducts—is used in these research. Evans and Ward [30, 31] evaluated sound radiation using a simple four-mic system.
Four microphones were focused towards a turbocharged engine from the same plane. They were strewn about one meter
distant from the engine at a 90° angle. The sound pressure level (SPL) was determined using the pressure readings of
these four microphones, which were then averaged across them, to create a single signal that could be used to generate
spectrograms and sound spectra.

Teng and Homco [16] utilized a comparable arrangement to test an assortment of whoosh sound decrease
countermeasures, including motor adjustment, blower channel/outlet resonators, blower trim change, and a twirl age gadget
(see Fig. 1). Portray the turbocharger gathering's far-field emanated sound by averaging four topographically positioned
amplifiers in the anechoic chamber during the trial; further points of interest are in subsection 3.4.2 of part 3. Aside
from far-field radiation, another acoustic issue is opening commotion, which is brought about by the admission of air
into the turbocharger input pipe's entrance.

As found in Figure 8, Lee et al. [34] utilize a Briiel and Kjr free field mouthpiece coordinated at the blower delta. The
amplifier was set 0.8 meters far off from the entry to keep away from "stream impacts." Guillou et al. [35] measured
ingestion commotion utilizing a comparable strategy. A solitary mouthpiece was set 0.4 m from the blower input chime
mouth with the turbocharger's hub adjusted.

Figurella recommended an elective method. For this situation, a Brilel and Kjaer Type 2235 Sound Level Meter was
introduced at a 45° point to the admission hub and 0.25 m from the information channel opening.
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Figurella et al. led their examination utilizing a 14-inch mouthpiece situated at the ideal area, 0.25 m from the opening
and 45° from the hub [37]. The two instruments are displayed in Fig. 1 from the previously mentioned research [37].
During the analysis that brought about the arrangement of this postulation, two free-field receivers were set a ways off
of 10 and 20 cm from the information pipe hole. Part 3's Section 3.4.1 plunges more into this contention.

Pressure sensors are utilized to screen the sound field inside the info and result conduits in a third methodology for
assessing how much clamor a blower produces. Since most creation offices need anechoic chambers, this disposes of the
need for anechoic circumstances in the test cell. Another significant advantage is that by zeroing in on the stream field,
the impact of the channel material and calculation's radiative properties might be disregarded, which helps upgrade testing
consistency.

Since these advantages make this last method especially engaging for study into the starting points of air acoustically
delivered commotion, an emphasis on looking at current writing on inward stream clamor has been set. Torchon [29]
zeroed in on the acoustic portrayal of turbocharger clamor during motor activity by observing in-pipe airborne commotion
close to the blower outlet (see Fig. 1).

Gaudé et al. [38] of Honeywell Turbo Technologies drove a concentrated assessment concerning different vibroacoustic
beginning stages of turbocharger uproar. It was outlined how accelerometers and strain sensors mounted to the lines were
used to perceive unquestionable vibroacoustic occasions. Despite the shortfall of a formal, alluded to vital explanation in
this work, the acoustic upheaval force was evaluated using wave decay with three sensors, showing the extent of plane
wave frequencies for the presented channels.

Raptor and Neise [39] used a grouping of methodologies to choose the presence of acoustic modes in the line. The first
was a 12" beneficiary with an unsettling influence defend arranged in an alternating piece of the smokestack stack. ISO
5136 can evaluate the circumferentially found the center worth of sound strain level subsequently (SPL). This rotatable
piece may be outfitted with four consecutive rings, each with four flush-mounted condenser mouthpieces, to focus on
acoustic modes.

Guillou et al. [35] used an equivalent strategy, XCS-190-5D low-pressure sensors were installed at a 90-degree angle to
the blower confirmation connector, with four sensors each. Using this method was always successful. The output pipe of
this project likewise utilized a single Kulite type XTEL-160-50G. A single in-pipe fast strain sensor [36, 37] was also
utilized by Figurella et al. to measure pipe strains. A Kistler-made transducer (type 4045A2) was used in both the
blower's input channel and the exhaust pipe (model 4045A2 or 4045A5).

Pai et al. [40, 41] used a single sensor to screen sound strain levels inside the blower inlet course (in this model, an
intensifier). There was moreover an encompassing collector present, but the data from it was barred from their
assessment. Tiijoka et al. [42] used another system, sorting out the usage of a trio of strain transducers in both the
blower's input and leave pipes. A cross-ghost averaging method was used to survey the strength of the inciting centers.

Reference Neasurement Type [Location

Trochon [29] [l in-duct sensor at the outlet SPL Out

Evans [30] 4-microphone averaging around engine SPL [External

Gaudé [38] 2by3-sensor arrays (wave decomp.) SIL In and Out in and

Raitor [39] ) ) ) _ SPL Out

Teng [16] 1 mic or 4by4 mic sections and up to 5-outlet sensors SPL External

4-microphone averaging around engine

Guillou[35] 1-Kulite (outlet), 4-Kulite(inlet)and 1 mic at 0.4m |SPL In and Out and
Orifice

Lee[34] 1 microphone at 0.8m from orifice SPL Orifice

Tiikoja[42] 2*3 sensor microphone (inlet) and 1 microphone SPL In and Out

Figurella[36] [(ambientpiezores. transducers and 1 mic at 0.25 m| SPL In and Out and

Figurella[37] [and 453-piezores. tramsducers and SLM at 025 m and 45Sensor] SPL Orifice

Pai[41] arrays (cross spectra average))® In and Out and
Orifice
In and External

Table 2.1: Synthesis of sgysral acoustical characterizations approachss for nwbocharger compressors reported in the
litevaturs, covering location and measurement ppe.
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A summary of the information gathered in this subsection is shown in table 2.1. Only one reference [38] employed sound
intensity, which is more robust by definition. On the other hand, the sound pressure level can be altered by the
geometric configuration and measuring site. It is clear that, while data have been published for intake, outflow, orifice,
and external noise, no research has been done for all four possibilities simultaneously.

2) Inside the Turbocharger

A turbocharger, which is an engine component, is responsible for increasing the air pressure inside the cylinders. It is the
hot gases exiting the cylinders that are used to power a turbocharger, which is connected to the engine's exhaust system.
An intake compressor is placed between the air filter and the intake manifold, and it is powered by the gas that passes
past the turbine during the combustion process. Air pressure in the piston chamber is increased by means of the
compressor, which is located between the pistons. allowing for more fuel to be burned and therefore increasing

horsepower.
COMPRESSOR TURAINE
SECTION A
COMPRE SSOR
. TURBINE
EXHAUST
GAS
OUILET
’ e
. GAS magr TURBINE
AR OISCHARGE SECTION
KABENT A
INET COMPRESIOR

Figure 2: turbocharger inner view

When exhaust from an engine's cylinders travels into a turbine, the turbine begins to spin (similar to the rotary
movement of a fan). The quicker the blades spin, the more exhaust passes through them. Another form of pump called a
compressor compresses air and puts it into the engine's cylinders at the other end of the shaft to which the turbine.
Turbine shafts spin at rates of up to 150,000 rpm, thus they need to be supported carefully. In those circumstances, most
bearings would burst, hence most turbochargers employ a fluid bearing. A thin coating of oil is continually injected
around the shaft of the bearings to cool and lubricate the turbocharger elements. The shaft may spin smoothly and
without friction thanks to the fluid bearing.

3) Relevant Outcome

In this post, after reviewing all of the methods individuals have discovered to reduce turbocharger noise in the literature,
we will look at a few of the most important acoustic data that has come out of these papers. Some of the research was
targeted at determining where noise originated, but others had other objectives and merely looked at noise as a number,
rather than investigating its characteristics or how it was created, for example.

The work of Gaudé et al. [38], who have produced a comprehensive list of noise-producing mechanisms in turbochargers,
serves as an excellent introduction. Table 2.2 depicts the categorization of the data. Tone can be caused by a number of
factors, including an out of balance rotor and faults in the compressor wheel. The sound of turbine and compressor
blades moving in and out of the air is a second cause of sound pollution. especially the primary ones in the latter's
case.
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Broadband noise, which includes the various tones and their harmonics, is referred to as "hiss," and the source
mechanism is associated with compressor stage turbulence. The frequency range suggested for this turbulence-related
phenomenon is 0-20 kHz, but no more information is provided.

Trochon [29] foresaw a similar separation when he classified compressor noise from turbochargers into "pulsation noise"
(tonal noise caused by blade movement) and "blow noise," a wideband noise. According to the author, aerodynamic
turbulence with a big mass flow and a low shaft speed occurs "inside the compressor." In Fig. 1, we can see that
wideband noise occurs between 1.5 and 2.5 kHz.

When it comes to a "whoosh" noise, Evans and Ward [30] get right to the point. "Generic wideband noise" is the name given to
this type of noise. 750 Hz to more than 10 kHz are reported by the scientists to be the range of this noise. There is a noticeable
concentration of energy between 1.5 and 3 kHz, however. This has a "hiss" noise to it, similar to the prior example. Authors, on the
other hand, say whoosh may be related with activity that is just beginning to rise. During this situation, blade stall, reverse flow, and
the recirculation of intake air all contribute to higher turbulence.

Raitor and Neise [39] assert that tip clearance noise (TCN) occurs at frequencies lower than the blade passing frequency
(BPF). According to Kameier and Neise [43], TCN may produce rotational instability and stall cell propagation in axial
turbo compressors; as seen in Fig. 8, this TCN is present in the input duct between 3-5.5 kHz.

The graphic also depicts BPF and its harmonics. At greater rates, a strong "buzz-saw" multi-tonal noise may be heard at
the entry, but not in the outflow (see Fig. 10). TCN is also present in the outflow channel. Additionally, the Mach
number shows whether TCN or BPF dominates the impeller tip. There is extra broadband material between 1.2 and 2
kHz, and a minor amount between 2 and 2.8 kHz, both of which are equivalent to the whoosh above the noise.

Fig. 3 shows an idealized representation of the sample SIL spectrum, highlighting fundamental acoustic phenomena that
have been studied in the literature. Tone noise peaks are BPF and harmonics, while TCN is broad. In contrast, BPF and
its harmonics are tone noise peaks. Wideband effects include whoosh (lower frequency), TCN (higher frequency), and
BPF (tonal noise peak).

BPF

TCN |/
Whoosh \
\

I/

Plane wave limit "BPF" harmonics

Figure 3: The most acoustic events in a turbocharger compressor outlet are depicted in this idealized picture of a typical
SIL spectrum in a turbocharger.

Teng and Homco [16] used Evans and Ward's work to gain further information about the particular position of the
whooshing sounds. In Figure 5, the reference authors identify whoosh noise as mostly occurring in the 4.5-7 kHz range.
Because it is restricted to a maximum frequency of 10kHz, the figure does not exhibit a BPF tone. This band's
amplitude and frequency, as well as its abrupt lower frequency cut-off, might imply that it's more intimately linked to
the TCN. The authors' spectrogram (Fig. 2) reveals a distinct broadband component between 1-2kHz in all full-load test
settings, which is more compatible with earlier whoosh results. A type K thermocouple was positioned extremely near to
the compressor intake to establish the link between wideband noise and surge initiation. The reference's Fig. 7 depicts a
possible relationship between temperature rise and the content of 5-7kHz sound pressure. The authors believe the
wideband noise they found is linked to hot backflow generated by blade stall.

Guillou et al. [35] make no mention of noise spectra. Nonetheless, for various flow regimes, the authors show the
pressure FFT in the exit duct. Figure 7 demonstrates how, especially in the lower right plot, obvious broadband arises
between 2-3.5kHz (stable regime). Although the powerful low-frequency signals typical of surge states hide this
occurrence, it happens in both stall and surge states.
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Lee et al. [34] concentrate their research on "pulsation noise," which they claim is generated by shaft and blade
imbalance, as well as BPF noise, which is caused by the blades' cyclic motion. Its harmonics are discussed (see Figs.
9&10). He finds a distinct "hump" in the precise statistics. Nonetheless, suggest that it may be rejected due to the
experimental setting because the turbocharger maker did not disclose it. This wideband noise, which might be connected
to whoosh, emerged between 3-4.5kHz in this example. Also, it present when the compressor was not connected to the
intake and output ducts (see Fig. 11), indicating an internal source.

Tiikoja et al. [42] investigate temporal differences between two important components. Stationary distortions cause
periodic tones to be identified. When there are no inflow interruptions, these tones are referred to as rotor-alone tonal
noise. At BPF harmonics, fluctuating pressure fields created by the intake and exit guide vanes in conjunction with the
rotor are regarded as a further source of tonal noise.

Non-stationary disturbances (turbulence) are referred to as "wide band noise," however their importance in turbochargers
is questioned. Due to spinning shock waves linked to blade tips that reach supersonic speeds, the tonal phenomena is
nicknamed "buzz-saw noise." With frequencies ranging from 5 to 10 kHz in the outlet and 4 to 7.5 kHz in the inlet,
TCN is also classified and labeled as such.

There 1is a significant increase in the availability of smaller broadband currently. This bandwidth is
between 0.6 and 2.5 kHz, which correlates to the above-mentioned whoosh noise difficulties at lower frequencies.
Figurella et al. [36] describe a remarkable phenomenon in which discrete sound peaks (tones) are focused on synchronous
(rotor) speed and blade pass frequencies (rotor speed times number of main blades). A "whoosh or blow noise" is a term
that refers to a "broadband flow noise." The frequency varies between 4 and 12 kHz, and the results are shown. On the
other hand, the reference's intake sound pressure level spectra (Figs. 4&5) demonstrate a more gradual rise, occurring
exclusively between 5-7kHz.

In the study by Figurella et al. [37], broadband noise appeared in a frequency range that is higher than previous whoosh
studies, and smaller broadband sounds were observed. The researchers did not record individual spectra, but the sound
maps of the compressor showed a significant increase in noise in this band as the gradient of iso speed lines approaches
zero, indicating a relationship with the re-emergence of recirculating backflows.

The broadband sounds from this compressor are more consistent with previous observations of whoosh, a sound often
associated with TCN. In fact, the researchers recorded two different broadband spectra in their experiments, one in the
0.8-2 kHz range and another in the 4-12 kHz range. The sound maps of the compressor show that noise levels increase
significantly in the 4-12 kHz band as the gradient of iso speed lines approaches zero, indicating a relationship with the
re-emergence of recirculating backflows.

Pai et al. [41] refer to whoosh noise as "broadband noise," however they don't specify a frequency band. Additionally, it
is associated with running near surge in petrol engines, such as in transient circumstances such as throttle tip-in or tip-in
tip-out, as well as with certain steady-state settings. In the 3—4 kHz range, the possibility of acoustic radial mode
resonance serving as a pressure disturbance amplifier is considered. According to the spectrogram in Fig. 6, if isolated
noise broadband content was detected in the required frequency range, it was most likely between 2.5 and 3.5 kHz, with
additional broadband content between 4 and 5 kHz.

When it comes to turbocharger compressors, the literature consistently defines two categories of occurrences: tone noises and
spinning pressure gradients. Tone noises are linked with the spinning of the wheel, which results in rotational
pressure differences. In transonic or supersonic situations, where shock waves attach to the blades and cause extra
spinning pressure gradients, harmonics may occur.

However, there is adequate evidence of repeating wideband noise at frequencies below the BPF, which have been
reported to range between 0.6 and 12 kHz in the literature. While TCN and whoosh noise appear to have different
frequency ranges and occurrences, some sources confuse the two. The authors report whoosh at high frequencies, which
is more typical of TCN, as well as some of the clearest lower frequency wideband noise seen in our literature review in
Fig. 2. Finally, turbocharger compressors display two distinct phenomena: a lower frequency whoosh between 1-4 kHz
and a higher frequency phenomenon known as TCN. There is no obvious method for making these broadband sounds,
unlike BPF tonal noise. As seen by the examples above, some writers attribute these occurrences to "turbulence." Others,
on the other hand, attribute them to things like delayed backflow interaction (like modal resonance), tip clearance
effects, and other things. As a result, further research is required to fully appreciate the issue.
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B. Simulations

A correlation between wideband noise and three-dimensional flow effects surrounding the impeller of a compressor has
been suggested. as well as the difficulties associated with performing an adequate experimental characterization, numerical
modelling of the problem using Computational Fluid Dynamics is a viable option (CFD).

Mendonga et al. [45] established that turbocharger compressor noise spectra are reasonable. The latter seems to vary in
frequency between the entrance and exit ducts.

Lee et al[34] .'s investigation comprised a computational fluid dynamics (CFD) compressor simulation that matched
empirically proven operating conditions. However, when a single-revolution simulation was run, no consistency between
predicted and observed noise spectra was seen (Figs. 17&18). Karim et al. [44] demonstrated that lowering the leading-
edge step successfully confirmed a CFD projection of whoosh noise reduction. The entire number of observations is
shown, not the noise spectrum.

Percentage of rotation order (RO2): The perceived bandwidth (whoosh noise) is expressed as 0.5 to 0.9 RO2 per cent of
the rotation order (50-90 percent of a shaft rotating frequency). The BPF peaks are only visible in the exit ducts, as
shown in Fig. 2. Earlier research has demonstrated that CFD models can reliably simulate laboratory noise effects. A red
flag is if the frequency content predicted by the CFD model does not match the frequency content seen in the field
(efficiency, compression ratio, mass flow) or even aggregated noise levels. [34] Lee.

It was found that the projected and measured flow configurations agreed qualitatively in Hellstrom's [46] CFD simulations
coupled to Guillou's [47] experimental Visualization work. While it may be difficult to discern this spiral-like backflow
structure from experimental data, data such as the iso surface of negative axial velocity in Figure 10 is critical for
assessing CFD findings. It's possible to evaluate non-acoustic research initiatives that yield empirically validated
information regarding the flow field near compressor intakes, particularly when simulated operating conditions are applied
to analyze stall or surge events. It's possible to predict an upsurge in the population by using the analytical methods
presented by Margot et al. The phenomena were numerically studied by Lang et al.[49]. Instead of increasing output
pressure by decreasing input pressure, he utilized a flow-reversal compressor. In Lang's experiment, the compressor's
simulated behavior was compared to what actually happened. Additional geometries including straight ducts, elbows, and
reservoirs were modelled as well. The duct taper may be seen in the straight inlet arrangement. Reversed flow extends
up to 2.5 in this scenario. inducer diameters beyond the leading edge of the wheel. Each shape has its own specific
reversed flow pattern. The impact of surge margins is shown theoretically and empirically.

Galindo et al. [50] used computational modelling to investigate the effect of tip clearance on the higher frequency
broadband phenomena known as TCN. They found that varied tip clearance ratios had no discernible effect on the
acoustic signature. As a consequence, the exact flow mechanism behind this event is unclear.

C. Field of Local Inlet Flow

The latter technique is utilized for CFD validation since it enables measurement of whole field areas rather than a single
point, as the LDA and HWA procedures do. Clear windows are inserted into the diffuser casing of each of the three
cases so that flow and impeller contact can be kept track of in each case. The majority of study on the effect of intake
air on turbochargers has been on diffusers. Guillou, Gancedo, and colleagues [35, 66-68] used a test setup with a
turbocharged compressor and an open bell mouth intake, which allowed for direct photography of the flow without any
barriers as the seeded ambient air was eaten. Hellstrom et al. [46] used this method to compare numerical CFD
simulations that used this strategy. In studies examining the transverse velocity field, the flow was illuminated with a
laser sheet perpendicular to the compressor axis and near the bell opening. As an extension of this design, a short
polycarbonate ported shroud was put between the bell mouth and the compressor. The laser sheet may pass through the
transparent shroud of multiple aero planes. Axial velocity fields were obtained in [35, 67] by aligning the laser sheet with
the compressor axis and photographing at an angle rather than perpendicular to it due to the absence of the bell mouth.
By combining two cameras, a stereoscopic approach may produce the required axial velocity field as if the camera were
perpendicular to the lit plane. Rather of being visible in this configuration, the compressor intake is attached to a long
conduit that contains the filter and flow meter in real-world vehicle applications. These ducts contain the reversed flow,
forcing it to reintegrate with the main flow. Given that the shape of the input near the compressor has been shown to
have a substantial effect on the onset and frequency of deep surge instabilities [69], a characterization with limited
reversed flow in the duct should be explored.
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D. The Effect of Inlet Geometry

In the literature, all three of these people: Galindo et al. [70], Serrano et al.... Wang et al. [72] have proven the imp On
the efficiency and surge margin, the process of changing the shape of the input right before the compressor wheel (and
therefore the air presentation).

Increases in surge margin and efficiency in a turbocharger system are only marginally useful. While a study has been
conducted on this subject, data on the effect of air presentation on turbocharger compressor noise are few, since the
majority of research has concentrated only on deep surge dynamics [73, 74]. As a consequence, one of the objectives of
this research is to investigate this auditory impact experimentally and to characterize the flow field characteristics
associated with it.

Li et al. [76] examine the acoustic effects of the elbow overpressure spectral content at different sites. It is critical to do
empirically validated research on BPF amplitude variation. A lot more research needs to be done to figure out how
elbow-induced flow irregularities and the volute tongue work together to make acoustic noise, at least in terms of tonal
BPF noise.

Taper ratios can be used to increase the surge margin of a compressor.
Researchers have studied tapered conduits and reservoirs to increase surge margins. Lang [49] has
researched taper ratios and determined that by increasing the conduit or reservoir's diameter as it
approaches the compressor inlet, the compression percentage can be increased by up to 15%. Galindo et
al. [77] also conducted research related to tapered ducts, where they determined that for surge margins
of 8%, the duct should flare at a ratio of 0.3 or less, while for a margin of 10%, the flared
duct should not exceed a ratio of 0.5. Desantis et al. [78] looked at a convergent-divergent nozzles
that were designed in order to increase surge margins; however, noise output was not considered. Swirl
producing devices positioned upstream of compressors have also been researched. Researchers have claimed
that these swirl producing devices help improve base loading and thereby increasing the pressure ratio
and improving the overall performance of a compressor [79, 80].

Despite this, the auditory output was ignored. Additionally, a ported shroud has been suggested to boost surge margin
[35, 81]. In this construction, flow bleed holes are added to the impeller wall that connects to the compressor intake.
Some businesses have constructed openings on splitter blades that lead to low-pressure slots to reduce the impacts of
noise generated by flow reversal. This design helps to prevent choke by increasing the turbine blade's lower flow-regime
capacity. This novel method, however, has resulted in a new issue: auditory interference. In a 2007 publication published
in the Journal of Sound and Vibration, Chen and Yin identified this phenomena. Complete-bladed compressors with a
ported shroud had lower BPF (tonal) and total noise than compressors with a splitter and entire blades, according to their
research.

Smaller engines and increased demand for low-end torque have made centrifugal compressor performance at low mass
flow rates problematic. The main issue in this working zone is the surge induced by the compressor inlet shape. This
research will examine how varied input geometries effect compressor efficiency, noise, and surge margin. Each setup is
tested on a centrifugal compressor engine test bench. Both steady and transient (tip-out) tests are possible. The findings
demonstrate that the compressor parameters are very sensitive to changes in the geometry upstream of the compressor
intake.

E. Turbo-unit Acoustic Characterization

In addition to the plane-wave data released in [4,] the present work describes the measurement of
certain passive scattering matrix data. These conclusions were obtained by extrapolation from plane-wave
data. A review of the theory 1is provided, with a focus on previously unknown characteristics like
sound power determination beyond the plane wave range. [4] describes how to collect passive plane-wave
data (i.e., scattering matrix).

Apart from mufflers, additional components in a contemporary car's exhaust and intake system such as air filters, coolers,
catalytic converters, and particulate filters all affect the pressure pulses or sound field produced by the system. Sound
scattering (reflection and transmission) and sound generation from turbochargers are studied. Sound reflection from an
open-ended pipe, such as an internal combustion engine's exhaust tailpipe, is also studied.
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By measuring the acoustic two-port, it was possible to develop accurate and affordable procedures for completely
characterizing turbochargers. A number of modifications are suggested to enhance the quality of the results in comparison
to earlier investigations. Additionally, three separate vehicle turbochargers are studied, with data for both compressor and
turbine sound scattering included. The results for sound transmission, which is critical for a turbocharger's ability to
reduce engine noise, are plotted against a dimensionless frequency scale for each of the conditions analyzed (Helmholtz-
number). As a result, generalizations about the behavior of any turbocharger may be made based on the data.
Additionally, the sound generation was examined, and three methods for assessing sound power were presented. The
approaches were used to investigate the sound produced by a turbocharged compressor at different operation points and
to identify the source processes.

The obtained data is critical for correct exhaust system modelling since it provides the acoustical characteristics at the
exhaust tail-pipe. The reflection coefficient testing results were compared to Munt's notion about flow duct apertures. To
explore the effect of temperature on the reflection properties, measurements were performed at air jet speeds up to Mach
0.4 and flow temperatures up to 100°C. The experimental data corroborated the Munt hypothesis.

1) Determine the Passive 2-port Data
In order to determine the sound transmission of an automotive turbocharger, researchers treat the turbocharger as an
acoustic 2-port. This means that for frequencies in the domain under consideration, the following relationship holds [139].
Sound waves, when they meet a reflection or transmission boundary between two media (such as air and water),
experience an impedance mismatch. The sound wave propagates outwards or into the two-port depending on the
impedance of the media it is reflecting or being transmitted.
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Furthermore, the superscript s denotes the source delivered sound, whereas a and b (or 1 and 2) refer to opposite sides
of the two-port (downstream side).
It is possible to calculate the dissipating grid by putting down move capabilities between detected signals and external
sources e. Both acoustic test states required for the dispersion lattice can be obtained by applying acoustic excitation on
opposite sides of the test object. Thus, Eq. 1 could be written as:
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Where the superscript shows the different tests. During the two-receiver method, hex is the name for the work done by
the voltage e that drives the drivers. With the parts of the S-network, we can figure out how the two-port device's
inactive acoustic effects will be measured. The transmission misfortune (TL) can be dealt with in this way:
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In this case, TLu and TLd represent the transmission misfortunes experienced upstream and downstream, respectively.
Additionally, W+ and W-represent the episode acoustic powers experienced upstream and downstream, respectively.
Finally, M represents the Mach number. and c is the sound speed.

F. Conclusions

We arrived to the following broad findings after reviewing several research on various aspects of turbocharger compressor
noise emission:

Axial compressors have been the topic of aero-acoustic study since the 1950s, however noise creation in small centrifugal
compressors is uncommon. There are various distinct techniques to the experimental acoustical characterization of
turbochargers in the literature. Instrumentation, measured variables, sensor location, and other variables are examples of
variables.
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Tonal sounds associated to a blade passing frequency (BPF) and its harmonics, as well as broadband noise at frequencies
lower than BPF, are commonly identified in studies. Although no obvious mechanism has been found, the latter is
frequently associated to halted blades and backflows. Pressure and temperature indicators were used to evaluate the
unstable flow phenomena in the compressor inducer and intake. PIV measurements of the velocity field are frequently
done at compressors having an open bell-mouth, rather than confining the reversed flow in a straight pipe.

The interplay of gas stream turbulence with compressor wall clearance flow causes tip-clearance flow noise. Choking
whoosh is a frequent term for it. Separated flow in the compressor intake, on the other hand, is the most common cause
of suction side stall noise. This might be due to a combination of poor intake duct tip clearances and irregular suction
forces. Computational Fluid Dynamics (CFD) simulations have been demonstrated to be effective in studying unsteady
flow and identifying suitable noise-reduction methods for both whoosh and stalling forms of broadband noise.

1. METHODOLOGY FOR MEASURING NOISE EMISSION
Aside from the overall experiment, the step-by-step signal processing necessary to get final, combined
data  will be discussed, with examples of each stage's outcomes. To guarantee that the findings are
relevant and robust, the multiple theoretical and practical bounds and constraints of measurements and
processing procedures will be carefully considered.
The examined turbocharger noise phenomena may be split into four acoustic phenomena induced by distinct physical
factors. These four occurrences may be interpreted as tonal noises:
1) Unbalancing Whistle
Large unbalancing forces may develop in turbocharger systems due to high rotor speeds. These rotational forces are
proportional to the turbocharger's speed frequency, resulting in a tonal noise known as an unbalancing whistle
2) Pulsation Noise
The pulsating noise is caused by the turbocharger rotor rotating at a high frequency. Rotor asymmetries, which create
alternate forces as the irregularities rotate relative to the stationary housing, are the physical origins of this phenomena.
The air ducts, which are agitated by pressure changes, are the principal source of this noise.
3) Rotating Noise
The pressure differential between the pressure and suction sides of the specific rotor blades, as well as the blades passing
through the housing tongue, causes the spinning noise. The product of the TC-speed and the number of blades on the
turbine or compressor wheel determines the frequency of excitation [3]. The rotational noise of the passenger vehicle TC
is mostly above the hearing range due to the high turbocharger rpm. As a result, this phenomena only plays a minor
part in our inquiry. In contrast, because to its lower rotation speed, the truck engine's critical bigger TC emits rotational
noise in the frequency range up to 13 kHz. Under full load, the whirling noise may be plainly heard.
4) Constant-tone Noise
Because the frequency of the constant-tone is not proportional to the turbocharger speed, it differs from the other three
noise occurrences. The phenomenon is connected with a constant frequency vs rotor speed after a little rising slope at
low TC-speed. The lateral bending vibration of the TC-shaft in the hydrodynamical oil film of the journal-bearings of the
rotor defines this frequency. The usual TC values for a passenger automobile are approximately 1 kHz, and for a truck,
around 500Hz.
5) Influencing Factors
Several parameters were modified throughout the experimental studies in order to find the main influential aspects for the
distinct noise phenomena. Figures -1 and -2 depict the relationship between the constant tone and the unbalancing whistle
and the unbalancing of the moving components, as well as the temperature of the oil. At 200,000 rpm, the indicated
acceleration level was measured on the compressor side of the TC. Grub screws on the compressor side added imbalance
to the previously existing unbalance created by manufacturing tolerance ranges. Two turbochargers, each with an extra
mass of 20 and 40 milligrams, were put to the test. Figure -1, as predicted, demonstrates a clear relationship between
the unbalancing whistle level and the applied mass. In this case, the first-order level rises in a linear pattern
in response to the imbalance. In contrast, with an imbalance mass greater than 20mg, the continuous tone's
acceleration level drops dramatically.
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Figure 4 Unbalanced whistle Noise and Pulsation Noise due to added mass

Oil temperature, and therefore oil viscosity, were altered between 30 and 90 degrees Celsius to investigate the influence
of oil temperature, oil viscosity, turbocharger noise, and so forth (Figure -2). It appears that as oil temperature rises, the
initial turbocharger order and the constant-tone level will decrease. Increasing oil temperature has just a small effect on
the continuous tone's shift to lower frequencies, aside from the effects on the first order level. The hydrodynamic
bearing's dampening effect on the TC may be affected by the change in oil viscosity.-inherent rotor's vibration behavior.

A. Infrastructure

Even though turbochargers increase the amount of power available to a vehicle, that additional power is not derived
directly from the waste fumes gas, which can be confusing to some individuals. When we use a turbocharger, we can
harness a part of the energy contained in the fumes to power the blower, allowing the engine to consume more gasoline
each second. The more gasoline used by the vehicle is responsible for the vehicle's increased power. Its only function is
to regulate the turbocharger, and since the turbocharger is not connected to the vehicle's driving rod or wheels, it does
not directly contribute to the vehicle's driving force in any way. The effect is the same: it allows a comparable engine
to burn gasoline at a faster pace, which makes it all the more spectacular.

Whenever a turbocharger increases the output power of a motor, a larger, better turbocharger will result in a significant
increase in output power. In theory, you may continue to improve your turbocharger in order to make your engine more
powerful, but you will eventually reach a breaking point. The chambers are very massive, and there is simply an
inordinate amount of fuel that they can burn. The amount of air you can force into them via a channel of specified size,
and the amount of fumes gas you can remove, are both limited, which limits the amount of energy you can utilize to
run your turbocharger. Ultimately, there are additional stumbling blocks that become a vital aspect that you must take
into consideration as well; you cannot just turbocharge your way to endlessness! The bulk of the research in this thesis
was conducted in a university laboratory setting. There are two major installations on this location.

This flow bench might be used to calibrate turbochargers or to provide air to other facilities. Section 3.1.1 will go into
further depth about this arrangement. A massive anechoic chamber next to the flow bench may be used to
accept external air from the flowbench or to house a separate engine. The compressor's acoustic emission
was determined by altering the commercial engine's intake manifold. Section 3.1.3 has a description of this
configuration. This project —encompasses both a  piezoelectric sensor calibration impulse test bench and a
manufacturing facility for specialized measurement and instrumentation components.

1) Flow-testing Apparatus
The turbocharger was positioned inside the flow setup cell, on a supporting frame within the anechoic chamber, and the
flow test rig was used as a flow provider to power the turbocharger turbine.

[83] presents a high-level overview of the amenities in addition to a detailed explanation. This new supercharger system
corrects the previous turbocharger group and provides extra engine cycle management. This control can provide sufficient
compressed air at the appropriate moment to either generate a turbocharger in one chamber or increase the performance
of an existing turbocharger in another.
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This prototype engine is designed to replace the turbocharger with a bigger, more efficient one. The previous
turbocharger was removed to enable the engine's exhaust gas to pass straight from the cylinders to the new turbocharger.
This link more precisely simulates real-world operating circumstances and may be tweaked to include just individual
cylinders in the exhaust flow in order to compare their pulsing content. Additionally, if a smooth yet non-pulsating flow
of exhaust gas is needed, it may be channeled via a settling tank, where it will be smoothed down and result in the
continuous flow.

The pulsating flow characteristics investigated in this thesis complicated the development of aeroacoustics technologies.
Continuous-flow jet noise was used in the test rig and anechoic chamber. However, Chapter 5 validates the suggested
approaches and obtains adequate findings using real-world engine conditions.

Engine core, asynchronous dynamometer, screw compressor, and air distribution system with control valves and reservoirs are
shown in this flow rig diagram shown in Figure 5.

The compressed air can be distributed between the engine's intake and the exterior circuit using a second reservoir with
a discharge valve. This can be directed to another chamber or silenced and vented to the outer environment. A water
intercooler decreases the temperature of compressed air, allowing for greater control of flow qualities at low temperatures.
This temperature, as well as the compressed air's other flow parameters, are recorded by a control system. The engine
and dynamometer are controlled by separate instruments, and the turbocharger variables are recorded in real time and
saved on a In this case, we are talking about the Yokogawa DL716 DAQ.

2) Anecho-free Room

The anechoic chamber at Laboratory 5K is a great thing. spanning 9.5 9 7.2 meters in length and insulated from outside
vibrations. The chamber was designed by architect Jorge Selaron, and its inside walls are made up of 0.8-meter-long
fiberglass wedges with a 0.2-square-meter base. The internal area created by these wedges is roughly 7.5 meters long, 6.5
meters wide, and 6 meters tall.

The acoustic environment in this chamber is certified to have no reflections from the walls below 100 Hz. Low-
frequency waves are likely to start reflecting at this point. Optimally sound and vibration-isolated, the grated floor is
beveled to the floor wedges and provides a smooth, comfortable working surface. The four large steel pillars keep
engines (and other heavy equipment) from damaging the floor while supporting a substantial load.

While the turbocharger was being tested, the load-bearing pillars were left unobstructed to avoid any interference with
measurements. Figure 4 clearly shows how this lightweight turbocharger was installed in the testing frame.
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Figure 6: The interior of the anechoic chamber reveals the turbocharger setup and pipes required to operate it.

The pneumatic turbine is used to allow the turbocharger to operate. Compressed air is fed into the turbine from a flow
rig that was talked about in a previous section. It then goes through a reservoir with a nozzle, which slows down the
airflow and reduces the noise it makes. It takes the air from the chamber and sends it through a pipe to the extra room.
Closed-loop oil reservoirs are located under the pipes, which supply the cooling jackets for required sensors. Cooling
water is also provided to those circuits.

The control system monitors and gathers data, such as pipe pressures, temperatures, mass flow, compressor speeds, and
system conditions. The oil temperature is regulated, the compressor operation settings are changed for various applications,
and a Yokogawa DL716 DAQ system is used to record the dynamic pressure.

3) Inthis case, the Eddy Current Dynamometer is used to measure how much electricity is

Dynamometers are used to measure power, which may be wused to determine the efficiency of
turbocharger turbines. ~ Small turbomachines, such as turbocharger turbines, need a dynamometer to run at very high
rates, often 100,000 to 200,000 rpm. The dynamometer's rotating portion must be light in weight and have a low polar
inertia; otherwise, the turbocharger's bearing system would fail. The power range needed of the dynamometer is enormous
due to the diverse working circumstances of the turbocharger turbines. When using quasi-steady techniques to simulate
the pulsing flow conditions in the engine manifold and turbocharger, a turbine map with a broad range of operating
circumstances is necessary. A conceivable approach for obtaining such a map is to load the turbine using the
turbocharger's compressor; however, due to the compressor's surge and choke margins, the range of data obtained would
be inadequate. As a loading device, an eddy current dynamometer provides a far greater range of tests without the
aerodynamic restrictions of the compressor it currently replaces. The immediate performance of a turbocharger turbine
does not follow the steady characteristic curve (7) because of the pulsing inflow situation; instead, a hysteresis loop that
encircles the steady result is formed. It is necessary to know the polar inertia of the rotating assembly of the
dynamometer in order to determine the instantaneous torque or power of the turbines; hence, an eddy-current based
dynamometer is preferable than a hydraulic dynamometer. Furthermore, due to the lightness of the dynamometer utilized,
the turbine's immediate performance may be monitored without significant dampening effects. Because of the large
demagnetization field created by eddy currents, permanent magnet technology could not match the criteria of turbocharger
dynamometers in the past. Rare-earth magnets, such as Neodymium-iron-boron magnets, have become viable in
dynamometers due to their great resistance to demagnetization. Eddy-currents are created inside a conducting disk when it
is subjected to a changing magnetic field caused by the relative motion of a permanent magnet translating over its
surface. These eddy-currents produce their own magnetic field that opposes the source field, causing reactive pressures on
the magnet. Both a repulsion and a retardation force, both forces are present. The dynamometer takes use of this latter
force; the retardation force multiplied by the relative velocity equals the power received by the dynamometer. This power
is also the amount of heat that must be evacuated from the stators in order for the system to remain stable. The
dynamometer idea is shown in Figure 2 as a simplified form. The dynamometer uses eddy-current braking to create a
low inertia axial flux rotor by integrating Neodymium-Iron-Boron magnets in a spider. The rotor is made up of 14
ground Neodymium-Iron-Boron magnets with a depth of 10mm.
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To make a 14-pole axial flux rotor, they were arranged in an aluminum spider with alternating polarity. This rotor
rotates in the same direction as the stators, which are stationary water-cooled conducting plates on each side of the rotor
(Fig. 3). Externally, a carbon-fiber ring with an overall diameter of 80mm was utilized to support the magnets, while a
central steel spigot was employed to establish the requisite interference fit in order to lock the magnets in place. On
each side of the rotor, water-cooled stators were installed. This enables for more power to be dissipated while also
addressing the issue of axial thrust caused by eddy-currents. A stepper motor system was used to regulate the movement
of the stators from a distance. The power that the dynamometer absorbs may be changed by changing the space between
the stators and the rotor. This setup involves extremely few parts and results in a mechanically simple, inexpensive, and
compact design. The stators were cooled with untreated water flowing radially across their rear surface at a rate of
around 35 liters per minute. The coolant enters and leaves the rig axially to avoid interfering with the torque
measurement and so does not contribute to the observed torque. By putting the whole system freely on a pair of gimble
bearings, the torque was measured immediately. The torque generated by the turbine is determined by a lever arm
attached to the free-floating components reacting against a load transducer (minus the resistance torque of the gimble
bearings).

4) Active Control Turbocharger

For VGT testing, a spout less Holset H3B turbocharger turbine was changed in accordance with take a
spout. An uncommonly unstable (1.5mm thickness) portion, adjusted shape, sliding spout was created due
to the limited area gave. Two minimal bearing pads, which fit between the spout and the actuator
arm and help with deciphering the transforming advancement of the weight into an immediate
development by the spout, are wused to mount the spout on to its affecting arm (trouble) through two
embedded association centers towards the back end (away from the volute).

An internal assistant, which goes probably as a direction surface for the spout as well as the exducer
a piece of the turbine, coordinates the spout towards the throat. The total get together is housed in
an external aide, which is molded into a section at its base end, to which the burden is connected
and may uninhibitedly turn. Six long MS5 bolts keep the entire get together intact and interface it to
the turbine's face. The turbine's throat width is 26mm, and the spout might block around 22mm of
that stream width prior to arriving at the stops.

Aside from the spout, the entire framework was fabricated of 6082-T6 aluminum compound, which was
lightweight and sufficiently able to endure weariness (on account of the burden), which was a
significant concern during activity. The burden accomplished a security element of ten as far as the
greatest twisting power applied to it at its corners during the most extreme activity by the bearing
cushions. The spout was built of CFRP, which offered sufficient protection from the high tension wind
stream utilized during testing while at the same time keeping a very light weight, which is basic for
the ACT's general power execution. In ACT mode, the spout was driven by a V406 -electrodynamic
shaker. The shaker was utilized to give the power expected to accomplish the ideal frequencies and
amplitudes during testing (60Hz and 20mm, individually).

Since the spout was driven from the turbine's exhaust side, an immediate association between the shaker
and spout was unrealistic, requiring the shaker being counterbalanced to the side of the exducer. The
most  straightforward way for driving the spout from this position was to utilize a solitary piece,
turning fork-type actuator arm.

This works on the plan, makes it more smaller, and above all, further develops exhaustion perseverance
fundamentally, with the additional advantage of critical vibration damping because of the rocker-arm type
activity of the burden wused to drive the spout, which to a great extent hoses out Wwhat might
somehow or another be serious turbocharger vibrations. The complete mass of every moving part (Parts
2, 3, 4, 8 and 9) is just 0.241kg, which was important to accomplish the power execution expected
for testing, even to the detriment of vibration, since it is presently difficult to adjust the two sides
of the burden because of the top part's (spout) fundamentally lighter load than the base part, which
likewise contains around 0.2kg of the shaker's moving part.
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5) Test Rig for Engines

An engine test cell was utilized to conduct further tests under genuine engine circumstances to evaluate the measuring
methodology's dependability. An asynchronous electromagnetic dynamometer is included in the test cell described in detail
in [69], which enables for continuous and transient automated testing. Fuel consumption, engine speed, and exhaust
readings are all integrated into the dyno's four control systems. A new turbocharger and intercooler were also added to
the EA113 engine. A pneumatic system downstream of the turbocharger can feed compressed air into the inlet manifold,
delivering an additional boost during acceleration from a standstill.

By push the air into the intake manifold through a solenoid valve, the compressor's air inlet pressure is decreased. This
allows the engine to have a high turbocharger boost while lowering harmful intake air temperatures. The device was
utilized to simulate compressor surge circumstances throughout the investigation. Two DAQ systems were used to collect
test cell acoustic data, one from Yokogawa and the other from Briiel and Kjaer. A pressure-noise intensity probe of type
4197 was employed. The results of the acoustic measurements were backed up by sensors and other equipment placed to
the test cell.

B. Tested Turbochargers

The features of the facility and project mandated the usage of a range of turbochargers for this inquiry. However, in
terms of size and intended use, they're all the same. The Garrett GT17 Series, which is utilized in chapters 3, 4, 6, and
8.1, is the most significant model. To acquire precise geometry, a turbocharger with six main blades and six splitter
blades with a vaneless diffuser was digitized. Figure 3.5 depicts the most important dimensions. Engine testing in Chapter
5 and Section 8.2 and Chapter 7 and Section 8.3 employed two comparable turbochargers. All three were altered to
accommodate various intake geometry.

Figure 7: A dimensional design was employed for the majority of the experiment's development and some key
dimensions.

C. Noise Measuring in the Ducts

This chapter discusses the shortcomings of existing literature on the thesis. We then propose an experimental methodology
that addresses these shortcomings. We propose a methodology that enables you to evaluate the overall noise emissions of
a turbocharger system. Although compressor manufacturers occasionally provide noise maps, they seldom provide a step-
by-step process for replicating those maps. The literature on turbo-compressor noise consists of various techniques, from
in-duct approaches [23] to noise measurements with commercial sound meters [36]. A limited number of resources focus
on the implications of using specific measurement techniques (e.g., flow incidence angle) to investigate their phenomena
of interest (e.g., source characterization).
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1) The theoretical framework

The first step is to evaluate the theoretical basis for measuring acoustic output in ducts with mean flow and to choose
experimental data collection techniques for implementation. The TMM is a well-known technique for digesting acoustic
waves in ducts. As mentioned earlier, this breakdown occurs within the plane wave frequency band.

Beamforming is a well-known signal processing technique that is often used to locate audio sources. Indeed, beamforming
can be utilized as an emission technique rather than a reception technique, which is why the term "beam generation" was
coined. Emitters should be separated by a predetermined distance. Energy can be "steered" through the array by sending
the same signal with a phase mismatch. Weighting is applied to sensor signals in order to prioritize energy received from
a certain direction. As a result, beamforming can be thought of as a type of spatial filtering. Pinero et al. used it to
determine the fluctuations in exhaust velocity. Torregrosa et al. utilized it in the ductwork of turbochargers.

a) Flow ducts' volume of sound

Detecting the scalar sound pressure level (SPL) with a single sensor provides an approximation of the sound intensity
level in a duct. (SIL) is required to quantify the total amount of sound energy moving through the duct [36].

Consider the effect of a point's shape, as well as nodes and reflections inside a duct, on the sound pressure level at that
location. The intensity of sound is often described as a vectorial magnitude that accounts for the fact that the source of
sound will vary somewhat, causing interference, but will never reach zero. Noise pollution intensity is a more reliable
measure than pressure level.

The differential pressure between two points on a duct is often used to estimate the intensity level.
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The Fourier transform is often used to obtain information about signals acquired at discrete time steps. Specifically,
superscript k denotes the Fourier transform of a signal acquired at step k. The narrowband procedure is then followed for
each frequency component to obtain the desired signal through the inverse transform finally:

Here, X(fk) is the k x n matrix of transformed signals, and wH (tk ) is the
weights matrix for each frequency. Several schemes can be used to compute the optimal weights
for the desired DOAs (6 = —90° for downstream and 6 = 90° for upstream waves, assuming a typical flow DOA of 6=90°).
x(t) = FFYWHS)X)} oo e0...3.344

We used a Linearly Constrained Minimum Variance (LCMV) beamformer in this study, a well-established procedure that
minimized the overall output power (variance) while maintaining unitary gain in the precisely targeted direction. The
beamforming approach described in annex 3, A can be used to compute wH (fk ) and thus X + and X — . The result
of this decomposition is shown in Figure 7. Pifiero et al. [84] applied this method to compare the various schemes
against simulated and experimental data.
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2) Procedure for the Experiment

The turbocharger used in the experiment is mounted on a 1.1-litre petrol engine with 16 valves. Engine testing was
conducted in two phases. Stabilized points and ramps capable of carrying a full weight should be ascended. The ramps
from 1000 to 6000 rpm were 100 seconds long. Data from all four branches of the turbocharger's mass flow and
temperature sensors was gathered in order to trace the whole load ramp. The sensors were separated by a distance of 35
millimeters. The distance between the source and the decomposition zone should be several diameters in order to ensure
the propagation of plane waves (between 4 and 10 diameters). This was not the case with this work, though. A working
engine necessitated the use of small measurement tubes, therefore this was crucial. The turbocharger gas stand tests were
conducted in two stages for the engine testing. The first step was to create a detailed compressor map, together with the
acoustic power in each operational location. In order to replicate a turbocharger functioning at full capacity, the gas stand
was used. Consequently, during engine ramps, it was vital to determine where the turbocharger was actually working. To
do this, the total-to-total compression ratio and the changed mass flow have to be calculated. It is crucial to remember
that mass flow, but not rotating speed, must be adjusted for temperature changes. Due to the fact that rotational speed is
directly related to auditory phenomena, the recorded rotational speed is used to calculate the corresponding frequencies.
After identifying an effective technique for detecting in-duct noise, engineers must determine how to best execute the
methodology for their experimental setups, gather measurements, and analyses the resulting data.
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Figure 9:Pressure wave amplitudes travelling forward (towards the compressor) from the inlet are smaller than those flowing
backwards (towards the inlet). At the output, the pressure waves are reversed.

Due to logistical issues, the engine results only show the TMM results, as previously stated. The Power Spectral Density
in dB as a function of frequency is shown in Figure 9. The dotted vertical lines correspond to the frequency limitations
for TMM use as indicated by criteria (500 Hz and 4000 Hz). The biggest peaks around 3 kHz correlate to the
turbocharger's rotating speed. Cut off frequencies are different even if both curves are at the same stable point. This is
due to the fact that the air temperature at the outflow is greater than the air temperature at the input.
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The corresponding sound velocity and Mach numbers vary, and both are crucial factors in calculating the cut-off
frequency as illustrated in equation. Because of compression, the outflow level is greater than the input level, which is
typical. Another noteworthy finding is that at low frequencies, peaks show slightly below 500 Hz for engine results but
not for gas station findings. In principle, TMM and beamforming are both effective approaches for plane wave
decomposition. Simulations in an ideal environment confirmed this. When comparing test results, the beamforming, on the
other hand, has a greater connection to our reference intensity. On the other hand, when frequency is a multiple of half
the wavelength, the beamforming solution seems to escape TMM's over estimating difficulties. Tests on the engine bench
and on the gas stand were completed satisfactorily. On engine stable points, the curves of Intensity Spectral Density were
calculated. On the gas stand, the true turbocharger behavior during a full load ramp was effectively replicated, with
sound intensity values that were realistic. The findings of the global acoustic intensity compressor maps are satisfactory.
On the engine bench, the beamforming technology still has to be tested. The use of plane wave decomposition for
calculating transfer or scattering matrices of turbochargers, as well as acoustic devices under mass flow and temperature
characteristic of an engine, is another research field.

a) Instrumentation for Turbochargers

The quick pressure sensor arrays' design and installation are crucial for achieving reliable experimental findings. To
prevent complicated structures induced by singularities, the pressure sensors should be installed in straight pipes with
diameters selected to maintain the cross-sectional area of the nearby duct. Figure 8 shows an example of the predicted
pressure spectra findings.
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Exit pressure power spectral densities are shown in Figure 10, with the frequency restrictions indicated in Equation 3.3.6
and Equation 3.3.7. The frequency of the blade passage can also be determined using spectra.
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Figure 9 shows the straight-line clearanceleft in front of and behind a transducer array [89], to ensure
that the flow through the measurement section at the center of the array is essentially plane wave.
Straight clearance should be at least 6 diameters upstream of the array and 4 diameters downstream,
according to Torregrosa et al., [90].

To avoid errors in the low-frequency and high-frequency bands, transducer positions should be chosen such
that nodes of the standing wave do not fall on one-fifth or one-third of a wavelength away from
them [91]. Transducer positions should also be spaced far apart enough to account for the wavelength
at low frequencies [92], but close enough to account for the wavelength at high frequencies [93].

In particular, it should be noted that any signal with a frequency greater than the Nyquist frequency
imposed by the distance between the sensors will not be sampled correctly. For example, consider an
underwater wave with a DOA 6 and speed passing two (2) consecutive sensors spaced by a distance

ds:
T o o e 3.35
To prevent high-frequency spatial aliasing, the product of Qfd should be half the frequency fd = 1/Td associated with

dgsiné
a

~ &

ad oy
e
Thermocouple array |

RPMsensor |
Figure 11: This figure illustrates the proposed turbocharger instrumentation setup. Color indicates the location of each
three-sensor beamforming array. This figure also shows clearance requirements for beamforming arrays using a cylindrical
waveguide.

According to Eriksson [94], pressure waves in a duct propagate in a planar manner at low frequencies (i.e., the pressure
is the same at every point along the cross-section of the duct). This cutoff frequency may be approximated using
equations 8-12.

fa=1.84a/D 1-M2......ccovvvinrecin. 3.37

To begin, the variables are as follows: a represents the sound speed, D represents the duct diameter, and M represents
the mean Mach number. As frequency grows, the first asymmetric propagation mode increases as well, until a cut-off
frequency of X is reached; beyond this point, the first circular mode propagates.

fa=3.83a/D 1-M2......ccccoviriiircieie 3.38

Special attention should be given while calculating limiting frequencies, since they fluctuate with temperature and mass
flow. Both limitations are shown in Figure 8 for a particular operating point. The Nyquist criteria is shown in this
graphic to determine the precise moment at which discrepancies between sensors begin to rise. For multi-sensor
decomposition, this criteria is more restricted than the acoustic mode onset.
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Additionally, picture 8 illustrates other occurrences, such as Blade Passing Frequency (BPF) tonal noise, which was
covered in Chapter 2. As seen in Table 2, the primary BPF may be determined by taking the shaft speed and the
number of primary blades into account.
160 krpm/60 s min 6 main blades 16 kHz BPF ................cooieiiienen. 3.39
The closer the sensors are positioned to improve the frequency resolution, the lower the spatial resolution of low-
frequency waves will be. With very long wavelengths and diminishing disparities between subsequent sensors, the
discrepancies between consecutive sensors may be as small as the noise threshold.
Regardless of how your linear array's sensors are mounted, it is vital that the signals from each of them be coherent.
Before installing the sensors in their final configuration, test each sensor in the same section of duct by mounting them
radially and calibrating them individually to ensure that any differences between sensors are due to wave propagation
through the duct and not to individual transducer-to-transducer differences.
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Figure 12 shows that the outlet sensors in an impulse test rig had an outstanding pressure-speed match across the entire
range of their calibration.

The offset and gain of pressure transducers are calibrated in an impulse test setup, as described by Payri et al. [95].
This is accomplished by having each sensor watch a waveform, measuring the time and frequency responses, and
adjusting the amplifier offset and gain to achieve the optimum match. The compressor's operating conditions map displays
how the compressor will function under various scenarios by utilizing a total-to-total pressure ratio (TT) and a corrected
mass flow (m) axis.

b) Measurements of the Steady State

It is common practice to use the back-pressure valve (as depicted in Figure 9) to limit airflow until the appropriate mass
flow is achieved while testing the operating points of a compressor map. It is necessary to modify the turbine power at
the same time in order to maintain the prescribed corrected compressor speed (N) and to maintain stable operating
conditions. The valve will be opened when the compressor blades stall, disrupting the compression process, and the
compressor will enter another constant corrected regime line until it reaches the required area of the compressor map.
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The vertical wind shear adjustment should be implemented in line with the reference circumstances, which are specified
as one day at 150C and 1 atmosphere at mean sea level.

M= MB35 / T N = NS ....330
Pr 288.15 Tr

In this example, R denotes the ideal gas constant for air, p and T are the density and absolute temperature of the air, p
is the atmospheric pressure, U is the duct velocity, A is the cross-sectional area of the duct, and cp is the specific heat
of air. To calculate compressor performance using this map, one must convert pressure ratios to total-to-total pressure
ratios by subtracting ambient pressure from both sides of the balance. Once this is done, standard day correction should
be applied to each total-to-total pressure ratio. Figure 3 (bottom) shows recorded data points after applying normal day
correction.

P =M _p, Uy Ty
P= U= T =T+ o P = PEOTT . 3310

3) The Experimental Facility

The Research Competence Center for Investigations on Internal Combustion Engines has created a laboratory for
turbocharger characterization. The facility's objective is to precisely monitor scattering data—the factors that govern how
much air will flow through a turbocharger at a given pressure—under actual operating settings chosen from compressor
and turbine performance charts. Additionally, the facility may be utilized to determine the turbocharger's sound output
(the active property).

An experimental rig was constructed to investigate the transmission of sound through and the generation of sound from a
functioning automobile turbocharger compressor and turbine. The rig is divided into two sections: a compressor section
and a turbine section, either of which may be examined using any operating parameters selected from the manufacturer's
operating charts.

A turbocharger is coupled to an air compressor for equipment testing. While the turbocharger's design allows for a broad
variety of applications, the compressor's particular working circumstances (high flow rate with minimal variations) make it
ideal for acoustics testing. Because the system is remotely controlled, all maintenance and care may be performed without
disrupting test employees or active research. A system of air compressors, air warmers, and ball valves has been fitted to
boost the turbocharger's output. This permits higher boost pressures and more effective lubrication of the turbocharger
bearings.

The air mass flow that powers the turbocharger turbine originates from two distant industrial compressors. For high-mass-
flow testing, an 18 kW electric heater is used to raise the air temperature. The compressor output pipeline's boost
pressure is adjusted electronically through valves in the operators control module (SOMAS A13-DA). An autonomous
portable lubrication system is used to provide pressurized oil to the turbochargers being tested at the acoustics facility.
Turbocharger component acoustic models must adhere to real-world operating parameters.

This section contains performance maps for all turbocharger components utilized in the research, as well
as the operating points examined. The table below summarizes the features of the operating points for
compressors and turbines that were evaluated. Divide the compressor's absolute total output (discharge)
pressure by the compressor's absolute total intake pressure to get the compressor pressure ratio. Corrected
mass or volume flow rates through the compressor and turbine were estimated using centrally mounted
Pitot tubes and a mass flow meter (ABB FMT500-1G).

To emulate the working circumstances of a turbocharger, the compressor and turbine mappings must be followed. The
compressor and turbine maps demonstrate that the dynamic parameters of the operating points (OPs) are located on the
compressor map and consist of at least two of the following three characteristics: pressure ratio (PR), mass flow rate, or
volume flow rate. Using Pitot tubes, a mass flow meter (ABB FMT500-IG), and an absolute total intake pressure sensor,
the dynamic characteristics are utilized to determine an operating point on the compressor map.

The thermocouple devices were used to determine the flow rate, pressure, and temperature in the pipes. The mass flow
through the ducts was used to calculate the density of the air. The speed of sound in air at normal pressure and
temperature was calculated using a National Instruments 9211 module—a purpose-built instrument for this purpose.
Transmission loss values were determined using data collected during test sessions. To monitor the rotation of the
turbocharger shaft, an eddy-current speed sensor capable of recording signals from revolving blades was utilized.
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The test was conducted using pressure transducers located at the inlet and outflow cross-sections. Temperature
measurements were taken using the thermocouple input module and K-type thermocouples installed in the middle of the
ducts. During the test sessions, a speed sensor of the eddy-current type was focused onto the compressor wheel blades to
determine the turbocharger shaft rotational speed (Micro-epsilon turbo speed DZ135). To evaluate the transmission loss of
a turbocharger, speed data were collected in two pipes using eddy-current sensors fifteen inches apart. Transmission loss
data were derived using the density and sound speed measurements obtained during those observations.

D. External Noise Measures

The transmission of engine noise to the cabin can be reduced by improving the accuracy of the internal sound fields. To
that end, a series of experiments captured data at various locations in and around the turbocharger. This section discusses
how the measurements were made, and explains results and discussions of the sections on orifice and in-duct noise in
Chapter 4. Chapter 5 also includes a short discussion of an acoustic particle velocity measurement technique that was
used throughout this investigation (in which a sample of findings are shown). The turbine and compressor's gas-flow
dynamics are calculated using the software 'Star-CD,' which is based on a three-dimensional gas dynamic simulation
(CFD). The objective is to determine how a variation in the turbine and compressor wheels impacts the gas flow's
pressure excitation and the accompanying gas forces on the wheels. Additionally, the gas forces are used as an input to
a multibody simulation in order to determine the structural excitation caused by the gas flow. The two forms of wheel
deviation are a precisely parallel offset in the bearing clearance caused by imbalance and an angular deviation caused by
rotor bending. Both deviations spin in lockstep with the rotor.

1) The orifice produces a lot of noise. The orifice produces a lot of noise.

The sound that comes from the compressor's input duct is essential because it serves as a link between the compressor's
internal and external sounds. and it may have to battle with other sources of noise regardless of whether the compressor
is operating. When evaluating external noise, it's important to keep in mind that reflections and other ambient factors
might skew results. The turbocharger was selected to be installed within an anechoic chamber to overcome this problem.
The turbocharger acts as a silencer, allowing for precise noise levels to be measured outside.

Figure 13 shows the drop in acoustic pressure when the compressor is activated by placing two free-field microphones, Mic 1 and
Mic 2, 10 mm and 20 mm from the inlet duct's orifice, respectively.
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Using two 1/2" Briiel & Kjaer type 4190 free-field microphones equipped with type 2669C preamplifiers and positioned
next to the compressor input orifice, a spacing of ten centimeters was established between mic 1 and twenty centimeters
between mic 2. Prior to the studies, a Briel & Kjr type 4228 pistonphone was utilized to calibrate these microphones.
Calibration and data collection were performed using a Brilel & Kjr PULSE system. Due to the fact that the
circumstances within the anechoic chamber are identical to those in an acoustic free field, we estimate the sound
intensity at each microphone as follows: |I |= (P2 rmS 2 i)/_ (c )

This graphic depicts the root mean squared pressure as measured by microphone 1, which was positioned at a
temperature of 22°C. Ambient pressure and sound velocity were determined using sensors mounted on the microphone
stand.
”il — PZT'mSZI.

Pc

2) Far-field

Turbocharger group measurements were conducted in an anechoic enclosure to remove the reflections from the chamber
walls. Additional microphones were mounted at various locations around the equipment for free-field measurements. The
results were then compared with Teng and Homco for a whole engine [16]. Four microphones of the same type 4190
were placed at the center of the installation, equidistant from each other, at 1 m from it. To measure the noise generated
by the turbocharger, four microphones were placed at various distances from it. The output of each microphone was
recorded on a Briiel & Kjer PULSETM DAQ system, composed of hardware and software supplied by Bruel & Kjer.
The overall noise level of the turbocharger was then calculated based on an average of the four measurements.

Turbocharger
insulated
separately

Inlet insulation

Outlet insulation

Microphones

Figure 14: A radiated noise microphone is utilized in this experiment. Commercially available compressor input and outlet pipes are
being fitted around the turbocharger, which will be sequentially insulated so that each part can be evaluated.

3) Inclose proximity

Even though free-field microphones can be used to measure the far-field noise information coming from an engine's turbocharger,
successful measurements depend on having suitable acoustical conditions for the test ambient. Standard engine test cells and test
rigs are not acoustically conditioned, which means that often times interferences and reflections from room furnishings are
problematic. Such issues become more problematic when near-field measurements are desired, as ambient noise and reactive
sound fields [98,99].

A technique for addressing these issues 1is directly measuring acoustic particle velocity level (PVL) with a
MEMS sensor. MEMS sensor probes are now commercially available from Microflown, which has produced a
probe featuring a MEMS sensor.

In chapter 5, the probe described in [101] will measure engine noise inside a standard engine cell
The measurements will be compared with those obtained from a pressure probe to assess the usefulness
of the acoustic intensity probe [102]. Applications include acoustic holography for near-field situations
[103] and panel-based noise evaluation in automotive cabins [104].
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E. Component Selection and Product Subsystems

1) Turbocharge Selection

A turbocharger for a system is perhaps the essential decision in the entire procedure. When shopping for a turbocharger,
choose one with nice features that simplifies your engine's system design and plumbing. Furthermore, make sure to avoid
turbochargers that increase the engine's power while giving challenges over system design and plumbing. When choosing
a turbocharger, the size of the unit must be taken into consideration. However, several other factors, including the noise
level, durability, and efficiency of the turbocharger, should be considered carefully. After a lengthy process of
compromises and trade-offs, the team ended up with a turbocharger that fit their specific needs.

The main idea behind turbocharger matching is to optimize the compressor and turbine combinations in order to achieve
the desired boosting characteristics for a given range of engine operating circumstances. The compressor efficiency should
ideally be at its highest in the engine's primary working range at full load. In addition, the distance from the surge line
should be as great as feasible. The turbocharger and engine model are built to achieve this goal. If an analytical
approach for estimating engine performance with several turbochargers is available, real engine testing may begin with
various turbochargers that are near to the optimal fit. The development time and, as a result, the cost is decreased. To
establish the working conditions of the engine, various characteristics are assumed at the beginning. As a result, in a
large number of iterations, the most parameters will be determined from the created program using the FORTRAN
language. At each integration step, the manifold pressure and instantaneous turbocharger speed will be anticipated, and the
mass flow rates, and efficiencies of the compressor (or turbine) will be calculated using the turbomachinery performance
maps. Because many estimations of key parameters are necessary, the computations will be iterative. The following is a
common technique for turbocharger matching on a heavy-duty diesel engine:

a) Calculate the compressor's pressure ratio (P2/P1).

b) After assuming a realistic value of compressor efficiency, the ideal gas law is utilized to compute the input
manifold temperature T2 and air density.

Three distinct turbochargers are looked at: the HX80, the HB3, and the HX40. The wind stream needs length a more

extensive area of the blower map since substantial diesel motors run over a wide speed and burden range. Figure 3
shows a regular motor wind current superimposition on a blower map, with lines of consistent motor speed (1000, 1200,
1400, 1600, 1800, 2000, and 2200 rpm) for different sorts. The three guides plainly show that the HX80 type is a
suitable choice, since the working locale is found away from the flood line and in a high-effectiveness zone. At the
point when the heap is changed at consistent speed, be that as it may, practically identical way of behaving is seen,
with a lower pressure proportion up to 2.7 and diminished turbocharger proficiency; with working conditions having a
protected edge from the flood line and close to the chock line, especially at low part load up to 25%. The HX80 type
is leaned toward in light of the fact that the functional area is liberated from flood and chock lines, and most of motor
speed lines are situated in the high-proficiency zone, with a reach working tension proportion of 2:4.5 and a normal
worth of 3. The blower's motivation is to expand the strain before the motor's feedback complex, not to upgrade the
temperature of the air. Subsequently, the effect of having an intercooler will be explored to see whether it very well
may be disregarded to limit motor size. The air mass stream rate increased by 1.7 percent because of the intercooler,
which is irrelevant and might be overlooked, empowering the motor size and parts to be diminished. This additionally
diminishes turbocharger upkeep and makes the motor more proper for more modest motors.

2) Turbocharge Dimensions

Vehicle makers first looked into the possibility of turbocharged engines in the 1950s, but the problems of "turbo lag"
and turbocharger size weren't yet resolved. The first turbocharged vehicles were the Chevrolet Corvair Monza and the
Oldsmobile Jet Fire, both of which were debuted in 1962. After the 1973 oil crisis and the 1977 Clean Air Act
amendments, turbocharging became increasingly common in automobiles as a means of reducing fuel consumption and
exhaust pollution. The turbocharger's compressor and turbine components must be properly designed so that the
compressor can supply enough airflow and the turbine can meet the engine's power requirements. Engine displacement,
airflow, horsepower requirements, and turbocharger design objectives must all be considered throughout the selection
process. Turbochargers begin to produce boost when the exhaust gases have enough kinetic energy. If there is not enough
exhaust gas flow to turn the turbine blades, the turbocharger will not be able to compress the air entering the engine.
There are a number of factors that affect the boost threshold.
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At the "boost threshold rpm," there is enough exhaust gas velocity to compress the air entering the engine at that
operating speed (rpm). Throttle responsiveness may be improved by lowering the "boost threshold rpm."

Finally, all outlets and inlets should have their connections checked. The compressor intake and output will very indeed
be built to accept a hose clamp. If that is the case, they have a lip to help clamp them down. Their diameters are
standardized to allow for the purchasing of standard-sized hoses. The bearings portion will almost certainly have an oil
inlet and outlet, although it might also have one. These inlets and outputs should be evaluated to see how simple it will
be to get and connect the appropriate oil and water hoses. The oil intake and outflow should never be on the same side
of the pipe. They should be on opposing sides of the room. The water entry and output should be the same way. If the
intake and exit are on the same face, the turbocharger's compact size might make it challenging to fit all essential
connections into that small space.
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Figure 15: Turbocharger internal components

The turbine intake and outflow will almost certainly be bolt-on connections that need flanges. The turbocharger
manufacturer should ideally produce flanges and gaskets for the Turbine, saving the effort to design and create special
ones. Flanges and flange connectors that are thicker seal better and are less prone to break under stress. However, this
data conflicted with itself—the source was never cited—and did not seem reliable. Therefore, we planned to make an
intake manifold for the naturally aspirated engine, restrict its airflow, and then use a sensor to acquire data for mapping
a proper compressor. Moreover, the engine is never running, and the data acquisition system has not been completed
means that an ideal compressor map was never constructed. Without enough data, the process of using a compressor map
to locate the most compatible turbocharger thus to proceed without being able to make the decision.

Moreover, with the restrictor in place, the turbocharger, which would be about half the size of a standard 600cc unit,
could end up pushing too much air into the engine and cause it to over-speed. The team decided to find the smallest
available turbo to combat this scenario while still ensuring that the restrictor would not harm engine performance.

As a consequence, the search for very small turbochargers started. However, any found turbochargers required a
compressor map, which was required. Although the system could not be displayed adequately on the map, comparing the
compressor maps of two turbochargers reveals which is better suited to the lower airflow rates observed in smaller
engines. Will devote much work on locating alternate turbochargers. They conducted online searches, paid visits to
junkyards, and spoke with motorbike technicians. Additionally, an old turbocharger located scattered about the workspace
was inspected, revealing badly damaged bearings. However, after all of that, there were no practical options. The IHI
RHF3 was the closest alternative to becoming a feasible option. According to the IHI website, this turbocharger is
compatible with engines as small as and has a maximum airflow of 222.5 CFM. Although no entire compressor map for
the RHF3 has been uncovered, Fig. 4.8 compares the RHF3's compressor map to that of other IHI RH series members.
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F. Implementation Assembly and Manufacturing

1) Turbocharger

The turbocharger connects to the throttle valve using a flange. In addition, we tried to make sure the design was
accurate, and the dimensions were correct so that the pressurized air would not lose its force or be leaked out. Also,
because the oil turbocharger will give excellent output and long life, it reduces friction for bearings.

2) Wastegate

Fuel-powered engines benefit from a turbocharger since it aids the introduction of pneumatic stress through an association
of a blower haggle gases and a gas turbine wheel via a very powerful shaft. In order to reduce rubbing and control the
blower, the gas turbine receives energy from the exhaust fumes. A spiral stream is produced by the blower and the
turbine wheel in nearly all automobiles. In certain applications, such as medium- and low-speed diesel engines, an
outspread stream turbine wheel may be replaced by a hub stream turbine wheel. The wastegate is a small valve that
controls how much boost the turbo produces. When airflow departs the manifold, it opens, and when the boost reaches
the desired level, the wastegate discharges the leftover air. Furthermore, since the car would be used on a regular basis,
the boost was adjusted at 8 PSI. Furthermore, in our project, the Wastegate will be external.

3) Valve Spring
The original valve lifter will be destroyed due to the high pressure generated by the turbocharger. We also had to replace
the valve spring and acquire a high-strength  spring. To guarantee that the chamber's head continues to flow smoothly.

4) Intercooler

A radiator designed to cool the hot "boosted" air flowing out of the turbocharger is known as an intercooler. As
compressing air increases, the temperature of the air. Always, intercooling and turbocharging go hand in together. Rather
than fabricating into the car's body or chassis, we build the inlet elbow to assure and maintain the automobile original.
In addition, the plumbing was made of aluminum.

5) Blow of Valve
The air is bypassed via a tiny valve situated before the throttle when close. So, we will examine the blow-off valve, and
an aluminum pipe will link it.
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Figure 3:13: Assembly of Engine (SOLIDWORKS).
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G. Conclusions

A technique for measuring turbocharger noise in flow benches or engine test cells is presented in this chapter. The
studies in this chapter were carried out in test cells using various turbochargers. In-duct acoustical beamforming divides
the pressure signal into upstream and downstream components.

Another benefit of a wave decomposition approach that can also resolve intensity is that it isolates the pressure data
from the compressor, enhancing the spectral content of interest in cases where anechoic settings are not possible.
Anechoic boundary conditions (no pressure disturbances reflecting from the borders) are employed in validation work of
computational fluid dynamics models since these barriers are difficult to describe. [1] described a technique for
calculating this anechoic condition. In Chapter 6 of this dissertation, this strategy is described in depth.

The proposed signal processing provides accessible visual representations in the form of noise maps of
specified frequency bands of interest and approximated spectrograms of working routes when utilized to
examine the acoustic intensity of the noise produced by the compressor. This might be a good place to start
considering methods to reduce or eliminate certain types ofnoise emissions. The examples above show how this
approach may be used to map the distribution and significance of known centrifugal compressor acoustical phenomena,
such as medium frequency whoosh noise and low-frequency surge onset, across different turbocharger operating
settings. This chapter also leads the reader through a few processes for computing sensor data while accounting
for constraints such as sensor location and frequency aliasing effects.

The tests were carried out in an anechoic room, which allowed for the recording of turbocharger noise emitted both from
the surface of the orifice used to regulate air flow into the engines and from all over the turbocharger's surface. The
noise produced by a turbocharger while operating under in-engine circumstances was measured using an acoustic particle
velocity sensor. The tests were taken at various speeds to see how noise levels change with speed.

Air inlet
\ Compressor wheel

Air outlet <«
Turbine wheel

(to engine)
Exhaust inlet (from engine)
Figure 17 Turbocharger assembly
The common shaft of the turbine and compressor is supported between the compressor and
the turbine thanks to a central housing bearing system (Figure 17). The rotating unit, which includes
the compressor and turbine wheels, is referred to as the "shaft wheel assembly"” in this context.
In contrast to the rotating assemblies installed in the compressor and turbine housings, the rotating
assembly in the Centre housing is installed by SWA in the Centre housing (CHRA). The
majority of the time, grey cast iron is utilized for the central housing, however aluminum can
also be used in some instances. Seals prevent oil from entering the compressor and turbine.
Turbochargers with central housing cooling tubes are particularly well suited for high-temperature
exhaust gas applications, such as spark ignition engine uses. Despite the fact that the
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turbocharger bearing system appears to be straightforward, it is critical for a variety of purposes. It.To guarantee that the system is
as efficient as possible, it is necessary to manage both the shaft and wheel motions, as well as the bearing friction losses. Bearing
systems have received a great deal of attention as a result of their influence on turbocharger friction and the resulting impact on
engine fuel efficiency.

Bearings that support the shaft are normally located between the wheels in an overhung position, with the exception of
extremely large turbochargers for low-speed engines that are located between the wheels in an underhung position.
Because of the flexible rotor design of the turbocharger, it may operate at speeds greater than its first and perhaps
second critical speeds, placing it at risk for rotor dynamic scenarios such as spin and synchronized vibration.

Sealed bearing housings are located on either end of the bearing housing. In order to maintain friction losses to a bare
minimum, the relatively large shaft movements induced by bearing clearance must be kept to a bare minimum. and the
presence of unfavorable pressure gradients in some scenarios, these seals provide a challenging design problem.

These seals keep air and gas from getting into the central housing. A turbocharger usually has a Centre housing that
holds a lot of pressure, but the pressure in the intake and exhaust systems can be a lot higher than the crankcase
pressure of the engine. So, they would be used mostly to seal the intermediate housing when there is less pressure inside
than in the intake and exhaust systems. These seals are not meant to be the main way to stop oil from getting into the
exhaust and air systems from the Centre housing. People use things like oil deflectors and rotating flingers to keep the
oil from getting into these seals, so they don't leak.

Turbocharger seals are different from soft lip seals, which are used on rotating equipment that moves at lower speeds
and at lower temperatures. The piston ring seal is one of the most common types of seals out there today. It is made of
a metal ring that looks like a piston ring. The seal doesn't move while the shaft moves. It's also possible to use a
labyrinth seal. If the pressure difference changes so that the pressure in the central housing is higher than the pressure in
the intake or exhaust systems, turbocharger shaft seals will not keep oil from leaking.

V. SOUND MEASUREMENTS
This chapter discusses the results from our acoustic measurements of the turbocharger compressor. First, we study the
spectrum of the turbocharger sound output in an anechoic chamber. Next, we examine the sound output of the
turbocharger at a single frequency using the Fourier transform technique. Finally, we analyze only the plane wave
component of the sound output.
The turbocharger's external noise, There will also be a look at things like noise from the input orifice and acoustic
radiation around the system. Internal and orifice noise levels will be linked, which could make it easier to figure out
how noisy the outside world is without having to test the system in a large, anechoic space.
A. Internal noise field is a term used to describe a field of noise that exists within a system.
In the first part of the experimental campaign, we gathered data from several compressor operating conditions to
understand how the acoustic signature changed with different operating conditions. In this experiment, we used the
previously described piezoelectric sensor arrays to record noise in turbochargers' inlet and outlet ducts across a range of
operating conditions. We then processed the data to create pressure maps of the noise, sound intensity, pressure spectra,
and noise maps for the inlet and outlet ducts. We also created spectrograms of the noise from different points along the
inlet and outlet ducts.
The engine was tested on a bench that simulates real-life conditions in these tests. The operating points were selected in
consideration of the whole compressor map provided by the manufacturer and the capabilities of the compressor test
bench. The study studies at a screw compressor's performance from the point where it started to run inefficiently to a
capacity just over the manufacturer's cautious deep surge limit. The two limitations are part of a measuring subset of the
compressor map (Fig. 4.1), which includes the working line up to 170 krpm shaft speed. Furthermore, the deep surge
limit was tested in a separate gas stand to pinpoint its exact location. The effects of gas-standpipe diameter on surge
margin were measured utilizing a tapered duct in the compressor input line. These tests verified that the surge margin
advised by the manufacturer is close to the actual amount observed using the approach outlined in Chapter 3.
The data points on the majority of lines in the log-log plot of shaft speed vs. air mass flow are between the
manufacturer's cautious limit and the empirically quantifiable limit. The authors were able to investigate both ends of the
compressor surge spectrum by comparing optimum compressor operating points at maximum thermodynamic efficiency
and the most critical circumstances near deep surge.
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A. Range of Plane Waves

The compressors used in automotive turbochargers can reach peak efficiencies, depending on the diameter of the pipe, the
temperature of the gas, and the speed of the gas, at frequencies between 5 and 7 kHz. [38] This is important because
these frequencies encompass several acoustic phenomena relevant to everyday life.

Acoustic engineers have long been interested in the middle and high frequencies of wind whistling through organ pipes
since this frequency range makes analytical and numerical modeling easier. Working with wave decomposition procedures
isolates the contributions of the inlet and outlet pipes. This information can be used to compute the acoustic intensity of
the duct.

Equation 3.3.7 gives the frequency at which the plane wave assumption can no longer be deemed acceptable. The first
asymmetric mode begins to propagate at higher frequencies.

Due to changes in flow conditions and pipe diameter, examination of this expression resulted in cut-off frequencies of
around 4.7 kHz for the input duct and 7.4 kHz for the exit duct for the pipes investigated in this work. It should also
be noted that this limit fluctuated significantly due to variations in velocity and temperature under various operating
circumstances.

For the decomposition array of sensors specified by equation 3.3.6, the Nyquist frequency cutoff criteria was more
stringent than the first asymmetric mode limit, resulting in maximum cut-off frequencies for plane wave propagation of
3.4 kHz for intake and 6.4 kHz for exit. A dashed line represents these values.

The pressure measurements acquired by individual piezoelectric sensors in both inlet and output ducts are represented as
power spectral densities. Spectra are shown for both ducts along the working line at various shaft speeds. These figures
show that spectrum peaks at higher-speed shaft points tend to appear at lower frequencies. Duct noise between 1 and 2.5
kHz is unique; in the literature, this phenomena is referred to as whoosh noise.

An approach identical to that indicated for the 160 krpm shaft speed line shown in dashed lines was used to examine
the development of spectral content when air mass flow was lowered through moderate surge circumstances. The graph
demonstrates a distinct tendency for lower frequencies to seem more "jagged" than higher frequencies, where the whoosh
phenomena is more clearly seen between 1 kHz and 3 kHz. When looking at the spectra at 60 g/s and 55 g/s, it is
clear that overall broadband noise levels do not drop when flow conditions decrease, but rather mirror the surrounding
frequency content.

B. Pressure waves Decomposed

Using a new algorithm based on LCMV beamforming applied to pressure above data recorded by three-sensor arrays
while following the working line and 160 krpm line operating conditions, a method for isolating the compressor's spectral
content from the reflections and interferences of upstream and downstream ducting and components.

The spectral content of the decomposed pressure wave differs from the total pressure wave for different operating speeds.
The spectral range of the decomposed pressure wave at a lower speed matches that of the higher flow speed, but the
decomposed pressure wave at a higher rate is closer to that of the lower flow speed.

The buzz-saw noise characteristic of the unprocessed pressure data substantially improves following the decomposed total
pressure spectrum to the decomposed signal coming from the compressor (backward wave in the inlet, forward wave in
the outlet).

The opposite-traveling wave carries less energy and is less potent than the forward-traveling wave, with amplitude
reductions of approximately 10 dB between 2 and 3 kHz at high speed and low flow.

Fig. 13 shows an example of the spectral decomposition of a decomposed pressure signal acquired in the inlet duct and
outlet duct.

The backward wave is shown on the top plot, and the forward wave is shown on the bottom plot. The spatial Nyquist
limit was reached in each case, which is reflected by peaks above the Nyquist frequency in each graph. The
decomposition algorithm depicted in Fig. 13—used to decompose the inlet spectra—allows a more precise representation
of the spectra, since it is not affected by the buzz-saw effect at lower frequencies.
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Figure 18: The spectra of total pressure (solid line) and decomposed pressure (dotted line) are plotted for both 80 krpm
and the highest mass flow and 160 krpm and the lower mass flow.

C. Increase frequency

In addition to the cut-off frequencies previously indicated, acoustic waves change in such a way that theyno
longer follow classical wave theory. In simpler terms, this means that the decibel levels of pressure waves
drastically lessen. However, it is still beneficial to analyze the raw decibel levels because they still contain
useful acoustic data. The intake pressure spectrum depicts the PSD of pressure data collected by a single array
sensor. The amplitude of the signal grows as the shaft speed increases, and a broadband elevation begins
at 12 kHz and ends at 5 kHz This might be connected to the TCN discussed in Chapter 2's
material. BPF peaks are also apparent in the inlet spectrum, although they are more distinct at higher
shaft speeds, such as 160 or 170 krpm.

The spectral content of the outlet exhibits the previously described rise in plane wave frequencies, followed by broadband
at higher frequencies, which might be connected to the so-called TCN. Even for situations that are not observable in the
intake spectrum, BPF peaks are visible in the output spectrum. A careful inspection of the raw pressure signal's spectral
content at 160 krpm indicates that it has a wide spectrum comparable to that of the outlet spectra. This anomaly is
explained by the similarity of the shaft speed lines observed at 160 and 400 krpm.

D. Sound Generation

The sound waves are generated when the air is forced through the narrow gap between the edge of a rapidly spinning
object and a second surface. The sound produced is most noticeable as a high-pitched ring when the RPMs are at
maximum, or when there is very little friction between the objects. When the engine runs at lower RPMs, or for an
object with more friction, the sound becomes much lower in tone. The emphasis is on aerodynamically produced sound,
which always reigns supreme at high RPMs. The sound generation may be derived by incorporating the source strength
at low RPM levels, when the contribution from unbalances is insignificant.
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When the plane wave range is reached, established methods for estimating propagating sound power (i.e. ISO) or
reflection-free terminations can be used. The KTH rig is outfitted with damped terminations and dissipative silencers.

As wind turbines become larger, the noise emissions from these large structures extend farther out into the surrounding
environment. If a company is looking to build a wind farm, it is essential that they understand how far the sounds
emitted from their turbines will travel. Previous research has found that the sound level is dependent on the frequency of
the emitted sound, but this research suggests that low-frequency sounds may be more harmful than previously believed.
Present studies show that it is necessary to consider spatial averaging when looking at sound propagation through turbine
parts. The investigation used three transducers on each side of an axis, with some averaging between them to estimate
the strength of sound emitted by various modes. Using this technique, we were able to find that different frequencies
have different amounts of dispersion; that is, they travel at different speeds. In addition, different modes traveled at
different speeds depending on what was in between them and the transducer. Even though this method had some
assumptions, it showed that certain part configurations could result in significant differences in terms of sound
propagation speed.

E. External Sound

The experimental campaign also featured a noise measurement component, which took use of the chamber's anechoic
settings to measure metrics that couldn't be measured in the turbocharger test rig. We detail the equipment and technique
used in these studies in Section 3.4, pointing out that external noise measurements are frequent in the scientific literature
and are also a standard metric used by manufacturers. As a result, it's critical to correlate the in-duct results with
exterior data. Comparisons of in-duct and external noise measurements were made possible by using two microphones
placed at the same points within the duct and perpendicular to the axis line of the turbine. Previous descriptions of these
measurements indicated that data was captured with two omnidirectional microphones placed at a distance of 10 and 20
mm from the inlet orifice. Also, unlike the previous orifice measurements, where acoustic data was collected
simultaneously with the characterizing compressor map and thus covered the whole area explored by the compressor map,
only two characteristic lines were considered in this line of investigation: engine working line (where flow noise is
dominant) and 160 krpm speed line (where blade passing frequency noise is dominant). Moreover, applying acoustic
insulation blankets to the inlet duct, outlet duct, and nothing at all resulted in distinct damping characteristics for each
part.

1) Surface Radiation

Sound radiation data was collected at four distinct points surrounding the turbocharger assembly, in addition to utilizing
the anechoic chamber to quantify orifice noise. Unlike earlier measurements, which gathered all of the compressor maps
at the same time and so covered the whole sampling region, this time measurements were limited to two lines of
interest: the engine functioning line and the 160 krpm speed line.
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Figure 19: Averaged RMS Sound Pressure Level measured for various air mass flow rates during sequential damping experiments
on the 160 krpm speed line.
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Furthermore, testing was repeated with a sequential damping of the inlet duct, None of the rest. In the picture above,
full-spectrum SPL is presented surrounding the four microphones, taking into account the line's operational conditions.
What we hoped for: Shaft speed increased noise from exit duct. The entrance duct was quieter at any shaft speed.

2) Orifice Noise

To establish a reliable comparison between the exterior and in-duct measurements, which were obtained with free-field
omnidirectional microphones set 10 and 20 mm from the entrance duct orifice, simultaneous measurements were
conducted at the same data points. The 10 mm distance was chosen to match the manufacturer's internal comparative
measuring procedure (the manufacturer using dimensions for 10 mm rather than 20 mm).
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Figure 20: Correlation of the sound intensity in the inlet duct and sound intensity in the orifice, using both LCMV
beamforming and the Two Microphone Method.

When free-field circumstances are used to compute intensity, the correlation illustrated in Figure 20 above reveals that in-
duct sound intensity levels observed in the inlet may be reliably anticipated by measurements collected by a single
microphone 10 mm from the orifice, as discussed in Chapter 3. The LCMV beamforming approach and the standard two-
microphone method provide similar correlations with free-field orifice data, as indicated by R2 values of 0.83 and 0.86,
respectively. The results from the second microphone were comparable [93].

F. Conclusions

The results of the experimental measuring effort are examined in this chapter. It focuses on data collected from in-duct
measurements made at the compressor's air intake and air outputs in particular. The working line (representing a range of
airflow rates and shaft speeds) and a speed line were utilized to conduct spectral analysis on the engine compressor's
pressure data (where shaft speed was maintained at 160 krpm while airflow rate was reduced to near deep-surge
conditions).

Pressure wave decomposition has been shown to be an effective method for improving the spectrum information coming
from the compressor by eliminating standing waves and reflections. As a result, authors may identify critical aspects such
as the blade passing frequency and its harmonics, as well as a broadband hump between 1 and 3 kHz consistent with
whoosh noise. More effort is needed to discover the sources of this sound due to its poor impression in car applications.
In 1982, a hump in the acoustic signature of exhaust ducts was discovered. The complex noise phenomena was more
easily recognized in the outlet duct's acoustic signature, and it was more noticeable at higher shaft speeds. Variations in
lower and higher frequencies concealed the presence of this hump when flow rate decreased. The hump associated with
whoosh was shown to be sensitive to the mean flow velocity rather than the shaft speed or sound speed, indicating that
the hump is generated by flow rather than transmission variables.
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Furthermore, the recurrence of the same behavior in the future shows an abrupt collapse at plane wave transmission
frequencies in all circumstances, implying that the source mechanism cannot propagate under such settings. The absence
of TCN-like events in the plane wave range confirms that this type of noise is distinct from broadband whoosh, which
does occur in this range.

Noise maps were created using the interpolation of in-duct acoustic intensity across the several operating conditions
investigated to study forced convection noise and low-frequency phenomena. The commencement of low-frequency
phenomena is mapped to surge limits, whereas the whoosh phenomenon is mapped to the characteristic line's null slope
point, indicating that the two phenomena are not necessarily connected.

Due to the unanticipated propagation of high-order acoustic modes, higher-frequency analysis was complicated in this
experiment. Because the plane wave assumption required at higher frequencies is erroneous, the pressure wave
decomposition approach could not be employed. Even with the tiny distance between each sensor, we detected variances
in noise levels, including some erroneous signals, when we looked at maps of the pressure spectrum in the three separate
instruments of our array.

Because the flow is strongly whirling, a single laser PSD probe in the exit duct of an axial fan produces unsatisfactory
results. In such instances, acoustic intensity measurements based on wave decomposition are preferred. Spectrograms were
created using interpolated data of maps for the two flow conditions to check how content in the whoosh band—the band
with the most noise—changes with shaft speed and mass flow rate.

Because sound measurements obtained at the inlet mouth could be connected with sound levels computed using a
beamforming approach and microphone technologies, the turbocharger's anechoic chamber proved useful for analyzing
orifice noise. The measurement error introduced by the first way was lower than that introduced by the second,
indicating that employing a beamforming process to estimate orifice noise is superior than using microphones.

Finally, surface radiation was measured in a series of tests that dampened the various components. Except at high mass
flow rates, these studies revealed that the exit duct contributed more to radiated noise than the entrance. Even though
sound is created within the turbocharger, the vibroacoustic properties of the specific ducts can serve as major generators
of sound to the environment.

V. VALIDATION ON REAL ENGINE CONDITIONS
Results from a laboratory-based experimental campaign were acquired in the preceding chapter. Turbochargers in
automobiles are used in conjunction with a reciprocating combustion engine. Tonal noise might emerge on the turbine
output signal as a result of pulsating engines. The turbine's speed is increased as a result of the uneven flow. The inertia
of the wheel, on the other hand, minimizes this impact. As a result, these pulsations may have an impact on the
compressor, affecting stall flow and other factors like as vortex shedding.
The most important thing for the industry to figure out is how to keep the highest Ilevels of
efficiency, reliability, and cost per mile when it comes to the sophisticated design of a modern heavy
duty diesel engine. Making a diagnosis while you're doing something wrong is hard. In addition, it
costs a lot to test engine control units (ECUs) in real engine labs. In the engine lab, some
operations and environmental constraints can't be fully addressed. Diesel engine modelling simulations, on
the other hand, can help. These simulations not only give estimates for some hard-to-measure engine
characteristics, but they also save time and money. A mode «called the verification and wvalidation (V-
cycle) mode, which is based on computer-aided control system design, is becoming more important in
the process of making engine control systems today. In addition, the model-based development of the
V-cycle helps to show how important control-oriented engine models are. Testing hardware-in-the-loop (HIL)
is very important in this process. The mean value model (MVM) is often used in the control sector
because it can tell when the engine is in different states and record how it responds to sudden
changes. Historically, the mean value engine concept had a number of severe limitations that were
recommended to boost engine response speed.
When doing acoustic characterization in production engine test cells, it is vital to use accurate measurement techniques.
As seen in the prior chapter, sound pressure level (SPL) measurements done with a single sensor in the outlet or inlet
duct are susceptible to reflection, standing waves, and other transmission effects, as well as pipe geometry effects.
Simultaneously, acoustic intensity yields more consistent results.
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When dealing with noise in gas ducts, the acoustic intensity was calculated using data gathered by arrays of pressure
transducers installed flush in a straight duct section in both intake and output pipes, principally by an LCMV
beamforming approach. In contrast to orifice noise measurements, the traditional Seybert's two microphone approach was
also tried, and the LCMV beamforming worked better.

In the engine test cell described in section 3.1.3, acoustic measurements were obtained during an experimental campaign
outlined in Chapter 5. The goal of this testing effort was to verify that the approach presented in Chapter 3 could be
used in a real-world engine setting and that the findings and observations presented in Chapter 4 were still valid.

A. Setup of the engine cell

Because of measurement limitations and how difficult it is to run both the engine and the exhaust manifold
together at the same time to get precise operating conditions, it is clear that there is a lot of noise comin from
turbochargers. Most experiments are conducted using flow rig measurements.

Against this background, it may come as little surprise that studies on the acoustic performance of
turbocharger compressors have also been carried out. Evans and Ward [30, 31] tested the effects of
altitude and air-fuel ratio on turbocharger performance, finding a significant influence of altitude on specific
thrust. Teng and Homco [16] explored the impact of engine speed and power on the acoustic characteristics of turbine
stages in gas turbines. Pai et al. [40, 41] demonstrated that pressure perturbations from a turbocharger turbine affect
cylinder pressure waves excited by exhaust pressure pulses, introducing an aeroacoustics interaction between the
turbocharger’s exhaust outlet flow field and engine intake flow field. Finally, Galindo et al. [69, 77, 106] measured at
low frequencies (150 Hz) the evolution of interelement sound pressure level over time for a range of compressor speeds
(2000 rpm to 4000 rpm) and inlet pressures (0 bar to 12 bar).

One method for determining turbocharger noise is to employ ambient microphones located within the engine test cell to
detect radiated noise. However, it is hard to tell the radiation from the compressor group and pipes from the noise from
the engine and other systems under these conditions. Furthermore, because engine test cells aren't always quiet, reflections
will change the data gathered by ambient microphones, making an experiment go awry. Some researchers have used
microphones or transducers to figure out the acoustic pressure in a compressor intake duct. These sensors aren't very
good for this job. There are two things that happen when air flows through ducts: readings, making it unsuitable for this
application. The project's objective is to adapt the beamforming setup for engine test cells, using pressure wave
decomposition to calculate the Sound Intensity Level (SIL).

In an experimental installation, piezoelectric pressure sensors flush placed in the compressor input pipe were utilized to
evaluate the beamforming approach and compare it to the two-microphone method. The comparison's findings may be
found in the literature cited above. To assure the accuracy of the acoustic measurements, a commercial intensity probe
(Bruel & Kjaer Type 4197) consisting of two phase-matched 1/2" microphones was mounted at the entrance orifice.
Additionally, acoustic insulating mats were employed to eliminate reflections. When reviewing the literature on
turbocharger noise presented in Chapter 2, it becomes clear that the majority of experiments employ flow rig
measurements due to measurement limitations and the difficulty of operating the engine and exhaust manifold
simultaneously to achieve precise operating conditions.

In light of this, it should come as no surprise that research on the acoustic performance of turbocharger compressors
have been conducted. Evans and Ward [30, 31] investigated the effects of altitude and air-fuel ratio on turbocharger
performance and found that height had a considerable impact on specific thrust. Teng and Homco [16] looked into the
effects of engine speed and power on the acoustic characteristics of gas turbine stages. Pai et al. [40, 41] showed that
pressure perturbations from a turbocharger turbine alter cylinder pressure waves stimulated by exhaust pressure pulses,
resulting in an aeroacoustics interaction between the turbocharger's exhaust outlet flow field and the engine intake flow
field. Finally, Galindo et al. [69, 77, 106] investigated the development of interelement sound pressure levels over time
for a variety of compressor speeds (2000 rpm to 4000 rpm) and input pressures at low frequencies (150 Hz) (0 bar to
12 bar). The use of ambient microphones in the engine test cell can assist in determining the noise level
of a turbocharger. Under these conditions, it is difficult to distinguish the compressor group and pipes
from the engine and other  systems. Additionally, because  engine test cells are not always silent, ambient
microphone  data is affected by reflections introducing an  experimental mistake.  Although  microphones or
transducers have been employed to monitor acoustic pressure within a compressor intake duct by certain researchers,
these sensors are not optimal for this application.
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The microphone's measurements are affected by the flow ofair interacting with the duct walls, making it
unsuitable for this application. The project's purpose is to adapt the beamforming setup to engine test
cells, using pressure wave decomposition to calculate the Sound Intensity Level (SIL).

The findings of this comparison may be found in the above-mentioned literature. To guarantee that the
acoustic measurements were accurate, a commercial intensity probe (Briel & Kjaer Type 4197) with two
phase-matched 1/2" microphones was mounted at the entrance orifice.
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Figure 21: The turbine, which contains a moving set of airfoils (or blades), compresses the air as it passes between them. This
causes the pressure and mass rate of the airflow to increase, which in turn provides more air to the cylinders.

This research used a 2-liter, 4-cylinder diesel engine that operates on diesel fuel. This engine has a maximum output of
120 kW and a maximum torque of 340 Nm at the crankshaft. It features a variable geometry turbine (VGT) turbocharger
and 16 valves. To detect pressure drop across the compressors and gauge flow, a series of pressure transducers were
inserted in the turbocharger's redesigned input duct. Some photos of the improved intake duct may be seen in Fig. 5.2.
By regulating the compressed airflow's pressure and mass rate, the engine cylinders are fed with additional air. The
compressor uses less air as a consequence of the variable geometry turbine's activity. The idea of our diesel engine
model is presented in this section. It replicates the performance of a turbocharged 15.8 L electronic unit pump (EUP)
diesel engine. Table 1 summarizes the essential features of diesel engines. The diesel engine model is separated into
many blocks for HIL testing and control strategy development. Figure 1 depicts the model architecture, which is made up
of many systems, each of which comprises one or more blocks. The air block, which exhibits nonlinear and dynamic
behavior, is part of the air system (AS). The injection block is found in the injection system (IS). It is a unit injector in
this study and has a quicker dynamic behavior than other systems. The cylinder block and accessory block make up the
torque generating system (TGS). Torque, heat, and pollutants are produced by the combustion process in the cylinder.
The cylinder block is in the TGS since this study is about torque. The starter and dynamometer are located in the
auxiliary block. The auxiliary block is in the TGS because the starter creates torque and sends it to the crankshaft when
the engine is started, and the dynamometer also generates torque on the test bench. The crankshaft block is part of the
crankshaft system (CS). The cooling and lubrication blocks are part of the protection system (PS), which protects the
engine from overheating and wear, respectively.

A dynamometer, or power and torque controller, is also included in the engine, enabling the engine operator to determine
the appropriate operating conditions. The dyno demanded extending the input duct, which prompted the addition of a
flexible piece to enable for small angling as needed. The engine test cell depicted in Fig. 5.2 has a feature that permits
compressed air to be injected into the intake manifold after the intercooler. More information may be found in references
69 and 77, as well as a schematic of the setup in [69, 77]. The injected flow is smoothed down by a reservoir attached
to the compressor. This reservoir may be seen in the bottom right corner of Figure 5.2.
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Orifice

Figure 22: Images of the acoustic measures experiment, which includes the intensity probe and transducer array installed on the
expanded intake pipe.

By regulating the compressed airflow's pressure and mass rate, the engine cylinders are fed with additional air. The
compressor uses less air as a consequence of the variable geometry turbine's activity. This may enable adjustments to the
compressor working conditions of a Diesel engine without compromising the engine's functioning. However, when
constant pressure ratio lines are monitored rather than discrete constant-speed lines, pinpointing one specific operating
state in the compressor map is more challenging.

The sound pressure level measurement is further limited by the microphone's frequency response and the decomposition
algorithms. The microphone's frequency response restricts its capacity to detect high and low frequencies. The
decomposition methods are intended to break down observed pressure data into signals that may be utilized to locate
sounds. Both of these procedures were designed for plane wave propagation and are therefore limited to the frequency
range below the cutoff frequency of higher-order modes, which may be calculated using Eriksson's formulas.

Another limitation is that the spatial frequency component is limited in some manner by the spatial resolution of the
successive sensors—which are characterized as translating successive fixed-position components, which may be thought of
as a Nyquist limit for spatial sampling rather than temporal sampling. The exact frequency of this cut-off is dependent
on the spacing ds between these sensor parts and is comparable in idea to the Nyquist limit. Above this frequency limit,
spurious aliasing effects will appear.

B. Results of in-duct Measurements

The area of the compressor map closest to surge was established by varying the injected excess air mass at different
pressure ratios during a measurement session using the given configuration. Low and high mass flow rates, as well as
increased noise levels caused by the use of a faulty bearing material, were tested to assess the impact of noise created
by the impeller at varied shaft speeds.

Noise levels are much greater at higher shaft speeds and lower mass flow rates, according to the findings. When
comparing the noise level map to the flooding limit contours, it becomes clear that there is no direct link between the
two, but that the contours are grouped in the top left corner.

All curves are reported as iso-speed rather than iso-pressure, according to the various measurement procedures. As a
consequence, determining whether the rise is linked to the pressure ratio's highest point is impossible. Finally, the
findings in terms of noise level distribution will be consistent with earlier data.

The engine's effect is recorded in one of the array sensors, indicating that the sensor's raw sound pressure level is
comparable to those measured in the continuous flow test rig. In the plane wave range, the sound level is greater, and in
the broadband range, it is lowest. Further investigation into the sound intensity at low frequencies shows a distinct peak
at 12 Hz, which is accompanied by harmonics and other engine sounds. These noise events might be linked to other air
management system problems.
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C. Evaluation of the Methodology

The SPL with a single sensor, two-microphone technique, and LCMV beamforming was used. The sound pattern emitted
by the input orifice could not be distinguished from the sound field inside the duct in the frequency range where the
spectra were measured by the reference probe. As soon as the first radial mode appeared in expression 3.3.7, it was
evident that the sound field generated by the intake orifice was distinct from the sound field generated by the induct
itself.

This chart shows the sound intensity at three working conditions as a function of frequency. To create this image, we
used the Fourier transform of pressure and plotted the intensity on the y-axis. We then computed SIL in three different
ways. The intensity probe (red line) was used to measure UL and OL SIL, while the two-microphone method (blue line)
estimates IL SIL. We also made a beamforming measurement using a program called FEA-SIL (black line). The
correlation coefficient for each set of measurements is given on the figure and demonstrates that our beamforming
measurement is best in the region where plane waves are present, which is from 0 Hz to 1 kHz.

D. Noise Produced

Aside from in-duct measurements, measuring noise generated by the turbocharger and its pipes is another approach for
acoustic evaluation of a turbocharger. This approach enables real-world measurements without needing any pipe
modifications. It has the extra benefit of allowing engine components to be tested in real space, but the test cell must be
made anechoic to eliminate noise sources such as reflections in engine cell walls and resonances induced by engine or
duct cavities. Engine components that are being evaluated in a lab should be near together. Because building an anechoic
chamber is expensive, some test arrangements are simplified to simply the turbocharger group, which is driven by an
external compressor or electric motor.

A technology for detecting acoustic particle velocity levels that was recently developed may be able to alleviate these
problems and allow on-train testing in non-anechoic conditions. Two tiny filaments operate as hot-wire flowmeters in this
approach, which was briefly described in Chapter 3. The acoustic particle velocity in the sensor plane may be calculated
by measuring the modest voltage drop between them [101].

In the non-anechoic engine test cell, a novel technology based on acoustic holography was tried. (Acoustic holography is
a three-dimensional reconstruction approach for mapping noise levels.) Particle velocity measurements are compared to
typical free-field sound pressure level (SPL) measurements by scientists [102].

The turbocharger is easily identified as the cause of a 7002000 Hz wideband noise (at this specific operating state),
which sounds like a whoosh, using the pressure and particle velocity approach. The turbocharger is likewise identified as
the source using the pressure technique, although its contribution is not as loud as the turbocharger's. The broadband
particle velocity in both zones (turbocharger and intake) of a gas turbine engine is compared in this finding. The whoosh
noise produced by a revolving blade stall, on the other hand, may be seen in spectra below 500 Hz, as illustrated in
Figure 5.10, demonstrating the discrepancy between particle velocity and pressure measurements.

When it came to distinguishing whoosh sounds, the pressure strategy proved useless. It's worth noting
that if you want to describe the whoosh sound by lowering pressure through the duct (rather than
raising it, as with the pressure approach), you'll need to pay particular attention to the output pipe.

E. Conclusions

The test means for a compressor under engine conditions should be defined first. In the absence of a suitable anechoic
chamber, anechoic measurements are advised.

Compressor noise can be measured with an inlet orifice intensity probe. Aside from their high cost, intensity probes
aren't always the greatest solution. an acoustic spectrometer may be more desirable. Spectrometers allow for more
efficient analysis of the internal field, but they do not detect sound waves that will not propagate externally.

In this chapter, we explained that measuring in-duct acoustic noise offers an inexpensive method of characterizing the
sound field generated by the compressor. However, before using this technique to measure the sound pressure level (SPL)
at various frequencies, one need to modify the air ducts so that straight sections of them can be used for testing. Using
a single sensor for this sort of investigation tends to be limited in terms of accuracy and seems more accessible for
most people to interpret. Sound intensity is a more accurate metric and gives a better representation of the acoustic
power output of the source than SPL measurements.
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The wave-intensity calculation using two consecutive sensors and the wave decomposition through the two microphone
method (Beamforming method) can be more reliable in the low frequency range (250-1000 Hz). The wave-intensity
calculation using an additional third sensor can be more reliable along the full plane wave range and especially in the
lower frequencies.

VI. NUMERICAL SIMULATIONS
As the initial literature review showed, numerical simulations are valuable tools for analyzing and understanding physical
phenomena. These simulations are also useful in developing prototypes, since they allow design variations and different
operating conditions to be tested without the cost and risks associated with building physical test models.
It is, therefore, critical to ensure that these numerical tools are trustworthy. Small modifications to the geometrical model,
boundary conditions, or numerical techniques used to solve the issue can have a big impact on the simulation's outcome.
It may be required to double-check that the assumptions established in the simulation's physical models are correct for
the phenomena of interest.
This chapter describes the experimental and signal-processing approaches used to validate a numerical model of a
turbocharger compressor, including global variables, flow field measurements, acoustic output, and findings from various
operating situations.

A. CFD Simulation Setting

In his PhD thesis, R. Navarro (2010) developed a model to account for a variety of physical phenomena associated with
eel migration.

An overview of the model used to verify numerical findings and analyze physical events may be found in this section.
Numerous approaches and methods have been used in the development of centrifugal compressors over the years.
Computational fluid dynamics (CFD) and other one- and quasi-three-dimensional engineering software are included in this
area. Centrifugal compressors tend to stall gradually, but axial compressors are more likely to halt abruptly. After
experiencing an unexpected stoppage, Greitzer (1976) asserts that axial compressors may never restore their constant
performance. In his work, Day (1994) states that the substantially different hysteresis loops between Greitzer (1976) and
Day (1994) (C106) compressors allow Greitzer (1976)'s compressor to exit stall far more easily than Day (1994)'s
(C106). While both the axial and centrifugal compressors studied by Emmons (1955) were able to enter surge, the
centrifugal compressor showed a more progressive stall. Because they can't get out of stall, axial compressors frequently
have stall operating points that limit their range of operation. Centrifugal compressors, on the other hand, typically have
their operating range limited by the surge operating points since they can continue to run in stall conditions.

The centrifugal compressor discoveries, experimental facility design, and a model-to-model comparability
analysis will form the basis for all future work on turbocharger surge. The only way to know for
sure whether or not a compressor works is to put one through its paces using a replica. The RPA
(Research and Production Association) "Turbotekhnika" and the Peter the Great St. Petersburg Polytechnic
University's Research Laboratory "Gas Dynamics of Turbomachines" collaborated to develop a centrifugal
compressor for an internal combustion engine turbocharger. Two impeller diameters of 175 (TKR 175E)
and 140 mm (TKR 140E) were wused to demonstrate the compressor's dimensionless capabilities (TKR
140E). An error of 0.89 percent in the design mode and a 1.55 percent error in the overall
characteristic are predicted by the mathematical model for the Universal Modeling Method. ANSYS, a
commercial CFD package, was wused to calculate the properties of the TKR 140E compressor. Although
the efficiency figure for the TKR-140E differed significantly from prior computations, there was a high
degree of agreement in the operating area. A 9 percent overestimation of the work coefficient was

found in the computations, which is in line with the authors' previous estimates. A significant
Russian manufacturer of turbochargers for internal combustion engines, RPA
"Turbotekhnika" produces a wide range of turbochargers. The turbocharger for the

8ChN26/26 gas engine, which was originally a diesel, is currently a hot topic.
Initial estimates suggest that the highest degree of boost shouldn't go higher
than 1.6-1.7 There must be a wide range of blower performance for this.
Scientific school of compressor engineering (SPbPU) was created in 1960, and
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currently "Gas Dynamics of Turbomachines" lab acts as a physical manifestation of
the SPbPU scientific school. Centrifugal compressors can be designed for a wide
range of applications by the laboratory's experts. The University of Michigan
created the Universal Modeling Method (UMM), a set of specialized technical tools
for calculating and designing centrifugal COmpressors. The Method is currently being
improved by the writers. The TKR-140 radial turbocharger's normal diffuser and
scroll proportions were used by researchers at the Laboratory of Gas Dynamics
Turbomachines (LGDTM) built an ideal impeller and analyzed its gas-dynamic
properties across a wide speed range. Personnel from RPA "Turbotekhnika" worked
on the development, production, and testing of a turbocharger on their experimental
test rig. Computational fluid dynamics (CFD) models of engine turbochargers (and
other centrifugal COmpressors) are not yet capable of replacing engineering design
and calculation methodologies.

RPA "Turbotekhnika" is a significant manufacturer of turbochargers for internal combustion
engines, which are used in a variety of applications across Russia. The
turbocharger for the 8ChN26/26 gas engine, which was converted from a diesel
engine, is one of the most talked-about subjects right now, according to industry
experts. Preliminary estimations indicate that the maximum boost degree should not
be more than 1.6-1.7 degrees. This mandates the use of the broadest possible
range of blower performance. Since the 1960s, the laboratory "Gas Dynamics of
Turbomachines" has served as a representative of the Peter the Great St.
Petersburg Polytechnic University's (SPbPU) scientific school of compressor engineering
[21]. Designing centrifugal COmpressors for a wide range of applications [21-23] is
something that the laboratory is quite experienced in. The Universal Modeling
Method (UMM) is a collection of specialized engineering tools for the calculation
and design of centrifugal compressors that was developed by the University of
Michigan. In order to enhance the Method [24-26], the authors are now
working on it. Using the usual diffuser and scroll dimensions of the radial

turbocharger TKR-140 turbocharger, employees of the Laboratory of Gas Dynamics
Turbomachines (LGDTM) built an ideal impeller and analyzed its gas-dynamic

properties across a wide speed range. Personnel from RPA "Turbotekhnika" worked
on the development, production, and testing of a turbocharger on their experimental
test rig.

In order to understand the head loss model, you must first understand its basic qualities. - The head

loss of a stage is equal to the total of the head losses of the intake nozzle, impeller, diffuser,
return channel, and output nozzle. In the case of an inner blade or vane cascade head loss, the sum
of losses on the suction and pressure sides of a profile, on a shroud, and on a hub is calculated.
In terms of head loss, it is the sum of surface friction (which includes secondary losses) and
separation losses, such as mixing and pressure losses. - Incidence losses are applied when flow rates
are outside of the design range. In addition to the surface roughness criterion, the similarity criteria M,
Re, and k are taken into consideration. Algebraic equations are created for each component of loss....
In the most current version of the Method, algebraic equations have sixty-four empirical coefficients that
must be found before the equation may be solved. To identify them, the test qualities of hundreds of
model stages are employed in conjunction with each other. At The Leningrad Polytechnic Institute in
the late 1980s, Dr. D. Japikse presented a detailed description of the method's substantial deviations
from the well-known Concept Agile engineering [39-43]. The following are the most important differences
to make: - The parameters of the boundary lay theory are wused to construct the concept loss model.
It is possible to determine loss coefficients and drag force coefficients using this technique. - Test
characteristics of stage components are used to determine the Concept loss model (impeller, diffuser,
etc.). The test characteristics of a stage as a whole are utilized to determine the loss model for the
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Method. Although there are differences between two engineering models, this does not suggest that one
is valid while the other 1is erroneous. Several models may be beneficial in engineering applications,
depending on the situation. When applied to this case, the Universal Modeling Method has been proved
to be effective, allowing for the design of an efficient turbocharged compressor as well as the correct
computation of its characteristics across the whole operating range. When selecting a turbocharger,
consider the volumetric flow rate, pressure ratio, and turbocharger efficiency. Thermodynamics of the main
engine's combustion chamber are also affected by ship speed. An application's pressure ratio and
temperature can alter. Meratus Palembang's dynamic primary engine enables prompt cargo delivery.
Thermodynamics is separated into four stages: charge, compression, combustion, and expansion. This method
generates turbocharger operating line, turbocharger efficiency, and engine power output characteristics. When
turbocharger pressure ratios are at their maximum, VTR 304, 321 and 354 have volumetric flow rates
of 3,15 m3/s. The propeller's weight on the engine forces the turbocharger to work harder than the
engine can. The volumetric value rises due to these dynamic conditions. The turbocharger on VTR 304
also runs at 80% efficiency at 11,1 knots and 78% at 10,4 knots. It is 78% efficient on VTR 321
at 11,1 knots and 79% efficient at 10,4 knots. The VTR 304's engines can produce 3220,595 kW
(25889,903 kW) when all three are fully loaded.

1) Domain of Computer Science

Decide on the computational domain's size as the initial stage in numerical modelling. The turbocharger and the pipes
fitted in the anechoic chamber rig mentioned in section 3.3 are the computational domains in this example. For reasons
of accuracy, an actual compressor of the same exact model was disassembled and scanned with a structured-light 3D
scanner to achieve the required level of detail. The digitized data was then processed using software post processing
methods to create a smooth CAD model.

Only one primary blade and one splitter blade were included in the final model to ensure proper
geometry; the rest of the blades were cloned. The computerized model also featured tip clearance and
rear plate gap. By examining the voids between rebuilt surfaces, the fluid domain was recovered from
the CAD model. In the diagram below, you can see an example mesh.

Figure 23: In the CFD model, a polyhedral mesh of the rotor walls (grey) and surrounding fluid (blue) was employed.

A mesh consisting of 9.5 million polyhedral cells arranged in a non-structured way was used to obtain high values for
y+ near the impeller walls. This mesh size was increased near the walls to increase the accuracy in this area and
decreased farther from the wall to decrease the total size of the mesh. In boundary layer theory, the so-called y + is a
dimensionless parameter. Some turbulence models function best when the first cell near to the wall is close to one.

By using the known diffusion coefficients for the compressor fluid, numerical calculations were performed to determine
the volume of fluid that diffuses into and out of the turbocharger's compression chamber during each time step. Only
pipes with a length of five pipe diameters were considered in these calculations to eliminate unnecessary calculation time.
In Fig. below, the numerical simulations of these short inlet and exit ducts are compared to the
actual experimental configuration deployed in the anechoic chamber test equipment. The real pipes were
significantly longer than the simulated ones, as seen in the diagram.
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Figure 24 shows a schematic representation of the compressor's inlet and exit pipes, as well as the arrays of piezoelectric
sensors that are used. The intake and exit pipes of the compressor are modelled using an experimental wave
decomposition and computational fluid dynamics (CFD).

A mesh containing 9.5 million polygons was used to ensure that the y+ values near the impeller walls were close to
one, with the application of inflation layers near the walls to boost such values even further. The size of the polygons
was increased as they got closer to the walls in order to lessen their overall size. Figure shows the results of the
numerical simulations compared to the actual test setup in the anechoic chamber. The pipes installed in the test rig were
much longer than those simulated in the model.

Inlet boundary condition m’=77g/s, Tr= 293K
Outlet boundary condition p = 223kPa
Rotational speed N = 158763rpm

Table 1: The boundary conditions for the CFD simulation are taken from the experimental data taken in a small test rig in an
anechoic chamber.

The diameter of the inlet pipe had to be lowered due to the pipes and flow meter that were accessible. Extending the
CFD domain up to the limit of these ducts would have significantly increased simulation time, as seen in this picture.

2) Case Setting

The model was created in Star-CCM+ [108], a commercial CFD software tool that employed a segregated solver to solve
the scenario. The SST k turbulence model was used in a DES simulation (Detached Eddy Simulation). When sub-grid-
scale is practicable, taking grid size into consideration, and Reynolds-averaged equations when it is not [110], this hybrid
technique is used. This should aid in the resolution of finer flow configurations that may contribute to noise creation.
Mendonga et al. [45, 111] produced a similar solution.

The simulations' boundary conditions were set as outlet pressure and inlet mass flow rate, using values drawn from the
experimental campaign detailed in preceding chapters of this thesis. To tackle the transient problem, a rigid body motion
simulation was utilized, and a time step that equaled lo of rotation was set to match the frequency in question. A stable
solution was recorded at least 60ms after steady state was detected. The heat movement within the system was only
examined adiabatic since it had no major impact on the results at high loads (112-114). For the sake of simplicity,
surface roughness, dynamic shaft eccentricity, and mechanical deformations were not taken into account.
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3) Solution Monitors
In addition to providing insights into the fluid field as a whole, some additional pressure sensors were added to monitor
the acoustic behavior of the inlet and outlet ducts.

Wall monitors (W)
Axis monitors ( A)

Section monitors ( S)

Figure 25:1t shows the CFD domain, with a focus on the compressor wheel and three different types of pressure monitors that were
chosen during the set-up process. It is important that they are not blocked by other things in the ducts.

When measuring the air quality in a room, a variety of techniques can be used. For example, one technique involves
placing a single-point pressure recording flush against a wall, another involves placing a single-point pressure monitor in
the middle of the room, and another involves placing an area-averaged pressure recording across the entire duct cross
section.

Centerline monitors would have been required if piezoelectric transducers had been employed in the experimental
campaign to analyze variations between data captured at this position, which could not be monitored experimentally
without disrupting the flow, and data collected by wall-flush sensors.

Three pressure monitors were used to compare measurements in a plane wave frequency range. The monitors were
produced at three different cross-sections in both the inlet and outlet ducts, to simulate how the real setup would work,
and see if the longitudinal distance has an impact. It was only discovered that location had a minor impact.

B. Methodology

Validation tests were conducted to determine whether the numerical model could accurately represent the compressor's
operation after a sufficient number of computational simulations were completed to ensure that the simulated pressure
signal spectra had sufficient high frequency resolution for comparisons.

1) Global Variables

The compressor's overall performance results were to be compared to those given by established procedures as part of
the validation approach. If they did not match, the simulation setting should be fine-tuned further. Under addition,
numerous critical factors like as Wu and isentropic efficiency s may be used to determine the compressor's efficiency in

real-world situations.
wo_ 0 _

VI/;I. = m = mw o Cp (Tout.T - Tin,T)
y-1
— Ws _ Tinr(Tpy -1) 6.2.1
Ns W Tower— Tong 100 rrrr i B .

Here, is the engine's rotational speed, is the torque it produces, cp is the amount of heat it absorbs, T is the pressure
ratio between both sides of an engine and refers to a fixed variable used to compute a pressure ratio. Furthermore, an
experiment may be carried out to see if the simulated forces are accurate. It was discovered in this experiment that as
speed increases, so does torque.
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Both experimental and computational findings were averaged over 5-second intervals to prevent tiny differences in time.
The global variables for both examples are shown in the table below, demonstrating a good correlation between the two
sets of values with a relative error of less than 10% for all measured variables.

The accuracy of global parameter prediction is good, with less than 1% relative error between CFD (computational fluid
dynamics) and experimental findings, as seen in this data table. For the acoustic analysis, we may utilize averaged
variables such as mean Mach number, temperatures, and pressures. This demonstrates that our compressor numerical
simulation accurately reproduces the system's operational circumstances.

1] W, [k/kg] ns [%]
Experiment 1.2 111.3 68.7
CFD 1.2 111.3 66,7
"= [%] 0.9 0.7 0.4

Table 2: Comparison of global compressor variables observed in the experimental test rig and predicted by the CFD solution

The accuracy of global parameter prediction is good, with less than 1% relative error between CFD (computational fluid
dynamics) and experimental findings, as seen in this data table. For the acoustic analysis, we may utilize averaged
variables such as mean Mach number, temperatures, and pressures. This demonstrates that our compressor numerical
simulation accurately reproduces the system's operational circumstances.

2) Acoustic Result

The simulation findings, on the other hand, do not ensure that the setup is accurate enough to recreate transient flow
events connected to the compressor's acoustic behavior. The fact that two alternative approaches, each based on different
concepts and developed independently, produce identical trends does not mean that transient waves are not present in the
compressor's acoustic wave generation. A link was discovered between pressure waves in both simulations and
experiments after a reexamination of experimental data collected utilizing rapid piezoelectric sensors and simulation
findings. This shows that the modeling design did not sufficiently simulate the transient waves detected with fast
piezoelectric sensors.

a) Total pressure Spectra are a Type of Spectrum.

After applying the wave decomposition process to each signal, the original comparison of experimental and numerical
data was done by comparing only the overall pressure spectrum. The three types of CFD monitors specified in Section
6.1.3 are taken into account in this comparison. After applying the wave decomposition process to each signal, the
original comparison of experimental and numerical data was done by comparing only the overall pressure spectrum. The
three types of CFD monitors specified in Section 6.1.3 are taken into account in this comparison. is presented in Figure
below.
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Figure 26: A comparison of the total spectral content of each monitor type will show that piezoelectric sensors provide superior
performance.

The three separate CFD models indicate that when pressure is modulated over a cross-sectional plane wave, the three
monitors will collapse in the frequency range of zero to one wavelength. When there is a cut-off frequency for each
model at which the wall monitor indicates different spectral content than the theoretical forecast, the signals collapse.
Each model predicts that a first asymmetric mode will propagate just above this frequency.

The area average monitor is situated in its characteristic line when the initial axial mode propagates, therefore it is
unaffected by cross-section pressure changes. The axial monitor smooths out these swings, affecting just the displays
closest to the wall.

Wall monitor Axis monitor

Node line
Surface monitor

15t asymmetric e 1% radial mode

Plane wave
Figure 27: Two acoustic modes in a CFD monitor can be represented schematically by the solid lines, and the different types of
monitors can be identified by the different line styles.

The axial pressure monitor is not in the line of modal propagation when the initial higher-frequency
radial mode excites, thus it merely averages the axial variations. As a result, the frequency response of the axial
monitor does not precisely mirror that ofthe duct, andthe cutoff frequencyis lower than anticipated by CFD.
In the output findings, it can also be shown that BPF tonal noise levels are best predicted by the numerical model; this
may be described as an example of wave phenomena. A definite BPF peak can be seen on the pressure monitor
mounted on the wall, which is more evident in the exit instances than in the input ones. Although the findings of CFD-
simulated spectra show some consistency with experimental observations, there is no strong connection for PSD levels
and trends over the plane wave frequency range. This might be owing to the pipe's short length, which causes a standing
wave pattern, as well as the lack of non-reflecting boundary conditions on the outlet walls.

b) Decomposed Spectra
Pressure wave decomposition (PWD) can provide crisper spectra by isolating different components of a signal, as
described in the preceding chapter. The experimental data was deconstructed using the three-sensor LCMV beamformer

described in section 3.3.1.2, but because PWD may be conducted on any waveform, additional approaches, such as the
Method of Characteristic (MoC) [115-117].
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Pref

Pref is an appropriate reference pressure, and the heat capacity ratio is calculated using the instantaneous local values of
sound and flow speed. The results of using this technique on a wall mounted CFD monitor are displayed in the diagram
below.
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Figure 28: Comparison of experimental and model-simulated total pressure in the outlet case, using the wall monitor,
shows that mode onset occurs at approximately 0.5% higher total pressure than simulated decomposed pressure.
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The pressure spectra estimated with and without periodic oscillations match better with experimental data when
oscillations are reduced, as indicated in the figure. Although there are differences below 2 kHz, the overall pattern of
these two sets of spectra is comparable. Numerical models are better at reproducing Blade Passing Frequency (BPF) tonal
noise at 16kHz, but they fall short of capturing broadband noise seen in trials between 13 and 17kHz. This might imply

that numerical models are missing certain processes.
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Figure 29: The experimental results were compared with those from a simulation of the outlet case, where pressure was decomposed
into modes. In both simulations, pressure reached the same mode-onset value.
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By utilizing a section monitor, which averages pressure throughout a whole region, the experimental and simulated data
may be compared. In the region below the first asymmetric acoustic mode, which begins at 7.4 kHz, using the Method
of Characteristics decomposition technique results in a better match between experimental and simulated spectral content.
When applied to higher frequency ranges, the simulation, after modes begin to propagate, does not correlate well with
the reference experimental data. Compared to a single-point wall monitor, tone noise at the Blade Passing Frequency
(BPF) and bandwidth about 15 kHz are less effectively caught.

Further examination into the BPF tonal noise indicated that it might be caused by area averaging that ignores pressure
changes across the duct's cross section. When one side of a flow control barrier is exposed to high pressure while the
opposite surface is exposed to low pressure, area averaging fails to detect it. The pressure spectra in both the inlet and
output ducts were properly anticipated by the CFD study.

3) DMD Results

Preliminary work involved implementing the SVD-based DMD procedure with coherence ranking and applying it to data
from a small fraction of cells near the outlet wall to test the applicability of DMD to the CFD problem addressed in
this chapter, as information about pressure at each cell is not saved in this CFD setup. Because of the POD/DMD
attribute, which permits the selection of a subdomain rather than the entire domain, the results in those cells should be
representative. Furthermore, data were down sampled both geographically and temporally by examining one out of every
ten cells and one out of every ten pictures, yielding a spatial length of M 7 103 and a temporal length of N 103.
Maximum coherence is at around 16,000 hertz and corresponds to mode 323, which is related to the blade passing
frequency (BPF). Although the BPF occurs at around 16,000 hertz, there is another important DMD mode that exists in
a range of frequencies that overlaps with the first asymmetric acoustic blade mode (7.4 kHz), tonal noise that overlaps
with the BPF. This tonal noise dominates at the BPF. However, the whoosh noise that a distant car engine makes shifts
in pitch as you pull off the road and into a parking space. The whoosh noise is low-frequency noise, usually around 1.7
kHz, which sounds more like an increasing whistle than a constant whoosh. TCN-like broadband noise is higher in
frequency than the whoosh noise, but still low frequency compared to music or speech. It reaches its peak volume
around 3 kHz and above. TCN-like broadband noise modes do not appear to be as coherent from one speaker to the
next as modes linked to whoosh and BPF tonal sounds.

The distribution of the three lower-frequency modes (0.8 kHz, 1.6 kHz, and 2.1 kHz) is connected to
plane wave propagation; the distribution of the higher-frequency modes is more complicated as a result
of acoustic mode propagation in the outlet duct. The effect of mode frequency on acoustic propagation
and spatial composition of DMD modes.

The mode corresponding to a frequency of 0 kHz has been selected in the simulation on the left, resulting in a uniform
distribution along the duct. A standing wave pattern forms as the frequency rises. The pattern alters when higher
frequency modes occur in the simulation. Mode 11.5 kHz is influenced by mode (0,1) since the information is no longer
homogeneous throughout each sector and instead varies depending on the angle. Finally, because numerous modes are
present at 25 kHz, the pattern is rather complicated.

C. Conclusions

Due to the fact that many writers did not study them in detail, this chapter explores the validity of numerical models of
automobile compressors from Chapter 4, which were produced from an acoustic perspective.

When using computational fluid dynamics to model compressors, the domain and boundary conditions must be carefully
defined, since this has a substantial impact on the spectrum information that can be extracted from the simulation.
Pressure wave decomposition is one technique to deal with this problem while keeping the CFD domain and mesh within
normal computational constraints. This strategy has been demonstrated to improve the separation and recovery of spectral
information coming from the compressor in both computational and experimental findings; however, spurious interferences
must be filtered away as well.

Placing an acoustic parameter monitor close to the operational fluid stream should produce better results than keeping it
further away. It is critical to position the sensor on a wall-flush monitor so that higher order modes aren't triggered. The
results of a wall-flush monitor should give further information regarding the compressor's acoustic behavior.
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Using computer simulations, researchers could investigate the effects of pressure and velocity on the sound generated in
the engine of a motorcycle. They found that the acoustic output observed in internal combustion engines can be caused
by the flow phenomena identified by their analyses. They used contours of pressure to predict the evolution of backflows
in fluid dynamics simulations. They saw increased velocities at the point of maximum pressure ratio when compared with
steady-state simulations. Peak spectral densities from velocity signals in the diffuser pointed to areas where whooshing
occurred during engine operation at high mass flow rates.

When a turbofan engine moves from normal operation to an unstable state, its acoustic output (how loud the engine is)
increases. Computational fluid dynamics models have shown that rotating low pressure "bubbles" form and move in the
direction opposite the air flow. If an engine is operating with less air flow, these bubbles appear in a part of the
diffuser near the volute tongue. When these bubbles appear, backflow can be predicted to occur at point P in the
diffuser. The highest-pressure ratio occurs during this point and shows where backflow initiation occurs within the wheel.
Except in two situations when larger mass flow rates were simulated, both velocity and pressure information indicated
areas of increased velocity in the diffuser near the volute tongue. These models might reveal how turbofan engines'
acoustic output can be enhanced when they run outside of their typical operating range.

Acoustic emissions were observed in all three simulated conditions. These emissions may be linked to vortex shedding
from the compressor blades. One postprocessing technique is to inspect the location of acoustic-relevant flow features at
several frequencies using a Fast Fourier Transform (FFT) on the pressure signal at different locations on the blades and
diffuser. An example has been presented regarding the 3 kHz frequency. Another postprocessing technique would be to
decompose each one of the modes of vibration into eigenfunction modes, which can then be mapped with a Fast Fourier
Transform (FFT). The use of modal decompositions provides a means of analyzing sound-producing events in rotating
machinery without having to guess which are the relevant frequencies and spatial locations. The Dynamic Mode
Decomposition, for example, is a relatively new method that is not yet widely used but shows considerable potential.
This technique's formulation and implementation have been demonstrated in a limited-scope example. This example
demonstrates the model's capacity to detect key flow frequencies and their spatial distribution on outlet duct wall cells,
with a focus on whoosh noise and pre-mature turbulence production known as BPF tonal noise.

The application of spatial filtering in the study of both linear and nonlinear convection-diffusion equations has been
demonstrated. Spatial filtering on a wider scale is outside the scope of this research since it necessitates computing
methods capable of handling big data sets (i.e., manipulating data in the order of gigabytes). Further study of spatial
filtering might lead to a more accurate identification of key frequency components.

VII. INLET GEOMETRY EFFECT

To minimize flow instabilities, geometric modifications of the input line near the impeller were proposed and evaluated in
the literature study conducted in Chapter 2. The fundamental goal of these changes is to postpone the onset of deep
surge or completely eliminate it, so keeping the map's useable zone (the amount of load and efficiency that can be used)
broad and enhancing compressor thermodynamic efficiency during low air mass flow operating circumstances. It is
important to remember, however, that these changes have an impact on carbon emissions, noise emissions, and
compressor wear and tear.

This chapter details geometric configurations that were evaluated in a flow rig and under real-world situations. The
geometries that were evaluated were those that were most often recommended in the literature.

A.  Geometries

We employed basic geometries to measure acoustic emission in an experiment conducted using the anechoic chamber
flow test apparatus described in Chapter 3. To evaluate acoustics, we employed a reference pipe, an orifice noise
measuring free-field microphone, and a radiated noise system with four evenly dispersed free-field microphones.
Researchers used three piezoelectric pressure sensors in a short length of pipe upstream of four distinct tested designs to
confirm their computational fluid dynamics (CFD) calculations. To imitate more realistic entrance circumstances, a straight
pipe was employed instead of a U-bend.
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Figure 30: The specified geometries are drawn

1) Surge Margin
The acoustic output of each form was evaluated using raw pressure data from a fast sensor, which measured the air
mass flow at where the compressor achieved deep surge conditions. After determining the influence of each shape's
acoustic output on flow stability, the allowable operating parameters may be expanded.
Experiments on turbochargers revealed that Yokogawa digital oscilloscopes collected pressure data as well as mass flow
and shaft speed information, while a custom-written software application recorded the rest of the ancillary data. From
higher to lower mass flow, measurements were made at varied air mass flow levels with a constant shaft speed of 160
krpm.
We obtained the violent oscillations of deep surge when they reduced the mass flow to a level near to that of deep
surge and began a continuous monitoring of variables such as turbine speed, engine speed, intake temperature, and
backpressure. An approach similar to that described in Chapter 3 was used to evaluate the pressure recording. By
dividing the power of the 0-50-Hz pressure spectrum by the power of the 50-100-Hz pressure spectrum, frequency ratios
Rf were calculated.
R, = Zi%‘)lp(f)lz
3%, 1P(NI2
Below are graphs that shows pressure being gradually reduced and the air mass flow gradually dropping to a deep surge
condition, the different geometries each recorded non-dimensional pressure.
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Figure 31: With pressure being gradually reduced and the air mass flow gradually dropping to a deep surge condition, the different
geometries each recorded non-dimensional pressure.
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Low surge was thought to have started when the power ratio hit one hundred. Averaging the data from the two
preceding time steps yielded the lowest allowed mass flow. Non-dimensional pressure traces can be mixed with time

steps and power ratios as shown above. The lowest permitted air mass flow is depicted in the diagram below.
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Figure 32: The presented approach yielded the lowest permitted air mass flow for the various basic geometries examined.

As seen in this picture, the straight conduit is the first to experience deep surge conditions. Until the surge occurs, the
edges of the tapering duct and the 90° elbow pipe are identical. At the same time, the reservoir prolongs the damaging
scenario even more, allowing for a ten-g/s reduction in air mass flow to be achieved.

2) Levels of Background Noise

In addition to assessing the impact on surge margin, the levels of external noise were also measured. Two unique
measurement procedures were available in the anechoic chamber, as previously mentioned in the chapters on the subject.
We used a single free-field omnidirectional microphone, which was situated 10 mm distant from the intake aperture, to
gather orifice noise. Each time a new form was created, the microphone had to be adjusted to accommodate the different
lengths and orientations of the orifices. This was especially true in the case of the elbow.

It was decided to keep the second system in the same location for all of the geometry studies since it detects externally
radiated noise and consists of four equi spaced free-field microphones situated one meter from the center of the intake
assembly. Both cases included the use of a PULSETM DAQ system to acquire data from the microphones, which were
calibrated before to the tests using a Briiel & Kjr pistonphone. In the figure below, the results of both measurements
taken at the stable operating point closer to surge, as stated by the approach described above, are shown since here is
where the highest amount of noise may be found.
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Figure 33: For each intake geometry at the stable operating point closer to surge, noise is radiated to the anechoic chamber in the

form of sound waves.
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This experiment has revealed that the intake geometries studied here have a significant impact on the perceived loudness
of radiated noise. When compared to the reservoir, the straight duct generated greater noise levels, with a reduction of
up to 3 dB in the case of the average recorded from the four microphones.

In comparison to the straight entrance, the 90° elbow inlet yielded a 5 dB increase in sound level. The fact that the
orifice was not perpendicular to the plane of the four microphones employed may have impacted this finding. Finally,
tapered ducts appeared to emit sound at the same volume as straight pipes. The reservoir's orifice noise was reduced by
additional two decibels. The straight reference pipe had the same level as the elbow, but the tapered duct had a higher
level of 13 dB, which was 3 dB higher than the reference geometry.

To investigate these level disparities in further depth, Fig. above shows the varied spectra acquired by the orifice
microphone in each geometry test. The levels for the tapered duct are higher, as are the levels for the full frequency
range, but the inlets with the elbow and reservoir remain closer to the straight reference pipe.
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Figure 34: A comparison of sound spectra for each of the simple inlet geometries is given for the configuration with the
highest amplitude at the stable operating point.

But the most noticeable distinction between the tapered duct spectrum and the reservoir spectrum is attenuation at
frequencies in the plane wave zone, which is present in both spectrums. This is due to the fact that the reservoir
provides a critical resonator effect. The tapered duct spectrum, on the other hand, boosts levels over the whole
electromagnetic spectrum. In addition to this, there is a minor peak at 16 kHz, which corresponds to the blade passing
frequency associated with the 160 krpm shaft speed used in these tests.

B. Engine Testing are Performed While the Vehicle is Running.
The findings of our on-engine testing were presented in Chapter 5. We investigated the impact of several geometric

modifications of the turbocharger inlet line on performance, surge margin, and noise emission in our follow-up
experimental session.

1) Setup Measurements

Because the reservoir case could not fit into the available compressor inlet, the required geometric adjustments in the
intake line were made to account for realistic packing size constraints of commercial vehicles. As a result, the reservoir
case was not tested in this scenario. Similarly, elbow inlets were not tested since rerouting the intake line would be
required. The influence of tapered ducts, spinning devices, and nozzle-like additions on the system was next investigated.
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Figure 35: The cross-sectional view of the inlet geometries considered for the on-engine campaign.

as a vresult of these selection criteria. On top of

In the diagram above, the selected geometry varies
replaced with a straight

the figure is the reference geometry. The turbocharger inducer was removed and
duct and an adaptor. At the duct's terminus, a pipe with the origin.

A tapered transition was used to connect all of the diameters. In order to achieve the shortest possible inlet duct form, a
tapered duct was installed directly in front of the compressor impeller leading edge. This is portrayed in the figure's
central portion, as well. In conjunction with the tapered duct, an IGV device was utilized.

To make the entering airflow more erratic, this was done to increase the spinning of the flow. Using a 3D printer, the
device stators, which have zero-degree leading edge angles and seventy-degree trailing edge angles, were 3D
manufactured from the CAD design. The device that was installed in the intake pipe is seen in the diagram below.
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Figure 36: The image below shows a 3D-printed IGV device is fitted to the inlet duct of a compressor, revealing the inlet and
impeller.
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Except for the distance between the impeller and tapered duct, which was enlarged to 52 mm to see how the proximity
of the tapered duct to the impeller impacts the compressor's performance, the two subsequent geometric adjustments
(middle column of Fig. 21) were similar. One measurement was carried out using an IGV, whereas the other was carried
out without one. Finally, a convergent-divergent nozzle was tried between a tapered adapter and the
impeller, as well as a convergent nozzle directly after the tapered duct, with its throat as near to the
impeller wheel as feasible. An acoustic measuring setup was built to assess the effectiveness of this design, similar to
the one used in Chapter 5 to measure the compressor's noise levels. The intensity probe was positioned one inch from
the intake orifice, and the pressure decomposition array was linked to the straight inlet extension. We investigated noise
production under numerous scenarios, including both cautious and severe settings, to confirm that the results from the
noise characterization campaign were relevant to real-life conditions.

2) Results

The goal of this experiment is to compare the acoustic findings from various channel geometries, this part will focus on
the orifice intensity probe data, which were found to be well associated with in-duct noise in section 5.3. An intensity
level map is shown below, highlighting the locations where measurements were made. The strength of sound was

interpolated between frequencies of 1 and 3 kHz, which are particularly essential for the "whoosh" problem.
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Figure 37: The straight intake utilized as a reference in the on-engine inlet geometric variation test has a loudness level map between
1 and 3 kHz.
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Note that the displayed operating circumstances do not reflect constant shaft speed lines due to the facility's unique
regulating method based on compressed air injection into the inlet line; therefore, no judgment regarding the slope of
these lines. This graph shows that noise levels in the selected band behave as expected while also showing a dependency
on air mass flow. The graph indicates a higher noise level at higher pressure ratios and a greater dependency on air
mass flow at higher pressure ratios. The figure below shows the findings for the same frequency range when each
geometric inlet option previously mentioned in Fig. above was replaced for the straight reference duct.
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Figure 38: The figure shows the sound intensity level maps for the several geometries utilized in the on-engine test between 1 and 3
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Figure 39: Performance fluctuation for various intake geometry over the engine's usual operating range.

To maximize surge margin and avoid compressor surge, the effect of geometry modification on air flow must be
investigated for maximum flow at 160 krpm. The performance of each geometry was found to be affected in different
ways by the duct inlet cross section. The figures above show a comparison of straight ducts along with those featuring
an IGV and tapered ducts featuring various outlet sections. These show that there is a trade-off whereby the maximum
flow rate is maximized when the straight duct is used but the surge margin is reduced. A better surge margin can be
achieved by using a tapered duct, most effectively at 52 mm from the impeller.

In order to use a convergent nozzle in a real-world application, the nozzle throat must be mechanically opened at high
flow rates. At the same time, if this is done, at TT = 2 and 160 krpm of shaft speed, an equally great air mass flow
decrease will occur. The average sound intensity level (SIL) at a given frequency range as measured by the Briel &
Kjaer intensity probe pointed directly at the entrance orifice is shown in the diagram below.
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Figure 40: Comparison of mean sound intensity levels for various intake geometries across the engine's usual operating range.
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C. Parametric Analysis of the Elbow

The turbocharger test rig utilized for the inlet local flow measurements detailed in Chapter 7 showed not only global
features of sound intensity and air mass flow, but also local factors such as temperature distribution, skewness, and other
variables. Because sound intensity could not be accurately quantified using both approaches during the previous
experimental campaign or in the preliminary testing phase, it was decided to begin research on this issue by looking at
this specific variant of elbow shape.

This shape would generate non-uniformities in the flow field that circumferentially tapered ducts and nozzles do not,
providing a great contrast for evaluating the impact on circumferential temperature distribution skewness and association
with noise production. As a result, a parametric campaign was created to assess the impact of three 90° elbows with
variable radius on inlet-induced flow distortion and temperature skewness. Given the wealth of data on the link between
these parameters and noise generation, it was hoped that the parametric campaign would indicate which parameter values
were most likely to result in effective designs. The campaign's objectives were twofold:

1) Designing Geometry

During the installation of the elbow inlets, three types of elbows were used. The very tight elbow had a radius of 0.75
times the diameter (D). The medium elbow had a Il-inch radius. The third elbow had a radius of 1.5 inches, which was
smoother and created less distorted flow than the previous two elbows. The elbows needed to set up in a way that the
thermocouple arrays could be attached easily to heat sensors already previously installed. The pipe needed to house the
arrays in a way that would allow them to be secured once again and provide similar spacing between tips and the wall
of the tank as in the straight pipe experiment. Three different elbow types were chosen: zero point seven five diameter
(tight), point one diameter, and one point five diameter, which would provide a smoother transition and less distorted
flow.

A
——

A SECTION A-A
—

Figure 41: The 0.75D elbow inlet is meant to fit into the compressor intake adapter and contain the linear thermocouple array, as
shown in this mechanical drawing.

Because the thermocouples had to fit tightly, the researchers opted to make numerous elbow prototypes using 3D
printing. The thermocouple and retention screw guiding holes, as well as the sealing O-ring slots, may all be included
right into the design. The mechanical drawing of one of their prototypes, with a radius of 0.75 D, is shown above.

The CTC project team designed an elbow that could simply be fitted to a compressor to improve the accuracy of
thermocouple data. Engineers would not need to drill into the compressor to install a thermocouple if they used this
elbow; instead, the thermocouple could be installed by a manufacturer or engineer before the elbow was fitted. An
industrial partner was recruited to build molds so that these elbows could be mass-produced after three variations of the
design were constructed by gluing together a sheet of metal over a smaller portion of pipe and rolling each junction on
an industrial metal bender.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 1063



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 10 Issue IX Sep 2022- Available at www.ijraset.com

1.5D 1D 0.75D

Figure 42: The 3D-printed prototypes were created using CAD models of compressor elbow inlets of various radius

(decreasing in radius from left to right).

In light of these issues, the elbow prototypes were created utilizing a technology known as Selective Laser Sintering
(SLS), It entails focusing a laser beam onto the surface of a tray containing powdered material and binding it together in
layers to create the desired shape Table 8.1 contains the technical specifications for the material that was selected. The
heat deflection temperature, sometimes referred to as the heat distortion temperature, is crucial in determining the
outcome. It refers to the temperature at which a sample is taken. starts to deflect at least 0.25 degrees. mm under the
stress of 1.82 MPa. Because the intake line is close to ambient pressure in this situation, no problems are predicted until
the temperature rises.

Property Normative Unit Value
Tenzile  Modulus DINENISO/527 MPa  38003.548
Tensile Strength $££15031501
DINENISO/527 MPa
Elongation at Break
Flexural Modulus DIN/ENISO/527 %
Impaa gueng‘h (Ch”p"\') DINENISO/178 N'mm?
- MPa
Notched Impact Strength (Charpy)  DINENISO/17¢
MPa
Shore-D/A-hardness DINENISO/17¢ 36004.6D
SNENL - - g -
Heat Deflection Temp DIN33505 762913047220.322
ASTM/D648 €
(1.82MP2)
Vicat Soften Temp B-50 DINENISO-306 *C 169
Density NA gam® 136 0.05 Tabls 4:

Specifications for the
aluminum-filled polyamide utilized in the laser sintering of prototype elbow inlsts.
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2) Settin

T)he protogt]ype elbows were mounted with thermocouples and inserted into the anechoic chamber test apparatus after SLS
fabrication and delivery. The construction of the narrower elbow version is shown in the diagram below. During the
sintering process, the little holes for the thermocouple alignment became plugged with remaining dust and had to be
finished using a hand drill. This was not a concern because the material used is easily automated.

Figure 43: CAD model of the compressor assembly, such as the temperature and pressure instruments, as well as the
mounting system, with the 0.75D elbow intake attached to the common adapter.

In Fig., a drawing of the adapter piece holding the circumferential temperature array, the inducer micro pressure probe,
and a sealing O-ring, we can see how this portion was retained in place and how perforations in the flat surface were
used to position the elbow parallel to the outlet.

3) Results

This test campaign for the local flow characterization chapter was carried out utilizing straight intake pipes that were
comparable to those used in the original reference map in order to establish how precise the interpolated maps were. The
operating circumstances of each measured data point for both the straight input pipe used as a reference and the three
mentioned elbow prototypes are shown in the data above. It can be shown that consistency was reached in the majority
of settings, though not at the maximum flow rates. This was most likely owing to turbulence caused by the elbows,
which increased friction. When the flow rate was high, especially at greater pressure ratios, the most hazardous situations
occurred.

To determine how accurate the interpolated maps were, this test campaign for the local flow characterization chapter was
conducted using straight intake pipes that were equivalent to those used in the original reference map. The data above
shows the operating conditions of each measured data point for both the straight input pipe used as a reference and the
three elbow prototypes indicated. Consistency was achieved in the majority of settings, but not at the highest flow rates,
as illustrated. This was most likely due to the elbows' turbulence, which enhanced friction. The most severe scenarios
occurred when the flow rate was high, especially at higher pressure ratios.

a) Sound Amplitude

Sound intensity levels were calculated for each operating condition utilizing in-duct piezoelectric sensor arrays and the
wave decomposition technique outlined in Chapter 3 to determine the sound pressure levels. After taking an average of
the sound intensity level between 0.7 and 3 kHz in order to concentrate on the previously stated whoosh noise issue, a
noise map for each geometry was generated using the interpolating technique.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 1065



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 10 Issue IX Sep 2022- Available at www.ijraset.com

To evaluate the several elbow prototypes, tiny discrepancies between operations under different situations were employed
to compare the different designs. Difference maps were constructed by subtracting the reference straight duct noise map
from each of the newly acquired elbow noise maps in order to emphasize the differences between the reference straight
duct noise map and the results obtained for each of the elbow prototypes.

The flow intensity maps produced by the three elbow designs are clearly different; the maps demonstrate that the elbows'
inlets and outlets, depending on their arrangement, may obstruct the passage of the fluid through the elbow. Despite the
fact that the interpolation approach produced high mass flow rates along a number of the lines, the black dot indicates
the actual measurement site, and it is clear that some information is missing in the area surrounding this location. A few
slight measurement errors happened between the time these patterns were taken and when they were compared, which
resulted in some data being left out of the analysis.

As the radius of the elbow grows, the fluctuations in sound intensity at the inlet seem to be greater than those at the
exit. This surge is most visible at lower flow rates and medium-low shaft speeds, with a level increase of up to 6 dB
occurring under these conditions. The value of the point with a minor increase in level for both inlet and exit ducts
seems to decrease when the elbow radius is reduced for medium to high air mass flow and medium to high shaft
speeds, according to the data.
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Figure 44: In-duct sound intensity levels at the inlet (left) and exit (right) for each of the specified inlet elbows compared to the
reference straight duct. 1.5D, 1D, and 0.75D, from top to bottom.

Finally, operating parameters at both the inlet and outflow, especially for medium greater mass flows and lower shaft
Speeds, limit noise output in the given frequency range. In the input duct, these drops, like the rises, are more
noticeable, while positive and negative oscillations in the output duct are less.
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To better quantify the effects of elbow configuration on sound intensity, histograms showing the distribution of
differences between sound levels in inlets with different elbows were computed. Intensity level differences range from -1

dB to +1 dB. It can be seen that the two wider elbows (1.5D and 1D) have a mean of around -1 dB, similar to the
mean for the less wide elbow (0.8D).
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Figure 45: The results of the sound intensity level differences for both inlet and outlet sound pressure levels were compiled into
histograms that illustrate the percentage of the compressor map at which each different level occurred for each tested elbow
configure

The narrowest elbow (0.75D), which corresponds to the low flow, medium-low speed zone depicted in the intensity maps
above, appears to exhibit a large skewness toward positive differences of up to 6 dB. These points add about 0.2 dB to
the average. When looking at the outlet difference distributions, it appears that the narrower
more symmetrical distribution than the larger elbow or the 1.5D elbow. The
mean of about 2 dB, which is less than the other two variations.
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Figure 46: In the 45 g/s plane wave range spectra at both inlet and exit, variations between the straight reference duct and each of
the elbow arrangements may be seen, pointing to the efficacy of a specific elbow.

Figure shows the frequency spectrum of a plane wave. A comparison of the spectrum with the random fluctuations in
pressure recorded by inlet and exit piezoelectric sensors in the turbulent flow zone shows that the two spectra are quite
similar. The PSD in the plane wave zone, for example, was identical to that in the turbulent region when operating
conditions were high (140krpm, 45g/s).

The spectrum generated by the straight duct is comparable to those of the elbows—which are smaller in size—up to 1.3
kHz. Above 1.3 kHz, the straight duct exhibits higher levels than all of the elbows, which is also evident from the maps
and graphs provided. The increase in frequency is not uniform; observe how the tiny peak at 1.7 kHz grows as the
elbow radius decreases, eventually reaching a broadband frequency above 2.5 kHz for the smallest radius elbows.

Between 0.75 and 3.6 kHz, there are two minor broadband elevations in the outlet spectra that are likewise apparent in
the pressure spectra collected by the diffuser pressure probe. The smaller of these is seen at 2.3 kHz and is a
consequence of an increase in the upstream transmission at this frequency because of the small tube attached to the
diffuser inlet manifold during experiments with the so-called whoosh broadband noise.

b) Temperature

Aside from the changes in sound intensity created by the various inlet designs, a similar processing approach may be
used to evaluate the differences in temperatures in the intake section that are connected to the hot reversed flow coming
from behind the compressor impeller. Analysis of thermocouple data from two arrays (circumferential and longitudinal)
produced maps of backflow length and flow temperature skewness.
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Figure 47: Use this map to show the differences in the temperature of circumferential segments for each of your selected elbows vs.
the reference straight section.

The difference maps for each elbow variant were then compared to the original reference map, which was measured
using a straight input duct. Figure above shows the difference (elbow minus straight) maps that resulted. To provide a
fair comparison, the same color scale was used.

Similar patterns may be identified in each of the three examples. Lower air mass flow levels show a gradual increase in
temperature skewness, especially when working at medium shaft speeds. A minor reduction in flow temperature skewness
can be detected at higher air mass flow levels, which is much more visible with the less narrow elbow arrangement
(1.5D, top left map). This reduction zone is similar to the 1D elbow in terms of conditions. Nonetheless, the temperature
skewness difference is smaller than in the previous example, and in the case of the most reduced elbow form, it is
almost negligible (0.75D).
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Figure 48: Histograms show the temperatwre standard deviation differences between each of the tested elbow

modifications and the refevence straight inlst pipe. The percentage of the interpolated compressor map where each different level
wafownd indicates

As the graphs show, there is a jump from low ILDs to high ILDs in a very small part of the map, which can be seen
in both figures as an indentation on the right side. An increase follows this in sound levels that span a greater range
than the change from low to high ILDs. The left tails of the distribution curves are shorter but more populated,
indicating that most compressors have small changes in ILD compared to the average. The average ILD difference for
compressors with the narrowest elbow design is roughly 1.0 dB, whereas it is nearly negligible for compressors with
broader elbows. By examining the temperature profiles produced by the longitudinal thermocouple array that was
incorporated in the design of each elbow prototype, we can estimate the length of the hot reversed backflow that flows
upstream of the impeller and into the intake.
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c) Correlations between temperature and SIL

As we saw in Chapter 7, when we studied the effects of elbows on sound propagation, there is a correlation between
the skewness of circumferential temperature profiles and sound intensity. This figure shows the correlation for three
different elbows. In general, large changes in noise level are seen at high flow rates; however, no apparent change may
be seen at low flow rates. Using the same axis limits as for a straight pipe, a correlation between the degree of sound
intensity and circumferential temperature skewness was calculated for the three elbow-inlet instances. The correlation can
be seen for both the straight pipe and the straighter elbow (the one with a central radius of 1.5D), separating higher
flow rate conditions (indicated by blue circles) from lower flow rate conditions (indicated by red circles), where skewness
is well correlated with increased noise levels. When designing elbows with narrow inner diameters, it is difficult to
control temperature and sound intensity. When the inner diameter of the elbow is large enough to accommodate a larger
flow rate, the temperature and sound intensity curves can be manipulated so that they are similar across all flow rates;
when flow rates are small enough and the elbow radius is narrow enough to generate large turbulence levels, no amount
of manipulation can reduce the difference between the hottest and coolest points around the elbow.

When the radius of a pipe elbow decreases, the temperature fluctuations at the pipe entrance and exit increase even when
the flow rate is held constant. Temperature fluctuations can be seen in the bottom plots of the figure. In addition, sound
intensity and frequency are increased across all four plots, as was previously shown in the figure by the “hump” of
whoosh noise at lower frequencies.

D. Elbow Parametric Study

The turbocharger test rig described in Chapter 7 was used to investigate the effects of inlet geometry on the local flow
pattern. Temperature distribution, skewness and other such characteristics were measured. The data gathered by the CFD
simulations will be useful if laboratory experiments are conducted to study the performance of local modifications to
inlets. The study investigating the influence of elbow geometries on noise generation and flow distortion started with this
90-degree geometry variation because measurements during the previously described on-engine experimental campaign
showed that characterization of the sound output was not straightforward. Even though a variety of different 90-degree
tapered ducts and nozzles were tested, it was impossible to unambiguously link noise generation to flow distortion in
these variations. On the other hand, flow distortion is an important factor when trying to explain the mystery behind
aerodynamic sound generation, so it seemed like a good idea to look at the influence of different elbow geometries on
this phenomenon.

E. Conclusions

The chapter has presented three different experimental campaigns, each designed to investigate the influence of different
inlet geometries on turbocharger acoustic output. While different in scope, all three experiments resulted in similar
conclusions. First, a series of tests was carried out to investigate the noise characteristics of various geometric forms
added to the inlet of a compressor. The straight duct used as a reference had the same diameter as that of the inlet.
Orifice noise was recorded using both a free-field microphone and an orifice micrometer that averaged four orifices.

VIIl. EFFECT OF INTAKE FLOW FIELD

Although Turbo compressor have been installed in a large number of engines in an attempt to improve economy, there
have been concerns voiced about the disruptive impact of noise and vibration on passenger comfort. According to a
review of the literature, the flow field immediately upstream of a Turbo compressor can have an impact on the engine's
performance. Based on computational fluid dynamics (CFD) studies of the flow field around a turbocharger operating in
unstable conditions at the marginal surge area of the map described in chapter 2, this conclusion can be supported.
Based on the modelling findings, it was discovered that when the turbocharger runs at high rotational speeds approaching
its surge limit, a complicated flow field form. Researchers have been studying the reversed flow that is often associated
with natural gas engines in laboratory settings for years, and while some researchers believe that an accurate model can
be generated by measuring variables such as pressure and temperature, CFD theorists such as Smith believe that a more
thorough approach would use a three-dimensional volume of data that includes pressure, temperature, velocity, and
density.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 10 Issue IX Sep 2022- Available at www.ijraset.com

A. Methodology for Local Measurements

The methods used to comprehend the process of gas being pushed backward via a channel is described in this section.

1) Modifications to the Turbocharger

The chosen compressor was modified (as in earlier chapters) to accommodate the temperature and pressure sensors
required to monitor these variables. The original inducer was removed up to the plane of the blade leading edges and
replaced with a detachable adapter piece featuring thermocouples in the compressor housing.

The straight pipe section affixed to this adaptor is detachable, and a linear thermocouple guide which facilitates the
measuring of temperature, can be inserted into the pipe. This enables users to replace the straight pipe section for others
with different geometries in order to create elbows or tapered ducts.

2) Temperature

Backflows from after the impeller, according to [106 and 133], are one of the first signs of approaching instability and
stall. Flow reversals from immediately downstream of the impeller are the most common precursors of compressor stall.
Because the flow reversals are coming from a hotter region, they tend to be wetter than the remainder of the gas due to
the non-isentropic compression process.

As a result, both pressure and temperature readings should be used to pinpoint the start of deep surges. For example,
Liu et al. (52) discovered that both pressure and temperature standard deviations are excellent markers of deep surges.
Two 1.5 mm type K thermocouple arrays were installed on the compressor inlet to capture the temperature impact of
this backflow. A circumferential array that spans a cross section of the pipe just 14 mm from the compressor wheel
plane measures the temperature every 45 degrees. In the longitudinal direction of the pipe, the second array is linear,
reaching up to two inlet diameters.

To describe backflows, Andersen [51] and Lang [49] employed thermocouples in the center of the pipes and a single one
14 mm from the blade tips, projecting 4 mm. Different solutions are used by compressor manufacturers to prevent gas
recirculation in the intake pipes. Backflows are thought to be up to three diameters long and half the diameter of a pipe
radius thick. Several thermocouples should be placed in the center of the ducts, while recirculation’s should be identified
by thermocouples positioned 4 mm from the blade tips emerging out of the pipes.

Temperature data were collected once again in order to create reference points for the two arrays of sensors. The
temperature of the air consumed by the intake flows was used to determine the temperature of the ambient air in the
testing room. Additionally, an external thermocouple was mounted to the exterior wall of the circular array adapter, as
was previously described. It was also mounted on the turbocharger assembly, with its view field covering both the
compressor volute and the input pipe duct. A thermographic camera was also installed on this assembly. This allowed for
the assessment of the outside temperature distribution, which demonstrated that the temperature profiles observed by the
linear thermocouple array were not generated by heat transfer from the engine's pipes as had been suspected before.

3) Pressure

To evaluate compressor pressure distributions, temperature compensated Kistler probes were utilized in two sites. The
inducer, which is upstream of the compressor wheel, and the diffuser, which is downstream of the wheel, were the two
places. More accurate readings for monitoring air turbulence can be obtained by placing the inductive probe 6mm away
from the wheel's leading edge and the diffuser probe 5 mm from its starting and 34.5 mm from the turbocharger axis
line.

4) Velocity

Validating computational fluid dynamics (CFD) estimates of the joint flow of two fluids requires detailed flow-field
observations. Understanding how backflow obstructs the overall flow of the surrounding fluid is just as important as
analysis of flow parameters. This essential information will contribute to CFD's wider acceptance as a forecasting tool.

a) Laser PIV Measure

A Particle Image Velocimetry (PIV) system was placed in the anechoic chamber to enable for the visual observation of
flow fields and particle paths, among other things. The Qswitched Nd:YAG laser lights the measurement zone, which has
been seeded with particles, with two consecutive laser beams, and captures the movement of the particles over the course
of two frames using the Qswitched Nd:YAG laser.
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Cross-correlation techniques may be wused to identify the location of the particles, and velocity estimation
methods can be used to estimate the velocity of the particles. A typical PIV setup includes a laser
sheet for measuring particle displacement, a straddle CCD camera (from the TSI 9306A Six-jet atomizer)
for capturing images of particle groups in motion at 15 Hz, and a two-dimensional velocity field
calculator for calculating instantaneous two-dimensional velocity fields based on the positions of moving
particles.

When combined with shadowgraph, particle image velocimetry (PIV) may be used to calculate flow velocity in subsonic
and transonic flows in real time. Particle image velocimetry (PIV) is a non-intrusive, two-dimensional imaging method.
The combination of PIV with shadowgraph, as established by Fitts et al. [1, is a very successful approach of measuring
the speed and directionality of subsonic wind tunnel flows. Currently, the study is focused on the possibility of merging
PIV with shadowgraph to measure flow velocity in a transonic wind tunnel, but it does not investigate methods for
improving the accuracy of PIV data.

Flow fields were photographed at a rate of 1,000 frames per second using a 10-millisecond exposure period to conduct a
correlation study between the images collected. The total number of pixels in images varied depending on the spatial
resolution, ranging from 216,720 to 562,240. Velocity estimators were tested for accuracy using the standard deviation
and maximum absolute deviation from mean measurements, which served as the wvalidation criterion (cross-correlations).
These criteria were used to demonstrate the algorithm's capacity to discover relevant results for use in experimental
analysis, as well as to verify its overall performance, and to demonstrate the algorithm's ability to find relevant findings
for use in experimental analysis.

When measuring airspeed in an aviation engine, it's typical to assume that the airflow is moving at a constant rate
through the engine. This assumption is incorrect. However, under rare conditions, the airflow might get clogged, resulting
in a back-up of more exceeding two feet in height.

These occurrences may impair researchers' perspectives while they are trying to observe the longitudinal movement of a
plane, leading in incorrect data being produced.

The fluid ring, which is composed of minute particles, may cause the blades to become obscured from vision. Because
of the high transversal velocity, the particles are driven to collide with the inner wall, resulting in the formation of
apparent helicoidal tracks over the surface's surface. When trying to check the blades, this causes a challenge for the
inspector. For example, you may utilize a procedure that consists of settling the turbo to suitable operating conditions
and then seeding it for at least 1 second. It is recommended that you have around 10 pairs of useful shots before
stopping the turbo and cleaning the glass pipe in preparation for the next run. Instead of recording through the glass
layer, you may measure each plane directly on the compressor by directing your camera right at it from above.

It is necessary to develop a method for rotating the rotor and camera assembly in order to compare the cross-sectional
photographs with their corresponding three-dimensional models. In order to keep the brightness of the light source to a
minimum, each pair of images was taken at almost the same blade position, which was achieved by a mechanism. This
made it possible to use a postprocessing approach to subtract the average intensity of many non-seeded photographs from
each seeded image, resulting in a significant reduction in the brightness of the lit rotor and an improvement in particle
correlation overall.

Considering that the back of the glass was painted matte and that there was no other surface to reflect off, laser pulses
reflected by the back of the glass presented an issue in this situation. We opted to use it for measurements since the
back of the glass was painted matte, which helped the clarity of the fields we replicated on the computer screen.
Fortunately, our reconstruction contains just a few flaws, such as a slight notch that can be seen at different points
around the axis nut's circumference. In addition, several small sensor faults resulted in the inclusion of pairs of laser
pulses in the first frame on occasion, which was not intended. These cases, on the other hand, are simple to identify and
exclude from consideration.

A transverse flow's velocity field is less well illuminated by snapshot pair correlations than it is in a longitudinal flow
because the transverse flow's velocity field is more chaotic than in a longitudinal flow. Despite this, there are more
snapshot pairs for the transverse flow than for the longitudinal flow since oil soiling is less of a concern there.
Therefore, the snapshot pair correlation method can still successfully reconstruct the vast majority of the velocity field
data.
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B. Correlations
Comparing pressures from different compressors—all of which had equivalent straight ducts—reveals a correlation between
temperature and velocity.

1) Sound Intensity and Backflow

If you want further evidence that there is a relationship between the thermal processes discussed above and whoosh
wideband noise, consider the following: Using the circumferential thermocouple array, we can plot the entire sound level
in that frequency band against the temperature standard deviation, which shows an increasing trend followed by a plateau
below roughly 1.1 degrees Celsius deviation. When low mass flows are present and there is no evidence of hot
backflow, the sound levels seem to increase with shaft speed. This suggests that there is some form of flow disruption
that cannot be explained by temperature variations.

Following linear least squares fit to the data for the selected frequency range, it was discovered that there was an
association between sound intensity and skewness of the circumferential temperature distribution at the entrance. This
discovery reveals that there is a connection between the two occurrences.

Even though the backflow carrying the bulk of the skewness has not yet reached the thermocouples,
the sound level increases, showing that whooshing is happening after the impeller rather than inside it,
as previously stated. It was discovered that a linear relationship between circumferential standard deviation
of temperature and maximum temperature of the backflow was fairly consistent, indicating that a relative
or dimensionless standard deviation (raw standard deviation dividled by a representative temperature) is
roughly constant, as follows: As temperature rises as a result of increasing pressure ratios, backflow is
skewed in a similar manner throughout the compressor map, and it increases linearly as temperature
increases.

2) Temperature Profiles and Velocity

A comparison was made between the profiles of temperature and velocity obtained through PIV and those observed by
thermocouples. To accurately measure the velocity of air flowing over a curved surface, an experiment was performed in
which PIV was used to take a picture of the movement of particles in the airstream. This test was performed at a
certain operating point and at a different temperature than the operating point of another experiment. Thermocouple array
data from the latter experiment were then normalized with respect to that from the former experiment, so that velocity
magnitudes from both experiments could be directly compared. It is important to note standard deviation values for each
thermocouple array data point.

A backflow occurs in a turbocharger when the air from the intake manifold circulates back towards the compressor. The
flow of air through the turbocharger is divided into several zones by velocity and temperature changes. While the center
of the turbocharger has a high velocity, it also has a high temperature. The profile of the centerline of a turbocharger is
relatively uniform, with few variations both in terms of velocity and temperature. However, at a distance of a half radius
from the wall, as speed increases towards the compressor, there is more variation. There is also less overall difference
between the centerline and backflow profiles than in the normalized profile at these points, which contains more
significant deviations from an average condition than when looking at average measures of temperature and velocity
throughout.

The turning point of the centerline profile of flow back into the compression space can be seen to
occur between 0.7 and 1.4 diameters from the compressor wheel depending on pressure ratio, which is
located at a position where the velocity increases sharply towards the impeller. This effect is less
noticeable in the temperature and profile measurements taken by a thermocouple array closer to the
compressor wheel, but when normalized over the radial extent of flow in front of the impeller, it can
be seen that there is good agreement between normalized or back-calculated temperature profiles and
experimentally measured data.

This means that the temperature and velocity profiles in the cross-section of the channel, when plotted by depth, will
display a pattern of oscillation from maximum values to nearly zero. A stable oscillation occurs near the core flow at
+1/4 of the radius away from the centerline.
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As a result, the comparison of mass flows derived from the two datasets reveals a very excellent
match and gives information on how backflow influences flow-field velocity variability. This conclusion is
consistent with Liu et al[52] .'s findings, which demonstrated that the standard deviation of temperature,
pressure, and mass flow recorded at specific places increases dramatically towards deep surge conditions.
This may be explained by the fact that as the backflow advances, it raises the amplitude of the

velocity field by extending its deviation further upstream.

C. Conclusions

In this chapter, the authors address the problem of acoustic noise generated by a turbocharger compressor when a
marginal surge occurs by conducting a novel experimental investigation. The researchers concentrated their attention
specifically on the flow instability that extends into the input duct and causes backflow upstream of the impeller. They
discovered that there are two sorts of flow patterns that might occur: rotation, vortex shedding, and reintegration (or
reintegration). There have been many suggestions for reducing backflow. For example, one potential solution is to add
ports or a shroud to the entrance duct to prevent it from entering.

The current chapter describes research on the intake flow instability of turbocharger compressors, which was conducted
by the author. When marginal surge conditions were achieved, the goal was to define the flow behaviour and determine
its characteristics. In particular, when marginal surge conditions were achieved, attention was drawn to the high-
temperature flow that reversed direction and extended upstream of the impeller and into the last segment of the input
duct. Backflow, together with rotation and vortex shedding, was considered to be the source of acoustic noise, according
to the researchers. In order to lessen the likelihood of this backflow occurring and the amount of noise produced, many
approaches have been suggested [135, 136].

We employed array thermocouples to assess the temperature distribution in a compressor in order to establish if a surge
control mechanism influenced backflow in the compressor. It was possible to record the temperature distribution and
variability in both the axial and circumferential directions because we used two independent arrays. We were able to
demonstrate by thermography that the temperature data were not considerably impacted by radiation from the pipe walls.
Two arrays of thermocouples were installed within the compressor inlet to better understand the temperature distribution
associated with marginal surge—that is, the temperature distribution when air flow through a compressor is low but
greater than the temperature distribution associated with deep surge. The arrays were used to measure the axial and
circumferential temperature distributions under a variety of different situations. An array of thermocouples was inserted
inside the input pipe in order to quantify the radial distribution of temperature generated by hot backflow during the
testing process. Temperature imaging outside the compressor assisted in determining where internal thermocouples should
be placed and ensuring that radiation from pipe walls did not interfere with measurement results. The examination of
these temperature distributions, as well as the temperature skewness within the circumferential temperature profile, were
used to calculate the duration and amplitude of intake backflow over the experimental period.

Mass flow rate is the most important component influencing the extent of hot backflow under high-speed operating
circumstances since it determines the amount of heat transferred. Surge is shorter and less severe at higher mass flow
rates, but backflow has a higher temperature because of the increased mass flow rate. Circumferential skewness grows at
a linear rate with rising backflow temperature, as seen in the graph below. These properties may be utilized to
understand the behavior of localized flows. To investigate the flow behavior at the local level, miniature pressure probes
were utilized. Using a pressure probe connected to the inducer, it was discovered that when the impeller suffered
backflow, the pressure on the upstream side of the impeller changed quickly. This corresponded to the results from the
temperature probe, supporting the prediction that, when exposed to a backflow, the liquid would not all depart via the
inducer.

In addition to being noticed at their regular frequencies, whoosh noise humps were also found in a higher-frequency
wideband that had large frequency changes. Large changes in thermodynamic conditions at the specified measurement
sites might account for the observed bandwidth shift in sound speed. For its part, the plane wave frequency seems to be
able to keep the broadband change under control.

Some data shows that whoosh noise—the characteristic sound of turbochargers—may be enhanced by the input flow
structures that have been reversed during marginal surge conditions: It's possible that the reversed airflow is effectively
increasing the whoosh. However, it is possible that the reversed flow is not the source of the whoosh.
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The researchers in Taiwan tested this notion by conducting a series of tests to quantify the reversed flow at the
turbocharger compressor in unstable situations when the backflows are completely formed and limited. It was decided to
construct a clear glass pipe in order to enable researchers to see what was going within. It was decided to picture the
lighted particles after seeding circumstances with non-toxic fluorescent dye and lighting the flow with a laser sheet. After
that, it was decided to image the particles using a camera.

The results of the experiment clearly demonstrated that the reversed flows were not completely established and, as a
result, could not be the source of the whoosh but could only contribute to it. These findings show that methods aimed
at reducing backflows might assist to enhance whoosh while also reducing the negative impacts of whoosh on vehicle
noise and vibration perception.

The first experiment was an attempt to test the flow parameters of a single turbocharger by shining laser light through a
clear duct and capturing the photographs using a digital camera.

Oil particles in the backflow obstructed the backflow duct, making it impossible to determine precisely what was going
on in certain regions of the system.

The turbofan engine created backflow as running circumstances became difficult, which drove additional oil into the
blocked sections as the situation worsened. It is reasonable to question the seeding process utilized by Wernet as well as
the pipe coating used by Gancedo et al. based on the fact that just a few images of the longitudinal plane were
acquired. If a greater number of photos is necessary, researchers could explore doing more study into other seeding
processes or alternative pipe coatings.

It was discovered that the reversal of flow around the periphery indicated by Lang's models was
occurring at greater flow rates, despite the fact that the rise in core speed was found to be
consistent with the decrease in wusable diameter and earlier temperature observations throughout the study.
This implies that the differences between stable axial flow and unstable circumstances induced by
reversed flow in a restricted pipe may be distinguished wusing PIV, but it may be difficult to
discriminate between the two at large flow rates. It is possible for a jet of liquid to develop and
flow back down the pipe when the flow is unsteady.

It is possible that a more rotating flow will develop. For the purpose of determining whether
measurements taken in the transversal plane provide reliable estimates of this phenomenon, a laboratory
experiment was conducted in which three cross sections of the flow field were measured: two inside
and one outside the length to which the backflow had progressed.

In order to evaluate how fluid velocity changed between two distinct parts of a highly rotating vortex, researchers
performed an experiment, which they concluded may be a useful method for measuring the length and radial dispersion
of a restricted backflow.

Using a faster backup, the researchers discovered that the whirling water spread uniformly over the glass surface and did
not cling or clot, making it simpler to perform measurements than with a slower backup. In order to guarantee that the
PIV findings and the preceding temperature measurements were in accord, a comparison between the two techniques was
performed last. The measurements were standardized in order to allow for comparisons to be made between the two sets
of information.

A comparison was made between the measurements taken along the inlet duct axis and the measurements taken at the
nearest thermocouple; a good agreement was found between the two results, reinforcing the conclusion that a high
transversal speed profile is caused by hot reversed flow, and that the velocity distribution captured by PIV is accurate.
As the temperature rose, the standard deviations of velocity profiles increased as well, making axial flow data more
consistent with one another.

IX. SYSTEM DESIGN
A. Design Constraints
Students in New York City are frequently confronted with the scarcity of parts in the accessible marketplaces necessary
for projects. As a result, we cannot produce the turbocharge; we will preserve the car's original body. As a result, we
challenge with the turbocharger's placement. Due to the time constraint, we will not produce it abroad. These are
constraints that we face. The turbocharger is selected by how many hours of power you want. We selected the turbo
size and system design because the throttle inlet plays a vital role.
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1) Standards
[&]

Standards Codes

Level Two J1349 Certified Power Engine | CPFC209MYCHATX
Data for the 5.7L V8 found in the 2016 MY

Dodge Charger R/'T AWT

Engine power measurement — Calculation | ISO:155502016
and approach — General specifications for

internal combustion engines

Turbocharger Connections J1135197607

Coolant System Hoses J20201503

Tufbocharger Gas Stand Test Code 71826
Standards Codes
AS6300 Valve Spring AS63001
Flange-Two-Bolt Exhaust AS222B
Automotive-Pipefittings J530201803
Engine-Charge-Air-Cooler (CAC) | J1148200405
Nomenclature

Exhaust Manifolds Made of High-| J2515201712

Temperature Matenals

Alummum alloys and wrought Alummum-- | ISO 63635:2012
Cold-drawn bars/rods, wires/tubes -- Part 3:
Drawn square and hexagonal wires and bars

-- Tolerances on dimensions and form.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 1076




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 10 Issue IX Sep 2022- Available at www.ijraset.com

The technique for accomplishing the project's goals must go through a few essential stages. The outcome will be based
on what was used effectively in the design method to create the project's final prototype. To obtain the final prototype,
we must complete the following steps

a) To ensure the first step is accomplished, have a background in IC engines and good related research.

b) Using SOLIDWORKS, create the system's draft designs.

c) Choosing a turbo compatible with the chosen engine, the 5.7 Dodge Charger Hemi.

d) As the exhaust creates heat, an adequate Intercooler should be used.

e) Produce and assemble the system's components.

f) Dynamometer testing before and after the turbocharger indicates the change in results and determines if it is relevant.
g) Investigate the Turbocharger Compressor Acoustics in the future.

B. Theoretical Calculations and Theory
The broken power Wb is the engine's power output as measured by a dynamometer. Another consideration is the Mach
number, which should be less than one since a Mach value of 1 will result in a constricted flow.

ENGINE RPM Torque [Volumetric Pressure  [Pressure |Inlet 'Volume Stroke  Malve
efficiency inlet ratio temperature |displacement diameter

RPM Nm % KPA K Letter m mm

4250 503.80 |101.10 101.30 0.98 301.0 5.70 90.0 50.0

Table 5: Data for the automabile is gathered via an Excel data log.

1) The Brake Mean Effective Pressure bmep

drr

DD = et e e Eq. 9.1

vd
Where: bmep: The Brake Mean Effactive Prussure t: Torque
Vd: Volume Displacement.

When: 1 =3503.8 Nm, Vd = 5.7 letters

b 47(503.8)
mep = —————
P 5.7/1000

bmep = 1110.7KPa

2) The Brake Power, W b
WhH = 2xeN Eq. 92

Where

W b: Brake Power

v Torque

N: Mean Speed(rpm)
Whea

t=35038

Nm N = 4250rpm

W b = 2%(503.8) —

Wb =224 220 KW
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3) The Mean Piston Speed (UP)

9.9.3 The Mean Piston Speed (UP)

Where:
TP: Mean Piston Speed
N: Mean Speed(rpm)
S: Stroke (four Strok)
when:
N =4250rpm
$=90.0mm

4250, 90.5

UP =2(—)(—)

60 1000
UP=12.82ms

9.2.4 The mass Airflow rate (mia)

m, = evpi \«'d('_\—") ..................................................................... Eq.34

where:

i Airflow rate
e: Volumetrc
Efficiency  pi:
Density of the air
Vd: Volume Displacement

N: Mean Speed(rpm)
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Where:

pi: Density of the air
pi: Pressure inlet

R: Gas constant

Ti: Inlet temperature
5.2.5 Mass flow rate (m

2 N 2 n, 43 1 "
m = pidsCy [r;((%)' —(:—f) ) ) £ Eq.3.5

.
whera:

Py ’
;.- pressure ratio

y: 1.4
9.2.5.1 Sound speed
Co = VVRT; oo Eq.3.5.1
where:
v: 1.4

Ti: Inlet temperature
R: Gas constant
9.25.2 £ffective areca
Ap = CpA, = Crrd®(S€at) oot Eq.3.5.2

Where:
Cy: flow coefficient
A,: Valve area
d: Diameter
9.2.6 The Mach number (M)

_ v
Z = 1+ (M2 oo Eq.3.5.6
1

where:

Py _ Plow

P Phign
9.2.7 The critical mass (mi,,.)
_ 2 |

m,,. = plAfeo(er—l) 271 L e Eq.3.7

where:

g, Mass critical

Ay, Effective area

pi: Density of the air.

vy=14

Co: sound speed
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A dynamometer is used to measure torque, a moment of force (torque), or power before and after a turbocharger is
installed. For example, the power generated by an engine, motor, or other rotating prime movers may be measured by
measuring both torque and rotational speed at the same time, as shown in Figure 1. (rpm). It is possible to determine
the volumetric efficiency, intake air temperature, pressure ratio, and manifold absolute pressure with the help of this
equipment. Table 1 has a detailed description of the dynamometer [1].

Specification
Max. spd 200MPH/322KPH
Max. torque horsepower 2000HP/2000FT LBS
Drums 1
Drum-diameter 24IN/61CM
Drum-weight 81IN/205CM
Max. axial weight 3000LBS/1361KG per Axle
Air requirement 100 PSI
Operating temperature range 32-158F/0-70C
Timing accuracy +/-1Ms
Drum speed accuracy +/-1/100" MPH
RPM accuracy +/-1/10" RPM

Tabie 6: Skows sgecifications shout the dynamometer

C. Blow off Valve

A blow-off valve (BOV) blows off boost pressure from the intake system once the throttle is released. This prevents a

vacuum from pulling air through the intake system and creating a turbo "whistle" sound. The BOV also helps prevent a

build-up of negative pressure in the intake tract, which could lead to harmful detonation. An aftermarket BOV is

typically installed with the boost tube before the throttle plate. The purpose of a BOV is to open only above a certain

pressure threshold so that under lower-pressure conditions, it remains closed (thus protecting against intake leaks). The

valve works as follows when set up this way: The diaphragm is attached to a spring and one side of the valve. When

the pressure inside the intake system drops below atmospheric, it pulls on the spring, causing it to push against that side

of the valve. This opens up a hole that allows boost pressure to bypass the throttle plate and into the atmosphere.

Specifications

e A single Q BOV can handle up to 1,800 horsepower.

o Use if the ideal vacuum is between: -14in/hg to -17in/hg is the range of pressures.

e PSI (pounds per square inch): -9.00

e BV 44MM -2psi turbocharge spring for turbocharge applications

e The aluminum mounting clamp with the V-Band design has a spotless and unusual appearance. The clamp's hardware
is stainless steel for a long-lasting, corrosion-free look.

A Viton O-ring is used to seal the valve, and it is held in place to prevent it from clinging to the seat and pulling out.

The valve stem and guide are hard anodize-coated for wear resistance and lubricated with Teflon

The wastegate is a mechanism in turbocharged engines that limits the maximum boost pressure produced by the

turbocharger. The wastegate consists of an inlet and outlet port, a valve, and a pressure actuator. When the engine's

exhaust gases flow through the turbocharger, they boost pressure. The pressure within the turbocharger is regulated

through a wastgate, which diverts some of the exhaust gas into the bypass duct whenever it senses that the boost level

exceeds a certain set limit. When this happens, the pressure within the turbocharger drops until it reaches its target value

[3].
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Figure 49:The Wastegate mechanism consisting of an inlet and outlet port, valve and a pressure actuator.

Internal valve made of Nickel Chromium Alloy. 46mm is the assembly designation. For further boost level modification,
there are five separate 17-7 hardened precipitation springs. Flange configuration mount in the standard clamp form. 6061
aluminum billet cap with a satin black anodized finish. For installation, all clamps are required. After being squeezed by
a turbocharger, the air is cooled by the intercooler. It works by controlling how much fuel is consumed in each cylinder.
A turbocharger increases the density of air by compressing it before it reaches the engine's cylinders. By compressing
more air into each cylinder, the motor can burn more gasoline and produce more power with each explosion (2). The
intercooler compensates for this by cooling compressed air, allowing more oxygen into the engine and increasing cylinder
combustion. Controlling the air temperature also extends the life of the engine by ensuring that the air-to-fuel ratio in
each cylinder is maintained at a safe level.

The manufacturer's team revealed in a first experiment that geometries, in addition to altering surge margin, can influence
orifice noise, as reported by scientist Galindo [70]. A tapered duct seemed to increase orifice noise, yet the reservoir
operated as a resonator, boosting surge margin while simultaneously decreasing orifice noise (2 dB) and radiative noise (3
dB). The elbow lengthening, on the other hand, maintained surge margins while having no influence on noise.

This is due to the fact that the noise levels were first lowered, but then rose to levels that were higher than before. We
used an IGV to enhance flow swirl, however the device had the opposite effect of increasing the acoustic intensity of
the orifice probe. The location of the downstream tapered section had a considerable impact on the surge margin of the
system.

Using orifice nozzles in conjunction with convergent and divergent nozzles, researchers discovered that they could reduce
orifice noise by 1 dB, 3 dB, and 20 percent, respectively, when placed intake geometries with convergent and divergent
nozzles. A 20 percent decrease in the maximum permissible air mass flow was also achieved by using a convergent
nozzle in the experiment.

In an experimental campaign with two different sound pressure levels, three different elbow inlet configurations were
assessed and compared. The initial experiment found that the sharp-radius elbow (90°) provided the largest gain in sound
intensity of 1 dB at the lowest allowable mass flow (0.1 kg/s) when the lowest permissible mass flow was used. This
increase, however, was not fairly distributed over the compressor map, with the lowest permissible mass flow for each
map configuration getting the most amount of attention overall. In all three elbows investigated, this pattern was seen,
and it remained consistent throughout a range of sound pressure and mass flow rate values.
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It has been shown that the temperature distribution in an input elbow may improve the circumferential skewness of a
shaft. For its part, the relationship between the duration of flow and the formation of noise has been inverted. Another
way of putting it is that larger radii increased noise in a diffuser, whereas smaller radii increased noise in an input duct.
As a result of the increasingly smaller elbows, it is possible that these variations are generated by wind striking an
uneven wall surface.

In order to better understand what impacts whoosh noise during unstable operating conditions rather than steady ones, it
is preferable to examine what influences whoosh noise during unstable operating conditions rather than steady ones. It
has been shown that, as a consequence, this method is more effective: it is possible to determine which components have
an influence on whoosh noise under unstable operating conditions by comparing intake flow fields under unstable and
stable operating conditions. It is necessary to explore the relationship between input jet noise and reverse flow in the
lower mass flow areas of the compressor map in more depth. In general, if the inflow momentum is maintained, it is
possible to reduce the inflow jet noise.

X. CONCLUSIONS AND FUTURE WORKS
We explained how to use certain numerical techniques that were verified as part of my study to future applications for
research in this field in this thesis. This chapter summarizes the key discoveries from the previous chapters' research and
includes significant contributions to the area of turbocharger compressors.

A. Conclusions

The findings of this doctoral thesis can be classified according to the processes that have been presented, validated, and
debated. The outcomes of applying these processes to the compressor's acoustic output may then be summarized. This
project achieves its goals and adds to our understanding of turbocharger compressors. In conclusion, the findings of this
study contribute to a better knowledge of turbocharger compressor behavior as well as confirmation of particular
measuring methodologies.

This knowledge is intended to help in the development of superior turbocharger designs and implementations, hence
decreasing the noise emission issues raised by quieter and more fuel-efficient cars.

1) Methodology

Various experimental and computational methodologies for assessing the noise emission of turbochargers were detailed in
this PhD thesis. The following are the key findings:

The use of beamforming wave decomposition in experimental studies of in-duct sound intensity in turbocharger
compressor inlet and outlet pipes has shown to be a useful approach. The method for creating spectrograms and noise
maps that characterize the compressor's acoustic performance along the region of interest of its operating conditions map
using this information has been given.

When input orifice noise data are compared to in-duct sound intensity measurements in turbocharger applications, the two
measures show a good correlation. The influence of the entire turbocharger system may be studied since exterior acoustic
radiation measurements were taken and sequential insulation was employed.

To quantify turbocharger performance, this approach was further verified in a test cell equipped with an orifice intensity
probe. The previously described Acoustic Particle Velocity probe was utilized to illustrate the technique's durability in a
scenario where the compressor duct pressure spectrum content contains both pressure and pulsations from the engine.
Other wave decomposition algorithms produced less coherent findings from all three sources.

Validation of the compressor's computational fluid dynamics simulations has been aided by beamforming with wave
decomposition. Beamforming with wave decomposition has been used to evaluate simulated and experimental pressure
spectra from compressors, notably at unstable operating circumstances, when combined with modal decomposition.

To describe the instability of a reversed flow, experimental measurements of local temperature, pressure,
and velocity were taken. Particle Picture Velocimetry (PIV) was used to image the reversed flow under
various operating settings, and the results were linked to enhanced sound intensity propagation in the
"whoosh" frequency region. An experimental installation enabling quick testing of custom 3D-printed inlet
geometries up to 1/3 the diameter of the compressor wheel has been described, as well as a
technique for assessing the effect of compressor intake geometries on surge margin and acoustic output.
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2) Results

Data on the acoustic behavior of turbocharger compressors was discovered during the creation and implementation of the
aforementioned methodological techniques, with the following being the most important.

Broadband whoosh noise appears at low frequencies, whereas tonal noise, induced by blade passage, exists at higher
frequencies, according to an analysis of in-duct plane wave noise spectra. Both noises were present, although the latter
was more prevalent over a wider frequency range. The first phenomena was linked to fluid effects, whereas the second
was linked to transmission effects, according to non-dimensional analysis. The whoosh noise might also be heard across a
wide frequency range and propagate at plane wave frequencies. This shows a clear distinction between these two
broadband phenomena and gives a simple criterion for determining which is which.

Extreme low-frequency content may indicate the possibility for deep surge, and moderate surge is likely around the
maximum efficiency condition, according to very-low frequency sound intensity levels in an anechoic chamber. The
presence of whoosh noise in the spectra and spectrograms of a compressor map around maximum efficiency but before
the beginning of surge shows that spinning stall or reversed flow vortices are not the cause of whoosh noise.

The presence of a whoosh noise band was verified via post-processing at various operating circumstances after CFD
simulations effectively validated experimental data. Only after the maximum pressure ratio was attained did reverse flow
appear. Vortex shedding was seen in the diffuser under all operating circumstances, and Fourier analysis indicated that
the diffuser had the largest amplitude. In DMD analysis of outlet wall cells, modes linked to BPF and whoosh noise
frequencies were determined as the most relevant in terms of coherence.

Stable flow over the compressor map nevertheless generated whoosh, as determined by both beamforming arrays and
temperature and velocity probes, according to investigations using local variable characterization. Furthermore, upstream of
the inducer and diffuser, where the backflow phenomena could not be identified by temperature or velocity measurements,
distinctive noise was discovered.

Temperature and velocity data revealed that there was no backflow in this steady, high flow rate environment. Through
study of temperature change, the experimental findings gave empirical data on backflow increase over the compressor
map. The utilization of beamforming arrays and instruments set upstream and downstream of the diffuser and inducer
blades revealed that no backflow was discovered. Even at this position, a typical hump in the sound spectrum was
observed at the increased flow rate, indicating that the source of the noise is unrelated to reversed or stopped input flow.
The acoustic performance of a compressor might be altered by adding other features, such as 90° elbows or reservoirs,
according to the findings. The influence of elbow radius was studied in detail, demonstrating how noise intensity and
circumferential temperature skewness varied as mass flow rate increased. According to preliminary findings, nozzles and
IGVs that modify flow presentation have a considerable impact on noise in the whoosh band. These findings backed up
prior findings, confirming that whoosh noise is caused by flow interaction in the diffuser under unstable conditions,
particularly when convection transports its spectral content upstream to the diffuser's intake.

Advantages:

Basically, a super is shaped up of two segments that are associated by a shaft. On one side, warmed fumes exhaust
drive a turbine that is coupled to one more turbine that brings air into the motor and packs it prior to delivering it into
the air. This pressure gives the motor the more power and proficiency, as more air can be brought into the ignition
chamber, considering more fuel to be provided, bringing about expanded power.

Alongside the extra power, turbochargers are often alluded to as "free power" gadgets in light of the fact that, not at all
like superchargers, they needn't bother with the motor's ability to be utilized to work them. Since the turbocharger is
fueled by the hot and extending gases that emerge from the motor, there is no decrease in the motor's general result
power. Also, while going at higher elevations, turbocharged motors are not antagonistically affected in similar way as
ordinarily suctioned motors are. The higher a motor controlled by normally suctioned fuel ascends in elevation, the more
troublesome it gets for it to acquire oxygen inferable from the more slender climate. Turbocharging tackles this issue by
driving oxygen into the motor's ignition chamber at pressures that are in many cases twice higher than those found in
the general climate.

The utilization of turbochargers may likewise improve the mileage of a wvehicle; in any case, there is a typical
misconception about the connection between turbocharged vehicles and eco-friendliness. A motor that has normally
suctioned fuel won't have its mileage improved by introducing a turbocharger on it. Makers might improve efficiency by
scaling down a motor and afterward turbocharging it, as found in the video beneath.
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Take, for instance, a 2.5L inline-4 chamber ordinarily suctioned motor and decrease its uprooting to 1.4L prior to
turbocharging it to increment execution. The more modest, turbocharged motor would in any case give something Similar
(or somewhat better) execution appraisals, but since of its diminished dislodging, it would involve less gas because of its
more modest uprooting.

3) Disadvantages

There are two major drawbacks of using a turbocharger as compared to a normally aspirated or supercharged engine.
Primarily, there is heat. Because a turbo is fueled by hot exhaust fumes, it becomes hot during operation. Under some
engine circumstances, the turbocharger itself may begin to glow red; however, this is not something that occurs in
normal driving situations; rather, it occurs when the engine is pushed to its limits for an extended period, as is the case
with some racing engines. Therefore you may see certain turbocharged sports vehicles have vents in the hood or down
the side; this is done in an attempt to move air through the engine area and keep everything as cool as possible.

One of the most significant drawbacks of using a turbocharger is something known as turbo lag. The engine's response
time is delayed when you press your foot down on the accelerator pedal under certain circumstances, causing you to feel
the power you desire before you really begin to experience it. That is referred to as turbo lag. The turbocharger requires
time to start spinning at an ideal speed when the engine is running at a low speed since there aren't many exhaust gases
travelling through it. When the engine is running at a low speed, the turbocharger requires time to start spinning at an
optimal speed. Although downshifting to a lower gear might mitigate the impacts of this, attentive drivers may still
detect a split delay in reaction time from time to time.

So, the next time youre at a General Motors dealership, don't forget to look at the turbocharged
automobiles on display. As a result of their lower displacement and less weight, they often have the
same or more power than their V6 or even V8 counterparts. They also typically have superior fuel
efficiency owing to the smaller displacement engine and lighter weight.

B. Future Works

Based on the information obtained from this doctorate thesis, future numerical simulations should be able to validate the
predictions and learn more about the impact of geometry and flow presentation on the various acoustic phenomena of
importance in turbocharger compressors. A study of the many basic geometries might be carried out, with the results
being applied to a challenge in boat hull design. When waves are met in the moderate surge region—areas where waves
are volatile—the bow and stern design would be beneficial. These places may be more susceptible to whoosh noise and
other disturbing acoustic emissions, thus devising a novel approach for passing waves to avoid trapping air in this region
or going through with less power is critical. Acoustic Particle Velocity measurements were used to study the noise
emitted by each component of the turbocharger assembly, assisting in the identification of the most relevant sources for
each acoustic phenomena discovered in the spectrum content. It would be possible to measure the acoustic properties of
the compressor assembly, including the full scattering matrix, and create more realistic ways to analyze the compressor at
different operating settings, if the inlet and outlet ducts of a turbocharger were modified by adding compression drivers.
The correlation between the spectral content of the turbocharger compressor and experimental temperature data was better
than that generated by previous heat transfer models when a more realistic CFD model was created using these
modifications, improved boundary conditions, and heat transfer models, making it possible to better identify components
in a Turbo compressor sound output. This new model should help us better understand the impact of various intake
geometries and how they alter the flow pattern. This research would be most useful if it was conducted in combination
with experimental observations using the setup described in this paper. The need for large amounts of data storage and
processing can be avoided by combining advanced post-processing routines, such as the Dynamic Mode Decomposition
technique described in Chapter 6, with existing solvers that can use streaming DMD algorithms to facilitate the matching
of flow structures and their frequency contribution. These techniques make it easier to access critical flow patterns while
also making it easier to comprehend frequency contributions.

Including noise and vibration caused by the turbulent boundary layer on the compressor blades in turbomachinery
numerical models of internal flow. Experiments using a test apparatus—as detailed in this thesis—can be used to evaluate
such advancements in modeling in order to construct a full model of turbocharger compressor acoustics. This concept
might then be used to design cycles that are shorter.
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1) Numerical Simulations

Numerical models of turbomachinery flow fields might help researchers better understand how flow fields interact inside
a compressor and how they change over time.

Improved computational fluid dynamics models with more realistic inlet and outlet ducts and heat transfer models might
help researchers better understand the spectral content created by turbocharger compressors and how it relates to
experimental data. As a result, changes to the CFD model reported in this paper might be used to investigate the
influence of alternative intake geometries on the flow exiting the compressor, as well as other relevant properties
evaluated using an experimental setup similar to the one described in this paper.

Advanced post-processing procedures, such as Dynamic Mode Decomposition, might enhance acoustic models of
turbocharger compressors. This method would make it easier to link important flow structures with their frequency
contributions. The expanded setup may be confirmed by experimental data using one-way or completely coupled
fluid/solid interaction modeling, resulting in a comprehensive model of turbocharger compressor acoustics that might be
used for simulation-based design cycles.

2) Experimental Research

The experimental findings given in this paper shed fresh light on the mechanics of compression system surges. However,
more research is needed to see if the phenomena found in this study extends to all types of compressors. CFD
techniques might be used to model the phenomena using the same experimental approach.

The twin-scroll turbine's 3-port tests were not conducted under actual operating circumstances. This is not a concern
because the data is supposed to be used to evaluate computer models. Nonetheless, the data received from the rig may
be scaled to fit a real-world application. Additionally, passive data collected during a test may be utilized to detect the
source sound data, regardless of the duct system in which it is created.

A complete study of the influence of geometry on intake flow patterns might be conducted, with an emphasis on how
the presence of mild surge affects inlet flow and how changing this flow affects the transmission of whoosh noise and
other unwanted acoustic emissions.

Furthermore, even if the "precise" Cremer method is applied, the radial wave-number cannot be solved below a certain
frequency limit. This means that "precise" Cremer solutions can only be utilized for large-scale simulations in practice.
It's also worth noting that the solutions for the upstream and downstream instances are considerably different, with the
downstream case's limiting radial wave-number (0 + 0i) assuming no damping. Further investigation of this conclusion, as
well as negative real portions, would be a fascinating extension of the current project. Although the underlying theory
includes assumptions such as plug flow, Ingard-Myer boundary conditions, and a limiting pipe length, the optimal
impedance for a specific circumstance may be calculated without them. Scientists might alter current facilities with the
addition of compression drivers to give external excitations that could be used to evaluate acoustic features of the
compressor assembly in order to construct a realistic acoustic model of the turbocharger. A turbocharger may also be
deployed to enhance fuel efficiency without boosting power. [32] This is achieved by channeling waste heat from the
combustion process into the turbo's "hot" intake side, which spins the turbine. The cold intake turbine (the opposite side
of the turbo) compresses fresh intake air and pushes it into the engine's intake while the hot turbine side is fueled by
exhaust energy. It is easier to ensure that all fuel is burned before being vented at the start of the exhaust stage by
reusing this otherwise spent energy to increase the mass of air. A larger Carnot efficiency is gained as a consequence of
the increased temperature induced by the higher pressure.

The reduction in atmospheric density that happens at higher altitudes leads in a reduced density of intake air. Aircraft
engines are a logical usage for the turbocharger. The pressure of the surrounding air reduces fast when an aircraft travels
to higher altitudes. The air pressure is half that at sea level at 18,000 feet (5,500 meters), so the engine generates less
than half-power. Turbocharging is a technology used in aircraft engines to maintain manifold pressure constant as the
altitude climbs (i.e. to compensate for lower-density air at higher altitudes) (i.e. to compensate for lower-density air at
higher altitudes). Power lowers as a function of altitude in normally aspirated engines as atmospheric pressure decreases
as the aircraft rises. Turbo-normalized systems are engines that utilize a turbocharger to maintain their power output at
sea level. A turbo-normalized system seeks to maintain the manifold pressure at 29.5 inHg in most instances (100 kPa)
(100 kPa).
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Figure 3: The most acoustic events in a turbocharger compressor outlet are depicted in this idealized picture of a typical

SIL spectrum in a turbocharger compressor outlet

Figure 4:Unbalanced whistle Noise and Pulsation Noise due to added mass

Figure 5: This diagram of the flow rig shows the engine core, asynchronous dynamometer, screw compressor, and air

distribution system including control valves and reservoirs

Figure 6: The interior of the anechoic chamber reveals the turbocharger setup and pipes required to operate it

Figure 7: A dimensional design was employed for the majority of the experiment's development and some key

dimensions

Figure 8: Three elements tuned to a specific angle (6) can be combined to form a narrowband beamformer

Figure 9: At the inlet, the pressure wave amplitude traveling forward (towards the compressor) is smaller than the one

coming from the compressor. The pressure waves reverse at the outlet

Figure 10: The inlet and outlet pressure power spectral densities at 160 krpm and 60 g/s are shown in Figure 3 with the

frequency limitations described in equations 3.3.6 and 3.3.7. The blade passing frequency can also be identified by

observing the spectra

Figure 11: This figure illustrates the proposed turbocharger instrumentation setup. Color indicates the location of each

three-sensor beamforming array. This figure also shows clearance requirements for beamforming arrays using a cylindrical

waveguide

Figure 12: According to the graphs shown here, the calibration of the outlet sensors in an impulse test rig showed

excellent pressure-speed match across the spectrum

Figure 13: These images of the two free-field microphones, Mic 1 and Mic 2, placed 10 mm and 20 mm from the inlet

duct’s orifice, show the drop in acoustic pressure when the compressor is turned on (both are placed at 10mm from the

duct’s orifice; Mic 2 is moved

Figure 14: The microphone being used here is a radiated noise microphone. It’s being installed around the turbocharger,

featuring a commercial set of compressor inlet and outlet pipes that will be sequentially insulated for evaluating the

contribution of each par

Figure 15: Turbocharger internal components

Figure 3.13:Assembly of Engine (SOLIDWORKS)

Figure 17: turbocharger assembly
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Figure 18:The spectra of total pressure (solid line) and decomposed pressure (dotted line) are plotted for both 80 krpm
and the highest mass flow and 160 krpm and the lower mass flow

Figure 19: Averaged RMS Sound Pressure Level recorded during consecutive damping measurements on the 160 krpm
speed line for various air mass flow rates

Figure 20: Correlation of the sound intensity in the inlet duct and sound intensity in the orifice, using both LCMV
beamforming and the Two Microphone Method

Figure 21: The turbine, which contains a moving set of airfoils (or blades), compresses the air as it passeS between
them. This causes the pressure and mass rate of the airflow to increase, which in turn provides more air to the cylinders
Figure 22: Images of the acoustic measures experiment, which includes the intensity probe and transducer array installed
on the expanded intake pipe

Figure 23: In the CFD model, a polyhedral mesh of the rotor walls (grey) and surrounding fluid (blue) was employed
Figure 24: The drawings show the location of the compressor inlet and outlet pipes as well as the piezoelectric sensor
arrays.The compressor inlet and outlet pipes are simulated with both the experimental wave decomposition and
highlighting of the CFD simulation

Figure 25: Here's an image that shows the CFD domain, highlighting a compressor wheel and including three different
kinds of pressure monitors selected during the setup. They are positioned in sections of the outlet and inlet ducts

Figure 26: A comparison of the total spectral content of each monitor type will show that piezoelectric sensors provide
superior performance

Figure 27: Two acoustic modes in a CFD monitor can be represented schematically by the solid lines, and the different
types of monitors can be identified by the different line styles

Figure 28: Comparison of experimental and model-simulated total pressure in the outlet case, using the wall monitor,
shows that mode onset occurs at approximately 0.5% higher total pressure than simulated decomposed pressure

Figure 29: The experimental results were compared with those from a simulation of the outlet case, where pressure was
decomposed into modes. In both simulations, pressure reached the same mode-onset value

Figure 30: The specified geometries are drawn. Except for the tapered duct, which employed a broader pipe, the straight
pipe at the top was used as a reference and attached upstream of each geometry to monitor the instantaneous pressure
Figure 31: With pressure being gradually reduced and the air mass flow gradually dropping to a deep surge condition,
the different geometries each recorded non-dimensional pressure

Figure 32: The presented approach yielded the lowest permitted air mass flow for the various basic geometries examined
Figure 33: For each intake geometry at the stable operating point closer to surge, noise is radiated to the anechoic
chamber in the form of sound waves

Figure 34: A comparison of sound spectra for each of the simple inlet geometries is given for the configuration with the
highest amplitude at the stable operating point.

Figure 35: The cross-sectional view of the inlet geometries considered for the on-engine campaign.

Figure 36: The image below shows a 3D-printed IGV device is fitted to the inlet duct of a compressor, revealing the
inlet and impeller

Figure 37: The straight intake utilized as a reference in the on-engine inlet geometric variation test has a loudness level
map between 1 and 3 kHz

Figure 38: The figure shows the sound intensity level maps for the several geometries utilized in the on-engine test
between 1 and 3 kHz

Figure 39: Performance fluctuation for various intake geometry over the engine's usual operating range.

Figure 40: Comparison of mean sound intensity levels for various intake geometries across the engine's usual operating
range

Figure 41: The 0.75D elbow inlet is meant to fit into the compressor intake adapter and contain the linear thermocouple
array, as shown in this mechanical drawing

Figure 42: The 3D-printed prototypes were created using CAD models of compressor elbow inlets of various radius
(decreasing in radius from left to right)

Figure 43: CAD model of the compressor assembly, such as the temperature and
pressure instruments, as well as the mounting system, with the 0.75D elbow
intake attached to the common adapter
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Figure 44: In-duct sound intensity levels at the inlet (left) and exit (right) for each of the specified inlet elbows

compared to the reference straight duct. 1.5D, 1D, and 0.75D, from top to bottom

Figure 45: The results of the sound intensity level differences for both inlet and outlet sound pressure levels were

compiled into histograms that illustrate the percentage of the compressor map at which each different level occurred for

each tested elbow configuration

Figure 46: In the 45 g/s plane wave range spectra at both inlet and exit, variations between the straight reference duct

and each of the elbow arrangements may be seen, pointing to the efficacy of a specific elbow

Figure 47: Use this map to show the differences in the temperature of circumferential segments for each of your selected

elbows vs. the reference straight section

Figure 48: Temperature standard deviation discrepancies between each of the tested elbow variations and the reference

straight inlet pipe are represented by histograms. The proportion of the interpolated compressor map where each distinct

level occurred is indicates

Figure 49: The Wastegate mechanism consisting of an inlet and outlet port, valve and a pressure actuator
ABBREVIATIONS AND SYMBOLS

BPF: Blade Pass Frequency

TCN: Turbo Charge Network

CFD: Computational Fluid Dynamics

TC: Turbochargers

AEC: Adiabatic Productivity

NACA: National Advisory Committee for Aeronautics

SPL: Sound Pressure Level

LDA: Lobe Displacement Angle

TL: Transmission Losses

OP: Operating Point

PR: Pressure Ratio

PVL: Particle Velocity Level

CHRA: Center Housing Assembly

LCMV: Linear Constrained Minimum Variance

EC: Engine Control Unit

HIL: Hardware in Loop

MVM: Mean Value Model

EUUP: Electronic Unit Pump

AS: Air System

IS: Injection System

TGS: Torque generation System

PS: Protection System

RPA: Research and Production Association

LGDTM: Laboratory of Gas Dynamics Turbo Machines

DES: Detached Eddy Simulations

PWD: Pressure Wave Decomposition

FFT: Fast Fourier Transform

SLS: Selective Laser Sintering

PIV: Particle Image Velocimetry

BOV: Blow off valve

DMD: Dynamic Mode Decomposition

1:D One Dimensional

NVH: Noise Vibration and Harness

GDI: Gasoline Direct Injection

VGT: Variable Geometry Turbocharger

RPM: Revolutions per minute
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